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Abstract 

In society, personal load carriage systems (backpacks) are commonly used to 

transport loads by foot, however, they have also been implicated in causing injuries. The 

aim of this study was to develop a model for load carriage which could be used to 

determine safety limits in humans. To start, a number of experiments were conducted to 

determine the appropriateness of using pressure mapping technology to measure peak and 

mean pressures acting on humans during load carriage limits. Tests of accuracy and 

repeatability were performed using three common pressure mapping technologies: 

capacitance, piezoresistive and resistive ink. Pressure mapping was tested statically and 

dynamically on a human-like flat surface, as well as on human shoulder-shaped model. 

Error was found to be ≥ 20% on static flat and curved surfaces and it rose to 36-51% 

under dynamic conditions. Since pressure mapping would require significant 

modifications before it could be used to study human load carriage, a psychophysical 

approach was used instead. For this approach, an epidemiological study of pain was 

conducted based on 48 subjects who used multiple backpack designs to complete 

occupationally relevant tasks. As a result, pain trends and new methods of data analysis 

were identified that had potential use on human trials. In a final study, pain mapping, 

quantification of pain intensity, and physiological/motor testing were conducted on 

humans performing endurance exercise with light to heavy payloads. Results showed that 

all subjects were able to exercise with a 15-35 kg payload for 45 minutes and with a 50 

kg payload for 30 minutes, without stopping. As well, pain was found to be highest in the 

anterior acromial (shoulder) region, particularly for the 50 kg payload (mean peak pain = 

3.4/10). Based on these findings, two models were proposed: an assertive model and a 

conservative model to allow prediction of human load carriage limits for endurance 

exercise.  
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Chapter 1 

Introduction 

There are numerous methods to transport materials through the environment. For 

humans, moving materials by foot is commonly performed through use of a personal load 

carriage system, typically referred to as a backpack. Backpacks have numerous 

applications in a variety of environments, including military (Ashkenazi & Epshtein, 

1998; Bessen, et al., 1987; Fergenbaum, et al., 2003a; Fergenbaum et al. 2003b, 

Fergenbaum et al., 2003c; Hadcock, 2002; Harman et al., 1992; Holewijn, 1990; Johnson 

et al., 1995; Knapik et al., 1992; 1996; 1997; 2004; MacNeil, 1996; Morin et al., 2003; 

Morin, et al., 1998; Pandorf et al., 1999; Reid et al., 2004; Reynolds et al., 1990; 

Rosendal et al., 2003; Stevenson et al. 2004a; 2004b; Vaananen et al., 2004), industrial 

(Abdoli et al., 2006; van Vuuren et al., 2005), recreational (Drinkwater et al., 1982; 

Jacobson et al., 2000; Knight et al., 2000) and many civilian uses (Brackley & Stevenson, 

2004; Macias et al., 2005; Mackie et al., 2005;; Rateau, 2004). 

Unfortunately, backpacks have also been widely reported to be associated with 

injury such as upper brachial plexus injury (Bessen et al., 1987; Daube, 1969; Hauser & 

Martin, 1943; Ilfeld, 1942; Knapik et al., 2004; Sutton, 1976, Wilson, 1987); injury to the 

shoulders, upper and lower limbs (Cottalorda et al., 2004); and the development of 

numbness, paralysis, cramping, shoulder pain, and temporary or chronic sensorimotor 

deficits (Bossi, 2000). Recent reports propose that the main risk factor for upper body 

injury is design characteristics related to the shoulder straps (Bossi, 2000; Cottalorda et 

al. (2004); while others have proposed that the problem is related to carrying heavy loads 

over long distances (Bessen, 1987; Cottalorda et al. 2004; Hale et al., 1953; Harman et 

al., 1992; Knapik et al., 2004; Norman, 1979; Pandorf, 1999; Reynolds et al., 1990). 

Regardless of the cause, there can be long term injury resulting from load carriage (Bossi, 

2000). 

To date, the relationship between wearing backpacks and injury is still unclear. 

The influences on injury such as human pain tolerance, backpack design, as well as the 

environmental effects of work, terrain, amount of load, and distance traveled need to be 
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reviewed before comprehensive load carriage safety limits can be developed. A number 

of substantial review papers propose safety guidelines for load carriage, particularly out 

of concern for youth (Cottalorda et al., 2004, Limon et al., 2004; Mackenzie et al., 2003; 

Negrini et al., 1999). However, some have argued that these recommendations are based 

on a relatively limited amount of evidence-based research (Steele et al., 2003). 

Consequently, this paper will use a multidisciplinary approach and apply a broad range of 

medical and scientific research on pain, pressure tolerance in humans, and load carriage 

systems to explain the nature of injury due to load carriage. Based on this review, a 

methodological approach will be developed to direct new research in the area of safety 

limits for human load carriage. 

1.1 Objective 

The aim of this research is to develop a model for load carriage which can be used 

to determine safety limits in humans. It is hypothesized that a load carriage model can be 

developed based on human pressure-pain tolerance limits and physiological indicators of 

exercise stress. 

1.2 Research Plan 

To develop a model of load carriage limits, there is a clear need for researchers to 

study the relationship between human load carriage systems, tolerance to load carriage 

work and injury. The greatest need for researchers is to study load carriage, in situ, so that 

accurate safety limits can be developed. A number of important general characteristics 

need to be considered during experimentation in order to derive accurate safety 

guidelines. First, pressure measurement systems need to be studied to better understand 

the in situ pressures acting on the body. Second, pain intensity and location resulting from 

light to heavy load carriage need to be examined for both short and long durations. Third, 

in order to determine tolerance limits in humans, exercise conditions and backpack 

equipment used during load carriage need to be well-controlled/standardized so that 

extraneous factors cannot affect the dependent variables (e.g. pain location and intensity, 

heart rate, motor performance, time-to-fatigue, absolute pressure). Fourth, reliable 
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physiological and neuromuscular data needs to be collected during well-controlled 

exercise experiments to examine the physiological and neuromuscular effects of load 

carriage on the human body. Fifth, the exercise/physical work itself needs to be relevant 

to the individuals who will be using the backpacks in order to generate valid data for load 

carriage limits. In essence, exercise should have practical occupational relevance in order 

to develop appropriate tolerance guidelines. The following subsections will introduce the 

experiments conducted in this dissertation. 

1.2.1 Chapters 3 to 5 

To study human tolerance limits to pressure, researchers need to examine how soft 

tissues respond to pressure and the effects of pressure on blood flow characteristics 

during load carriage. To gather the most relevant and valid data, a pressure measurement 

tool could be utilized to measure pressures directly on the body during load carriage. As 

well, this tool should have the ability to be used in-situ. Not all pressure measurement 

systems have the same engineering design and capabilities to measure backpack load 

carriage in-situ; therefore more information is needed on these systems. Given the 

aforementioned criteria, a unique series of rigorous tests were used to determine if in-situ 

testing would be possible with modern pressure measurement systems. 

Pressure measurement systems need to be made from technology that is accurate, 

sensitive and repeatible. Furthermore, the systems need to be: pliable to shape to the 

contours of the human body, they need to sample at a high frequency during load 

carriage, and they need to be portable to collect backpack data during human motion. 

Based on the above criteria, experiments were conducted to compare a number of 

leading-edge pressure measurement technologies. Accuracy, sensitivity and repeatability 

using light to heavy loads were tested on a human skin analog material under highly 

controlled conditions. The following highly controlled experiments were conducted, in 

sequence, to determine load-pressure relationships for application to load carriage safety 

limits: (a) absolute pressures generated using light to heavy loads on flat surfaces 

(Chapter 3); (b) absolute pressures generated using light to heavy loads on curved 

surfaces (Chapter 4); and (c) absolute pressures generated using light to heavy loads on 
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flat surfaces under dynamic loading conditions (Chapter 5). For use on humans, major 

topics that were considered include practical use of modern pressure measurement 

technology for load carriage, data collection approaches to pressure measurement and 

possible alternative measurement tools (e.g. direct measurement of pain), all of which 

may improve the accuracy of safety guidelines.  

1.2.2 Chapter 6 

If pain is to be used to predict tolerance limits, scientists must be able to map pain 

location and intensity to the body, in-situ, during highly-controlled occupationally 

relevant work. Further, scientists must be able to measure pain, a potentially inconsistent 

dependant variable among individuals, in a standardized manner during load carriage. In 

this chapter, pain location and intensity were examined using an epidemiological 

approach to better understand the nature of the relationship between pain and 

occupational load carriage work. Furthermore, regional tissue tolerances were examined 

to determine which anatomical regions were most likely to become pain sensitive (e.g. 

soft tissue/boney tissue and/or neck, hip, and low back regions). These results could 

impact future backpack designs.  

1.2.3 Chapter 7 

This chapter was designed to expand on the findings of Chapter 6 by examining 

the effects of highly controlled occupationally relevant work on discomfort during a 

prolonged walking task using light and heavy loads. This experiment addressed topics in 

the literature regarding the effects of fitness levels on tolerance levels during light to 

heavy load carriage. Moreover, physiological and neurological effects of light to heavy 

load carriage were investigated. For example, cardiovascular stress (e.g. heart rate), pain 

location and intensity, and changes in gross neuromuscular ability (e.g. Purdue Pegboard 

test) were monitored for different load carriage conditions. Additional topics that this 

chapter addressed include the effects of occupationally-relevant exercise stress and 

corresponding muscle fatigue on pain sensitivity/severity, the effects of monotonous high 

and low force work (without rest) on perception of pain, the effects of prolonged 
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repetitive mechanical loading on pain in men,,the effects of load carriage on acute 

discomfort/pain, the effects of prolonged load carriage on motor skills during prolonged 

work, and the importance of load balance and control using a well-balanced backpack that 

uniformly distributed pressures, reducing the likelihood of load shifts and pressure-point 

formation on the body. Finally a comprehensive approach was taken to formulate load 

carriage models for light to heavy payloads. Load carriage safety limits were also 

discussed along with recommendations for future research.  
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Literature Review  

2.1 A Review of the Current Understanding of Pain 

Pain is a complex sensation that serves as a protective mechanism causing humans to take 

action to avoid injury (Campbell & Reece, 2005; Mader, 2006; Marieb, 2004). A stimulus 

becomes painful when the intensity threatens to damage tissue or when the stimulus 

actually causes tissue damage (Shier et al., 2006). Healthy individuals sense harmful 

stimuli with specialized receptors, called nociceptors which are most abundant in the skin, 

but also found in internal organs such as joints, tendons and muscle tissue (Rhoades & 

Pflanzer, 2003). Nociceptors consist of free nerve endings with specialized nerve fibres. 

These fibres are either myelinated ‘A’ axons, that rapidly transmit pain signals (e.g., 

sharp or prickly pain) to the central nervous system or unmyelinated ‘C’ axons that carry 

slowly transmitted pain sensations (e.g., burning, throbbing and aching pain) to the 

central nervous system (Martini & Bartholomew, 2003; Rhoades & Pflanzer, 2003; Shier 

et al., 2006). Four types of nociceptors have been identified, including: (a) mechanical 

nociceptors which respond to excessive skin pressure such as strong pressure, pinching, 

squeezing or twisting on the skin; (b) thermal nociceptors which respond to dangerously 

high heat or noxious cold stimuli; and (c) polymodal nociceptors which respond to 

damaging chemical, thermal, or mechanical stimuli (Kandel et al, 2000) and (d) silent 

nociceptors (respond to none of the above modalities and remain “silent”) which become 

more sensitive and respond to stimulation due to inflammation from damaging conditions 

around them (Silverthorn, 2004). 

 Pain signals originating at distal locations from the brain must travel in the spinal 

cord via dosal roots for processing in the gray matter before the impulse is forwarded to 

the brain where most pain fibres terminate in the reticular formation (Shier et al., 2006). 

Although some neurons conduct impulses further to the thalamus, hypothalamus, sensory 

areas of cerebral cortex (Shier et al., 2006), and the limbic system; all of which have 

influence over motor response, as well as emotional response such as emotional distress, 

nausea, vomiting or sweating (Silverthorn, 2004). The cortex can also determine the 

intensity pain and the location of the painful site (Shier et al., 2006). 
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2.2 Modulation of the Pain Signal 

Not all noxious stimuli elicit the same sensation of pain. The body has the ability 

to control neural pain signals to reduce human responsiveness to pain. This ability is 

particularly advantageous for humans when they are faced with stressful situations such 

as psychological or environmental stress. Normally, pain acts as a protective mechanism 

to encourage humans to recuperate, escape, or withdraw from injurious or dangerous 

situations. However, when danger is inevitable, humans have shown an innate ability to 

suppress pain which has been argued to promote more adaptive behaviors when the 

possibility of retreat or escape is limited (Kandel et al, 2000). This ability to control pain 

can be influenced centrally by control mechanisms of the brain, which include the gate 

control theory and endorphins, or pain can be modified by peripheral mechanisms, such 

as neural sensitization and anaerobic metabolism in the working muscle. 

 

2.3 Central Control Mechanisms of Pain 

 

2.3.1 Gate Control Theory of Pain 

The gate control theory of pain was developed by Melzack and Wall in 1965, but 

is still widely accepted today (Chiras, 2005; Seely et al., 2005; Silverthorn, 2004). The 

theory proposed that a balance exists between the information traveling into the spinal 

cord through large nerve fibres which carry non-nociceptive information (e.g. from touch-

pressure receptors) and the information traveling into the spinal cord through nociceptive 

nerves which are relatively smaller nerve fibres. When the amount of neural activity 

transmitted to the brain is greater in non-nociceptive fibres relative to nociceptive fibres, 

then limited pain will be experienced. However, when greater activity occurs in 

nociceptive fibres relative to non-nociceptive fibres, pain will be experienced (Chiras, 

2005; Silverthorn, 2004).  

More specifically, this theory states that non-noxious skin contact pressure 

activates non-nociceptive receptors (e.g. touch-pressure receptors) which activate non-

painful ascending tracts to the brain to provide information about skin contact stress, 
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while simultaneously activating inhibitory interneurons to block the ascending lateral 

spinothalamic tract, responsible for reporting pain (Chiras, 2005; Seeley et al., 2005; 

Silverthorn, 2004). In this situation, no pain will be experienced because the inhibitory 

interneuron closes the pain “gate” for the projection interneuron of the lateral 

spinothalamic tract. In contrast, a situation may occur whereby noxious mechanical 

pressure activates nociceptors which send neural signals to block the effects of the 

inhibitory interneurons opening the pain “gate” of the projection interneuron thus 

allowing the lateral spinothalamic tract to send pain signals to the brain. An integration of 

both situations can also occur, whereby both non-nociceptors and nociceptors send 

simultaneous stimuli to inhibitory interneurons, in which case, an integrated response will 

result whereby a partial inhibition of the inhibitory interneurons will occur, which would 

lessen, but not fully block the perception of pain by the brain (Silverthorn, 2004). 

It should also be noted that these pain “gates” can also be influenced by higher 

brain regions. Some regions of the brain have descending neurons in the dorsal column 

system that can inhibit neurons in the dorsal horn which give rise to neurons in the lateral 

spinothalamic tract (Seeley et al., 2005); therefore, the central nervous system has the 

ability to reduce the perception of pain. Two main areas of the brain that are involved in 

reducing pain are the periaqueductal gray matter and the medullary nucleus raphe 

magnus. In fact, research shows that implantations of stimulating electrodes near the 

periaqueductal gray matter can relieve pain in patients when activated (Kandel et al, 

2000). As well, research has shown that descending dorsal column neurons show 

increased action potentials, as a result of vigorous mental activity (e.g. stressful tasks 

requiring mental concentration) or demanding physical activity, particularly involving 

limb movement, which can reduce the sensation of pain (Seeley et al., 2005).  

 

2.3.2 Naturally Occurring Pain-Killers 

In the 1970’s, scientists who were studying the analgesic effects of exogenous 

opioids identified that the brain has naturally-occurring opioid peptides (Marieb, 2004). It 

is now known that humans have several endogenous opioid neuropeptides that are 
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involved in pain regulation. Further, scientists now understand how opioids act within the 

body to complement the current understanding of the gate control theory. The body’s 

natural opioid neuropeptides produce analgesic effects by activating descending pain 

modulatory pathways to reduce pain, an effect known to last from minutes to hours 

(Kandel et al., 2000; Silverthorn, 2004). These peptides are derived from three main 

classes of propeptides genes that encode the physiologically active peptides: (1) 

Proenkephalin which is a precursor to several small chain methionine and leucine 

enkephalins; (2) proopiomelanocortin (POMC) which gives rise to large chain β-

endorphines; and (3) prodynorphin which precedes dynorphin, considered the most potent 

opioid peptide in the body (McArdle et al., 2000; Rhoades & Pflanzer, 2003).  

These neuropeptides are widely distributed in the brain, hypothalamus, limbic 

system, anterior pituitary gland and spinal cord (Marieb, 2004; Shier et al. 2006). 

Scientists have also found certain concentrations of endogenous opioids specific to 

regions of the body. For example, known concentrations of enkephalin and dynorphin 

containing neurons have been found mainly in the pariaqueductal gray matter, the 

rostroventral medulla and in the superficial dorsal horn of the spinal cord; whereas β-

endorphin containing neurons have been found to be more restricted to neurons in the 

hypothalamus (Kandel et al., 2000). Although cells are concentrated in particular areas, 

neuropeptides (e.g. enkephalins) can diffuse from the site of their initial release to interact 

with surrounding local opiate receptors to reduce pain activity in close-by nociceptor 

neurons, but others can travel further into the plasma (e.g. β-endorphines) 

The body’s opioid activity is increased during times of physical and emotional 

stress, serving as a coping mechanism to adapt to stressful situations. These adaptive 

mechanisms to stress include antidepressant effects and euphoria (Bjørnebekk et al., 

2005; Campbell & Reece, 2005; Mader, 2006; Marieb, 2004; McArdle et al., 2000; Shier 

et al. 2006; Siverthorn, 2004); alterations in antidiuretic hormone secretion to decrease 

urine output (Marieb, 2004); improved appetite control (McArdle et al., 2000); reduced 

pain during labour (Kandel et al., 2000; Marieb, 2004); depressed respiration (Kandel et 

al., 2000; Marieb, 2004); pain suppression by acting on both presynaptic nociceptive 
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terminals and on the dendrites of postsynaptic terminals in the dorsal horn (Kandel et al., 

2000); inhibited release of the pain-facilitating neurotransmitter peptide “substance P” 

(Kandel et al., 2000); suppressed Ca2+ activity in neurons (Kandel et al., 2000); 

behavioural changes such as withdrawal, escape, rest or related behaviours (Kandel et al., 

2000); and reduced anxiety, tension, anger and confusion (McArdle et al., 2000). Further, 

endorphin release from nerve cells into the circulating cerebrospinal fluid has a soothing 

effect by reducing action potentials of nerve cells in the dorsal horn to relieve pain 

(Kandel et al., 2000) which may also reduce anxiety, tension, anger and confusion 

(McArdle et al., 2000).  

Substantial interest by scientists has focused on the effects of environmental stress 

such as exercise, on endogenous opioid activity in the body. The focus has been on large 

peptide products from POMC precursors, mainly β-endorphin, released into the blood by 

the anterior pituitary gland through hypothalamic neuronal influence in response to 

exercise stress (Kandel et al., 2000), perhaps triggered by exercise-induced acidosis 

(Taylor et al., 1994). Early research found that acute exercise was linked to increased 

endorphin levels, relieving pain due to delayed onset muscle soreness (Kelly, 1982). β-

endorphin plasma levels may rise five times higher than rest levels, as a result of acute 

exercise in both males and females (McArdle et al., 2000). Long duration exercise has 

also been shown to increase the release of enkephalins and β-endorphins, elevating 

natural levels of endorphins within the body (Wilmore & Costill, 2004; McArdle et al., 

2000).  

The phenomenon of elevated opioid response from exercise has been widely 

referred to as “runner’s high” and is thought to result when pain in the body reaches a 

specific threshold level as a result of moderate to intense acute exercise (Campbell & 

Reece, 2005; Kandel et al., 2000; Marieb, 2004; McArdle et al., 2000). Studies have 

shown that 15 to 30 minutes of exercise is sufficient to induce an analgesic effect that 

results in decreased pressure-pain thresholds in subjects (Bartholomew et al., 1996; 

Hoffman et al., 2004; Kodama et al., 2003; Bouix et al., 1997). In contrast, less is 

understood about the opioid response in chronic exercise (McArdle et al., 2000). Some 
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have hypothesized that chronic exercise may increase an individual’s sensitivity to opioid 

levels, requiring less hormone to induce an analgesic effect, or it may be possible that 

opioids released during exercise for trained individuals may be degraded at a slower rate 

than untrained individuals, facilitating a longer analgesic effect, thereby increasing an 

individual’s tolerance to longer exercise periods (McArdle et al., 2000). 

 

2.4 Peripheral Control Mechanisms of Pain 

 

2.4.1 Nociceptor Sensitization  

When environmental stress is present, peripheral tissues may be subject to noxious 

pressure, in which case the peripheral nervous system plays a major role in pain 

modulation. A variety of inflammatory chemical mediators are activated or released at an 

acute injury site which have pain-enhancing effects. Inflammatory mediators including 

histamines, leukotrienes, kinins, prostaglandins, substance P and numerous related 

mediators, guiding the body’s immunological response to repair the damaged region, 

causing symptoms of redness, swelling, heat and pain (Bahr & Maehlum 2004; Campbell 

& Reece, 2005; Irvin et al., 1998; Kandel et al., 2000; Seeley et al., 2005).  

If the acute injury is occasional, the tissues can usually recover fully. However, 

when the tissue assault is repetitive, a prolonged inflammatory response can occur in the 

injured region, interfering with tissue healing which is often associated with chronic pain 

(Kandel et al., 2000; Seeley et al., 2005). Repetitive acute injury leading to chronic 

inflammation can facilitate the replacement of normal tissue with fibrous connective 

tissue causing a loss of normal tissue function, possibly resulting in long-term neural 

changes (Seeley et al., 2005; International Association for the Study of Pain, 2006). These 

long-term changes may occur as a result of ongoing stimulation at the level of nociceptive 

nerve endings causing peripheral nerves to become hypersensitive through the 

development of a lower pain tolerance (International Association for the Study of Pain, 

2006; Kandel et al., 2000; Silverthorn, 2004). In fact, chronic inflammation may lower 

the pain threshold in perpherial nociceptors to such an extent that patients inappropriately 
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experience pain from non-noxious pressures or patients may even experience pain when 

no stimulus is present (Bahr & Maehlum 2004; Kandel et al., 2000). 

 

2.4.2 Anaerobic Metabolism in the Working Muscles 

Another cause of peripheral pain may be the working muscle itself. Muscular 

pain, associated with the onset of anaerobic metabolism is often experienced as a 

“burning” sensation felt within the working muscle. Depending on the environmental 

stressors and the equipment used for load carriage, this sensation may occur in any region 

of the body which includes stress to the neck, shoulders and arms, trunk and lower limbs. 

Three possible sources have been proposed to explain pain in this manner. Pain in the 

working muscles may be a result of: (1) lactic acid and H+ ion accumulation as a 

byproduct of anaerobic metabolism (Wilmore & Costill, 2004); (2) the buildup of K+ 

metabolites (a known pain-enhancer) as a result of membrane potential changes within 

the working muscle (Silverthorn, 2004); and/or, (3) a lack of adequate blood flow 

(ischemia) to the working muscle group, reducing oxygen supply and facilitating 

anaerobic metabolism in the muscle cells (MacIntosh et al., 2006; Silverthorn, 2004). It is 

also possible that all of the aforementioned explanations may act in combination to 

facilitate pain in working muscle.  

 

2.5 Human Tolerance to Pressure Applicable to Load Carriage 

Understanding mechanisms of pain alone does not provide a complete 

understanding of the relationship between backpack comfort and injury because the cause 

of the pain must also be considered. Wearing a heavy backpack can exert substantial 

pressure on the shoulders, back and hips (if a waist belt is used). When the magnitude of 

mechanical pressure becomes noxious to the underlying tissue, sensations of pressure 

change to sensations of pain. The threshold where pressure changes to pain is called the 

“pressure-pain threshold” and this value has potential applications for the development of 

load carriage weight limits.  
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A relatively new tool to measure pressure-pain threshold is a pressure algometer. 

To operate this tool, the experimenter applies a measured force, typically at a constant 

rate, to a small flat tipped applicator which is placed against the subject’s skin. Once 

pressure is applied to the skin, the person is required to indicate when the applied force 

becomes painful (Persson et al., 2004). The pressure algometer has been shown to have 

good inter-rater and high intra-rater reliability (ICC range 0.70-0.94) with mean maximal 

differences of 69-101 kPa and 65-111 kPa for test-retest trials on the trapezuis and 

deltoids, respectively (Persson et al., 2004). It has also been shown to have good intra-

tester repeatability when subjects were tested on subsequent days, showing good intra-

class correlation coefficients from 0.77 to 0.92 (Ylinen et al., 2005). To test for pressure-

pain threshold, researchers have reported that (a) anatomical pressure sites should be 

rotated to improve subject comfort and (b) the first pressure-pain threshold measurement 

at each site should be excluded from the data pool to improve data reliability (Persson et 

al., 2004). Further, it has been argued that pressure-pain threshold measurements need to 

show changes greater than 17% to 33% to indicate a true change in threshold for healthy 

subjects (Prushansky et al., 2004). Further, there is evidence that pressure-pain threshold 

measurements are significantly correlated with visual analogue scale (VAS) pain scores, 

whereby subjects rate the intensity of pain using a numbered scale (Hsu et al., 2005). 

The concept of studying the relationship between mechanical pressure and load 

carriage using pressure pain threshold has encouraging theoretical applications for the 

development of safety guidelines. However, a number of human factors may confound 

pressure pain threshold values. These factors include the type of tissue under pressure and 

its associated blood flow to the region, the effects of exercise on pressure-pain threshold, 

and the effects of gender on pressure-pain threshold.  

 

2.5.1 Type of Tissue and Blood Flow 

Recent evidence suggests that pressure-pain threshold limits can be affected by 

the type of tissue being pressurized and the blood flow responses to pressure. With 

regards to the type of tissue, Fujisawa et al. (1999) concluded that pressure-pain threshold 
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in deep muscle had greater influence on pressure-pain threshold compared to superficial 

skin. Further, Nie et al. (2005) reported that pain intensity increases more rapidly when 

pressure is applied over deeper soft tissue rather than boney regions. Nie et al. (2005) also 

found that the upper body tissue is capable of tolerating greater pressure-pain than the 

lower body and that repeated application of pressure points at faster loading velocities 

caused greater pain than longer applications of pressure.  

It is possible that soft tissue is more greatly affected by pressure because the blood 

flow is more easily disrupted thus reducing oxygen delivery. It is known that deeper 

tissues in the body are more sensitive to reduced oxygen levels which easily activate pain 

receptors in a condition known as anoxia. The painful symptoms associated with a heart 

attack due to lack of oxygen is an example (Chiras, 2005; Shier et al., 2006). During load 

carriage, skeletal muscle is the soft tissue which is particularly vulnerable to ischemia 

since it is the primary tissue mass in the body (Blaisdell, 2002). Additionally, pain may be 

elicited in soft tissue regions when local muscles are required to sustain a long contraction 

that can squeeze surrounding capillaries, thereby interrupting blood flow and oxygen 

delivery causing painful muscle cramping (Shier et al., 2006).  

Injury to more robust tissue is also possible. For example, injury to bone can 

interrupt blood flow via altered structural support (e.g. shattered bones damaging blood 

vessels). In fact, mechanical damage to bones, tendons, and ligaments which cause a loss 

of structural support are known to stimulate pain receptors; consequently, nearby muscles 

contract to provide additional structural support to the region in compensation of 

damaged tissue (Bahr & Maehlum, 2004; Shier et al., 2006). These contracting muscles 

pressurize surrounding capillaries facilitating a positive feedback process. For example, 

contracting muscles cause greater local ischemic conditions which trigger more pain 

receptors to be activated, further increasing the muscular contractions (Shier et al., 2006). 

In arteriolar and capillary vessels, mechanical pressure has been shown to occlude 

blood flow in these soft tissues. For example, it has been estimated that dangerous 

occlusion of blood flow occurs in the arterioles between 4 kPa to 18.8 kPa depending on 

the subject’s blood pressure and the type of tissue affected (Johansson et al., 2002). In a 
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load carriage study using military soldiers performing a 6 km march, Stevenson et al., 

(1997) reported that 90% of subjects reported discomfort when pressure exceeded a mean 

pressure of 20 kPa or 35 kPa for peak pressure. When duration was considered, blood 

occlusion has been shown to be hazardous for pressure as high as 700 kPa for short 

durations and near 100 kPa for women and 200 kPa for men over longer durations; 

however, more than 50 kPa was not recommended for long periods (Johansson et al., 

2002). Research also shows that pressure as low as 10 kPa can occlude blood flow when 

pressure is applied continuously for more than four hours (Wikstrom et al., 1991). One of 

the dangerous aspects of blood occlusion is that men and women were shown to tolerate 

noxious pressures as high as 700 kPa to 740 kPa (no significant gender difference) before 

they took avoidance actions (Johansson et al., 2002).  

Another problem that occurs at the arteriolar level is that blood occlusion causes 

arteriolar sphincter dilation in an attempt to redistribute blood to ischemic areas, causing 

an interstitial fluid pressure rise, which creates a damming effect in the vessels (Mars & 

Hadley, 1998). As a result, metabolites from anaerobic metabolism accumulate, further 

blocking potential oxygen delivery, leading to cell death. It has been proposed that an 

absolute safety standard of 4–6 kPa (30-45 mmHg) be used as safety limits; however, 

confounding considerations can determine the tissue limits, such as absolute pressure in 

the compartment, fiber type of affected muscle, and mean arterial pressure (Mars & 

Hadley, 1998). To reduce confounding factors Mars & Hadley (1998) recommend the 

development of relative safety standards with tissue limits between 1.3 kPa–2.7 kPa less 

than diastolic blood pressure for blood occlusion events lasting up to 8 hours.  

At the level of the capillaries, both blood occlusion and blood reperfusion have 

been shown to cause unsafe conditions for regional cells. For example, Lu et al. (1997) 

reported that four hours or more of ischemia caused cell membranes of the capillaries to 

developed finger-like protrusions in the endothium creating gaps in the capillary 

endothelial surface, which progressively wedged red cells into the capillary wall. Over 

time, vascular permeability increased leading to destructive interstitial edema. 

Interestingly, damage to cells can be made worse by tissue reperfusion of oxygen once 
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blood occlusion is relieved. In early reperfusion, Blaisdell (2002) showed that compacted 

red cells (resulting from occlusion) appear to deform and break off of the endothelial 

surface causing inter-endothelial gaps, disintegrating the endothelial surface of the vessel 

resulting in permanent capillary damage. Additional vessel damage is caused by the surge 

of blood returning to the ischemic area which can be 186%–226% of the normal blood 

flow (Johansson et al., 2002). 

When tissue is occluded from the blood supply for a period of time, necrosis 

(accidental cell death) can occur. Necrosis is characterized by compromised cell 

membrane integrity due to ATP-mediated energy depletion, leading to an influx of water 

and extracellular apoptosis (pre-programmed cell death by fragmentation of membranes 

activating phagocytosis by neighboring cells). Necrotic cells also become dysfunctional 

in the following ways: intracellular organelles swell and become dysfunctional, such as 

the mitochondria; swelling and rupture of the nuclear and cell plasma membranes occur; 

and the rupture of lysosomes occur spilling lysosomal enzymes into the extracellular 

space (Chu, 2002). The aforementioned events are associated with extensive tissue 

damage resulting in an intense inflammatory response (Chu, 2002). Adenosine 

triphosphate (ATP) depletion in cells may also be a factor contributing to necrosis. In 

fact, Hayes et al. (1988) reported a close link between myonecrosis and depletion of ATP 

in canine muscle. They showed that early ischemia caused myocyte glycogen and creatine 

phosphate depletion in preference to ATP, showing little muscle necrosis until ATP 

depletion commenced. However, longer ischemic intervals caused ATP levels to diminish 

which was correlated closely with worsening muscle necrosis.   

Estimations of tissue ischemia tolerance before irreversible necrosis occurred, has 

been examined in the literature related to limb replantation. At normothermia, research 

shows that irreversible damage occurs after four hours for muscle, eight hours for nerves, 

13 hours for fat, 24 hours for skin, and four days for bone (Steinau, 1988). Others propose 

a more general rule suggesting that more than four to six hours of ischemia cause 

irreversible changes resulting in functional damage, particularly in the skeletal muscle 

(Hayes et al., 1988). Belkin et al. (1988) reported that three hours of ischemia caused 
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significant skeletal muscle injury with less than 3% of functional ability remaining after 

six hours. Further, Hayes et al. (1988) reported that only 20% of pre-ischemic ATP 

remained in the muscle and that complete muscle necrosis resulted after 6 hours of 

ischemia. Using similar methodology as Hayes and colleagues, Labbe et al., (1987) found 

that 3, 4 and 5 hrs of ischemia resulted in 2%, 30% and 90% necrosis, respectively, with 

the greatest deterioration found in the central portion of the muscle. Although the effects 

of long-term ischemia (e.g. hours) have been estimated, more research is needed to clarify 

recent conflicting data which shows that short-term ischemia may decrease pressure-pain 

threshold (Sandberg et al. 2005) or increase pressure-pain threshold (Hanten et al., 2000). 

 Last, peripheral factors, mainly due to inflammation, may influence the pain 

threshold and tolerance (Benrath et al., 2001) by involving several inflammatory 

mediators (Benrath et al., 2001; Jensen et al., 1991) that can increase pain depending on 

the severity of tissue damage from lack of oxygen. Thus, it appears that pressure-pain 

threshold may not be solely related to blood occlusion, but rather to the subsequent 

inflammatory response (Benrath et al., 2001; Bhalang et al. 2005; Hanten et al. 2000; 

Sandberg et al. 2005). Blaisdell (2002) reported that blood reperfusion is followed by a 

multifactor inflammatory response involving the white blood cells to dispose of damaged 

tissue and to activate the clotting system to initiate healing in the oxygen deprived region. 

However, activation of clotting can also: (a) aggravate preexisting microvascular damage 

and/or (b) cause microvascular thrombosis, both of which can increase the extent of 

muscle damage (Blaisdell, 2002). Additionally, Blaisdell (2002) reported that the 

inflammatory response can also aggravate capillary leakage, thereby increasing interstitial 

pressure which restricts blood flow further causing additional muscle tissue damage if the 

interstitial pressure approaches or exceeds microcirculation pressure. On the other hand, 

consistent with the complex nature of pain mechanisms, Nie et al. (2005) reported that the 

pain caused by peripheral factors may activate central neural processes to reduce pain 

(within limitations) which further underscores the need to better understand the effects of 

short and long term blood occlusion on pain tolerance limits.  
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2.5.2 Exercise Modulating Pressure-Pain Threshold  

Occupational physical work, or simply exercise on its own, is an environmental 

stress which can modulate pressure-pain threshold. A substantial concern for injury is that 

exercise stress could raise pressure-pain threshold to allow workers to continue tissue-

damaging work without rest, thereby causing workers to unknowingly injury themselves. 

For example, Persson et al. (2000) showed that pressure-pain threshold remained elevated 

after subjects exercised to fatigue, even though the fatigued muscles were able to return to 

pre-exercise levels (measured by EMG) in less than 10 minutes; demonstrating that the 

muscles are capable of continuing work under desensitized conditions. In the area of 

rehabilitation therapy, clinicians have been exploiting this phenomenon (elevated 

pressure-pain threshold due to exercise) for some time to treat chronic pain. For instance, 

research has shown that a lasting analgesic effect is created when patients are required to 

perform 15 to 30 minutes of physical activity (Bartholomew et al., 1996; Bouix et al., 

1997, Hoffman et al., 2004; Kodama et al., 2003). Fatigue studies have also shown that 

upper body exercise leading to local upper body muscular fatigue created a state of 

desensitization in both men and women, causing subjects to perceive a load to be lighter 

than it was perceived when not fatigued, which could allow exercisers to continue tissue-

damaging work under analgesic conditions (Cafarelli, 1982, Deeb 1999, Persson et al., 

2003). As further evidence, Persson et al. (2000) reported that intense and exhaustive 

unilateral exercise caused immediate bilateral increases in pressure-pain threshold for the 

trapezius and shoulders, in the range of 6%-23%, suggesting that tired muscles on one 

side of the body can desensitize pain on the contralateral side via a centrally controlled 

mechanism. Further, Persson and colleagues examined how long this analgesic effect 

would be sustained, finding that exhaustive work involving the shoulders and neck region 

increased pressure-pain threshold (in a localized manner) for as short as 10-20 minutes 

(Persson et al., 2000; Persson et al., 2003) to as long as 7 days (Persson et al., 2000), 

before pressure-pain threshold returned to pre-work levels. 

Although studies generally support the explanation that central mechanisms 

elevate pressure-pain threshold during exercise (Bajaj et al., 2001; Persson et al., 2000), 
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not all research supports an exercise-induced analgesic effect. In fact, Itoh et al. (2004) 

showed that intense, exhausting work involving the third finger of the hand, lowered 

pressure-pain threshold, with lowest pressure-pain threshold levels reported two days 

post-exercise. Additionally, others have reported that slow twitch muscle fibres may 

develop oxidative metabolism dysfunction due to hypoxia as a result of repetitive, low 

tension work; these fibres being termed “ragged red fibres” because of the colour created 

during fibre staining for identification (Kadi et al., 1998; Larsson et al., 1988). The 

proposal was that ragged red fibres developed a disturbed oxidative metabolism involving 

cytohrome-c-oxidase (“COX-negative fibres”) because they lacked the COX enzyme 

essential for contributing to oxygen uptake in the respiratory chain, leading to 

mitochondrial dysfunction. This oxygen disturbance was proposed to decrease ATP 

concentrations in myalgic patients causing an insufficient energy supply, thereby, 

increasing the signal amplitude ratio which could explain the inability for myalgia 

subjects to relax in comparison to controls (Larsson et al., 1988). As evidence, Larsson et 

al., (1988) found reduced ATP concentrations in type I trapezius muscle fibres of myalgic 

patients which caused mitochondrial damage due to temporary hypoxia. In addition, Kadi 

et al. (1998) reported low capillary-to-fibre area ratio for type I (slow twitch) fibres, 

increased size of type I fibres, and higher COX-negative fibres (indicating ragged red 

fibres) in a high pain group compared to a low pain group.  

In later work, the concept of ragged fibres came into question. For example, 

Larsson et al. (2000) examined groups of myalgic cleaners, healthy cleaners and healthy 

school teachers and found no difference reported in prevalence of COX-negative fibres. 

Further, the use of surface EMG to identify ragged red fibres by searching for increased 

cross sectional area of damaged type I fibres was also questioned because of a number of 

complications (Gerdle et al., 2000; Larsson et al., 2001; Sahlin & Ren, 1989). In fact, 

later reports showed no increase in cross sectional area of type I fibres in trapezuis 

muscles associated with myalgia (Larsson et al., 2001) and a multivariate regression 

analysis showed that age, occupation, and presence of tender points in the trapezuis were 

significantly associated with increased prevalence of ragged red fibres rather than low 
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tension, repetitive work alone (Larsson et al., 2000). Based on the research to date, it 

appears that exercise is more likely to increase pressure-pain threshold to create an 

analgesic effect, most likely through central mechanisms. 

 

2.5.3 Gender Influence Pressure-Pain Threshold 

Gender has also been argued to influence pressure-pain threshold, although 

research findings are mixed. Some studies have concluded that women experience pain 

more easily than men, demonstrated by lower pressure-pain thresholds in women (Bajaj 

et al., 2001; Bajaj et al., 2002; Christidis et al., 2005; Hagg & Astrom, 1997; Kimura et 

al., 1990; Torgen & Swerup, 2002), yet others report no differences between males and 

females (Deeb 1999; Nie et al., 2005; Johansson et al., 2002; Komiyama et al., 2005; 

Prushansky et al., 2004). A number of confounding factors may account for the mixed 

findings regarding the relationship between pressure-pain threshold and gender. One of 

the confounding factors involves muscle strength. Torgen & Swerup (2002) reported that 

higher pressure-pain thresholds were associated with greater muscle strength, a factor 

which is generally higher in males. Others have reported that monthly hormonal changes 

in women can confound pressure-pain threshold such that threshold limits become 

significantly lowered at different phases of the menstrual cycle (Bajaj et al., 2001, Bajaj 

et al., 2002), particularly in the back region (Bajaj et al., 2001). Past medical conditions 

have also been shown to affect pressure-pain threshold limits. For example, recent 

evidence shows that pressure-pain threshold became significantly lowered for women 

with musculoskeletal symptoms and raised in men who report long-lasting, high physical 

workload (Torgen & Swerup, 2002). These findings concerning medical background may 

influence the results of scientific studies if not accounted for during the subject selection 

process. Given the numerous confounding factors that are gender-related, more research 

is necessary before pressure-pain threshold levels can be responsibly generalized by 

gender. 
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2.6 Pressure-Pain Threshold in the Shoulders, Back and Neck Regions: Applications 

to Load Carriage. 

Given the nature of the design of backpacks, painful stresses are applied to the 

body both directly and indirectly. For example, due to the effects of gravity on a 

backpack payload, the shoulder straps directly apply pressure to the shoulder muscles 

which also indirectly affect the supporting muscles of the neck. Direct contact pressure on 

the human body, can also be found under the backpack mainframe and hip regions to 

varying amounts, depending on backpack design. Consequently, the following sections 

will review research involving pressure-pain threshold and the shoulders, trunk and neck 

regions, with application to load carriage.  

 

2.6.1 Shoulders Region 

Research examining pressure-pain tolerance in the shoulder region has primarily 

focused on work-related injuries (Andersen et al., 2002; Hagg & Astrom, 1997; 

Madeleine et al., 2003; Persson et al., 2003) and clinical treatments of chronic pain 

(Barlas et al., 2000; Ge et al., 2005; Nabeta & Kawakita, 2002; Ojala et al., 2006). In 

addition to pain caused by fatigue of working muscles and blood occlusion; a number of 

additional factors have been linked to a lowered pressure-pain threshold in the shoulders. 

These additional factors include both physical and psychological conditions which make 

pain more likely in this region. For example, pressure-pain threshold is reportedly 

lowered by conditions, such as: high physical task repetitiveness (Andersen et al., 2002; 

Hagg & Astrom, 1997) and/or high force physical tasks (Andersen et al., 2002); high 

psychosocial job demands and reduced health-related quality of life (Andersen et al., 

2002). Lowered pressure-pain threshold has also been linked to infrequent rest periods to 

relax the muscles during work (Hagg & Astrom, 1997) and repetitive/monotonous, low 

force work (Hagg & Astrom, 1997; Madeleine et al., 2003).  

The common underlying research findings on loading of the shoulders exemplify 

the importance of rest periods. For example, recently Ge et al. (2005) found that repetitive 

loading without rest, caused higher pain intensity in males than females; however, men 
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habituated to desensitize to the pain more efficiently. Additionally, when subjects were 

required to generate monotonous, low force output patterns without rest, in the range of 

1% to 5% of maximum voluntary contraction, higher reports of pain due to reduced 

shoulder pressure-pain threshold were reported (Hagg & Astrom, 1997). However, if the 

nature of the occupation work does not permit frequent rest periods, Hagg & Astrom 

(1997) reported that risk factors could be reduced by other means, such as: (a) allowing 

workers to take more frequent opportunities to relax their shoulders, (b) providing greater 

opportunity for workers to maintain or improve health-related fitness, and (c) encouraging 

workers to have more positive psychological feelings in terms of work satisfaction.  

Based on research focused on the shoulders, it appears that a rest break of approximately 

10-20 minutes is recommended to reduce the chance of injury in this region. For example, 

Persson et al., (2003) reported that when continuous work was intensive, rest breaks 

allowed full muscle recovery after 15 seconds to 10 minutes; however, pressure-pain 

threshold remained elevated as long as 20 minutes after intense work before returning to 

baseline and contributed to a feeling of numbness. The concern is that during this 

desensitized, analgesic state, workers may feel ready to recommence work making them 

more prone to ignore dangerous forces acting at the shoulders.  

Another concern is that once the shoulder pressure-pain threshold is lowered, 

limited treatment options are available. Some treatments, such as acupuncture have been 

shown to provide short term pain relief in some cases (Nabeta & Kawakita, 2002). 

However, others have shown that acupuncture is ineffective in situations whereby the 

pain was caused by delayed-onset muscle soreness from the work itself (Barlas et al., 

2000). Based on the research discussed above, it is evident that light repetitive work can 

facilitate pain in the shoulders. However, load carriage often requires repetitive work 

using heavy loads. Given the state of the current literature, more relevant research to load 

carriage is needed in order to develop safety guidelines for the shoulder region.  
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2.6.2 Trunk Region 

Similar to research on the shoulders, the study of pressure-pain threshold on the 

trunk has mainly focused on applied clinical pain treatments (Bajaj et al., 2001; Bajaj et 

al., 2002; Defrin et al., 2003; Hsueh et al., 1997; Laursen et al., 2005; Esenyel et al., 

2000; Irnich et al., 2001; Vernon et al., 1990; Waling et al., 2000; Ylinen et al., 2005). 

Applied research on the truck region has examined the relationship between pressure-pain 

threshold and the following: (a) applied contact pressure (e.g. point-pressures), (b) pre-

existing health conditions, and (c) hormonal influences.  

Point-pressures are a major concern for load carriage because large forces can be 

concentrated over a small area of tissue, causing pain and possibly tissue damage. 

Backpack components such as buttons, rivets or strap edges can act as pressure-point 

sources. In a recent study, Defrin et al. (2003) reported that trunk point-pressures of 0.5 

cm2 or less were perceived as a painful prick, meanwhile pressures greater than 1 cm2 

were perceived as a general pressure, suggesting that backpacks should be well-padded, 

particularly over backpack components (e.g. buttons) that are less than 0.5 cm2. During 

load carriage, a major concern for safety involves point-pressures caused by backpack 

straps on the trunk, which has been linked to painful transient and chronic neural damage 

to the brachial plexus (Bossi, 2000). Moreover, research studying the effects of point 

pressures has shown that regions of lowered pressure-pain thresholds can develop into 

painful trigger points in both muscle and nerve tissues of the trunk (Hsueh et al., 1997). 

These findings emphasize the need to ensure that humans select payloads within their 

tissue tolerance limits. Further, backpackers should use load carriage designs that have 

extensive cushioning built into the backpack to protect the soft tissue areas on the trunk.  

Pre-existing health conditions or previous trunk injuries appear to be a 

contraindication to load carriage, since unhealthy individuals can experience point-

pressure pain more easily (a lowered pain threshold) and with greater intensity than 

healthy individuals (Laursen et al., 2005). For example, in a recent study, Laursen et al. 

(2005) reported that subjects with pre-existing pain from myofascial trigger points on 

regions of the back had lower pain thresholds leading to pain-pressure hyperalgesia 
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(increased sensitivity to pain). Further, the authors found that the higher perceived VAS 

pain ratings were also associated with a lower quality of life. In related research, Kidd 

(1999) examined the effects of pre-existing tissue damage to peripheral nerves on pain 

and found adrenosensitivity in injured and adjacent non-injured neurons, such that normal 

touch pressure evoked pain. When applied to load carriage, this situation would be 

analogous to heavy load carriage on the trunk whereby the shoulder strap applies pressure 

on the brachial plexus which, in turn, could increase the sensation of pain to non-injured 

neurons in the surrounding region. In addition, early experimental research by Devor 

(1983) showed that damaged afferent fibres can sprout within the damaged neuroma and 

develop sensitivity to norepinephrine, which could theoretically increase pain during 

exercise conditions. In fact, under normal conditions, primary sensory nerves do not 

respond to sympathetic activity. However, previous trauma/inflammation has been shown 

to change this situation such that primary sensory fibres become sensitized to 

norepinephrine and sympathetic activity (Sanjue & Jun, 1989).  

Sensitization to mechanical stimulus can be a significant problem when trying to 

manage pain. Kidd (1999) reported that previously injured tissue leading to an 

inflammatory response (and activating Aδ and C pain fibres) showed changes in response 

pattern to mechanical stimuli, such that high-threshold sensory pain fibres became 

sensitized to movements in normal range, a process known as “peripheral sensitization”. 

The authors also reported that peripheral sensitization was associated with the following: 

(a) hyperactivity of high-threshold sensory pain fibers even without mechanical 

stimulation and (b) a proportion of initial mechano-insensitive fibres (silent nociceptors) 

developing responsiveness to mechanical stimuli allowing individuals to feel mechanical 

pain more easily. Finally, it should be noted that prolonged or repetitive activation of 

peripheral sensory nerves (e.g. chronic inflammation through repetitive injury) may also 

cause enhanced pain sensitivity within spinal/central neurons (e.g. the central nervous 

system), a process known as “central sensitization”. The result would be increased pain 

through an exaggerated response by the central nervous system to normal mechanical 
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stimuli through an expansion of the receptive field size and a by a reduction of pain 

activation threshold (Kidd, 1999). 

Last, recent research suggests that hormonal influences may also influence 

tolerance to point-pressures on the trunk. For example, researchers studying pressure-pain 

threshold have reported that thresholds tend to vary in women depending on the cycle 

during menstruation (Bajaj et al. 2001; Bajaj et al. 2002). Reports show that women 

experience a decreased pressure-pain threshold in the posterior trunk region which 

sensitizes them to pain during the ovulatory phase of menstruation (Bajaj et al., 2001). 

Additionally, data showed a decrease in pressure-pain threshold in the abdominal region 

during the menstrual phase (Bajaj et al. 2002). These findings indicate that the backpack 

could become more painful for women because of point pressures on the posterior trunk 

region and on the anterior hip belt region which applys pressure to the abdominals during 

the menstrual phase. In addition, McArdle et al. (2000) reported that the regulation of 

menstruation and associated hormones (e.g. human growth hormone, adrenocorticotropic 

hormone, prolactin, catecholamines and cortisol) could be regulated and modulated by 

endorphin levels, may also contribute to fluctuation of pressure pain threshold over the 

menstrual cycle. Since these hormonal changes are not experienced by males, trunk 

pressure-pain threshold should be more consistent in males. Nonetheless, when pinch-

pain threshold was examined using a similar method to pressure-pain threshold 

measurements, Bajaj et al. (2001) found no gender differences over the 28-day menstrual 

cycle. These data suggest that backpacks designed with pinching areas may be felt with 

similar pain between men and women, but backpacks designed with pressure-points 

would be experienced differently on the trunk. Nonetheless, more research is certainly 

needed to better understand the factors which affect pain on the trunk region during load 

carriage. 

 

2.6.3 Neck Region 

Although neck pain does not result from direct contact with the load carriage 

system, neck pain ranks as the top 3-4 most painful regions on the posterior body during 
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load carriage (Legg et al., 2003). Research involving pressure-pain threshold in the neck 

region has mainly focused on clinical treatments and prevention of neck pain (Esenyel et 

al., 2000; Irnich et al., 2001; Vernon et al., 1990 Waling et al., 2000; Ylinen et al., 2005). 

Researchers suggest that a number of preventative measures can be taken to reduce the 

risk of neck pain. For example, neck strength and endurance training accompanied by a 

neck stretching program has been shown to increase pressure-pain threshold and to lower 

pain intensity as a result of targeted strength or endurance training lasting up to one year 

(Waling et al., 2000; Ylinen et al. 2005). Interestingly, the exact nature of the strength or 

endurance exercise program is of little importance, as long as the exercise is of moderate 

intensity and is targeted specifically for neck muscles (Waling et al., 2000).  

Neck pain relief appears to be preventable by a combination of frequent rest 

periods along with neck stretches (Esenyel et al., 2000). In fact, Faucetta et al. (2002) 

reported that, in myalgic patients, repeated or sustained muscle activity, resulting in use 

of the same motor units with small variations in working conditions, caused undue muscle 

fatigue and painful hypoxic conditions that have been linked to trapezius pain (Larsson et 

al., 1988), although the specific mechanisms of the pain development have been disputed 

(Larsson et al. 2000, Larsson et al., 2001). Pain and related injuries may also be avoided 

if high anxiety or depressed individuals are contraindicated to heavy load carriage, since 

these factors have been linked to increased likelihood of neck pain development (Esenyel 

et al. 2000) via lower pressure-pain thresholds.  

Researchers also suggest that individuals with myofascial pain syndrome and 

fibromyalgia in the neck and upper trapezius regions should be discouraged from load 

carriage, as a preventative measure, due to possible peripheral and central nervous system 

complications related to sensitization (discussed earlier). More specifically, Tunks & 

Crook, (1999) postulated that myofascial pain syndrome and fibromyalgia were a result 

of lowered point-pressure threshold (increased sensitivity) caused by peripheral factors, 

such as previous injury or trauma. An injury reportedly disrupts the sarcoplasmic 

reticulum in local muscle cells causing the release of calcium to activate local contractile 

mechanisms, thereby increasing local energy consumption of ATP. The result is a 
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sustained muscle contraction that compromises local blood circulation in the neck, 

impairing local supply of oxygen and preventing local ATP supply to be replenished. As 

a further consequence, ATP dependent calcium pumps cannot remove calcium from the 

sarcoplasm; therefore, the cells cannot terminate muscle contraction, further provoking 

painful muscle contractions. Tunks & Crook, (1999) also reported that local peripheral 

ATP-related energy problems increased local release of inflammatory mediators (e.g. 

kinins and prostaglandins) that sensitized “new” peripheral nociceptors to increase the 

area of regional pain. As discussed earlier, prolonged irritation of nociceptive afferent 

fibres can then induce plastic changes centrally (chronic pain), characterized by trigger 

points composed of “active loci” (which are hyperactive motor endplates) from which 

spontaneous electrical activity is potentially recorded (Tunks & Crook, 1999).  

In terms of treatments, successful reduction in the incidence of neck pain has been 

accomplished by increasing pressure-pain threshold through use of the following: 

ultrasound therapy with neck-stretching (Esenyel et al., 2000), anesthetic injections with 

neck-stretching (Esenyel et al., 2000), neck muscle endurance training alone (Waling et 

al., 2000; Ylinen et al., 2005), and neck muscle strength training alone (Waling et al., 

2000; Ylinen et al., 2005). There is some evidence that acupuncture or spinal 

manipulation may provide neck relief as well (Irnich et al., 2001; Vernon et al., 1990), but 

trials with larger sample sizes are still needed. Further, researchers have suggested that 

rest breaks accompanied by a neck/upper back stretching program have potential to 

increase pressure-pain threshold significantly which can relieve pain for a short 24-hr 

period (Hanten et al., 2000). However, more research is needed before one can assume 

that a stretching program, perhaps completed as part of a rest break, could relieve pain 

associated with heavy load carriage.  

 

2.7 Backpack Comfort and Design Considerations 

In the literature, a number of mechanical design features involving more balanced 

loads were examined as a strategy to reduce pressure points and provide greater comfort. 

Research into the effects of backpack mainframes showed that vertical load placement 
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could reduce discomfort (Jacobson et al., 2003). Furthermore, researchers reported that 

locating the center of mass of the load as close to the body as possible allowed the trunk 

to assume a more upright position, resulting in lower energy costs and improved comfort 

(Knapik et al., 2004). In fact, higher energy expenditures were found when loads were 

distributed to extraneous body parts, such that energy expenditure increased by 4% per kg 

when added to the thigh region and 7% to 10% per kg when added to the lower limbs 

(Knapik et al., 2004). In addition, low or mid-back load placements appeared to be most 

comfortable on uneven terrain, whereas high load placement was preferred for even 

terrain (Knapik et al., 2004).  

From a mechanical perspective, when pressures are more evenly distributed over 

the trunk using a well-balanced backpack, subjects are also more likely to report greater 

comfort (Legg et al., 1997); therefore, load distribution can be a significant contributing 

factor to balance. When load distribution was considered, Knapik et al. (1997) showed 

that a double pack design resulted in more neck and hip pain than a standard pack; but the 

double pack also resulted in less low back pain, caused fewer deviations from normal 

walking, and a lower incidence of blisters (Knapik et al., 1996), suggesting that there is 

no universal pack design that can be used to accommodate all human needs. Moreover, 

Johnson et al. (1995) showed that double pack design with a heavy (60 kg) load caused 

more overall physiological and psychological distress than work performed with a 

standard single backpack design. In contrast, Knapik et al. (1997) reported that the type of 

backpack (double or standard) used during a stressful and intense 20 km march with 

moderate to heavy pressure on the trunk (between 34-61 kg), had no effect on work 

related capabilities such as motor skills. Others have reported that gradient of terrain had 

a greater influence on ratings of perceived exertion than the type of backpack used 

(external fame backpack or internal frame), further suggesting that load balance may be 

more important than a number of other backpack design features (Kirk & Schneider 

(1992).  

A proper method of assessment of the factors that influence load carriage comfort 

is important for future studies. In the past, investigators have reported that backpack 
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balance and other relevant factors related to balance (e.g. weight distribution, stability, 

number of pressure points and ease of strap adjustment) were best evaluated using open-

ended, free-form questions to evaluate comfort at moderate work intensities (Legg et al., 

1997). However, at higher work intensities, a pain visual analogue scale or category ratio 

rating scales were shown to be most effective for rapid back pack evaluation (Legg et al., 

2003).  

Researchers have identified the backpack strapping system as a major component 

of the backpack design that affected point-pressures and comfort. Data showed that well-

cushioned shoulder straps (Legg et al., 1997); hip belts used whenever possible (Knapik 

et al. 2004); and hip belts designed to minimize waist pressure while maximizing lumbar 

support, could improve pressure distribution (Legg et al. 1997). Since backpack comfort 

has been correlated to body size (e.g. weight, height and body mass index), strap 

adjustability is another design feature that could improve load carriage comfort (Jacobson 

et al. 2003; Mackie et al., 2005). Interestingly, research related to shoulder strap 

cushioning has demonstrated that contact pressures cannot be reduced by wearing 

multiple clothing layers to increase cushioning (Jones et al., 2005).  These data suggest 

that straps require dense cushioning (at a density greater than multilayer clothing) built 

directly into the strapping system itself to reduce point-pressure and relieve discomfort 

(Stevenson et al., 2004b). 

 

2.8 Backpack Payload and Human Load Carriage Limit Relationships 

 

2.8.1 Light Loads (Less than 30 Kg) 

Biomechanical studies have shown that light loads (e.g. less than or equal to 30 

kg), while not immediately a concern in the laboratory setting, show trends that raise 

health concerns for heavier load carriage. Recent research for payloads between 20-25 kg 

have shown changes in natural spinal mobility (Vacheron et al., 1999), altered disc 

volume lasting up to three hours (Malko et al., 1999); increased angular oscillations of 

spinal segments (Vacheron et al., 1999), changes in the the L5/S1 moment (Reiser & 



 

 34 

Dalton, 2005), indications of shoulder stress (Holewijn, 1990)); increased anterior pitch 

of torso (Wu et al., 2003); changes in the torso, hip, knee, and ankle angles (Reiser & 

Dalton, 2005), changes in muscle activity of erector spinae and middle trapezius (Reiser 

& Dalton, 2005) shortened stride length (LaFiandra et al., 2003; Wu et al., 2003); strain 

characteristics on the foot (Arndt et al., 2002); LaFiandra et al., 2003), and increased hip 

and knee joint stiffness to increase shock absorption for ground contact forces (Wu et al., 

2003). These mild changes in torso and joint mechanics at light loads suggest that heavy 

payloads may overburden trunk/leg muscles and may increase stress on associated joints 

(Vacheron et al., 1999). Further, heavy payloads may also increase foot pressure (Drerup 

et al., 2003) possibly causing stress fractures of the foot (Arndt et al., 2002). 

Extrapolating from current data, it appears that muscle strength becomes a greater 

limitation as payload increases, although more research is necessary in this area.  

Generally, researchers indicate that exercise with light backpacks usually causes 

limited muscular and cardiovascular stress. For example, Holewijn (1990) showed that 

quiet standing with a 10.4 kg backpack did not influence aerobic work (10% of VO2max), 

caused a small 9 beat/min increase in heart rate (possibly due to exercise anticipation), 

and caused insignificant changes in trapezius EMG. Further, Holewijn (1990) concluded 

that load location was irrelevant for light loads (e.g. loads placed predominantly on the 

shoulders or waist) and that 10.4 kg was well within muscular fatigue limits, requiring 

only 2.7% of the maximal shoulder force. Even when terrain was varied, early work by 

Drinkwater et al. (1982) found that energy cost of light load carriage (e.g. less than 9 kg) 

on uneven terrain resulted in low oxygen requirements in the range of 49.5-54.8% 

VO2max. Further, Shoenfeld et al. (1980) demonstrated that exercise with a light 3-6 kg 

backpack presented subjects with limited physiological stress, requiring an intensive 30 

minutes of walking (five days a week for consecutive 4-weeks) to facilitate improvement 

in aerobic work capacity; gains which could be attributed to the walking program itself, 

rather than to the load acting as physiological stressor. Even during extreme exercise to 

volitional fatigue, researchers have shown that performance with loads of less than 30 kg 

are more strongly linked to body size and composition rather than aerobic fitness alone 
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(Bilzon et al., 2001; Vanderburgh & Flanagan, 2000), thus showing the important 

contribution of both muscular strength and aerobic fitness to load carriage limitations. 

Recently, Rosendal et al. (2003) examined an intensive, lower body, aerobic-focused, 12-

week military training program while wearing a 15 kg backpack and found it improved 

body composition and aerobic fitness, but reduced agility by 5-13% and created a 

fourfold increase in injuries, suggesting that muscle strength may have been an important 

missing component to the aerobic training program.  

At light payloads, research showed that environmental factors exert the most 

direct stress on the muscular system suggesting environmental challenges have the 

strongest influence on muscular and tolerance limits. For example, with regards to 

muscular strength, Reiser & Dalton (2005) found that light load carriage on uneven 

surfaces (using 25 kg for men and 15 kg for women) caused significant physical stress on 

torso, lower limb muscles and joints. Further, Lee et al. (2001) showed that work 

requiring agility with an 8.4 kg backpack generated dangerously high muscle forces near 

isometric maxima, suggesting that substantial muscle strength would be required for 

backpackers to work in environments requiring agility with light to heavy loads. In 

addition, Davis & Perry (1995) compared walking on level ground to walking downhill 

using an 18.2 kg backpack and reported that uneven terrain caused slower walking 

velocities, greater knee flexion and greater popliteus muscle activity which would require 

greater strength to reduce the likelihood of injury, particularly in the lower limb region. 

Another study by Vacheron et al., (1999), reported that subjects walking on a 5% incline 

for 25 minutes with 10-12 kg load, showed signs of shoulder stress, atypical angular 

oscillations in the trunk, and decreased stride length, exemplifying the need for muscular 

strength, particularly in the shoulders and trunk regions. Given the stress placed on the 

muscular system, it is understandable why a well-balanced backpack is rated as one of the 

most important features for load carriage comfort (Legg et al., 1997), particularly given 

the additional balance and control requirements needed for load carriage on uneven 

terrain. 
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Simple mechanical aids, such as a walking stick, have been reported to improve 

balance and alleviate muscular stress during uneven environmental load carriage with 

light loads. For example, data show that use of hiking sticks while carrying 15 kg, 

resulted in improved muscular endurance and overall balance on uneven terrain, as well 

as a reduced perception of physical exertion during the end stages of submaximal work, 

without increasing energy expenditure due to stick usage (Jacobson et al., 1997; Jacobson 

et al., 2000). Another mechanical aid reported by Reid et al. (2004) showed that lateral 

stiffness rods used in a 25 kg backpack could shift an additional 14% of the vertical load 

from the upper torso to the pelvic region, reducing stress on erector spinae muscles.  

Aerobic work capacity may also influence load carriage ability and comfort and it 

can be measured during load carriage if subjects are fitted with a heart rate monitor 

underneath the pack itself (Chen & Lee, 1998). Recently, Knapik et al. (2004) 

recommended using task-specific physical exercise involving both aerobic and resistance 

training in combination with regular road marching (using a task-specific backpack) to 

improve comfort associated with perceived exertion, to increase road marching speed and 

to improve load carriage efficiency. In terms of energy cost of work, Knapik et al. (2004) 

also reported that the energy cost of backpacking progressively increased with increases 

in body mass, load carried and grade/terrain characteristics (strength-related factors). 

However, energy cost was also linked to increases in walking speed, suggesting aerobic-

related fitness may influence load carriage tolerance. Although anaerobic-related 

tolerance limits, such as strength, is more readily studied (e.g. measurement of payload 

mass), data do suggest that the effects of aerobic fitness may have some effect on exercise 

tolerance and load carriage performance (particularly at light loads); therefore, aerobic 

factors may be worth investigating in future work. 

 

2.8.2 Moderate to Heavy Loads (30 Kg or Greater) 

Higher risks to overall health are more evident in the research with heavy 

payloads (loads greater than 30 kg or 15% of body weight). Based on the research, human 

strength limitations appear to be the main limiting factor affecting heavy load carriage 



 

 37 

tolerance, rather than aerobic capability, due to the substantial forces acting on the joints 

and body structures. The importance of muscular strength was demonstrated by Johnson 

et al. (1995) who reported that increasing loads from 34 kg to 61 kg was linked to 

corresponding increases in fatigue, levels of muscle discomfort; as well as diminished 

feelings of well-being and alertness. Further, Lyons et al. (2005) reported that individuals 

with high amounts of lean muscle mass and low body fat, combined with large body size 

were negatively correlated with the metabolic demand during heavy load carriage            

(r = -0.52 to -0.64, P < 0.01), illustrating the importance of muscle strength for tolerance 

to load carriage. Further, these authors reported that increases in metabolic and 

cardiovascular demands were greater at heavier payloads (when the load carried increased 

from 20 to 40 kg) compared with light loads (0 to 20 kg); therefore, they recommended 

that criteria for load-carriage occupations should be based on lean muscle mass rather 

than running speed. Moreover, when payloads of 15% of body weight were examined by 

Wang et al. (2001), findings showed decreased gait speed and unusually high stress 

during the single leg support of gait. At 40% of body weight, research showed a 

considerable reduction in lumbar intervertebral discs volume (Hutton et al., 2003); 

increased body stiffness, particularly in the knee region Holt et al., 2003); and decreased 

pelvic rotation, reduced stride length and increased stride frequency (LaFiandra et al., 

2003).  

Given the highly anaerobic work required for heavy load carriage, it is not 

surprising that aerobic capacity was of less importance to human tolerance limits. For 

example, Quesada et al (2000) reported that knee extensor muscular fatigue occurred as a 

result of payloads of 15% and 30% of body weight. However, only when the payload 

reached 30% of subjects’ body weight, did they perceive the exertion to be high (e.g. 

recorded by significantly higher ratings of perceived exertion). However, when the 

authors examined aerobic work capacity at the heaviest loads (30% of body mass), 

aerobic stress was low (41% VO2) and metabolic response (e.g. expired ventilation, 

respiratory exchange ratio, and heart rate) remained well within fatigue limits, even after 
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40 minutes of load carriage. These data suggest a limited role of aerobic capacity on 

human tolerance during heavy load carriage.  

Due to the high forces acting on the body during heavy load carriage, the body 

must adapt to tolerate such stress. A major adaptation is a general increase in body 

stiffness to improve shock absorption, particularly in the lower body (Holt et al., 2003; 

Wu et al., 2003). Increased stiffness also helps the body to remain metabolically efficient 

by maintaining vertical excursion of the body center of mass (Holt et al., 2003). The 

negative consequences of increased stiffness are that backpackers may lose functional 

range of motion and flexibility thus increasing the likelihood of sprains or strains during 

activity (Bahr & Maehlum, 2004). Based on the research discussed thus far, greater 

muscular strength may serve as a protective mechanism during heavy load carriage. 

Further, researchers indicate that larger individuals will likely have better load carriage 

performance than smaller individuals due to the fact that (a) larger people likely have 

more muscle mass than smaller people and (b) the payload carried by larger individuals is 

smaller in proportion to their body weight.  

Studies which consider the consequences of heavy load carriage under strenuous 

environmental conditions (e.g. uneven terrain or consistent sloped terrain) are limited in 

the literature for obvious ethical concerns of injury to subjects. Of the available studies, 

recent data indicate that when environmental conditions were considered, high maximal 

muscular strength and anaerobic capacity were needed in order to tolerate heavy 

payloads. For example, Sagiv et al. (2000) reported that highly endurance-trained athletes 

carrying moderately heavy payloads (up to 35 kg) showed no signs of haemodynamic or 

cardiovascular stress on flat terrain, but when placed on a 5% gradient, subjects 

experienced significant increases in cardiac output and anaerobic stress (e.g. increased 

lactic acid levels), regardless of their existing aerobic capacity. As well, Lyons et al. 

(2005) studied the effects of backpack loads between 0–40 kg carried on 0%, 3%, 6% and 

9% terrain gradients and created a model which strongly linked physiological limits to 

both gradient and payload (the greatest increases in metabolic demands occurred between 

20 kg to 40 kg for all gradients). This model incorporated anthropometric and 
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physiological characteristics with both gradient and load, explaining 89% of the 

variability in the metabolic demands of load carriage. In comparison, only 82% of the 

variability of metabolic demands during load carriage was explained using either gradient 

or load alone; exemplifying the important role of body composition (e.g. greater lean 

muscle mass and body size) to improve load carriage tolerance to meet metabolic 

demands. 

Maneuverability over uneven terrain is also a problem. For example, LaFiandra et 

al. (2002) reported that work requiring maneuverability using a payload of 40% of body 

weight caused a large 225% increase in upper body torque at a treadmill speed of 1.6 m/s, 

showing that strength limitations could substantially impede maneuverability in some 

environments. Similarly, Lafiandra & Harman (2004) showed the importance of trunk 

strength during heavy load carriage with a 40.8 kg backpack. They found that when 

payloads were carried on flat terrain, 30% of the vertical force generated was transferred 

to the lower back (using an external frame backpack with a hip belt). This anteriorly 

directed force was argued to be the main contributor to the occurrence of low-back pain 

(LaFiandra & Harman 2004), a situation which could be dangerously exacerbated if 

maneuverability is required over uneven terrain.  

Based on these data, it is evident that mechanical aids focused on improving pure 

strength, would likely improve human tolerance and anaerobic capacity, particularly 

when utilized over challenging terrain. In fact, even simple aids designed to improve the 

balance of forces acting on the body have the potential to improve human capability 

dramatically. For example, Knight et al. (2000) reported that incline walking with a pole 

(while carrying a load of 30% of body weight) for 1 hour, resulted in kinematics that 

appeared similar to unloaded gait. Further, when they compared aided gait (walking stick 

condition) and unaided gait (no walking stick condition), Knight et al. (2000) found that 

aided walking had additional benefits which would improve human tolerance limits, 

including: greater comfort and lowered ratings of perceived exertion during gait, reduced 

lower extremity muscle EMG, and no significant increase in VO2 (yet a slight increase in 

heart rate occurred due to increased upper body work using the stick). Even though 
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mechanical aids may potentially improve load carriage limits over short durations, little is 

known about the consequences during prolonged load carriage on humans.  

 

2.9 Prolonged Load Carriage 

One of the main concerns for carrying any payload are the health risks associated 

with load carriage for long durations, often associated with long distance travel. In fact, in 

an extensive review, Knapik et al. (2004) reported that prolonged load carriage may result 

in a wide variety of common injuries, including: foot blisters, stress fractures, back 

strains, metatarsalgia, rucksack palsy, and knee pain. Other military-related studies have 

reported a high frequency of back pain over 20 to 26 km marches (Dalen et al., 1978; 

Knapik et al., 1992) with back injury rates as high as 50% among soldiers who were 

unable to complete the march (Knapik et al., 1992). Recently, Boulware (2003) examined 

the effects of load carriage on trail backpackers traveling the Appalachian trail for a 

minimum of seven days (mean of 140 days). They reported that numbness was the most 

common symptom of injury (reported by 81% of backpackers), followed by paresthesias 

(34.3% experienced phantom, burning, or shooting pains) for mean backpack loads 

between 16.6 to 20.6 kg. Of these injuries, 98% of neuropathies resolved within a median 

of 30 days. As a conclusion, the authors identified that the main significant risk factors 

were related to: (a) traveling distances greater than 2000 miles and (b) the duration of the 

longest quartile of the hike. Contrary to some of the research discussed earlier in this 

review, Boulware (2003) reported that backpack weight and initial body weight were 

non-significant risk factors for long duration load carriage injury (as well as percentage of 

weight loss, multivitamin usage and running shoe usage). This research raises a debate on 

the effects of prolonged load carriage on human limits. The following sections will 

describe the cumulated research on prolonged load carriage: first by examining the effects 

of light payloads (less than 30 kg) on human tolerance, and then by examining the effects 

of moderate to heavy loads (30 kg or greater) on human limits. 
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2.9.1 Prolonged Load Carriage: Light Loads (Less than 30 kg) 

When load carriage is (a) continuous and (b) the payload is not too heavy (e.g. so 

that backpackers are not forced to quit because of initial strength limitations), research 

reveals that cardiovascular fitness may have a notable influence on human load carriage 

limits. Published investigations of light load carriage (e.g. loads less than or equal to 30 

kg) over long distances suggest that the aerobic intensity of travel (which is related to 

aerobic fitness) is the main influence on physiological limitations, rather than the 

independent variables of distance traveled or duration of travel. For example, early work 

by Schantz et al. (1983) showed that long distance exercise (skiing 30 km per day) with 

high work volume (6 days/week for 8 weeks) did not improve aerobic capacity (no 

changes found in lower body oxidative enzyme levels and capillarization), as long as load 

carriage aerobic work was maintained below 45% of VO2 max, regardless of the 

backpack. More recently, Vaananen et al. (2004) reported that trained soldiers on a 4-day 

march totaling 185 km with a 10 kg backpack showed no signs of stress for key hormone 

levels and associated mood states and Epstein et al. (1988) reported that humans were 

well within tolerance limits carrying a 25 kg load for a sustained 2 hour duration, 

resulting in a more constant energy expenditure when 20 kg was compared to a heavy 

load (40 kg). Further, Malko et al. (1999) demonstrated that humans were well within 

capability to carry 20 kg for 3 hours, although transient changes in lumbar disc volume 

occurred, following load carriage (lasting up to three hours) before returning to baseline. 

In addition, Bell et al., (2002) showed that subjects were able to complete a long 10 km 

march with an 11 kg backpack after ingesting an ergogenic aid known as ephedrine, 

which reportedly caused an increase in dopamine levels, possibly allowing subjects to 

continue work without stopping by reducing the perception of pain due to the effects of 

dopamine.  

It is well understood that human capability to perform any intensity of work is 

directly related to fitness level. When the intensity of work is relatively low compared to 

the backpacker’s aerobic capacity (e.g. a fit individual walking at a slow speed with a 

light load); prolonged load carriage will be well within human tolerance limits 
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(Greenberg et al., 2004). Therefore, fitter individuals will experience a lower intensity of 

submaximal work, translating into greater tolerance for prolonged load carriage at light 

loads. However, at heavier loads the influence of cardiovascular fitness is relatively 

unknown given that subjects typically reach limits due to muscular strength 

weakness/tolerance limits.  

In regards to light payloads, a high aerobic fitness level appears to extend load 

carriage tolerance limits in humans when long distances are traveled. For example, Arieli 

et al. (1985) reported that fit subjects (VO2max = 52.3 ± 2.7 ml/kg/min) carrying a 25 kg 

backpack, completed an intense-effort 34 km march in 6.3 hrs, whereas untrained subjects 

completed the same course with the same load in 8.5 hrs (VO2max = 40.6 ± 2.7 

ml/kg/min). Further, Ashkenazi et al. (1998) reported that fit subjects (VO2max= 59.1 ± 

7.9 ml/kg/min) carrying 20 kg loads for a 110 km march, experienced limited 

physiological stress (e.g. average oxygen consumption was 30% of VO2 max) and 

showed beneficial exercise-induced adaptations, including a mean body weight loss of 

3.4% and signs of heat acclimatization (increased plasma volume) by the second day of 

recovery. Given the research linking aerobic fitness level to better human performance for 

prolonged load carriage with light payloads, aerobic intensity during travel may be the 

main limitation to prolonged load carriage for light payload. As the relationship between 

aerobic capacity and prolonged load carriage became better understood, the question for 

researchers became whether or not similar findings were also evident for load carriage 

with heavier payloads during prolonged durations.  

 

2.9.2 Prolonged Load Carriage: Moderate to Heavy Loads (30 kg or Greater) 

As loads increase, aerobic capacity has a reduced influence on tolerance for 

prolonged duration, whereas muscle strength becomes more influential. These findings 

are consistent with the earlier discussion in this paper regarding moderate to heavy loads 

carriage: mainly that muscle strength appears to improve load carriage limits. However, it 

should be noted that research on the effects of prolonged load carriage with heavy loads is 

limited, partially due to ethical concerns related to the enormous stresses on the body and 
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partially because humans have trouble tolerating travel under these conditions. In fact, 

more research is needed to examine the effects of prolonged load carriage on humans, 

particularly given that current predictive equations (e.g. estimates of energy expenditure) 

for short durations cannot be used accurately to estimate tolerance limits due to 

physiological stress for longer durations (Knapik et al., 2004).  

Based on the current literature, muscle strength is clearly a leading factor 

contributing to heavy load carriage tolerance. However, when prolonged work is 

considered, data show that the gradient of the terrain traveled appears to be the primary 

limitation to load carriage tolerance. For example, Quesada et al. (2000) studied a small 

sample of male Army recruits who performed three, 40-minute treadmill marches at 6 

km/hr using loads of 0%, 15% and 30% body weight (BW) on flat terrain. At 40 minutes, 

relative energy costs were well within aerobic capacity (e.g. at loads of 0%, 15% and 30% 

BW, participants’ VO2max were 30%, 36% and 41% respectively). However, these 

authors reported that strength-related concerns, such as excessive knee extensor fatigue 

and ratings of perceived exertion both increased (only 30% of BW was significantly 

different from other load conditions), showing that muscle capacity was a concern for 

prolonged load carriage. Similarly, Epstein et al. (1988) showed that walking for two 

hours (at 1.25 m/s) with 40 kg on flat terrain, at work intensities greater than 50% 

VO2max, significantly increased energy expenditure altering locomotion mechanics and 

promoting muscle fatigue. In contrast, when elevated terrain was examined, Juhani et al. 

(1986) reported that heavy uphill load carriage caused a significant increase in energy 

expenditure promoting substantial increases in muscle fatigue as compared to flat terrain 

(i.e. a 50% increase in oxygen consumption was noted compared level travel). Further, 

Kirk & Schneider (1992) reported that one hour of load carriage with 33% of body mass, 

caused ratings of perceived exertion (chest, shoulders and legs) to systematically intensify 

with increasing ground elevation and exercise time and they reported that even a small 

3% elevation caused a large increase in physiological stress (e.g. mean 49.0% VO2max or 

69.6% HRmax) compared to load carriage on flat terrain (40.1% VO2max or 63.5% 

HRmax). In fact, the amount of gradient was so influential on human tolerance that type 
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of the backpack used (external fame backpack or internal frame) had no effect of 

perceived exertion (Kirk & Schneider, 1992). Based on these data, the primary method to 

improve human tolerance for prolonged load carriage appears to involve increasing a 

backpacker’s muscle strength capabilities. Greater muscle strength should improve joint 

stability and allow for greater shock absorption; along with assisting with payload 

balance. Better payload balance should allow for a more uniform distribution of pressure 

acting on the body, particularly when humans must travel over uneven terrain for 

prolonged periods.  

There is a small body of research which reported that appropriate mechanical aids 

can assist muscular strength capabilities, which has potential to improve human tolerance. 

For example, Knight & Caldwell (2000) examined the effects of walking pole use during 

1 hour of inclined walking with 30% of body weight. Although pole use slightly 

increased heart rate because of increased upper body activity, substantial benefits of the 

walking stick caused: (a) gait kinematics to appear similar to unloaded gait, without 

changing VO2, (b) more comfort and lower ratings of perceived exertion, and (c) reduced 

lower extremity muscle EMG. When subjects were tested on level, uphill and downhill 

terrain, Juhani et al. (1986) showed that a variety of mechanical aids could be employed 

to reduce the physiological strain of heavy loads, as long as the mechanical aid assisted 

with maximal muscular strength. In their study, subjects who carried loads using a sled-

backpack combination (50% of body weight carried in a backpack and another load of 

50% of body weight carried cargo sledge) experienced the same reduction in 

physiological stress compared to subjects who pulled the entire load (100% of body 

weight) on a sled, with no differences reported in average heart rate (133-144 beats/min), 

oxygen consumption or ventilation. Others have shown that the mechanical aid could be 

related to the backpack design itself. For instance, Knapik et al. (1997) showed that long 

distance times could be improved with the aid of a standard backpack design, compared 

to a double pack design for moderate-to-heavy payloads (34 kg to 61 kg). In fact, a 

literature review by Knapik et al. (2004) summarized the research best by noting that 

mechanical aids which optimize load-carriage equipment by assisting with load reduction 
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and improving load distribution, show the greatest promise to improve human tolerance 

limits. 

 

2.10 Practical Applications of Literature Review and Future Research 

Based on the multidisciplinary review of literature, a number of practical 

applications can be recommended and many research directions can be derived for future 

work. The subsequent sections in this paper will focus on recommending guidelines for 

load carriage limits, based on: (1) human tolerance to pressure related to type of tissue 

affected based on its blood flow characteristics, exercise modulating pressure-pain 

threshold and gender affecting pressure-pain threshold; (2) pressure pain thresholds 

specific to the shoulders, trunk and neck regions; (3) backpack comfort and design 

features; and (4) backpack mass and human limit relationships, including short-duration 

and prolonged load carriage with light, moderate and heavy loads. These guidelines and 

practical applications will be examined more thoroughly in successive chapters of this 

doctoral dissertation. The final section of this paper will focus on a detailed discussion for 

the basis of new research in human load carriage limits. 
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2.10.1 Human Tolerance to Pressure: Practical Applications 

 

2.10.1.1 Type of Tissue and Blood Flow 

It appears that heavier backpacks which push deeply on soft tissue (i.e. point 

pressures) cause substantial pain compared to lighter backpacks (Fujisawa et al., 1999; 

Nie et al., 2005). Injury to skeletal muscle soft tissue is of particular concern because it 

accounts for a large percentage of the body (Blaisdell, 2002). Backpackers may show 

greater tolerance if loads are placed over bone, however, the boney structures need to be 

structurally strong enough to support the load. Based on the current literature, the effects 

of pain due to concentrated pressure points on boney surfaces is unclear.  

Since both blood occlusion and reperfusion are a concern for tissue damage, 

frequent rests may improve load carriage safety since longer durations of blood occlusion 

increases the risk of tissue damage due to both hypoxia and the effects of blood 

reperfusion (Blaisdell, 2002; Chu, 2002; Chiras, 2005; Johansson et al., 2002; Lu et al., 

1997; Mars & Hadley, 1998; Shier et al., 2006). Furthermore, given evidence that 

sustained muscle contractions can also occlude blood flow (Shier et al., 2006), 

backpackers should frequently adjust the load over the muscles or to rest the muscles in 

order to provide pain relief and reduce the risks of tissue damage. Based on studies of 

tissue necrosis, continuous load carriage should not exceed more than 3 hours (Belkin et 

al. 1988; Hayes et al., 1988; Labbe et al., 1987) and backpackers should avoid high 

velocity loading, such as running to reduce the likelihood of causing tissue damage (Nie 

et al., 2005) . Although absolute safety limits vary widely from study-to-study, mean 

pressure exerted by the backpack on the skin should be less than 20 kPa (Johansson el al., 

2002; Mars & Hadley, 1998; Stevenson et al., 1997; Wikstrom et al., 1991). However, 

since pain tolerance can vary widely from person-to-person, safety standards may be 

more meaningful if they are based on relative pressure guidelines. In fact, researchers 

suggest that load limits remain between 1.3 kPa–2.7 kPa (30-45 mmHg) less than 

diastolic blood pressure is a safe skin contact pressure (Mars & Hadley, 1998). In 

practical terms, the average healthy person’s diastolic blood pressure is 80 mmHg, 
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therefore, applied pressures would be safe if they were less than 35 to 50 mmHg or 4.7 

kPa to 6.7 kPa for the average person (e.g. 80 mmHg – 30 mmHg = 50 mmHg). A 

potentially useful warning sign of high physiological stress due to applied pressure may 

be a sudden reduction of pain during sustained load carriage that may be a warning sign 

of blood occlusion leading to tissue neucrosis (Campbell & Reece, 2005; Kandel et al., 

2000; Mader, 2006; Marieb, 2004; McArdle et al., 2000; Shier et al. 2006; Siverthorn, 

2004). Based on blood flow characteristics, frequent payload adjustments or rest would 

likely reduce load carriage pain and risk of injury. 

2.10.1.2 Exercise Modulating Pressure-Pain Threshold 

Backpackers may have 15-30 minutes of load carriage time before the exercise-

induced analgesic is experienced (Bartholomew et al., 1996; Bouix et al., 1997, Hoffman 

et al., 2004; Kodama et al., 2003). If and when analgesic effects are experienced, it is 

suggested that backpackers be encouraged to take a rest period of at least 10 minutes to 

allow pressure-pain threshold to return to pre-exercise levels (Persson et al., 2000). 

Although muscle fatigue will recover in less than 10 minutes, pressure-pain threshold 

levels can remain elevated which could lead backpackers to unknowingly bruising or 

injuring themselves if work is resumed too early.  

Special attention should be made to ensure that backpacks are uniformly 

distributed over the shoulders to avoid unilateral local muscle fatigue that may cause 

bilateral increases in analgesia allowing backpackers to continue tissue-damaging 

exercise. A unilateral increase in pressure-pain threshold of the shoulders/trapezius in the 

range of 6%-23% has been suggested as a warning sign (Persson et al., 2000). In the 

future, it may be possible to use a portable device to measure pressure-pain threshold on 

individuals (either unilaterally or bilaterally) to determine exactly when a rest break is 

needed. Last, research shows that backpackers with elevated pressure-pain thresholds 

(possibly lasting for days), should be a discouraged from load carriage to protect them 

from accidental self-infliction of injury. Depending on the intensity of the load carriage 
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task, it is possible that rest may be required for an entire week to allow time for complete 

recovery of the body (Persson et al., 2000).  

 

2.10.2 Pressure Pain Thresholds Specific to the Shoulders, Trunk and Neck Regions: 

Practical Applications 

 

2.10.2.1 Shoulder Pressure Pain Threshold 

Ensuring that pressure-pain threshold remains constant is an important 

consideration to reduce the likelihood of shoulder pain due to mechanical loading. 

Researchers have shown that task repetitiveness for high force and monotonous low force 

work lowers the pressure-pain threshold, increasing the likelihood of shoulder pain 

(Andersen et al., 2002; Hagg & Astrom, 1997; Madeleine et al., 2003). If more research is 

conducted, it may be possible to develop a backpack that can dampen dangerous forces 

thus delaying pressure-pain threshold changes. 

Psychosocial demands during work should also be considered since they can also 

alter the pressure pain threshold in the shoulders. In the work environment, effort should 

be made to improve health-related fitness among workers, for example, to encourage 

workers to exercise with backpacks (Hagg & Astrom, 1997). As well,  ergonomic aids 

(e.g., walking sticks or dolly to reduce load carried) may also be effective in reducing 

pain and injury (Juhani et al., 1986; Knight et al., 2000). In general, gaining a better 

understanding of the psychology of workers’ needs, in terms of daily work 

challenges/needs such as job benefits, pay, stress/coping techniques, and work breaks to 

rest, can help leaders improve worker satisfaction to ensure that psychological factors do 

not lower pressure-pain threshold. 

Researchers have also shown that frequent rest periods are of substantial 

importance to prevent pressure-pain threshold changes in the shoulders (Hagg & Astrom, 

1997; Persson et al., 2003). Rest breaks for the upper body should last approximately 10-

20 minutes, when possible, or at least until the feeling of shoulder numbness subsides 

(Persson et al., 2003). Researchers have also suggested that work involving repetitive 
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mechanical loading of the shoulders may be better suited for men than women. In fact, 

data show that men become more habituated to repetitive mechanical loading than women 

and men are less likely to report shoulder pain due to mechanical loading (Ge et al,. 

2005). Therefore, the ergonomic principle of matching the worker to the appropriate task 

(e.g. matching males to heavy load carriage) would be an astute preventive measure to 

reduce soreness, especially if pain was induced by muscular work. 

 

2.10.2.2 Trunk Pressure Pain Threshold 

Backpack components such as buttons, rivets or strap edges can act as painful 

pressure-point sources on the trunk. Therefore, these backpack components should be 

well-padded, particularly components that are less than 0.5 cm2 in area since they will be 

perceived as a painful prick in  comparison to larger components (greater than 1 cm2) that 

are more likely to be perceived as a general pressure (Defrin et al., 2003). In addition, 

backpacks need extra cushioning over any component that contacts soft tissue regions on 

the trunk, since both muscle and nerve tissue are sensitive to the development of painful 

trigger points from mechanical pressure (Hsueh et al., 1997) 

Screening workers for previous back injury and using medical history as a 

contraindication to load carriage can serve a preventative measure to facilitate pain-free 

load carriage, since prior injury has been shown to lower the pressure-pain threshold due 

to the mechanical stimulus (Devor, 1983; Laursen et al., 2005; Kidd, 1999; Sanjue & Jun, 

1989). The idea of pre-screening is a novel suggestion for load carriage. However, 

prescreening for safety is a common practice in a number of physical professions (e.g. 

lifting requirements for physical jobs) and this practice could reduce injury for 

backpackers if medical safety guidelines are developed related to load carriage. 

Researchers also suggest that preventive measures should be taken to avoid repeated 

tissue damage due to inappropriate backpack design or excessive load carriage exercise 

that may sensitize the body to pain due to an expansion of the receptive field size and a 

reduction of activation threshold for mechanical stimulation (Kidd, 1999). 
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Gender may also affect the threshold of pain on the trunk. Given hormonal 

fluctuations due to menstruation, researchers suggest that women are more likely to 

experience pain during load carriage as a result of lowered pressure-pain threshold in the 

trunk and abdominal regions, particularly during the ovulatory and menstrual phases of 

the menstrual cycle (Bajaj et al. 2001; Bajaj et al. 2002). Therefore, women may not be 

best suited for load carriage during certain times of the month. In contrast, male pressure-

pain thresholds appears to be more consistent in a number of trunk regions, although 

pinch-pain threshold has been shown to be similar between males and females (Bajaj et 

al., 2001) suggesting that backpack designs with pinch areas on the trunk would be 

equally painful for men and women, regardless of menstrual cycle stage. Implications are 

that backpacks designed for a woman’s body should have extra cushioning to reduce 

painful pressure-points, particularly in the abdominal and trunk regions, although 

backpacks for both males and females could use similar technology to reduce pinch 

points on the trunk.  

 

2.10.2.3 Neck Pressure Pain Threshold 

Neck strength and endurance exercise training over the course of a year, 

accompanied by a neck stretching program has been shown to increase pressure-pain 

threshold and to lower pain intensity (Waling et al., 2000; Ylinen et al., 2005). Data also 

show that the exact nature of the strength or endurance exercise is of little importance, as 

long as the exercise is of moderate intensity and targeted specifically for neck muscles 

(Waling et al., 2000). The implications in the workplace are that employers may see 

reductions in neck injuries if workers who regularly use backpacks are encouraged to 

exercise concurrent with employment. Further, data suggest that neck relief appears to be 

prevented by a combination of frequent rest periods combined with neck stretches 

(Esenyel et al., 2000). Rest breaks accompanied by a neck/upper back stretching program 

has potential to increase pressure-pain threshold to relieve pain over a 24-hr period 

(Hanten et al., 2000).  
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Prescreening for medical contraindications to load carriage (e.g. prior 

neuromuscular or joint injuries) could also reduce the likelihood of neck pain 

development during load carriage. Individuals with high anxiety and/or depression 

(Esenyel et al., 2000), as well as people with myofascial pain syndrome and fibromyalgia 

in the neck and upper trapezius regions (Tunks & Crook, 1999) should all also be 

discouraged from load carriage as a preventative measure. If neck pain does develop 

during load carriage, pressure-pain threshold may be improved using a number of 

treatments, including: ultrasound therapy with neck-stretching (Esenyel et al., 2000), 

anesthetic injections with neck-stretching (Esenyel et al., 2000), neck muscle endurance 

training alone (Waling et al., 2000; Ylinen et al., 2005); neck muscle strength training 

alone (Waling et al., 2000; Ylinen et al., 2005); and acupuncture or spinal manipulation 

(Inrich et al., 2001; Vernon et al., 1990).  

 

2.10.3 Backpack Comfort and Design Considerations: Practical Applications 

Research shows that backpack balance and related factors (e.g. weight 

distribution, stability, number of pressure points and ease of strap adjustment) are 

important to reduce uncomfortable pressures on the body. Design guidelines to improve 

comfort include: vertical load placement (Jacobson et al., 2003), locating the center of 

mass of the load as close to the body as possible to keep the trunk in an upright position 

(Knapik et al., 2004), low or mid-back load placement on uneven terrain, high load 

placement for even terrain, and reduced pressure on extraneous body parts (e.g. limbs) 

which can increase energy expenditure (Knapik et al., 2004).  

The backpack strapping system is also a factor affecting point-pressures and 

pressure distribution. Some design guidelines to reduce discomfort include: use of 

moderate-to-high-density (well-cushioned) shoulder straps (Legg et al. 1997); hip belt use 

whenever possible (Legg et al. 1997); hip belts designed to minimize waist pressure while 

maximizing lumbar support; and strap adjustability to fit different body sizes (Jacobson et 

al. 2004; Mackie et al., 2005). Further, research has shown that multiple clothing layers 

cannot provide the necessary cushioning at sufficient density to reduce pressure on 
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shoulders (Jones et al., 2005), meaning that backpacks should have cushioning to be built 

directly into the strapping system (Jones et al., 2005; Stevenson et al., 2004b).  

Data also suggest that a universal backpack design (double or single pack) cannot 

be used for all purposes (Knapik et al., 1996; 1997); therefore, the specific needs of the 

backpacker must be considered. Benefits of a double pack design include: fewer 

deviations from normal walking, a lower incidence of blisters, and less low back pain 

(Knapik et al., 1996). In contrast, a double pack design caused more neck and hip pain 

and more overall distress during work with heavy loads (e.g. 60 kg or heavier) compared 

to a standard pack design (Knapik et al., 1997). Research has been completed to show that 

type of backpack (double or standard) had no affect on motor skills during intense and 

stressful work over long durations as a result of moderate to heavy pressures exerted by 

loads between 34-61 kg (Knapik et al., 1997). As a final consideration, to rapidly evaluate 

overall backpack design and comfort, scientists recommend using open-ended, free-form 

questions when load carriage is performed at moderate work intensities (Legg et al., 

1997). At higher work intensities, a pain visual analogue or category ratio rating scales 

has been shown to be most effective (Legg et al., 2003). 

 

2.10.4 Backpack Payload and Human Limit Relationships: Practical Applications 

 

2.10.4.1 Light Loads (30 Kg or Less) 

When environmental factors are not an influence on performance, light loads (less 

than 30 kg) appear to have limited physiological stress on humans. However, 

extrapolating findings to heavier loads suggests that heavy load carriage will primarily 

challenge the structural and muscular strength of the human body (Arndt et al., 2002; 

Holewijn 1990; LaFiandra et al., 2003; Malko et al., 1999; Reiser & Dalton, 2005; 

Vacheron et al., 1999; Wu et al., 2003). There is also indication that aerobic fitness is a 

secondary limitation to work capability when carrying light loads over flat terrain (Bilzon 

et al., 2001; Rosendal et al., 2003; Vanderburgh & Flanagan, 2000). For example, 

individuals with that high aerobic fitness tend to have greater tolerance to intense exercise 
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that allows them to perform load carriage work with better performances (e.g. greater 

distance covered or faster time-to-completion)  than less fit individuals (Bilzon et al., 

2001; Knapik et al. 2004; Vanderburgh & Flanagan, 2000). Given that aerobic fitness is 

also linked to body size and composition, individuals who are relatively larger (e.g. men 

compared to women) with low levels of relative body fat are more likely to find light 

loads easy to tolerate when backpacking at a given intensity of physical work. Given the 

link between muscular strength, aerobic fitness, and load carriage tolerance; work-

specific exercise training which involves both strength and cardiovascular exercise to 

improve human tolerance limits (Knapik et al., 2004; Rosendal et al., 2003). Work-related 

exercise training appears to be most effective when resistance training is practiced in 

combination with the backpack type to be used in the real-world work environment. 

Similarly, aerobic exercise training should be work-specific and the exercise intensity 

should be monitored using heart rate monitors (Chen & Lee, 1998; Knapik et al., 2004), 

similar to traditional aerobic exercise techniques.  

When more environmental factors are considered (e.g. load carriage on uneven 

terrain), it appears that the environment also has a strong influence on human load 

carriage tolerance. In fact, data show that load carriage over uneven terrain or over terrain 

requiring agility can generate dangerously high muscles forces, even with light loads, 

placing great structural stress on the body. These finding explain why strength is a major 

limitation during load carriage over hilly conditions. Given the stress placed on the joints 

and muscular system, it is understandable why a well-balanced backpack is rated as one 

of the most important features for load carriage comfort, particularly when backpacks are 

tested in field environments (Jacobson et al., 1997; Jacobson et al., 2000). A well-

balanced load that can be controlled would theoretically spread out the pressures acting 

on the body structures, thereby reducing the perception of exertion and pain when 

traveling over uneven terrain. A uniform pressure distribution may explain why 

mechanical aids, such as a simple walking stick (Jacobson et al., 1997; Jacobson et al., 

2000), can improve the perception of physical exertion during the end stages of sub-

maximal work, without increasing energy expenditure. Further, mechanical aids build 
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directly into the backpack to improve strength and reduce muscular fatigue (e.g. lateral 

stiffness rods or a dynamic suspension system) may also be successful strategies to 

improve human tolerance (Reid et al., 2004).  

 

2.10.4.2 Moderate-to-Heavy Loads (Greater than 30 kg and/or 15% of Body Weight) 

Researchers have shown that heavy load carriage generates high forces against the 

body (LaFiandra et al., 2003; Holt et al., 2003; Hutton et al., 2003; Wang et al., 2001)  

demonstrating that strength is a major limiting factor to load carriage tolerance with 

heavy backpacks. When relative mass is considered, data show that loads at 15% of body 

weight cause significant muscular stress (Wang et al., 2001), but backpackers may not 

significantly perceive the exertion until loads reach 30% of body weight (Quesada et al., 

2000). In terms of absolute mass, as load increases from 34 kg to 61 kg, corresponding 

increases in fatigue can be expected, as well as progressive increases in muscle 

discomfort, and diminished feelings of well-being and alertness (Johnson et al., 1995). 

When loads reach as high as 40% of body mass, substantial stress becomes evident, 

resulting in substantial increases in body stiffness and considerable changes in gait 

patterns (LaFiandra et al., 2003; Holt et al., 2003; Hutton et al., 2003). Although 

increased stiffness has advantages in terms of metabolic efficiency and shock absorption 

(particularly for the lower body), possible negative consequences of increased stiffness, 

include: a loss of functional range of motion, joint and muscle soreness, and loss of 

flexibility increasing the risk of sprains or strains injuries (Bahr & Maehlum, 2004; Holt 

et al., 2003; Wu et al., 2003). When loads are heavy, data also show that aerobic work 

capacity has limited influence on tolerance since heavy load carriage remains within 

aerobic limits (Quesada et al., 2000; Sagiv et al., 2000). In fact, the heavy payload itself 

can hamper gait speed to such an extent that aerobic work is unlikely (Quesada et al., 

(2000; Wang et al., 2001). Consequently, individuals with greater lean muscle mass 

and/or larger body size would be expected to show the greatest tolerance to heavy load 

carriage. 
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When human tolerance is examined in relationship to environmental conditions 

(e.g. uneven terrain or elevated gradients), studies on the effects of carrying heavy loads 

indicate that maximal muscular strength is needed to maximize structural support (Lyons 

et al., 2005; LaFiandra et al., 2002; Lafiandra & Harman, 2004; Sagiv et al., 2000). Based 

on these studies, sufficient anaerobic capacity is required for load carriage tasks to allow 

the muscles to operate below lactic threshold. In fact, even small gradient changes have 

been shown to sufficiently stress the anaerobic system, resulting in a subsequent decrease 

in load carriage tolerance by increasing lactic acid production which could lead to 

premature fatigue (Sagiv et al., 2000). Additionally, substantial muscular strength and 

anaerobic capacity are required to help maintain maneuverability in challenging 

environments (For example, on hilly terrain with heavy loads, the body must continuously 

absorb shocks and maneuver near isometric maxima (LaFiandra et al., 2002). This 

explains why cardiovascular fitness will do little to improve performance or to protect 

against injury for heavy load carriage. Based on the aforementioned literature, heavy load 

carriage requires the body: (a) to provide significant structural support (muscle strength) 

during gait to provide load control, reducing the possibility of tissue damage and (b) to 

operate below anaerobic threshold (anaerobic capacity) so that primary and supporting 

muscles do not experience premature fatigue which may lead to injury.  

Since dangerously high forces are generated on the body, it is not surprising that 

researchers emphasize the need for well-balanced backpack which is build with ample 

high-density cushioning over contact points (e.g. shoulder straps) to avoid non-uniform 

loading of the underlying tissues. As well, given the important role of muscular strength 

and anaerobic metabolism for safety, any mechanical aids or backpack modifications that 

help lighten the loads acting on the body, or allow a more uniform distribution of high 

forces over a wider area (e.g. to the hip region), has potential to improve heavy load 

carriage tolerance (Knight et al., 2000). These mechanical aids may include simple 

devices, such as a walking stick (Knight et al., 2000) or perhaps in the future, more 

complex devices, such as back lifting/support device (Abdoli et al., 2006; Reid et al., 

2004). A hypothetical solution to carrying heavy loads in challenging environments may 
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be to allow backpackers to wear some sort of exoskeleton device that would reduce the 

need for strength and off-load some of the potentially damaging forces. Although this 

solution may be set aside for future work, an exoskeleton would have potential to 

improve human tolerance while subsequently reducing injury during heavy load carriage 

in various extreme environments.  

 

2.10.5 Prolonged Load Carriage: Practical Applications 

 

2.10.5.1 Prolonged Light Load Carriage (30 Kg or Less) 

When loads of 30 kg or less are carried for prolonged durations, the exercise-

induced stress on the body can remain within human tolerance limits as long as the 

intensity of load carriage is low (e.g. under 30-45% VO2max). In the literature, prolonged 

load carriage has been broadly defined, with definitions, including: 1-2 continuous hours 

of work, up to 8.5 hours (Arieli et al., 1985; Epstein et al., 1988; Malko et al., 1999); 

continuous or fragmented work over 10-110 km (Ashkenazi et al., 1998; Bell et al., 2002; 

Dalen et al., 1978; Knapik et al., 1992); frequent load carriage between 4-7 days per week 

(Boulware, 2003; Vaananen et al., 2004); and/or frequent load carriage for up to 8 weeks 

(Schantz et al., 1983). Although prolonged light load carriage is well within human limits, 

it may be possible that some individuals experience stress in the lumbar discs; however, 

these effects have been shown to be reversible and resolved within three hours of rest 

(Malko et al., 1999). To prepare for prolonged and heavy load carriage, individuals 

should commit to a regular strength training regime that may help protect the torso and 

other regions structurally from compression injuries. Muscle strength may also help 

protect underlying neural soft tissue from painful neuropathies that may develop during 

prolonged load carriage, although these conditions are also shown to be reversible within 

a median of 30 days (Boulware, 2003).  

The key to remaining safely within human tolerance limits is that prolonged work 

should be performed at low intensities relative to the individual’s aerobic fitness. This 

means that aerobically fitter individuals will have greater tolerance limits since they have 
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greater aerobic capacity, allowing them to complete sub-maximal work at lower 

intensities compared to unfit individuals (McArdle et al., Wilmore & Costill, 2004). 

However, individuals with poor aerobic capacity can remain well within their tolerance 

limits too, as long as the intensity is kept low enough (although distance covered and/or 

speed will be reduced). In short, aerobic work intensity appears to be a more important 

determinant of human tolerance for light load carriage than the actual distance traveled or 

the duration of load carriage.  

 

2.10.5.2 Prolonged Moderate to Heavy Load Carriage (Greater than 30 Kg) 

Based on limited research investigating prolonged load carriage using heavy 

loads, findings are consistent with other reports that muscle strength and anaerobic 

capacity are related to human tolerance. Muscle strength and anaerobic capacity appear to 

be an important factor influencing heavy load carriage tolerance since they have the 

potential to provide structural support/protection (e.g. to joints and soft tissue) under 

repetitive loading conditions (Epstein et al., 1988; Quesada et al., 2000). Although 

substantial strength is required to travel for long durations with heavy loads on flat 

terrain, prolonged and heavy load carriage on uneven terrain appears to be the most 

strenuous condition examined in this paper). Uneven terrain requires the utmost in 

strength and anaerobic capacity (Juhani et al., 1986; Kirk & Schneider, 1992, likely due 

to the fact that humans must exert additional effort to counteract payload shifts. Further, 

payload shifting may also create painful pressure points on the body if not adjusted. In 

addition, the body must overcome the backpack’s inertia to allow mobility and load 

control during gait. Therefore, for heavy load carriage travel on hilly terrain, human 

tolerance to appears to be at its lowest and the likelihood of injury appears to be its 

highest (Epstein et al., 1988; Juhani et al., 1986; Kirk & Schneider, 1992; Quesada et al., 

2000). 

 Given that strength-related human factors are so influential during prolonged 

heavy load carriage, aids in terms of improving pure strength appear to most beneficial. In 

fact, mechanical aids that provide improvements in strength, increases in structural 
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support, and better load control can be expected to reduce perceived exertion during 

exercise (Knapik et al., 2004).  Since gait speeds are typically low (even lower for uneven 

terrain) when traveling on flat terrain with heavy loads, designers of mechanical aids do 

not need to be concerned with negative effects of assistive devices which may limit range 

of motion. In fact, researchers suggest a variety of creative assistive strength devices may 

be used to improve human tolerance (Juhani et al., 1986; Knapik et al., 1997; Knight et al. 

2000). Such device may someday include: carts, a trunk lifting device, a dynamic 

backpack, or perhaps a structurally reinforced load carriage exoskeleton with automated 

load control abilities. In short, as long as the mechanical aid: (a) provides the appropriate 

assistance involving load reduction on the human and (b) improves backpack 

balance/load control to reduce the likelihood of load shifts, the device can be expected to 

improve load carriage tolerance and overall human performance. 
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Chapter 3 

Biomechanical Simulation of Static Tissue Loading on a Flat Surface Human Model 

 

3.1 Abstract 

Pressure mapping is used to help scientists better understand a variety of painful 

conditions resulting from pressure acting on the skin. However, the accuracy and 

repeatability of these technologies when used on human skin is unclear. The purpose of 

this study was to determine the measurement accuracy of three pressure measurement 

technologies using known contact pressures applied to a human skin-analog material. In 

this study, each technology was evaluated using three protocols: an incremental loading 

test of moderate pressures, ranging from 5.93 to 11.77 kPa; a low pressure test at the 

lowest calibration threshold for the each technology; and a creep test at 11.77 kPa lasting 

one hour. Results from the incremental loading test showed a mean bias from the actual 

applied pressure by -27%, -26%, and +153% for the capacitance, piezoresistive, and 

resistive ink technologies, respectively. For the low pressure test, measured pressures 

showed a mean bias of +3%, +81%, and +192% for the capacitance, piezoresistive, and 

resistive ink technologies, respectively. Creep for each technology was 18% 

(capacitance), 19% (piezoresistive) and 15% (resistive ink). In conclusion, the 

capacitance and piezoreisistive technologies were most accurate during incremental 

loading; however, the capacitance technology was substantially more accurate at low 

pressure threshold. All technologies showed similar creep characteristics. This study 

suggests that certain technologies may be more appropriate than others to measure 

absolute pressure; thus, the user should consider these technological limitations when 

making measurements. 

 

3.2 Introduction 

Anytime the human body comes in contact with another object, compressive 

forces are applied to the skin. When forces act on a given area, it is defined as pressure. In 

the clinical setting, accurate measurement of the magnitude of pressure acting on the skin 
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is important so that proper medical aids can be used to improve patient comfort. 

Prolonged skin contact pressure, at a magnitude greater than the mean pressure in the 

capillary or venous system can collapse the vessels, resulting in ischemic necrosis in the 

affected area and a subsequent pressure ulcer (Allen et al., 1993; Vande Berg & Rudolph, 

1995). 

Pressure ulcers are common for people with mobility restrictions and they are a 

major health concern given the personal discomfort, increased risk of infection, cost and 

time required for treatment (Byrne & Salzberg, 1996; Brem et al., 2004; Eitzen, 2004). 

Given these concerns, numerous studies have focused on etiology of tissue injury due to 

skin contact pressures (Byrne & Salzberg, 1996; Collins, 1999; Fergenbaum et al. 2003a; 

Fergenbaum et. al., 2003b; Krause et al., 2004; Wong & Stotts, 2003; Bouten et al., 2003; 

Boulton et al., 2004), while others have focused on corrective interventions to reduce 

painful pressure ulcers (Takechi & Tokuhiro, 1998; Hastings, 2000; Sumiya 1997a; 

Sumiya 1997b; Brem et al., 2004; Sørensen et al., 2004; Hunter et al., 2003; Russell & 

Longsdon, 2003). Recently, researchers have even focused on dangerous contact 

pressures that children experience as a result of carrying heavy backpacks (Brackley & 

Stevenson, 2004). Although, the clinical concern for unsafe pressure is apparent, 

guidelines for skin pressure measurement and safety standards are still unclear (Eitzen, 

2004). Estimates for pressure safety limits vary. Some studies recommend that absolute 

skin contact pressures should be less than 4-18.8 kPa, depending on the type of tissue 

affected and the duration of applied pressure (Johansson el al., 2002; Wikstrom et al., 

1991). Other studies propose guidelines based on relative pressures whereby contact 

pressures should not exceed 1.3–2.7 kPa less than diastolic blood pressure (Mars & 

Hadley, 1998). In a military study of load carriage, Stevenson et al. (2004) recommended 

average contact pressures of 35 kPa or less, since 90% of soldiers reported discomfort at 

that pressure. From these data, it can be seen that there is no consensus of acceptable 

pressure based on tissue tolerance. 

A common method to measure skin contact pressure is through use of 

commercially sold pressure mapping instrumentation. Modern pressure mapping systems 
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use small, thin micro-sensors that are placed between two contact surfaces. These systems 

are typically based on capacitance, piezoresistive or resistive ink technology. There have 

been several studies assessing the accuracy, repeatability and other characteristics of 

various pressure measurement systems (Williams, 1997; Eckrich et al., 1991; Cooper, 

1998; Takechi & Tokuhiro, 1998; Hastings, 2000, Eitzen, 2004; Allen et al., 1993, Gray, 

1999; Shelton et al., 1998; Fergenbaum et al. 2003a; 2003b). However, the validity and 

reliability of current pressure measurement technologies has been questioned by some 

researchers (Allen et al., 1993, Gray, 1999; Shelton et al., 1998; Eitzen, 2004; 

Fergenbaum et al. 2003a; 2003b; Nicolopoulos 2000; Sih, 2001). 

The accuracy of pressure measurement systems can be affected by many factors 

such as: construction materials of individual sensors, fabrication quality of each micro-

sensor, software compensation algorithms; calibration problems, shear force, mechanical 

breakdown due to repetitive heavy loading of small sensors and temperature changes on 

human skin (Cavanagh et al., 1992; Hadcock, 2002; Morin et al., 2003). Therefore, to 

derive proper pressure safety standards for humans, it is important that researchers test the 

accuracy of these systems using known applied pressures to examine any measurement 

bias or drift from actual applied pressure. However, for the proper measurement of bias, 

experiments should be conducted under highly controlled conditions, using practical test 

conditions that simulate pressures applied to skin-like materials; a set-up which has been 

lacking in some of the past research. 

The purpose of this study was to determine the measurement accuracy of three 

modern pressure measurement technologies using known contact pressures applied to a 

human skin-analog material. 

 

3.3 Methods  

 

3.3.1 Instrumentation  

The capacitance technology tested was the X2 system, manufactured by Xsensor 

Technology Corporation. The sensor pad, the X36 model, was constructed of a thin (less 
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than 1 mm thick), flexible, polyurathane material. The X36 sensor pad referred to a 36 by 

36 micro-sensor arrangement for a total of 1296 individual capacitive micro-sensors. The 

active sensing region was 45.72 cm by 45.72 cm. The recommended pressure range was 

between 1.3 to 26.7 kPa and the pad was calibrated for this pressure range by the 

manufacturer prior to testing. The associated software tested was version 4.2. 

The piezoresistive technology tested was the FSA medical UT model, 

manufactured by Vista Medical Limited. The sensor pad was made of a thin (0.36 mm 

thick), polyurethane with a thin lycra covering. The sensing region was 53.34 cm by 

53.34 cm comprising of a 16 cm by 16 cm micro-sensor array for a total of 256 individual 

piezoresistive micro-sensors. The manufacturer recommended a pressure range between 

zero to 26.7 kPa and the pad was calibrated for this range by the manufacturer prior to 

testing. The associated software tested was version 3.1.   

The resistive ink technology tested was the F-Scan (F-socket series) model 

manufactured by Tekscan Incorporated. The associated 9811 sensor pad model was 

constructed of a thin (0.18 mm thick), flexible, trimmable, printed ink circuit. The sensing 

dimensions of the sensor pad measured 20.3 cm by 7.6 cm, comprised of 96 individual 

micro-sensors with a 6 by 16 micro-sensor arrangement. The manufacturer recommended 

an operating range from zero to 241.3 kPa and the pad was calibrated for this range in our 

laboratory using calibration equipment recommended by the manufacturer. The 

associated software tested was version 4.21. 

 

3.3.2 Set-up 

A wooden table was covered with a 3 mm Bocklite™ skin analog (Figure 1), 

shown to have compliance similar to human skin over bone (Bryant et al., 1997). The 

sensor pad was then placed on top of the Bocklite™ sheet. The contact area to be loaded 

on each sensor pad was marked prior to testing to ensure all loads were placed on the 

same area of the pad to maintain test consistency (Figure 2). A solid known 9.392 kg steel 

mass with dimensions 20.7×7.5×7.5 cm (contact area = 155.3 cm) was placed on each 

sensor pad for the incremental and creep tests to create moderate to high pressures. The 
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contact surface area of the 9.392 kg steel mass was covered with a 3 mm thick high 

density foam to shield against electronic interference with the sensor pad, as well as to 

load the contact area with greater uniformity. All subsequent masses were placed on the 

top of this 9.392 kg mass. To generate low contact pressure, a separate loading method, 

using precision masses was utilized for testing. 

The software for all pressure systems were programmed to collect data at 1 Hz. 

The creep compensation option, built into the software, was activated for all trials. In 

addition, all applied pressures were calculated by dividing the mass of the load by the 

contact area prior to testing to ensure all tests were within the recommended calibration 

range for each technology as outlined in their operations manual. Further, after pilot 

testing was completed but prior to official data collection, a technical representative from 

each company was contacted to ensure that that the software set-up was optimal for each 

system so that the greatest accuracy and performance would be measured. Once the set-up 

was optimized, three test protocols were performed on each sensor pad: an incremental 

loading test, a low pressure test, and a creep test. 

 

 
Figure 1. A resistive ink sensor pad on top of a Bocklite™ skin analog. 
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Figure 2. A marked piezoresitive sensor pad without a load (left). A 9.392 kg load 

placed on a marked capacitance sensor pad (right). 

 

3.3.3 Incremental Testing 

 For the incremental protocol, pressures were applied by placing loads between 

9.392 kg to 19.627 kg on each sensor pad. During incremental loading, the 9.392 kg mass 

was the initial mass in contact with each sensor pad; all subsequent masses were loaded 

on top. Each pad was loaded for a total of 14 trials using the following sequence of 

applied pressures: 5.93 kPa (trial 1), 5.93 kPa (trial 2), 5.93 kPa (trial 3), 5.93 kPa (trial 

4), 8.84 kPa (trial 5), 11.77 kPa (trial 6), 8.84 kPa (trial 7), 5.93 kPa (trial 8), 5.93 kPa 

(trial 9), 8.84 kPa (trial 10), 11.77 kPa (trial 11), 12.40 kPa (trial 12), 9.47 kPa (trial 13), 

and 6.56 kPa (trial 14). Each pressure was applied for a 120 second interval followed by a 

return to 0 kPa before the next load was applied for all trials except trials 4-8. However, 

the only pressure recordings measured between the 30 and 90 seconds were used for 

analysis. This removed the first 25% and last 25% of collected data to avoid analysis of 

transient results due to settling time or unloading of the pressure pad.  

 

3.3.4 Low Pressure Test 

 To test the accuracy of each pressure system at the lowest pressure recommended 

by the manufacturer, each pressure pad was loaded with 1 unit of pressure above the 

manufacturer’s recommended lowest threshold (measured in the manufacturer’s unit of 

scaling). Based on this criterion, a low applied pressure was created by loading precision 

metal weights, ranging from 0.500 kg to 5.175 kg onto the pressure pad, using a 3-mm 
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thick wood panel square to provide the necessary contact pressure, while at the same time 

preventing direct contact between the metal weights and the pressure pad. The applied 

loads created a pressure of 1.47 kPa on the capacitance pressure pad, 0.29 kPa on the 

piezoresistive pressure pad, and 6.89 kPa on the resistive ink pressure pad. The applied 

pressure was maintained on each sensor pad for 1200 seconds; however, only the 

pressures measured between the 300 and 900 seconds were used for analysis. This 

removed both the first and last 25% of collected data to avoid analysis of transient data 

due to settling and unloading of the mass. 

 

3.3.5 Creep Test 

The same 9.392 kg mass block used during the incremental test was placed on the 

marked sensor pad (Figure 1); however, the block was further loaded with 9.235 kg of 

precision metal weights for a total load of 18.627 kg. This created a pressure of 11.77 kPa 

on each pressure pad. The load was maintained on each pressure pad for 1-hour (one trial 

conducted per pad). The pressure measured during the last 15 minutes (the last 25% of 

measured data) was used for analysis to calculate percent creep. Creep was determined by 

calculating the percent difference between mean pressure measured during the last 25% 

of data collection, compared to the mean pressure measured immediately after the first 20 

seconds of loading to allow the load to briefly settle.  

 

3.3.6 Data Analysis  

All data were exported into a Microsoft Excel spreadsheet for analysis. Only the 

data from micro-sensors located underneath the load were exported and used for data 

analysis for all systems. To determine the accuracy of each system the bias was calculated 

by subtracting the mean measured pressure from the actual applied pressure. The percent 

bias was calculated by dividing the bias by the actual applied pressure and multiplying by 

100%. The actual applied pressure for the load applied to each sensor pad was calculated 

mathematically using the formula: pressure = mass/contact area of mass. These methods 
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of data analysis were used for all test conditions (incremental, low pressure and 1-hour 

creep tests). 

 

3.4 Results  

For incremental testing, the measured pressures by each system showed an 

average bias of -26.7% (capacitance system), -25.6% (piezoresistive system) and, 152.9% 

(resistive ink system). Table 1 summarizes the bias for each technology during 

incremental loading for each trial. Based on these bias values, the capacitance and 

piezoresistive systems had similar accuracy and were both superior on the compliant 

surface in terms of accuracy (smallest bias) compared to the resistive ink technology 

(largest bias). 

 

Table 1. Incremental results on a flat surface for the three pressure sensor systems. 

Trial Pressure Capacitance System Piezoelectric System Resistance System 

 Number (kPa) Bias (kPa) Bias (%) Bias (kPa) Bias (%) Bias (kPa) Bias (%) 

1 5.93 -2.15 -36% -1.61 -27% 9.49 160% 

2 5.93 -1.84 -31% -1.61 -27% 8.35 141% 

3 5.93 -1.87 -32% -1.61 -27% 8.10 137% 

4 5.93 -1.53 -26% -1.50 -25% 13.89 234% 

5 8.84 -2.71 -31% -2.34 -27% 11.10 126% 

6 11.77 -3.77 -32% -3.67 -31% 11.39 97% 

7 8.84 -2.34 -27% -2.00 -23% 12.11 137% 

8 5.93 -0.89 -15% -1.03 -17% 13.17 222% 

9 5.93 -1.36 -23% -1.57 -27% 13.09 221% 

10 8.84 -2.64 -30% -2.16 -24% 13.68 155% 

11 11.77 -3.85 -33% -3.31 -28% 10.71 91% 

12 12.40 -2.73 -22% -3.53 -29% 13.22 107% 

13 9.47 -2.13 -23% -2.20 -23% 13.09 138% 

14 6.56 -0.94 -14% -1.48 -23% 11.56 176% 

Mean --- -2.20 -27% -2.12 -26% 11.64 153% 

S.D. --- 0.90 7% 0.83 3% 1.92 46% 
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When bias was calculated for the low pressure test, the capacitance system had a 

+3.0% bias, the piezoresistive system had a +81.0% bias and the resistive ink had a 

+192.0% bias (Table 2). Based on these bias values, the capacitance system was the most 

accurate (smallest bias) at low pressure on the compliant surface, while the resistive ink 

technology was the least accurate (highest bias) relative to the other systems. 

 

Table 2. Results of Low Pressure Test 
System Tested Applied Pressure(kPa) Bias (kPa) Bias (%) 

Capacitance 1.47 0.044 3% 

Piezoresistive 0.29 0.235 81% 

Resistive Ink 6.89 13.23 192% 

 

The results from the creep test are summarized in Table 3. The capacitance system 

had a -22.2% bias, the piezoresistive system had a -23.2% bias and the resistive ink had a 

129.0% bias. Creep over one hour of static loading was found to be 18% (capacitance), 

19% (piezoresistive) and 15% (resistive ink). Based on these bias values, all systems 

generally had similar creep when tested on the compliant surface, although the 

capacitance and piezoresisitive systems were slightly less affected by settling compared 

to the resistive ink technology. 

 

Table 3. Results of Creep Test 
System Tested Applied Pressure (kPa) Bias (kPa) Bias (%) 

Capacitance 11.77 -2.61 -22% 

Piezoresistive 11.77 -2.73 -23% 

Resistive Ink 11.77 15.18 129% 

 

A summary of the results from all test protocols are shown in Table 4. Raw data 

for all test conditions is shown in Appendix A. The average percent bias of the 

capacitance (-15%) and piezoresistve (11%) technologies appeared to be similar although 

the direction of the bias was opposite. More specifically, the average bias of the 
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capacitance technology tended to underestimate the actual applied pressures and the 

average bias of the piezoresistive technology tended to overestimate actual applied 

pressures. However, a more detailed examination of the data showed that the capacitance 

technology was the most accurate technology when pressure was low on a compliant test 

surface (3.0%). The resistive ink technology was least accurate for all tests on a compliant 

surface (average bias of 152.9%), although low pressure measurement showed a 

particularly large bias (192.0%) compared to all other conditions.  

 

Table 4. Comparison of Percent Bias for all Tests 
Test Condition Capacitance Piezoresistive Resistive Ink 

Incremental -27% -26% 153% 

Low Pressure 3% 81% 192% 

Creep -22% -23% 129% 

Mean  Bias -15% 11% 158% 

 

3.5 Discussion  

When tested on a flat surface with surface compliance features similar to human 

skin, this study showed that both piezoresistive and capacitance systems measured a value 

that was approximately 3/4 of the actual applied,pressure for short duration, incremental, 

loading (see Table 1). In contrast, the resistive ink technology had a noticeably greater 

overestimation (153% mean bias) for the same test conditions. Our findings are consistent 

with others who have compared the accuracy between these technologies. Although 

published data are limited, our data were similar to those who have shown piezoresistive 

technology to be more accurate than resistive ink (Ferguson-Pell & Cardi, 1993), 

capacitance technology to be more accurate than resistive ink (Hochmann et al., 2002; 

Rash et al., 1997; Fergenbaum et al. 2003b) and piezoreisitive and capacitance 

technologies to perform with similar accuracy and consistency for a variety of pressures 

(Hochmann et al., 2002).  

Direct comparison of measurement accuracy between systems continues to be a 

challenge given the lack of standardized test guidelines for pressure mapping technology 
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and given a lack of reference standards for contact pressures for humans (Eitzen, 2004). 

Further, to standardize pressure measurement for humans, this study showed that 

guidelines need to account for a number of confounding factors that affect modern 

pressure pad accuracy when used on humans, including: duration of load settling, 

compliance of contact surfaces, magnitude of contact pressure used, testing protocol used, 

methods of data export and analysis, and calibration methods for compliant surfaces. This 

list is consistent with others who have expressed similar concerns regarding slightly older 

technologies such as resistive ink (Bryant et al., 1999; Hadcock, 2002; Morin et al., 

2003). Based on findings during incremental testing, this study showed that a number of 

key confounding factors can be reduced so that accurate pressure limits can be developed 

in future research.  

First, to create accurate safety standards, calibration methods need to be 

developed to account for the compliant surface of human skin (e.g. calibration using an 

air bladder). Current methods do not calibrate pressure technologies using compliant 

surfaces similar to human skin. Since a portion of the applied energy to a pressure pad 

may be lost as heat or as deformation to the compliant surface (Hall, 2007), a pressure 

pad needs to be calibrated suitably to account for this phenomenon when working with 

human subjects. The need for new calibration methods has been investigated in earlier 

work for resistive ink technology (Bryant et al., 1999; Hadcock, 2002; MacNeil, 1996; 

Morin et al., 2003) and the concerns over pressure measurement accuracy on compliant 

surfaces was confirmed in this study, not only for the slightly older resistive ink 

technology, but also for newer technologies such as capacitance and piezoresistive 

systems. In essence, this study shows that all modern pressure measurement systems face 

similar calibration challenges. Further, this study shows a clear need to ensure that 

calibration techniques account for compliance characteristics of human skin. If possible, 

skin temperature should also be accounted for in the calibration since it is known to affect 

accuracy (Cavanagh et al., 1992). 

Second, data showed that capacitance and piezoresistive technologies were more 

accurate and suitable for pressure measurement on compliant surfaces than resistive ink. 
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Based on experimental observations during this study, resistive ink technology may not 

be as accurate on compliant surfaces such as human skin because the pressure pad is less 

pliable than the other technologies; therefore, it has a limited ability to shape to the 

contours of the compliant surface to perform accurately. Due to this lack of pliability, 

bending of the resistive ink pressure pad on the compliant surface, resulted in hyper-

activation of individual micro-sensors explaining the overestimation of actual applied 

pressures, demonstrated in Table 1. This hyper-activate effect is also consistent with past 

research (Bryant et al., 1999; Hadcock, 2002). The amount of creep could have also 

contributed to reduced accuracy. In contrast, although, the capacitance and piezoresistive 

technologies tested in this study were shown to be relatively pliable; it is possible that 

calibration flaws did not adequately account for the loss of energy and heat due to 

deformation of the compliant surface, explaining why these technologies tended to 

underestimate actual applied pressures during incremental loading (Table 1).  

Third, results of this study demonstrated the need for a standardized method of 

data export and analysis. For this study, data was exported and analyzed using only 

micro-sensors in direct contact with the applied pressure. Although this method was more 

laborious (and generally not done by clinicians because of the complexity of data 

analysis), this method was best suited to analyze the response of each micro-sensor that 

should be activated underneth the load. Further, manufacturers need to clearly indicate to 

the user whether or not their software packages calculate average measured pressure by 

including micro-sensors measuring zero pressure in the calculation. If an individual 

micro-sensor should be active, but is not active (e.g. the micro-sensor is not sensitive on a 

compliant surface) software packages that export and analyze micro-sensors measuring 0 

kPa may underestimate actual applied pressures. In contrast, software packages that do 

not include micro-sensors that report zero pressure in the calculation of average measured 

pressure may overestimate actual applied pressure. Since the calculation method for each 

system was not clear (e.g. the average pressure automatically calculated by the software), 

the data was exported and analyzed instead, using only micro-sensors under the applied 

pressure.  Next, the average pressure was calculated in a spreadsheet using active micro-
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sensors only. This method was the most reliable technique to determine accuracy since it 

did not mathematically change the true measured mean pressure by each technology. The 

discrepancy between how software packages are used, may explain why results differ 

between various studies.  

The method of data analysis that was recommended and used in this study, may 

explain the discrepancy between the 153% bias found for resistive ink technology, 

compared to other studies which reported a bias of less than 74% (Harman et al., 1999; 

Luo et al., 1998; Sih, 2001; Sumiya et al., 1998). For example, during testing in this 

study, visual inspection of collected data (displayed in real-time on the computer screen) 

revealed that all micro-sensors under the applied load were not actively detecting contact 

pressure (e.g. some sensors measured zero pressure while others appeared hyper-

activated). This phenomenon was noted for both short incremental loading periods and 

longer settle times (e.g. creep test) despite the fact that all sensors were fully covered by 

the load. The discrepancy between studies for the resistive ink may also be related to the 

pressure range tested. Although this study examined the effects of reasonable pressures 

that may occlude human skin blood flow, it is notable that the calibrated pressure range 

for the resistive ink technology was much larger (0 to 241.3 kPa) compared to the other 

two systems (up to 26.7 kPa). This would be disadvantageous for the resistive ink 

technology since only 5% of its calibrated pressure was used compared to 50% of the 

pressure range used for the other two systems. Last, differences between the systems 

could be due to the lack of pliability of the resistive ink pressure pad on a compliant 

surface compared to the other two systems. Real-time data showed slower load settling 

for the resistive ink technology (i.e. a slow reduction in hyperactive micro-sensors), 

suggesting that resistive ink technology may not be ideal for use on human subjects. In 

contrast, real-time displays for the capacitance and piezoresisitve systems did not show 

this problem, since the capacitance and piezoresisitve systems had greater pliability due 

to the combination of smaller micro-sensors and a more flexible pressure pad. 

To obtain more accurate pressure measurements, manufacturers recommend 

longer settle times (e.g. 15-20 minutes). When the difference between short duration 
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loading (Table 1) are compared to long duration loading (Table 3), a static settling for a 

long duration showed an average 5% improvement in bias for the capacitance technology, 

an average 3% improvement in bias for the piezoresisitve system, and a 24% bias for the 

resistive ink system. Based on our findings, longer settle times have a limited 

improvement on accuracy for piezoresisitve and capacitance technologies. Therefore, in 

terms of consistency, capacitance and piezoresistive systems may be most suitable for use 

over both short (2 minutes) and long durations (1 hour); although the bias needs to be 

improved. In contrast, the resistive ink technology may require longer settle times to 

allow the hyperactive micro-sensors to settle on a compliant surface in order to facilitate 

activation of inactive micro-sensors. 

It should be noted, however, that the one hour settle time used in this study may 

not be a practical duration for many clinical and research applications. Many researchers 

and clinicians want to take advantage of the pliability of these systems to use them for 

dynamic measurements of pressure that cannot be measured with a force platform (e.g. 

gait studies). Furthermore, many researchers and clinicians may wish to measure dynamic 

pressures on curved, compliant surfaces on the human body (e.g. contact pressures of a 

prosthetic limb or shoulder pressures experienced from a backpack). However, little is 

known about the effects of dynamic and curved-surface pressure mapping on accuracy. In 

fact, these are areas of investigation that will be pursued in future work.  

To compound challenges associated with accuracy, our data showed that each 

system had a unique creep characteristic affecting the relationship between settle time and 

accuracy. When creep was examined in more detail, data showed that each system had a 

considerable increase in creep by the end of the 1-hour test (Table 4), even though the 

creep compensation program was activated for all systems (a calibration program built 

into the software package, provided by the manufacturer). Although comparison of our 

results to other published studies is difficult since studies are limited, the 15% creep 

reported in this study for the resistive ink technology is consistent with the 19% creep 

reported by both Ferguson & Cardi (1993) and Woodburn & Helliwell (1997). In 

contrast, the 19% creep found in this study for the piezoresistive technology was 
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substantially higher than the 4% creep reported by Ferguson-Pell & Cardi, (1993) but this 

could be due to differences in the compliance of test surfaces, methods of data export and 

analysis, and changes in calibration techniques used by the manufacturer. In this study the 

creep for the capacitance system was found to be similar to the piezoresistive technology 

(18% creep). Unfortunately, there is a lack of published data available for comparison for 

the new capacitance system tested in this study. Based findings for the creep test, data 

suggest that the creep compensation algorithms built into all software programs may need 

refining to improve accuracy. Without being privy to how the manufacturers created the 

compensation algorithms (e.g. patented information), if the algorithms assume a linear 

creep response to creep, Sih (2001) argued that the accuracy may be compromised since 

some pressure mapping technologies have been shown to be non-linear. Nonetheless, if 

an accurate response to loading duration can be studied in the future (e.g. controlled 

dynamic loading throughout the entire pressure range of the pressure pad), it could be 

possible to reduce the amount of creep for each system through the development of newer 

compensation algorithms in the software. This type of testing may be more practical if 

automated compression testing equipment is used. In fact, future work is planned in our 

laboratory to test dynamic response of new pressure mapping systems on a compliant, 

skin-like surface.  

A substantial investigation, currently lacking in the current literature, involves 

testing the accuracy of pressure mapping technologies at low pressures on a compliant 

surface. At low pressures, defined as one unit of pressure above the minimum 

recommended threshold for each pressure pad, this study showed a wide range of 

accuracy, depending on the technology. For example, Table 2 showed that the 

capacitance system was superior at low pressure (a positive bias of 3%) compared to the 

other technologies that had positive biases of 81% and 192% for the piezoresistive and 

resistive ink systems, respectively. An explanation for the findings recorded by the 

resistive ink technologies may be explained by the fact that the technology had limited 

pliability on a compliant surface. Consequently, some micro-sensors under the load 

became hyperactive while others did not respond to the load at all, so the pressure was 
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acting non-uniformly on the pressure pad. Further, the range of these sensors may also 

have been problematic, since the calibrated pressure range for the resistive ink technology 

during the low pressure test was 9 times larger than other two systems (241.3 

kPa/26.7kPa = 9.0 x). These findings suggest that resistive ink technology may be best 

suited for higher pressure measurement (in its calibrated pressure range) on firm surfaces.  

Consistent with the findings in this study, others have shown resistive ink 

technology to be problematic when measuring low pressures. For example, work by Luo 

et al. (1998) reported a 20.1% error value at lower loading levels compared to only 3.2% 

error value for higher loading levels in a mechanical compression test study. A similar 

finding was reported by Sumiya et al. (1998) who found errors of 48-74% for pressures 

between 10-80 kPa during mechanical compression testing. Further, Smith et al. (2002) 

recently showed that resistive ink technology failed to reach detectable levels in 5.5% of 

642 steps taken by walking children, even when the sensors were calibrated to each 

child’s body weight; showing limitations for low pressure measurement on a compliant 

shoe-foot contact interface. 

When data from the newer technologies are examined (Table 2), a possible 

explanation for the discrepancy in low pressure accuracy between the capacitance and 

piezoresistive systems is due to the fact that piezoresistive sensors require a charge 

amplifier, whereas capacitance sensors do not (Cavanagh et al., 1992). Therefore, it is 

possible that the gain on the charge amplifier was too high because calibration was not 

performed using a compliant surface similar to human skin. Another challenge for the 

piezoresistive technology is that the technology does not allow the operator to adjust the 

gain which may allow the user to correct the problem. On the other hand, a possible 

explanation for the accuracy of the capacitance technology at low pressures may be due to 

the fact that semi-conductive materials and construction provided less resistance to 

compression than piezoresisitve technology (making it more sensitive to low pressures); 

whereas the piezoresistive system required more compression, just to emit a charge from 

the piezo-material, explaining the overestimation of applied pressure in Table 2. 
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A simple solution to the over-amplification problem with the piezoresisitve and 

resistive ink technologies may be to add a feature allowing the operator to increase the 

gain on the system for low pressure applications (e.g. create a low pressure compensation 

that can be activated by the operator in the software). Another option for manufacturers 

could be to raise the minimum recommended low pressure threshold in the operations 

manual for compliant surfaces (e.g. recommendation was 0-26.7 kPa for the 

piezoresistive system and 0-241.3 kPa for the resistive ink). In fact, the operational 

manual for the capacitance system had the highest minimum recommended pressure of all 

the systems (e.g. 20-200mmHg) which promoted more realistic low pressure testing for 

the technology. Changing the minimum recommended pressure would encourage 

operators to reserve piezoresistive or resistive ink technologies for higher pressure 

applications. A more complex solution, discussed earlier, would be to develop a 

calibration procedure for low pressure applications on compliant surfaces to improve 

accuracy.  

 When all technologies are compared, based on the mean percent bias shown in 

Table 4, it appears that the capacitance and piezoresistve technologies perform with 

similar accuracy on a compliant surface. Therefore, these systems may be more 

appropriate for clinical applications with humans compared to resistive ink technology; 

whereas resistive ink may be more suited for high pressure industrial applications. The 

application of data presented in Table 4 should be interpreted with caution given that 

accuracy of these systems varied dramatically with the type of technology used (e.g. 

capacitance, peizoreisisve, or resistive ink) and test condition (e.g. incremental loading, 

low pressure measurement or creep). For example, some clinicians or researchers may be 

tempted to use the piezoresisitve system (average 10.8% bias) over the capacitance 

system (average -14.7% bias) since it may appear that the piezoresistive system has a 

more accurate performance for a variety of clinical applications. However, for low 

pressure measurement, Table 4 shows that the capacitance system is substantially more 

accurate at low pressure: a 3% bias for the capacitance system compared to an 81% bias 

for the piezoresistive system. Based on the data collected in this study, it appears that the 
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capacitance technology has the best potential for clinical/research uses on humans if 

improvements can be made to the system. 

In general, the results of this study show that the variation in accuracy between 

capacitance, piezoresistive and resistive ink technology has a relationship to: (1) the 

duration of loading, (2) the magnitude of contact pressure and (3) the compliance of the 

contact area. While summary data presented in Table 4 may be a useful tool to compare 

systems in a more general, standardized manner, the table also emphasizes that 

clinicians/researchers should select a technology that is most accurate based on features 

of the test condition to ensure greater accuracy with pressure measurements. In addition, 

this study demonstrated the importantance of standardizing methods used to export and 

analyze data for accuracy. It would be helpful if in future studies, researchers/clinicians 

reported how they exported/analyzed their data so that research can be more appropriately 

compared between studies. Further, if pressure measurement protocols can be 

standardized between studies, it may be possible to develop more accurate and reliable 

pressure measurement technologies with better mathematical algorithms within the 

software to correct biases on different compliant surfaces. 

 

3.6 Conclusion  

This study demonstrated the results of a highly controlled protocol for pressure 

measurement to allow users to evaluate the accuracy of different pressure technologies 

under practical conditions, similar to pressure measurement over human tissue. Results of 

this study showed that pressure measurement technology can be affected by test 

conditions making it challenging to develop accurate and reliable guidelines for human 

pressure limits. In particular, these systems have increased inaccuracy if used on a 

compliant surface similar to human skin. Therefore, more research needs to be conducted 

before they can be reliably used for pressure measurements in the clinical or research 

settings.   

Although this study examined the effects of accuracy on a flat skin analog 

material, in practical terms, these technologies will need to be able to measure pressures 
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on curved, compliant surfaces, similar to those found on the human body. However, the 

accuracy of pressure mapping technology on human skin is largely unknown. In addition, 

clinical and research applications will most likely require that pressure mapping 

technologies be used on humans performing dynamic tasks, an area of investigation that 

requires additional research. In order to better understand pressure mapping technology, a 

standardized protocol and method of testing needs to be developed as discussed in this 

paper. Based on data generated from this study, the modern clinician/researcher should be 

aware to select the most appropriate technology to suit the test conditions.  

In terms of test conditions, accuracy was affected by: (1) the duration of loading, 

(2) the magnitude of the contact pressure, and (3) the compliance of the contact area. 

More specifically, this study showed that longer settle times had only a limited 

improvement in measurement accuracy. These factors need to be considered if accurate 

and reliable human pressure limits are to be developed. As well, this study showed that 

magnitude of pressure (e.g. low pressure) greatly affected accuracy, even when 

technologies were calibrated and used within the recommended manufacturer’s 

calibration range. At low pressure, this study showed that capacitance technology may be 

most suitable for low pressure measurement on humans. In contrast, if a variety of test 

conditions (e.g. incremental, low pressure and long duration loading) are to be used on 

humans, both capacitance and piezoresistive technologies were shown to be more suitable 

than resistive ink. 

To develop human pressure limits in future work, this paper also discussed the 

need for future studies to describe their method of data export and analysis. Additionally, 

future studies need a standardized pressure mapping approach to allow the comparison of 

different pressure mapping studies. Although pressure measurement technologies are a 

promising instrument, more research is required to help users determine the most 

appropriate system for research and clinical applications. Once the challenges described 

in this paper are resolved, this technology could be very useful to develop contact 

pressure safety limits for humans in a variety of healthcare areas, including ergonomics, 

industrial, rehabilitation and research settings.  
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Chapter 4 

Biomechanical Simulation of Static Tissue Loading on a Shoulder-shaped Model 

 

4.1 Abstract 

Scientists need to measure contact pressures on the back and shoulder regions of 

the body with accuracy and repeatability to understand the mechanisms of pain and injury 

due to personal load carriage equipment. Two substantial challenges with regards to 

measuring pressure on these regions of the body include: (a) the regions have complex 

curves that may affect the distribution of forces used to calculate pressure, and (b) the 

compliant surface of skin may limit accuracy and repeatability. In this study, two 

technologies were compared for accuracy and repeatability: a relatively new capacitance 

technology verses an established resistive ink technology. These technologies were tested 

for accuracy and repeatability using a human shoulder-shaped model that was covered 

with a skin analog material. Percent bias was calculated to determine accuracy and 

coefficient of variation was calculated to establish repeatability. Under these highly-

controlled, ideal test conditions, results showed that the capacitance technology had a 

unidirectional mean bias of -20% which underestimated actual loads. In contrast, the 

resistive ink technology showed a bidirectional bias: overestimating light-to-moderate 

loads by a mean bias of 12% and underestimating heavy loads by a mean bias of 9%. In 

terms of repeatability, the capacitance technology had a mean coefficient of variance of 

31%, which was much less than the mean of 104% found for the resistive ink technology. 

Based on these results, it appears that new developments in technology allow better 

repeatability during pressure measurement with a smaller, more predictable unidirectional 

bias. These results suggest that capacitance technology may have greater potential 

application on human subjects in the pressure ranges most frequently experienced by 

backpackers.  
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4.2 Introduction 

When forces act on the surface area of an object, the result is pressure. Humans 

often come into physical contact with objects or equipment that can exert dangerously 

high pressures on the skin causing tissue damage and pain. When human skin comes into 

contact with an object, often the contact region of the skin does not experience a uniform 

pressure distribution because of the curved nature of the human body. This non-uniform 

pressure distribution may concentrate pressures acting on the body, increasing the 

likelihood of pain and injury. Researchers have shown that pressures concentrated on the 

lower body of patients with long-term impairment or permanent loss of mobility can 

result in painful localized pressure sores (Bain, 1997; Brem et al., 2004; Byrne & 

Salzberg, 1996; Eitzen, 2004). In fact, these conditions are a dominant health problem for 

people who are confined to a wheelchairs or seated positions (Brienza, 1998; Byrne, 

1996; Collins, 1999; Sumiya et al., 1997a; 1997b; Ferrarin et al., 2000; Shechtman et al., 

2001) and for those who are restricted to a lying position, such as hospital beds (Bain, 

1997; Buckle & Fernandes 1998). In addition, similar health concerns extend to mobile 

patients who can develop localized pressure sores from prosthetic limbs and/or orthopedic 

technologies (Sanders, 1995; Sumiya et al., 1998; Smith et al., 2002). Recently, 

researchers have raised health concerns regarding pressure-related injuries to the upper 

body that can develop from personal load carriage equipment such as backpacks. For 

example, research focused on military personnel has shown that soldiers are at high risk 

of upper body injury to the shoulders and trunk, due to the non-uniform pressures exerted 

from standard backpacks (Bossi, 2000; Fergenbaum et al., 2003a; 2003b; 2003c; 

Stevenson et al., 2004a). In fact, health concerns have become so alarming that recent 

efforts have been made to examine health risks associated with widespread backpack use 

among high-risk groups in the civilian population (Brackley & Stevenson, 2004; 

Holewijn, 1990). 

Although non-uniform pressures on the skin are understood to be a substantial risk 

factor for injury (Holewijn, 1990), the duration of the applied pressure has also been 

argued to be a major risk factor (Eitzen, 2004). When the interface pressure exceeds the 
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mean pressure in the capillary veins, the veins can collapse. If this situation is maintained 

over a period of time, ischemic necrosis will evolve in the affected area (Bain, 1997; 

Allen et al., 1993; Willis, 1995). Additional influences that may compound tissue injury 

include external factors such as shear stress, increased skin temperature, and humidity 

(Collins, 1998; Eckrich & Patterson, 1991; Ferguson-Pell & Cardi, 1993; Goossens et al., 

1997; Williams, 1997). Other frequently cited causes that may compound injury due to 

prolonged, non-uniform pressure, include: age, physical condition, degree of mobility of 

the affected region, and skin tissue quality (Brackley & Stevenson, 2004; Bryant et al. 

2001; Bain, 1997; Cooper, 1998; Stevenson et al., 2004a).  

In order to study the multiple factors that may cause injury, scientists have turned 

to pressure-mapping technologies to provide data on interface pressures. These systems 

are designed to provide information about absolute pressure, relative pressures and 

pressure distribution, making pressure measurement on curved surfaces possible. Pressure 

magnitude and distribution can be measured by a thin sensor mat that can be molded to 

the compliant curves of most regions of the human body allowing data collection 

(Hastings, 2000; Shelton et al., 1998). Currently there is a lack of accepted standardized 

methodological guidelines for pressure measurement, such as calibration, data analysis, 

and testing protocols (Fergenbaum et al., 2003a; MacNeil, 1996; Hadcock, 2002). 

Therefore, it has been argued that existing studies are difficult to compare and are of 

limited external validity, even though these studies may be valid and reliable when 

considered individually (Allen et al., 1993; Gray, 1999; Holewijn 1990; Shelton et al., 

1998).  

Technologies, such as capacitance-based systems, have recently become available 

on the market. They contain more micro-sensors built directly into pressure mats and they 

allow greater pliability for curved surface measurement (Fergenbaum et al. 2003a; 

2003c). These features theoretically allow pressure measurement on complex 

multidimensional curved surfaces, such as the human body. However, there is limited 

data regarding the accuracy and repeatability of these technologies on compliant, curved 

surfaces and there is a lack of standardized comparative data. In contrast, over 200 studies 
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of resistive ink technology can be found in the literature (Tekscan Inc., 2007) making it 

one of the most established pressure mapping tools in the industry. In previous research, 

the accuracy of two leading new technologies (capacitance and piezoresistive) was tested 

against a resistive ink technology using a flat surface covered with a human skin analog 

material (Fergenbaum et al., 2003a). Results showed that capacitance technology was the 

most promising system for human applications, particularly for low pressure 

measurements. However, earlier tests had limitations because it did not test the 

technology on a curved, compliant surface which would more closely approximate the 

contours and curved shapes of pressure mapping on human skin.  

Given the numerous clinical and research applications for pressure measurement 

on curved surfaces of the human body, the purpose of this study was to compare the 

accuracy and repeatability of a promising newer capacitance technology to an established 

resistive ink technology, using highly controlled static pressures (created by low, 

moderate and heavy loads) acting on a curved human shoulder-shaped model that was 

covered with a human skin analog material. 

 

4.3 Methods 

 

4.3.1 Equipment 

The capacitance technology tested was the X2 seat system with associated version 

4.2 software, manufactured by Xsensor Technology Corporation. The pad used was 

constructed of a non-trim, pliable urethane plastic material known as the X36 seat pad 

referring to a 36 by 36 individual micro-sensor arrangement, measuring 45.72 cm by 

45.72 cm with a pad thickness of less than 1 mm. In all, the sensor pad was composed of 

1296 individual capacitive sensors and the software was programmed to scan the sensors 

at 1 Hz. The recommended calibrated pressure range was between 1.3 and 26.7 kPa (10-

200 mmHg) and the pad was calibrated for this pressure range by the manufacturer prior 

to testing. The X2 model was tested using a serial port.  
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The resistive ink technology tested was the F-Scan (F-socket series) model with 

the associated 9811 sensor pad and software version 4.21, manufactured by Tekscan 

Incorporated. The pressure pad used was constructed of a thin (0.18 mm thick) flexible, 

trimmable, printed ink circuit. The sensing region measured 20.3 cm by 7.6 cm and was 

composed of 96 individual micro-sensors with a 6 by 16 micro-sensor arrangement. The 

software was programmed to sample the pad at 1 Hz. The manufacturer recommended an 

operating range is between 0 and 241.3 kPa (0-35 PSI). The system was newly calibrated 

in the laboratory using a calibration air bladder system recommended by the 

manufacturer. 

 

4.3.2 Protocol 

A 3 mm Bocklite® foam was glued to a circular PVC pipe (diameter=114mm) to 

create the shoulder-shaped model. The pressure pad was placed over the Bocklite® and 

fixed into position with single-sided utility box tape so that the pad would not move 

during loading. A 4.9 cm wide strap was placed over the sensor pad and the contact area 

of the strap-sensor interface was marked with white tape to ensure that the same sensors 

were loaded in the same area to maintain testing consistency between trials. A 0.410 kg 

basket was fixed to the ends of the straps to hold the applied load (Figure 1). Three loads 

(including the mass of the basket) were used to create different applied strap forces on the 

shoulder model: a light load (9.802 kg), a moderate load (14.402 kg) and a heavy load 

(19.037 kg). This set-up was used to simulate an applied pressure to a single shoulder on 

the body (e.g. right or left shoulder) which would be created by a single strap from a 

backpack. Each load was tested and then retested for a total of six trials.  

Before all testing commenced, the maximal load (19.037 kg) was pilot tested on 

the shoulder model by placing the maximal load on each sensor pad so that the software 

could be checked to ensure that all applied loads were within the sensor’s calibration 

range. Further, all loads were placed in the basket and levelled at the start of each trial 

using a bubble level to load the sensor pad as uniformly as possible. To confirm that the 

load was placed on the pressure pad as uniformly as possible, the loading pattern was 
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visually checked using the computer software display on the computer screen. If needed, 

the strap was adjusted before data collection commenced to redistribute the load more 

uniformly. Each pressure measurement technology was programmed to sample the 

applied pressure at 1 Hz for a two-minute interval (trial 1). Following trial one, the 

pressure system was unloaded for 30 seconds, and then reloaded for a 2-minute re-test 

(trial 2) interval, also sampled at 1 Hz.  

On each trial, only the last measured sample (e.g. 120th frame acting on all micro-

sensors, taken at time=120s) was exported to a spreadsheet for data analysis which 

reduced the confounding effects of the settling load (e.g. creep) on the analysis. All 

pressures were converted to force (in newtons) for comparison. Software for the 

capacitance technology reported units in mmHg while the resistive ink technology 

reported pressure in PSI (although the software could also report force in newton’s). 

Therefore, to obtain data in force units, data were exported to a spreadsheet, so that forces 

acting on all individual micro-sensors could be examined without relying on summary 

data automatically calculated by the software. For the resistive ink technology, the 

software was able to export forces acting on micro-sensors in newtons. In contrast, the 

capacitance system exported data as pressure (in mmHg). Therefore, for the capacitance 

system, pressure acting on each individual micro-sensor was converted to force by 

converting pressure in mmHg to kPa and then multiplying the measured pressure by the 

area of each micro-sensor (1.61 cm2) in the spreadsheet. A sample calculation for raw 

data can be found in Appendix B. Simple descriptive statistics were used to calculate 

mean forces and standard deviations for all trials.  
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Figure 1. Setup of the basket and load (9.802 kg in total) on the curved shoulder 

model using the capacitance pressure mapping system. 

 

4.4 Results 

 

4.4.1 Capacitance System 

Descriptive statistics for the capacitance system are summarized in Table 1. The 

system was most accurate at the lightest applied force (96.12 N) for trials 1 and 2. For 

these trials, the system measured a pressure that was slightly higher then the actual 

applied pressure, reporting a bias of 2% (trial 1) and 3% (trial 2), resulting in a positive 

mean bias of 2.3%. The system was least accurate at the heaviest load (19.037 kg or 

186.69 N) on trial 5 (-38%) and trial 6 (-37%); that is a negative mean bias of -37.9%. 

The range of values for the bias was from 2% (lightest load) to -38% (heaviest load) for 

the capacitance system. 

A trend shown in Table 1 is that an increase in applied load coincided with 

increase in percent bias in the negative direction. This unidirectional trend is summarized 

graphically in Figure 2. In this Figure, a measure of goodness of fit in a least-squares 

regression analysis (R2) shows that 99% of the total variance in percent bias (dependant 

variable) is explained by the magnitude of the load (independent variable). Therefore, the 
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trend line in Figure 2 shows that the system became less accurate as the load increased, 

following the linear regression model: y = -0.0044x + 0.4338, r2 = 0.99. 

 

Table 1. Measured force by the capacitance system. 

Trial 

Predicted 

Applied 

Force (N) 

Total 

Measured 

Force (N) 

Bias* 

(%) 

Mean force per 

micro-sensor (N) 

Standard 

Deviation 

(N) 

Coefficient of 

Variance 

(%) 

1 96.12 97.71 2% 1.63 0.53 32% 

2 96.12 98.92 3% 1.77 0.51 29% 

3 141.24 104.79 -26% 1.75 0.39 23% 

4 141.24 105.15 -26% 1.75 0.44 25% 

5 186.69 114.96 -38% 1.92 0.81 42% 

6 186.69 116.81 -37% 1.95 0.68 35% 

Mean --- --- -20% --- --- 31% 

* % bias was calculated by the formula: (total measured force - predicted applied force/predicted applied 

force) x 100%. 
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y = -0.0044x + 0.4228 R2 = 0.9499
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Figure 2. Linear regression trend line showing accuracy of the capacitance 

technology. 

 

4.4.2 Resistive Ink System 

For the resistive-ink technology, descriptive statistics are summarized in Table 2. 

The system was most accurate on trial 2 (0.4% bias), the lightest load, and on trial 6 (-4% 

bias), the heaviest load. Therefore, the mean bias was 4% and -9% for the lightest (96 N) 

and heaviest (187 N) load, respectively. Similar to the capacitance system, the resistive 

ink technology was least accurate in the higher applied pressure range, reflected by an 

increase in percent bias. However, only at the heaviest load (trials 5 and 6 using 187 N) 

did the technology begin to underestimate the actual applied load (e.g. a negative percent 

bias value). In contrast, at 141 N (moderate load), the system tended to overestimate the 

applied load (e.g. a positive percent bias value) by a greater extent than at 96 N (lightest 
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load). The range of values for the bias was from 0.4% (light load) to 22% (moderate load) 

for the resistive ink technology. 

A bidirectional trend line for accuracy is shown in Table 2. Based on this trend 

line, the resistive ink system tended to overestimate light-to-moderate loads, while 

underestimating heavy loads. This bidirectional trend is summarized graphically in Figure 

3. In this figure, a measure of goodness of fit in a least-squares regression analysis (R2) 

shows that 91% of the total variance in percent bias (dependant variable) is explained by 

the magnitude of the load (independent variable). This trend attains the highest R2 value 

using the polynomial regression model: y = -0.0001x2 + 0.0297x - 1.7961, r2 = 0.9051. 

 

Table 2. Measured force by the resistive-ink system 
Trial Predicted 

Applied 

Force (N) 

Total 

Measured 

Force (N) 

Bias* 

(%) 

Mean force per 

micro-sensor 

(N) 

Standard 

Deviation (N) 

Coefficient of 

Variance (%) 

1 96.12 103.90 8% 1.08 1.09 101% 

2 96.12 96.55 0.4% 1.01 1.04 103% 

3 141.24 172.26 22% 1.79 1.38 77% 

4 141.24 167.53 19% 1.75 1.34 77% 

5 186.69 160.16 -14% 1.78 2.34 132% 

6 186.69 179.77 -4% 1.87 2.49 133% 

Mean --- --- 5% --- --- 104% 

* % bias calculated by the formula: (total measured force - predicted applied force total measured force/ 

predicted applied force) x 100%. 
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y = -0.0001x2 + 0.0297x - 1.7961  R2 = 0.9051
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Figure 3. Polynomial regression trend line showing accuracy for the resistive ink 

technology. 

 

4.4.3 Comparison of Both Systems 

When overall accuracy over six trials is considered, Table 1 shows that the 

capacitance system generally underestimated applied load (mean percent bias= -20%) In 

contrast Table 2 shows that resistive ink technology overestimated light-to-moderate 

applied loads by a mean bias of 12% and underestimated heavy loads by a mean bias of   

-9%, resulting in a misleadingly low overall bias of 5% (Table 2).  

In addition, when repeatability over the six trials was evaluated using coefficient 

of variance, data showed that the capacitance system was more reliable than the resistive 

ink system. For example, Table 1 shows a greater average variability between micro-

sensors measurements for the resistive-ink technology (mean coefficient of variance = 

104%) compared to the capacitance technology shown in Table 2 (mean coefficient of 

variance = 31.0%). Figure 4 details these differences for both technologies over all trials. 
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Using a polynomial regression equation to create a line of best fit for each technology, 

Figure 4 shows that the capacitance technology had the lowest coefficient of variation 

over all six trials, meaning that the capacitance technology had a greater degree of 

repeatability. Further, the shape of the curves demonstrate that repeatability for both 

technologies is at its highest (i.e. coefficient of variation is at it lowest) when moderate 

loads are used on the pressure pad. Raw pressure data for both systems are shown in 

Appendix B. 

y = 5E-05x2 - 0.0137x + 1.1438
R2 = 0.8489

y = 0.0002x2 - 0.0524x + 4.2345
R2 = 0.9987
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Figure 4. Polynomial regressions trend lines showing the repeatability of capacitance 

and resistive ink technologies. 
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4.5 Discussion  

 

4.5.1 Accuracy 

Percent bias quantifies the discrepancy between the expected and measured load. 

The direction of the bias indicates whether or not the pressure technology overestimated 

(positive bias) or underestimated (negative bias) the actual applied load. Thus, the percent 

bias provides a good representation of the accuracy for each technology. As well, percent 

bias allows for impartial comparison of accuracy between different technologies.  

In this study, the capacitance system had a unidirectional trend for the percent 

bias: as the loads increased, the percent bias increased in the negative direction. This 

trend was observable in Table 1 as the technology was most accurate at the lightest loads 

(9.802 kg) with only a calculated mean bias of 2.3% over the two test-retest trials. This 

small positive bias suggests that the capacitance system would have good accuracy if 

used on human subjects with a similar radius of curvature to our shoulder-shaped model, 

perhaps slightly overestimating actual applied light loads. Figure 2 shows that, as the 

mass of the load increased, the capacitance system became increasingly inaccurate until 

the heaviest load (19.04 kg), resulting in a calculated mean bias of -37.5% over the two 

test-retest trials (Table 2). The data suggest that using capacitance technology on human 

subjects may cause increasingly inaccurate measurements as heavier loads are placed on 

the shoulders, a condition that could be dangerous to the underlying tissue in the shoulder. 

However, the trend of underestimating heavier applied loads in a unidirectional, linear 

manner (Figure 2) suggests that the mathematical algorithm y = -0.0044x + 0.4228 could 

be used in the software to improve the system’s accuracy for use on human shoulders in 

the future.  

Given that capacitance technology is a relatively new pressure mapping system, 

there is a lack of independent published data reporting the accuracy and repeatability of 

this system on humans. In this study, although the technology was limited in terms of 

maintaining its accuracy with heavier loads, it may be possible to correct these errors so 

that systems could be used on human subjects. The first solution, mentioned earlier, 
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would be to have software engineers create a compensation algorithm to offset the 

increases in bias associated with increasing load, based on data presented in Figure 2. 

Another solution may be to allow users the option to adjust the gain for various applied 

pressures. Although the ability to adjust the gain may improve accuracy for heavy static 

loads applications (e.g. a static pressure measurement of an orthopaedic insole), this 

solution may not hold true for variable dynamic loading conditions such as human gait 

(e.g. cyclic loading between light and heavy loads). In fact, future work is planned in our 

laboratory to investigate the complex effects of dynamic loading on pressure 

measurement technologies. Researchers/clinicians need to be aware that accuracy may 

change with load magnitude, especially when used on curved, compliant shoulder-shaped 

surfaces.  Therefore, researchers should either use this equation or repeat this experiment 

for their systems so that pressure values are not underestimated when using capacitance 

technology in static conditions on a curved surface. 

When the percent bias was calculated for the resistive ink technology, a 

bidirectional trend was found (Figure 3). In Table 2, the technology tended to 

overestimate applied pressure (a positive bias) using a light load during test-retesting, 

resulting in a low mean bias of 4%. However, the bias increased to a mean of 20% for the 

moderate 14.40 kg load. On the contrary, when loads became heavier (19.04 kg), the 

technology underestimated the applied pressure (a negative bias), resulting in a test-retest 

mean bias of -9%. A misleading value in Table 2 is the overall mean bias of 5%. The 

value suggests that the resistive ink technology was extremely accurate. However, this 

mean bias mean is misleading because it is the average of sizable error ranging from         

-14% to +22% with r2=0.91.  

Research examining the accuracy of resistive ink technology is more abundant 

than capacitance technology, particularly given that resistive ink pressure mapping is 

more established in the pressure mapping industry. The results found in this study are 

consistent with a similar study by Hadcock (2002) that used a model of a human hip. In 

this study, Hadcock (2002) developed a mathematical model to examine the accuracy of 

the F-scan #9811 resistive ink sensor pad (Tekscan, Inc) for light to moderate applied 
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loads with similar negative bias as well. More specifically, Hadcock (2002) reported that 

applied strap forces between 67.1 N - 118.3 N were underestimated with a mean bias of -

23% when tested on a Bocklite-covered elliptical hip model. To improve accuracy on a 

curve, Hadcock developed an in-situ calibration method, but was only able to calibrate 

the measured forces to within 19% of the known applied load. In a repeat experiment, 

using the same elliptical model, parabolic shape, and data analysis methods as Hadcock 

(2002), Fergenbaum et al. (2003b) reported a mean bias of -7% for resistive ink 

technology  using light to heavy strap forces ranging from 42.9 N to 224.5 N with the 

same error pattern. In recent work, Stevenson et al. (2004a) showed similar findings using 

the F-scan®, reporting a 9% error due to sensor curvature and reaching errors as high as 

20% for curved surfaces measurement. 

In contrast, using the same elliptical model, parabolic shape, and data analysis 

methods as Hadcock (2002), a capacitance system (X2 seat system, Xsensor Technology 

Corporation) was tested by Fergenbaum et al. (2003b) and results showed a much smaller 

mean bias of -4% for the capacitance technology. Further, in this same study, 

Fergenbaum et al. (2003b) compared resistive ink to capacitance technology by vertically 

suspending a static known load of 96.50 N from a curved shoulder-shaped model 

(d=114mm) for 3 trials for 5 minutes per trial. When normal forces acting on each micro-

sensor were resolved to the vertical direction and then added, results showed that the 

resistive ink technology measured a mean vertical force of 165.73 ± 0.16 N compared to 

the capacitance system which measured mean force of 94.93 ± 0.006 N, resulting in mean 

bias values of 2% (capacitance) and 72% (resistive ink). Although a 72% measurement 

error appears to be large for the resistive ink technology, it is consistent with reports of 

error, ranging from 31% to 44% (Sih, 2001), 37% (Harman et al., 1999) and up to 62% 

error (Luo et al., 1998; Sumiya et al., 1998).  

 Based on the results of this study, resistive ink F-Scan 9811 sensors must be used 

with caution, especially when collecting data near the bottom end of their range. The 

bidirectional trend line in Figure 3 shows that the creation of a mathematical algorithm to 

correct percent bias would be more complex than for capacitance technology. Using 
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biomechanical models, some have shown that corrections to mean errors may be possible 

to within 4 kPa (Stevenson et al., 2004a) or 11% (Sih, 2001). Hadcock (2002) also 

advised researchers to take up to 10 trials to create more stable results, although this may 

not be possible for some research applications (e.g. field tests for load carriage). A 

number of reasons may explain the differences in accuracy between the capacitance and 

resistive ink systems used in this study. The following discussion will examine these 

factors. 

 

4.5.2 Limitations Affecting Accuracy 

Limitations in accuracy for pressure mapping technology on curved models could 

be a result of both hardware and software factors. First, the trend of an increase in bias 

with heavier loads (Figure 2 and 3), reported for both resistive ink and capacitance 

technology, could be related to the calibration methods used to create the calibration 

software, a problem that has been discussed in past studies (Cavanagh et al., 1992; 

Fergenbaum et al., 2003a; MacNeil, 1996; Hadcock, 2002). In an extensive review, 

Cavanagh et al. (1992) reported that many pressure measurement technologies exhibit a 

non-linear relationship between pressure and voltage output. As a result, manufacturers 

who use a linear equation in the software to calibrate micro-sensors would show 

increased inaccuracy with increased loads. Further, a linear equation may not be 

appropriate for pressure mapping on curved surfaces due to the non-uniform contact 

pressures. Although the resistive ink technology has been commercially available for 

more than 10 years, no established calibration technique exists to calibrate the software 

for use on curved surfaces. The same problem exists for capacitance technology. Based 

on the growing literature, there is a clear need for the development of calibration methods 

for curved surfaces (Buis & Convery, 1997; Ferguson-Pell et al., 2000; Fergenbaum et al., 

2003b; MacNeil, 1996; Hadcock, 2002, Sih, 2001; Stevenson et al., 2004a). Some 

researchers have been very critical of the manufacturer’s recommended method of the 

calibration (e.g. the Baumann compensation) used for resistive ink technology (Sumiya et 

al., 1998; Woodburn & Helliwell, 1996), while others have shown that more complicated 
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mathematical approaches can improve accuracy better than the manufacturer’s own 

recommended techniques (Hadcock, 2002; MacNeil, 1996; Sih, 2001; Stevenson et al., 

2004a). 

Second, a compounding problem influencing accuracy may be attributed to the 

hardware used to calibrate the technologies. Not all manufacturers reveal their methods of 

calibration and some technologies calibrate their systems in-house. One well-known 

method of calibration is to use an air bladder system whereby a known pressure is applied 

to the pressure mat between two flat plates. Based on results in this study, this calibration 

hardware/method has been shown to be inappropriate for pressure mapping on compliant 

curves. Further, when pressure mapping technology is used on compliant surfaces, energy 

can be lost from the micro-sensors due to deformation of the compliant surface or by 

energy lost as heat, sound and/or vibration (Fergenbaum et al., 2003a; Sih, 2001; 

Stefanyshyn & Nigg, 2003), thereby increasing measurement error during pressure 

mapping. This phenomenon needs to be accounted for in the calibration protocol by using 

appropriate hardware to calibrate pressure sensors. In retrospect, it is not surprising that 

inappropriate calibration techniques (yet recommended by manufacturer) became a 

source of measurement error. The challenge for future research is to develop a calibration 

method that can be applied on both human beings and human-like models. 

Another source of error involving the hardware is related to the creep. One of the 

challenges with pressure measurement on a curved surface is that non-uniform pressures 

are created on contact areas. More specifically, referring to the shoulder-shaped model 

setup in Figure 1, it could be expected that the superior sections of this model would 

experience greater pressures than individual micro-sensors located on the sides of the 

model (Holewijn, 1990). In a foot study of F-scan® technology, Sih (2001) showed that 

non-uniform loading caused by the foot, resulted in uneven deformation of an F-scan® 

sensor pad, prompting individual micro-sensors to undergo different rates of creep during 

data collection. If creep was small, this would limit the effects of creep on overall 

measured accuracy, but larger creep would be problematic. In fact, earlier research that 

tested creep on a flat skin-like surface for one hour, showed a sizable creep between 15-
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18% for capacitance technology and resistive ink technologies (Fergenbaum et al., 

2003a). Similarly, Sih (2001) examined creep response using multiple F-Scan® sensors 

on a flat compliant surface. However, creep was shown to be more multidirectional, with 

reported values ranging between +20% and -20% after 1-hour of continuous loading. 

These reports may explain the larger, bidirectional percent bias values shown in Table 2 

for the resistive ink system. Based on our results, it is apparent that new calibration 

techniques need to be developed for non-uniform loading conditions that also account for 

creep response, a finding which is supported by Sih (2001). Advancements in pressure 

pad technology may also improve creep response to non-uniform loading. 

Last, error could have been more variable for the resistive ink technology because 

of the pressure range used. In chapter 3, it was noted that the calibrated pressure range for 

the resistive ink technology was much larger (0 to 241.3 kPa) than the capacitance system 

(up to 26.7 kPa). This would be disadvantageous for the resistive ink technology since it 

used a smaller portion of its calibrated pressure range. Using a smaller pressure range 

may have contributed to greater error in this study. The only problem with this 

explanation is that the accuracy of the resistive ink should have improved with heavier 

loads in this study. However, Figure 3 shows that the system became less accurate with 

increasing load. This finding suggests that bending of the resistive ink was likely a larger 

contributor to error on a curve, rather than pressure range. To improve accuracy, 

manufacturers of the resistive ink technology could raise the minimum recommended 

pressure threshold in the operations manual when the system is used on compliant 

surfaces. For example, the resistive ink system could change the current recommended 

threshold range of 0-241 kPa to 20-241 kPa. Changing the minimum pressure would 

ensure that users are obtaining more accurate results through use of more appropriate 

applied pressures. This change would be comparable to the manufactures’ 

recommendation for capacitance technology which stated that the recommended pressure 

range is 1.3 kPa – 26.7 kPa 

Although more testing is needed, based on the accuracy data gathered in this 

study, the capacitance system appears to have greater potential application for human use 
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than resistive ink technology at this low pressure for this sensor type. The capacitance 

system has proven to respond with more predictably when used on a curved, compliant 

human shoulder-shaped model that should allow for development of straightforward 

compensation algorithms in future work. Thus far, we have assessed the accuracy of each 

system and evaluated each system’s potential for use on humans through improvements in 

software and calibration techniques. However, technologies should also be able to gather 

consistent, repeatable measurements. The following section will focus on the repeatability 

of capacitance and resistive ink technology.  

 

4.5.3 Repeatability  

Consistency of measurement is important to users of pressure measurement 

technology so that relevant data can be analyzed by scientists and clinicians. Further, a 

technology with a consistent performance will be a better investment of time and effort if 

advancements in software and hardware are developed to improving accuracy for use on 

humans. To quantify consistency of the micro-sensors, coefficient of variance (CV) was 

calculated by dividing the standard deviation by the mean pressure (measured at 

time=120s).  

Table 1 shows a mean coefficient of variance of 31% for the capacitance system, 

was considerably smaller than the mean CV of 104% calculated for the resistive ink 

system (Table 2). The coefficient of variance for the capacitance technology suggests that 

individual micro-sensors (located adjacent to each other on the pressure pad) measured a 

similar magnitude of applied pressure, with consistency, over the short two-minute trials. 

This finding was confirmed when the raw data files were exported into a spreadsheet, so 

that pressures acting on individual micro-sensors could be examined in greater detail (see 

Appendix B). When capacitance micro-sensors were examined, results showed that 

adjacent micro-sensors in direct contact with the strap (Figure 1) responded similarly to 

the contact pressure (e.g. they measured a similar magnitude of pressure). In contrast, the 

mean coefficient of variance calculated for the resistive ink system (CV=104%) suggests 

a greater discrepancy between adjacent micro-sensors. This finding was confirmed when 
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individual micro-sensors were analyzed in a spreadsheet (Appendix B). Our data showed 

that some loaded micro-sensors were very active (or hyperactive), while other adjacent 

micro-sensors reported zero applied force (even though the micro-sensors were directly 

loaded by the strap). Although the software was programmed to have maximal sensitivity, 

this study showed that resistive ink technology had more limitations in terms of 

sensitivity and repeatability on a human-like shoulder model.  

As discussed earlier, some of the variation could be due to the non-uniform 

loading pattern generated on the pressure mat as a result of curved surface loading (e.g. 

more pressure will be applied to the superior portion of the curved model). This non-

uniform loading may cause individual micro-sensors at superior locations of the curve to 

creep at a faster rate which could affect both accuracy and repeatability, thereby affecting 

coefficient of variation. Currently, there are no guidelines for acceptable coefficients of 

variation for pressure measurement technology, showing the need for more highly 

controlled studies on human-like models before pressure mapping can be expected to 

perform reliably on human subjects. Unfortunately, some researchers have also reported 

concerns with the technology for use on humans and for other clinically-related 

applications (Eitzen et al., 2004; Stinson et al., 2003; Crawford et al., 2005).   

Comparing the results of this study to similar published work, findings were 

consistent with others who reported that capacitance technology had greater repeatability 

than resistive ink technology. For example, Fergenbaum et al. (2003b) reported that the 

capacitance technology was highly repeatable (0.5% variation) compared to resistive ink 

technology (15.6% coefficient of variation) when tested for short, five-minute loading 

trials on a human shoulder-shaped model as part of a test-retest protocol over three trials. 

Additionally, Buis and Convery (1997) examined the accuracy of resistive ink technology 

(F-scan #9810 pressure pad by Tekscan, Inc.) by loading the pressure mat with various 

flat and curved attachments using an Instron compressive testing instrument. Similar to 

findings shown in Table 2, Buis and Convery (1997) reported that the technology 

significantly underestimated actual loads for curved surfaces and the technology had a 

±50% variation in output between micro-sensors. In another study, Ferguson-Pell et al. 
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(2000) reported that a low pressure resistive ink system (Flexiforce, Tekscan, Inc.) had 

output limitations when tested on curves with radii between 8.0 and 51.7 mm. Further 

they showed that a radius of curvature less than 32 mm generated false “offset” data such 

that the software reported a pressure (in grams) when no load was on the sensor (e.g. 

micro-sensors became hyperactive). Problems with micro-sensors hyperactivity due to 

bending of the resistive ink pressure pad were already noted in this study (reasons will be 

discussed in the following section). As well, others have reported that bending may 

introduce a 9% mean error into measurements for resistive ink technology (Stevenson 

2004a). In earlier work, MacNeil (1996) showed evidence of limitations in repeatability 

using resistive ink technology (F-scan by Tekscan, Inc.) in a study designed to develop a 

biomechanical model to measure pressure around a curved shoulder model (d=114 mm). 

He reported that the F-scan® measured 8.7% higher than the predicted shoulder reaction 

force calculations, overestimating the actual applied load. Although direction of this 

positive bias is counter to the direction of bias reported by others (Buis & Convery, 1997; 

Fergenbaum et al., 2003b; Ferguson-Pell et al., 2000; Hadcock, 2002), its magnitude of 

error and variablility is consistent with data in Table 2. In fact, Sih (2001) showed that 

variability can be expected for F-scan® technology; reporting errors can be expected 

ranging from +60% to -30%. By reviewing the current literature, it is apparent that 

resistive ink technology has limitations in terms of repeatability, not only within studies, 

but also between studies.  

 In this study, Figure 4 demonstrates that the repeatability of resistive ink 

technology can be affected largely by the magnitude of the load. As a comparison, the 

same figure shows that repeatability of the capacitance technology was also affected by 

magnitude of load. However, data show that capacitance technology was far less variable 

than resistive ink. Examination of Table 2 quantifies the limitations of consistency 

between micro-sensors for resistive ink technology, represented by the large coefficient of 

variation values ranging from 77% to as high as 133%. In contrast, variation between 

micro-sensors for capacitance technology ranged from 23% to 42% (Table 1). In short, 

repeatability appears to be maximized when pressure mapping technology was tested 
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using loads in the middle of the calibrated pressure range for the capacitance system. 

However, operation near the bottom 4% of the pressure range for the resistive ink 

technology (10.09 kPa/241.3 = 4.2%) did not result in good repeatability. 

Based on the current literature, as well as the findings of this study, analysis of the 

coefficient of variation shows that capacitance technology was more repeatable than 

resistive ink technology when used for static loading on a curved surface.  Future studies 

need to examine repeatability under dynamic loading conditions, such as those 

experienced during human gait. In future work, the response of modern pressure 

measurement technologies will be tested under such dynamic conditions. 

 

4.5.4 Current Limitations of Modern Pressure Mapping Technology  

Whenever scientific data are collected, limitations in accuracy and repeatability 

can be expected. In this study, we used a human shoulder-shaped model was used to 

compare capacitance and resistive ink pressure mapping technologies to see if pressure 

mapping would be suitable for human applications in load carriage. The comparison 

revealed four main areas of technological limitations that would diminish the accuracy 

and repeatability of pressure mapping on humans. As well, it was found that resistive ink 

technology was more influenced by these limits than capacitance technology. Three main 

factors were identified that may have limited accuracy and repeatability: pliability of the 

sensor pad, short duration loading of the sensor pad, and mechanical breakdown of micro-

sensors. 

 

4.5.4.1 Limitations in Pliability  

Results showed that the resistive ink pressure pad was less pliable on the human 

shoulder-shaped model than the capacitance pad which likely affected its accuracy and 

repeatability. This lack of pliability was evident when data were exported to a spreadsheet 

for analysis (Appendix B). For the resistive ink technology, it was observed that 

particular micro-sensors appeared hyperactive while adjacent micro-sensors reported no 

load (even though all sensors were located underneath the strap). This hyperactivity is 
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also apparent in Table 2, where the net effect was an overestimation of actual light to 

moderate loads (positive percent bias values). Hyperactive micro-sensors due to bending 

is consistent with others who have reported a similar effect (Fergenbaum et al., 2003a; 

Ferguson-Pell, 2000; Bryant et al., 1999; Hadcock, 2002; MacNeil, 1996; Morin et al., 

2003), with some researchers estimating that this error could range from 9% to as high as 

20% (Stevenson, 2004a). Further, a shoe insole study by Sih (2001) reported that the F-

scan® system behaved in a nonlinear manner when the contact surface was compliant and 

the load was non-uniform (e.g. a foot) which caused the F-scan ® to deform unevenly. 

Based on the curved shape of the human shoulder-shaped model used in this study, a non-

uniform force would have been applied to each sensor pad, with the greatest force being 

applied to the superior portion Holewijin (1990). Given the characteristics of loading on a 

curved surface, the nonlinear response calculated for resistive ink technology (Figures 3 

and 4) was consistent with others.  

In contrast, the capacitance technology did not show similar limitations in terms 

of pliability on the shoulder-shaped model. When data were exported to a spreadsheet, the 

micro-sensors under the load reported relatively similar magnitudes of pressure. This 

finding indicated that the load settled with greater uniformity than was the case for the 

resistive ink technology (Appendix B). As further evidence, the lack of hyperactive 

micro-sensors for the capacitance system likely contributed to consistent underestimation 

of the applied loads (Table 1) and to the linear response of error due to loading (Figure 2).  

The difference in hardware was likely related to the nature of the technologies 

which contributed to the different pliability characteristics. First, the pressure pad for the 

capacitance was made with smaller, more numerous micro-sensors that allowed the 

pressure mat to bend in more locations so that it could be easily molded to the shoulder 

model. Second, the manufacturer of the capacitance system was able to hold the micro-

sensors in place by embedding them between two pliable urethane sheets to hold them in 

place. In contrast, due to the nature of the resistive ink technology, the ink micro-sensors 

were printed on a polyester (Mylar) film which was flexible, but stiffer than the 
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capacitance technology. As a result, the overall design of resistive ink technology did not 

allow it to have enough pliability for our human shoulder-shaped model. 

 

4.5.4.2 Limitations with Short Duration Loading  

A second factor that affected performance was related to the duration of the 

loading period, also referred to as the settling time. Both visual observations of real-time 

data, collected by the software during loading, and detailed examination of the pressure 

data in the spreadsheet, shown in Appendix B (measured at time=120s) demonstrated that 

the capacitance system showed a more rapid, uniform settling of the load then the 

resistive ink technology. Further, the data showed that resistive ink micro-sensors were 

not able to sufficiently settle the entire load during the short duration allocated for data 

collection. As a result, the rectangular shape of the contact area was not fully identified 

by the technology. This insufficient settling caused some micro-sensors to become 

hyperactive while others remained inactive under the loading conditions. Ensuring the 

proper amount of settle time was also a concern raised in the literature, particularly since 

data were being published that recommended settling times (using human subjects) as low 

as of four minutes (Crawford et al., 2005). 

 In contrast, the capacitance technology was faster at identifying the active contact 

region by settling the load more quickly. Based on the results of this study, it is 

understandable why manufactures recommend static loading and static calibration 

durations of approximately 10-20 minutes to obtain accurate results. However, it is a 

concern that many researchers/clinicians are using resistive ink technology for dynamic 

pressure measurement on humans (e.g. wheelchairs, prosthetic devices, shoes and so on). 

Past research has used resistive ink technology with shorter settle times; however, 

biomechanical models were used in these studies, not humans, and advanced 

mathematical analysis was created to correct errors due to bending (Bryant et al., 1999; 

Morin et al., 2001; Hadcock, 2002, Stevenson, 2004a). Nonetheless, many researchers 

have solely followed the manufacturer’s recommended calibration protocol. The data in 

this study suggest that this method would generate questionable data with misleading high 
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and low pressure peaks if short settle times are used on shoulder-shaped models or on 

humans.  

Results in this paper on short settle times are consistent with other reports. For the 

capacitance technology, current data show that a 2-minute settle time on a shoulder-

shaped model resulted in mean -31% bias (Table 1). These findings are comparable in 

direction of bias (negative) and had a similar magnitude of bias to Fergenbaum et al. 

(2003a) who reported a mean error of -26.7% for 2-minute loading on a compliant flat 

surface. This bias was shown to improve to a mean error of -22.2% bias when a 1-hour 

settle time was permitted (Fergenbaum et al., 2003a), supporting  recommendations for 

longer settle times. Based on the latest findings, it appears that two factors may increase 

error for capacitance technology: short duration loading and use on curved, compliant 

surfaces.  

Regarding the resistive ink technology, Table 2 shows that a 2-minute settling 

time on the shoulder-shaped model resulted in a positive mean bias of 12% for light to 

moderate loads and -9% for heavy loads (a net mean bias of 5%). Although Fergenbaum 

et al. (2003a) reported a mean 153% bias (2-minutes of settling) which was improved to a 

mean bias of 129% (1-hour settle time), the lack of repeatability of the resistive ink 

technology is consistent with the results and discussion made earlier in this paper, as well 

as the results reported by others (Sih, 2001).  

Based on the latest data, we believe a number of factors affect resistive ink 

accuracy: short duration loading; use on curved, compliant surfaces; limits in 

repeatability; and potential for mechanical breakdown (McPoil et al. 1995, Ahroni et al., 

1998; Sih, 2001; Cavanagh, 1992). 

 

4.6 Conclusions  

This paper compared the accuracy and repeatability of two pressure technologies, 

a capacitance based and a resistance based. Based on this study, a number of important 

findings related to accuracy and repeatability were discussed, leading to a number of 

recommendations.  
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In terms of accuracy, the capacitance technology was found to be more accurate 

on a shoulder-shaped human model than the resistive ink technology. A number of 

reasons were discussed for this difference in performance. First, the pliability of the 

resistive ink technology was a limiting factor as some sensors were turned on with no 

load and sensors did not respond with even pressure on all adjacent sensors. Second, the 

radius on the shoulder-shaped model was too small for the resistive ink technology 

causing the generation of false output data. The curve also caused increased error in the 

capacitance technology; however, it had a linear error thus making its magnitude and 

direction more predicable than the resistive ink technology. Third, the loading time on the 

pressure sensor was too short for adequate settling for the resistive ink technology thus 

causing: (a) misidentification of the actual contact surface, and (b) micro-sensors to report 

pressures that were too high and too low. Fourth, the operation of the resistive ink 

technology near the low end of its recommended pressure range may have increased 

error.  

In terms of repeatability, this study showed that the capacitance technology was 

more repeatable compared to the resistive ink. A number of factors may have limited 

repeatability for the resistive ink technology, such as loading on a curved, compliant 

surface and non-uniform loading causing variable activation of microsensors.  

Based on our data, a number of recommendations can be made to users of 

pressure mapping technology. First, resistive ink is not suitable for curved surfaces 

greater than 57 mm in radius when used on shoulder-shaped models or humans, unless 

mathematical or technical corrections are made to improve accuracy. Capacitance 

technology may be more suitable for these applications. Second, resistive ink technology 

is not suitable for short duration loading (e.g. less than two minutes) on humans or 

human-like models unless corrections can be made to improve accuracy; however, 

capacitance technology may be more suitable for these applications. Third, resistive ink 

technology is not pliable enough for use on humans/human-like models since the 

combination of radius of curvature, a compliant surface and the magnitude of the load has 

been shown to affect accuracy in unpredictable ways. In comparison, capacitance 
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technology has greater pliability and better predictability; therefore it is better suited for 

shoulder-shaped models/subjects.  

 Overall, for all pressure mapping systems, results showed that calibration methods 

need improvement, so that pressure mapping systems can be calibrated for use on 

humans. It is possible to improve error under highly controlled conditions (e.g. using 

shoulder-shaped models) by using mathematical corrections. Furthermore, 

researchers/clinicians who are using pressure mapping technology should export their 

data to a spreadsheet for analysis, since this method is better for revealing errors with data 

collection. The method of analysis, either relying on the software or by exporting the 

data, should be made clear in published reports.  

Although the tests conducted in this study were highly controlled, a limitation to 

the data is that newer software/hardware packages may have been developed after this 

study to improve system performance. However, the systems and software were less than 

ten years old and similar to many of the pressure systems reported in the scientific 

literature. Therefore, it is reasonable to recommend a capacitance-based system for 

measurement of static pressures on curved-shaped regions of the body.  However, it is 

important to investigate the impact of dynamic loading conditions before reaching a final 

conclusion. Therefore, future work should be directed towards calibration and studying 

the equipment under highly controlled conditions which replicate dynamic human loading 

(e.g. gait or load carriage).   
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Chapter 5 

Biomechanical Simulation of Dynamic Tissue Loading on a Human-like Model of 

Skin 

  
5.1 Abstract  

 

Pressure mapping technology allows researchers/clinicians to measure dynamic 

forces acting on areas of the human body in ways that are not possible with other tools 

such as a force platform. The purpose of this study was to test the accuracy, validity and 

repeatability of modern capacitance and piezoresistive technologies under conditions that 

simulate dynamic loading on the human body. To test each pressure mapping technology, 

an Instron® 5500 R was programmed to cyclically load each sensor pad for 10 cycles at 

65-90 N/s to attain a peak force of 90N. Using the Instron® data as the gold standard, the 

capacitance technology recorded 64% of the actual force whereas the piezoresistive 

technology measured 49% of the applied force. Further, the capacitance technology 

tracked the Instron® loading profile more accurately than the piezoresistive technology. 

Last, the capacitance technology showed superior repeatability, demonstrating a mean 

coefficient of variation of 1.3% for measured peak force, compared to the piezoresistive 

technology which had a 20.8% coefficient of variation. Although some improvements are 

needed to each technology, modern capacitance technology appears to have the most 

potential for use in studies of human movement despite the fact that additional 

technological advancements are required.   

 

5.2 Introduction 

In recent years, pressure mapping technology has become a very commonly used 

tool to assess peak and average pressures acting on the human body. Pressure mapping 

allows researchers to study human movement in ways that were not possible in the past. 

In the medical community, many have used pressure mapping to study tissue safety limits 

in humans. For example, pressure mapping has been used in health care to study pressure 

ulcers (Brem & Lyder, 2004; Byrne & Salzberg, 1996; Eitzen, 2004); the etiology of 
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tissue injury due to skin contact pressures (Bouten et al., 2003; Boulton et al., 2004; 

Byrne & Salzberg, 1996; Collins, 1998, 1999; Cooper, 1998; Eckrich and Patterson, 

1991; Fergenbaum et al. 2003a; Fergenbaum et. al., 2003b; Ferguson-Pell, 1993; 

Goossens et al., 1997; Krause & Broderick, 2004; Williams, 1997; Wong et al., 2003); 

and medical interventions to reduce the chance of pressure ulceration (Brem & Lyder, 

2004; Hunter et al., 2003; Hastings, 2000; Sørensen et al., 2004; Sumiya et al., 1997a; 

Sumiya et al., 1997b; Takechi & Tokuhiro, 1998; Russell et al., 2003). Generally, a major 

concern is that prolonged skin contact pressure, at a magnitude greater than the mean 

pressure in the capillary veins, can collapse the veins resulting in ischemic necrosis in the 

affected area (Allen et al., 1993; Vande Berg & Rudolph, 1995; Willis, 1995). This 

concern has led researchers to examine the magnitude of critical forces and/or pressures 

that may result in medical complications. In the past, it has been reported that pressures of 

14 kPa or higher will cause complete blockage of skin blood flow (Holloway et al., 1976). 

More recently, Stevenson et al. (2004a) reported that a mean pressure greater than 20 kPa 

and/or a peak pressure greater than 45 kPa is not recommended for long durations. 

The use of pressure measurement technology to study human movement has a 

number of advantages that are not provided by a force platform. First, pressure mapping 

systems are more flexible in terms of their practical use. For example, force platforms 

must be mounted in the floor; however, pressure mapping technology can be mounted 

practically anywhere on equipment used by humans (e.g. mounted in shoes, prosthetic 

limbs, clothing and so on). Second, the micro-sensors used in pressure mapping 

technology are smaller than the typical force platform, allowing researchers to study 

pressures acting on areas of the body that are not accessible by a force plate. Third, 

pressure mapping technology is more portable than a force platform, allowing researchers 

to study humans in motion in different environments (e.g. stairs, field tests, etc).   

Recently, a variety of questions have been raised concerning the use of pressure 

mapping. Several studies have assessed the performance of various pressure measurement 

systems (Allen et al., 1993; Cooper, 1998; Eckrich et al., 1991; Eitzen, 2004; Fergenbaum 

et al. 2003a; 2003b; Gray, 1999; Hastings, 2000; Morin et al., 1998; Shelton et al., 1998; 
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Stevenson et al., 1996; Takechi & Tokuhiro, 1998; Williams, 1997) with many 

questioning the accuracy, repeatability and validity of modern pressure measurement 

technologies (Allen et al., 1993, Eitzen, 2004; Gray, 1999; Harman et al., 1999; 

Hochmann et al., 2002; Fergenbaum et al. 2003a; Fergenbaum et. al., 2003b; 

Nicolopoulos et al., 2000; Shelton et al., 1998; Sih, 2001). In fact, many have doubted the 

suitability of the technology for use on humans, citing variations in accuracy as high as 

20% when compared to a force plate (Baumann et al., 1992; Mueller et al., 1994; McPoil 

et al., 1995; Woodburn & Helliwell, 1996) while others have reported errors ranging from 

9% to 20% when used on curved surfaces based on resistive ink pressure sensor 

technology (Fergenbaum et al., 2003b; Hadcock, 2002; Stevenson et al., 2004a). Many 

have expressed concern that accuracy may be compromised by environmental factors, 

such as: temperature and humidity (Cavanagh, 1992; Luo et al., 1998; Sumiya et al., 

1998), error due to bending the sensors (Bryant et al., 1999; Fergenbaum et al., 2003b, 

Morin et al., 2001; Stevenson et al., 2004); compliant surface conditions (Fergenbaum et 

al., 2003a, 2003b; Sih, 2001; Luo et al., 1998; Sumiya et al., 1998); mechanical 

breakdown (Cavanagh, 1992; Fergenbaum et al., 2003b; Sih, 2001); short duration 

loading (Fergenbaum et al., 2003a; Luo et al., 1998; Sumiya et al., 1998); and calibration 

limitations (Stevenson et al., 2004a; Hadcock, 2002; MacNeil, 1996; Fergenbaum et al., 

2003a, 2003b; Sih 2001). Others have questioned absolute pressure measurement as a 

whole (Eitzen, 2004; Luo et al., 1998; Sumiya et al., 1998). 

In our laboratory, research was funded by Defence Research and Development 

Canada to test various pressure mapping systems for use on humans using military 

equipment. As part of the testing, researchers compared newer technologies (e.g. 

capacitance and piezoresisitve technologies) to a well-established resistive ink system. 

Early data showed that resistive ink technology required mathematical corrections to 

improve errors when the system was tested on a human shoulder-shaped model 

(Fergenbaum et al., 2003b; MacNeil, 1996) and hip model (Hadcock, 2002). To reduce 

the measurement error, Bryant et al. (1999) and Morin et al. (2001) developed calibration 

curves, as well as a test-retest protocol, to reduce the mean error to within 4.0 kPa. 
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However, this resistive ink technology was not ideally suited for humans due to its 

bending error of up to 20% (Stevenson, et al., 2004a). 

In a search for greater accuracy, newer technologies were also investigated. Using 

a flat surface covered by Bocklite®, Fergenbaum et al., 2003a reported errors values 

(percent bias) of -27% (capacitance), -26% (piezoresistive) and +153% (resistive ink) 

during short (2-minute) duration loading and -22% (capacitance), -23% (piezoresistive) 

and +129% (resistive ink) during long duration (1-hour) loading. Further, tests at the low 

pressure end of each sensor’s calibration range resulted in a mean bias of +3.0%, +81.0% 

and +192% for the capacitance, piezoresistive, and resistive ink technologies, 

respectively. Creep for each system, for 1-hour, was shown to be 18% (capacitance), 19% 

(piezoresisitve) and 15% (resistive ink). In recent tests using a curved shoulder-shaped 

model, Fergenbaum et al. (2003b) showed that capacitance technology had a 

unidirectional mean bias of -20% which underestimated actual loads. In contrast, resistive 

ink technology showed a bidirectional bias: overestimating light-to-moderate loads by a 

mean bias of 12% and underestimating heavy loads by a mean bias of 9%. Last, 

capacitance technology was shown to be more repeatable (mean coefficient of variance = 

31%) than resistive ink technology (mean coefficient of variance = 104%), leading 

Fergenbaum et al. (2003b) to conclude that capacitance technology had more advantages 

for use on humans than resistive ink technology.  

Since newer technologies (e.g. capacitance and piezoresistive) have been shown to 

have better performance than resistive ink under static loading conditions using human-

like models, these technologies appear to be better suited for human use. However, the 

dynamic response of these systems is largely unknown. As a result, the purpose of this 

study was to examine the suitability of capacitance and piezoresistive technology for use 

in human studies by testing the accuracy, validity and repeatability of these new 

technologies using a highly controlled, biomechanical simulation of dynamic tissue 

loading on a human-like flat surface. 
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5.3 Methods 

 

5.3.1 Instrumentation  

 

The capacitance technology was acquired using an X2 seat system, manufactured 

by Xsensor Technology Corporation with data transferred via a serial port to a portable 

computer where it was processed using version 4.2 software. The pressure pad was 

constructed of a non-trim, pliable urethane plastic material, known as the X36 seat pad, 

which refers to a 36 by 36 individual micro-sensor arrangement, measuring 45.72 cm by 

45.72 cm with a pad thickness of less than 1 mm. In all, the sensor pad was composed of 

1296 individual capacitive sensors and the software was programmed to scan these micro-

sensors at the maximal sample rate. The recommended calibrated pressure range was 

between 1.3 and 26.7 kPa (10-200 mmHg) and the pad was calibrated for this pressure 

range by the manufacturer prior to testing.  

The piezoresistive technology tested was the FSA medical UT model, 

manufactured by Vista Medical Limited. The sensor pad was made of 0.36 mm thick, 

nylon reinforced neoprene rubber mat substrate with rip-stop lycra covering. The sensing 

region was 53.34 cm by 53.34 cm comprising of a 16 cm by 16 cm micro-sensor array for 

a total of 256 individual piezoresistive micro-sensors and the software was programmed 

to scan these micro-sensors at the maximal sample rate. The sensor pad was calibrated by 

the manufacturer in the recommended pressure range which was zero to 26.7 kPa. The 

associated software tested was version 3.1.   

  All pressure pads were tested at the Human Mobility Research Centre at Queen’s 

University using an Instron® 5500R (Instron Corp., Canton, MA), a precision mechanical 

test instrument designed to evaluate the mechanical properties of materials. The Instron® 

was mounted with a universal joint to allow uniform loading during dynamic 

compressions on the sensor pad. The end of the universal joint was fitted with a circular 

attachment (radius=3.7 cm) that was used as the contact surface for all dynamic 
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compressions (Figure 1). The Instron 5500R was controlled by the Merlin Software 

Series 9, a fully integrated modular software package. 

  

5.3.2 Set-up and Data Analysis 

A 3 mm Bocklite® skin analog material, shown to have compliance similar to 

human skin over bone (Stevenson et al., 2004a), was placed over the base plate of the 

Instron 5500R. The pressure pad was then placed inside the Instron® over the compliant 

Bocklite® surface (Figure 1). The contact surface used to compress the pressure pad was 

a circular attachment (radius=3.7 cm), used to simulate a round boney contact surface 

acting on skin. Both pressure mapping technologies were programmed at the maximal 

sample rate possible for each system: 30 Hz for the capacitance technology and 12 Hz for 

the piezoresistive technology.  

The Instron® software was programmed to administer a preload value of 20 N for 

5 seconds before executing a pre-programmed cycling program. Before starting the 

cycling program, the Instron® software was programmed to create a sudden drop in 

applied force from 20 N to 10 N that was used to indicate the start of the sampling period 

for the pressure pad. After this drop in load, the Instron® executed the cycling program 

by applying 10 cyclic loads between 10 N and 90 N. To maintain loading within each 

sensor’s sampling rate capabilities without causing micro-sensor damage, the Instron® 

cycling program was set to load the micro-sensors at 90 N/s (piezoresistive) and 65 N/s 

(capacitance). The rate of loading was predetermined by testing various loading rates on 

each sensor pad. Since each sensor pad responded differently under compression due to 

the nature of the pressure technology, the Instron’s compression rate was gradually 

increased to a maximum value that allowed each system to consistently track the applied 

load for 10 trials.  

For data analysis, the first and the last complete cycles, collected by the pressure 

system, were removed to reduce the chance of analyzing transient data such as creep. The 

remaining 8 cycles were exported for analysis into a spreadsheet to allow for the 

calculation of force peaks, mean force, standard deviation and coefficient of variance for 
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each cyclic trial. For all technologies, the data from each cycle were standardized by 

converting the total measured pressure (e.g. capacitance technology measured in mmHg, 

a preset by the manufacturer) into total measured force, in newtons.  

 

                                         
Figure 1. Setup of the Instron® 5500R, fitted with a circular attachment (radius=3.7 

cm), in the starting position before compressing a sensor pad (capacitance) that was 

placed on top of a Bocklite® skin analog material. 

  

5.4 Results  

Table 1 summarizes peak forces measured by each technology, showing how each 

compares to the peak forces exerted by the Instron®. Table 2 summarizes peak and non-

peak data collected by the capacitance technology over the eight cyclic loading trials. 

Figures 2 and 3 summarize peak and non-peak data collected by the capacitance and 

piezoresistive technologies, respectively. Results show that the mean peak force measured 

by the capacitance technology was 51% of the actual peak force applied by the Instron®. 

In contrast, the mean peak force measured by the piezoresistive technology was 36% of 

the actual peak force applied by the Instron®. Appendix C shows the raw data used to 

create the figures and tables.  
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Data in Table 1 show that the Instron® was very accurate in terms of its 

application of the pre-programmed 90 N load (variation ranged from 90.2 N–90.3 N) and 

it applied the load in an extremely reliable manner (mean coefficient of variance = 

0.04%). The capacitance system was also very consistent (mean coefficient of variance = 

1.3%), recording measurements of the applied forces in range of 45.2 N–46.9 N with a 

small standard deviation of ±0.62 N. When the measured peak force was divided by the 

applied peak force (normalized value), the capacitance technology measured forces 

ranging between 50%-52% of the actual applied peak force (Table 1). This resulted in an 

overall underestimation of applied loads by a mean value of 49%.  

The Instron® was also very reliable in terms of its application of a 90 N load to 

the piezoresistive technology (variation ranged from 90.3 N–90.7 N) and it was very 

reliable (mean coefficient of variance = 0.1%). As shown in Table 1, the piezoresitive 

system was not very consistent, recording measurements of the applied force in range of 

22.5 N–40.6 N with a large standard deviation of ± 6.8 N.  When forces were normalized, 

it was found that the piezoresistive system measured forces that ranged between 25%-

45% of the actual applied peak force, meaning that the technology substantially 

underestimated all applied forces by the Instron® in an inconsistent manner (mean 

coefficient of variance = 20.8%). Overall, Table 1 demonstrates that the piezoresistive 

technology underestimated all applied loads by a sizable mean value of 64%. 
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Table 1. Comparison of peak forces applied by the Intron®. 
Capacitance Technology Piezoresistive Technology Cyclic 

Loading 

Trial 

 

  

Measured 

Force (N) 

Applied 

Force by 

Intron (N) 

Normalized* 

 

Measured 

Force (N) 

Applied 

Force by 

Intron (N) 

Normalized* 

 

1 45.20 90.26 0.50 23.05 90.46 0.25 

2 45.58 90.22 0.51 37.64 90.56 0.42 

3 46.36 90.13 0.51 30.14 90.30 0.33 

4 46.30 90.23 0.51 22.46 90.48 0.25 

5 46.70 90.23 0.52 36.25 90.55 0.40 

6 46.69 90.18 0.52 35.76 90.45 0.40 

7 46.79 90.21 0.52 35.07 90.40 0.39 

8 46.92 90.24 0.52 40.64 90.67 0.45 

Mean  

± SD 

46.32 

± 0.62 

90.21 

± 0.041 

0.51  

± 0.0069 

32.63 

± 6.8 

90.48  

± 0.11 

0.36  

± 0.075 

Coeff. of 

Variance 

(%) 

1.3 0.045 - 20.8 0.12 - 

 

During each cycle of loading, each pressure technology measured one peak force 

and a number of non-peak forces. Peak forces are shown in Table 1 and mean forces are 

presented in Table 2. Table 2 indicates that the capacitance system measured a mean 

force that was 2.8 times higher over the entire loading cycle (mean of 28.6 N) than the 

piezoresistive system (mean of 10.2 N). The implication is that the shape of the curve for 

the capacitance technology was closer in magnitude to the shape of the curve generated 

by the Instron®. In addition, Figure 2 shows that capacitance technology was more 

consistent at tracking dynamic changes of the applied forces, exerted by the Instron®. In 

contrast, the measurement curve for piezoresistive technology was less similar and more 

inconsistent compared to the Intron® curve, in terms of magnitude and shape. Thus, the 

results show that the technology was limited in terms of tracking dynamic changes in 

applied forces by the Instron® (Figure 3). Overall, Figures 2 and 3 indicate that when 
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data of peak and non-peak forces were combined, both the capacitance and piezoresistive 

technologies tended to underestimate the applied load.  

When measured data for peak and non-peak forces were pooled (Table 2) the 

capacitance and piezoresistive technologies had a more similar performance in terms of 

their repeatability, than when peak forces alone were compared for repeatability in Table 

1. In fact, Table 2 shows that the capacitance technology was only slightly less variable 

overall (mean coefficient of variance = 3.6%) compared to the piezoresistive technology 

(mean coefficient of variance = 5.1%). 

 

Table 2. A comparison of all peak and non-peak measured data during each cyclic 

load.  
Cyclic Loading 

Trial 

Capacitance: Mean Force of all 

Measured Samples (N) 

Piezoresistive: Mean force of all 

Measured Samples (N) 

1 26.31 10.57 

2 28.52 10.50 

3 28.29 10.05 

4 28.45 10.14 

5 29.85 10.75 

6 28.22 9.78 

7 29.60 9.21 

8 29.28 10.57 

Mean ± SD 28.56 ± 1.03 10.20 ± 0.52 

Coeff. of Variance 

(%) 
3.6 5.1 
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Figure 2. Comparison between dynamic loading compressions (Instron®) and the 

measurements made by the capacitance technology. 
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Figure 3. Comparison between dynamic loading compressions (Intsron®) and the 

measurements made by the piezoresistive technology. 

 

5.5 Discussion 

 

5.5.1 Accurate Measurement of Dynamic Peak Forces 

In order to perform highly controlled tests under loading conditions similar to 

human skin, an Instron® was used to apply highly accurate and repeatable dynamic cyclic 

forces to each pressure pad (standard deviation > ±0.1 N; coefficient of variation < 0.1%). 

When the actual applied force (Instron®) was divided by the measured force (pressure 

mapping technology), a normalized value was created, a value that was used to determine 

the accuracy of each pressure mapping tool. Results show that the capacitance system was 

more accurate at measuring peak forces than the piezoresistive technology. Data in table 1 

show that the mean peak force measured by the capacitance technology was 51% of the 

actual peak force applied by the Instron® whereas the mean peak force measured by the 
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piezoresistive technology was 36% of the actual applied peak force. Although the 

capacitance was more accurate than the piezoresistive system, Table 1 indicates that both 

systems substantially underestimated all peak forces (negative bias).  

The tendency for capacitance technology to underestimate actual applied loads 

(shown in Figure 2 and Table 1) is consistent with other reports. For example, researchers 

showed that capacitance technology underestimated known applied loads (between 5.9 

and 12.4 kPa) by 27% when tested for short 2-minute durations on a flat human-like 

surface (Fergenbaum et al., 2003a). When the capacitance technology was tested for 

short, 2-minute loading periods on a curved shoulder-shaped model, using loads between 

96 N and 186 N, the error was relatively the same, resulting in a underestimation of 

known applied loads by a mean of 20% (Fergenbaum et al., 2003b). The current data 

show that dynamic loading increased the error further (Table 1), resulting in an 

underestimation of the Instron® force by a mean bias of 49%.  

Although accuracy may be compromised during dynamic conditions, past research 

has shown that it may be fixable. For example, Hadcock (2002) reported a mean bias of   

-23% when resistive ink technology was tested on a curved human hip model; however, 

accuracy was improved to within 19% of the known applied loads between 67.1 N and 

118.3 N) by using a newly developed in-situ method of calibration. When this method 

was applied to capacitance technology, measuring forces between 67.1 N and 118.3 N on 

an elliptical hip model, Fergenbaum et al. (2003b) reported that errors could be reduced 

substantially to a mean bias of -4%. This method of calibration was also shown to be 

effective when used to measure a curved shoulder model, resulting in an underestimation 

of known applied loads (42.9 N to 224.5 N) by as little as 1.6% when a 5-minute settle 

time was allowed. Unfortunately, an in-situ method of calibration for dynamic loading 

does not exist. However, given the repeatable performance of capacitance technology (see 

Figure 2), it may be possible to correct the bias if a dynamic calibration can be developed.  

Findings on piezoresistive technology (Figure 3 and Table 1) show that the system 

tended to substantially underestimate applied loads by a mean of 64%. However, this 

larger inaccuracy, compared to the capacitance system, appears to be related to problems 
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with repeatability, associated with rapid dynamic loading (coefficient of variance = 

20.8%). Others have reported similar problems with regards to accuracy. For example, 

Ferguson-Pell & Cardi (1993) tested piezoresistive technology using contoured static 

loads, applied repeatedly to different compliant seat cushions (loading duration not 

stated). They reported that the technology consistently underestimated applied loads 

(standard deviation as high as ±15%). In the same paper (separate experiments), the 

authors also reported that accuracy may have been affected by a hysteresis of ±18.7% and 

creep (3.3% after 2 minutes; 4.6% after 10 minutes).  

When a piezoresistive technology was tested on a compliant wheelchair seat for 

short, 20-second intervals, Maltais et al., (1999) showed that ischial tuberosity 

measurements had moderate errors, reporting standard deviations as large as ±19.7 

mmHg (±2.6 kPa) for maximum pressure and as high as ±2.6 (0.3 kPa) for mean pressure. 

These findings conflict with the manufacturer’s specifications (Force Sensing Array, 

VistaMed, Inc.), listed in the paper, which state an accuracy of ±5 mmHg (±0.7 kPa). 

Similarly, in a study using both dynamic and static tests, Jeffcott et al. (1999) reported in 

the introduction that an accuracy of ±5 mmHg could be expected for the piezoresistive 

technology (no reference data were provided). However, the paper concluded that both 

static and dynamic accuracy were so variable that the technology did not provide a useful 

means for objective pressure assessment under static loading conditions. Further, they 

concluded that the piezoresistive technology was not sensitive enough for accurate use 

under dynamic conditions (no dynamic data were provided). These researchers support 

the explanation that the accuracy of the piezoresistive system was compromised by a lack 

of repeatability in this study.  

As a final note, the results of this study show that modern pressure mapping 

technology is not well calibrated for use in studies with dynamic forces. Based the current 

results, more laboratory research is needed to improve system performance before 

researchers/clinicians can rely on newer pressure mapping technologies for accurate 

measurement of peak dynamic forces. Even well-established resistive ink technology has 

shown large errors when used under dynamic loading conditions. For example, in a 
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dynamic boot study, Harman et al., (1999) reported that resistive ink technology had a 

37% error when compared to a force platform. In gait studies, Sih (2001) reported that 

resistive ink technology underestimated applied loads by 44% when compared to a force 

platform and Sumiya et al. (1998) reported mean output errors of up to 62% (range of 

errors from 48% to 74%). Nonetheless, it is possible to correct these errors. For example, 

Hadcock (2002) reported that it was possible to develop calibration techniques to reduce 

errors of peak pressures during loading to a mean of 14% if at least six repetitions of data 

collection were used. Therefore, it may be possible to improve accuracy for both 

capacitance and piezoresistive technology if dynamic calibration procedures can be 

developed.  

A secondary problem with accuracy is that maximum sample rate for the 

piezoresistive was slow at 12 Hz. This rate would be inadequate for dynamic 

measurements of many human movements. For example, the piezoresistive system would 

not be adequate for measurement of much more than a slow gait speed of 5.6 km/h 

(marching speed) or 3 Hz (Stevenson et al., 2004a), compared to the capacitance system 

(maximum sample rate of 30  Hz). In this study, the compression rate was 0.35 Hz 

(capacitance) and 0.79 Hz (piezoresistive), so it should have been within the capabilities 

of each technology. Based on these data, if corrections can be made in the future to 

improve accuracy during measurement of peak forces, it is apparent that capacitance 

technology has the greatest potential for accurate use on humans. 

 

5.5.2 Validity under Dynamic Conditions 

Validity refers to the sensor system’s ability to measure the actual applied 

dynamic forces that it was designed to measure. For each pressure system to be valid in 

this experiment, the system should be able to measure the changes in the applied force, in 

a rapid manner. In other words, the shape of the curve measured by the pressure mapping 

system should match the shape of the curve produced by the Instron® when data are 

plotted on a graph of force versus time. To examine the validity of each system during 

dynamic loading, Figures 2 and 3 were created to compare all applied forces to all 
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measured forces. Comparison of these Figures shows that the capacitance system was 

more consistent at measuring all peak and non-peak dynamic changes in applied force 

(Figure 2) than the piezoresistive technology (Figure 3). Further, Table 2 shows that when 

all peak and non-peak data were pooled, the mean measured data were substantially 

higher for the capacitance technology (28.56 ± 1.03 N) than for the piezoresistive 

technology (10.20 ± 0.52 N). This shows that the average sample measured by the 

capacitance technology, more closely represented the actual applied load by the Instron® 

under dynamic conditions.  

Based on the review of the current literature, this is one of few studies that 

examined the response of modern capacitance and piezoresistive technologies to known 

dynamic loads. The only comparable research found focused on piezoresistive 

technology. A few researchers have shown that the system lacked accuracy and 

repeatability during dynamic loading (similar to the findings presented in Figure 3). For 

example, in a study using a variety of bench tests, Ferguson-Pell & Cardi (1993) reported 

that the FSA piezoresistive technology was not stable enough for use under dynamic 

conditions, due to: errors in amplitude, errors depending on the rate of loading, and errors 

due to short-duration (2-minute) creep. Based on their findings, Ferguson-Pell & Cardi 

(1993) argued that the development of corrective software algorithms would not be 

realistic for FSA technology, due to the confounding factors affecting performance. 

Similarly, in a study of horse gait, Jeffcott et al. (1999) compared known applied loads to 

total measured pressure by FSA and reported a high correlation coefficient of 0.98. 

However, when the system was tested dynamically, they reported that dynamic testing of 

different horses, moving at the same gait speed, had considerable variations in 

measurements (results not shown). Further, they reported variations within the same horse 

(over 5 second intervals of data collection) were too large to provide meaningful 

interpretation of data related to horse saddle pressures. Based on these published studies, 

along with the data summarized in Figures 2 and 3, it is apparent that capacitance 

technology measures dynamic peak and non-peak data with greater validity than 

piezoresistive technology, suggesting that capacitance technology would be more suitable 
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for experiments when researchers/clinicians seek to measure peak and/or average 

pressures acting on the body.  

 

5.5.3 Repeatability under Dynamic Conditions 

To evaluate repeatability of the pressure mapping technology, the coefficient of 

variation was used to measure of the dispersion of pressure measurements around the 

mean. The coefficient of variation has important clinical/research significance since it 

assures the clinician/researcher that the dynamic pressure measurements taken during a 

human trial are legitimate peak/average pressures acting on the body, rather than simply 

artifacts of creep, system sampling rate, hysteresis or error during cyclic loading.  

The data collected in this study show that the capacitance technology had 

excellent repeatability for dynamic measurement of peak forces. For example, Table 1 

demonstrates that standard deviation for measurement of peak forces was very small 

(46.32 ± 0.62 N), as was the coefficient of variation (1.3%); showing that the capacitance 

technology had a repeatability similar to the Instron® (e.g. coefficient of variation 

<0.1%). In contrast, the piezoresistive technology had a low repeatability. For example, 

Table 1 shows that the piezoresistive system’s coefficient of variation was 16 times 

higher (e.g. coefficient of variation = 20.8%) than the capacitance technology. When both 

peak and non-peak data were analyzed (Table 2), the coefficient of variation was found to 

be 3.6% for the capacitance and 5.1% for the piezoresisitve technology. This reduction in 

error for the piezoresistive technology (e.g. coefficient of variation=20.8% in Table 1, 

reduced to 5.1% in Table 2) shows that the piezoresistive system approached the 

repeatability of the capacitance system when used to measure mean applied force over 8 

cyclic loads, rather than just peak forces. This is also qualitatively noticeable in Figure 3 

(i.e. measured non-peak forces appear to be more consistent than peak forces). Although 

more research is necessary, it is evident that the capacitance technology is more 

consistent (repeatable) at measuring both cyclic peak and non-peak forces under dynamic 

test conditions using a flat human-like model of compliant skin. 
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The results of this study show that capacitance technology had superior 

repeatability for dynamic testing. These findings are consistent with other reports from 

our laboratory which found that capacitance technology performed similarly or better 

than piezoresistive technology. For example, in experiments using a flat human-like 

model of skin, Fergenbaum et al. (2003a) loaded two technologies with various loads 

between 9.4 kg and 19.6 kg (5.9 to 11.7 kPa) for 2-minute intervals. They found that 

capacitance and piezoresistive ink systems had similar coefficients of variance (41% for 

capacitance vs. 39% for piezoresistive). Using a curved human shoulder-shaped model, 

Fergenbaum et al. (2003b) tested repeatability using 2-minute static loading trials (loads 

between 96-187 N) and reported a coefficient of variance of 31% for capacitance 

technology, a variance that was 3.5 times lower than a more well-established  resistive ink 

technology (coefficient of variance = 104% for resistive ink). In a different set of 

experiments, the same authors found that the coefficient of variance could be reduced to 

as low as 0.5% for the capacitance technology, if an extra measurement trial was added 

(three trials instead of two) and if a mathematical correction technique, developed by 

Hadcock (2002), was applied to measured data.  

Researchers who have examined FSA piezoresistive technology have reported 

similar limitations in repeatability to the results presented in this paper. For example, 

Maltais et al., (1999) reported that 20-second, test-retest trials on different compliant 

surfaces, resulted in a coefficient of variation of 16.9% for maximum pressure and a 

coefficient of variation of 5.6% for mean pressure, which were remarkably similar to the 

findings on repeatability presented in Tables 1 and 2. Similarly, Ferguson-Pell & Cardi 

(1993) reported that tests using contoured, compliant loading conditions resulted in 

coefficients of variation as high as 15.2%. Given the problems with repeatability and 

accuracy (e.g. creep and underestimation of applied loads), the authors argued the 

technology was not suitable for dynamic studies. Comparable conclusions were reached 

by Jeffcott et al. (1999) who reported that pressure mapping variability was too high to 

formulate conclusions on dynamic data due to large inter-subject and intra-subject 

variation in pressure mapping results.  
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Although researchers have legitimate concerns regarding the lack of repeatability 

for new technologies such as piezoresistive technologies, the problems with dynamic 

pressure measurement has been scarcely mentioned in the literature, even for well-

established technology. For example, Sih (2001) tested a well known pressure mapping 

system (F-scan® resistive ink technology, Tekscan, Inc.) and concluded that errors 

greater than 20% could occur under dynamic test conditions, even when following the 

manufacturer’s prescribed calibration procedure. Further, they reported that variation 

could lead to the underestimation of known applied loads by as much as 44%, even when 

gait trials were repeated four times under the same test conditions. Similar findings were 

also supported in a military boot study by Harman et al. (1999) who concluded that F-

scan® error was unacceptable and that variation was too high (error of 37 ± 29% for 3 

selected points during gait). In separate dynamic gait experiments using the F-scan®, Luo 

et al. (1998) reported coefficients of variation could be as high as 30.5% (58.8 ± 17.9 

MPa), while others have reported that errors could range from 10% to 20% when 

compared to a force platform (Gorton et al., 1996; Baumann et al., 1992; Mueller et al., 

1994). During dynamic tests, Ahroni et al. (1998) collected a number of gait measures for 

diabetic patients and obtained coefficients of variation, ranging from 12%-20% for F-

scan® and Ferguson-Pell et al. (2000) reported coefficients of variance for linearity 

ranging as high as 9.9% using a Flexiforce system, a low-pressure detection sensor by the 

Tekscan, Inc. More recently, Stevenson et al. (2004a) reported that mathematical 

corrections could be created to improve standard error for F-scan® during dynamic 

testing to 9.6%. Given that clinics and some laboratories will not have the resources to 

create mathematical corrections for pressure mapping technology it appears that the 

average user will have problems with repeatability using the piezoresistive system for 

dynamic analysis. Under these circumstances, capacitance technology would be better 

suited for clinical/laboratory use requiring repeatability, since it was shown to be highly 

repeatable without a need for mathematical corrections for repeatability. 
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5.5.4 Limitations  

A number of factors may have limited the performance of the pressure mapping 

technologies used in this study. First, the lack of a dynamic calibration procedure may 

have contributed to the errors reported in this study. Although both technologies were 

calibrated by the manufacturer in their own laboratories to protect trade secrets 

surrounding calibration, if the manufacturers used a traditional static method of 

calibration then greater errors could be expected (Cavanagh et al., 1992). In fact, Sih 

(2001) argued that each sensor pad is made up of many individual micro-sensors that are 

mechanically unique. Since each individual micro-sensor may respond differently to a 

uniform application of pressure (e.g. a traditional calibration method using an air bladder 

calibration system), then calibration software that uses a single, uniform calibration 

algorithm for all micro-sensors will be a cause of increased error. Further, Cavanagh et al. 

(1992) argued that different types of micro-sensors (e.g. capacitance, piezoresistive, 

resistive ink) may mechanically exhibit a non-linear relationship between applied 

pressure and voltage output; therefore, manufacturers who simplify the calibration 

procedure by implying a linear behavior, or manufacturers who use a single calibration 

constant to correct all transducers, create a situation whereby the error becomes additive 

and likely a large value. In the past, researchers have expressed concerns over calibration 

challenges and they discussed the need for new static calibration techniques to improve 

pressure mapping accuracy on curved and compliant human-like models (Fergenbaum et 

al., 2003a; 2003b; Hadcock, 2002; Stevenson et al., 2004a). The current results of this 

study support the need for better calibration, particularly for dynamic pressure mapping.  

Second, the compliance surface may have affected the accuracy and repeatability 

of each technology. In the past, researchers have shown that contact surface features can 

cause standard deviations to be 6.4 times lower on soft surfaces compared to hard 

surfaces (Luo et al., 1998) and that even small changes in thickness, in the range of 0.2-

0.4 mm, have been shown to affect sensor sensitivity to applied loads (Sumiya et al., 

1998). Further, in military footwear studies, Sih (2001) showed that a compliant surface 

caused an underestimation of applied load as much as 44% and Harman et al. (1999) 
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reported average errors of 37 ± 29%, even after 20 gait trials were performed. In this 

study, a Bocklite® compliant surface was used to simulate real-world loading on human 

skin. Although, the experimental conditions were the same for the capacitance and 

piezoresistive technologies, the results of this study were similar to past reports: a 

compliant surface typically caused an underestimation of actual applied loads, a 

consideration that should to be taken into account for future research studies.  

Third, the use of pressure mapping under dynamic loading conditions limited the 

accuracy for both technologies when compared to static loading conditions; but these 

conditions also dramatically reduced the repeatability for the piezoresistive system.  In 

the past, researchers have reported that short duration loading could affect accuracy 

(Fergenbaum et al., 2003a; 2003b; Ferguson-Pell & Cardi, 1993; Jeffcott et al., 1999) 

with some noting mechanical creep to be the main problem, (Ferguson-Pell & Cardi, 

1993; Sih, 2001), particularly the creep associated with a static calibration (Sih 2001). 

Others have also reported substantial problems associated with accurate and repeatable 

measurement of dynamic forces using various pressure mapping technologies that were 

available on the market (Harman et al., 1999; Luo et al., 1998; Sumiya et al., 1998; Sih, 

2001). In this study, it was confirmed that pressure mapping under dynamic loading 

conditions, using a human-like model of skin, caused greater error than past reports, 

especially for piezoresistive technology.  

Fourth, the differences in the nature of the technologies may have also contributed 

to the errors noted in this study. For example, the maximum sample rate for the 

capacitance technology was 30 Hz, which is 2.5 times faster than the maximum sample 

rate of the piezoresisitve technology (12 Hz), allowing the capacitance system to measure 

the applied dynamic forces with more validity. The slower sample rate for the 

piezoresisitve technology limits its use for studies of dynamic human motion. Another 

limitation with piezoresistive technology is that the system may be more susceptible to 

measurement errors than a capacitance system for reasons related to its piezoelectric 

properties. Piezoelectric materials are generally known to have complex properties and its 

micro-sensors may be more susceptible to error due to shear stress or if the charge 
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amplifier is set too low (Cavanagh et al., 1992). These complex properties create 

construction challenges to produce both an accurate and repeatable piezoresistive sensor. 

This challenge explains the need for further refinement. 

One noticeable phenomenon that may be related to the nature of construction 

materials for the capacitance technology can be seen in Figure 2. It was noted that each 

loading cycle started with a short spike by the Instron®. Although further investigation is 

needed, it is possible that this spike was created because the capacitance technology was 

thinner and more compliant than the piezoresistive pressure pad, causing the Instron® to 

rapidly micro-adjust during the initial contact (causing the spike in applied force) in order 

to remain within the pre-programmed cycling parameters. Although this micro-

adjustment was reliably tracked by the capacitance technology, it highlights the fact that 

researchers need to consider the properties of the pressure pad when using pressure 

mapping equipment for dynamic measurements. In past research, the thin capacitance 

pressure pad was an advantage, shown to enhance accuracy on a curved shoulder-shaped 

model (Fergenbaum et al., 2003b). However, in this study, the thin, pliable pressure pad 

may have caused unintentional peak pressure when compressed by the Instron®  

A final limitation is that only one load and one set of loading rates were examined. 

This fact may limit some of generalizability of accuracy and repeatability to other 

dynamic conditions. In the future, more conditions should be examined. If future 

researchers wish to test more dynamic situations, it may be possible to develop a 

mathematical algorithm to offset errors for dynamic situations.  

 

5.6 Conclusion  

Findings from this study show that the capacitance technology had better overall 

accuracy and repeatability under a dynamic loading condition than modern piezoresisitve 

technology. More specifically, the capacitance system showed greater accuracy for 

measurement of both peak forces and non-peak forces. However, it should be noted that 

dynamic conditions using a human-like model of skin caused both modern pressure 

mapping systems to underestimate actual applied loads. Further, in this study, the 
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capacitance technology was superior at tracking dynamic changes in applied forces, 

making it a more appropriate tool for absolute pressure measurements than piezoresistive 

technology. Last, the capacitance system was a more consistent and repeatable pressure 

mapping system when tested using a number of cyclic loads over time. In this paper, a 

number of factors that could limit pressure mapping performance under dynamic test 

conditions were discussed, including: a lack of a calibration procedure for dynamic 

conditions, a tendency for the underestimation of loads on compliant surfaces, short 

duration loading/creep effects on overall performance, and hardware limitations. Some of 

these limitations may be modifiable by the manufacturer or accommodated by an 

additional calibration algorithm by researchers. Based on the series of laboratory tests 

conducted on human-shaped models, there may be merit in using pressure mapping, such 

as a capacitance system, in the clinical or laboratory setting. However, to measure 

absolute pressure with accuracy, future researchers would need to devote time to optimize 

capacitance calibration algorithms before the technology could be systematically tested 

on humans. 
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Chapter 6 

An Epidemiological Study of Load Carriage Discomfort during Occupationally 

Relevant Work in a Controlled Environment  

 

6.1 Abstract 

The purpose of this study was to map both pain location and pain intensity to 

anatomical sites on the human body during standardized load carriage tasks in a 

controlled environment. Two studies were conducted using soldiers carrying a standard 

payload. For study #1, 20 soldiers performed a 6 km march wearing five different 

backpacks designs with payloads of 32 kg. For study #2, 28 soldiers, wearing nine 

different backpacks with a payload of 28 kg, performed a series of occupationally 

relevant activities involving mobility, function, agility and a long march. Immediately 

following all tests, subjects were asked to (a) report pain location by completing a pain 

map and (b) to rate pain intensity by completing a numerical pain rating scale. The results 

of this study suggest that the shoulder region may play a strong role in determining load 

carriage limits. In addition, the hip region and boney posterior anatomical regions, in 

direct contact with the backpack, were also found to be highly painful locations during 

load carriage work. The posterior neck region was also found to be a highly painful 

region, even though there was no direct contact with the backpack at this location. The 

findings of this study provide researchers with information on occupational load carriage 

work which may be used in the future to develop load carriage limits.  

 

6.2 Introduction 

Painful medical conditions are known to be caused by carrying heavy payloads 

and inadequately designed backpacks (Bossi, 2000; Burton et al. 1996; Dale, 2004; 

Forjuoh et al., 2004; Knapik, 1996; LaFiandra et al., 2002; Lobb, 2004; Negrini et al. 

1998, 1999; Quesada et al., 1996; Waters et al., 1994). Despite medical risks, backpacks 

are commonly used in occupational, school, and leisure environments. Recently, safety 

concerns related to backpack use have led researchers to study a number of groups who 
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commonly use them. Groups such as recreational hikers (Lobb, 2004) and schoolchildren 

(Chansirinukor et al., 2001; Dale, 2004; Forjuoh et al., 2004; Grimmer & Williams, 2000; 

Hong et al., 2000; Hong & Cheung, 2003; Li et al., 2003; Iyer 1999; Mackie et al., 2005; 

Merati et al., 2001; Negrini et al. 1999; Pascoe et al., 1997; Whittfield et al., 2005) have 

been a recent focus of investigation. As well, load carriage has been a concern in 

occupational fields for workers who must carry oxygen tanks (Louhevarra et al., 1985; 

Smolander et al., 1985) or other occupational backpack-like devices (Abdoli et al., 2006; 

Chung et al., 2005). To date, however, the most of the knowledge concerning backpack 

load and design safety comes from military-related research focused on soldiers who 

often must carry heavy loads over long distances. (Bryant & Reid, 1996; Bryant et al., 

1997; Dubik & Fullerton, 1987; Fergenbaum et al., 2003a; 2003b; 2003c; Johnson, 1998; 

Jones & Hooper 2005; Knapik et al., 1992, 1996; LaFiandra et al., 2002; Nordeen, 1986; 

Pelot, 1998; Quesada et al., 1996; Reynolds et al., 1999; Scott & Christie, 2004; 

Stevenson et al., 2004a; 2004b; Tilbury-Davis et al., 1999). More specifically, research 

has focused on the link between: backpack pain and injury (Bessen et al., 1987; Dalen et 

al., 1978; Harman et al., 1992; Holewijn 1990; Holewijn and Lotens, 1992; Jones et. al. 

1998; Kinoshita, 1985; Knapik et al., 1992; 1996; 2004; Reynolds et al., 1990; Wilson, 

1987; Holewijn, 1990); design features focused on the shoulder straps (Holewijn 1990, 

Holewijn and Lotens, 1992; Jones et al.,  2005; Ren et al., 2005); hip belt design and 

lumbar forces (Hadcock 2002; Holewijn and Lotens, 1992; Legg and Mahanty, 1985); 

internal and external frames (Knapik et al. 1996; 2004), and technologies to measure 

backpack pressures acting on the body (Fergenbaum et al., 2003a; 2003b; 2003c). 

Although many recent reports discuss painful medical conditions caused by backpack use 

and specific designs (Burton et al. 1996, Dale, 2004; Forjuoh et al., 2004; Knapik et al., 

1996; 2004; Lobb, 2004; Negrini et al. 1998; 1999; Waters et al. 1994; Whittfield et al., 

2005; Winsman & Goldman, 1976), scientists have yet to formulate safety guidelines 

from the research using an inductive approach to examine pain and various 

occupationally relevant tasks. 
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One major challenge when studying humans during load carriage involves the 

measurement of pain. To assess pain, a standardized, reliable and valid method should be 

used to quantify the uncomfortable experience of load carriage. However, pain 

assessment during load carriage is difficult for a number of reasons, such as: variability in 

cognitive understanding of pain for subjects of different ages; a lack of a controlled, 

universally accepted test environment; and wide differences between subjects in body 

type, fitness level, gender, and pain tolerance thresholds. Nonetheless, there are some 

available tools that can be used to assess pain.  

One of the most widely used methods is a numerical pain rating scale whereby 

subjects rate the feeling of pain (Cleeland, 1989; Cleeland and Ryan, 1994). This scale is 

a simple, numbered graphical line that allows subjects to quantify their own pain by 

selecting a numerical value between 0 (“no pain”) and an upper value (“pain as bad as it 

can be”). These pain scales have been shown to have very good reliability and validity for 

a number of populations (Bouhassira et al., 2004; Coplan et al., 2004; Ger et al., 1999; 

Jensen & Karoly, 1992; Klepstad et al., 2002; Radbruch et al., 1999; Saxena et al., 1999; 

Tyler et al., 2002; Uki et al., 1998; Xin et al., 1996; Yun et al., 2005; Zelman et al., 2005), 

making it a promising tool for use in dynamic studies of load carriage. 

Another well-researched tool is a pain map. This tool allows subjects to qualify 

painful anatomical regions on the body by having subjects place a mark on a drawing of 

the human body corresponding to the pain, which is divided into different anatomical 

sites by the researcher (Margolis et al., 1986; Melzack, 1975). Pain maps are a widely 

accepted clinical tool, particularly used in complex studies of cognitive abilities, 

extending from children (Savedra et al., 1989) through to elderly adults (Cleeland, 1989; 

Cohen & Marx, 1993; Escalante et al., 1995, 1996; Farrell et al., 1996; Ferrell & Ferrell, 

1990; Hildebrandt et al., 1988; Fillenbaum, 1979; Gentili et al., 1995; Gil et al., 1990; 

Lavsky-Shulan et al., 1985; Margolis et al., 1986, 1988; Mossey & Shapiro, 1982; 

Parmelee et al., 1991; Roland & Morris, 1983; Schoenfeld et al., 1994; Turk & Melzack, 

1992; Weiner et al.,1995; 1996; Williamson & Schulz, 1992; 1995). As well, pain maps 

have been used to study underlying pathology causing pain (Margoles, 1983; Escalante et 
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al., 1995) and they have allowed investigators to determine preferred types of medical 

intervention based on the extent of pain and pain patterns on a map (Ransford et al., 1976; 

Toomey et al., 1984; Gil et al., 1990; Tait et al., 1990). Given their straightforwardness 

and ease of administration, a pain map and pain rating scale have good potential for use in 

complex studies of pain load carriage.  

A third option used to quantify pain, involves measuring pressure acting directly 

on the body via use of pressure mapping technology. To use this tool, the scientist places 

a pressure pad at the contact surface interface so that peak and average pressure can be 

measured quantitatively. This method helps scientists study the relationship between 

applied pressure and pain. There are three main types of pressure mapping technologies 

that are commonly used in clinics and laboratories: capacitance, piezoresistive and 

resistive ink. However many questions have been raised regarding the accuracy, 

repeatability and validity of modern pressure measurement technologies (Allen et al., 

1993, Eitzen, 2004; Gray, 1999; Harman et al., 1999; Fergenbaum et al. 2003a; 2003b; 

2003c; Nicolopoulos 2000; Shelton et al., 1998; Sih, 2001). In fact, some studies have 

shown variation in accuracy as high as 20% when compared to a force plate (Bauman et 

al., 1992; Mueller et al., 1994; McPoil et al., 1995; Woodburn & Helliwell, 1996). Others 

have reported error ranging from 9% to 20% when used on curved surfaces for 

technologies based on resistive ink components (Fergenbaum et al., 2003b; Stevenson et 

al., 2004a). The accuracy and reliability of pressure mapping technology may also be 

compromised by temperature and humidity (Cavanagh et al., 1992; Luo et al., 1998; 

Sumiya et al., 1998), error due to bending the sensor (Bryant et al., 1999; Fergenbaum et 

al., 2003b, Morin et al., 2001; Stevenson et al., 2004b); compliant surface conditions 

(Fergenbaum et al., 2003a, 2003b; 2003c; Sih, 2001; Luo et al., 1998; Sumiya et al., 

1998); mechanical breakdown (Cavanagh, 1992; Sih, 2001); short duration loading 

(Fergenbaum et al., 2003a; Luo et al., 1998; Sumiya et al., 1998); and calibration 

limitations (Stevenson et al., 2004b; Hadcock, 2002; MacNeil, 1996; Fergenbaum et al., 

2003a, 2003b; 2003c; Sih, 2001). Others have argued that the methods used for pressure 

mapping are questionable (Eitzen, 2004; Luo et al., 1998; Sumiya et al., 1998). Given the 
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current knowledge base, pressure mapping appears to have limited use for accurately 

studying pain caused by load carriage during occupational work.  

Pain measurement during load carriage is appealing, particularly given the clear 

association between pain and functional impairment (Buckle & Fernandes, 1998; Ferrell 

& Ferrell, 1990; Lavsky-Shulan et al., 1985; Pantano et al., 2001; Roth et al., 2001; Serlin 

et al., 1995; Stevenson et al., 2004a; Ville et al., 2001; Weiner et al., 1996a; 1996b; 

Williamson & Schulz, 1992; 1995). If researchers can gain a greater understanding of 

pain intensity and location, these data could be used to develop future safety guidelines 

for large segments of society who are at risk of injury. More specifically, guidelines may 

be useful for the development of specific pain safety limits/tolerances in humans, based 

on backpack characteristics (e.g. payload) and the nature of the physical task (e.g. 

duration of load carriage), that can be used to help to protect people in numerous working 

environments (e.g. schools, industry, military and recreation).  

The purpose of this study was to investigate the relationship between carrying 

multiple backpack designs while performing occupationally relevant work in order to 

generate qualitative and quantitative data on pain which may be used for the development 

of load carriage limits in humans.  

  

6.3 Methods 

 

6.3.1 Procedures  

An epidemiological approach was used to examine pain results collected from 48 

soldiers who performed occupationally relevant physical work. All subjects were 

members of the Canadian Armed Forces and passed occupational fitness testing as part of 

the screening process for the Canadian military. Subjects were included in this study if 

they had no muscular or skeletal conditions that would be aggrevated by load carriage and 

if they had no known health conditions that would be impede their ability to perform 

stressful load carriage work. Subjects were excluded if they had muscle, bone or joint 

problems that would be aggrevated with exercise.  
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Data were analyzed from two studies that were conducted using two groups of 

soldiers carrying a standard payload. For study #1, 20 soldiers performed a 6 km march 

wearing five different backpacks designs. All backpacks were filled with a payload of 32 

kg. For study #2, 28 soldiers, wearing nine different backpacks, performed a 1 km march 

that was followed by a series of occupationally relevant tasks (Figure 1). Following the 1 

km march, subjects were randomly allocated an indoor physical activity station. These 

stations involved standardized military activities that were simulations of military tasks 

commonly used by Canadian Armed Forces. These standard military tasks included: a 

bent balance beam, a boulder hop, a straight balance beam, a fence climb, an agility run, a 

side slope walk, a forward ramp climb, and trunk flexion, extension, rotation and reaching 

tasks. Before each new station was completed, subjects performed the 1 km march. 

Subjects marched for 6 km in total in study #2. A more detailed description can be found 

in Stevenson et al. (1997) and Bryant et al. (2001). All subjects participating in both 

studies consented to their participation using standard human ethics procedures through 

Queen’s University. Immediately following each load carriage task, subjects were asked 

to (a) report pain location by completing a pain map and (b) to rate pain intensity by 

completing a numerical pain rating scale.  

 
Figure 1. Backpack set-up during a standard “boulder hop” task. 
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A pain map was used to determine the location of pain on the body resulting from 

load carriage. The map was presented to subjects after each occupational task. Subjects 

were asked to identify anatomical sites of pain on a human drawing, similar to the 

drawing used for the McGill Pain Questionnaire (Melzack, 1975). Subjects indicated 

painful parts of their body by marking the corresponding painful locations on the drawing 

with an “x”. Similar pain maps and procedures have been used in past research (Savedra 

et al., 1989). 

After each mark was placed on the pain map, subjects were then asked to assign a 

pain intensity score to the mark. To determine the pain intensity, a numerical pain scale 

was used. The intensity of pain was measured using a visual analogue scale, similar to 

those used in the past (Cleeland, 1989; Turk & Melzack, 1992; Jensen and Karoly, 1992). 

The scale displayed numbers between 0-9 where the number 0 represented “no pain” and 

the number “9” represented “pain as bad as it can be”. For each painful location shown on 

the pain map, subjects were asked to select a number on the numerical pain scale that best 

described the intensity of pain at each particular anatomical location. 

 

6.3.2 Data Analysis 

Once pain intensity and location were recorded, data from all subjects were 

transferred to a “master map” of the human body, divided into 45 body anatomical 

segments. Each anatomical segment on this master map was represented by a number 

following the system used by Margolis et al. (1986) and Weiner et al. (1998b). For ease 

of use, each of the 45 numbered segments were assigned an anatomical name (Table 1 

and 2), consistent with those used by Weiner et al. (1998b). Since the pain map was used 

to display general pain trends resulting during occupational work and to reduce 

experimenter bias during analysis data that was collated to the master map did not 

identify the backpack design and physical task which caused the pain, so that the 

researcher was blinded for data analysis. Descriptive statistics were used to analyze the 

master pain map. For analysis, the “number of complaints per site” and the “average 
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intensity of the pain per site” were calculated, along with standard deviations, for each of 

the 45 anatomical body parts. 

 

6.4 Results  

The mean pain intensity calculated for all painful sites on the anterior and 

posterior pain maps (Tables 1 and 2) was 5 ± 2; a value that was 56% of the maximal pain 

possible (5/9=0.556). Most of the painful complaints shown in Tables 1 and 2 were 

associated with areas of the body that were in direct contact with the load carriage system. 

For the anterior parts of the body (Table 1), the highest number of complaints were 

located in the shoulder region under the shoulder straps (right shoulder=70 complaints; 

left shoulder=82 complaints). Other common anterior sites of pain included the 

abdominal region under the hip belt (right abdominals=12 complaints; left 

abdominals=18 complaints), as well as the sternum/neck region located underneath the 

area of the sternum strap (21 complaints in total). For the posterior body (Table 2), the 

highest number of complaints were also located in the shoulder region under the shoulder 

straps (right shoulder=50 complaints; left shoulder=49 complaints). Other common sites 

of complaints included the spinal column (23 complaints) located directly against the 

backpack mainframe, and low back regions located underneath the hip belt (right lower 

back=19 complaints; left lower back=23 complaints and tailbone=32 complaints). The 

only common complaint on the posterior body where there was no direct contact with the 

load carriage system was the posterior region of the neck (36 complaints). 

Using the numerical pain scale, the highest pain intensities on the anterior and 

posterior body, ranged between 5 and 7. This means that subjects experienced pain 

intensities from 56% to 78% of maximal pain, during occupationally relevant work. More 

specifically, pain intensity on the anterior body (Table 1) was highest directly underneath 

the load carriage strapping system. For example, for anatomical sites located underneath 

the shoulder straps, the pain intensity was 56% of max. pain (right shoulder) and 67% of 

max. pain (left shoulder). Pain intensity at sites located underneath the sternum strap was 

56% of max. pain (anterior neck region) and 78% of max. pain (sternum region). For sites 
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located underneath the hip belt, pain was 56% of max. pain (right and left abdomen). 

Last, the anterior anatomical site located underneath the extension straps of the shoulder 

harness, straps which wrap anterior-to-posterior underneath the armpits to join the 

anterior shoulder straps to the rear mainframe of the backpack (seen in Figure 1), had a 

pain intensity of 67% of max. pain (right armpit) and 56% of max. pain (left armpit). 

Table 2 shows that posterior, pain intensity was 5 ± 2 for the right and left 

shoulders (underneath the shoulder straps), and under the right and left armpits 

(underneath the extension straps of shoulder harness). Similar pain intensities were found 

in the low back regions located underneath the hip belt (right lower back = 6 ± 2, left 

lower back = 6 ± 1  and tailbone = 6 ± 2). The posterior sites of the body with high pain 

intensity were found to be in direct contact with the mainframe of the backpack. These 

regions were the shoulder blade regions (left and right shoulder blades = 7 ± 1) and the 

spinal column (7 ± 2). The sole posterior site that did not have direct contact with the load 

carriage system yet had high pain ratings was the neck (6 ± 2). 
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Table 1. Anterior pain map locations and intensities. 
Assigned name of body 

location 

Body surface site on 

pain map 

Number of complaints 

per site 

Pain intensity per site 

(mean ± S.D.) 

Right side of head 1 0 0 ± 0 

Left side of head 2 0 0 ± 0 

Neck 3 15 5 ± 2 

Right shoulder 4 70 5 ± 2 

Left shoulder 5 82 6 ± 2 

Right upper arm 6 1 3 ± 0 

Left upper arm 7 1 3 ± 0 

Right forearm 8 0 0 ± 0 

Left forearm 9 0 0 ± 0 

Right hand 10 0 0 ± 0 

Left hand 11 0 0 ± 0 

Right armpit 12-6 borderline 7 6 ± 2 

Sternum 12-13 borderline 6 7 ± 2 

Left armpit 13-7 borderline 9 5 ± 2 

Right abdomen 14 12 5 ± 2 

Left abdomen 15 18 5 ± 2 

Genitalia 16 0 0 ± 0 

Upper right leg 17 1 1 ± 0 

Upper left leg 18 1 1 ± 0 

Lower right leg 19 0 0 ± 0 

Lower left leg 20 0 0 ± 0 

Right foot 21 0 0 ± 0 

Left foot 22 0 0 ± 0 
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Table 2. Posterior pain map locations and intensities. 
Assigned name of body 

location  

Body surface site on 

pain map 

Number of complaints 

per site 

Pain intensity per site 

(mean ± S.D.) 

Right side of head 23 0 0 ± 0 

Left side of head 24 0 0 ± 0 

Neck 25 36 6 ± 2 

Left shoulder 26 49 5 ± 2 

Left shoulder blade 26-34 borderline 5 7 ± 1 

Right shoulder 27 50 5 ± 2 

Right shoulder blade 27-35 borderline 6 7 ± 1 

Right upper arm 28 0 0 ± 0 

Left armpit 28-34 borderline 3 5 ± 2 

Left upper arm 29 0 0 ± 0 

Right armpit 29-35 borderline 3 5 ± 2 

Right forearm 30 0 0 ± 0 

Left forearm 31 0 0 ± 0 

Right hand 32 0 0 ± 0 

Left hand 33 0 0 ± 0 

Spinal column 34-35 borderline 23 7 ± 2 

Left lower back 36 23 6 ± 1 

Tailbone 36-37 borderline 32 6 ± 2 

Right lower back 37 19 6 ± 2 

Left buttock 38 1 2 ± 0 

Right buttock 39 3 4 ± 2 

Upper right leg 40 0 0 ± 0 

Upper left leg 41 0 0 ± 0 

Lower right leg 42 0 0 ± 0 

Lower left leg 43 0 0 ± 0 

Right foot 44 0 0 ± 0 

Left foot 45 0 0 ± 0 
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6.5 Discussion  

Medical data related to injury from load carriage is well known. To date it is 

known that the etiology of painful injuries is linked to carrying too much payload over 

long duration (Bessen et al. 1987; Burton et al. 1996; Daube 1969; Grimmer and 

Williams 2000; Guyer 2001; Iyer 1999; Knapik et al., 1992, 1996; Negrini et al. 1998, 

1999; Reynolds et al., 1990, 1999; Troussier et al. 1994; Waters et al. 1994) and/or a 

poorly designed backpack (Bessen et al., 1987; Reynolds et al., 1990). Further, 

researchers have reported that different backpack designs have caused different injuries 

among users, suggesting that there is no universal backpack design that can be used to 

accommodate all human needs. (Knapik et al., 1996; 1997). Regardless of the backpack 

design carried over a given distance, it is likely that the common precursor to injury from 

load carriage is pain (Kandel et al, 2000; Marieb, 2004). As a result, pain was analyzed 

using 14 backpack designs during numerous physical tasks of occupationally relevant 

work, to determine general qualitative and quantitative characteristics that may be used in 

future work to predict injury or safety limits in humans. This unique inductive approach 

has not been undertaken in past work.   

Results of this study reveal that two conditions cause pain. The first condition is 

when the body is exposed to a major component of the backpack strapping system. For 

example, subject pain is more common under the shoulder straps of the pack and under 

the axilla straps (extensions of the shoulder strap harness). Pain was also commonly 

reported under the hip belt strap, resulting in pain to the low back region. Finally, the 

strapping system located in the chest region (the sternum strap) was a common source of 

anterior chest and neck pain.  

The link between the strapping system and the painful demands placed on the 

backpacker has been established in the past. For example Bryant and Reid (1996) used a 

biomechanical model to examine the forces acting on the person-backpack system and 

reported that most of the resistive forces to the payload were provided by the shoulders, 

hips and lower back through use of the shoulder straps and hip belt. These forces could be 

used to predict the pain in humans. However, biomechanical models may not be 
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completely generalizable to humans under various working conditions and they do not 

provide information about the magnitude of pain that humans will experience. For 

example, Bryant et al. (2001) used a model to calculate forces resulting from 5 different 

backpacks. The calculations showed a mean lumbar force of 205.3 N and mean shoulder 

force of 195.8 N which suggests (a) that humans would experience pain with similar 

frequency and intensity in the shoulders and hip regions or (b) that pain would be more 

frequent and intense in the lumbar region. However, Tables 1 and 2 show that when 

backpacks were tested on humans, pain was more frequent in the shoulder region. These 

findings suggest that the shoulders may serve an important region in predicting load 

carriage limits and injury in humans, although more research is needed.  

The second condition that facilitates pain is when a major boney site of the body 

is exposed to a flat surface of the backpack mainframe. These findings have implications 

on optimization of backpack design for occupationally relevant work. To date, little is 

known about pressure-backpack interactions at boney regions, In the past, researchers 

have reported opposing findings regarding how humans perceive forces acting on the 

back, particularly when internal pack frames (typically, a metal supporting structure is 

constructed inside the fabric of the pack) were compared to external pack frames 

(supporting structure is constructed on the outside of the pack). For example, no 

difference in perceived exertion was reported by Kirk & Schneider (1992) when external 

and internal pack frames were compared during walking on level terrain. In contrast, 

others reported that rough terrain caused perceived exertion to be lower with an internal 

pack frame (Jacobson et al., 2000). Last, it has been reported that regardless of the pack 

frame used, the majority of discomfort appears to be in the neck and shoulder regions 

(Knapik et al., 2004). 

Table 2 shows the boney trunk regions in contact with the backpack mainframe 

may be a concern for injury during occupationally relevant work. In fact, Table 2 shows 

that next to the shoulders, pains on bony regions of the back were most commonly 

occuring and were highest in intensity for trunk locations such as the shoulder blades, 

hips and tailbone. Although more research is required, it is possible that pressure exerted 
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near these boney regions caused an occlusion of blood flow to local working muscles 

causing ischemia, a condition which is known to be painful (Chiras, 2005; Shier et al., 

2006) or it may be that pain is enhanced because the boney protruberances are greater 

frictional and shear forces. In fact, Mackie et al. (2005) used a mannequin load-carriage 

simulator to study pressures under the backpack and their data suggested that frictional 

forces, especially shear force between the pack and mannequin, might explain high levels 

of pain during load carriage. Based on these findings, reducing point pressures between 

the human-backpack interfaces may reduce the chance of pain and injury to boney 

anatomical sites. Boney regions should be examined in future studies to determine the 

role of these point pressures on human limits.  

One notable finding in this study was that the posterior neck region had a high 

rating of pain, even though the backpack was not in direct contact with the skin’s surface.  

It is possible that this high pain rating was due to fatigue of the trapezius muscles caused 

by the prolonged downward force on the backpack due to gravity. Due to the heaviness of 

the load, the trapezius muscles would be required to sustain force for prolonged periods to 

counteract gravity acting on the backpack during the physical tasks. Over time, this 

prolonged state of contraction may have led to fatigue of trapezius and consequently high 

pain ratings in the posterior neck region. In fact, it has been shown that pain can be 

caused by prolonged muscle contraction leading to fatigue, as a result of metabolite build-

up from anaerobic metabolism and ischemia (MacIntosh et al., 2006; Silverthorn, 2004; 

Wilmore & Costill, 2004). Recently, similar findings were reported by Legg et al. (2003) 

who found the intensity of posterior neck pain was rated within the top 5-6 most painful 

regions during load carriage. The relevance of the data shown in Table 2 is that fatigued 

neck muscles can be just as painful as anatomical body parts that are in direct contact 

with compressive backpack forces. Given these results, it may be useful if researchers 

examine the role of neck region in determining load carriage limits in the future. 

Overall, the pain patterns found in this study are consistent with injuries reported 

by others. These problems included medical problems with the shoulders (Knapik, 1992; 

1996; Pascoe et al. 1994, 1997), the back (Burton et al. 1996; Grimmer and Williams 
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2000; Guyer 2001; Iyer 1999; Knapik, 1996; Negrini et al. 1998, 1999 Waters et al. 1994; 

Pascoe et al. 1994, 1997), and neck (Holewijn, 1990); as well as injury to boney locations 

(Knapik et al., 2004). However, two major limitations in past research is that (a) no 

practical standardized method had been developed to study load carriage pain until 

recently (Legg et al., 2003) and (b) pain was generally measured after load carriage work 

was performed, potentially missing important data. 

 In order to quantify pain, Weiner et al. (1998a; 1998b) proposed a pain map that 

was divided into 45 regions of the body. Although this pain map was shown to have good 

reliability and validity, it was developed as a pain assessment map for use in nursing 

homes rather than load carriage. Only recently, Legg et al. (2003) reduced the number of 

pain regions in a pain map and the map was successfully tested on backpackers; however, 

only two backpack designs were studied. Since this was the first study to measure a large 

number of trials with different backpacks, the Weiner et al. (1998) method of pain 

mapping was used to ensure data could be pin-pointed to a greater number of anatomical 

regions. Further, there was a concern that using the pain map by Legg and colleagues may 

have reduced the pain data too much (i.e. too few anatomical categories). Given that 

multiple backpack conditions were tested and based on the results shown in Tables 1 and 

2, it appears to be acceptable to reduce the pain map into fewer regions, since not all 

regions are applicable during load carriage work. However, if pain is to be used to predict 

load carriage limits in the future, the quantification of pain after physical tasks does not 

provide enough information. In the future, a condensed pain map can be used to study 

pain during physical exercise or work. Studying pain as it develops or in situ appears to 

be the next logical step toward the development of a model of load carriage limits.  

  

6.5.1 Limitations  

The data presented in this study has some limitations on generalizability that 

should be discussed. First, it should be emphasized that the subjects examined in this 

study represented a uniform sample of the physically healthy males, with significant 

military experience. By the nature of an occupation in the military, the subjects in this 
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study were already pre-screened and selected for their trade based on passing standard 

cognitive and physical tests. Therefore the subjects analyzed in this study may have 

cognitive abilities, physical status or tolerance of pain that exceeds the average person in 

the civilian population. Therefore, the findings here may not be as transferable to certain 

groups of people in the civilian population, such as females or those who have a larger 

range of physical, cognitive, or pain tolerance characteristics.  

Another limitation of this study is that the sample size of the subjects could have 

been larger for an epidemiological approach. Although a larger sample size could have 

strengthened the generalizability of the findings, it may not have been practical as a first 

study in this area. Future studies could extend this work to include a larger segment of 

population who uses backpacks, for example children and females.  

In addition, another potential limitation to the data is the methodology used to 

analyze the pain map data. In order to analyze all subjects in a standardized manner, each 

subject’s pain rating were transferred onto a master map with 45 anatomical divisions, 

detailed by Weiner et al., (1998a). It is possible that transfer of data by the researcher 

onto a master map of pain may have misrepresented the exact location due to differences 

in scales. However, given that 45 anatomical divisions were broad enough in area, 

therefore, this would not have moved a painful location very far. Further, in pilot 

research, it was found that subjects were not able to pinpoint painful locations precisely; 

instead, they were able only describe general painful regions. Therefore, the painful 

locations described in this study should be interpreted as probable, general regions of 

pain, rather than pinpointing painful locations within a specific anatomical division.  

Last, although use of pain mapping and pain intensity scales are typically a 

relatively simple and fast method of evaluation, it should be noted that there may be a 

learning effect for these tools which could influence the results (Weiner et al., 1998b). In 

future work, it would be advisable to allow subjects time to familiarize themselves with 

the pain measurement tools before the start of data collection. As well, it should be noted 

that pain mapping has limitations if it is used to indicate both external and internal pain at 

the same time (Melzack, 1975) and it may be too confusing for subjects if this approach is 
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taken (Weiner et al., 1998a; Herr and Mobily, 1993). Therefore, for load carriage 

experiments, it is important to ensure that subjects understand what type of pain they are 

to report. Consequently, practice may be necessary for subjects who have difficulty 

understanding the pain scales if this study is extended to tests on the civilian population. 

Nonetheless, based on past studies, researchers have shown that pain mapping and scales 

are relatively easy to use and that they have very good test-retest reliability and good-to-

modest predictive validity (Weiner et al., 1998a). 

 

6.6 Conclusion 

In conclusion, previous research has focused on injury records from backpack use 

or on backpack designs that may improve safety, without consideration for the possible 

painful warning signs of injury. To understand the painful experience of load carriage, a 

pain map and numerical pain rating scale were examined in this study to analyze human 

pain during a complex series of standardized load carriage tasks in a controlled 

environment. The understanding gained in this study suggests that a pain map and 

numerical rating scale are useful assessment tools for load carriage tasks and these tools 

may have potential use for the development of load carriage limits. However, to develop 

these limits, it is important that pain can be measured in situ. Analysis of pain conducted 

in this study suggests that the shoulder region plays a strong role in determining load 

carriage limits. In addition, the hip region and boney posterior anatomical regions, in 

direct contact with the backpack, were also found to be highly painful locations during 

load carriage work. Finally, it was found that the posterior neck region was a highly 

painful region, even though there was no direct contact with the backpack at this location. 

Future researchers should attempt to gain a better understanding of the relationship 

between load carriage limits and pain in the the shoulders, hip, boney regions of the trunk 

and neck over time, which may help researchers develop safety limits for humans.   
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Chapter 7 

Human Load Carriage Limits for Light to Heavy Loads during Endurance Exercise 
in a Controlled Environment 

 
7.1 Abstract 

The purpose of this study was to use pain mapping, quantification of pain 

intensity, and physiological and motor tests to develop load carriage limits for light to 

heavy payloads during 45-minutes of endurance exercise, using a predictive study design. 

Seven healthy males (mean age = 23.9 ± 1.5 years, a mean height = 178.7 ± 6.3 cm, a 

mean mass = 75.3 ± 2.8 kg) were randomly tested on nonconsecutive days, using four 

different backpack payloads (15, 25, 35, and 50 kg). Subjects were measured for heart 

rate (pre-, post-, and during exercise), for pain intensity and location, and for motor 

performance (pre- and post-exercise).  

Results showed that two subjects were unable to complete the 45-minute walk 

using a 50 kg payload. All subjects were able to exercise without stopping using a 15-35 

kg payload for 45 minutes and a 50 kg payload for 30 minutes. Mean heart rate 

significantly increased from pre- to post-exercise (p<0.001). A Tukey HSD post hoc 

showed that only the 50 kg payload condition had a significantly higher heart rate at post-

exercise than all other conditions (p<0.05). Motor control performance was unchanged 

from pre- to post-exercise for all payload conditions. Pain findings showed that the 

anterior acromial (shoulder) region was the most painful region on the body and was 

highest using the 50 kg payload (mean peak pain = 3.4/10). On the posterior body, the 

cervical (neck) region was most painful, particularly for payloads ≥ 35 kg (mean peak 

pain = 2.8/10), even though there was no direct skin contact with the backpack at this 

location. During exercise, brief 5-10 minute reductions in pain occurred on both anterior 

and posterior sites; generally occurring after 10-15 minutes of exercise. In conclusion, the 

data suggested that anterior shoulder pain may limit endurance performance, thereby 

indicating the importance of a well-designed shoulder strap. The sternum strap and hip 

belt may also improve limits by reducing shoulder pressure through the redistribution 

forces over a larger surface on the anterior body. Posterior neck pain suggests that the 
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trapezius muscle is susceptible to excessive fatigue; therefore, frequent rests along with 

supportive backpack features (well-designed hip belt, shoulder and sternum straps) will 

likely help reduce posterior neck pain during endurance exercise. Frequent rests may also 

reduce pain in the posterior medial thoracic (spinal column) region that was attributed to 

occluded blood flow in the region. Based on the findings, two models were proposed in 

this paper: an assertive model and a conservative model to allow prediction of human 

load carriage limits for endurance exercise.  

 

7.2. Introduction  

 When it comes to transporting materials through a variety of environments by 

foot, humans frequently use backpacks or personal load carriage systems. Backpacks are 

used for numerous military applications (Fergenbaum, et al., 2003a; 2003b; 2003c; 

Hadcock, 2002; MacNeil, 1996; Morin, et al., 2003; Morin, et al., 1998; Reid et al., 2004; 

Stevenson et al. 2004; Stevenson et al., 2004) and civilian applications (Abdoli et al., 

2006; Brackley & Stevenson, 2004; Drinkwater et al., 1982; Jacobson et al., 2000; Knight 

et al., 2000; Mackie et al., 2005; Macias et al., 2005; Rateau, 2004; van Vuuren et al., 

2005). Unfortunately, backpacks have been linked to injury; more specifically, upper 

brachial plexus injury (Bessen, 1987; Daube, 1969; Hauser & Martin, 1943; Ilfeld, 1942; 

Knapik et al., 2004; Sutton, 1976, Wilson, 1987); injury to shoulders, upper and lower 

limbs (Cottalorda et al., 2004); and the development of numbness, paralysis, cramping, 

shoulder pain, and temporary/chronic sensorimotor deficits (Bossi, 2000). Recent reports 

propose that the main risk factor for injury is design characteristics related to the shoulder 

straps (Bossi, 2000; Cottalorda et al., 2004); yet others argued that the primary problem is 

carrying heavy loads over long distances (Bessen, 1987; Cottalorda et al. 2004; Reynolds 

et al., 1990; Hale et al., 1953; Harman et al., 1992; Knapik et al., 2004; Pandorf, 1999; 

Reynolds et al., 1990). The detailed nature of the relationship between backpacks and 

injury is unclear. Factors that may influence injury include: contact pressure on the body; 

physiological stress; human pain tolerance; backpack design; and environmental/terrain 

conditions; amount of payload carried; and distance traveled. A number of papers have 
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proposed safety limits for load carriage, particularly out of concern for youth (Cheung & 

Hong, 2000; Cottalorda et al., 2004, Hong et al., 2000; Iyer 1999 Limon et al. 2004; 

Mackenzie et al., 2003; Negrini et al., 1999 Pascoe et al., 1997); some researchers arguing 

that payloads become unsafe when greater than 11% (Iyer 1999, Negrini et al. 1999) to 

20% body weight in schoolchildren (Cheung & Hong, 2000; Hong et al., 2000; Pascoe et 

al., 1997). However, others have argued that these recommendations are based on a 

relatively limited amount of evidence-based research (Steele et al., 2003). Further, limits 

based on youth may not be suitable for adults who have more mature musculoskeletal 

systems.  

 

7.2.1 Pain 

Much of the backpack research has focused on pain. Pain is a complex sensation 

known to serve as a protective mechanism causing humans to take action to avoid injury 

(Mader, 2006; Marieb, 2004). A stimulus becomes painful when the intensity threatens to 

damage tissue (Shier et al., 2006). The ability to sense pain protects humans from a 

number of self inflicted injuries, such as: pressure sores, joint damage and 

missing/damaged appendages and even potential death due to internal injury (Campbell & 

Reece, 2005). Healthy individuals sense harmful stimuli with specialized receptors, called 

nociceptors that are most abundant in the skin, but also found in internal organs such as 

joints and tendons (Rhoades & Pflanzer, 2003). Four types of nociceptors have been 

identified, including: (a) mechanical nociceptors that respond to excessive skin pressure 

such as strong pressure, pinching, squeezing or twisting on the skin; (b) thermal 

nociceptors that respond to dangerously high heat or noxious cold stimuli; (c) polymodal 

nociceptors that respond to damaging chemical, thermal, or mechanical stimuli (Kandel et 

al, 2000); and (d) silent nociceptors that respond only to stimulation due to inflammation 

caused by surrounding nociceptors (Silverthorn, 2004; Julius & Basbaum, 2001).  

Not all noxious stimuli elicit the same intensity of pain. The body has the 

unconscious ability to control neural pain signals in order to reduce human 

responsiveness to pain. This ability is particularly advantageous for humans when they 
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are faced with unavoidable psychological or environmental stress/danger. Normally, pain 

causes humans to recuperate, to escape, or to withdrawal from dangerous situations. 

However, when danger is imminent, humans have shown an innate ability to suppress 

pain so that more adaptive behaviors result; such as physical confrontation when the 

possibility of retreat or escape is limited (Kandel et al, 2000). This ability to control pain 

can be influenced by central mechanisms, peripheral mechanisms, or both. Pain 

mechanisms that can be related to load carriage exercise, include: exercise-induced 

endorphin effects (centrally controlled mechanisms), as well as localized muscle fatigue, 

localized inflammation, and/or loss of blood flow (peripherally controlled mechanisms).  

 

7.2.2 Central Pain Mechanisms 

It is well-known that humans have several endogenous opioid neuropeptides that 

are involved in pain regulation. These neuropeptides are widely distributed in the brain, 

hypothalamus, limbic system, anterior pituitary gland and spinal cord (Marieb, 2004; 

Shier et al. 2006; Kandel et al., 2000). The body’s opioid activity is increased during 

times of physical and emotional stress, an effect known to last from minutes to hours 

(Kandel et al., 2000; Silverthorn, 2004). Research on the effects of environmental 

exercise has focused on the well-known, β-endorphin, a peptide of 31 amino acids, 

derived from processing of a larger precursor peptide, known as proopiomelanocortin 

(POMC). β-endorphin is released into the blood by the anterior pituitary gland through 

hypothalamic neuronal influence in response to exercise stress (Kandel et al., 2000), 

perhaps triggered by exercise-induced acidosis (Taylor et al., 1994; Mougin, 1987). 

During acute exercise, β-endorphins plasma levels can rise, as high as five times above 

rest levels (McArdle et al., 2000) and these endorphins have been linked to post-exercise 

pain relief caused by delayed onset muscle soreness (Kelly, 1982). Long duration exercise 

has also been shown to increase plasma levels of β-endorphins, along with enkephalins, a 

pentapepide endogenous opioid (Wilmore & Costill, 2004; McArdle et al., 2000). 

Exercise-induced analgesia is reported to result when pain in the body is above 

moderate intensity and duration (Campbell & Reece, 2005; Kandel et al., 2000; Marieb, 
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2004; McArdle et al., 2000). In terms of duration, studies have shown that 15 to 30 

minutes of exercise was sufficient to induce an analgesic effect, reflected by decreased 

pressure-pain thresholds in subjects (Bartholomew et al., 1996; Hoffman et al., 2004; 

Kodoma et al., 2003; Bouix et al., 1997). In terms of exercise intensity, various minimum 

thresholds have been offered. For instance, some report that analgesia can occur from 

exercise as low as 55% of VO2max (Bouix et al., 1997) or 15 minutes of repetitive 

Shuaishou-like exercise (Kodoma et al., 2003); while others have reported minimum 

thresholds to be as high as 75% of VO2max for 30 minutes of repetitive exercise 

(Hoffman et al., 2004). 

 

7.2.3 Peripheral Pain Mechanisms 

 

7.2.3.1 Working Muscles and Fatigue 

The working muscle itself may modulate pain. For example, pain may become 

elevated as muscles fatigue, due to the onset of anaerobic metabolism; often experienced 

as a burning sensation felt within the working muscle (Wilmore & Costill, 2004). In a 

fatigued muscle, pain may result from one or more the following mechanisms: (1) lactic 

acid and H+ ion accumulation as a byproduct of anaerobic metabolism (Wilmore & 

Costill, 2004); (2) the buildup of K+ metabolites (a known pain-enhancer) as a result of 

membrane potential changes within the working muscle (Silverthorn, 2004); and/or (3) a 

lack of adequate blood flow (ischemia) to the working muscle due to waste byproduct 

congestion, thereby reducing oxygen supply and facilitating anaerobic metabolism in the 

muscle cells (MacIntosh et al., 2006; Silverthorn, 2004).  

Another factor increasing pain may occur as a result of localized adenosine 

triphosphate (ATP) depletion in working cells leading to necrosis. In fact, Hayes et al. 

(1988) reported a close link between myonecrosis and depletion of ATP in canine muscle. 

They showed that early ischemia caused muscle fibre glycogen and creatine phosphate 

depletion in preference to ATP, showing little muscle necrosis until ATP depletion 
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commenced. As ATP depleted (longer ischemic intervals) Hayes et al. (1988) reported 

that diminishing ATP levels were closely correlated with worsening muscle necrosis.   

In contrast, research has shown that exercise stress may increase pressure pain 

threshold, thereby reducing pain. The concern with elevated pressure pain threshold is 

that desensitization to pain could allow workers to continue tissue-damaging work 

without rest; thereby, causing workers to unknowingly injure themselves. For example, 

Persson et al. (2000) showed that pressure-pain threshold remained elevated after subjects 

exercised to fatigue, even though the fatigued muscles were able to return to pre-exercise 

levels (measured by EMG) in less than 10 minutes. These findings showed that the 

muscles are capable of returning to work, even under desensitized conditions.  

Studies on fatigue have also shown that upper body exercise leading to local upper 

body muscular fatigue creates a state of desensitization in both men and women, causing 

subjects to perceive a load to be lighter than it was perceived when not fatigued. Again, 

this state could allow exercisers to continue tissue-damaging work under analgesic 

conditions (Cafarelli, 1982, Deeb 1999, Persson et al., 2003). As further evidence, 

Persson et al. (2000) reported that intense, exhaustive, unilateral exercise caused 

immediate bilateral increases in pressure-pain threshold for the trapezius and shoulders in 

the range of 6%-23%, suggesting that tired muscles on one side of the body can 

desensitize pain on the contralateral side. In terms of the lasting effect of desensitization, 

Persson and colleagues showed that exhaustive work involving the shoulders and neck 

region increased localized pressure-pain threshold within 10-20 minutes of post-exercise 

(Persson et al., 2000; Persson et al., 2003) to as long as 7 days (Persson et al., 2000), 

before pressure-pain threshold returned to pre-work levels. To date, the relationship 

between, exercise, muscle fatigue and pain due to load carriage is mostly unknown.  

 

7.2.3.2 Inflammation 

It is well-known that inflammation is peripherally controlled mechanisms that can 

influence pain (Bahr & Maehlum, 2004; Benrath et al., 2001; Campbell & Reece, 2005; 

Irvin et al., 1998; Jensen et al., 1991; Kandel et al., 2000; Seeley et al., 2005). For 
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example, noxious mechanical pressure acting on the body can damage human skin, 

thereby facilitating the release of a variety of inflammatory chemical mediators at the site 

of tissue damage. The results of inflammation have pain-enhancing effects on the body. 

Inflammatory mediators including histamines, leukotrienes, kinins, prostaglandins, 

substance P and numerous related substances, which guide the body’s immunological 

response to repair the damaged region; a process associated with symptoms of redness, 

swelling, heat and pain (Bahr & Maehlum, 2004; Benrath et al., 2001; Campbell & 

Reece, 2005; Irvin et al., 1998; Jensen et al., 1991; Kandel et al., 2000; Seeley et al., 

2005). If the acute injury is occasional, then tissues usually recover fully; however, if 

injury is repetitive, a prolonged inflammatory response will ensue, interfering with 

normal tissue healing processes, thereby causing chronic pain (Kandel et al., 2000; Seeley 

et al., 2005) Chronic inflammation can also result in long-term neural changes that lower 

pressure-pain threshold (Seeley et al., 2005; International Association for the Study of 

Pain, 2006; Kandel et al., 2000; Silverthorn, 2004). In fact, chronic inflammation may 

lower the pain threshold in perpherial nociceptors to such an extent that patients 

inappropriately experience pain from non-noxious mechanical stimuli or when no 

stimulus is presented (Bahr & Maehlum 2004; Kandel et al., 2000).  

 

7.2.3.3 Type of Tissue and Blood Flow 

Occlusion of blood flow by the backpack itself can also facilitate pain. Recent 

evidence suggests that pressure-pain threshold limits can be affected by the type of tissue 

being pressurized and the blood flow response to applied pressure. At the macro-tissue 

level, research shows that deep muscle/soft tissue, rather than boney regions or superficial 

skin are primarily responsible setting pain intensity and pressure-pain limits (Fujisawa et 

al., 1999; Nie et al., 2005). One explanation is that soft tissue, such as skeletal muscle, is 

particularly vulnerable to reduced oxygen levels (ischemia) because it is the primary 

contact surface in the body (Blaisdell, 2002) and given its function, muscle is more 

sensitive to reduced oxygen levels (Chiras, 2005; Shier et al., 2006) making it more likely 

to activate pain receptors under ischemic conditions. Additionally, pain may be elicited in 
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soft tissue regions when local muscles are required to sustain a long contraction that can 

squeeze surrounding capillaries; thereby interrupting blood flow and oxygen delivery, 

causing painful muscle cramping, increased the muscular contractions, and activation of 

further pain receptors (Shier et al., 2006). On the other hand, data from Chapter 6 

suggested that boney regions on the back, rather than soft tissue, were more likely to 

experience pain with higher pain intensities than many other regions. This discrepancy 

still needs resolution.  

A number of problems can result at the micro-tissue level. First, blood occlusion 

generates necrotic cells that can rupture; spilling lysosomes and lysosomal enzymes into 

the extracellular space triggering an intense inflammatory response (Chu 2002). Second, 

problems may compound to increase pain when pressure is relieved because ischemia 

stimulates mechanisms to vasodilate the affected region in an attempt to re-establish 

blood flow (Blaisdell, 2002; Lu et al., 1997). A sudden relief of pressure can cause a 

blood surge into the affected area, in the range of 186%–226% of normal blood flow 

(Johansson et al., 2002), resulting in subsequent vessel damage. Thus, it appears that 

pressure-pain threshold may not be solely related to blood occlusion, but also to the 

subsequent inflammatory response (Benrath et al., 2001; Bhalang et al. 2005; Hanten et 

al. 2000; Sandberg et al. 2005). In fact, Blaisdell (2002) reported that blood reperfusion is 

followed by a multifactor inflammatory response that can aggravate pre-existing 

microvascular damage which can increase interstitial pressure to further restrict 

microcirculation causing additional muscle tissue damage and microvascular thrombosis, 

all of which can increase the extent of muscle damage.  

Many authors have investigated skin contact pressures that can cause these 

dangerous ischemic conditions. In the past, some recommendations were based on 

multiple factors, rather than absolute pressure alone (e.g. duration of applied pressure, 

type of tissue loaded, blood pressure, and so on). For example, some have recommended 

that absolute skin contact pressure should be less than 4–6 kPa or between 1.3 kPa–2.7 

kPa (less than diastolic blood pressure) to prevent blood occlusion, if pressure is 

continuous for up to 8 hours (Mars & Hadley, 1998). Others have examined various bony 
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and soft tissue regions in the body and concluded that skin blood flow is compromised 

from 8 kPa (Ek et al., 1987) to 14 kPa (Holloway et al., 1976). When duration of applied 

pressure was considered, Wikstrom et al. (1991) warned that contact pressures of 10 kPa 

could be dangerous when applied continuously for more than four hours. A number of 

authors have examined skin blood flow over boney regions and most reported that 

ischemic conditions resulted from contact pressures higher than 12 kPa (Svedman et al., 

1990), 13 kPa (Sacks et al. 1988; Svensson et al., 1990), 14.6 kPa (Schubert & Fagrell, 

1989), 15 kPa (Seiler et al., 1983) 18.8 kPa (Newson et al. 1981). Some have even 

reported skin blood flow could remain within acceptable limits for skin contact pressure 

up to 50 kPa (Johansson el al., 2002). One of the limitations with most of the past 

research on pain limits is that (a) researchers often studied muscle pain in a single muscle 

group and/or (b) the muscles studied were not relevant to load carriage. Although little is 

known about safe backpack pressures on humans, recently, Stevenson et al. (2004a) 

reported that a mean pressure greater than 20 kPa and/or a peak pressure greater than 45 

kPa were not recommended for long duration load carriage.  

  
7.2.4 Pressure Measurement  

 A major problem with the measurement of contact pressure from a load carriage 

system is the measurement tool itself. Pressure is calculated by dividing the applied force 

by the area of the contact surface. One biomechanical tool, known as pressure mapping 

technology, is commonly used to measure contact pressure. Several studies have assessed 

the performance of various pressure measurement systems (Allen et al., 1993; Cooper, 

1998; Eckrich et al., 1991; Eitzen, 2004; Fergenbaum et al. 2003a; 2003b; Gray, 1999; 

Morin et al., 1998; Shelton et al., 1998; Stevenson et al., 1996) with many questioning the 

accuracy, repeatability and validity of modern pressure measurement technologies (Allen 

et al., 1993, Eitzen, 2004; Fergenbaum et al. 2003a; 2003b; Gray, 1999; Harman et al., 

1999; Hochmann et al., 2002; Nicolopoulos et al., 2000; Shelton et al., 1998; Sih, 2001). 

In fact, many have doubted the suitability of the technology for use on humans, citing 

variations in accuracy as high as 20% when compared to a force platform (Baumann et 

al., 1992; Mueller et al., 1994; McPoil et al., 1995; Woodburn & Helliwell, 1996). Others 
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have reported errors ranging from 9% to 20% when used on curved-surface models, even 

for well-known pressure mapping systems using resistive ink technology and 

mathematical corrections to improve accuracy (Fergenbaum et al., 2003b; Stevenson et 

al., 2004a). Also, many have expressed concern that accuracy may be compromised by 

many environmental factors, such as: temperature and humidity (Cavanagh, 1992; Luo et 

al., 1998; Sumiya et al., 1998), error due to bending (Bryant et al., 1999; Fergenbaum et 

al., 2003b, Morin et al., 2001; Stevenson et al., 2004a); compliant surface conditions 

(Fergenbaum et al., 2003a, 2003b; 2003c; Sih, 2001; Luo et al., 1998; Sumiya et al., 

1998); mechanical breakdown (Cavanagh, 1992; Sih, 2001); short duration loading 

(Fergenbaum et al., 2003a; Luo et al., 1998; Sumiya et al., 1998); and calibration 

limitations (Stevenson et al., 2004a; Hadcock, 2002; MacNeil, 1996; Fergenbaum et al., 

2003a, 2003b; 2003c; Sih 2001). Others have questioned absolute pressure measurement 

as a whole (Eitzen, 2004; Luo et al., 1998; Sumiya et al., 1998). 

In the biomechanics laboratory at Queen’s University, early research showed that 

resistive ink technology required mathematical corrections to improve errors when the 

system was tested on a human shoulder model (MacNeil, 1996) and hip model (Hadcock, 

2002). To reduce the measurement error, Bryant et al. (1999) and Morin et al. (2001) 

developed calibration curves and recommended a unique test-retest protocol to reduce the 

mean error to within 4.0 kPa. However, this resistive ink technology was not ideally 

suited for humans due to its bending error of up to 20% (Stevenson, et al., 2004a). In a 

search for greater accuracy, newer technologies were also investigated. Using a flat 

surface covered with skin-like Bocklite®, Fergenbaum et al. (2003a) reported errors 

values (in percent bias) of -27% (capacitance), -26% (piezoresistive) and +153% 

(resistive ink) during short, two-minute duration loading intervals and -22% 

(capacitance), -23% (piezoresistive) and +129% (resistive ink) during a long duration, 

one-hour loading interval. Further, tests at the low pressure, increased the error for some 

systems, resulting in a mean bias of +3%, +81% and +192% for the capacitance, 

piezoresistive, and resistive ink technologies, respectively. In recent tests using a curved 

human-like shoulder model, Fergenbaum et al. (2003b) showed that capacitance 
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technology had a unidirectional mean bias of -20% which underestimated actual loads. In 

contrast, resistive ink technology showed a bidirectional bias: overestimating light-to-

moderate loads by a mean bias of 12% and underestimating heavy loads by a mean bias 

of 9%. Last, capacitance technology was shown to be more repeatable (mean coefficient 

of variance = 31%) than resistive ink technology (mean coefficient of variance = 104%), 

leading Fergenbaum et al. (2003b) to conclude that capacitance technology had more 

advantages for use on humans than resistive ink technology, although technological 

improvements would be required  

When modern pressure mapping technologies were tested under highly controlled 

dynamic conditions, results showed that the capacitance technology measured a force that 

was 64% of the actual force applied maximal force by the Instron® compared to the 

piezoresistive technology that measured a maximal force of 49% of the actual applied 

force. Further, findings showed that capacitance technology was more valid at tracking 

changes in applied dynamic forces than the piezoresistive technology and that capacitance 

technology showed superior repeatability (mean coefficient of variation of 1.3% for 

measurements of peak force) compared to the piezoresistive technology (20.8% 

coefficient of variation). Given the limitations of modern pressure mapping technology, 

alternative methods to develop load carriage limits were explored. 

 
7.2.5 Backpack Comfort and Design Considerations  

As an alternative to direct pressure measurement, the literature was re-examined 

using inductive approach to determine if specific backpack characteristics could be used 

to develop general principles for use in the development of load carriage limits. The 

research possessed a number of specific recommendations which could be used to 

improve load carriage comfort, such as: a vertical payload placement inside the backpack 

(Jacobson et al., 2004); locating the center of mass of the payload close to the torso to 

keep the trunk in an upright position (Knapik et al., 2004); low or mid-back payload 

placement for comfort on uneven terrain and high load placement for comfort on even 

terrain (Knapik et al., 2004); a well-balanced backpack over trunk (Legg et al. 1997); a 

single backpack design over a double pack design when using a 60 kg payload (Johnson 
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et al., 1995); and a stable backpack for use on different terrain gradients (Kirk & 

Schneider, 1992). Others have focused on the backpack strapping system, offering 

recommendations, such as: well-stitched and cushioned shoulder straps (Legg et al. 1997; 

Stevenson et al., 2004b); hip belt use whenever possible (Knapik et al. 2004); hip belts 

designed to minimize waist pressure while maximizing lumbar support to improve 

pressure distribution (Legg et al. 1997); maximum strap adjustability to accommodate 

size of backpackers (Jacobson et al. 2004; Mackie et al., 2005); and a suspension system 

with load lifter straps and build-in sternum and hip stabilizer straps (Stevenson et al., 

2004b). A common theme to the majority of the past research was that most 

recommendations for reducing pain, focused on minimizing point pressures by 

distributing the loads in a more balanced and uniform manner on the body.  

To gain a more detailed understanding of pain experienced during load carriage, 

an epidemiological approach was used in Chapter 6 to investigate the relationship 

between carrying multiple backpack designs while performing occupationally relevant 

work in order to generate qualitative pain data (e.g. pain distribution on body) and 

quantitative pain data (e.g. pain intensity) to be used for the development of load carriage 

limits. Two studies were examined using an epidemiological approach: study #1 

examined 20 soldiers who performed a 6 km march wearing five different backpacks 

designs with payloads of 32 kg and study #2 investigated 28 soldiers, wearing nine 

different backpacks with a payload of 28 kg, performing a series of occupationally 

relevant tasks. The results suggested that the shoulder region may play a strong role in 

determining load carriage limits. In addition, the hip region and boney posterior 

anatomical regions, in direct contact with the backpack, were also found to be highly 

painful locations. The posterior neck region was also found to be a highly painful region, 

even though there was no direct contact with the backpack at this location. The pain 

mapping methods used in Chapter 6 also showed promise for the development of load 

carriage limits, especially if pain intensity could be studied over time, in situ, during 

work/exercise conditions. 
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The purpose of this study was to use pain mapping, quantification of pain 

intensity, and physiological and motor tests to develop load carriage limits in humans for 

light to heavy payloads during endurance exercise. 

 

7.3 Methods  

 

7.3.1 Subjects  

Seven male university students, recruited from the Queen’s University Fitness 

Centre, volunteered to participate in this study. Subjects had a mean age of 23.9 ± 1.5 

years, a mean height of 178.7 ± 6.3 cm, a mean mass of 75.3 ± 2.8 kg. Subjects were very 

fit and they regularly performed both cardiovascular and weight training more than three 

times per week. Only subjects with a VO2max above 51 ml/kg/min were included in this 

study. Subjects were also presecreened to ensure that they had no muscular or skeletal 

conditions that would be aggrevated by heavy load carriage. Subjects also reported that 

they had no known health conditions that would be impede their ability to perform 

stressful load carriage work. Subjects were excluded if they had muscle, bone or joint 

problems that would be aggrevated with exercise. All subjects signed an informed 

consent form approved by the Queen’s University Research Ethics Board, prior to their 

participation. All subjects completed their participation in the study.  

 

7.3.2 Procedures  

This was predictive design study which used repeated measured and regression 

equations to develop a model for load carriage limits. Subjects visited the biomechanics 

laboratory at Queen’s University for four exercise sessions on non-successive days. At 

each exercise session, subjects were randomly assigned to carry one of the following 

payloads: 15, 25, 35, or 50 kg. The payloads were carefully packed into the modern 

Canadian Forces backpack that was adjusted to fit each user. Each payload was created 

with a combination of iron weights, weighted balls and tennis balls to ensure the 

backpack had a uniform load distribution for each subject. More specifically, the payload 
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was packed so that it evenly occupied the entire capacity of the backpack so that forces 

acting on the body would be relatively uniform on the right and left sides of the body 

(Figure 1).  

At the start of each exercise session, physiological heart rate data were collected 

using a Polar heart rate monitor (Polar Electro Inc., New York, USA). When subjects 

arrived in the laboratory, they were fitted with a heart rate monitor and seated at a desk in 

preparation for the upper body motor test. Next, they were notified of the payload they 

would be carrying during exercise and then they were instructed on the procedures for 

completing the motor test. Following these instructions, they completed the upper body 

motor test. 

Pre-exercise upper body motor tests were completed using the Purdue Pegboard 

(Lafayette Instrument, Indiana, USA.) while the subject was seated in a chair (Figure 2). 

This test had four separate test batteries; each battery ranged from 30-60 seconds in 

duration. Every time the subject completed the four test batteries, this was known as one 

trial. For the first three tests, subjects were asked to assemble pins into a row of holes, as 

quickly as possible, using: (1) the right hand only (“right hand” test battery), (2) the left 

hand only (“left hand” test battery) and (3) a combination of both hands (“both hands” 

test battery). The maximum number of pins assembled was counted to calculate a score 

for each test battery. Scores from the “right hand”, the “left hand”, and “both hands” tests 

were added to determine a composite value, called the “right+left+both hands” score. The 

fourth and final test was an assembly task where subjects were required to assemble a 

series of pins, collars and washers to complete the “assembly” test battery. Details of the 

test protocol are described in the reference manual accompanying the equipment. Three 

trials were performed, as recommended by the manufacturer, prior to exercise on the 

treadmill (referred to as the “pre-exercise motor test”). Once the motor testing was 

completed, the subject was fitted with the weighted backpack, in preparation for the 

exercise test on the treadmill.  

Before starting exercise on the treadmill, the subjects were asked to briefly stand 

motionless at the base of the treadmill with the payload so that a loaded baseline heart 
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rate could be recorded to monitor level of arousal (referred to as the “quiet standing heart 

rate”). Next, subjects moved onto the treadmill and the speed was raised to 4.8 km/h (0% 

incline). During walking, subjects were allowed to rest their arms gently on the front of 

the treadmill to provide balance, but they were not allowed to lean. Every five minutes, 

data on heart rate, numerical pain intensity and pain location (on a pain map) were 

collected by the researcher, until 45 minutes of exercise was completed or until the 

subject indicated that he wanted to stop exercising.  

To collect pain intensity scores, a numerical pain scale was used to measure pain 

intensity at each body location. The intensity of pain was measured using a visual 

analogue scale displaying numbers between 0 and 10 where the number “0” represented 

“no pain” and the number “10” represented “pain as bad as it can be” (Cleeland, 1989; 

Jensen and Karoly, 1992; Turk and Melzack, 1992). Pain intensity was mapped to body 

locations by asking subjects to identify anatomical sites of pain on a human drawing. For 

pain mapping, subjects were shown a standard map of the front and back of the body 

(Melzack, 1975; Savedra et al., 1989; Weiner et al., 1998a; 1998b), every five minutes. 

When shown the pain map, they were asked to: (1) identify the location of pain on the 

pain map and (2) rate the pain intensity on a scale of 0 to 10 for each anatomical location 

to best describe pain intensity at each uncomfortable anatomical location. Subjects 

verbally indicated painful areas on their body and the researcher marked a circle on the 

corresponding regions on the pain drawing. To be thorough, the researcher verbally 

encouraged each subject to consider and report all uncomfortable body regions for pain, 

whether or not the body region was in contact with the backpack (e.g. leg fatigue, arm 

tingling, and so on). Subjects were also encouraged to discuss any other concerns/pains 

that existed.  

When each subject attained 45 minutes of exercise or when the subject reached 

volitional fatigue, the treadmill exercise was stopped quickly using the treadmill “stop” 

button. In either case, at the finish of the treadmill test, a final heart rate was recorded, 

along with final numerical pain scores and a final pain map, before the backpack was 

removed. Then subjects were quickly seated to commence the “post-exercise motor test” 
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using the Purdue Pegboard. Similar to pre-exercise testing, three trials (4 test batteries per 

trial) were performed. Heart rate was also recorded every five minutes during motor 

testing for 15 minutes. The subject remained seated for the entire post-exercise period. If 

a subject needed to stop exercising before reaching 45 minutes, a brief open-ended 

interview was conducted after the last motor test trial was completed, to discuss any 

factors (e.g. pain) that made the subject choose to stop exercising. After the last data were 

collected, the subject was allowed to warm down on the treadmill.  

 

 
Figure 1. Subject set-up using with a 35 kg payload on a treadmill at a 4.8 km/h 

speed and 0% grade. 
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Figure 2. Set-up for the upper body motor test using the Purdue Pegboard. 

 

7.3.3 Statistical Methods 

Descriptive statistics were used to calculate mean values for the motor tests, heart 

rate, and pain intensity. A one-way ANOVA was used to calculate pre-exercise 

differences in mean heart rate for the various payload conditions. A repeated measures 

ANOVA was used to determine differences in mean heart rate from pre to post-exercise 

for all payload conditions (15, 25, 35 and 50 kg). To analyze pain data, once pain 

intensity (e.g. pain scale) and location (e.g. pain map) were collected, data from all 

subjects were transferred to a master grid of the human body. The grid was divided into 

24 body anatomical sites as devised by Legg et al. (2003). For ease of use, each of the 24 

numbered parts was assigned an anatomical name, described by Clark (2005).  

Although the body was divided into 24 body regions, not all regions showed 

discomfort during load carriage. Therefore, only relevant regions were used for analysis 

in this paper (see tables 2 and 3 for a list of anatomical regions). To further reduce the 

data, given that the backpack payload was uniformly distributed within the pack, pain 

intensity scores collected for the right side and left side of the body were pooled together 

to create a single mean value. For instance, a single mean score was calculated for the 

right and left: shoulders, hips, shoulder blades and armpit regions. Since all pain scores 

were on a 10-point scale, for ease of reading, all mean pain scores will be reported as a 

single value instead of a fraction. For example, if the mean pain intensity in the shoulder 
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region (n=7) was 2.0, then mean pain intensity will be reported as “2”, instead of as the 

fraction 2/10 

To develop a model of load carriage limits in humans, four regression equations 

were calculated. These formulas were based on the following data: (1) changes in mean 

heart rate over time, (2) changes in pain intensity over time, (3) changes in pain based on 

payload, (4) dropout rate for load carriage using a 50 kg payload.  

 

7.4 Results   

 

7.4.1 Pre- and Post-Exercise Heart Rate  

Table 1 summarizes Purdue pegboard scores and mean heart rates taken pre- and 

post-exercise. A summary of all statistical data is shown in Appendix D. A one-way 

ANOVA showed that mean heart rates were not significantly different (p=0.08) for any of 

the payload conditions at pre-exercise (see Appendix D) ranging from 75-82 beats/minute 

(bpm). Using a repeated measures ANOVA and Tukey HSD post hoc, mean post-exercise 

heart rates were not significantly different for any of the payloads between 15-35kg, with 

mean scores ranging from 86-90 bpm (p>0.05). However, mean post-exercise heart rate 

(105 bpm) for the 50 kg payload was significantly higher than other payloads (p<0.05). 

The 50 kg payload condition also had the highest variability of all the conditions 

(SD=±26). 

 

7.4.2 Purdue Pegboard  

 

Scores from all motor tests using the Purdue Pegboard are also shown in Table 1. 

These scores represent the number of pins/pieces assembled for each test battery. Based 

on the data, it is apparent that payloads between 15-50 kg did not alter motor performance 

score during post-exercise. In fact, all scores for test batteries were similar during pre- 

and post-exercise. Mean pre- and post-exercise motor scores for all payload conditions 

had a narrow range: 16-17 (“right hand” test), 15-16 (“left hand” test), 12-13 (“both 
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hands” test), 43-36 (“right+left+both hands” test) and 42-46 (“assembly” test). Further, 

all pre-and post-exercise scores had little variation (i.e. a small standard deviation). 

 

Table 1. Mean heart rate and mean Purdue Pegboard scores during pre- and post-

exercise with various loads between 15-50 kg (n=7).  

Condition* 

Heart 

Rate 

(bpm)  

Pegboard Score 

  
Right 

hand 
Left hand 

Both 

hands 

Right+ 

Left+Both 
Assembly 

Pre-exercise with 15 kg 77 ±6 17 ±0.2 15 ±0.4 13 ±0 45 ±0.9 44 ±1.9 

Post-exercise with 15 kg 86 ±16 17 ±0.4 15 ±0.3 13 ±0.4 44 ±1 42 ±5 

Pre-exercise with 25 kg 75 ±8 17 ±1 15 ±1 13 ±0.3 45 ±2 43 ±2 

Post-exercise with 25 kg 86 ±16 16 ±1 15 ±1 12 ±1 43 ±2 42 ±2 

Pre-exercise with 35 kg 76 ±10 17 ±0 16 ±0 13 ±0 46 ±0 45 ±1 

Post-exercise with 35 kg 90 ±20 17 ±1 16 ±0 13 ±1 45 ±1 45 ±2 

Pre-exercise with 50 kg 82 ±11 17 ±1 16 ±1 13 ±0 45 ±1 45 ±1 

Post-exercise with 50 kg 105 ±26 17 ±1 16 ±0.5 13 ±1 46 ±2 46 ±3 

* All pre- and post-exercise data was collected while subjects performed motor testing in a seated 

position. 

 

7.4.3 Anterior Pain Intensity  

 A summary of pain intensity for the anterior body regions during exercise is 

shown in Table 2. Original pain data is shown in Appendix E. At the lightest load (15 kg), 

pain ratings were small for all anterior anatomical regions (maximum pain ≤ 0.4). The 

highest pain rating during exercise was located in the anterior acromial region, which 

increased from 0.3 to 0.4 in 30 minutes. A trend shown in Table 2 is that pain steadily 

increased until approximately 20-35 minutes of exercise, but then it reduced in the 

abdominal (hip) region (0.4 to 0.3 between 15 and 20 minutes); the acromial region (0.4 

to 0.1 between 30 and 35 minutes); and the axillary region (0.07 to 0.01 between 30 and 

35 minutes). Pain remained at this lower value until 45-minutes of exercise was attained. 

At this 15 kg payload, all subjects were able to complete the entire 45-minute walk 
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without stopping. Overall, Table 2 shows that mean pain was low and there was not much 

variability between subjects in the raw data. In the raw data, the highest pain rating was 

“2”. At any given time interval, only one person reported a pain intensity that reached this 

peak intensity.  

 At 25 kg, pain scores were slightly higher than at 15 kg (maximum pain ≤ 1.7). 

Pain was at the highest intensity in the anterior acromial region, increasing from 0.4 to 1.7 

in 45 minutes. The only region that had no pain during load carriage was the axillary 

region. A trend shown in Table 2 is that pain steadily increased until 30 minutes of 

exercise; then reduced for 5 minutes in the acromial region (1.2 to 1.1 between 25 and 30 

minutes) and abdominal (hip) region (0.4 to 0.3 between 25 and 30 minutes), and then 

increased again from 35-45 minutes of exercise. At this payload, all subjects were able to 

complete the entire 45-minute walk without stopping. Table 2 shows that mean pain was 

low and there was not much variability between each subject’s pain ratings in the raw 

data. When pain was at its highest value in the raw data, nobody reported a pain rating 

above “5”. At any given time interval, only one person reported a pain intensity that 

reached “5”, “4” or “3”. All other reports were pain values of “2” or less.  

 At 35 kg, pain scores were slightly higher than at 25 kg (maximum pain ≤ 2.8). 

Pain was also highest in the anterior acromial region, rising steadily over 45-minutes from 

0.9 to 2.8. As a trend, pain increased from 0 minutes to 15-25 minutes. Part way into 

exercise, pain was reduced for a brief 5-15 minute period in the axillary region (0.2 to 

0.07 between 5 and 10 minutes), the thoracic region (0.9 to 0.7 between 20 and 25 

minutes), and the abdominal regions (0.9 to 0.7 between 20 and 25 minutes). Following 

the brief reduction in pain, pain steadily increased until 45 minutes was reached. At this 

payload, all subjects were able to complete the entire 45-minute walk without stopping. 

At this payload, Table 2 shows that pain rose and it was slightly more variable between 

subjects in the raw data. When pain was at its highest value in the raw data, nobody 

reported pain above “8”. At any given time interval, only one person reported a pain 

intensity that reached “8”, “7” or “3”. All other subjects reported smaller pain intensities. 



 

 208 

 Last, Table 2 shows that at 50 kg, pain scores reached peak values that were higher 

than at 35kg (maximum pain ≤ 3.4). Similar to other loads, pain reached peak values in 

the anterior acromial region, rising steadily from 0.9 to 3.4 after 30 minutes. As a trend, 

pain increased to a maximum of 1.9 for 15 minutes, and then decreased briefly for 5-10 

minutes in the thoracic region (0.9 to 0.7 between 15 and 20 minutes) and abdominal 

regions (1.9 to 1.4 between 20 and 25 minutes) before elevating again for the remainder 

of exercise.  

 For this test, all subjects did not reach 45-minutes of exercise without stopping. At 30 

minutes, one subject dropped out of exercise due to fatigue/discomfort. For this subject, 

the maximum pain ratings were located on the shoulders (right shoulder was “8” and left 

shoulder was “9”). When this subject stopped exercising, mean pain dropped from 3.4 to 

2.8 in the acromial region (Table 2). In a post-exercise interview, this subject reported 

that pain was the main reason for stopping the test. At 40 minutes, a second subject 

dropped out of exercise. For this subject, the maximum pain ratings were a “5” on the 

right and left shoulders and on the right and left hips. A pain score of “4” was reported 

under the sternum strap. In a post-exercise interview, this subject reported that he felt 

“worn out” from the pressure on his torso and legs.  He also reported that he did not feel 

“aerobically tired”. After this subject dropped out, mean pain in Table 2 remained 

constant at 2.8. 

 Table 2 also showed that mean pain was highest for the 50 kg payload and more 

variability was noted between subjects in the raw data. When pain was at its highest 

value, only the subject who dropped out of exercise (at 30 minutes) reported a pain score 

of “8” and “9”. At any given time interval, only one person reported a pain intensity that 

reached “9”, “8”, “7” or “6” in the raw data. All other subjects reported lower pain 

intensities. 
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Table 2. Pain intensity score on anterior body regions during load carriage.  
Anatomical 

Region 

Load 

(kg) 
 Pain Intensity (Score out of 10) 

 
5 

min 

10 

min 

15 

min 

20 

min 

25 

min 

30 

min 

35 

min 

40 

min 

45 

min 

Avg. 

Rating 

15 0.3 0.3 0.4 0.4 0.4 0.4 0.1 0.1 0.1 0.3 

25 0.4 0.6 1.1 1.1 1.2 1.1 1.5 1.5 1.7 1.1 

35 0.9 0.9 1.4 1.7 2.0 2.4 2.6 2.8 2.8 1.9 

 

Acromial 

(shoulders) 

50 0.9 1.5 2.3 2.6 3.1 3.4 2.8a 2.7a 2.8b 2.5 

15 0 0 0.07 0.07 0.07 0.07 0.01 0.01 0.01 0 

25 0 0 0 0 0 0 0 0 0 0 

35 0.2 0.07 .05 0 0 0.07 0.07 0.07 0.07 0.1 

Axillary 

(armpits) 

50 0 0 0 0 0 0 0a 0a 0b 0 

15 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0.3 0.6 0.7 1.0 0.3 

35 0.6 0.7 0.7 0.9 0.7 0.4 0.9 1.1 1.3 0.8 

Medial 

Thoracic 

(sternum) 
50 0.6 0.6 0.9 0.7 0.7 0.9 1.2a 1.2a 0.6b 0.8 

15 0.1 0.4 0.3 0.4 0.3 0.3 0.3 0.3 0.3 0.3 

25 0.1 0.3 0.3 0.4 0.4 0.3 0.4 0.4 0.4 0.3 

35 0.1 0.3 0.6 0.9 0.7 0.6 0.7 0.7 0.4 0.6 

Abdominal 

(hips) 

50 1.3 1.3 1.4 1.9 1.4 1.7 1.8a 1.7a 1.2b 1.5 
a denotes that 1 subject has dropped out of exercise. Therefore, n=6 was used to calculate mean pain 
b denotes that a second subject dropped out of exercise. Therefore, n=5 was used to calculate mean pain.  

 

7.4.4 Posterior Pain Intensity 

 For the posterior regions of the body, findings of pain intensity during exercise are 

summarized in Table 3. Original pain data are shown in Appendix E. At 15 kg, pain 

ratings during load carriage were very small for all posterior anatomical regions 

(maximum pain ≤ 1.0). The highest pain rating was located in the posterior acromial 

region which increased from 0.1 to 1.0 at 45-minutes of load carriage. Unlike the 

phenomenon of pain reduction seen on the anterior body, data in Table 3 showed no 

reduction in pain during exercise. Instead, pain intensity steadily increased over time. 

Overall, Table 3 shows that mean pain was low and there was little variability between 
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subjects in the raw data. When pain was at its highest value in the raw data, nobody 

reported pain above a rating of “4”. At any given time interval, only one person reported a 

pain intensity that reached this peak intensity. At any given time interval, only one person 

reported a pain intensity that reached “4”, “3” or “2”. All other subjects reported smaller 

pain intensities. 

 At 25 kg, pain scores were somewhat higher than at 15 kg (maximum pain ≤ 1.2). 

Pain was at the highest intensity in the posterior acromial region, rising from 0.07 to 1.2 

at 35-minutes. At this payload, the acromial region showed a reduction in pain between 

10 and 15 minutes (from 0.6 to 0.5), the lateral thoracic region showed a reduction in pain 

between 5 and 10 minutes (from 0.07 to 0), the medial thoracic region showed a reduction 

in pain between 35 and 40 minutes (from 0.9 to 0.7) and the lumbar region between 15 

and 20 minutes (from 0.1 to 0.05). The cervical region showed two reductions in pain: 

from 0.7 to 0.6 between 5 and 10 minutes and from 1.0 to 0.9 between 30 and 35 minutes. 

After the pain reduction, pain either elevated or remained low until the end of exercise. 

Table 3 shows that mean pain was low and there was limited variability between subjects 

in the raw data. When pain was at its highest value in the raw data, nobody reported pain 

above a rating of “5”. At any given time interval, only one person reported a pain 

intensity that reached “5”, “4” or “3”. All other subjects reported smaller pain intensities. 

 At 35 kg, pain scores were slightly higher than at 25 kg (maximum pain ≤ 2.0). 

Unlike the other loads, pain was highest in the posterior cervical region, steadily rising 

from 0.1 to 2.0 at 40 minutes of load carriage. As a trend, pain intensity increased from 

the start of exercise for 15-25 minutes. Then a brief 5-10 minute reduction in pain was 

recorded: one-time for the acromial region (1.0 to 0.6 between 25 and 30 minutes), twice 

for the medial thoracic region (1.1 to 0.9 between 5 and 10 minutes and 1.3 to 1.1 

between 25 and 30 minutes) and once for the lumbar region (0.2 to 0.1 between 5 and 10 

minutes). After the pain reductions, pain either elevated or remained at the same lowered 

intensity until 45-minutes of exercise was reached. Table 3 shows that mean pain rose and 

variability increased between subjects in the raw data. When pain was at its highest, 

nobody reported pain above a rating of “7”. At any given time interval, only one person 
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reported a pain intensity that reached “7” or “6”. All other subjects reported smaller pain 

intensities. 

 For the 50 kg payload, Table 3 shows that pain scores reached peak values that were 

higher than at 35kg (maximum pain ≤ 2.8). Notably, two subjects dropped out of exercise 

before reaching 45-minutes of exercise for reasons described earlier. Nonetheless, after 

the first dropout at 30 minutes, the mean pain increased from 2.0 to 2.8 for the cervical 

region (most painful location overall). After 40 minutes, a second subject dropped out 

occurred and the mean pain reduced slightly from 2.8 to 2.4. As a trend, pain reduced 

twice for the following regions: the acromial region (0.7 to 0 between 20 and 30 minutes 

and 1.3 to 0.3 between 35 and 40 minutes), the lateral thoracic region (0.07 to 0 between 

5 and 10 minutes and 0.8 to 0 between 40 and 45 minutes), the medial thoracic region 

(0.7 to 0.6 between 10 and 15 minutes and 1.4 to 1.3 between 25 and 30 minutes), and the 

lumbar region (1.2 to 1.0 between 20 and 25 minutes and 1.0 to 0.7 between 30 and 35 

minutes). After pain was briefly reduced, it generally elevated until the end of exercise 

was attained. In addition, Table 3 shows that mean pain was highest for the 50 kg payload 

condition and more variability was seen in the laboratory data. For the subject who 

dropped out at 30 minutes, the only pain scores on the posterior body were “2” in the 

region of the spinal column and “5” in the lumbar tailbone region. For the subject who 

dropped out of exercise at 40 minutes, a pain intensity of “5” was reported on the right 

and left side of neck region and in the region of both shoulder blades in the raw data. 

When pain was at its highest value, only one subject reported a pain score of “6” (not a 

subject who dropped out). At any other time interval, only one person reported a pain 

intensity that reached “6”. All other subjects reported smaller pain intensities.  
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Table 3. Pain intensity score on posterior body regions during load carriage.  
Anatomical 

Region 

Load 

(kg) 
Pain Intensity (Score out of 10) 

 

 
5 

min. 

10 

min. 

15 

min. 

20 

min. 

25 

min. 

30 

min. 

35 

min. 

40 

min. 

45 

min. 

Avg. 

Rating 

15 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.03 0.03 0 

25 0.7 0.6 0.6 0.9 0.9 1.0 0.9 1.0 1.0 0.8 

35 0.1 0.4 0.9 1.3 1.3 1.6 1.6 2.0 2.0 1.2 

Cervical (neck) 

50 0.3 0.9 1.1 1.3 1.9 2.0 2.8 a 2.8 a 2.4 b 1.7 

15 0.1 0.1 0.3 0.3 0.4 0.6 0.7 0.9 1.0 0.5 

25 0.07 0.6 0.5 0.7 0.9 1.1 1.2 1.2 1.2 0.8 

35 0.3 0.3 0.4 0.4 1.0 0.6 0.6 0.6 0.6 0.5 

Acromial 

(shoulders) 

50 0.3 0.4 0.6 0.7 0.3 0 1.3 a 0.3 a 1.6 b 0.6 

15 0 0 0 0 0 0.07 0.08 0.2 0.2 0.1 

25 0.07 0 0.1 0.3 0.3 0.3 0.3 0.4 0.4 0.2 

35 0 0 0 0 0 0 0.6 0.6 0.7 0.2 

Lateral 

thoracic 

(shoulder 

blade) 50 0.07 0 0 0 0.4 0.4 0.8 a 0.8 a 0 b 0.3 

15 0 0 0 0 0 0 0 0 0 0 

25 0 0 0 0 0 0 0 0 0 0 

35 0.1 0.1 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.3 

Axillary 

(armpits) 

  
50 0 0.3 0.3 0.4 0.6 0.6 0.7 a 0.8 a 1.0 b 0.5 

15 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0 

25 0.0 0.3 0.3 0.6 0.6 0.7 0.9 0.7 0.6 0.5 

35 1.1 0.9 1.3 1.3 1.3 1.1 1.1 1.1 1.3 1.2 

Medial 

thoracic 

(spinal 

column) 50 0.7 0.7 0.6 0.7 1.4 1.3 0.5 a 0.5 a 0.6 b 0.8 

15 0.05 0.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 

25 0.1 0.1 0.1 0.05 0.0 0.0 0.0 0.0 0.0 0 

35 0.05 0.1 0.2 0.1 0.2 0.4 0.5 0.5 0.7 0.3 

Lumbar (hip 

bone/tailbone) 

50 0.3 0.4 0.8 1.2 1.0 1.0 0.7 a 0.9 a 1.1 b 0.8 
a denotes that 1 subject has dropped out of exercise. Therefore, n=6 was used to calculate mean pain 
b denotes that a second subject dropped out of exercise. Therefore, n=5 was used to calculate mean pain.  
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7.4.5 Comparison of Anterior and Posterior Pain 

Four main painful regions were found on the anterior body (Table 2), compared to 

six painful regions that were found on the posterior body (Table 3). Based on Table 2, the 

average pain intensity over 45-minutes for all payloads conditions was calculated to be 

0.6 for the anterior body. Average pain intensity after 45 minutes of exercise (Table 2 and 

Appendix E) was pain highest in the anterior acromial region, ranging from 0.3 (15 kg) to 

2.5 (at 50 kg). The second most painful region over 45-minutes was the abdominal (hip) 

region (average rating = 0.6); followed by the medial thoracic region (average rating = 

0.4). The least painful region was the axillary region (average rating = 0.03). Average 

pain ratings in Table 2 also show that the magnitude of the payload corresponded to the 

magnitude of discomfort. For example, load carriage with a 50 kg payload had the highest 

pain intensity for all body regions, followed by the 35 kg payload, the 25 kg payload, and 

then 15 kg payload (the lowest pain ratings).  

 Based on Table 3, the average pain intensity over 45-minutes for all payload 

conditions was calculated to be 0.4 for the posterior body. When all payload conditions 

were analyzed over 45-minutes of exercise, the most painful posterior area of the body 

was the cervical region (average rating = 0.8), followed by the acromial region (average 

rating = 0.6), the medial thoracic region (average rating = 0.4). Similar pain scores were 

found for the lumbar region (average rating = 0.2) lateral thoracic region (average rating 

= 0.2) and the axially region (average rating = 0.2). Similar to findings on the anterior 

body, average pain rating increased with increasing payload. A unique phenomenon that 

occurred on the posterior body (Table 3), but not on the anterior body was that pain 

intensity was highest in the acromial region after 45 minutes of exercise using a payload 

of 15 kg (average rating =0.5). However, when subjects used heavier payloads, the 

cervical region became more painful than the acromial region, showing average pain 

ratings of 0.8 (25 kg), 1.2 (35 kg) and 1.7 (50 kg). Summary data can also be seen in 

Appendix E. This unique finding will be explored in the subsequent discussion section.  
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7.4.6 Heart Rate during Exercise  

 Figure 3 shows the mean heart rate, resulting from 45-minutes of load carriage on 

a treadmill for payloads between 15-50 kg. In all instances, there was an abrupt rise in 

heart rate from 0 to 5 minutes as subjects went from no exercise to a steady state pace of 

4.8 km/hr. Figure 3 shows the regression formulas for each payload, calculated based on 

time (independent variable) and mean heart rate (dependant variable). Time 0 was not 

used in the regression equations as it was confounded by the changeover from rest to 

exercise. The intercepts were assumed to approximate a working heart rate that rose 

steadily from 99 to 105 bpm (15 kg payload), 102 to 107 bpm (25 kg payload), 103 to 123 

bpm (35 kg payload) and 123 to 142 bpm (50 kg payload). The slopes for each line also 

rose continuously throughout the exercise period for the seven participants. The Figure 

also shows that mean heart rates generally reached a plateau (rate of increase was slowed) 

between 30 and 40 minutes of exercise. Raw data for heart rates during exercise for all 

payload conditions are shown in Table 4.  
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Table. 4. Heart Rates during Exercise for Payloads between 15 and 50 kg. 

Subject 
No. 

(Payload) 
Heart Rate during Exercise (bpm) 

0 5 10 15 20 25 30 35 40 45 
 min. min. min. min. min. min. min. min. min. min. 

1 (15kg) 113 103 109 112 114 110 112 117 113 114 
2 106 104 107 111 119 109 117 110 106 113 
3 82 99 90 94 87 87 89 96 90 91 
4 96 113 112 114 117 111 116 118 115 113 
5 75 81 88 96 89 91 95 94 97 97 
6 76 85 92 89 88 90 91 91 97 96 
7 84 106 112 111 115 114 110 111 111 112 

Mean 90 99 101 104 104 102 104 105 104 105 
1 (25kg) 90 95 102 96 101 98 99 97 99 102 

2 105 107 113 111 112 114 120 111 110 111 
3 64 90 88 89 89 89 90 92 94 87 
4 83 112 112 112 115 118 116 115 114 113 
5 74 94 99 98 105 99 101 102 108 102 
6 98 112 117 117 121 120 126 128 124 123 
7 85 105 106 109 110 111 111 110 108 110 

Mean 86 102 105 105 108 107 109 108 108 107 
1 (35kg) 81 114 112 118 120 123 123 125 123 123 

2 100 109 118 124 126 131 132 132 131 135 
3 74 88 92 101 96 100 102 100 106 107 
4 87 98 96 96 109 91 98 109 107 107 
5 83 102 116 119 122 122 118 123 124 125 
6 63 101 110 107 109 110 108 113 112 111 
7 89 112 142 154 153 148 147 147 152 151 

Mean 82 103 112 117 119 118 118 121 122 123 
1 (50 kg) 95 120 127 130 128 142 144 136 140 - 

2 113 131 142 145 148 152 152 - - - 
3 118 125 128 132 147 147 147 147 151 142 
4 85 119 128 130 137 137 133 142 140 139 
5 74 95 101 101 111 112 121 128 135 130 
6 96 140 146 148 155 154 159 160 158 156 
7 114 130 133 133 132 125 124 124 130 145 

Mean 99 123 129 131 137 138 140 140 142 142 
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Figure 3. Mean heart rate during 45-minutes of load carriage exercise for each 

payload condition. 

y = 0.4563x + 126.76  R2 = 0.8775 (50 kg)

y = 0.381x + 109.52  R2 = 0.7473 (35 kg)

y = 0.1181x + 104.13  R2 = 0.5732 (25 kg)

y = 0.1229x + 100.73  R2 = 0.6123 (15 kg)
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7.4.7 Regression Formulas for the Development of Load Carriage Limits  

 To determine load carriage limits, a number of regression equations were 

calculated. The pain intensity variable used in Figure 4 and 5 was based on pain scores 

obtained from the most painful region of the body during load carriage: the anterior 

acromial (shoulder) location. The justification for the creation of these formulas will be 

provided in the discussion section. As for the results, Figure 4 shows the regression 

formulas for each payload, calculated based on anterior shoulder pain (dependent 

variable) and time (independent variable). Time 0 was not used in the regression 

equations because pain was first measured at 5 minutes of exercise. Data for the 

dependent variable were taken from the acromial shoulder pain ratings, shown in Table 2. 

Figure 5 shows the regression formulas, calculated based on anterior shoulder pain 

(dependent variable) pain and payload (independent variable). A logarithmic regression 
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calculation was used, since it provided the best line of fit. Load 0 was not used in the 

Figure because testing in the laboratory started at 15 kg. Last, Figure 6 graphs the 

relationship between “number of subjects who can sustain exercise” (dependent variable) 

and time (independent variable). A polynomial regression formula was calculated to best 

fit the experimental data. In the figure, time 0 was not used because 30 minutes of 

exercise was required before a subject dropped out of exercise in the laboratory. The “no. 

of subjects” started at 7 to reflect the number of people who participated in load carriage 

using 50 kg. This number was reduced to 5 subjects to reflect the number of subjects who 

were able to complete 45 minutes of exercise using 50 kg, without stopping. 

 

Figure 4. The relationship between anterior shoulder pain and time during load 

carriage (n=7).  

y = -0.0052x + 0.4325  R2= 0.2927 (15 kg)

y = 0.0288x + 0.4226  R2= 0.8532 (25 kg)

y = 0.0545x + 0.5813 
R2= 0.9673 (35 kg)

y = 0.0988x + 0.5571 R2 = 0.9797 (50 kg)
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Figure 5. The relationship between anterior shoulder pain and payload during load 

carriage. 

y = 2.7355Ln(x) - 7.1601  R2= 0.9836
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Figure 6. Dropout rate for load carriage exercise using a 50 kg payload. 

y = -0.0024x2 + 0.0757x + 6.5476  R2 = 0.9256

5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

6.8

7

30 32 34 36 38 40 42 44 46
Time (min.)

N
o.

 o
f S

ub
je

ct
s

 
 

7.5 Discussion  

 

7.5.1 Pre-, Post-, and Exercise Heart Rate   

 Based on the results reported in Table 1, mean heart rate was similar for all pre-

exercise sessions (range from 75-82 bpm) with little variation between subjects. As 

expected, subjects showed the same response in heart rate from session-to-session, 

regardless of the payload to be carried for exercise. The consistency in heart rate suggests 

that nervousness or learning/habituation did not affect motor scores. When pre-exercise 

(baseline) heart rate was compared to post-exercise heart rate (taken when subjects were 

seated in a chair in preparation for the motor test), subjects showed a statistically 

significant increase in mean heart rate at post-exercise (Appendix D). Statistical results 

also show that mean heart rate (post-exercise) was the same for the 15-35 kg payload 

conditions. Only the 50 kg payload condition was significantly different (higher) than the 
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other groups at the p<0.05 level. This finding suggests that 50 kg payload provided 

sufficient physiological stress to influence load carriage limits therefore, it could be used 

in the development of load carriage limits. 

Physiological stress can be interpreted further by examining the heart rate 

variability (standard deviation) shown in Table 1. The large standard deviation recorded 

for the 50 kg payload (SD ± 26) suggests that there was large within-subject variability 

during exercise. This difference may be an indicator that certain subjects were 

approaching their load carriage limits. In fact, the maximum heart rate for subject #1 

(dropped out at 30 minutes) was 152 bpm and the maximum heart rate for subject #2 

(dropped out at 40 minutes) was 140 bpm. However, Table 4 shows that three other 

subjects (who remained exercising) had similar or higher heart rates to subject #1, 

including 144 bpm, 147 bpm and 159 bpm at 30 minutes. At 40 minutes, two subjects 

who continued to exercise had heart rates above 140 bpm (e.g. 158 bpm and 151 bpm). 

Other subjects, who did not drop out of exercise at 40 minutes, had similar heart rates to 

the subject who stopped exercising (e.g. 135 to 140 bpm). Based on this information, it is 

apparent that hearts rate was indicating physiological stress, but based on age of the 

subjects, it was not near any subject’s maximal heart rate capacity. Further, the subjects in 

this study were very aerobically fit and their VO2max was above 51 ml/kg/min (tested as 

part of a different study in our laboratory). These findings suggest that heart rate may be 

useful as an indicator of load carriage limits, but other factors, such as pain, were likely 

the limiting factor influencing performance. 

The suggestion that heart rate can be used as an indicator for the approach to load 

carriage limits, is also supported in Figure 3. This Figure shows that mean heart rate 

increased over time and reached a plateau (i.e. rate of increase was reduced) between 20 

to 30 minutes of load carriage. The highest mean heart rates recorded were in the range of 

140-142 bpm (50 kg payload), suggesting that the heart rate was in the low-end of 

cardiovascular limits. To determine cardiovascular limits, Tanaka et al. (2001) reported 

that the following equation could be used to accurately to predict heart rate maximum 

(HRmax): HRmax = 208 – (0.7 х age in years). Based on the mean age of our subjects 
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(23.9 years old), the expected mean heart rate maximum would be 191 beats/min. Using 

data from Figure 3, by dividing the highest mean heart rate attained during exercise (123 

bpm at 35 kg; 142 bpm at 50 kg) by the predicted maximal mean heart rate (191 bpm), it 

is calculated that subjects were exercising at 64.4% of HRmax (at 35 kg) and 74.3% of 

HRmax (at 50 kg). As a comparison, endurance exercise at approximately 70% of 

HRmax would be challenging, although not limiting, for most healthy individuals 

(Wilmore & Costill, 2004).  

The R2 values of the regression equations calculated in Figure 3 suggest that heart 

rate could be used as a predictor, but not a limiting factor, for human limits. This Figure 

shows that R2 values were highest for the 35 kg (R2 =0.75) and 50 kg (R2 =0.88) payloads. 

Therefore the strength of using heart rate data to predict human limits appears to increase 

with heavier payloads. Similar findings were reported by Lyons et al. (2005) who found 

that increases in metabolic and cardiovascular demands were most strongly linked to 

increases in payloads between 20-40 kg. Based on the overall findings, it is apparent that 

subjects were working within their aerobic capacity limits during load carriage, although 

the 50 kg payload showed the largest indication of physiological stress.  

 Given that heart rate may indicate the approach of load carriage limits for some 

subjects, based on findings, it appears that frequent rest breaks would be recommended 

for safety (at least every 30-45 minutes), especially for payloads of ≥ 35 kg. In this study, 

since post-exercise heart rate was collected while subjects performed motor test trials 

(taken over 15 minutes of post-exercise), it is suggested that group heart rate be 

monitored over a 15 minute rest break. If the group standard deviation reaches ±27 bpm, 

exercise should not be resumed, because the data collected in this study indicates that 

some subjects would be approaching their tolerance threshold, thereby putting them at 

risk for injury. Later in this paper, these recommendations will be incorporated into a 

model of load carriage limits.  Based on the findings, exercise heart rate was within 

maximum cardiovascular work capacity, even for the heaviest 50 kg payload, suggesting 

that another factor, such as pain, was responsible for determining load carriage limits. 
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7.5.2 Purdue Pegboard 

 For all payload conditions, the Purdue Pegboard was used to examine the effects 

of physiological stress due to prolonged load carriage on motor control. A NATO report 

by Bossi (2000) stated that heavy, prolonged load carriage may be a cause of transient 

and sometimes permanent neuromuscular damage to the upper limbs of military soldiers. 

Our data show no sizable difference between test battery scores for any of the payloads 

tested in this study. Therefore, the data suggest that physically fit males can tolerate 

payloads of up to 50 kg for 30-45 minutes, without experiencing changes in upper body 

motor control associated with potential tissue damage. As a comparison, the findings in 

this study are consistent with Knapik et al. (1997) who reported that a stressful and 

intense 20 km march while carrying moderate to heavy payloads (between 34-61 kg) had 

no affect on work related capabilities such as motor skills.  

A reason that this study may not have shown motor problems due to load carriage, 

could be due the fact that endurance exercise was not long enough to cause tissue 

ischemia leading to tissue necrosis. Past animal studies showed that three to six hours of 

ischemia were required to cause irreversible tissue damage, resulting in functional 

damage, particularly in the skeletal muscle (Belkin et al. 1988; Hayes et al., 1988; 

Steinau, 1988). In fact, Belkin et al. (1988) reported that three hours of ischemia caused 

significant skeletal muscle injury, but it took six hours to cause a loss of 97% or more of 

normal functional ability. In another study, Labbe et al (1987) found that 3, 4, 5 hours of 

ischemia resulted in 2%, 30% and 90% necrosis, respectively, with the greatest 

deterioration found in the central portion of the skeletal muscle. However, the 

generalizability of small animal studies to load carriage in humans is currently unclear. 

Given the combination of payload and duration of load carriage used in this study, it 

appears that upper body motor function was not compromised with 30-45 minutes of 

exercise using ≤ 50 kg.  
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7.5.3 Anterior Shoulder Pain  

 Results of pain intensity (Table 2) show that the anterior acromial region was the 

most painful location of all locations during endurance load carriage (peak pain = 3.4 at 

50 kg). Data also showed that increased anterior acromial pain was linked to a 

corresponding increase in payload, due to the intense mechanical pressure acting on the 

skin. Based on these findings, it is likely the anterior acromial pain was the primary 

limiting factor that determined how long subjects could endure heavy load carriage. In 

fact, the two subjects who dropped out of exercise while carrying 50 kg verbally reported 

that that pain was a primary factor causing them to stop exercise (see results section).  

 Findings are also consistent with others who reported that the primary region of 

pain during load carriage was the anterior shoulders (Mackie et al., 2005; Stevenson et al., 

2004b; Knapik et al., 2004; Legg et al., 2003; Reid et al., 2004). For example, 

biomechanical studies on human models have reported that the shoulder region can be 

expected to be a high pressure region during load carriage (Stevenson et al., 2004a, 

2004b). In fact, based on human modeling, it has been recommended that forces on the 

combined shoulders should be limited to ≤ 290 N (29.6 kg) (Stevenson et al., 2004a). 

Using humans as subjects, results confirmed that the anterior shoulders were a primary 

pain region, although this study has shown that humans are capable of higher payload 

limits than biomechanical models. In fact, the findings in this paper showed that 100% of 

subjects were able to carry 35 kg for 45 minutes and 50 kg for 30 minutes in a controlled 

laboratory setting. However, it should be noted that the backpack used in this study was a 

designed optimized for the Canadian Armed Forces, which may have improved each 

subject’s ability to tolerate heavy loads during endurance work. Later in this paper, it will 

be proposed that load carriage limits should be based on anterior shoulder pain.  

 The second most painful anterior region during exercise was the medial thoracic 

(sternum) region for 25 kg and 35 kg payloads. Since pain intensity was directly related to 

the magnitude of pressure acting on the skin, data suggest that the sternum strap served an 

important function during load carriage. This function was to spread the backpack forces 

over a larger contact area on the upper torso of the body, (reflected by elevated pain in the 
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sternum with increased payload). As a result forces were redistributed from the anterior 

shoulders to the medial thorax.  

 Although little quantitative data are available concerning the function of the 

sternum straps (Brackley et al., 2004), these findings suggest that the sternum strap was 

an essential backpack component which likely optimized load carriage limits by reducing 

pressure acting on the shoulders. In terms of the backpack design, the sternum strap is an 

adjustable component that physically links the two shoulder straps. Given this design, 

manual alteration of the sternum strap could affect the shoulder straps, thereby 

influencing human performance. In fact, Mackie et al. (2005) recently reported that 

alteration in shoulder strap length/tension could substantially affect shoulder comfort. 

Earlier publications also reported that tightened/elevated shoulder straps improved 

comfort and energy economy during gait on flat terrain by raising the load (Knapik et al., 

2004) and provided greater balance and stability of the payload (Legg et al., 2003). Given 

the relationship between increased payload, increased pain intensity (Table 2 and 3) and 

intensified mechanical pressure, these data suggest that the sternum strap influenced load 

carriage comfort by a redirection of forces from the anterior shoulders; however, this 

effect was most notably perceived by subjects for payloads above 35 kg. Therefore, it 

appears that sternum straps are an important component for endurance load carriage, 

particularly for payloads of ≥ 35 kg. 

 Interestingly, at 50 kg, the second most painful region was the anterior hips, 

associated with use of the hip belt. This finding suggests that the hip belt transferred large 

mechanical forces to the hips that would have otherwise been concentrated on the 

shoulders, due to the large downward force on the backpack due to the effects of gravity 

(Lafiandra & Harman 2004). Without use of the hip belt in this study, it is probable that 

more subjects would have stopped exercise before 45 minutes was attained. In earlier 

work in our laboratory, these mechanics were studied extensively in human models 

(Hadcock, 2002, Stevenson et al., 2004a, 2004b; Reid et al., 2004), but the effects of 

different loads on humans were not fully understood. By analyzing pain data on the 

anterior hips (Table 2), the results of this study can be used to confirm findings that the 
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hip belt appears to function mainly to transfer forces to the lower torso as predicted in 

human models (accounted for by the elevation in pain) and that this transfer of force is 

experienced as secondary pain to the shoulders. It was also demonstrated that humans do 

not substantially perceive this mechanical effect until a load of 50 kg is carried. 

 These results are confirmed by others who reported that the hip region was a 

secondary region of pain to the anterior shoulders for heavy load carriage using a hip belt 

(Knapik et al., 2004; Legg et al., 2003; Reid et al., 2004). Some researchers estimate that 

not wearing hip belt could increase shoulder pressure by as much as 30-40%. In fact, 

Table 2 shows that maximal pain in the hips was 50% of the intensity found in the 

shoulders (before a dropout occurred at 30 minutes), reflecting the large magnitude of 

force that was likely transferred from the upper torso to the lower torso. To enhance the 

transfer of forces from the shoulders to the hips, research on human models has shown 

that lateral stiffness elements, built directly into a backpack suspension system, can 

enhance load transfer which may improve comfort during load carriage (Reid et al., 

2004). (Lafiandra & Harman 2004; Mackie et al., 2005). Based on human data collected 

in this study, it is likely that such a suspension system could extend the load carriage 

limits, since shoulder pain dictates the load carriage limits. However, it is unlikely the 

performance would improve dramatically because the redistribution of forces would 

increase pain on the hips, a change that would need to be accounted for in future research. 

Given these data on human perception of pain, it is likely that humans can sustain 

payloads of greater than 50 kg if a hip belt is used. Later in this paper, a model will be 

proposed that can be used to predict human endurance limits for payloads of greater than 

50 kg. 

 In contrast to the previous discussion, subjects revealed that a number of regions 

had little to no pain (Table 2). For example, carrying 15 kg for 45 minutes showed almost 

no change in pain for any regions of the anterior body. This finding shows that endurance 

load carriage using a 15 kg payload is well within human limits. Another region with 

almost no pain was the axillary region. In fact, subjects rated this region with minimal 

pain intensity, regardless of whether or not the payload was as heavy as 50 kg or as light 
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as 15 kg. This particular backpack was designed based on findings of Reid et al. (2004) 

who determined optimal location for the lower attachment point of the shoulder straps so 

that axilla pressure did not occur. Although this backpack reduced pressure in the axillary 

region, this is not necessarily true for other backpacks. In fact, these data highlight the 

importance of keeping straps/components passing through the axillary region to a 

minimum, not only to reduce excess weight of the backpack, but also to reduce the 

likelihood of having excess material causing uncomfortable rubbing on the arms/torso. 

  Based on the analysis of painful anterior body regions, it is clear that the anterior 

shoulder region is the primary pain region during load carriage; therefore, this region will 

be used to develop load carriage limits later in this paper.  

 

7.5.4 Posterior Shoulder Pain 

 Similar the anterior body, pain on posterior body was highest on the acromial 

(shoulder) region (peak pain = 1.2); however, this finding was only evident for payloads 

of less than 25 kg. When payloads exceeded 25 kg, pain was most intense in the cervical 

(neck) region. More specifically, at 35 kg, cervical pain became substantially higher than 

posterior shoulder pain after 15-20 minutes of exercise. At 50 kg, cervical pain became 

higher than shoulder pain after 10-15 minutes. Given that shoulder straps are the primary 

anti-gravity structures on a backpack, their angles of pull also compress the shoulders.  

Therefore, it is reasonable to expect that the shoulder region would always be the primary 

pain region for all payloads.  

 This unique finding that cannot be easily predicted using a human model is the 

results on posterior neck pain shown in Table 3. Although the shoulders were strongly 

compressed by forces from the shoulder straps, the main posterior muscle group capable 

of counterbalancing the force of gravity acting on the backpack was the trapezius 

(posterior neck) muscle. Given that the load carriage exercise was long in duration, 

subjects were required to maintain continuous activation of the trapezius muscle, leading 

to fatigue. It is likely that extreme fatigue was the cause of the substantial pain for the 
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heavier payloads (≥ 35 kg), particularly given the fact that the posterior neck region was 

not in direct contact with the backpack.  

 This analysis is consistent with a physiological explanation of the relationship 

between local muscle fatigue and pain, described by others. For example, Shier et al. 

(2006) reported that a sustained muscle contraction may cause a squeezing effect around 

surrounding capillaries, interrupting blood flow and oxygen delivery. As a result, painful 

muscle cramping could occur, activating additional pain receptors, thereby facilitating 

further muscular contractions and pain. In addition, prolonged muscular work by the 

trapezius would be a source of pain, due to a number of other factors, such as: (a) the 

onset of anaerobic metabolism resulting in lactic acid and H+ ion accumulation as a 

byproduct of anaerobic metabolism (Wilmore & Costill, 2004); (b) the buildup of K+ 

metabolites (a known pain-enhancer) as a result of membrane potential changes within 

the working muscle (Silverthorn, 2004); (c) ischemia leading to waste byproduct 

congestion, further reducing oxygen supply promoting anaerobic metabolism in the 

muscle cells (MacIntosh et al., 2006; Silverthorn, 2004); and/or (d) localized adenosine 

triphosphate (ATP) depletion in working cells, leading to muscle necrosis (Hayes et al., 

1988; MacIntosh et al., 2006b). Research has also shown that ischemia leading to tissue 

damage can facilitate an intense inflammatory reaction that could also be a source of pain 

(Bahr & Maehlum 2004; Benrath et al., 2001; Campbell & Reece, 2005; Chu 2002; Irvin 

et al., 1998; Jensen et al., 1991; Kandel et al., 2000; Seeley et al., 2005).  

 Based on this explanation and the findings shown in Table 3, it can be estimated 

that the trapezius muscle became fatigued during heavy load carriage (35 kg and 50 kg) 

after 10-15 minutes of exercise. This estimate was calculated by comparing pain in the 

cervical (neck) region to shoulder pain. For example, after 5 minutes of exercise with the 

35 kg payload, mean cervical pain was 0.1, compared to mean shoulder pain of 0.3 (Table 

3). As mentioned earlier, more intense pain in the shoulders was expected, due to the high 

compressive forces exerted on the upper torso by the shoulder straps. However, after 10 

minutes of exercise, the neck pain (pain = 0.4) became more intense than the shoulder 
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pain (pain = 0.3). A similar trend was also apparent for the 50 kg payload (Table 4), 

although pain scores were slightly higher and the rended started earlier in exercise. 

 The fact that all subjects continued to exercise between 30-45 minutes in duration, 

explains why intense pain, due to fatigue, was experienced in the neck region for the 35 

kg and 50 kg payloads. In contrast, 15 and 25 kg payloads did not show signs of 

excessive trapezuis fatigue in this experiment and pain ratings in the neck region were 

low. These findings suggest that the trapezius muscle fatigue is a potential problem for 

endurance load carriage in humans. This finding is unique because trapezius muscle 

fatigue was not predicted using a human modeling in the past. It is also difficult to 

incorporate this finding into prediction formulas of human load carriage limits until more 

research can be conducted to better understand this phenomenon. In fact, the load carriage 

limit model, developed at the end of this paper, will indirectly account for trapezius 

pain/fatigue since there is a relationship between shoulder pressure from the backpack 

and the counterbalancing effect of the trapezius muscles. However, with future research, 

it may be possible to directly include posterior neck pain into a model of human load 

carriage limits.  

 Based on the earlier discussion, it was expected that the posterior lumbar (hip) 

region would be the second most intense region of pain (perceived by the subjects 

carrying 50 kg), since the hip belt plays an important secondary role by redistributing 

forces from the shoulders. This expectation was also discussed in studies using human 

models (Mackie et al., 2005; Stevenson et al., 2004a, 2004b; Reid et al., 2004). However, 

examination of posterior pain in humans (Tables 3) showed a novel finding. Payloads of 

≥ 35 kg had higher pain intensity in medial thoracic region (spinal column) than in the 

lumbar region. In fact, after 30 minutes of exercise with 50 kg, pain on the medial 

thoracic region (pain = 1.3) was perceived to be slightly higher than pain on the posterior 

lumbar region (pain = 1.0).  

 Again, a physiological explanation is suited to these data. Based upon the 

downward forces acting on the backpack, it is unlikely that backpack compression on the 

posterior spine was the main source of pain in the medial thoracic region. Further, there is 
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no evidence to support the explanation that the cause of pain was due to localized muscle 

fatigue as described earlier. Instead, research supports that pain was likely from the 

physiological effects of blood occlusion acting over a large area of the trunk; with 

occlusion becoming more intense with heavier payloads. There is ample research to 

support this explanation. For instance, investigators have shown that skin blood flow can 

be interrupted with applied pressures as low as 4–8 kPa (Ek et al., 1987; Mars & Hadley, 

1998) to as high as 10-18.8 kPa (Holloway et al., 1976; Newson et al. 1981; Sacks et al. 

1988; Schubert & Fagrell, 1989; Seiler et al., 1983; Svensson et al., 1990). When blood 

flow is interrupted for long durations; the amount of damaged tissue increases along with 

pain, particularly in the soft tissue regions such as skeletal muscle (Blaisdell, 2002; 

Fujisawa et al., 1999; Nie et al., 2005; Shier et al., 2006). 

 In this experiment, the two lightest payloads (15 kg and 25 kg) may have been 

sufficient to interrupt skin blood flow during load carriage (absolute pressure 

measurement is not necessary for our discussion). However, lighter backpacks, 

particularly the 15 kg payload, can shift more easily on the spine to relieve pressure. For 

example, subjects can choose to intentionally shift the payloads using a sudden elevation 

of the shoulders to relieve pressure. Also, the natural movement during gait may 

unintentionally shift the light payload alleviating pressure on the spine. As loads became 

heavier, less cyclic movement of the backpack would have occurred (hampering pressure 

relief) because of two causes: (a) greater inertia of the backpack restricting movement 

during gait and (b) increased body stiffness to improve shock absorption (Holt et al., 

2003; Wu et al., 2003) and metabolic efficiency during gait (Holt et al., 2003).  

 Additional factors may have combined to intensify pain in the medial thoracic 

region. First, given that heavy payloads can compress the spine (Hutton et al., (2003), the 

combination of restricted spinal movement for long periods and heavy payloads may have 

increased pain. Second, if prolonged blood occlusion occurred over time, when the 

backpacker finally relieved the pressure, whether intentionally or not, the reestablished 

blood flow may have caused a sudden surge of blood to the spine (Blaisdell, 2002; Lu et 

al., 1997), which can be as high as 186%–226% of normal blood flow (Johansson et al., 
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2002). This sudden blood surge has been shown to cause micro-vessel damage, triggering 

an intense inflammatory response leading to pain (Benrath et al., 2001; Bhalang et al., 

2005; Blaisdell, 2002; Chu 2002; Hanten et al., 2000; Sandberg et al., 2005) which can 

aggravate preexisting microvascular damage; increasing interstitial pressure to further 

restrict microcirculation, fostering additional tissue damage (Blaisdell, 2002). As a result, 

once blood reperfusion occurred, pain would have been enhanced for the remainder of 

load carriage exercise. Third, pain intensity may have been elevated in the spinal region 

because of the large contact region at the interface between the backpack mainframe and 

human skin surface, resulting in significant shear and frictional forces (Stevenson et al., 

2004a; Mackie et al., 2005).  

 Since similar pain scores were found for the 35 kg (pain = 1.3 after 45 minutes) 

and 50 kg payloads (pain = 1.3 after 30 minutes) in the spinal column region, this would 

suggest that a load carriage with 35 kg is the minimal load that can cause the 

aforementioned problems associated with interrupted blood flow on the posterior spine. 

However, based on a physiological description, pain in this region is avoidable if the 

payload is moved frequently on the trunk or if rest is permitted during endurance load 

carriage. Therefore, if properly treated, this region would not likely be a limiting factor 

for load carriage endurance. Modification of the backpack may also assist in reducing 

pain. If the mainframe could be fitted with an insert/device that allowed greater skin 

blood flow between the backpack mainframe and posterior skin interface, then pain in the 

medial thoracic region could be reduced to improve load carriage comfort.  

 

7.5.5 Comparison of Anterior and Posterior Shoulder Pain  

A comparison of the painful anatomical sites on anterior and posterior body is 

summarized in Tables 5 and 6. Based on the human trials conducted in this study, of the 

24 body regions devised by Legg et al. (2003), it was found that the body regions could 

be reduced into four major pain sites on the anterior body and six major pain sites on the 

posterior body. Although the posterior body had a greater number of painful locations, the 

anterior body was calculated to have a higher pain intensity (mean pain intensity overall 
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was 0.6 on anterior body and 0.4 on posterior body). These findings suggest that high 

pain intensity on the anterior body is likely the determining factor for pain tolerance 

limits during endurance load carriage. Based on this information, tolerance limits should 

be more accurate if they are based on the overall primary pain location. Given that the 

highest pain score was 3.4, located in the anterior shoulder region, this region will be used 

as part of a model to predict human load carriage limits. 

 

7.5.6 Exercise-Induced Analgesia  

One unexpected observation found in the data was that subjects frequently 

reported a reduction in pain after exercise commenced. This brief decrease in pain 

typically happened for short 5-10 minute intervals during exercise. Further, this 

phenomenon occurred during almost all payload conditions on the anterior and posterior 

body. This finding is summarized in Tables 4 and 5. Given that the experiment was under 

highly controlled conditions, the only suitable explanation for this phenomenon is that 

exercise was inducing an analgesic effect related to increased endorphins release in the 

body.  

This explanation is supported by previous research. For instance, it is well known 

that the central nervous system contains endorphins that can produce analgesia when 

released into the blood or interstitial fluid (Marieb, 2004; McArdle et al., 2000; Rhodes & 

Pflanzer, 2003; Shier et al. 2006); an effect known to last from minutes to hours (Kandel 

et al., 2000; Silverthorn, 2004). Further, endorphin release has been shown to occur 

during times of physical exertion and/or stress (Bjørnebekk et al., 2005; Campbell & 

Reece, 2005; Mader, 2006; Marieb, 2004; McArdle et al., 2000; Shier et al. 2006; 

Silverthorn, 2004; Kandel et al., 2000; Kelly, 1982), particularly with regards to β-

endorphins release (de Meirleir et al., 1986; Kandel et al., 2000; Mougin et al., 1987; 

Wilmore & Costill, 2004; McArdle et al., 2000). Endorphin release may also be triggered 

by exercise-induced acidosis (Taylor et al., 1994).  

Exercise-induced analgesia has been reported to occur as a result of moderate to 

intense acute exercise (Campbell & Reece, 2005; Kandel et al., 2000; Marieb, 2004; 
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McArdle et al., 2000), such as: 15 to 30 minutes of continuous exercise (Bartholomew et 

al., 1996; Bouix et al., 1997; Hoffman et al., 2004; Kodoma et al., 2003), exercise above 

55% of VO2max (Bouix et al., 1997), or even 15 minutes of shiatsu-like exercise/therapy 

(Kodoma et al., 2003). Based on the endorphin research, it is clear that this endurance 

load carriage protocol met the criteria to generate an analgesic effect. First, the payloads 

were substantially stressful ranging from 19.9 % to 66.4 % of body weight. As a 

comparison, most researchers recommend payloads of ≤ 20% of body weight, due to 

substantial stresses on the body (Brackley et al., 2004; Mackie et al., 2005). Second, the 

work range for the heart was sufficiently high with mean heart rates ranging from 53% to 

69% of maximum heart rate. Third, the data showed that exercise duration was stressful, 

since it lasted for 45 minutes at the quick walking pace of 4.8 km/h. At this pace, peak 

mean heart rates were sufficiently elevated, ranging from 54% to 72% after 20 minutes of 

exercise (n=7). 

Based on the range of intensities experienced by the subjects in this study, the 

question becomes what payload was the minimal condition required to facilitate exercise-

induced analgesia. Based on analysis of tables 4 and 5, a conservative estimate is that 

analgesia could be induced using a brisk walk while carrying a 15 kg payload (19.9% of 

body weight). However, this estimate is likely too conservative based on the fact that the 

15 kg payload showed an analgesic on the anterior body, but not the posterior body. 

Further, at 15 kg, the mean working heart rate was 53% HRmax and the mean peak heart 

rate was 54% of HRmax; both of which are at the lower end of exercise stress (Wilmore 

& Costill, 2004). Instead, we propose that carrying 25 kg (or 33% of body weight) for 20-

30 minutes is more likely the lowest payload that would facilitate an analgesic effect with 

an optimally designed backpack. 
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Table 5. Exercise-induced analgesia in anterior body region. 
Load Carried 

(kg) 

Time at which pain reduced during 

exercise 

Affected region 

15 15-35  min Acromial, Axillary, Abdominal, 

25 30 min Acromial, Abdominal 

35 10-25 min Axillary, Medial thoracic, Abdominal 

50a 20-25 min Thoracic, Abdominal 
a At 50 kg, pain ratings were based on n=7 (30 minutes of exercise), just before the first subject dropped out 

of exercise. 

 

Table 6. Exercise-induced analgesia in posterior body region. 
Load Carried 

(kg) 

Time at which pain reduced during 

exercise 

Affected region 

15 N/A N/A 

25  10-40 min. 
Cervical, Acromial, Lateral & Medial thoracic, 

Lumbar 

35 10-30 min. Acromial,  Medial Thoracic, Lumbar  

50a 10-30 min. Acromial, Medial thoracic, Lumbar  
a At 50 kg, pain ratings were based on n=7 (30 minutes of exercise), just before the first subject dropped out 

of exercise. 

 

The reason that exercise-induced analgesia is a concern for the development of 

load carriage limits is that the phenomenon occurs in regions of the body that are at risk 

of tissue damage (e.g. areas in direct contact with the backpack). The concern is that 

analgesia may cause backpackers to ignore a painful regions of the body (a warning sign 

for injury), allowing them to continue load carriage for long durations without 

interruption, thereby, unknowingly causing self-inflicted injury. Based on this research, 

almost every backpacker would be at this risk of self injury for loads greater of 25 kg or 

greater (the model at the end of this paper will define conditions for injury in greater 

detail). Further, since exercise-induced analgesia requires neither a particularly heavy 

load, nor an intensely motivated exerciser, the concern is that most people who backpack 

could be at risk of injury. The challenge becomes how to predict this risk in humans. 
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In the past, a number of problems were associated with the prediction of injuries 

for human load carriage. Some researchers have attempted to measure absolute contact 

pressure; however, even the latest technologies showed challenges that may limit 

accuracy and repeatability when used on humans (Fergenbaum et al., 2003a, 2003b, 

2003c). Some have used pain mapping/intensity as an approach to study load carriage 

(Legg et al., 2003; Bryant et al., 2001; See chapter 6). However, measurement of pain can 

vary greatly between subjects (as shown in this study) and pain is a subjective measure 

that is difficult to quantify. Although further investigation is needed, the following section 

will propose a theoretical construct that incorporates a number of findings made in this 

experiment, including exercise-induced analgesia, in order to develop load carriage limits 

for individuals operating in a group setting. The benefit of these models is that load 

carriage limits can be developed more accurately by analyzing exercise-induced analgesia 

because it allows researchers to attain results beyond subjectivity (e.g. pain intensity 

measurement) and without technological challenges (e.g. pressure measurement 

technologies). Further, the model allows researchers to study backpackers in a variety of 

environments, such as laboratory, clinical and/or field settings.  

 

7.5.7 Model for Human Load Carriage Limits  

Based on these findings and analyses, two models will be proposed for 

determination of load carriage. The first model will be referred to as an “assertive model” 

of human load carriage limits (Figure 7). The reason for use of the term “assertive” is that 

the calculations and the subsequent limits are predetermined prior to starting exercise. 

Once the limits are determined, backpackers simply adhere to the limits.  This is an 

aggressive approach since it does not promote changing the limits with the needs or 

conditions of the backpacker. The second model will be referred to as “conservative 

model” of human load carriage limits (Figure 8). This model can be used in-situ during 

exercise allowing limits to be modified for individuals within the group. This ability for 

modification during exercise, allows backpackers to reduce or increase the intensity of 

exercise as needed, allowing for a more moderate approach to exercise. Last, it may be 
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possible to integrate both models, first, by setting the limits prior exercise (Figure 7) and 

then monitoring and modifying exercise (e.g. taking rest breaks) according to Figure 8.  

 To create these models, some assumptions were made. First, it was assumed that 

the most painful region on the body, the anterior shoulders, were the limiting factor 

affecting payload limits.  Second, the model assumes that backpackers were performing at 

a steady brisk walking speed similar to the 4.8km/h speed used in the laboratory. Third, 

the model assumes that the environmental conditions are relatively fair, without extremes 

in temperature and elevation. Fourth, the model assumes that the laboratory subjects used 

in this study were a random sample of the normal population with similar pain tolerance 

limits and exercise limits (i.e. drop out rates to exercise) to other backpackers who may 

use the model. The various proposed models are introduced below. The potential 

limitations associated with the assumptions are discussed in the “limitations section” of 

this paper.  
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Figure 7. Assertive model of human load carriage limits1  
Model 1: 

Determination of 

endurance limits for 

discrete payloads of ≤ 50 

kg 

Model 2: 

Determination of percent of 

maximum load carriage pain 

limit for a given payload 

during 45 minutes of exercise 

Model 3: 

Determination of percent of maximum 

load carriage pain limit and the number of 

subjects who can tolerate the given limit 

using a discrete payload of ≤ 50 kg for a 

given duration of exercise. 

If payload is known (e.g. 

15, 25, 35, or 50 kg), then 

the maximum duration of 

exercise can be predicted 

by solving for “x” using 

appropriate formula2, 

where y=3.4: 

 

Step 1: 

Choose appropriate 

regression formula from 

Figure 4: 

 

Where,  

x=time in min; y=anterior 

shoulder pain intensity 

 

For example: 

 

To predict how long 

backpackers can endure 

35 kg before subjects feel 

the need to stop exercise. 

 

Step 1: 

y = 0.0545x + 0.5813; (35 

kg) where, y=3.4 

 

If the payload is known (can 

be any value), then percent of 

maximum pain limit (before 

exercise dropouts occur) can 

be determined by solving for 

“y” using the formula3: 

  

Step 1: 

Use formula from Figure 5: 

y = 2.7355Ln(x) - 7.1601  

 

Where,  

x=load in kg; y=anterior 

shoulder pain intensity 

 

Step 2: 

Then use formula4: 

%max pain limit = y/3.4 × 

100% 

 

For example: 

 

If a 42 kg payload is carried 

for 45 minutes, backpackers 

will be working at the 

following percent of their 

maximal pain limits.  

 

If payload is known (e.g. 15, 25, 35, or 50 

kg); if duration of exercise is known; & if 

the number of subjects in the group are 

known, then number of backpackers who 

can complete the exercise task can be 

predicted by solving for “y” using 

appropriate formula2: 

 

Step 1: 

Choose appropriate regression formula 

from Figure 4: 

y = 0.0988x + 0.5571; (50 kg payload) 

y = 0.0545x + 0.5813; (35 kg payload) 

y = 0.0288x + 0.4226; (25 kg payload) 

y = -0.0052x + 0.4325; (15 kg payload) 

 

Where,  

x=time in min; y=anterior shoulder pain 

intensity 

 

Step 2: 

Then use formula: 

%max pain limit = y/3.4 × 100% 

 

Step 3: 

Then, solve for “y” using formula5: 

y = -0.0024x2 + 0.0757x + 6.5476 
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x=52 min 

 

Therefore, backpackers 

can endure 52 minutes of 

walking1 before subjects 

feel the need to stop 

exercise.   

Step 1: 

y = 2.7355Ln(x) - 7.1601 

y= 2.7355Ln(42) - 7.1601 

y=3.06 = 3.1 

 

Step 2: 

%max pain limit = 3.1/3.4 × 

100% = 91% 

 

Therefore, pain is predicted to 

be 3.1/10 during payload 

carriage of 42 kg for 45 

minutes which is 91% of 

maximum load carriage pain 

limit.  

 

 

 

 

 

Where, x=time in min; y=no. of subjects 

remaining in exercise. 

 

For example: 

known load=50kg 

known duration of exercise= 50 min 

no. of backpackers=60 people 

 

Step 1: 

y = 0.0988x + 0.5571 (formula for 50 kg 

payload). 

y = 0.0988(50 min.) + 0.5571  

y = 5.49 

 

Step 2: 

%max pain limit = y/3.4 × 100% 

%max pain limit = 5.49/3.4 × 100% = 

161% (means subjects are working above 

pain tolerance limits & exercise dropouts 

are likely). 

 

Step 3: 

To develop the dropout rate from 

formula5: 

y = -0.0024 (50 min)2 + 0.0757 (50 min) 

+ 6.547 

y = 4.33 

 

Where, x=time in min; y=no. of subjects 

remaining in exercise 

 

Thus, 4.33 people of 7 subjects or 62% 

(4.33/7 x100%= 62%) would remain 

exercising under our laboratory 

conditions.  
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Therefore, 37 people of 60 backpackers 

would remain exercising using 50 kg for 

50 min. 
1 Model assumes a constant brisk walking speed of 4.8 km/h 
2 Formulas are shown in Figure 4. For the formula, y must equal 3.4 because it is maximal tolerable anterior 

shoulder pain before subjects begin to drop out of exercise in the laboratory. 
3 Formula is shown in Figure 5. 
4 Denominator must be 3.4 because any anterior shoulder pain value greater than 3.4/10 would cause a 

drop-out of exercise in the laboratory.  
5 Formula is from Figure 6. 
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Figure 8. Conservative model of human load carriage limits. 

 

 

1 Cannot measure the anterior shoulders or posterior neck region for an analgesic effect (see “third limit” in 

“limitations” section for details). All other regions discussed in this paper can be monitored.  
2 For each subject, to calculate mean heart rate, collect individual heart rate information at the following 

intervals: (a) immediately after exercise, (b) 5 minutes of post-exercise, (c) 10 minutes of post-exercise. 

Then calculate the mean of (a)+(b)+(c). Last, calculate the mean heart rate for group at post-exercise or rest, 

along with standard deviation.  
3 If the SD is greater than 26 bpm, rest again for 5-15 more minutes, then collect heart rate for individuals 

and recalculate mean heart rate and standard deviation for group.  
4 Monitor any of the following regions of the body:  right and/or left anterior hips;  sternum; spinal column; 

right, left, and/or center lumbar; right and/or left shoulder blades; right and/or left armpits. These regions 

are based on results of 35 kg and 50 kg in Tables 5 & 6. 

Step 1: Determine payload & duration of 

exercise. 

Step 2: Start exercising 

Step 3. Identify signs of exercise-induced analgesia by observing pain intensity scores 

for reductions in pain on both anterior & posterior body sites1. 

If a reduction in pain is 

observed on multiple anterior 

& posterior pain sites in        

≥ 85% of workers. 

Action: Rest group for at 

least 10 -15 minutes or end 

If a reduction in pain is not observed 

on 4 to 11 anatomical sites4. 

Action: Exercise can be continued 

safely. 

Step 4: Examine mean heart 

rate & standard deviation of 

group on rest break2.  

Before restarting exercise, if standard 

deviation (SD) for the group is ±26 

bpm or greater. 

Action: Continue to rest until SD<±26 

bpm or end exercise session3. 

If standard deviation for the 

group is less than ±26 bpm. 

Action: Can restart/continue 

exercise. Move back to step 3 to 

monitor backpackers during 

exercise. 
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7.5.8 Limitations  

 First, one of the limitations to this study was that the subject pool was small (n=7). 

This subject pool was further reduced at 50 kg (n=5), due to two subjects who dropped 

out of exercise. However, it was important to have a dropout rate in order to develop the 

load carriage limits created in models 1-3 of Figure 7. In the future, a larger subject pool 

should be used to expand on this work and to validate the models being proposed in this 

paper.  

 Second, the magnitude of pain intensity values should be validated in future 

research. Further, pain for heavier payloads over longer durations should be examined. In 

the literature, researchers have reported that payloads up to 61 kg were within human 

capabilities (Johnson et al., 1995; Lyons et al. 2005), although heavier loads were linked 

to increased fatigue, elevated levels of muscle discomfort; as well as diminished feelings 

of well-being and alertness (Johnson et al., 1995). Some researchers have recommended 

backpack limits of up to 30% of body weight (Wang et al., 2001; Quesada et al (2000) for 

exercise lasting up to 40 minutes (Quesada et al., 2000) while others have warned against 

payloads above 40% of body weight which is known to increase body stiffness (Holt et 

al., 2003; Hutton et al., 2003; LaFiandra et al., 2004; Wu et al., 2003) potentially leading 

to injury (Bahr & Maehlum, 2004; Greenberg et al., 2004).  

 In comparison to other studies, the findings in this study suggest that humans are 

capable of higher load carriage limits then those reported in the past. For example, based 

on the mean weight of our subjects (mean body mass 75.3 kg) the 35 kg payload would 

have been at approximately 46% of body mass for the subjects in this study. In fact, using 

the 50 kg payload (66.4% of body mass), most people were able to exercise for 45 

minutes. Based on these findings and the related research, it appears that greater muscular 

strength may provide auxiliary assistance to improve load carriage time limits. Some 

researchers have reported that high muscle mass or large body size can be significant 

factors to improve heavy load carriage performance (Lyons et al., 2005; LaFiandra et al., 

2002). Research should examine the relationship between muscle strength (e.g. shoulder 

and trapezius strength) and pain limits in future work  
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Although percent of body mass was higher in this study than those found other 

reports, pain intensity was relatively low for a payload at 66.4% of body mass (mean pain 

in the anterior shoulder region was 3.4 for 50 kg at 30 minutes). Although the human 

payload capabilities seemed higher than those other published studies, it should be noted 

that the experimental backpack used in this study was uniquely engineered for heavy load 

carriage for the Canadian Forces. In fact, this study showed that the experimental 

backpack was exceptional at maximizing payload carried (e.g. reflected in the subject’s 

ability to carry a large percent of his body mass), while at the same time, minimizing 

cardiovascular burden on the body (reflected by the exercise heart rate being within 

human limits). Therefore, future work should validate the pain intensities and payload 

capacity found in this paper.  

Further, the link between pain intensity, applied mechanical pressure and nature of 

injury could also be examined. In this study, it was assumed that pain at the backpack-

skin interface was directly proportional to the applied pressure from the backpack. 

Although the exact magnitude of pressure acting on the skin was not needed to develop 

the models in Figure 7 and 8, it would be useful if researchers could measure the nature of 

the relationship between pain and applied pressure (challenges with pressure mapping are 

discussed in chapters 2-4 of this thesis).  

 Third, results showed a lack of an analgesic effect in the two body sites with the 

highest intensity of pain: the anterior shoulders and the posterior neck region (also see 

footnote #1 in Figure 8). This finding appears to be counter to the model of exercise-

induced analgesia. However, the human endorphin system has limits in terms of how 

much pain can be suppressed using this system (Kandel et al., 2000). If pain intensity has 

limits in terms of how much pain can be suppressed or if tissue damage occurred at a 

faster rate than increases in endorphin release (i.e. analgesia), this may explain why 

analgesia was not seen in the most painful region of the body (anterior shoulders and 

posterior neck regions). Direct measurement of plasma endorphin levels may provide 

more information on the pain suppression activaty in the body. Given the lack of an 

analgesic effect in the anterior shoulders and the posterior neck regions, these sites wee 
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not included in the predictive model in Figure 7. Nonetheless, more biochemical research 

is needed before researchers can be certain of the role that endorphins may play in load 

carriage. 

Fourth, given that various studies on exercise-induced analgesia used different 

approachs to measure exercise stress and the lack of biochemical data collected in this 

study, it was not possible to directly compare the results of this study to others. For 

example, in this study, a very practical method was used to measure work capacity 

(percentage of maximum heart rate). However, many studies used the laboratory-based 

online VO2 testing to calculate %VO2max, which is not directly translatable into 

%HRmax (Hofmann et al., 1994; Katch et al., 1978). In fact, some have reported the 

results from the two tests may differ as much as 29% (Davis & Convertino, 1975). Since 

it was impractical to examine online VO2 during load carriage, this study was limited to 

making conclusions about the exercise intensity based on %HRmax, peak heart rate, and 

percent of body weight carried as a payload. Future studies should measure online VO2 

and/or plasma β-endorphin levels during load carriage, to provide more insight into the 

level of intensity experienced during endurance load carriage.   

 Fifth, this study tested a limited number of payloads (15, 25, 35 and 50 kg), a 

single preset gait speed (4.8 km/h), and a single preset exercise duration (45 minutes). 

Therefore, the models created in Figures 7 and 8 would likely apply best to humans 

performing in these ranges of values. If a greater number of payloads, gait speeds and 

exercise durations can be tested in future research, then the models can be expanded to 

include a greater number of formulas to predict load carriage limits.   

Sixth, the models in Figures 7 and 8 required assumptions that may impose limits 

on load carriage predictions. For example, it was assumed: (a) that the most painful 

region on the body, the anterior shoulders, was the limiting factor affecting load limits 

(reasoning was reviewed in earlier discussion); (b) environmental conditions are 

relatively stable during exercise with no temperature and elevation changes;  (c) that 

laboratory subjects were a random sample of the normal male population with similar 

pain tolerance limits and exercise limits (i.e. dropout rates to exercise) to other male 
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backpackers who may use the model; (d) that the Canadian Forces experimental backpack 

had design features that were similar to commercially available backpacks, and (e) that 

pain at the backpack-skin interface was directly proportional to the applied pressure from 

the backpack. If any of the above criteria are not met during experimentation, then the 

predicted limits may not accurately reflect actual load carriage limits in future 

experiments.  

Last, there are also a number of additional factors that need further investigation 

to expand on the diversity of these load carriage models. For example, future work should 

examine the effects of load carriage on younger populations and women (this study is 

limited to predictions on fit young men). This will allow for the development of load 

carriage limits which are specific to various segments of the population In short, by 

conducting endurance testing on humans under different conditions (i.e. various 

populations, different backpack designs, in a variety of environments), new specialized 

models can be created by scientists that can meet the needs of a greater portion of our 

society. 

 

7.6 Conclusions  

In conclusion, this study used pain mapping, quantification of pain intensity, and 

physiological and motor tests to develop load carriage limits for light to heavy payloads 

during 45-minutes of endurance exercise. Results showed that motor control was not 

affected by magnitude of the payload, and it was not affected after 45 minutes of exercise. 

Analysis of physiological stress showed that mean heart rate significantly increased from 

pre- to post-exercise (p<0.001). A Tukey HSD post hoc showed that only the 50 kg 

payload condition had a significantly higher heart rate at post-exercise than all other 

conditions (p<0.05). Further, it was found that standard deviation was substantially large 

at post-exercise for the 50 kg payload, indicating that some subjects were experiencing 

high physiological stress during recovery. During exercise itself, it was found that 

subjects worked within their aerobic limits, up to 74.3% of HRmax at 50 kg. 
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 Research on the anterior body showed that the acromial (shoulder) region was the 

most painful region on the entire body (peak pain = 3.4 at 50 kg) which confirms findings 

reported by studies of human models. Humans were capable of carrying fairly heavy 

payload for extended periods of time (e.g. 35 kg payloads for 45 minutes or 50 kg 

payloads for 30 minutes). Results revealed that the sternum strap and hip belt had 

important roles in terms of distributing forces over a larger surface of the anterior aspect 

of the body which likely helped to reduce anterior shoulder pressure, thereby improving 

load carriage limits. A unique finding regarding the hip belt was that humans did not 

perceive a substantial diversion of force (i.e. discomfort) until the payload reached 50 kg; 

suggesting that humans are capable of endurance load carriage with heavier payloads. 

Finally, it was reported that almost no pain was experienced in the armpit region, 

demonstrating that it is possible to engineer a well-designed backpack that can eliminate 

pain in this region.  

 Research on the posterior pain also showed that when payloads exceeded 25 kg, 

pain was most intense region in the cervical (neck) site. It was proposed that severe neck 

pain was caused by extreme localized fatigue in the trapezius muscles of the posterior 

neck, which occurred after 10-15 minutes of exercise. Although more research is needed, 

fatigue in the neck can be exacerbated by: blood occlusion via a sustained muscle 

contraction of the trapezius; lactic acid, H+ ion, and K+ metabolite accumulation; and 

localized ATP depletion leading to necrosis and inflammation. Therefore, frequent rests 

breaks may be required for individuals who experience high pain in this region. Similar to 

findings on the anterior body, it was discussed that the hip belt served an important role in 

redistributing forces that probably increased load carriage limits substantially. Again, 

humans did not perceive a significant diversion of force to the posterior hips (i.e. 

discomfort) until the payload reached 50 kg. Last, it was found that payloads ≥ 35 kg 

caused high pain in medial thoracic region (spinal column) which may have been due to 

blood occlusion, caused by the backpack mainframe acting over a large area of the spine. 

It was argued that lighter backpacks (15 kg and 25 kg) can shift more easily during gait to 

relieve pressure on the spine. However, heavier payloads were less likely to move due to 
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greater backpack inertia and increased body stiffness during gait, an adaptation to 

improve shock absorption/metabolic efficiency during load carriage. Additional factors 

may have also compounded to intensify pain in the medial thoracic region, including: 

spinal compression for long durations, blood reperfusion causing micro-vessel 

damage/inflammation; and shear/frictional forces acting on the spine due to the backpack. 

These concerns were proposed to occur at a minimal payload of 35 kg; although, if 

properly treated (e.g. shifting the backpack frequently during exercise and/or frequent rest 

breaks), it was argued that this region would not likely be a limiting factor for load 

carriage endurance. 

 When all 24 body regions were examined after exercise, sites for pain could be 

reduced into four anterior pain sites and six posterior pain sites. Overall, the anterior 

body, rather than the posterior body, was found to have the most intense pain for all 

payloads during load carriage. However, an unexpected phenomenon occurred on both 

the anterior and posterior regions of the body for almost all payload conditions. It was 

observed that pain briefly decreased during exercise for short 5-10 minute intervals. This 

exercise-induced analgesic effect was discussed, and findings showed that the least 

intense condition that stimulated this effect was a 25 kg payload while brisk walking for 

20-30 minutes.  

 Although more research is needed to validate findings, it was argued that exercise-

induced analgesia was a concern because analgesia may cause backpackers to ignore 

painful regions of the body (a warning sign for injury), allowing them to continue load 

carriage for long durations without interruption; thereby, unknowingly causing self-

inflicted injury. Further concerns were that exercise-induced analgesia required neither a 

particularly heavy payload, nor an intensely motivated exerciser to facilitate this effect in 

humans. Based on evidence of analgesia and other findings, two models for the 

determination of endurance load carriage limits were proposed: (a) an “assertive model” 

that predetermined limits prior to exercise and (b) a “conservative model” that allowed 

limits to be modified during exercise, so that exercise could be modified to the fitness 

level of the backpackers. Future research is required to validate these models.   
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Summary and Conclusions 

For humans, moving materials by foot is commonly performed by using a 

personal load carriage system or backpack. Unfortunately, backpacks have also been a 

widely associated with injury, typically via carrying heavy loads over long distances. 

Therefore, the aim of this study was to develop a model for load carriage which could be 

used to determine safety limits in humans. To start, a number of experiments were 

conducted to determine the appropriateness of using pressure mapping technology to 

measure peak and mean pressures acting on humans during load carriage limits. Initially, 

two major pressure mapping technologies (capacitance and piezoresistive systems) were 

compared to a well established (resistive ink) technology, for accuracy and repeatability 

on a flat human-like skin surface. Generally, it was found that capacitance and 

piezoresistive systems had similar performances, although the capacitance system was 

more accurate at measuring low pressures. As a group, it was found that both capacitance 

and piezoresistive systems were more accurate and repeatable then resistive ink, although 

errors for all systems were generally high (e.g. ≥ 26%). In subsequent experiments, the 

capacitance system was compared to resistive ink technology for accuracy and 

repeatability using a human shoulder-shaped model covered with a human-like skin 

surface. Under these conditions, the capacitance system had a better performance; 

however, improvements would have been needed before this technology could be used to 

study a complex curved surface, such as human skin. In the last series of experimentation, 

the focus shifted to comparing the capacitance to the piezoresitve system under dynamic 

compression conditions using a flat, skin-like surface. Results showed that the 

capacitance system was more accurate and repeatable than the peizoresistive system; 

however, error reached as high as 36% and 51% for the capacitance and piezoresistive 

systems, respectively.  

Since it was determined that pressure mapping would need sizable modifications 

before it could be used to study human load carriage, it was decided that the measurement 

of pain had better potential application for the development of load carriage limits. 

Consequently, an epidemiological study was undertaken to examine pain resulting from a 
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complex combination of multiple backpack designs used, while subjects performed 

various physical work tasks. In this study, an approach to study pain during load carriage 

was developed and results suggested that the shoulder region may play a critical role in 

determining load carriage limits. In addition, the hip region and boney posterior 

anatomical regions of the truck (in direct contact with the backpack) were found to be 

highly painful locations. Although not in contact with the backpack, the posterior neck 

region, was also found to be a highly painful region. A limitation in this study is that pain 

was measured post-exercise; therefore, it was determined that human trials were 

necessary in order to study pain over time. 

In this final study, pain mapping, quantification of pain intensity, and 

physiological and motor testing were examined during work, to develop load carriage 

limits for light to heavy payloads during endurance exercise lasting 45 minutes. Results 

showed that all subjects were able to exercise with a 15-35 kg payload for 45 minutes and 

with a 50 kg payload for 30 minutes, without stopping. It was also found that mean heart 

rate significantly increased from pre- to post-exercise (p<0.001); however, only the 50 kg 

payload condition had a significantly higher post-exercise heart rate than all other 

conditions (p<0.05). As well, motor performance was found to be unaffected by carrying 

payloads of ≤ 50 kg. In terms of pain, it was found that the anterior acromial (shoulder) 

region was the most painful region on the body and pain was highest using the 50 kg 

payload (mean peak pain = 3.4/10). On the posterior body, the cervical (neck) region was 

most painful, particularly for payloads ≥ 35 kg (mean peak pain = 2.8/10), even though 

there was no direct skin contact with the backpack at this location. During exercise, brief 

5-10 minute reductions in pain occurred on both anterior and posterior sites; generally 

occurring after 10-15 minutes of exercise, suggesting an exercise-induced analgesia may 

have been a factor affecting load carriage limits. Based on these findings, two models 

were proposed in this paper: an assertive model and a conservative model to allow 

prediction of human load carriage limits for endurance exercise.  

 At the start of this thesis, it was hypothesized that a load carriage model could be 

developed based on human pressure-pain tolerance limits and physiological indicators of 
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exercise stress. Although this hypothesis was found to be true, based on the findings in 

this thesis, the following recommendations are recommended for future work: 

 

• The models proposed in this study, as well as the magnitude of pain intensities, 

should be validated using a larger sample size with a more diverse population (e.g. 

women, children, individuals with different body compositions, and so on). 

 

• Since humans appear to have higher limits than 50 kg heavier payloads (or ≥ 66% 

of body mass), higher payloads should be examined over longer durations than 45 

minutes, if possible.  

 

• Since muscular strength may be associated with greater load carriage time limits, 

future work should examine the effects of muscle strength and muscle endurance 

on load carriage limits.  

 

• Pressure mapping technology should be developed for use on humans to study the 

compressive forces acting on the skin during work/exercise. 

 

• The influence of exercise-induced analgesia on load carriage limits should be 

examined by measuring blood endorphin levels, both during and post-exercise. As 

well, future researchers could use a blood pressure cuff on the arm to examine the 

relationship between pressure, ischemia and pain.  

 

• A greater number of payloads, gait speeds and exercise durations should be tested, 

to improve the models of load carriage limits.  

 

• Different environmental conditions (e.g. climate, uneven terrain) should be 

studied to determine these effects on load carriage limits.  
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 Based on the overall findings of this thesis, a number of well-designed backpack 

features could potentially be used to increase human load carriage endurance limits. 

These features include: (a) a backpack with well-padded shoulder straps, a broad sternum 

strap, and hip belt components; (b) straps/belts which maximize contact area on the body, 

with the goal of distributing forces away from the shoulders; (c) minimal strapping 

material/components in the armpit region to avoid painful rubbing; and (d) modification 

of major backpack components in direct contact with the skin (e.g. the mainframe) to 

allow better skin blood flow during load carriage. Although more research is necessary, a 

well-designed backpack in combination with a better understanding of human load 

carriage limits may help researchers prevent injuries in future backpackers. 
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Appendix A 

Raw Pressure Data from Spreadsheet for Chapter 3 
 

   Sample of Raw Data for Incremental Loading Measured in mmHg (Capacitance system). 
Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 

Trial 

5 

Trial 

6 

Trial 

7 

Trial 

8 

Trial 

9 

Trial 

10 

Trial 

11 

Trial 

12 

Trial 

13 

Trial 

14 

27.81 30.23 29.85 32.90 45.51 58.70 49.19 38.33 34.22 45.78 58.67 72.21 53.94 41.85 

27.84 30.33 29.95 32.91 45.57 58.72 49.04 38.28 34.19 45.76 58.71 72.26 53.23 41.85 

27.89 30.37 29.97 32.91 45.55 58.84 48.95 38.23 34.18 45.86 58.92 72.33 53.39 41.88 

27.93 30.36 29.98 32.88 45.59 59.14 49.05 38.22 34.20 45.87 58.83 72.18 53.59 41.86 

27.98 30.40 30.03 32.85 45.63 59.15 48.95 38.20 34.25 45.92 58.67 71.84 54.08 41.93 

28.04 30.39 30.03 32.89 45.64 59.06 48.94 38.11 34.28 45.95 58.59 71.76 54.13 41.96 

27.93 30.43 30.13 32.86 45.64 59.27 48.95 38.20 34.30 46.02 58.55 72.21 54.09 41.92 

27.93 30.46 30.14 32.86 45.63 59.73 49.08 38.14 34.25 46.04 59.02 72.56 54.13 41.82 

27.93 30.50 30.14 32.91 45.57 59.73 49.13 38.27 34.27 46.03 59.04 72.19 54.20 41.97 

27.99 30.48 30.20 32.90 45.69 59.73 48.96 38.20 34.30 46.07 58.98 72.14 54.53 41.99 

 

   Sample Raw Data for Incremental Loading Measured in mmHg (Piezoresisitve system). 
Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 

Trial 

5 

Trial 

6 

Trial 

7 

Trial 

8 

Trial 

9 

Trial 

10 

Trial 

11 

Trial 

12 

Trial 

13 

Trial 

14 

31.90 32.20 32.00 32.80 48.20 60.10 50.80 36.20 32.30 49.70 62.60 66.00 53.60 37.40 

32.10 32.20 32.10 32.80 48.20 60.10 50.80 36.30 32.00 49.60 62.60 65.80 53.40 37.20 

31.90 32.30 32.00 32.80 48.00 60.20 50.80 36.20 32.20 49.70 62.60 65.80 53.60 37.20 

32.10 32.20 31.90 32.80 48.00 60.30 50.40 36.20 32.10 49.70 62.80 66.00 53.50 37.30 

31.80 32.00 31.90 32.90 48.10 60.30 50.60 36.20 32.10 49.70 62.60 66.00 53.50 37.30 

31.60 32.10 31.70 32.80 48.10 60.20 50.80 36.20 32.20 49.90 62.70 65.90 53.80 37.30 

32.00 32.10 32.00 32.80 48.30 60.40 50.90 36.20 32.20 49.80 62.80 66.00 54.50 37.30 

32.10 32.10 32.00 32.70 48.10 60.40 50.90 36.30 32.20 49.80 62.80 65.80 54.40 37.30 

32.10 32.20 31.90 32.90 48.30 60.40 50.90 36.30 32.20 49.80 62.80 66.00 54.30 37.30 

32.00 32.00 32.00 33.00 48.40 60.40 50.90 36.30 32.40 49.90 62.90 65.80 54.30 37.30 
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Sample of Raw Data for Incremental Loading Measured in kPa (Resistive ink system). 
Trial 

1 

Trial 

2 

Trial 

3 

Trial 

4 

Trial

5

Trial

6

Trial

7

Trial

8

Trial

9

Trial 

10

Trial 

11 

Trial 

12

Trial 

13

Trial 

14

15.03 13.94 13.04 2.44 19.94 20.46 20.80 19.14 19.10 22.07 22.65 25.83 22.20 18.39

15.07 13.92 13.10 6.03 19.94 20.59 20.69 19.14 19.10 22.10 22.52 25.74 22.24 18.47

15.06 13.93 13.18 10.03 19.94 20.79 20.67 19.13 19.10 22.12 22.30 25.64 22.28 18.53

15.04 13.95 13.27 13.26 19.94 21.09 20.66 19.12 19.10 22.15 22.12 25.62 22.33 18.50

15.06 13.97 13.34 15.39 19.94 21.37 20.69 19.11 19.10 22.19 22.02 25.67 22.42 18.38

15.13 13.97 13.40 16.68 19.94 21.59 20.72 19.10 19.10 22.22 22.08 25.74 22.48 18.29

15.22 13.99 13.46 17.62 19.94 21.73 20.73 19.10 19.10 22.25 22.27 25.81 22.51 18.23

15.31 14.01 13.51 18.58 19.94 21.80 20.71 19.10 19.10 22.28 22.46 25.83 22.57 18.18

15.40 14.01 13.55 19.51 19.94 21.83 20.69 19.10 19.10 22.32 22.69 25.81 22.64 18.21

15.46 14.01 13.58 20.17 19.94 21.82 20.69 19.10 19.10 22.36 22.95 25.80 22.70 18.24

 

  Sample of Raw Data for Low Pressure Test (in kPa). 
Sample Capacitance Piezoresistive Resistive Ink 

1 1.47 0.53 19.70 

2 1.45 0.53 19.70 

3 1.47 0.53 19.80 

4 1.47 0.53 19.70 

5 1.47 0.53 19.80 

6 1.47 0.53 19.80 

7 1.45 0.53 19.10 

8 1.47 0.53 19.10 

9 1.47 0.53 19.80 

10 1.47 0.53 19.80 

11 1.47 0.53 19.80 

12 1.47 0.53 19.90 

13 1.47 0.53 19.10 

14 1.47 0.53 19.90 

15 1.47 0.53 19.20 
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Sample of Data for 1-hour Creep. 
 

First 10 measurements of creep 

 

Last 10 measurements of creep 

 

 

 Capacitance 

( Kpa) 

Reisistive 

ink 

(Kpa) 

Piezoresistive 

(Kpa) 

1 7.65 6.1 4.76 

2 7.69 14 2.19 

3 7.68 13.9 3.03 

4 7.70 17.5 2.97 

5 7.70 19.7 3.99 

6 7.70  20.2 4.16 

7 7.71 21.4 4.23 

8 7.72 20.3 4.25 

9 7.71 19.4 4.25 

10 7.70 20.3 4.25 

 Capacitance

( Kpa) 

Reisistive 

ink 

(Kpa) 

Piezoresistive 

(Kpa) 

111 9.17 26.5 9.05 

112 9.14 27 9.06 

113 9.15 26.5 9.03 

114 9.16 26.9 9.05 

115 9.18 26.5 9.05 

116 9.19 27 9.07 

117 9.17 26.5 9.04 

118 9.17 27 9.05 

119 9.16 26.5 9.05 

120 9.17 26.9 9.05 
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Figure from Raw Data for 1-hour Creep Test 

y = 0.0002x + 26.395
R2 = 0.0712 (Fscan)

y = 0.0003x + 8.3061
R2 = 0.8582 (Xsensor)

y = 0.0003x + 8.3182
R2 = 0.3988 (FSA)
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Calculation of Coefficient of Variance for 2-Minute Incremental Loading  

Trial Pressure Capacitance System Piezoresistive 

System 

Resistive Ink System 

Number (kPa) 
Bias 

(kPa) 
Measured 

Bias 

(kPa) 
Measured 

Bias 

(kPa) 
Measured 

1 5.93 -2.15 3.78 -1.61 4.32 9.49 15.42 

2 5.93 -1.84 4.09 -1.61 4.32 8.35 14.28 

3 5.93 -1.87 4.06 -1.61 4.32 8.1 14.03 

4 5.93 -1.53 4.40 -1.5 4.43 13.89 19.82 

5 8.84 -2.71 6.13 -2.34 6.50 11.1 19.94 

6 11.77 -3.77 8.00 -3.67 8.10 11.39 23.16 

7 8.84 -2.34 6.50 -2 6.84 12.11 20.95 

8 5.93 -0.89 5.04 -1.03 4.90 13.17 19.10 

9 5.93 -1.36 4.57 -1.57 4.36 13.09 19.02 

10 8.84 -2.64 6.20 -2.16 6.68 13.68 22.52 

11 11.77 -3.85 7.92 -3.31 8.46 10.71 22.48 

12 12.4 -2.73 9.67 -3.53 8.87 13.22 25.62 

13 9.47 -2.13 7.34 -2.2 7.27 13.09 22.56 

14 6.56 -0.94 5.62 -1.48 5.08 11.56 18.12 

Mean --- -2.20 5.95 -2.12 6.03 11.64 19.79 

S.D. --- 0.90 1.78 0.83 1.70 1.92 3.46 

Coff.  Of Variance -41.2% 29.9% -39.2% 28.1% 16.5% 17.5% 
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Appendix B 

Raw Pressure Data from Spreadsheet for Chapter 4 

 

Raw Pressure Data from Spreadsheet (F-scan loaded with 9.8 kg) 
Trial 1 (Raw data in Newtons) Trial 2 (Raw data in Newtons) 

0.00 0.00 0.00 0.00 0.00 0.41 

0.00 0.00 0.00 0.00 0.00 0.35 

0.00 0.00 0.00 0.00 0.00 0.52 

0.00 0.00 2.86 2.57 2.79 0.00 

0.00 0.00 2.44 2.55 0.46 0.46 

2.55 2.21 2.21 2.44 0.58 0.58 

2.44 2.09 1.86 2.44 0.46 0.46 

2.67 2.09 0.00 0.00 0.00 0.00 

2.21 0.00 2.32 2.79 0.46 0.70 

2.32 2.46 2.09 1.97 0.46 0.46 

1.74 1.97 2.09 2.40 0.46 0.35 

2.50 2.30 0.00 0.00 0.00 0.00 

2.53 0.00 2.32 2.79 0.58 0.41 

1.97 2.44 2.11 2.25 0.58 0.58 

2.21 1.88 2.21 2.09 0.00 0.00 

2.21 2.21 0.00 0.00 0.00 0.00 

Mean measured force = 103.895 N 

Mean force per cell= 1.08224 N  
 

0.00 0.00 0.00 0.00 0.00 0.58 

0.00 0.00 0.00 0.00 0.00 0.35 

0.00 0.00 0.00 0.00 0.00 0.58 

0.00 0.00 2.44 2.67 2.32 0.00 

0.00 0.00 2.32 2.21 1.74 0.50 

0.56 2.44 2.44 2.09 1.63 0.62 

0.46 2.79 2.21 2.09 1.74 0.46 

0.66 2.61 0.00 0.00 0.00 0.00 

0.35 0.00 2.44 2.55 1.86 0.77 

0.58 3.02 2.21 1.97 1.86 0.46 

0.52 1.95 2.21 2.21 1.97 0.46 

0.70 2.44 0.00 0.00 0.00 0.00 

0.39 0.00 2.67 2.42 1.97 0.46 

0.46 2.21 2.28 2.09 1.86 0.58 

0.35 2.44 2.23 1.97 0.81 0.00 

0.00 2.32 0.00 0.00 0.00 0.00 

Mean measured force = 96.55333 N 

Mean force per cell= 1.005764 N  
 

  

 



 

 270 

Raw Pressure Data from Spreadsheet (Xsensor loaded with 9.8 kg) 
Trial 1 (Raw data in mmHg) Trial 2 (Raw data in mmHg) 

95.0 62.0 76.0 65.0 

127.0 76.0 98.0 82.0 

124.0 74.0 89.0 97.0 

110.0 72.0 84.0 103.0 

105.0 71.0 94.0 94.0 

93.0 64.0 80.0 80.0 

78.0 54.0 73.0 69.0 

68.0 52.0 58.0 59.0 

77.0 44.0 64.0 72.0 

85.0 61.0 73.0 93.0 

95.0 63.0 73.0 83.0 

82.0 65.0 75.0 95.0 

79.0 62.0 75.0 107.0 

78.0 58.0 80.0 126.0 

8.0 9.0 16.0 20.0 

Sample calculation: 

Mean measured pressure  

= 75.7 mmHg (or 10.09 kPa). 

Mean measured pressure, converted to lb/in2 

=75.7 mmHg × 0.01933677 (conversion factor) 

=1.464438 lb/in2 

Total contact area (0.25 in2 per micro-sensor) 

=(4 columns × 15 rows) × 0.25 in2 per micro-sensor 

= 15 in2 

Mean measured force in lbs 

=1.464438 lb/in2  × 15 in2 

=21.96657 lbs  

Mean measured force, convert to N 

= 21.96657 lbs  × 4.448222 N/lbs 

= 97.71218 N  

Mean force per micro-sensor 

=97.71218 N /(4 columns × 15 rows) 

=1.628536 N 

72.0 67.0 86.0 105.0 

81.0 84.0 96.0 130.0 

72.0 80.0 89.0 118.0 

67.0 78.0 81.0 121.0 

72.0 78.0 79.0 122.0 

64.0 71.0 75.0 123.0 

50.0 58.0 69.0 110.0 

52.0 54.0 65.0 89.0 

53.0 54.0 53.0 83.0 

70.0 70.0 75.0 107.0 

69.0 70.0 76.0 111.0 

75.0 73.0 81.0 124.0 

68.0 63.0 73.0 129.0 

70.0 66.0 73.0 156.0 

 

Mean measured force = 98.91638 N 

 

Mean force per micro-sensor = 1.766364 N 

 

Note: Only active micro-sensors were analyzed for all 

trials. Micro-sensors that indicated “zero load”, even 

through the micro-sensors were located under the contact 

surface, were not included in calculations since they were 

giving false data which would artificially lower the “mean 

measured force” value. In short, this explains why one row 

is missing in the raw data above. 
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Raw Pressure Data from Spreadsheet (F-scan loaded with 14.4 kg) 
Trial 1 (Raw data in newtons) Trial 2 (Raw data in newtons) 

0.00 0.00 0.00 1.10 3.52 0.00 

0.00 2.53 1.76 2.42 5.06 0.88 

0.66 4.18 1.98 2.42 4.40 0.88 

3.08 4.40 1.76 2.57 4.18 0.88 

0.00 3.96 1.21 2.42 3.30 0.88 

0.66 4.07 1.28 1.54 3.52 1.10 

0.66 4.18 1.54 2.20 4.14 0.88 

0.00 4.18 1.61 1.54 3.52 0.66 

0.00 2.42 0.88 1.54 3.08 0.88 

0.11 2.53 1.10 1.76 3.30 0.66 

0.66 2.86 0.95 1.98 3.08 0.66 

0.00 2.64 1.10 1.98 3.30 0.88 

0.00 3.08 1.76 1.54 3.30 0.92 

0.00 3.30 1.76 1.98 3.19 1.10 

0.00 2.86 1.98 1.76 4.18 0.66 

0.00 0.00 0.00 0.11 2.16 0.55 

Mean measured force =  172.26 N 

Mean force per cell= 1.794375 N 

0.00 0.00 0.00 0.00 1.76 0.66 

0.00 0.88 1.94 2.20 3.74 0.88 

0.66 4.95 1.76 2.42 3.96 0.88 

2.86 5.06 1.98 1.98 3.96 0.88 

0.73 4.40 1.32 1.98 3.56 0.66 

0.66 4.18 1.50 1.94 3.78 0.92 

1.10 4.18 1.54 1.98 4.18 0.66 

0.88 4.18 1.32 1.54 3.74 0.66 

0.33 2.64 1.10 1.54 2.86 0.66 

0.66 2.86 1.25 1.80 2.86 0.66 

0.66 2.64 0.81 1.54 3.26 0.66 

0.66 3.08 1.10 1.54 2.86 0.66 

0.55 3.74 1.32 1.10 2.86 0.66 

0.00 3.52 1.10 1.43 3.08 0.88 

0.00 3.08 1.10 1.32 3.48 0.66 

0.00 0.00 0.66 0.66 2.64 0.00 

 

Mean measured force =   167.53 N 

Mean force per cell= 1.745104 N 
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Raw Pressure Data from Spreadsheet (Xsensor loaded with 14.4 kg) 
Trial 1 (Raw data in mmHg) Trial 2 (Raw data in mmHg) 

Mean measured force =  104.7869 N 

Mean force per micro-sensor = 1.746448 N 

102 76 72 70 

86 96 103 109 

85 89 95 99 

92 82 90 100 

83 86 82 97 

83 85 91 94 

100 88 89 102 

75 82 76 89 

72 82 76 87 

86 96 80 97 

66 84 70 89 

60 74 66 101 

65 77 67 95 

66 85 66 104 

25 30 27 32 

69 93 76 89 

54 97 95 118 

62 92 90 104 

62 83 90 103 

68 88 86 106 

69 87 88 97 

79 90 90 98 

70 78 76 94 

73 78 87 96 

85 86 91 98 

84 75 76 98 

71 70 69 106 

84 73 73 106 

92 85 75 123 

22 24 23 26 

Mean measured force =  105.1524 N 

Mean force per micro-sensor = 1.75254 N 
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Raw Pressure Data from Spreadsheet (F-scan loaded with 19.0 kg) 
Trial 1 (Raw data in newtons) Trial 2 (Raw data in newtons) 

0.00 0.00 2.64 3.08 5.06 8.14 

0.66 0.66 3.08 2.42 3.08 8.14 

3.30 0.66 3.52 2.42 2.42 7.88 

0.00 0.00 1.54 0.95 1.98 7.30 

0.00 0.00 1.10 0.66 1.76 7.70 

0.00 0.00 0.95 0.66 2.64 7.22 

0.00 0.00 1.10 0.66 1.32 6.38 

0.00 0.00 0.66 0.00 0.00 5.54 

0.66 0.00 0.00 0.00 0.00 5.94 

0.66 0.00 0.00 0.00 0.00 5.06 

0.44 0.00 0.00 0.00 0.00 5.43 

0.00 0.00 1.54 1.10 1.54 5.50 

0.00 0.00 1.54 1.25 1.54 5.50 

0.00 0.00 1.76 1.54 1.83 6.16 

0.00 0.00 0.66 0.11 1.58 1.54 

 

Mean measured force = 160.16N 

Mean force per cell= 1.779556 N 

0.00 0.00 0.00 0.00 1.32 1.10 

0.00 0.00 3.30 2.20 2.42 7.92 

0.66 0.66 3.96 2.64 2.20 8.14 

3.08 0.44 4.18 2.86 2.49 8.59 

0.00 0.00 1.76 0.88 1.76 8.37 

0.00 0.00 1.54 1.10 1.54 8.37 

0.00 0.00 1.98 1.54 1.98 8.14 

0.00 0.00 1.76 1.10 1.54 7.48 

0.00 0.00 0.66 0.00 0.00 6.38 

0.00 0.00 0.88 0.00 0.00 6.12 

0.00 0.00 0.66 0.00 0.00 5.50 

0.00 0.00 0.33 0.00 0.00 5.50 

0.00 0.00 2.42 1.98 1.32 6.34 

0.00 0.00 2.42 1.98 1.54 5.94 

0.00 0.00 2.86 2.20 1.76 6.93 

0.00 0.00 1.32 0.00 5.72 0.00 

Mean measured force = 179.77N 

Mean force per cell=  1.872604N 
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Raw Pressure Data from Spreadsheet (Xsensor loaded with 19.0 kg) 
Trial 1 (Raw data in mmHg) Trial 2 (Raw data in mmHg) 

0 0 12 12 

102 111 106 98 

107 112 106 119 

96 108 97 122 

80 95 93 150 

68 82 81 151 

64 84 77 164 

61 79 83 161 

55 79 81 159 

55 76 77 132 

57 79 81 129 

54 79 83 130 

49 81 80 153 

56 80 95 159 

42 67 78 119 

Mean measured force = 114.958 N 

Mean force per micro-sensor = 1.915967 N 

28 39 39 84 

72 142 94 166 

60 133 89 166 

65 113 93 166 

78 112 92 151 

100 98 89 117 

108 97 91 80 

126 97 92 67 

131 101 93 60 

111 84 92 72 

101 92 83 80 

102 82 84 81 

104 79 78 73 

112 89 82 80 

45 45 30 22 

Mean measured force = 116.8073 N 

Mean force per micro-sensor = 1.946789 N 
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Appendix C 

Dynamic Pressure Data from Spreadsheet 

 

Sample of Cyclic Loading of FSA by the Inston® 
Instron Time (s) Instron Load (N) FSA Time (s) FSA Load (N) 

0 9.915297 0.38 0 

0.514 9.733982 0.49 2.7008473 

0.536 22.68544 0.54 14.510603 

0.566 35.54938 0.65 37.295776 

0.59 48.70794 0.71 24.772102 

0.608 62.61268 0.82 23.051817 

0.632 76.25406 0.93 15.379347 

0.636 89.04505 0.98 8.9798871 

0.638 90.07033 1.09 6.1930256 

0.712 90.45882 1.14 10.373318 

0.742 77.66916 1.25 3.5781925 

0.782 64.62829 1.36 0.9444364 

0.848 51.69086 1.42 0.0670911 

0.966 39.172 1.53 0.2029936 

1.198 26.52259 1.58 0.0670911 

1.274 14.0013 1.69 0.8102542 

1.276 9.924073 1.8 10.682969 

1.788 9.741034 1.86 32.031704 

1.81 23.20181 1.97 37.639833 

1.84 36.11049 2.02 18.725301 

1.864 49.20456 2.13 11.921574 

1.882 62.0522 2.19 12.403254 

1.906 75.57518 2.3 8.9798871 

1.91 88.50581 2.41 5.9349828 

1.912 90.30461 2.46 5.3328831 

1.986 90.56342 2.57 1.8923134 

2.016 78.01478 2.68 0.6072606 

2.058 65.2853 2.74 0 
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Sample of Sample of Cyclic Loading of Xsensor by the Inston® 
Instron Time (s) Instron Load (N) Xsensor Time (s) Xsensor Load (N) 

0.068 9.905352 0.72 0 

0.07 9.737045 0.755 0.666395355 

0.69 22.37618 0.79 0.43007122 

0.718 35.66865 0.825 0.21503561 

0.73 49.94635 0.86 0.666395355 

0.74 63.51448 0.895 2.107348977 

0.752 77.5315 0.93 4.299421985 

0.864 64.58152 0.965 6.170446827 

1.316 77.10422 1 7.804717462 

1.506 89.68608 1.035 12.38777142 

1.512 90.11414 1.07 14.42888943 

1.514 90.25534 1.105 29.28785007 

1.776 77.60523 1.14 39.26571741 

1.95 65.09898 1.175 39.60826914 

2.142 52.55889 1.21 38.81134717 

2.334 40.03039 1.245 36.1479161 

2.532 27.44719 1.28 34.64417208 

2.74 14.87466 1.315 34.10464773 

2.958 9.918595 1.35 33.33309997 

2.96 9.755615 1.385 33.50082774 

3.58 22.25967 1.42 33.54555515 

3.61 35.90348 1.455 33.86982885 

3.622 50.64591 1.49 34.64137662 

3.632 64.55911 1.525 35.75956179 

3.644 78.68199 1.56 37.43683955 

3.748 66.11392 1.595 38.29784213 

4.23 78.62549 1.63 39.48053798 

4.404 90.07308 1.665 40.06371456 

4.406 90.21631 1.7 41.15953603 

4.67 77.67676 1.735 41.54746027 

4.84 65.1496 1.77 42.38179843 

5.034 52.60418 1.805 42.98389814 
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                     Appendix D 

SPSS Analysis of Heart Rate Data 

 

One-way ANOVA: 

Oneway 

Descriptives

PREHR

21 77.4762 5.9129 1.2903 74.7847 80.1677 69.00 92.00
21 75.3333 7.6833 1.6766 71.8359 78.8307 58.00 88.00
21 75.8571 9.5984 2.0945 71.4880 80.2263 64.00 100.00
21 81.9048 11.3706 2.4813 76.7289 87.0806 62.00 97.00
84 77.6429 9.0974 .9926 75.6686 79.6171 58.00 100.00

1.00
2.00
3.00
4.00
Total

N Mean
Std.

Deviation Std. Error
Lower
Bound

Upper
Bound

95% Confidence
Interval for Mean

Minimum Maximum

 

Test of Homogeneity of Variances

PREHR

5.162 3 80 .003

Levene
Statistic df1 df2 Sig.

 

ANOVA

PREHR

561.000 3 187.000 2.371 .077
6308.286 80 78.854
6869.286 83

Between Groups
Within Groups
Total

Sum of
Squares df

Mean
Square F Sig.
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Post Hoc Tests 

Multiple Comparisons

Dependent Variable: PREHR
Tukey HSD

2.1429 2.7404 .862 -5.0477 9.3334
1.6190 2.7404 .935 -5.5715 8.8096

-4.4286 2.7404 .376 -11.6191 2.7620
-2.1429 2.7404 .862 -9.3334 5.0477

-.5238 2.7404 .998 -7.7144 6.6667
-6.5714 2.7404 .086 -13.7620 .6191
-1.6190 2.7404 .935 -8.8096 5.5715

.5238 2.7404 .998 -6.6667 7.7144
-6.0476 2.7404 .130 -13.2382 1.1429
4.4286 2.7404 .376 -2.7620 11.6191
6.5714 2.7404 .086 -.6191 13.7620
6.0476 2.7404 .130 -1.1429 13.2382

(J) GROUP
2.00
3.00
4.00
1.00
3.00
4.00
1.00
2.00
4.00
1.00
2.00
3.00

(I) GROUP
1.00

2.00

3.00

4.00

Mean
Difference

(I-J) Std. Error Sig.
Lower
Bound

Upper
Bound

95% Confidence
Interval

 
Homogeneous Subsets 

PREHR

Tukey HSDa

21 75.3333
21 75.8571
21 77.4762
21 81.9048

.086

GROUP
2.00
3.00
1.00
4.00
Sig.

N 1

Subset
for alpha

= .05

Means for groups in homogeneous subsets are displayed.
Uses Harmonic Mean Sample Size = 21.000.a. 
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Repeated Measures ANOVA: 

General Linear Model 

Within-Subjects Factors

Measure: MEASURE_1

PREHR
POSTHR

TIME
1
2

Dependent
Variable

 

Between-Subjects Factors

21
21
21
21

1.00
2.00
3.00
4.00

GROUP
N

 

Descriptive Statistics

77.4762 5.9129 21
75.3333 7.6833 21
75.8571 9.5984 21
81.9048 11.3706 21
77.6429 9.0974 84
85.6190 16.1848 21
86.0476 16.5242 21
90.3810 20.3383 21

104.6190 25.5176 21
91.6667 21.1092 84

GROUP
1.00
2.00
3.00
4.00
Total
1.00
2.00
3.00
4.00
Total

PREHR

POSTHR

Mean
Std.

Deviation N
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Multivariate Testsb

.331 39.516a 1.000 80.000 .000

.669 39.516a 1.000 80.000 .000

.494 39.516a 1.000 80.000 .000

.494 39.516a 1.000 80.000 .000

.071 2.031a 3.000 80.000 .116

.929 2.031a 3.000 80.000 .116

.076 2.031a 3.000 80.000 .116

.076 2.031a 3.000 80.000 .116

Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root

Effect
TIME

TIME * GROUP

Value F
Hypothesi

s df Error df Sig.

Exact statistica. 

Design: Intercept+GROUP 
Within Subjects Design: TIME

b. 

 

Mauchly's Test of Sphericityb

Measure: MEASURE_1

1.000 .000 0 . 1.000 1.000 1.000
Within Subjects Effect
TIME

Mauchly's
W

Approx.
Chi-Squa

re df Sig.

Greenhou
se-Geiss

er
Huynh-Fe

ldt
Lower-bo

und

Epsilona

Tests the null hypothesis that the error covariance matrix of the orthonormalized transformed dependent variables is
proportional to an identity matrix.

May be used to adjust the degrees of freedom for the averaged tests of significance. Corrected tests are
displayed in the Tests of Within-Subjects Effects table.

a. 

Design: Intercept+GROUP 
Within Subjects Design: TIME

b. 

 

Tests of Within-Subjects Effects

Measure: MEASURE_1

8260.024 1 8260.024 39.516 .000
8260.024 1.000 8260.024 39.516 .000
8260.024 1.000 8260.024 39.516 .000
8260.024 1.000 8260.024 39.516 .000
1273.786 3 424.595 2.031 .116
1273.786 3.000 424.595 2.031 .116
1273.786 3.000 424.595 2.031 .116
1273.786 3.000 424.595 2.031 .116

16722.190 80 209.027
16722.190 80.000 209.027
16722.190 80.000 209.027
16722.190 80.000 209.027

Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisser
Huynh-Feldt
Lower-bound

Source
TIME

TIME * GROUP

Error(TIME)

Type III
Sum of

Squares df
Mean

Square F Sig.
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Tests of Within-Subjects Contrasts

Measure: MEASURE_1

8260.024 1 8260.024 39.516 .000
1273.786 3 424.595 2.031 .116

16722.190 80 209.027

TIME
Linear
Linear
Linear

Source
TIME
TIME * GROUP
Error(TIME)

Type III
Sum of

Squares df
Mean

Square F Sig.

 
 

Tests of Between-Subjects Effects

Measure: MEASURE_1
Transformed Variable: Average

1203960 1 1203960 4462.850 .000
4276.071 3 1425.357 5.284 .002

21581.905 80 269.774

Source
Intercept
GROUP
Error

Type III
Sum of

Squares df
Mean

Square F Sig.
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Post Hoc Tests:  

GROUP 

Multiple Comparisons

Measure: MEASURE_1
Tukey HSD

.8571 3.5842 .995 -8.5474 10.2617
-1.5714 3.5842 .972 -10.9759 7.8331

-11.7143* 3.5842 .009 -21.1188 -2.3098
-.8571 3.5842 .995 -10.2617 8.5474

-2.4286 3.5842 .905 -11.8331 6.9759
-12.5714* 3.5842 .004 -21.9759 -3.1669

1.5714 3.5842 .972 -7.8331 10.9759
2.4286 3.5842 .905 -6.9759 11.8331

-10.1429* 3.5842 .029 -19.5474 -.7383
11.7143* 3.5842 .009 2.3098 21.1188
12.5714* 3.5842 .004 3.1669 21.9759
10.1429* 3.5842 .029 .7383 19.5474

(J) GROUP
2.00
3.00
4.00
1.00
3.00
4.00
1.00
2.00
4.00
1.00
2.00
3.00

(I) GROUP
1.00

2.00

3.00

4.00

Mean
Difference

(I-J) Std. Error Sig.
Lower
Bound

Upper
Bound

95% Confidence
Interval

Based on observed means.
The mean difference is significant at the .05 level.*. 

 
Homogeneous Subsets 

MEASURE_1

Tukey HSDa,b

21 80.6905
21 81.5476
21 83.1190
21 93.2619

.905 1.000

GROUP
2.00
1.00
3.00
4.00
Sig.

N 1 2
Subset

Means for groups in homogeneous subsets are displayed.
Based on Type III Sum of Squares
The error term is Mean Square(Error) = 134.887.

Uses Harmonic Mean Sample Size = 21.000.a. 

Alpha = .05.b. 
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Setup of Raw Heart Rate Data for SPSS analysis  
Pre-exercise Heart Rate Group* Post-exercise Heart Rate 

80 1 94 

 77 1 77 

81 1 115 

75 1 107 

69 1 112 

72 1 94 

75 1 109 

86 1 83 

92 1 81 

82 1 95 

81 1 94 

73 1 89 

73 1 74 

72 1 70 

72 1 67 

71 1 72 

78 1 80 

85 1 90 

83 1 66 

77 1 68 

73 1 61 

73 2 118 

82 2 101 

85 2 97 

71 2 108 

58 2 98 

70 2 80 

76 2 114 

74 2 83 

75 2 65 

66 2 85 

77 2 68 
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86 2 64 

84 2 80 

77 2 101 

84 2 98 

76 2 79 

88 2 69 

74 2 76 

64 2 78 

72 2 65 

70 2 80 

67 3 111 

83 3 127 

69 3 122 

68 3 99 

64 3 102 

67 3 102 

100 3 138 

91 3 96 

79 3 85 

67 3 73 

73 3 75 

83 3 79 

80 3 81 

76 3 78 

71 3 73 

84 3 80 

78 3 73 

64 3 70 

72 3 71 

70 3 70 

87 3 93 

76 4 127 

73 4 145 

90 4 132 
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71 4 135 

64 4 112 

94 4 151 

88 4 145 

94 4 105 

95 4 96 

62 4 62 

78 4 90 

91 4 105 

78 4 100 

84 4 83 

72 4 79 

85 4 95 

92 4 96 

74 4 84 

66 4 69 

97 4 92 

96 4 94 

* Payloads were coded for SPSS as follows: 1=15 kg ; 2=25 kg ; 3=35 kg; 4=50 kg 
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Appendix E 

Pain Data from Spreadsheet 

 

 Pain Data for 15 kg Payload (n=7) 
Assigned 

name of body 

location 

Body surface 

site on pain 

map 

Pain score (×101) over time 

ANTERIOR 

REGION 
 5min 10min 15min 20min 25min 30min 35min 40min 45min 

Right side of 

head 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of 

head 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right 

shoulder 
4 0.03 0.03 0.04 0.04 0.04 0.04 0.02 0.02 0.02 

Left shoulder 5 0.03 0.03 0.04 0.04 0.04 0.04 0.02 0.02 0.02 

Right upper 

arm 
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left upper 

arm 
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right forearm 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left forearm 9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right hand 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left hand 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right armpit 

12-6 

borderline 
0.000 0.000 0.014 0.014 0.014 0.014 0.003 0.003 0.003 

Sternum 

12-13 

borderline 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Left armpit 

13-7 

borderline 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Right 

abdomen 
14 0.014 0.043 0.029 0.043 0.029 0.029 0.029 0.029 0.029 

Left abdomen 15 0.014 0.043 0.029 0.043 0.029 0.029 0.029 0.029 0.029 
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Genitalia 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right 

leg 
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper left leg 18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right 

leg 
19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right foot 21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEAN - 0.00 0.0 0.0 0.0 0.0 0.0 0.00 0.0 0.00 

SD - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  0.01 

           

POSTERIOR 

REGION 
 5min 10min 15min 20min 25min 30min 35min 40min 45min 

Right side of 

head 
23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of 

head 
24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 25 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.03  

Left shoulder 26 0.01 0.01 0.03 0.03 0.04 0.06 0.07 0.08 0.10 

Left shoulder 

blade 

26-34 

borderline 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right 

shoulder 
27 0.01 0.01 0.03 0.03 0.04 0.06 0.07 0.10 0.10 

Right 

shoulder blade 

27-35 

borderline 
0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.04 

Right upper 

arm 
28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left armpit 

28-34 

borderline 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left upper 

arm 
29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right armpit 

29-35 

borderline 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right forearm 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Left forearm 31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right hand 32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left hand 33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Spinal column 

34-35 

borderline 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.01 

Right lower 

back 
36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Tailbone 

36-37 

borderline 
0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Left lower 

back 
37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right buttock 38 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left buttock 39 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right 

leg 
40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper left leg 41 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right 

leg 
42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right foot 44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEAN - 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 

SD - 0.00 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 



 

 289 

  Pain Data for 25 kg Payload (n=7) 

Assigned name of body 

location 

Body 

surface 

site on 

pain map 

Pain score (×101) over time 

ANTERIOR REGION  5min 10min 15min 20min 25min 30min 35min 40min 45min 

Right side of head 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of head 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right shoulder 4 0.04 0.07 0.11 0.11 0.13 0.11 0.16 0.16 0.17 

Left shoulder 5 0.03 0.06 0.11 0.11 0.11 0.10 0.14 0.14 0.17 

Right upper arm 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left upper arm 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right forearm 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left forearm 9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right hand 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left hand 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right armpit 

12-6 

borderline 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sternum 

12-13 

borderline 
0.00 0.00 0.00 0.00 0.00 0.03 0.06 0.07 0.10 

Left armpit 

13-7 

borderline 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right abdomen 14 0.01 0.03 0.03 0.04 0.04 0.03 0.04 0.04 0.04 

Left abdomen 15 0.01 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.03 

Genitalia 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right leg 17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper left leg 18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right leg 19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right foot 21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEAN  0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SD  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 
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POSTERIOR REGION  5min 10min 15min 20min 25min 30min 35min 40min 45min 

Right side of head 23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of head 24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 25 0.071 0.057 0.057 0.086 0.086 0.100 0.086 0.100 0.100 

Left shoulder 26 0.00 0.06 0.07 0.10 0.10 0.11 0.13 0.13 0.13 

Left shoulder blade 

26-34 

borderline 
0.00 0.00 0.03 0.04 0.04 0.04 0.04 0.06 0.06 

Right shoulder 27 0.014 0.06 0.03 0.04 0.07 0.10 0.11 0.11 0.11 

Right shoulder blade 

27-35 

borderline 
0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.03 0.03 

Right upper arm 28 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left armpit 

28-34 

borderline 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left upper arm 29 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right armpit 

29-35 

borderline 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right forearm 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left forearm 31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right hand 32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left hand 33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Spinal column 

34-35 

borderline 
0.0 0.03 0.03 0.06 0.06 0.07 0.09 0.07 0.06 

Right lower back 36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Tailbone 

36-37 

borderline 
0.03 0.04 0.03 0.01 0.00 0.00 0.00 0.00 0.00 

Left lower back 37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right buttock 38 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left buttock 39 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right leg 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper left leg 41 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right leg 42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right foot 44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Pain Data for 35 kg Payload (n=7) 

MEAN  0.0 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 

SD  0.0 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Assigned name of 

body location 

Body 

surface site 

on pain map 

Pain score (×101) over time 

ANTERIOR 

REGION 
 5min 10min 15min 20min 25min 30min 35min 40min 45min 

Right side of head 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of head 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right shoulder 4 0.09 0.09 0.13 0.16 0.19 0.21 0.24 0.26 0.26 

Left shoulder 5 0.09 0.10 0.16 0.19 0.21 0.26 0.29 0.30 0.30 

Right upper arm 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left upper arm 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right forearm 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left forearm 9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right hand 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left hand 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right armpit 

12-6 

borderline 
0.04 0.01 0.10 0.00 0.00 0.00 0.00 0.00 0.00 

Sternum 

12-13 

borderline 
0.057 0.071 0.071 0.086 0.071 0.043 0.086 0.114 0.129 

Left armpit 

13-7 

borderline 
0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 

Right abdomen 14 0.01 0.03 0.07 0.10 0.09 0.07 0.09 0.09 0.06 

Left abdomen 15 0.01 0.03 0.04 0.07 0.06 0.04 0.06 0.06 0.03 

Genitalia 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right leg 17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper left leg 18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right leg 19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 



 

 292 

Right foot 21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEAN  0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SD  0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 

           

POSTERIOR 

REGION  
 5min 10min 15min 20min 25min 30min 35min 40min 45min 

Right side of head 23 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of head 24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 25 0.014 0.043 0.086 0.129 0.129 0.157 0.157 0.200 0.200 

Left shoulder 26 0.03 0.03 0.04 0.04 0.10 0.06 0.06 0.06 0.06 

Left shoulder blade 

26-34 

borderline 
0.000 0.000 0.000 0.000 0.000 0.000 0.043 0.043 0.057 

Right shoulder 27 0.029 0.029 0.043 0.043 0.100 0.057 0.057 0.057 0.057 

Right shoulder 

blade 

27-35 

borderline 
0.000 0.000 0.000 0.000 0.000 0.000 0.071 0.071 0.086 

Right upper arm 28 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Left armpit 

28-34 

borderline 
0.014 0.014 0.029 0.029 0.029 0.029 0.043 0.043 0.043 

Left upper arm 29 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Right armpit 

29-35 

borderline 
0.014 0.014 0.029 0.029 0.029 0.029 0.043 0.043 0.043 

Right forearm 30 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left forearm 31 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right hand 32 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left hand 33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Spinal column 

34-35 

borderline 
0.11 0.09 0.13 0.13 0.13 0.11 0.11 0.11 0.13 

Right lower back 36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Tailbone 

36-37 

borderline 
0.01 0.04 0.06 0.04 0.07 0.13 0.14 0.16 0.20 

Left lower back 37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right buttock 38 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left buttock 39 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right leg 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Pain Data for 50 kg Payload  

Assigned name 

of body location 

Body surface 

site on pain 

map 

Pain score (×101) over time 

ANTERIOR 

REGION 

 

5min 

(n=7) 

10min 

(n=7) 

15min 

(n=7) 

 

20min 

(n=7) 

 

25min 

(n=7) 

30min 

(n=7) 

35min 

(n=6) 

40min 

(n=6) 

45min 

(n=5) 

Right side of 

head 1 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of head 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right shoulder 4 0.1 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 

Left shoulder 5 0.1 0.1 0.2 0.3 0.3 0.3 0.3 0.3 0.3 

Right upper arm 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left upper arm 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right forearm 8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left forearm 9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right hand 10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left hand 11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right armpit 12-6 borderline 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sternum 

12-13 

borderline 
0.057 0.057 0.086 0.071 0.071 0.086 0.117 0.117 0.060 

Left armpit 13-7 borderline 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right abdomen 14 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.1 

Left abdomen 15 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.1 

Upper left leg 41 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right leg 42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right foot 44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEAN shoulder  0.0 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03 

SD  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
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Genitalia 16 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right leg 17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper left leg 18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right leg 19 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 20 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right foot 21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 22 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEAN  0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SD  0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

           

POSTERIOR 

REGION  
5min 10min 15min 20min 25min 30min 35min 40min 45min 

Right side of 

head 23 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left side of head 24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Neck 25 0.03 0.09 0.11 0.13 0.19 0.20 0.28 0.28 0.24 

Left shoulder 26 0.03 0.04 0.06 0.07 0.03 0.00 0.13 0.03 0.16 

Left shoulder 

blade 

26-34 

borderline 
0.00 0.00 0.00 0.00 0.04 0.04 0.08 0.08 0.00 

Right shoulder 27 0.03 0.04 0.06 0.07 0.03 0.00 0.13 0.03 0.16 

Right shoulder 

blade 

27-35 

borderline 
0.01 0.00 0.00 0.00 0.04 0.04 0.08 0.08 0.00 

Right upper arm 28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Left armpit 

28-34 

borderline 
0.00 0.03 0.03 0.04 0.06 0.06 0.07 0.08 0.10 

Left upper arm 29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right armpit 

29-35 

borderline 
0.00 0.03 0.03 0.04 0.06 0.06 0.07 0.08 0.10 

Right forearm 30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Left forearm 31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Right hand 32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Left hand 33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Spinal column 

34-35 

borderline 
0.071 0.071 0.057 0.071 0.143 0.129 0.050 0.050 0.060 

Left lower back 36 0.01 0.01 0.014 0.01 0.01 0.01 0.02 0.02 0.02 
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Tailbone 

36-37 

borderline 
0.07 0.07 0.171 0.30 0.26 0.27 0.18 0.23 0.28 

Right lower back 37 0.00 0.04 0.057 0.04 0.01 0.01 0.02 0.02 0.02 

Right buttock 38 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left buttock 39 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper right leg 40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Upper left leg 41 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower right leg 42 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lower left leg 43 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Right foot 44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Left foot 45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MEAN  0.0 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.04 

SD  0.0 0.03 0.0 0.1 0.1 0.1 0.1 0.1 0.1 

 

Mean pain intensity for anterior body regions resulting from 45-minutes of load 

carriage.  
Anatomical Region Pain Intensity (Score out of 10) 

15 kg 25 kg 35 kg 50 kg1 Mean 

Acromial (shoulders) 0.3 1.1 1.9 2.5 1.3 

Axillary (armpits) 0 0 0.1 0 0.03 

Medial thoracic 

(sternum) 0 0.3 0.8 0.8 0.4 

Abdominal (hips) 0.3 0.3 0.6 1.5 0.6 

Mean 0.1 0.4 0.8 1.2 0.6 
1 At 50 kg, pain ratings were based on n=7 (30 minutes of exercise), just before the first subject dropped out 

of exercise. 
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Mean pain intensity for posterior body regions resulting from 45-minutes of load 

carriage. 
Anatomical Region Pain Intensity (Score out of 10) 

15 kg 25 kg 35 kg 50 kg1 Mean 

Cervical (neck) 0 0.8 1.2 1.7 0.8 

Acromial (shoulders) 0.5 0.8 0.5 0.6 0.6 

Lateral Thoracic (shoulder blade) 0.1 0.2 0.2 0.3 0.2 

Axillary (armpits) 0 0 0.3 0.5 0.2 

Medial Thoracic (spinal column) 0 0.5 1.2 0.8 0.4 

Lumbar (hip bone/tailbone) 0 0 0.3 0.8 0.2 

Mean 0.1 0.4 0.6 0.8 0.4 
1 At 50 kg, pain ratings were based on n=7 (30 minutes of exercise), just before the first subject dropped out 

of exercise. 

  


