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Abstract 

 

The objectives of the present body of work were 1) to evaluate the Personal Lift-

Assist Device (PLAD) in terms of its effect on lifting technique, interjoint coordination, 

and whether sex modulates these effects and 2) to explore the use of principal component 

analysis (PCA) as a method to investigate lifting waveforms. Thirty participants (15M, 

15F) completed a freestyle, symmetrical lifting protocol during which three-dimensional 

kinematics of the ankle, knee, hip, and lumbar and thoracic spine were collected using a 

two-camera Optotrak 3020 system. There were four testing conditions: a) with and b) 

without wearing the PLAD; and c) 0% load and d) 10% of maximum back strength load. 

All data were evaluated using PCA. In the first analysis, the relationship between the 

PLAD and lifting technique under a loaded condition was explored. Results showed that 

8 PCs were significantly different between the PLAD/No PLAD conditions yet there 

were no significant effects of sex on any of the PCs. It was concluded that wearing the 

PLAD encourages a lifting technique that is reflective of a squat lift, independent of sex. 

In the second analysis, the PLAD‟s effect on interjoint coordination patterns under both 

loaded and unloaded conditions was examined using the relative phase angle (RPA). It 

was found that there were no significant differences between device, sex, or load 

conditions on any of the PCs retained in the model. A novel approach to enhance 

interpretability of PCs was developed during this study. Finally, when the PLAD was not 

worn, male and female differences were further investigated under loaded and unloaded 

conditions. It was determined that when the load is individualized to personal strength 

characteristics, sex differences in lifting technique are negligible. This is a contradictory 

finding from previous research. Overall, the major contributions of this research are: 
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support for the use of the PLAD in industry; the recommendation that load be selected 

based on individual strength characteristics for lifting research experimental design; the 

use of PCA as a method to effectively evaluate lifting waveforms; and the development 

of a novel approach to aid in the interpretation of principal components.  
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Chapter 1 

 

General Introduction 

 

For years, ergonomics and occupational biomechanics have been used heavily in 

the investigation of industrial settings and of the effects of particular jobs on workers in 

these environments. Specifically, an area of intense research has been around work-

related musculoskeletal disorders (MSDs). These are defined as conditions involving soft 

tissues such as muscles, tendons, and nerves that manifest themselves by pain and 

discomfort in a region of the body (Lemasters et al., 1998; Kumar, 2001). 

Musculoskeletal disorders (MSD) can also be referred to as cumulative trauma disorders, 

overuse syndromes, or repetitive strain injuries (Lemasters et al., 1998). In addition to the 

personal cost MSDs have on the individual, MSDs carry a significant societal and 

economic burden. In the United States, Canada, Sweden, Finland, and England, MSDs 

are the leading cause of work absenteeism and disability, and they comprise a major 

proportion of all compensable work-related diseases (Punnett & Wegman, 2004). The 

direct cost of MSDs has been estimated to be 1.2% and 1.0% of the Gross National 

Product of the United States and Canada, respectively; indirect costs have been estimated 

to be 1.3% and 2.4% in the United States and Canada, respectively (Woolf & Pfleger, 

2003). On a more local level, in 2007, MSDs accounted for 43% of all lost-time injuries 

and 43% of total lost time injury costs in Ontario (Duffy, 2009). These numbers translate 

into immense costs: direct costs due to MSDs for the period of 2003-2007 in Ontario 

totalled over $640 million (Duffy, 2009) and indirect costs associated with workplace 

accidents and illnesses are conservatively estimated to be at least four times the direct 
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costs. In sum, the direct and indirect costs of MSDs in Ontario are estimated to be $2.56 

billion annually (Canadian Manufacturers & Exporters and Workplace Safety and 

Insurance Board, 2002).  

According to the literature, the most prevalent MSD is low back disability (LBD), 

where 4-33% of the population is affected at any time (Woolf & Pfleger, 2003). In the 

United States, it has been estimated that the annual costs associated with LBD, including 

direct and indirect expenditures, such as workers‟ compensation, loss of wages, loss of 

productivity, and loss of tax revenues, are as high as $45-54 billion (Nimbarte, 2005). 

Actions that have been strongly associated with LBD are work-related lifting and forceful 

movements (NIOSH, 1997; Punnett et al, 2005). The acts of lifting and manual materials 

handling are essential human movements that are present not only in various industries 

and occupations but also in daily living tasks. Their associated socioeconomic 

consequences make lifting a major area of ergonomic and biomechanical research. 

In an attempt to help reduce the risk of injury while lifting, ergonomic aids have 

been developed and used in several industries. One particular ergonomic aid that has been 

developed at Queen‟s University is the Personal Lift-Assist Device (PLAD). The PLAD 

works as an on-body external force generator through the use of an elastic element that 

acts almost in parallel to the erector spinae (Abdoli et al., 2006). Theoretically, this 

device works through the storage of elastic energy. As one bends down to lift an object, 

the elastic element stretches, and energy is stored; upon returning to standing, the energy 

is released, resulting in less energetic demand required of the operator‟s own lifting 

musculature (Abdoli et al., 2006; Abdoli et al., 2007). The PLAD has been shown to be 

effective in both lab-based studies and field testing  in terms of a) reducing spinal 
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compression and shear forces (Abdoli and Stevenson, 2004; Abdoli, 2005; Abdoli et al., 

2007; Agnew, 2008); b) reducing muscular activity of the lumbar and thoracic erector 

spinae as measured by EMG (Abdoli et al., 2006; Frost et al., 2009; Graham et al., 2009); 

and c) reducing back muscle fatigue (Godwin et al., 2009; Lotz et al., 2009). One aspect 

of lifting that has not been as thoroughly investigated with the PLAD is its effect on 

lifting technique.  

Burgess-Limerick et al. (1995) suggest that injury risk associated with lifting may 

be partly a function of the postures that are adopted during the lifting action, also known 

as lifting technique. Lifting technique is defined as “an individual method of performing 

a lift under given task and environmental conditions” (Hsiang et al., 1997, p.6).  The 

knowledge of the relationship between lifting technique and low back disability has led 

researchers to try and find the safest method of lifting. The two most frequently 

categorized techniques of lifting low-lying objects, the squat and stoop, have been widely 

contested in the literature. The squat involves deep knee flexion while keeping the trunk 

close to erect (Straker, 2003). Conversely, the stoop lift is done with feet in a parallel 

stance and relatively straight knees, while bending at the hips and curving the back to 

pick up the load (Anderson & Chaffin, 1986). As noted by Straker (2003), squat lifting is 

widely recognized as the „correct‟ method of lifting objects that are at or near the floor. 

Even as early as 1924, Brackett was recommending the avoidance of bending the back 

during lifting (as cited in Straker, 2003); and in regard to the mechanics of the spine, this 

suggestion makes sense so as to avoid extreme flexion of the spine that is associated with 

increased stretching of the posterior aspect of intervertebral discs (Adams & Hutton, 

1982). However, there is evidence to suggest that for most people stoop lifting is the 
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„natural‟ lift technique (Straker, 2003). For example, Authier et al. (1996) found that 

more than three quarters of both experts and novices used minimal knee flexion during a 

box handling task. Despite these differences, a recent review by van Dieen et al. (1999) 

evaluating the biomechanical evidence to support the stoop or squat did not find 

overwhelming support for either technique. McGill et al. (2000) suggest that the issue 

may be more subtle, and rather than the style of lift it is the lumbar spine curvature during 

lifting that is most important. Their work supported the recommendation to avoid full 

spinal flexion when loaded. This opinion is echoed by Burgess-Limerick (2003) who 

promotes moderate ranges of motion in the form of a semi-squat lifting style. Overall, 

there are diverse perspectives on lifting technique, but the majority seem to favour 

reducing lumbar flexion in the form of squat or semi-squat. However, despite these 

recommendations if stoop lifting is the more natural movement pattern adopted by 

operators, then trying to change these habits may prove to be difficult and may even 

increase the risk of injury as workers learn new movement patterns (Pheasant, 1986; 

Straker, 2003). Perhaps then, there is a niche here for an ergonomic aid that encourages a 

squat lift technique without additional instruction or training regimens. 

In considering the complex relationship between lifting technique, low back 

injury, and the subsequent societal and economic costs, an interesting question is how can 

an ergonomic aid like the PLAD help to moderate this relationship. The primary 

objective of the present body of work was to explore just that: how the PLAD affects 

lifting technique. Based on results from previous studies, and the design of the PLAD, it 

was hypothesized that the PLAD would encourage a more squat-like lifting style. A 

second objective of this body of work was to examine lifting technique differences 
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between males and females, and if differences exist then explore the PLAD‟s different 

effects on male and female lifting technique. It was hypothesized that males and females 

would exhibit similar lifting technique profiles if the load selected for the task was a 

function of the individuals‟ strength characteristics. Finally, a third objective was 

completed on the PLAD and interjoint coordination. Interjoint coordination has been 

suggested to be an important aspect of lifting, and it may serve to reduce muscular 

loading (Burgess-Limerick et al., 1995) and increase balance (Scholz & MacMillan, 

1995); therefore, it seemed a worthwhile endeavour to explore whether the PLAD alters 

interjoint coordination patterns of the trunk and lower limbs during lifting. For this 

supplementary section, it was hypothesized that interjoint coordination would be more 

synchronized if the PLAD was worn during a loaded lifting task. The data collection that 

was used to answer these experimental questions was designed in collaboration with 

Ryan Graham who had a secondary purpose in mind, and that was to assess dynamic 

spinal stability using Lyaponov exponents. This secondary purpose required continuous 

data, and that is why the methodology of continuous thirty lifts was employed. 

This body of work is of considerable relevance to the greater ergonomic and 

biomechanics field. Not only will knowledge be gained in regard to the role an ergonomic 

aid may have in mitigating the relationship between lifting technique and LBD, but 

results may have important implications for future research design and methodology. 

This is because three novel methodologies were used in this body of work, including the 

selection of loads for individual strength characteristics rather than pre-selecting loads 

based on sex; using PCA as a method of evaluating entire lifting waveforms including 

relative phase angle waveforms; and employing principal component elimination (PCE) 
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as an approach to enhance the interpretability of principal components. It is these 

innovative methodological approaches that will be this work‟s major contribution to the 

ergonomic and biomechanics field, the broader scientific community, and beyond.  
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Chapter 2 

 

Literature Review 

 

2.1 Musculoskeletal Disorders and Low Back Pain 

Musculoskeletal disorders (MSDs) include a vast range of injuries and conditions 

that relate to inflammation and degeneration of biological structures, including tendons, 

ligaments, muscles, joints, nerves, and the supporting vascular networks (Kumar, 2001; 

Lemasters et al., 1998; Punnett & Wegman, 2004;). MSDs affect all body regions including 

upper and lower extremities, neck, and back, and they have been recognized as a 

pervasive societal issue in regard to work disability and health care utilization. For 

example, in an Ontario Health Survey, MSD-related concerns were responsible for 20% 

of all health care use (Badley et al., 1994). In Sweden, MSDs are the most expensive 

disease category, resulting in 22.6% of the total cost of illness nationwide (Jacobson & 

Lindgren, 1996). In the United States, Canada, Sweden, Finland, and England, MSDs are 

the leading cause of work absenteeism and disability, and they comprise a major 

proportion of all compensable work-related diseases (Punnett & Wegman, 2004). The 

direct cost of MSDs have been estimated to be 1.0 and 1.2% of the Gross National 

Product of the Canada and the United States, respectively; indirect costs have been 

estimated to be 2.4 and 1.3% in Canada and the United States (Woolf & Pfleger, 2003).  

According to the literature, the most prevalent musculoskeletal disorder is low back 

disability (LBD), with 4-33% of the population affected at any one time (Woolf & 

Pfleger, 2003). De Luca (1997) notes that LBD costs an estimated $72 billion in the 
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United States alone. LBD has been categorized as pain that is localized between the 

twelfth rib and the gluteal folds, existing with or without leg pain (Anderson, 1986). 

Classification of LBD can be either specific or non-specific depending on whether a 

pathological cause can be attributed to the pain. Worldwide, 37% of LBD has been 

attributed to occupational factors; therefore, it is not surprising that LBD most frequently 

affects the working population between the ages of 25 and 64 (Punnett et al., 2005). 

Because of this widespread prevalence, the Pan American Health Organization has 

identified LBD as one of the top three occupational health problems that needs to be 

monitored by the World Health Organization (Punnett et al., 2005). In terms of economic 

costs, the numbers are equally as burdensome. According to Kerr et al. (2001) 20-30% of 

all workers‟ compensation claims and 50% of all direct compensation costs can be 

attributed to LBD. Furthermore, the majority of lost-time claims reported by the 

Workplace Safety and Insurance Board (WSIB) of Ontario (2005) are due to back injury, 

particularly LBD. In 1998, it was estimated that total health care costs associated with 

LBD were $90 billion dollars in the United States alone (Luo et al., 2004). The 

occupational factors that have been associated with LBD are: heavy lifting, bending, 

twisting, pulling/pushing, and other forceful exertions; rapid and repetitive work paces; 

non-neutral postures; mechanical pressure; and vibration (Punnett et al., 2005).  

2.2 The Spine and Lifting 

Also referred to as the vertebral column, the spine is made up of 24 articulated 

vertebrae (which comprise the cervical, thoracic and lumbar regions) and 5 sacral and 5 

coccygeal vertebrae that are fused joints. Combined, these 34 bones, with various 

ligaments, tendons, discs, and muscles provide the structure that allows the human to 
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stand erect, as well as move and flex in many directions. A key component of the spine is 

the intervertebral discs that are located between each of the articulating vertebrae and act 

as shock-absorbing cushions. Often it is damage to the disc structure due to high 

mechanical loading that is responsible for back pain (Adams & Dolan, 1995).  

In general, mechanical loading is implicated as a major risk factor for back pain 

(Adams & Dolan, 1995). Loads on the spine: compressive, shear, and torsional forces; 

can be influenced by many factors, including inertia, gravity, external loads, and internal 

forces created by muscles. In particular, lifting is one action when these factors are in 

play because the center of gravity of the trunk is anterior to the lumbar region of the 

spine. This results in a considerable moment about the lower back in the sagittal plane 

(Potvin et al., 1991). To counteract this moment produced by the trunk and load, an 

extension moment is required in the opposite direction. This extension moment is often 

accomplished by recruitment of the erector spinae muscles, other trunk muscles, hip 

extensors, inter-abdominal pressure (Hsiang et al., 1997; White & Panjabi, 1990), and 

involves other passive structures, including ligaments, intervertebral discs, and 

thoracolumbar fascia (Adams & Hutton, 1980; Hsiang et al., 1997; McGill & Norman, 

1986).  Not only does lifting cause strain on the structures responsible for sustaining the 

extension moment, but as Kumar (1999) suggested, the creation of this extension moment 

necessary to balance the trunk and load moment generates a large force to the posterior 

region of the spine, which in turn causes large compressive forces in the intervertebral 

discs. Therefore, especially within flexed postures, lifting can result in dangerous 

mechanical loading of the spine that may lead to injury and back pain (Adams & Dolan, 

1995).  
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2.3 Lifting Technique: Squat and Stoop 

Knowledge of lifting as a risk factor of low back disability has led researchers to 

try and find the safest method of lifting. In a review by Hsiang et al. (1997) it is noted 

that, although the instruction of a „proper‟ or „correct‟ lifting technique is often used in 

intervention programs, there remains little evidence or consensus in literature regarding 

what truly is the „proper‟ or „correct‟ method of lifting. Lifting technique is defined as 

“an individual method of performing a lift under given task and environmental 

conditions” (Hsiang et al., 1997, p.6). The two most frequently catagorized techniques of 

lifting low-lying objects, the squat and stoop, have been widely contested in the literature. 

The squat involves deep knee flexion while keeping the trunk close to erect (Straker, 

2003). Conversely, the stoop lift is done with feet in a parallel stance and relatively 

straight knees, while bending at the hips and curving the back to pick up the load 

(Anderson & Chaffin, 1986). As noted by Straker (2003), squat lifting is widely 

recognized as the „correct‟ method of lifting objects that are on or near the floor. Even as 

early as 1924, Brackett was recommending the avoidance of bending the back during 

lifting (as cited in Straker, 2003); yet still, current research does not confirm this school 

of thought (van Dieen et al., 1999). 

By examining the mechanics of the spine, it would seem that squat lifting would 

be more conducive to spinal health because it requires less flexion of the lumbar spine. 

Flexion of the lumbar spine has been associated with increased stretching of the posterior 

aspect of intervertebral discs, having implications on disc health (Adams & Hutton, 

1982). In a study by Dolan et al. (1994), the effect squat and stoop lifting had on passive 

tissues, including spinal ligaments and discs, was estimated as a percentage of the elastic 
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limit of these particular structures. Results showed that squat lifting produced 

approximately 75% less stress on these tissues in comparison to the stoop technique, 

which may have been a reflection of the greater peak lumbar flexion that was observed 

during the stoop lift (Dolan et al., 1994). Furthermore, in a study by Tveit et al. (1994) it 

was observed that the lever arm of spinal muscles is reduced when lumbar flexion is 

occurring. Similarly, Anderson and Chaffin (1986) analyzed five lifting techniques and 

found that ligament strain, disc compression, and strength requirements were minimized 

when a squat posture was performed with feet in a straddle position and the back held 

relatively flat. In support of these ideas is the finding that in Eastern populations who 

often perform a flat-back squatting posture in their day-to-day lives, degenerative disc 

disease is relatively rare in comparison to Western cultures where this posture is 

uncommon (Fahrni & Trueman, 1965). van Dieen et al. (1999) carried out a review to 

assess the evidence in literature that would support the use of the squat technique during 

lifting, and they concluded that the squat technique may be more positive in terms of 

lower net moments and compression forces, but this only applies over a small range of 

lifting tasks when the load can be lifted from between the feet; in terms of shear forces, 

the squat was also found to be more positive than the stoop. Recently, Bazrgari and 

Shirazi-Adl (2007) assessed spinal stability and found that despite similar spinal stability 

profiles, the squat lift was safer in respect to reducing the risk of fatigue and injury to 

passive and active tissues without adversely changing spinal stability. Although there is 

support for the squat lift, this technique is not without its failings: Toussaint et al. (1997) 

found that the squat technique increases the occurrence of balance loss during lifting 

loads; furthermore, this technique is associated with a higher metabolic cost and greater 
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quadriceps recruitment, thus resulting in greater fatigue than other lifting styles (Straker, 

2003). Surprisingly, many researchers have found that both squat and stoop lifting 

demonstrate lumbar moments that are within 5% of each other (de Looze et al., 1994; 

Ekholm et al., 1982; Kumar, 1994; Toussaint et al., 1992; van Dieen et al., 1994). This 

leads one to believe that perhaps stoop lifting is not as dangerous as previously believed.  

 As noted by Straker (2003), the stoop lift has often been regarded by health 

professionals as the incorrect way to lift; however, the literature does not conclusively 

support this notion. It has been found that subjects performing a stoop lift tolerate 10-

20% greater maximal acceptable weight (MAW) than squat lifting (Straker & Duncan, 

2000). It was hypothesized that this may be due to the fact that squatting requires greater 

exertion due to involvement of the quadriceps (Straker & Duncan, 2000). In terms of 

physiological support, stoop lifting has less absolute energy expenditure, ventilation, and 

heart rate, and therefore may reduce full body fatigue in workers (Garg & Saxena, 1979; 

Kumar, 1984; Straker, 2003; Welbergen et al., 1991). Similarly, ratings of perceived 

exertion have consistently been reported to be lower in the stoop than in the squat 

technique (Straker & Duncan, 2000; Kumar, 1984); and the stoop is also associated with 

less perceived strain than the squat technique (Wiker & Stultz, 1992).  Evidence from 

biomechanical studies demonstrate somewhat lower lumbar compression forces in stoop 

versus squat lifting, and as mentioned previously, similar lumbar moments (Park & 

Chaffin, 1974; van Dieen et al., 1994; Toussaint et al., 1992, de Looze et al., 1994). 

However, considerable biomechanical differences are observed in regard to shear forces 

that were estimated to be 180% greater in stoop than squat lifting (Potvin et al., 1991a). 

Some of the most interesting literature on the stoop lifting technique is regarding back 
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pain and expert studies. In a study by Damkot et al. (1984), 303 males were interviewed 

to determine what aspects of their work environment and history were related to low back 

pain. The results showed that two-thirds of subjects who did not report back pain used the 

stoop lift technique. In another study, Authier et al. (1996) found that more than 75% of 

their expert and novice lifters displayed limited knee flexion during a box lift, supporting 

the idea that stoop lifting may be a more natural lifting pattern than squat lifting.  

 The stoop and squat are two extremes of the lifting technique spectrum, but not 

the sole styles discussed in the literature. The semi-squat is one particular technique that 

is an intermediate between the stoop and the squat. The semi-squat is characterized by a 

moderate range of flexion at both the knees and the trunk, with feet kept flat on the floor 

(Burgess-Limerick, 2003). This technique has been observed in studies when a self-

selected lifting style is employed (Burgess-Limerick et al., 1995; Burgess & Abernethy, 

1997), and also has been noted to allow a pattern of interjoint coordination that functions 

to reduce muscular effort (Burgess-Limerick, 2003). Physiologically, the maximal 

accepted weight was 25% and 12% greater for the semi-squat than squat or stoop, 

respectively (Garg & Saxena, 1985). Subjectively, subjects had rated semi-squat lifting 

less fatiguing than the stoop, which in turn was less than the squat (Kumar, 1984). And 

clinically, the avoidance of deep knee flexion that is characteristic of the semi-squat, 

enhances the mechanical advantage of the knee (Straker, 2003). Overall, the semi-squat 

may be a good compromise between the stoop and the squat whereby moderate ranges of 

motion are adopted, and muscular effort is reduced. 

It is clear that there is extensive literature in this area, and the arguments and 

evidence go back and forth about which lifting technique is safer; however, most agree 
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that more research needs to be done to assess the risk associated with each technique 

(Burgess-Limerick, 2003; Straker, 2003; van Dieen et al., 1999). 

2.4 The Personal Lift Assist Device 

In an attempt to reduce joint loads thereby mitigatimg low back disability, many 

off-body ergonomic assists are used in industry, including hoists, trolleys, and lifts 

(Abdoli et al., 2006). However, in the literature, many reasons to avoid the use of these 

tools have been identified: when loads are within the worker‟s lifting capacity, he/she 

will likely lift the load manually to avoid the use of these slower, and less accessible 

assists; training and implementation is time consuming and expensive (Hermans et al., 

1999; Woldstad & Chaffin, 1994); the facility may need to be retrofitted for such devices. 

Based on this knowledge, an on-body ergonomic assist was recently developed at 

Queen‟s University (Kingston, Ontario, Canada) that aims to achieve similar reductions 

in joint loads and musculoskeletal risk as the traditional ergonomic assists, while 

simultaneously addressing their aforementioned issues. The personal lift-augmentation 

device (PLAD), which was renamed the personal lift-assist device, is a non-motorized 

design worn on the body that uses elastic components acting as external force generators 

(Abdoli et al., 2006). The concept is driven by the storage of elastic energy: as the elastic 

elements are stretched during the down phase of a lift, energy is stored, and upon lifting 

and returning to an upright position, the stored energy is released, theoretically reducing 

the energetic demand required of the musculature involved in lifting (Abdoli et al., 2006; 

Abdoli et al., 2007). Over the years, modifications in design occurred (Figure 2.1), and 

one of the most recent prototypes used several springs in parallel to comprise the elastic 

component. These springs act almost parallel to the erector spinae and leg muscles, and 
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therefore allow forces and moments typically acting on the spine to be transferred to less 

vulnerable regions of the body including the feet, knees, pelvic girdle and shoulders 

(Abdoli et al., 2006). 

The effectiveness of the PLAD has been demonstrated in the literature. Firstly, the 

mathematical and link segment model proof of the device‟s capacity to reduce shear and 

compressive forces at L4/L5 has been established (Abdoli and Stevenson, 2004; Abdoli-E, 

2005; Abdoli et al., 2007). Abdoli et al. (2006) also completed an in-laboratory lifting 

study with nine male participants to evaluate EMG amplitude with and without wearing 

the PLAD. Results from this study showed that wearing the PLAD was associated with a 

significant reduction in the lumbar and thoracic erector spinae muscular activity, and no 

significant difference was observed in the abdominal muscles‟ activation (Abdoli et al., 

2006). Estimations of integrated EMG reductions were approximately 14.4 % for the 

lumbar erector spinae, and 27.6% for the thoracic erector spinae (Abdoli et al., 2006) 

between the No PLAD and PLAD conditions. Analysis of trunk postures found there 

were no differences in lifting technique due to the PLAD; however, the methodology 

behind this analysis was simple and was the result of only three electromagnetic sensors 

located at the hand, sternum at the level of T9, and on the right ASIS (Abdoli et al., 2006). 

Another EMG study by Frost et al. (2009) examined how changing the elastic stiffness 

affected muscular activity. It was found that the highest PLAD tension produced the 

greatest reduction in both the mean lumbar and thoracic erector spinae, and in the 

integrated L4/L5 flexion moment for all stoop, squat, and freestyle lifts (Frost et al., 

2009).  
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Figure 2.1 Design iterations of the PLAD from oldest (1) to more recent (6). 
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Another area that has been explored with the PLAD is fatigue effects. Lotz et al. 

(2009) carried out an in-laboratory lifting protocol to evaluate whether the PLAD could 

reduce back muscle fatigue, as measured by EMG at T9 and L3. Male subjects were 

required to perform continuous lifting for 45 minutes at a rate of six lifts/lowers per 

minute, loaded at 20% of their maximum strength, under both PLAD and No PLAD 

conditions (Lotz et al.,  2009). Results demonstrated that the PLAD is successful at 

reducing back muscle fatigue, with minimal changes observed in muscular strength and 

endurance from before and after testing (Lotz et al., 2009). Godwin et al. (2009) found 

similar results with female participants. The EMG RMS amplitude increase from the 

beginning to the end of the testing protocol was significantly lower when participants 

were wearing the PLAD (Godwin et al., 2009). 

 In a Ph.D dissertation at Queen‟s University by Agnew (2008), the PLAD was 

examined at depth in terms of the kinetic and kinematic adaptations that occur while 

wearing the device. Agnew (2008) explored how the PLAD affected intervertebral 

compression and shear forces at L4/L5 using an EMG-assisted model, how the PLAD 

affects trunk stiffness, and whether the PLAD altered lifting patterns or coordination 

through kinematic analysis. In terms of spinal forces, significant results were found: joint 

compression at L4/L5 was reduced by 141 to 646 N; shear forces were also observed to be 

significantly reduced, but these results were more variable for the different conditions. 

The PLAD increased trunk stiffness up to 15 degrees of flexion, but at greater ranges of 

trunk flexion this effect was reduced. This may be interpreted as a negative effect of the 

PLAD because it potentially compromises trunk stiffness at trunk angles greater than 15 

degrees; however, this result is limited by the static nature of the task, early design flaws 
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in the PLAD, and the use of trunk stiffness estimation versus actual measurement. The 

final area of investigation of the PLAD was regarding kinematics. Agnew (2008) found 

that the PLAD condition resulted in patterns of lifting that exhibited significantly greater 

hip flexion, yet significantly less lumbar flexion. Furthermore, joint coordination patterns 

were different between PLAD and No PLAD conditions. Some limitations that were 

identified in this particular study were the use of simple, discrete parameters of curves, as 

well as the inclusion of only males in the experimental subject group (Agnew, 2008). 

The most recent publication regarding the PLAD was carried out by Graham et al. 

(2009). This study addressed several limitations that had been presented in the previous 

literature. First, it involved testing the PLAD in an automotive assembly plant during an 

on-line task with trained automotive workers, rather than a simulated laboratory study. 

Second, it used a new prototype of the PLAD that was constructed in three sizes to better 

fit the participants. Third, an equation was established to designate an appropriate spring 

stiffness to use for individual subjects based on anthropometry and posture; this allowed a 

similar amount of support (approximately 20% of the L4/L5 moment) to be offered to all 

subjects (Graham et al., 2009). Another difference in this study was the evaluation of 

static holding, as previous studies had focussed only on dynamic lifting. That study tested 

ten automotive workers as they completed an assembly task of installing a dash from the 

left side of a car, under PLAD and No PLAD conditions carried out on consecutive days. 

Surface EMG was collected bilaterally on three muscles: TES at T9, LES at L3, and RA. 

The main findings of the study included significant reductions of LES and TES EMG 

activity when operators wore the PLAD; significant reductions of EMG-predicted 

compression at 10
th

, 50
th

, and 90
th

 percentiles for the PLAD condition; no significant 
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effect of the PLAD on RA activity nor trunk posture; and positive subjective ratings from 

80% of the participants.  

Since Graham et al. (2009) completed their work on the PLAD, the design of the 

device has been slightly modified through a partnership with PeakWorks Inc., a work-site 

safety equipment company. In this new design, the elastic component has been moved to 

sit upon the pelvic waist band, and the springs now work through compression using a 

series of pulleys (Figure 2.2). It is currently unclear as to how this modified design of the 

PLAD will perform and affect lifting technique, thus this is an objective of the current 

study. 

2.5 Sex and Lifting Differences 

 Literature is limited in the area of female manual materials handling and lifting 

characteristics. The majority of the research that exists regarding lifting has been 

completed using male subjects (Lindbeck & Kjellberg, 2001). Due to the pronounced 

differences between males‟ and females‟ anthropometry and strength profiles, it is 

difficult to extrapolate findings from this male-dominated research to a female population 

(Lindbeck & Kjellberg, 2001). Therefore, a need exists to investigate females performing 

lifting tasks, and to better understand the differences between male and female lifting 

profiles. 

 To better understand sex differences in lifting, it is first necessary to contemplate 

potential physiological differences between males and females. Marras et al. (2001) were 

one of the first group of researchers to compare the size of male and female spinal 

muscles. This comparison was made possible during the process of establishing a gender-
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specific database of thoracic and lumbar muscles‟ cross-sectional areas to create an 

equation that can predict muscle cross-sectional area as a function of gender and 

anthropometry (Marras et al., 2001). Results showed significant differences in the ability 

to predict male and female cross-sectional areas of the erector spinae, quadratus 

lumborum, internal and external oliques, and psoas major (Marras et al., 2001). In a 

similar study, Jorgensen et al. (2001) aimed to establish a similar database of gender-

specific trunk muscle moment arm lengths relative to the spine at T8 and S1. Using 

Magnetic Resonance Imaging (MRI) the moment arm lengths, from vertebral body 

centroid to muscle centroid, were measured in the coronal and sagittal planes (Jorgensen 

et al., 2001). Results showed that men had larger moment arms for most muscles at most 

levels: 14.2% and 17.5% greater in the coronal and sagittal plane, respectively (Jorgensen 

et al., 2001).  

Under static, symmetric lift conditions, Bejjani et al. (1984) found that body weight 

normalized shear force at the knee was significantly greater in females and back 

compression at L4/L5 was significantly greater for males. Using an incremental lifting 

machine protocol, Stevenson et al. (1996) also found significant differences between 

sexes: timing of the box lift, displacement, velocity, acceleration, force, and power. 

Marras et al. (2002) studied dynamic lifting and spinal compression differences between 

males and females using an EMG-assisted biomechanical model. Similar to Bejjani et al. 

(1984), Marras et al. (2002) found that males exhibited greater absolute compression. 

However, under the restricted torso-lift condition, differences observed were attributable 

to the discrepancy in upper body weight between males and females; conversely, in the 
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Figure 2.2 PLAD‟s new elastic element design with compression springs. 
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free-dynamic, whole body lift, relative compression and anterior shear forces were 

greater in females (Marras et al., 2002). The interpretation from these findings was that 

muscle co-contraction patterns and compensatory kinematic differences contribute to 

women experiencing greater relative loading in the spine (Marras et al., 2002). Later, 

Marras et al. (2003) adopted a more kinematically controlled protocol to further 

investigate sex differences. In their study, results showed that men had significantly 

greater spinal compression forces in comparison to women (Marras et al., 2003). 

Interestingly, when the amount of variability associated with different factors was 

considered, sex had less of an impact on spinal loads than task asymmetry and load, 

which accounted for 15% and 26% of the variability in compression and anterior shear, 

respectively. With respect to kinematic differences, women tended to use their hips more, 

whereas men used their lumbar spine. Another difference was observed in muscle 

coactivity patterns, with women demonstrating significantly greater peak activity levels 

of the extensor muscles, including the erector spinae, latissimus dorsi, and internal 

obliques. Overall, Marras et al. (2003) concluded that the combination of trunk 

kinematics and muscle coactivity patterns results in greater spinal loads in men than in 

women; however, a limitation of this study was the use of identical box weights for males 

and females.   

In 2001, Lindbeck and Kjellberg looked specifically at sex differences in lifting 

technique. Male and female participants were required to lift a handled box from the floor 

to a shelf that was located at the level of the umbilicus. The load of the box was 

standardized at 12.8 kg for the males and 8.7 kg for the females; these masses were 

selected based on approximate strength capacity differences between the sexes. The 
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lifting protocol involved four conditions, both stoop and squat lifting techniques, under 

fast and slow lift velocities. Only one single trial was analyzed for each condition, per 

subject. The results of this study showed that there were differences in kinematics of 

lifting between males and females: specifically, trunk angle ranges were significantly 

greater for males over all lift conditions, and males performed the back lift with more 

knee bend than the females. The most noteworthy observation, however, was the 

difference in hip-knee interjoint coordination: the analyses showed that women 

demonstrated more synchronized hip and knee joint coordination than their male 

counterparts. A possible explanation for this observation was that a greater load mass 

tends to reduce in-phase coordination; so if similar loads had been used for both males 

and females, less synchronized patterns between the hip and knee joints likely would 

have been observed due to the greater strength required of the females for the same load 

as the males. The concept of interjoint coordination will be discussed in more depth in the 

next section.  

From the study carried out by Lindbeck and Kjellberg (2001), several areas of 

methodology were outlined as limitations, and future directions to address in further sex-

related lifting studies were presented. First, the male and female data were obtained from 

two different studies, which, although similar in protocol, may have included slight 

differences in instruction and instrumentation that affected the results. Second, the 

biomechanical model that was used represented the trunk with one segment, thus trunk 

motion differences that were observed are not truly representative of spinal curvature 

discrepancies between males and females during lifting. Also, the load selected for the 

males and females were different; the weight might not have been appropriate for the 
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subjects‟ physical characteristics and capabilities. Furthermore, the lifting styles 

employed were heavily prescribed, and there was the suggestion that future studies 

should allow more self-selected movement to occur during lifting trials. Finally, only 

simple outcome measures were used such as angle ranges, peak velocities, and 

acceleration; thus it is reasonable to conclude that more pronounced differences, 

relationships, and observations may be found using more sophisticated data analysis 

methods. These limitations, recommendations, and future direction suggestions will be 

used as formative guidelines for the methodology decisions of the current study. 

2.7 Interjoint Coordination and Lifting 

 Interjoint coordination is a term that has been used to describe the relative timing 

of joint movements and muscle activity during human actions and mobility tasks (Scholz 

& McMillan, 1995). Research in this area has been predominantly carried out in the field 

of motor behaviour and control, experimental brain research, and neuromuscular science, 

among others; yet fewer studies have looked at interjoint coordination from a 

biomechanical perspective, and furthermore in terms of lifting. Davis et al. (1965) 

provided the earliest known body of work regarding coordination and lifting. Using a 

chrono-cyclophotography method, the timing and amplitude of thoracic and lumbar 

spinal extensions were measured during both stoop and squat lifts. Although not a main 

objective of the study, coordination was observed in the form of squat lifting being 

associated with a tendency to extend the legs before the back as the load increased in 

magnitude. Another observation was that as a load became heavier, subjects 

demonstrated a desire to convert a flat back, flexed knee lift, to a flexed back, straight leg 

lift. This result was echoed by Schlipplein et al. (1990), although their findings were 
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harder to interpret because a freestyle lifting technique was involved. The results from 

these and other studies suggests that coordination of lifting, especially squat lifting, is 

affected by task variables, including the load being lifted (Scholz & McMillan, 1995; 

Scholz 1993a; Scholz 1993b). Scholz (1993a; 1993b) has done extensive work in regard 

to load magnitude, lifting, and coordination, noting throughout his work that increasing 

the load affects lumbar spine-knee, hip-knee, and hip-ankle motions systematically.  

 Burgess-Limerick et al. (1995) investigated the functional consequences of 

coordination during lifting, suggesting that, in regard to lifting technique, interjoint 

coordination might be more important than body postures. One profound interpretation 

from a lifting study employing kinematic and EMG outcome measures, was that the 

coordination changes observed as the load demand increased may have acted to reduce 

the amount of muscular effort required of the individual during the lift. This was 

hypothesized because the rapid knee extension that was observed as the load became 

heavier resulted in a decreased hamstring shortening velocity. Therefore, people seem to 

employ a lifting style that adapts to the load demands of the task and thereby reduces the 

muscular effort (Burgess-Limerick at al., 1995). Another area that Burgess-Limerick and 

colleagues (1993) have been critical in developing is the quantitative representation of 

interjoint coordination during complex movements. Using two-dimensional angular 

kinematic data of the ankle, knee, hip, and lumbar spine joints in the sagittal plane during 

a symmetrical lift, angle-angle and relative phase angle methods were used to accurately 

represent the proximal-to-distal coordination. It was noted that the use of angle-angle 

plots can demonstrate interjoint coordination through visualization of joint movement; 

perfectly synchronous interjoint coordination would be characterized by a straight line. 
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Therefore, it is fairly straightforward to interpret in-phase interjoint coordination 

qualitatively using an angle-angle plot; however, quantification of this relationship is 

more difficult (Burgess-Limerick et al., 1993). Due to this limitation, Burgess-Limerick 

et al. (1993) introduced the method of phase plane analysis. Normalized angular velocity 

is plotted as a function of normalized angular position of a joint, and then the inverse 

tangent of the normalized angular velocity or angular position (regarded as the phase 

angle) can be used to describe the position of the joint at any point in time during the 

movement. To then quantify the synchronization of two joints, the difference between the 

phase angles of the proximal and distal joints is calculated, and this is the relative phase 

angle (RPA) (Burgess-Limerick et al., 1993). RPA can be thought of as a measure to 

quantify the motor control strategy that is employed to optimize the body‟s kinetic chain 

energy transfer (Burgess-Limerick et al., 1995). 

 Differences in interjoint coordination have been observed in several populations. 

Using a hyperbolic tangent model to describe body movements using the hip and knee, 

Boston et al. (1993) found significant differences in the coordination of dynamic lifting in 

chronic low back pain patients and healthy controls. Healthy control subjects 

demonstrated a more coordinated lifting pattern where the hip and knee joints completed 

the movement together; on the other hand, the subjects with chronic back pain exhibited a 

lifting pattern where the hip and knee completed the movement at different times (Boston 

et al., 1993). Noteworthy was the caveat that, despite the differences observed, it was not 

clear whether this uncoordinated lifting pattern was the consequence or cause of chronic 

back pain. Differences in interjoint coordination during lifting tasks have also been 

observed between males and females. Lindbeck and Kjellberg (2001) found that women 
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displayed more coordinated hip-knee movement during a leg lift, as measured using 

relative phase angles. This movement pattern was not interpreted as being preferable, but 

simply different and closer to being a precisely synchronized hip-knee movement. Two 

limitations were outlined: the loads lifted by the men and women may not have been 

proportional to their physical capacity, and thus may have influenced the results whereby 

the men were lifting too heavy a load; and the lifting style was prescribed, and therefore 

freestyle lifting may show alternative results. 

 Two studies have attempted to explain why coordination is a critical aspect of 

complex human movement. Hsiang and McGorry (1997) hypothesized that “instruction 

in a specific lifting strategy introduces a fundamental change in the neuromuscular 

control scheme” (p. 929). In other words, load motions may affect the coordination of 

movement, and changing the coordination of lifting may affect the compressive forces 

acting on the spine. In comparing three lifting strategies, observations showed that indeed 

different motion patterns resulted in different compressive forces at the lumbosacral joint, 

suggesting that coordination is a by-product of a motion pattern serving to reduce forces 

acting on the body during lifting. The data supported the notion that the smoother the 

motion pattern of the load, the smaller the estimated peak compressive forces was at 

L5/S1 (Hsiang & McGorry, 1997). Toussaint et al. (1992) investigated coordination from 

an intermuscular perspective. They concluded that during a dynamic lifting task, 

intermuscular coordination serves to couple the joint moments in order to achieve a 

ground reaction force that points in a direction to optimize balance while lifting. Taken 

together, these two bodies of work represent the idea that interjoint coordination aims to 

reduce joint stress and maintain balance during dynamic lifting tasks. 
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2.8 Principal Component Analysis 

 Recently, principal components analysis (PCA) has become a method of 

analyzing human motion (Chau, 2001; Deluzio et al., 1997; Deluzio et al., 1999). The 

appeal of this multivariate statistical tool is that it allows for the analysis of the entire 

waveform, likely providing more accurate quantitative and temporal information between 

experimental groups and conditions. PCA reduces the dimensionality of a data set, 

removing redundant information while retaining the original variability (Nguyen & 

Reynolds, 2009). According to Ramsay and Silverman (1997), PCA is based on the 

assumption that a few dominant forms of variation can describe a whole data set 

effectively. Rather than having to make prior decisions as to which variables will be of 

most importance, PCA is a statistically driven technique that allows the researcher to 

avoid making such biased assumptions. This method is well established in sciences in 

general, but only beginning to become popular in the field of biomechanics.  

 The mathematical foundation of PCA pertains to creating linear combinations of 

original variables whereby the variance-covariance structure can be explained (Johnson 

& Wichern, 1988). The goal of PCA is to account for the majority of variance with the 

fewest number of non-redundant, or orthogonal, components. Tabachnick and Fidell 

(2007) note that these components are “thought to reflect underlying processes that have 

created the correlations among variables” (p.607). 

In equation 1, variables (q1(t), q2(t),...,qN(t)) are combined into a single, N-

dimensional, time-dependent vector   (t), such that: 
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The goal then becomes to try and transform the data using a set of M linearly 

independent vectors or modes       (Daffertshofer et al., 2004); yet the presence of 

redundancies in the data requires fewer vectors (M) than original number of variables (N) 

to describe the data. According to Daffertshofer et al. (2004) this approximation reads: 

                        
   
                     (2) 

where     is the time series. 

 Given a set of data collected over a given time frame, geometrically these data can 

be presented as discrete points in a vector space, whereby the dimension of the space is a 

function of the number of dimensions of the data set. The direction along which contains 

the greatest distribution of the discrete points is called the first principal axis        and the 

corresponding time series is        ; this is the first principal component. The subsequent 

components are determined in the same fashion, in each dimensionally reduced, 

orthogonal, vector subspace (Daffershofer et al., 2004).  

 Algebraically, the waveform data can be transformed into principal components 

through eigenvector analysis of the covariance or correlation matrix (Wrigley et al., 

2006). PCA is not scale invariant, thus the eigenvalues and eigenvectors of a covariance 

matrix differ from those of the associated correlation matrix. Jackson (1991) notes that 

when the variables being analyzed have differing units or magnitudes of variation, the 

correlation matrix should be used; conversely, in physical applications such as 

diagnostics or where the variables are expressed in the same units, the covariance matrix 

should be used. In the current application the covariance matrix (equation 4) of the raw 
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data will be used, as calculated using equation 3. In order to implement PCA, the Matlab 

(Natick....) PRINCOMP function from the Statistics Toolbox, can be applied to the data 

matrix (Table 2.1). Where n is the number of cases, or subjects, and p is the number of 

variables, or data points.  

 

Table 2.1. Data matrix (X) used as the input to PRINCOMP. 
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The first step in PRINCOMP is mean centering (i.e. mean substraction). This 

must occur in order to ensure that the first principal component describes the direction of 

maximum variance. Without performing mean subtraction, the first principal component 

will instead correspond to the mean of the data.  PRINCOMP uses singular-value 
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decomposition of the covariance matrix. Singular-value decomposition in Matlab takes 

the form found in equation 5.  

                       (5) 

where   is the n x p matrix,  ∑ is the diagonal matrix the same dimension as X with 

nonnegative elements in decreasing order, U is a n x n unitary matrix, V’ is the conjugate 

transpose of the n x n unitary matrix. 

 The concept of rank is important in PRINCOMP, such that the lower dimension 

of the n x p matrix is used in the singular-value decomposition. Therefore, if X is a n x p 

matrix, with n < p, only the first n columns of V are computed and ∑ is a n x n matrix. 

 The columns of V form the orthonormal input basis vectors of X, and are the 

eigenvectors of X’X; whereas the columns U form the orthonormal output basis vectors of 

X, and are the eigenvectors of XX‟. The diagonal values in matrix Σ are the singular 

values, which can be thought of as scaling factors by which each corresponding input is 

multiplied to give a corresponding output. These are the square roots of the eigenvalues 

of XX
*
 and X

*
X. Putting this altogether, in PRINCOMP, the eigenvectors are the principal 

component coefficients, or loading vectors. The eigenvalues are the variance explained 

by each corresponding eigenvector.  

 Each case, or subject, can now be given a new score for each component; these 

component scores then become the new „variables‟ for each subject. In PRINCOMP these 

scores are calculated by projecting the original matrix X onto the transformed principal 

component axes. These component scores can describe how variable a subject is from the 

mean of the feature of variation that is associated with the given principal component, 

and are used as dependent variables in subsequent statistical models. 

http://en.wikipedia.org/wiki/Singular_value
http://en.wikipedia.org/wiki/Singular_value
http://en.wikipedia.org/wiki/Eigenvectors
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In the past, this technique has been applied to gait studies, yet only a few 

researchers have extended PCA to lifting waveforms (Khalaf at al., 1999; Nguyen & 

Reynolds, 2009; Wrigley et al., 2005, Wrigley et al., 2006). Khalaf et al. (1999) applied 

PCA in order to study phase-independent effects of lifting, considering the measured joint 

angular position, velocity, acceleration, and net muscular torque as variables of interest 

from a two-dimensional biomechanical model. They manipulated conditions including 

frequency, load, and technique. Using PCA it was possible to identify lift characteristics 

that are responsible for the variability of the task. Wrigley et al. (2005) examined the 

power of PCA to identify differences in lifting technique between two groups: those that 

develop low back pain and those that do not. It was concluded that PCA was able to 

elucidate biomechanical differences where other traditional analyses had been less 

successful; furthermore this approach determined the largest modes of variability, 

whereby differences in five lifting variables were identified. In a further study, Wrigley et 

al. (2006) extended the PCA method to explore its sensitivity to identifying differences in 

kinetic waveforms under three load conditions when the lifts were performed by two 

populations: those who were healthy and those who developed mild low back pain. The 

most recent application of PCA to lifting in literature was a study that applied this method 

to investigate the kinetic and kinematic differences of lifting in pregnant subjects 

(Nguyen & Reynolds, 2009). In this study PCA successfully identified lifting kinematic 

differences between pregnant subjects and controls. These examples highlight the 

potential of PCA to contribute to our understanding of lifting technique, coordination and 

sex differences.  
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Chapter 3 

 

The Personal Lift-Assist Device and Lifting Technique: A Principal 

Component Analysis 
 

 

Abstract 

The Personal Lift-Assist Device is a non-motorized, on-body device that acts as 

an external force generator using stored elastic energy. In this study, the effect of the 

PLAD on the lifting kinematics of male and female lifters was investigated using 

principal component analysis (PCA). Joint kinematic data of 15 males and 15 females 

were collected using an opto-electronic system during a freestyle, symmetrical lifting 

protocol with and without the PLAD being worn. Of the 31 PCs retained in the models, 

eight scores were significantly different between PLAD and No PLAD conditions. There 

were no main effects for sex, and no significant interactions. Results indicate that the 

PLAD similarly affects the lifting kinematics of males and females. The differences 

reflect a squat, or perhaps a semi-squat, lift with significantly less lumbar and thoracic 

flexion and significantly greater hip and ankle flexion when the PLAD was worn. These 

findings add to the body of work that suggest the PLAD may be an effective ergonomic 

aid that does not compromise lifting technique. 
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3.1 Introduction  

The PLAD, developed at Queen‟s University, is a non-motorized, on-body device 

that acts as an external force generator using the concept of stored elastic energy (Figure 

3.1) (Abdoli et al., 2006). As the elastic elements are compressed during the down phase of 

a lift, energy is stored; upon lifting and returning to an upright position, the stored energy 

is released. Thus, this device theoretically reduces the energetic demand required of the 

back musculature involved in lifting (Abdoli et al., 2006; Abdoli et al., 2007). Because it 

is anticipated that the PLAD will be used to facilitate improved manual materials 

handling practices, its effectiveness and safety must be established. 

The effectiveness of the PLAD has been demonstrated in the literature. Abdoli et 

al. (2007) developed the mathematical and linked segment model proof of the device‟s 

capacity to reduce shear and compressive forces at L4/L5. Furthermore, results from a 

laboratory lifting study showed that wearing the PLAD was associated with a significant 

reduction in the lumbar and thoracic erector spinae muscular activity, with no significant 

difference observed in the abdominal muscles‟ activation (Abdoli et al., 2006). Between 

the No PLAD and PLAD conditions, estimations of integrated EMG reductions were 

approximately 14.4% for the lumbar erector spinae and 27.6% for the thoracic erector 

spinae during symmetrical lifting (Abdoli et al., 2006), and 23.9% and 24.4% for lumbar 

and thoracic erector spinae muscles, respectively, during asymmetrical lifting (Abdoli & 

Stevenson, 2007). Another study varied the stiffness of the elastic element and found that 

the greatest reduction of lumbar and thoracic erector spinae muscular activity, as well as 

integrated L4/L5 flexion moment, occurred with the highest PLAD tension (Frost et al., 

2009). Back muscle fatigue is reduced when wearing the PLAD (in comparison to the No 
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PLAD condition) while lifting a load that was 20% of maximal back strength, over a 45-

minute duration (Godwin et al., 2009; Lotz et al., 2009). The PLAD was field-tested in an 

automotive assembly plant during a static holding, on-line task with trained automotive 

workers (Graham et al., 2009). The study produced four main findings: 1) significant 

reductions of lumbar erector spinae and thoracic erector spinae EMG activity when 

operators wore the PLAD; 2) significant reductions of EMG-predicted compression at 

10
th

, 50
th

, and 90
th

 percentiles were observed for the PLAD condition; 3) neither rectus 

abdominus activity nor trunk posture was significantly affected by the device; and 4) 

subjective ratings were positive for 80% of the participants.  

One area that is less understood regarding the PLAD is its effect on lifting 

technique. Lifting technique is widely acknowledged in literature as an important factor 

behind safe lifting practices (Straker, 2003; van Dieen et al., 1999); thus it is important to 

examine whether the PLAD affects the way users lift. In one study, trunk postures were 

analyzed to find there were no differences in lifting technique due to the PLAD; however, 

the methodology behind this analysis was very simple and was the result of only three 

electromagnetic sensors located at the hand, sternum at T9, and on the right ASIS (Abdoli 

et al., 2006). From later findings, researchers have suggested that the PLAD does 

encourage a more squat-like lift, with kinematic data indicating significantly greater hip 

flexion and significantly less lumbar flexion when wearing the PLAD versus not (Agnew, 

2008). Some limitations identified in this particular study were the use of simple, discrete 

parameters of curves, as well as a male-only subject group (Agnew, 2008).  

The aim of the current study was to address these limitations. First, the subject 

group included both males and females. By including both sexes, it will be possible to 
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Figure 3.1 Participant wearing the newest PLAD design (2010) with compression springs. 
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establish whether the PLAD affects males and females differently; and it also allows for 

results to be extended to a female population. Second, kinematic data of the ankle, knee, 

hip, lumbar and thoracic spine were collected using a validated and accurate opto-

electronic camera system. Finally, the lifting waveforms were analyzed using principal 

component analysis (PCA). 

PCA is a multivariate statistical method that reduces the dimensionality of a data 

set, removing redundant information while retaining the original variability (Nguyen & 

Reynolds, 2009). The appeal of PCA is that it allows for the analysis of the entire 

waveform, likely providing more accurate quantitative and temporal information between 

experimental groups and conditions (Chau, 2001; Deluzio et al., 1997; Deluzio et al., 

1999). According to Ramsay and Silverman (1997), PCA is based on the assumption that 

a few dominant forms of variation can describe a whole data set effectively. Rather than 

having to make prior decisions as to which variables will be most important, PCA is a 

statistically driven technique that allows the researcher to avoid making such biased 

assumptions (Daffertshofer et al., 2004). Generally, this method is well established in the 

sciences, but it is only beginning to become popular in the field of biomechanics. In the 

past, this technique has been applied to gait studies (Chau, 2001; Deluzio et al., 1997; 

Deluzio et al., 1999, Deluzio & Astephen, 2007; Reid et al., 2010), yet only a few 

researchers have extended PCA to lifting waveforms (Khalaf et al., 1999; Wrigley et al., 

2005, Wrigley et al., 2006; Nguyen & Reynolds, 2009).  

The objectives of the current study were to evaluate how the PLAD affects lifting 

kinematics using PCA and whether the PLAD affects the lifting technique of males and 

females differently. Based on previous findings, it was hypothesized that wearing the 
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PLAD would encourage a more squat-like lift, with users demonstrating more hip and 

knee flexion and less lumbar flexion. Moreover, it was hypothesized that lifting technique 

of males will be more affected by wearing the PLAD because it has been suggested that 

they demonstrate greater trunk angle ranges (Lindbeck & Kjellberg, 2001). Therefore, if 

the PLAD is thought to affect spinal flexion, males‟ lifting technique may be affected 

more by the device than females. 

3.2 Methods 

3.2.1 Participants 

Thirty participants (15 males and 15 females) with no previous experience in 

manual materials handling were recruited to participate in this study. Each participant 

read and signed an information form and a consent form that were approved by the 

Queen‟s University Research Ethics Board (Appendix A and B). All participants were 

healthy and had no history of low back pain. Participants‟ mean age, height, and weight 

were 24.2(±2.9) years, 184.9(±7.6) cm and 85.4(±10.7) kg for males; and 23.0(±2.6) 

years, 170.1(±6.1) cm and 66.3(±11.7) kg for females. Height and weight between groups 

were significantly different as determined by a paired t-test.  

3.2.2 Experimental procedures 

 

 The current study proceeded in two sessions. First, participants attended an 

orientation session where the ethics consent process was completed, familiarization with 

the PLAD and testing protocol occurred, general anthropometrics were obtained, and a 

maximum back strength test was performed using a modified functional capacity 

evaluation system (Arcon Vernova Inc., Saline, MI, USA) (Figure 3.2) in order to 

determine 10% of maximum back strength for each participant (Lotz et al., 2009). 



49 
 

 

Figure 3.2 The modified functional capacity evaluation system (Arcon Vernova, Saline, 

MI) used to determine maximum back strength using a horizontally-oriented load cell. 
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Against a calibrated load cell, participants were asked to complete three maximal 

isometric back extensions. The average of these exertions was taken as a measure to 

estimate back strength. This procedure was necessary in order to individualize the load to 

personal strength characteristics. Based on pilot testing, 10% of each subject‟s back 

strength magnitude was selected in order to create a load that was large enough to 

challenge the PLAD without fatiguing subjects. A previous study that used a fatiguing 

protocol selected 20% of maximum back strength (Lotz et al., 2009). 

The second session involved the participants performing a freestyle, symmetrical 

lifting protocol using a balanced design where the participants were block randomized 

under device (PLAD/No PLAD) conditions. Joint kinematic data were collected using a 

two-camera Optotrak 3020 system (NDI, Waterloo, ON) at a frequency of 100Hz. These 

data were used to calculate three-dimensional joint angles of the ankle, knee, hip, lumbar 

and thoracic spine using Euler rotations (See Appendix D).  

 Participants were instrumented with six Infrared Emitting Diode (IRED) triads, 

located laterally on the right side at the foot, shank, and thigh, as well as on custom-made 

fins projecting from S1, T12 and C7 (Figure 3.3). For calibration purposes, isolated IREDs 

were located on the right lateral malleolus and lateral femoral epicondyle, in addition to 

eight virtual markers that were taken at the right and left anterior superior iliac spine, 

right posterior superior iliac spine, symphysis pubis, right medial femoral epicondyle, 

right medial malleolus, and the 1
st
 and 5

th
 metatarsals on the right foot. These additional 

markers were necessary in order to calculate the ankle, knee, and hip joint centres using 

regression equations (Allard et al., 1997; Kirkwood et al., 1999) and were also used to 

compute transformation matrices between the surface marker triads and their 
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Figure 3.3 An instrumented subject with No PLAD and the experimental set-up. The 

subject was instrumented with IRED triads located on the lateral aspect of the foot, 

shank, and thigh, as well as on custom-made fins projecting from S1, T12, and C7. 
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corresponding anatomical coordinate systems. These virtual markers were obtained using 

a probe with known dimensions to designate the point in space.  

The lifting protocol required the participants to lift a handled-box (21.5 cm x 21.5  

cm x 21.5  cm, with 1.8 cm diameter handles) filled with load that was equal to 10% of 

their individual maximum back strength from a target on a table (positioned at 50% of 

participant‟s height) lowered to a target on the floor, and raised back to the table (Figure 

3.3). Thirty continuous lift cycles were completed in a single trial, at a rate of 10 lifts per 

minute. A metronome was used to set the lifting pace. The bottom of the box was 

instrumented with an analog switch in order to indicate the lift cycle for splitting the trial 

into 30 separate lift cycles. A minimum of five minutes of rest was given between trials 

to prevent fatigue effects.  Lifting style and foot position were self-selected, with foot 

position remaining constant for all trials.  Prior to collection, participants were required to 

perform several practice lift cycles to become comfortable with the lifting protocol and 

pace. 

3.2.3 Data Processing 

 Custom Matlab software (MathWorks, Natick, MA, USA) was used for all data 

processing, calculations, and analyses. Joint angles were calculated using a three-

dimensional Euler rotation sequence (Z-Y-X). The three-dimensional sign convention for 

the lower limb joint angles followed an anatomically-based coordinate system where the 

three principal axes were distal-proximal (X), posterior-anterior (Y), and lateral-medial 

(Z) (Deluzio & Astephen, 2007). Anatomical coordinate systems were not used to assess 

spinal kinematics; triad coordinate systems on the custom-made fins at S1, T12, and C7 

were used in these cases (See Appendix D). 
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All angles were normalized to 101 points corresponding to 0-100% of the lift 

cycle. Using the analog switch information, it was possible to split a single trial of 30 

continuous lifts into 30 single lift cycles.  Upon splitting the trials, the 30 lifting 

waveforms were ensemble averaged to give a single representative waveform for each 

participant, for each trial.  

3.2.4 Statistical Methods  

PCA was applied using custom MatLab software (MathWorks, Natick, MA, 

USA), and SPSS 18.0 (SPSS Corporation, Chicago, IL, USA) was used for further 

statistical testing. In PCA, the correlated variables are linearly transformed into a set of 

uncorrelated variables (Wrigley et al., 2006). In this application, PCA was applied to a 

    matrix, where   is the participants and   is the variables, which are the 101 

normalized time-points of the ensemble averaged lifting waveform for each participant. 

Due to the two device conditions (No PLAD and PLAD), this resulted in         

matrices for each joint, in each axis.  

The mathematical foundation of PCA is an orthogonal transformation of the 

original     matrix, whereby the correlated   variables                 are 

transformed into new uncorrelated   variables, which are referred to as principal 

components (PCs)                  (Deluzio & Astephen, 2007; Reid et al., 2010). 

These PCs are arranged according to the amount of variance explained, from highest to 

lowest. Thus, the principal component model is        , where   is the 

transformation matrix that rotates the original   observations into a new coordinate 

system. The columns of                  are the principal component loading 

vectors and are the eigenvectors of the covariance matrix of  . The principal component 
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vector scores (PC score),    , consist of the coefficients that measure the contribution of 

the principal components to each waveform (Deluzio & Astephen, 2007). Therefore, by 

applying a PCA model, each time point of the lifting waveform for each participant is 

effectively transformed into a set of PC scores that measure the degree to which the shape 

of their lifting waveform correspond to each feature (Deluzio & Astephen, 2007; Reid et 

al., 2010). The complexity of this application lies in the interpretation of these features. 

Interpretation is achieved through visual inspection of the raw waveforms of those that 

scored high (95
th

 percentile) and low (5
th

 percentile) on each PC (Astephen et al., 2008; 

Deluzio & Astephen, 2007; Jones & Rice, 1992; Reid et al., 2010).  

The usefulness of PCA lies in its ability to reduce the amount of data to the first 

few k PCs                 because the majority of variation can be explained by 

these PCs, so that     (Deluzio & Astephen, 2007). The criteria used to determine how 

many PCs to retain in the model was a 90% trace, meaning only the PCs required to 

explain 90% of the variance in the sample were kept in the model with the remaining PCs 

being discarded, effectively achieving data reduction (Deluzio & Astephen, 2007; 

Jackson 1991; Reid et al., 2010).  

Only the PCs that were retained using the 90% trace criteria were entered into a 

repeated measures ANOVA to test for significance. A mixed design was used, with a 

within-subjects factor of device (PLAD/No PLAD) and a between-subjects factor of sex 

(male/female). To account for the 31 multiple comparisons, a Bonferroni adjustment was 

applied (                              
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3.3 Results  

Principal component models were produced for all five joints and their respective 

three-dimensional joint angles. Of these 15 models, 31 PCs were retained using the 90% 

trace criteria (Table 3.1).   However, only eight of these PCs had significantly different 

scores between PLAD and No PLAD conditions (          Table 3.1). There were no 

main effects of sex, and no significant interactions between sex and device for any of the 

joint angles. Interpretation of the significant principal components was completed 

through visual inspection of raw waveforms of those who scored high and low on each 

PC (Deluzio & Astephen, 2007; Reid et al., 2010) (Figures 3.4-3.7). 

PC2 (p<0.0016) and PC3 (p=0.001) of ankle flexion were significantly different 

between PLAD and No PLAD conditions (Figure 3.4A-D). The PC2 loading vector 

showed that there were large negative values in the first and last quarter of the lift cycle 

(Figure 3.4B); whereas the PC3 loading vector was large positive values at approximately 

25% and 75% of the lift cycle, and large negative values during the halfway point of the 

lift, while the participant was placing the box on the floor (Figure 3.4C). Thus, PC2 of 

ankle flexion captured peak differences in flexion angle, meaning those that scored low 

on this PC demonstrated greater peaks of ankle extension at the beginning and end of the 

lift cycle; and greater ankle flexion during the middle phase of the lift cycle when the box 

was being placed on the floor. PC3 of ankle flexion was a timing of lift operator, where 

the highest loading vector corresponded to a shift in timing of initiation of lift, bottom of 

the lift, and return to the table (Figure 3.4B). Individuals who scored high on this PC took 

more time to initiate the down phase of the lift, spent less time at the bottom of the lift, 

and began the up-phase of the lift sooner (Figure 3.4D). The PLAD condition was found
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Table 3.1. Summary of the principal component models for all joints in three axes and p 

values for PC differences between device (PLAD/No PLAD) and sex (male/female) 

conditions. 

 

 

 

Flexion 1 59.8 1.21 (±50.6) -7.02 (±45.4) 20.68 (±61.0) -14.87 (±50.6) 0.529 0.202

2 24.4 11.38 (±32.7) 4.21 (±25.3) 0.98 (±32.0) -16.57 (±39.6) <0.001 0.289

3 8.6 0.42 (±24.7) 6.02 (±16.8) -5.62 (±22.6) -0.82 (±14.5) 0.001 0.470

Abduction 1 76.9 11.97 (±50.2) -29.62 (±25.0) 14.04 (±51.0) 3.60 (±19.5) 0.002 0.061

2 13.4 2.74 (±12.0) -1.69 (±20.1) -0.04 (±10.6) -1.02 (±24.9) 0.668 0.659

Rotation 1 71.5 -11.97 (±33.0) -1.46 (±23.6) 2.68 (±33.4) 10.76 (±24.6) 0.004 0.346

2 15.7 -0.04 (±16.6) 10.76 (±24.6) 5.75 (±11.0) -0.57 (±14.2) 0.004 0.233

3 5.9 -3.64 (±7.6) -1.22 (±7.8) -0.38 (±8.2) 5.25 (±8.3) <0.001 0.141

Flexion 1 70.0 1.81 (±153.5) -36.15 (±123.1) 45.26 (±146.6) -10.93 (±91.3) 0.004 0.320

2 14.3 -13.89 (±66.4) 22.92 (±54.2) -26.02 (±55.1) 16.99 (±50.7) 0.133 0.055

3 7.6 -7.61 (±59.3) -3.92 (±31.4) -3.07 (±39.8) 14.61 (±37.5) 0.068 0.470

Abduction 1 91.4 -1.54 (±70.7) -7.73 (±71.0) 12.76 (±65.8) -3.49 (±80.3) 0.057 0.668

Rotation 1 78.7 19.72 (±91.0) -25.74 (±60.3) 24.75 (±89.6) -18.73 (±55.1) 0.203 0.114

2 16.0 4.54 (±31.4) -4.37 (±38.8) 6.91 (±26.5) -7.08 (±42.2) 0.966 0.358

Flexion 1 71.0 4.43 (±81.8) -35.21 (±103.9) 32.57 (±94.5) -1.79 (±104.2) 0.001 0.289

2 14.3 1.22 (±44.6) -6.87 (±42.6) 9.99 (±47.1) -4.34 (±42.3) 0.287 0.469

3 7.8 -6.16 (±38.6) -8.04 (±33.3) 7.49 (±33.7) 6.72 (±20.4) 0.015 0.900

Abduction 1 91.8 12.78 (±62.2) -14.30 (±73.2) 23.88 (±61.7) -22.36 (±68.1) 0.699 0.137

Rotation 1 82.5 -23.65 (±76.4) 22.83 (±63.3) -16.79 (±77.2) 17.61 (±64.8) 0.847 0.124

2 10.2 5.46 (±29.1) 7.33 (±17.4) -1.56 (±30.7) -11.22 (±19.3) <0.001 0.655

Flexion 1 88.1 -14.58 (±116.5) -23.94 (±113.7) 26.70 (±96.7) 11.82 (±107.9) <0.001 0.759

2 5.8 0.67 (±32.5) 1.99 (±28.0) -1.83 (±28.1) -0.83 (±24.3) 0.328 0.909

Lateral Bend 1 89.3 4.96 (±24.0) -4.39 (±23.2) 11.51 (±19.8) -12.07 (±24.7) 0.876 0.038

2 6.3 -0.67 (±6.6) 2.31 (±4.7) -4.04 (±6.8) 2.39 (±5.8) 0.128 0.021

Rotation 1 90.2 1.37 (±26.3) -1.71 (±25.9) 6.28 (±26.1) -5.95 (±31.1) 0.936 0.410

Flexion 1 87.7 10.78 (±105.3) 24.39 (±100.7) -20.20 (±78.1) -14.97 (±60.3) 0.001 0.760

2 7.1 6.99 (±20.5) 9.26 (±26.2) -8.87 (±23.4) -7.38 (±25.9) <0.001 0.819

Lateral Bend 1 83.8 -8.83 (±18.2) 5.51 (±13.4) -11.58 (±28.4) 14.90 (±23.9) 0.443 0.005

2 9.8 -0.07 (±5.4) 0.41 (±11.2) -0.83 (±6.4) 0.49 (±9.1) 0.780 0.751

Rotation 1 84.5 -6.48 (±24.0) 12.42 (±19.9) -16.71 (±23.9) 10.76 (±32.3) 0.241 0.006

2 10.1 -1.33 (±9.6) 2.07 (±9.4) 1.51 (±11.4) -2.25 (±8.0) 0.565 0.956

FemaleMaleFemaleMale

Sex         

p  Value
PLADNo PLAD

Mean PC scores and standard deviation

Knee

Hip

Lumbar 

Spine

Thoracic 

Spine

Ankle

Device     

p  Value
Angle PC

Variance 

explained 

(%)
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to have significantly lower PC2 and PC3 of ankle flexion scores (Table 3.1).  

Figure 3.4E-G represents PC3 of ankle rotation, which was significantly different 

between PLAD and No PLAD conditions (p<0.0016). The loading vector of PC3 for 

ankle rotation corresponded to a timing differences operator, meaning participants who 

scored high on this PC demonstrated external ankle rotation sooner in the lift cycle than 

those who scored low on this PC (Figure 3F-G). Moreover, a participant who scored high 

on PC3 returned to a more neutral rotation sooner in the lift cycle than one who scored 

low on PC3. The PLAD condition possessed significantly higher PC3 scores for ankle 

rotation. 

In terms of hip flexion, PC1 captured a magnitude operator, as indicated by the 

negative loading vector throughout the duration of the lift (Figure 3.5A-C). Individuals 

who scored high on this PC demonstrated greater hip flexion throughout the duration of 

the lift (Figure 3.5C). PC2 of hip rotation was also significant between conditions, and it 

was interpreted to be a peak differences operator (Figure 3.5D-F), where a high score 

corresponded to greater external hip rotation at the beginning and end of the lift, and less 

internal rotation at the bottom of the lift (Figure 3.5F). The PLAD condition produced 

significantly higher PC1 scores for hip flexion (p=0.001) and significantly lower PC2 

scores for hip rotation (p<0.0016).  

Lumbar spine flexion PC1, which was significantly different (p<0.0016) between 

device conditions (Figure 3.6A-C), was interpreted to be a magnitude operator. The 

PLAD condition resulted in significantly higher PC1 scores, which indicated that when 

wearing the PLAD, participants demonstrated less lumbar flexion throughout the duration 

of the lift. 
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Figure 3.4 A) Mean ankle flexion during lift cycle for No PLAD (solid) and PLAD (dotted). Flexion is in the negative 

direction. B) Loading vectors for the second and third principal component (PC2 and PC3) of ankle flexion.  Ankle flexion 

lifting waveforms that scored low (5
th

 percentile) and high (95
th

 percentile) on PC2 (C) and PC3 (D). E) Mean ankle rotation 

during lift cycle for No PLAD (solid) and PLAD (dotted). External rotation is in the negative direction. F) Loading vector for 

the third principal component (PC3) of ankle rotation.  G) Ankle rotation lifting waveforms that scored low (5
th

 percentile) and 

high (95
th

 percentile) on PC3. 
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Figure 3.5 A) Mean hip flexion during lift cycle for No PLAD (solid) and PLAD (dotted). Flexion is in the negative direction. 

B) Loading vectors for the first principal component (PC1) of hip flexion.  C) Hip flexion lifting waveforms that scored low 

(5
th

 percentile) and high (95
th

 percentile) on PC1. D) Mean hip rotation during lift cycle for No PLAD (solid) and PLAD 

(dotted). External rotation is in the negative direction. E) Loading vector for the second principal component (PC2) of hip 

rotation.  F) Hip rotation lifting waveforms that scored low (5
th

 percentile) and high (95
th

 percentile) on PC2. 
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Finally, PC1 and PC2 of thoracic spine flexion were significantly different 

between PLAD and No PLAD conditions. Based on the relatively consistent positive 

vector throughout the duration of the lift, PC1 was interpreted to be a magnitude operator 

(Figure 3.7B). When wearing the PLAD, participants scored significantly lower on this 

PC, demonstrating less thoracic spine flexion. PC2 of thoracic spine flexion captured a 

peak differences operator, in that those who scored low on this PC demonstrated a more 

limited range of motion represented by the smaller change in peak values of thoracic 

spine flexion (Figure 3.7C). When wearing the PLAD, participants scored significantly 

lower on PC2, indicating the PLAD reduces the range of motion of thoracic spine flexion 

during the lifting cycle.  
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Figure 3.6 A) Mean lumbar spine flexion during lift cycle for No PLAD (solid) and 

PLAD (dotted). Flexion is in the negative direction. B) Loading vector for the first 

principal component (PC1) of lumbar spine flexion.  C) Lumbar spine flexion lifting 

waveforms that scored low (5
th

 percentile) and high (95
th

 percentile) on PC1. 
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Figure 3.7 A) Mean thoracic spine flexion during lift cycle for No PLAD (solid) and 

PLAD (dotted). Flexion is in the positive direction. B) Loading vector for the first and 

second principal components (PC1 and PC2) of thoracic spine flexion. C) Thoracic spine 

flexion lifting waveforms that scored low (5
th

 percentile) and high (95
th

 percentile) on 

PC1 and PC2 (D).  
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3.4 Discussion 

The purpose of this study was to evaluate whether the PLAD affects the lifting 

technique of males and females by applying PCA to kinematic data obtained during a 

loaded freestyle, symmetrical lift. Of the fifteen principal component models that were 

created for the five joints in three axes, 31 PCs were retained using a 90% trace criteria. 

Of those, only eight PCs were significantly different between the PLAD and No PLAD 

conditions; the significant PCs were found in joint flexion and rotation. No significant 

differences were found between device conditions in joint abduction/adduction/lateral 

bend. This finding is congruent with the testing protocol in that the lift was symmetrically 

constrained, which attempted to eliminate any lateral bending. 

 The results indicate that when wearing the PLAD, individuals demonstrate greater 

ankle and hip flexion, and less lumbar and thoracic spine flexion. This lifting profile is 

reflective of a squat-like technique where the back remains relatively erect while bending 

at the hips and lower limbs. As noted by Straker (2003), squat lifting is widely recognized 

as the „correct‟ method of lifting objects that are at or near the floor. Even as early as 

1924, Brackett was recommending the avoidance of bending the back during lifting (as 

cited in Straker, 2003). By examining the mechanics of the spine, it can be argued that 

squat lifting is more conducive to spinal health because it requires less flexion of the 

lumbar spine, which has been associated with increased stretching of the posterior aspect 

of the intervertebral discs, having implications on disc health (Adams & Hutton, 1982). 

In a study by Dolan et al. (1994), the effect of squat and stoop lifting on passive tissues, 

including spinal ligaments and discs, was estimated as a percentage of the elastic limit of 

these particular structures. Their results showed that squat lifting produced approximately 
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75% less stress on these tissues in comparison to the stoop technique, which was 

suggested to be a reflection of the greater peak lumbar flexion that was observed during 

the stoop lift (Dolan et al., 1994). Furthermore, in a study by Tveit et al. (1994), it was 

observed that the lever arm of spinal muscles is reduced when lumbar flexion is 

occurring. Similarly, Anderson and Chaffin (1986) analyzed five lifting techniques and 

found that ligament strain, disc compression, and strength requirements were minimized 

when a squat posture was performed with feet in a straddle position and the back held 

relatively flat. In support of these ideas is the finding that, in Eastern populations who 

often perform a flat-back squatting posture in their day-to-day lives, degenerative disc 

disease is relatively rare in comparison to Western cultures where this posture is 

uncommon (Fahrni & Trueman, 1965). van Dieen et al. (1999) carried out a review of the 

literature to assess the evidence that would support the use of the squat technique during 

lifting. It was concluded that the squat technique may be more positive in terms of lower 

net moments and compression forces, but this only applies over a small range of lifting 

tasks when the load can be lifted from between the feet, which was the case in the present 

study. In terms of shear forces, the squat was also found to be more positive than the 

stoop (van Dieen et al., 1999).  

Although there is support for the squat lift, this technique is not without its 

failings. Toussaint et al. (1997) found that the squat technique increases the occurrence of 

balance loss during lifting loads. Furthermore, this technique is associated with a higher 

metabolic cost and greater quadriceps recruitment and thus results in greater fatigue than 

other lifting styles (Straker, 2003). Surprisingly, many researchers have found that both 
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squat and stoop lifting demonstrate lumbar moments that are within 5% of each other (de 

Looze et al., 1994; Ekholm et al., 1982; Toussaint et al., 1992; van Dieen et al., 1994;).  

Due to no significant differences being found in knee flexion, it could be 

suggested that the lifting style exhibited when wearing the PLAD was actually more 

semi-squat in nature than a pure squat. The semi-squat has been described as an 

intermediate between a full stoop and squat (Burgess-Limerick, 2003). Moreover, it has 

been characterized by more moderate ranges of lumbar spine, hip, and knee flexion; thus 

may in fact be the best compromise between the stoop and the squat (Burgess-Limerick, 

2003). In other studies that have employed a self-selected lifting technique, the semi-

squat was often observed as the posture of choice (Burgess-Limerick et al., 1995; 

Burgess-Limerick & Abernethy, 1997).  

 Previous results found similar findings in regard to lifting technique changes due 

to wearing the PLAD (Agnew, 2008). Using a similar freestyle, repetitive lifting protocol, 

the results indicated that when wearing the PLAD users exhibited significantly greater 

peak hip flexion and significantly less peak lumbar flexion. The limitations identified in 

this body of work were the simplified nature of a two-dimensional kinematic data 

collection, using only three electromagnetic sensors at T12/L1, left iliac crest, and the 

centre of mass of the thigh; the use of only a few selected dependent variables that 

represented only discrete components of the lifting cycle; and the inclusion of only male 

participants. In the present study, by addressing these limitations the PLAD‟s effects on 

lifting technique are further supported and are extended to a female population. 

 One interesting finding in the current study is that the differences observed 

between PLAD and No PLAD conditions were independent of sex. This indicates that the 
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PLAD affects lifting technique similarly between males and females. This is a relatively 

surprising result and contrary to the hypothesis because researchers have reported 

significant differences between male and female lifting technique in regard to trunk and 

knee angular motion (Lindbeck & Kjellberg, 2001). A possible explanation for the lack of 

difference between sexes is that load was standardized to each participant‟s maximum 

back strength, in comparison to Lindbeck and Kjellberg (2001) who chose standard 

weights for all males (12.8 kg) and females (8.7 kg) to lift. Another reason could be that 

the current study did not coach lifting style and endorsed a freestyle lift technique, versus 

a constrained stoop or squat lift that was prescribed by Lindbeck and Kjellberg (2001). 

 An additional novel finding in the current study was in regard to the significant 

differences in joint rotation at the ankle and hip between the PLAD and No PLAD 

conditions. The differences observed were less range of motion in hip rotation at the 

points in the lift when the box was placed and displaced, as well as timing differences in 

ankle rotation. The hip rotation effects could be explained by the nature of the PLAD 

system, which has the spring element located on a waist belt located at the hips (See 

Figure 3.1). Where peak differences were observed is the phase of the lift when the 

PLAD was activating (springs compressing), and thus this action of the device could 

explain this motion pattern at the hips. In terms of the ankle rotation, it was visually 

apparent during testing that, as the PLAD was activating, a torque was created under the 

foot causing relatively rapid ankle rotation. This may be due to the ropes of the PLAD 

system that are redirected at the knee (so as to not add additional moment) and travel 

underfoot to transmit the offloading force to under the feet (See Figure 3.1). It is 

important to note that this version of the PLAD was modified from a full pants design to 
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enable marker placement on exposed skin of the lower limbs, and thus the pants design 

may not affect ankle rotation to the same extent. This observation could also be attributed 

to the fact that all participants were wearing running-shoe style footwear that did not 

easily accommodate the rope underfoot. Past studies have used work-boot style footwear 

that has a sturdier structure and a sole that does accommodate a rope staying in place.  

 The use of PCA proved to be a powerful and effective multivariate statistical tool 

capable of both data reduction as well as objectively selecting important features of the 

entire lifting waveform. PCA has been used in a limited number of other lifting 

applications with similar success (Khalaf et al., 1999, Wrigley et al., 2005, Wrigley et al., 

2006; Nguyen & Reynolds, 2009). For example, the ability of PCA to identify lifting 

kinematic differences between those subjects who develop low back pain and those who 

do not was supported by Wrigley et al. (2005). Wrigley et al. (2006) has also found PCA 

to be useful in quantifying clinically relevant differences in kinetic analysis of lifting 

waveforms; and in demonstrating insensitivity to confounding variables such as 

differences in body mass, height, and more. 

 This study is not without limitations. One weakness was the standard spring 

element used for all participants. Earlier research involving the PLAD shared this 

limitation, yet recently an equation to customize the amount of spring stiffness required 

on an individual basis was developed to ensure that, regardless of differences in 

anthropometry, all participants received similar „assistance‟ from the PLAD (Graham et 

al., 2009). However, due to recent changes in the springs used in the PLAD this equation 

did not apply. Another limitation was the relatively short familiarization period 

participants had with the PLAD. Chaffin et al. (1999) noted that when learning to use 
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manual materials handling devices, the motor learning process was slow to adapt 

requiring greater than 40 repetitions. However, our findings are similar to a protocol that 

had a more rigorous training session with the PLAD (Agnew, 2008). The nature of the 

repetitive lifting protocol could also be considered a limitation of the study. This is 

because participants were required to lower and lift a box in succession which may have 

affected the lifting kinematics of the lift. Furthermore, the external validity of this task to 

an industrial setting may be marginal. A final limitation could be the assumption that the 

lumbar and thoracic spine are rigid bodies, and the use of local coordinate systems to 

calculate these joint angles. Despite these assumptions, it is believed this method is an 

improvement on past studies that represented the trunk as a single segment (Agnew, 

2008; Lindbeck & Kjellberg, 2001). Furthermore, it has been found that external 

measures such as triad markers accurately reflect the true underlying spine motion, and 

that these measures are accurate enough to compare differences between groups 

(DeCarvahlo & Callaghan, 2010). 

3.5 Conclusion 

In summary, the present study demonstrated the effectiveness of PCA at 

identifying differences in lifting kinematics that subjects adopt when wearing the PLAD. 

It was found that by wearing the PLAD male and female participants exhibited 

significantly greater hip and ankle flexion, and significantly less lumbar and thoracic 

flexion. Furthermore, significantly greater rotation at the ankle and significantly less hip 

rotation range of motion at the beginning, mid and end stages of the lift were present 

under the PLAD condition. These findings support previous work (Agnew 2008), and 

indicate that donning the PLAD may encourage a more optimal lifting style in terms of 
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reducing lumbar flexion. This has important implications for manual materials handling 

practices, as well as reducing one risk factor for occupational low back pain. Future 

research should be conducted regarding the issue of customizing spring selection to the 

individual and how that might affect the current findings, as well as addressing the long-

term effects of wearing the PLAD.  
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Chapter 4 

 

Interjoint Coordination and the Personal Lift-Assist Device 

 

Abstract 

The relative timing of joint movements and associated muscle activity during 

dynamic tasks has been referred to as interjoint coordination. It has been suggested that 

interjoint coordination may serve to reduce joint stress and muscular demand and to 

maintain balance during dynamic lifting tasks; thus it has implications for safe lifting 

practices. Prior to recommending the use of an on-body ergonomic aid called the 

Personal Lift-Assist Device (PLAD), it is important to determine any effects this device 

may have on interjoint coordination. Principal component analyses were applied to 

relative phase angle waveforms defining the hip-knee and lumbar spine-hip coordination 

obtained during a symmetrical, freestyle repetitive lifting task. Thirty participants (15M, 

15F) completed the lifting protocol with and without wearing the PLAD, under two load 

conditions. Three PCs were necessary to explain 90% of the variance for each of the 

coordination models. In both hip-knee and lumbar spine-hip models these three PCs 

corresponded to magnitude, range of motion, and direction operators. Results indicated 

that there were no significant effects of device or load on any of the PCs scores, nor were 

there any effects of sex. These findings suggest PLAD use does not adversely affect 

interjoint coordination patterns, and furthermore load does not alter this relationship. This 

can be viewed as an advantage of this particular ergonomic aid as it does not alter the 

way in which individuals coordinate their movement, therefore not subjecting them to 

unsafe lifting practices.  
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4.1 Introduction 

 Manual lifting is a necessary aspect of many industrial tasks; however, there is 

strong evidence that work-related lifting and forceful movements are associated with low 

back disability and other injuries (NIOSH, 1997; Punnett et al, 2005). In the United 

States, it has been estimated that the annual costs associated with low back disability, 

including direct and indirect expenditures such as workers‟ compensation, loss of wages, 

loss of productivity, and loss of tax revenues, are as high as $45-54 billion (Nimbarte, 

2005). Due to this economic burden, considerable research has occurred in the area of 

lifting. However, one aspect that is not well understood is the role of interjoint 

coordination.  

Interjoint coordination is a term used to describe the relative timing of joint 

movements and muscle activity during human actions and mobility tasks (Scholz & 

McMillan, 1995). Research in this area has been predominantly carried out in the fields 

of motor behaviour and control, experimental brain research, and neuromuscular science, 

among others; fewer studies have looked at interjoint coordination from a biomechanical 

perspective, and specifically in terms of lifting.  

Davis et al. (1965) provided the earliest known body of work regarding 

coordination and lifting. Using a chrono-cyclophotography method, the timing and 

amplitude of thoracic and lumbar spinal extensions were measured during both stoop and 

squat lifts. Coordination was observed in the form of squat lifting being associated with a 

tendency to extend the legs before the back as the load increased in magnitude. This 

result was echoed by Schlipplein et al. (1990), although their findings were harder to 

interpret because a freestyle lifting technique was involved. The support from these 
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studies and others suggests that the coordination of lifting, especially squat lifting, is 

affected by task variables, including the load being lifted (Scholz & McMillan, 1995; 

Scholz 1993a; Scholz 1993b). Scholz (1993a; 1993b) has done extensive work in regard 

to load magnitude, lifting, and coordination, noting throughout his work that increasing 

the load affects lumbar spine-knee, hip-knee, and hip-ankle motions systematically.  

Despite the knowledge that interjoint coordination does exist during lifting, less 

well understood are why it is important and how it may affect safe lifting practices. In 

comparing three optimal lifting strategies, Hsiang and McGorry (1997) observed that 

different motion patterns resulted in different compressive forces at the lumbosacral joint. 

Lindbeck and Kjellberg (2001) interpreted that finding to mean that perhaps coordination 

is a by-product of a motion pattern serving to reduce forces acting on the body during 

lifting. Toussaint et al. (1992) investigated coordination from an intermuscular 

perspective; concluding that during a dynamic lifting task, intermuscular coordination 

serves to couple the joint moments in order to achieve a ground reaction force that points 

in a direction to optimize balance while lifting. Taken together, these two bodies of work 

represent the idea that interjoint coordination may serve to reduce joint stress and 

maintain balance during dynamic lifting tasks. 

Burgess-Limerick et al., (1995) have been critical investigators of functional 

consequences of coordination during lifting. In regard to lifting technique, they suggest 

interjoint coordination might be of more importance than body postures. One profound 

interpretation from their lifting study that employed kinematic and EMG outcome 

measures was that the coordination changes that are observed as the load demand 

increases may act to reduce the amount of muscular effort that is required of the 
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individual during the lift. Therefore, it was concluded that people seem to employ a 

lifting style that adapts to the load demands of the task and thereby reduces the muscular 

effort (Burgess-Limerick at al., 1995).  

The difficulty of quantifying interjoint coordination may, in part, be a reason why 

interjoint coordination of lifting has remained less clearly understood. Burgess-Limerick 

and colleagues (1993) were first to use the concept of relative phase angle (RPA) to 

quantitatively represent interjoint coordination during complex movements. RPA uses 

angular kinematic data to accurately represent the proximal-to-distal coordination of 

joints. This is accomplished using the method of phase plane analysis. Normalized 

angular velocity is plotted as a function of normalized angular position of a joint, and 

then the inverse tangent of the normalized angular velocity or angular position (regarded 

as the phase angle) is used to describe the position of the joint at any point in time during 

the movement. To then quantify the synchronization of two joints, the difference between 

the phase angles of the proximal and distal joints is calculated, and this is the RPA. 

 Differences in interjoint coordination have been observed in several populations. 

Using a hyperbolic tangent model to describe body movements of the hip and knee, 

Boston et al. (1993) found significant differences in the coordination of dynamic lifting in 

chronic low back pain patients and healthy controls. The observed difference was that 

healthy control subjects demonstrated a more coordinated lifting pattern where the hip 

and knee joints completed the movement together, whereas the subjects with chronic 

back pain exhibited a lifting pattern where the hip and knee completed the movement at 

different times (Boston et al., 1993). Noteworthy was the caveat that despite the 

differences observed, it was not clear whether this uncoordinated lifting pattern was the 
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consequence or cause of chronic back pain. Differences in interjoint coordination during 

lifting tasks have also been observed between males and females. Lindbeck and Kjellberg 

(2001) found that women displayed more coordinated hip-knee movement during a „leg 

lift‟ (squat), as measured using RPA. This movement pattern was not interpreted as being 

preferable, but simply different and closer to being exactly synchronized movement. The 

limitations that were outlined included that the loads lifted by the men and women may 

not have been proportional to their physical capacity whereby the men were lifting too 

heavy a load, and thus may have influenced the results; and the lifting style was 

prescribed and therefore freestyle lifting may show alternative results. Finally, Nimbarte 

et al. (2005) examined how wearing an ergonomic assist in the form of a back belt 

influences interjoint coordination. It was found that wearing a back belt during a lifting 

task affected the proximal to distal interjoint coordination between the hip, knee, trunk, 

and lumbar-thoracic joint. Besides the work by Nimbarte et al. (2005), the effect that 

other on-body ergonomic aids may have on interjoint coordination has yet to be 

addressed. However, this is an important issue to explore, as it is essential that before 

ergonomic aids are recommended for use they are thoroughly examined in terms of their 

effect on lifting technique, including interjoint coordination. 

 The objective of the current study was to explore differences in interjoint 

coordination patterns users adopt when wearing an ergonomic aid, the Personal Lift-

Assist Device (PLAD) (refer to Figure 3.1). Interjoint coordination was determined for 

the hip-knee and lumbar spine-hip during a symmetrical freestyle lift, under loaded and 

unloaded conditions. Participants included both males and females, so an additional effect 

of sex on interjoint coordination was examined. The RPA was employed to quantify 
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interjoint coordination using a more novel approach than traditional discrete dependent 

variables, principal component analysis (PCA). PCA was used in an attempt to detect 

temporal and quantitative differences throughout the entire RPA waveform between 

conditions for hip-knee and lumbar spine-hip flexion-extension coordination. It was 

hypothesized that by selecting the load for strength characteristics of the individual and 

by employing a sophisticated statistical technique such as PCA, interjoint coordination 

differences between males and females would be negligible under both load conditions. 

Furthermore, it was hypothesized that by wearing the PLAD users‟ interjoint 

coordination would be more synchronized.  

4.2 Methods 

4.2.1 Participants 

Thirty participants (15 males and 15 females) with no previous experience in 

manual materials handling were recruited to participate in this study. Each participant 

read and signed an information form and a consent form that were approved by the 

Queen‟s University Research Ethics Board (Appendix A and B). All participants were 

healthy and had no history of low back pain. Participants‟ mean age, height, and weight 

were 24.2(±2.9) years, 184.9(±7.6) cm and 85.4(±10.7) kg for males; and 23.0(±2.6) 

years, 170.1(±6.1) cm and 66.3(±11.7) kg for females. Height and weight between groups 

were significantly different as determined by a t-test.  

4.2.2 Experimental procedures 

Participants were first required to attend an orientation session: the ethics consent 

process was completed; familiarization with the testing protocol and the PLAD occurred; 

general anthropometrics were obtained; and a maximum back strength test was performed 
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using a modified functional capacity evaluation system (Arcon Vernova Inc., Saline, MI, 

USA) in order to determine maximum back strength for each participant (refer to Figure 

3.2) (Lotz et al., 2009)  

Upon successful completion of the orientation session, participants attended the 

second testing session. Participants were required to perform a freestyle, symmetrical-

lifting protocol using a block balanced design that equally randomized load (0% and 10% 

maximum back strength) within the randomized device (PLAD/No PLAD) condition. 

Joint kinematic data were collected using a two-camera Optotrak 3020 system (NDI, 

Waterloo, ON) at a frequency of 100Hz. These data were used to calculate three-

dimensional joint angles of the knee, hip, and lumbar and thoracic spine using Euler 

rotations (Z-Y-X) (See Appendix D). However, in the current application, only two-

dimensional flexion-extension angles were used for the knee, hip and lumbar spine. 

 Participants were instrumented with six Infrared Emitting Diode (IRED) triads, 

located laterally on the right side at the foot, shank, and thigh, as well as on custom-made 

fins projecting from S1, T12, and C7 (refer to Figure 3.3). For calibration purposes, isolated 

IREDs were located on the right lateral malleolus and lateral femoral epicondyle, in 

addition to eight virtual markers that were taken at the right and left anterior superior 

iliac spine, right posterior superior iliac spine, symphysis pubis, right medial femoral 

epicondyle, right medial malleolus, and the 1
st
 and 5

th
 metatarsals on the right foot. These 

additional markers were necessary in order to calculate the ankle, knee, and hip joint 

centres using regression equations (Allard et al., 1997; Kirkwood et al., 1999) and were 

also used to compute transformation matrices between the surface marker triads and their 
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corresponding anatomical coordinate systems. These virtual markers were obtained using 

a probe with known dimensions to landmark the point in space.  

The lifting protocol required participants to lift a handled-box (21.5 cm x 21.5  cm 

x 21.5  cm, with 1.8 cm diameter handles) under two load and device conditions from a 

target on a table (positioned at 50% of participant‟s height) to a target on the floor, and 

back to the table (refer to Figure 3.3). Thirty continuous lift cycles were completed in 

each trial, at a rate of 10 lifts per minute, with a metronome setting the lifting pace. In 

order to achieve the required loads, two different boxes of identical dimensions were 

used. The box used for the 0% load was constructed of foam and plastic to achieve a 

negligible mass; the 10% back strength load was contained in a wooden box. Both boxes 

were instrumented with an analog switch on the bottom surface in order to indicate the 

lift cycle for splitting the trial into 30 separate lift cycles. A minimum of five minutes of 

rest was given between trials to prevent fatigue effects.  Lifting style and foot position 

was self-selected with foot position remaining constant for all trials.  Prior to collection, 

participants were required to perform several practice lift cycles to become comfortable 

with the lifting protocol and pace. 

4.2.3 Data Processing 

 Custom Matlab software (MathWorks, Natick, MA, USA) was used for all data 

processing, calculations, and analyses. Joint angles were calculated using a three-

dimensional Euler rotation sequence (Z-Y-X). The three-dimensional sign convention for 

the lower limb joint angles followed an anatomically-based coordinate system where the 

three principal axes were distal-proximal (X), posterior-anterior (Y), and lateral-medial 

(Z) (Deluzio & Astephen, 2007). Anatomical coordinate systems were not used to assess 
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spinal kinematics; triad coordinate systems on the custom-made fins at S1, T12, and C7 

were used in these cases. Angular velocity in the sagittal plane was calculated using the 

finite differences method prior to splitting and normalizing the trials.  

All angular positions and velocities of the knee, hip, and lumbar spine in the 

sagittal plane were normalized to 101 points corresponding to 0-100% of the lift cycle 

using a shape-preserving cubic spline. Using the analog switch information, it was 

possible to split a single trial of 30 continuous lifts into 30 single lift cycles.  Upon 

splitting the trials, the 30 lifting waveforms were ensemble averaged to give a single 

representative waveform for each participant, for each trial. This resulted in an average 

flexion-extension angular joint position and velocity waveform for each participant for 

each load condition.  

As suggested by Burgess-Limerick et al. (1993, 1995). interjoint coordination was 

quantified using the RPA between the hip and knee, as well as between the lumbar spine 

and hip. In order to achieve this, normalization of the angles and angular velocities for the 

hip, knee, and lumbar spine was needed. According to Burgess-Limerick et al. (1993), the 

normalization procedure is completed by scaling the absolute maximum angular velocity 

to an absolute value of one, which allows instances of zero velocity to remain unaltered. 

Angular position is normalized by scaling the minimum angular position to -1 and the 

maximum angular position to 1. Plotting normalized angular position against the 

normalized angular velocity of the same joint creates a phase plane plot (Figure 4.1). 

Using this plot, one can visualize the phase angle (α), which is the inverse tangent of the 

normalized angular velocity divided by the normalized angular position. 
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 The final quantification of the interjoint coordination is achieved by calculating 

the RPA. This is accomplished by subtracting the phase angle of the more distal joint 

from the phase angle of the more proximal joint. This RPA is then plotted as a function of 

100% of the lift cycle. The whole RPA waveform for the duration of the lift was analyzed 

using PCA.  

4.2.4 Statistical Methods  

PCA was applied to the RPA waveforms using custom MatLab software (MathWorks, 

Natick, MA, USA), and SPSS 18.0 (SPSS Corporation, Chicago, IL, USA) was used for 

further statistical testing. In PCA the correlated variables are linearly transformed into a 

set of uncorrelated variables (Wrigley et al., 2006). In this application, PCA was applied 

to an     matrix, where   is the participants and   is the variables, which are the 101 

normalized time-points of the ensemble averaged RPA waveform for each participant. 

This resulted in          matrices for hip-knee and lumbar spine-hip RPA. The 120 

rows corresponded to the two load conditions (0% and 10% maximum back strength) for 

each of the two device conditions (PLAD and No PLAD) (30 subjects x 4 conditions = 

120 rows). 

In PCA, the original     matrix is orthogonally transformed, whereby the 

correlated   variables                 are transformed into new uncorrelated   

variables, which are referred to as principal components (PCs)                  

(Deluzio & Astephen, 2007; Reid et al., 2010). These PCs are arranged according to the 

amount of variance explained, from highest to lowest. Thus, the principal component
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Figure 4.1 Phase plane plot representing mean knee movement for a single subject on a 

single lifting cycle. 
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model is        , where   is the transformation matrix that rotates the original 

  observations into a new coordinate system. The columns of                  are 

the principal component loading vectors, and they are the eigenvectors of the covariance 

matrix of  . The principal component vector scores (PC score),   , consist of the 

coefficients that measure the contribution of the principal components to each waveform 

(Deluzio & Astephen, 2007). Therefore, by applying a PCA model, each time point of the 

RPA waveform for each participant is effectively transformed into a set of PC scores that 

measure the degree to which the shape of their RPA waveform corresponds to each 

feature (Deluzio & Astephen, 2007; Reid et al., 2010). Interpretation is achieved through 

visual inspection of the raw waveforms of those that scored high (95
th

 percentile) and low 

(5
th

 percentile) on each PC, and this is often the most complex aspect of the application 

(Astephen et al., 2008; Deluzio & Astephen, 2007; Jones & Rice, 1992; Reid et al., 

2010).  

In order to aid and enhance interpretation, a novel method was applied in this 

study. This approach involved removing the preceding PCs from the raw waveforms of 

those that score high and low on the PC of interest (5
th

 and 95
th

 percentiles). For example, 

if one were trying to interpret PC2, the feature associated with PC1 would be removed 

from the raw waveforms of those that score high and low on PC2. This results in a clearer 

presentation of the contribution of PC2 using the altered raw waveforms because the 

variability attributed to the raw waveform from PC1 is no longer present. This process is 

accomplished by multiplying the PCn-1 scores of subjects who score high and low on the 

PC of interest (PCn) by the loading vector of PCn-1. This recreates the waveform attributed 

to PCn-1 for the subjects that score high and low on PCn. From here, the recreated 
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waveform is subtracted from the original raw waveform for each of the high and low 

scoring subjects. These new altered waveforms can then be plotted as the “high” and 

“low” waveforms for those that score high and low on PCn, and interpretation is 

enhanced. See Appendix C for details. 

PCA involves data reduction such that the majority of the variation can be 

explained by the first few k PCs                 so that     (Deluzio & Astephen, 

2007). The criteria used to determine how many PCs to retain in the model was a 90% 

trace, meaning that only the PCs required to explain 90% of the variance in the sample 

were kept in the model, and the remaining PCs were discarded, thereby effectively 

achieving data reduction (Deluzio & Astephen, 2007; Jackson 1991; Reid et al., 2010).  

Only the PCs retained using the 90% trace criteria were entered into a three-way 

repeated measures mixed design ANOVA to test for significance. The mixed design 

involved within-subjects factors of load (0%/10%) and device (PLAD/No PLAD) and a 

between-subjects factor of sex (male/female). To account for the 6 multiple comparisons, 

a Bonferroni adjustment was applied (                            

4.3 Results 

4.3.1 PCA of Relative Phase Angle  

 Of the two PC models for hip-knee and lumbar spine-hip RPAs, there were 6 PCs 

retained using a 90% criterion (Table 4.1). For the hip-knee RPA, 3 PCs were necessary 

to explain 92.1% of the variance; for lumbar spine-hip RPA, 3 PCs were sufficient to 

explain 93.7% of the variance. None of these PCs were significantly different between 

device conditions, nor between load conditions. There were no interactions between 

device and load, and none between subjects effect of sex (p>0.008). Despite limited
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Table 4.1. Summary of the principal component models for hip-knee and lumbar spine-

hip interjoint coordination and p values for PC score differences between PLAD and No 

PLAD (device), and load conditions. 

0% 10% 0% 10%

Hip-Knee 1 76.5 2.60 -24.55 -0.36 22.31 0.175 0.936

(±137.3) (±158.0) (±108.6) (±139.5)

2 10.7 -14.15 3.95 1.87 8.34 0.306 0.205

(±51.2) (±51.3) (±48.0) (±52.7)

3 4.9 -0.12 -3.15 -1.94 5.21 0.583 0.610

(±27.7) (±35.7) (±37.8) (±36.9)

1 80.7 8.80 6.89 -11.22 -4.47 0.547 0.941

(±171.3) (±194.9) (±134.0) (±139.6)

2 8.9 5.20 -7.86 -5.98 8.64 0.798 0.927

(±53.8) (±49.7) (±51.4) (±57.8)

3 4.2 0.08 -3.83 2.92 0.8288 0.657 0.426

(±26.3) (±37.9) (±38.5) (±42.4)

Load         

p ValueNo PLAD

Lumbar 

Spine-Hip

PC

Variance 

explained 

(%)
PLAD

Mean PC scores and standard deviation
Device         

p Value



88 
 

significant differences, the use of PCA to investigate RPA during a lift was shown to be 

effective, and thus these results will be addressed. Furthermore, the application of PC 

elimination (See Appendix C) for enhanced interpretation worked extremely well and 

thus is a noteworthy result.  

 Figure 4.2 demonstrates the PC model for hip-knee coordination. The PC model 

for hip-knee RPA involved 3 PCs (Figure 4.2A). The PC1 loading vector, which 

accounted for 76.5% of the variance, was positive throughout the lift cycle, yet gradually 

became more positive. This loading vector profile indicated that PC1 was a magnitude 

operator, such that when the loading vector was near zero, the coordination was closest to 

zero which means the joint pairs motion is more synchronized. As the RPA increased and 

coordination became less synchronized, the loading vector similarly increased (Figure 

4.2B). Participants who scored high on PC1 demonstrated a larger positive RPA, 

meaning the proximal joint led the distal joint. PC2 of hip-knee RPA, which accounted 

for 10.9% of the variance, had a negative loading vector throughout the first 75% of the 

lift and then became positive (Figure 4.2C). It was interpreted that this PC captured peak 

differences of RPA. An individual who scored high on PC2 demonstrated greater 

negative RPA corresponding to a coordination pattern of the distal joint leading the 

proximal joint for the majority of the lift, and then towards the end of the lift the knees 

lagged behind the hips. The opposite was true for those that scored low on PC2. Finally, 

PC3 (4.9% of variance) demonstrated a loading vector pattern that was large positive, 

then crossed zero and was large  
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Figure 4.2 Loading vectors for the PC model of hip-knee RPA (A). Hip-knee RPA 

waveforms of cases that scored low (5th percentile) and high (95th percentile) on PC1 

(B), PC2 (C) and PC3 (D). 
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negative, and finally crossed zero to be positive again at the end of the lift (Figure 4.2D). 

This PC was interpreted to be a direction operator, such that an individual who scored 

high on this PC began the lift with a positive RPA; towards the middle of the lift they 

approached a negative RPA; and then at the end of the lift a more neutral RPA was 

exhibited. This corresponded to a lifting pattern that involved the hip leading the knees at 

the beginning and end phase of the lift, and the knees leading the hip at the mid-phase of 

the lift when box placement and liftoff from the floor was occurring. An individual who 

scored low on this PC demonstrated the opposite RPA, and thus opposite lift pattern. 

For the lumbar spine-hip RPA waveforms there were 3 PCs retained in the PC 

model (Figure 4.3A-D). These PCs were similar to the PCs of the hip-knee model. PC1 of 

lumbar spine-hip RPA, which accounted for 80.7% of the variance, had a loading vector 

that was positive throughout the lift cycle but became gradually larger in magnitude 

(Figure 4.3A). Similar to PC1 of the hip-knee model, this PC1 was interpreted to capture 

a magnitude and of coordination difference. This means that an individual who scored 

high on this PC demonstrated less synchronous coordination as the lift progressed. 

Specifically, the proximal lumbar spine joint was leading the more distal hip joint; 

indicated by the increasingly larger positive RPA throughout the duration of the lift cycle 

(Figure 4.3B). Also paralleling PC2 of the hip-knee model, PC2 of lumbar spine-hip 

model was a peak differences operator of RPA. This PC explained 8.9% of the variance. 

That is to say that an individual who scored high on this PC exhibited greater negative 

RPA at the beginning phases of the lift, approached a more zero RPA towards the mid-

phase of the lift, and finally displayed a positive RPA at the end of the lift (Figure 4.3C). 
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Figure 4.3 Loading vectors for the PC model of lumbar spine-hip RPA (A). Lumbar 

spine-hip RPA waveforms of cases that scored low (5th percentile) and high (95th 

percentile) on PC1 (B), PC2 (C) and PC3 (D). 
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conversely, a subject who scored low on PC2 demonstrated a positive RPA at the early 

phases of the lift and changed towards a negative RPA at the end of the lift. This 

interpretation is supported by the loading vector of PC2 because as the loading vector 

crossed zero, this is when high and low scorers were switching RPA direction. Finally, 

PC3 of lumbar spine-hip coordination (explained 4.2% of the variance) demonstrated a 

loading vector pattern that was a large positive, crossed zero and was a large negative and 

finally crossed zero to be positive again at the end of the lift. Similar to PC3 of hip-knee 

coordination, this PC was interpreted to be a direction operator. An individual who scored 

high on PC3 started the lift with the lumbar spine leading the hips, then became more 

synchronized as evidenced by the RPA hovering near zero, and then ended the lift with 

the lumbar spine once again leading the hips (Figure 4.3D). Someone who scored low on 

PC3 exhibited an opposite coordination pattern where the hips led the lumbar spine at the 

beginning and end of the lift cycle.  

4.4 Discussion 

 The objective of this study was to explore subjects‟ interjoint coordination when 

wearing an ergonomic aid under two load conditions during a freestyle lift. PCA was 

used to investigate differences in the RPA waveforms. PC models were created for the 

hip-knee and lumbar spine-hip coordination, which resulted in three PCs for hip-knee and 

three PCs for lumbar spine-hip to explain at least 90% of the variance. None of the PCs 

were significantly different between device or load conditions, and there was no 

significant effect of sex.  

 A possible explanation for the lack of differences found in the PC scores for hip-

knee and lumbar spine-hip coordination patterns was the use of a freestyle lift. Due to the 
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unprescribed nature of the lifting study, participants all lifted in very varied ways, making 

it difficult to find trends. However, the use of PCA helps to mitigate variability in the 

data set, and as seen from the models in the current study, less than three PCs were 

needed to explain more than 90% of this variability. This implies that despite differences 

in the RPA between subjects and conditions, more than 90% of the variance can be 

successfully explained with these first few PCs; thus the differences cannot be considered 

too variable and beyond the scope of this statistical method 

One aspect that has been shown to affect interjoint coordination is varying load, a 

condition used in the current study. Using a constrained squat lift, Scholz (1993a; 1993b) 

found that increasing the load affected the coordination of particular joints in a relatively 

continuous and systematic fashion. The relative timing changes were most remarkable 

between the back and each of the hip, knee, and ankle, indicating that the lower limbs 

lead the lumbar spine during a squat lift. Others have supported this idea of the pattern of 

legs extending before the back as load increases in both squat (Davis et al., 1965) and 

freestyle lifting (Schipplein et al., 1990). However, in this study, there were no significant 

differences between load conditions for any of the PCs, including those PCs that reflected 

magnitude and direction differences for either the hip-knee or lumbar spine-hip 

coordination. A possible explanation for these observations was that the load conditions 

were not diverse enough to elicit an observable load effect. In previous studies, a 

maximum lifting capacity (MLC) was estimated by establishing a peak force from an 

upward pull on a load cell, and then 30% of the MLC was used as the load condition 

(Scholz 1993a, 1993b). Moreover, a study by Agnew (2008) that examined the PLAD 

and its effect on coordination found significant differences, but used a 20% of maximum 
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back strength load. In contrast, the current study used a maximum isometric back 

extension against a horizontally-oriented load cell to establish 10% of maximum back 

strength. It could be possible that only 10% versus 20% or 30% may not be enough of a 

discrepancy between load conditions to produce the load and coordination effects that 

were previously reported.  

The absence of interjoint coordination differences between sexes is another 

contradictory finding to that of previous work. Lindbeck and Kjellberg (2001) found that 

hip and knee joints were more coordinated for females than males during leg lifts (squat 

lifting style). There are three potential reasons why the present findings may be different 

from Lindbeck and Kjellberg‟s (2001) finding. First, the use of a freestyle lift in the 

current protocol was different from the prescribed leg lift protocol that was used by 

Lindbeck and Kjellberg (2001). By constraining the lift to a squat-like technique, it is 

unlikely that any observed patterns of interjoint coordination are comparable to 

employing a freestyle technique. Furthermore, the coordination effects observed were 

described as “more synchronized” for the hip and knee joint, which would be likely when 

squat lifting as the lower limbs move together to achieve the squatting motion, a 

phenomenon not necessarily present when freestyle lifting. A second reason for the 

discrepancy in the results was the difference in load selection methods. Lindbeck and 

Kjellberg (2001) used different pre-selected loads for females (8.7 kg) and males (12.8 

kg); whereas we selected the load based on individuals‟ specific back strength 

characteristics, resulting in a mean load lifted by females to be 4.8 (±0.7) kg and by males 

6.9 (±0.7) kg. Therefore, it could be suggested that the lack of difference in interjoint 

coordination between sexes in the current findings could be because the load being lifted 
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was better suited to individual strength characteristics. As Lindbeck and Kjellberg (2001) 

noted, the loads they pre-selected may not have been well-suited to their participants‟ 

personal strength abilities. Thus, by levelling the playing field, so to speak, interjoint 

coordination differences become negligible. Furthermore, it has been hypothesized that 

coordination changes that occur due to load demands may serve to function as a method 

to accommodate the increased level of muscular effort that is required of the individual 

during lifting (Burgess-Limerick et al., 1995). Therefore, if the load being lifted was 

well-suited to individual strength abilities (as was the case in the current study) then 

coordination changes may not have occurred because they are not necessary for the 

particular load level. A final explanation for the discrepancy between the current findings 

and Lindbeck and Kjellberg‟s (2001) results is the use of different outcome measures. 

Lindbeck and Kjellberg (2001) used mean RPA for hip and knee angles, mean minimum 

and maximum RPA, and a qualitative analysis of angle-angle diagrams. This study, on 

the other hand, used PCA as a method to investigate the RPA waveform in its entirety; in 

this way, principal components were objectively determined as the variables of interest 

and were used as the inputs for subsequent statistical testing. This difference could be a 

major reason for the differences in findings of this present work with previous literature.  

Previously, other work investigating an ergonomic aid in the form of a back belt 

found that interjoint coordination of the lower limbs was affected by wearing the device 

(Nimbarte, 2005). Agnew (2008) also investigated interjoint coordination when wearing 

the PLAD and found that wearing the PLAD significantly affected the coordination 

between the lumbar spine and hip and between the lumbar spine and knee; this difference 

was noted as not being necessarily better or more correct, just different. Both of these 
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results from ergonomic aid-related coordination research are in contrast to the findings of 

the present work, where the ergonomic aid in the form of the PLAD had no effect on 

interjoint coordination. Possible explanations for the discrepancy between the current 

findings and those of Agnew (2008) are: use of discrete RPA parameters versus the PCA 

approach of the current study and a different PLAD design with the elastic element 

located on the pelvic region. Perhaps the tri-articular nature of the PLAD was affected by 

its elastic element location difference. Previously, the elastic element would stretch along 

the back, crossing the lumbar spine, hip, and knees; whereas the design used in the 

present study had the elastic element located at the hips, so the hips and knees would 

likely be more similarly affected with less coordination with the lumbar spine. Although 

different, this result can be considered a positive finding for this particular ergonomic aid 

because it demonstrates that, by wearing this device, the coordination that users exhibit is 

no different than by not wearing the PLAD. This is an advantage to this device, because it 

would be worrisome if users suddenly adopted unnatural interjoint coordination patterns 

that may affect their ability to handle greater load demands or produce consequences for 

balance during lifting tasks, potentially increasing the risk of injury when the goal of the 

aid is to reduce injury risk. 

This study is not without limitations. The first limitation is the use of a freestyle 

lift. Although this approach has its advantages, Scholz (1993) strongly opined that using 

a freestyle lifting protocol suggests that participants come into the study without any 

previous bias as to what lifting pattern they will adopt. Conversely, by standardizing the 

lifting technique, it would be more feasible to attribute coordination changes to 

manipulated variables such as load. The second limitation may be the set timing pace of 
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the current protocol. Participants were asked to lift the box to the pace of a metronome so 

that the box would be in contact with the target (table and floor) on every beep. This may 

have led to some participants lifting in an unnatural rhythm that may have impeded the 

observation of interjoint coordination patterns. A third limitation was the use of a single 

spring element for all participants; therefore, based on anthropometry and load 

differences, participants did not receive equal „help‟ from the PLAD. Graham et al. 

(2009) addressed this shortcoming in PLAD research by developing an equation to 

customize the amount of spring stiffness required on an individual basis to ensure that, 

regardless of differences in anthropometry, all participants received similar „assistance.‟ 

Unfortunately, due to recent changes in the springs used in the PLAD, this equation did 

not apply in this study. A final limitation was the relatively short familiarization period 

participants had with the PLAD. When learning to use manual materials handling 

devices, Chaffin et al. (1999) note that the motor learning process is slow to adapt and 

often requires greater than 40 repetitions in order to use a device optimally.  

The strength of the present study lies in the successful demonstration of the 

application of PCA to investigate interjoint coordination. Previously, to explore interjoint 

coordination, discrete parameters have been used, including mean RPA, maximum and 

minimum RPA, and qualitative slope analyses (Lindbeck and Kjellberg, 2001; Nimbarte, 

2005). It could be suggested that these discrete outcome measures do not explore the 

interjoint coordination patterns in their entirety throughout the duration of the lift, only 

highlighting small aspects of a whole lift cycle. For this reason, the use of a powerful and 

thorough method like PCA is warranted. Furthermore, with the addition of the principal 

component elimination (PCE) method, interpretation of principal components, and thus 
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the important features of the RPA waveform, was enhanced (See Appendix C). This 

method has the potential to make interpretation of principal components much clearer and 

help to reduce the subjective nature of PCA, which is a major criticism of the approach; 

thus its application of use is very broad and pertinent.  

4.5 Conclusion 

 Interjoint coordination is an aspect of lifting that has yet to be fully understood. 

One existing obstacle, to gaining a broader understanding of interjoint coordination is the 

lack of consistent and holistic measures of coordination across the entire lift cycle. The 

present body of work aimed to address this shortcoming by applying PCA to the RPA 

waveforms obtained from a continuous freestyle lifting protocol under two load 

conditions. PC models were produced for hip-knee and lumbar spine-hip coordination. 

Three PCs were retained for hip-knee coordination, and three PCs for lumbar spine-hip 

coordination. Using these PCs, results showed that interjoint coordination was not 

significantly affected by wearing the PLAD, nor were differences observed between load 

conditions or sex. 

 This paper makes four contributions: a) the use of PCA as an effective way to 

investigate interjoint coordination; b) the use of PCE as a method to enhance visual 

interpretation of principal components; c) the conclusion that the PLAD is an ergonomic 

aid that does not alter interjoint coordination during a freestyle lift with relatively light 

loads; and d) the knowledge that by selecting load based on individual strength 

characteristics, the differences between males and females in interjoint coordination 

become negligible. All of these contributions will aid in future research involving lifting, 

manual materials handling and safety, ergonomic guidelines in industry, and perhaps in 
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the experimental brain and robotics fields where interjoint coordination is a major area of 

interest.  
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Chapter 5 

 

Males, Females and Lifting Technique: A Principal Component 

Analysis 

 

Abstract 

 Lifting has been implicated as a risk factor for low back pain, and thus is an 

important area of biomechanical research. The majority of lifting research uses male 

subjects, and thus it is necessary to investigate if sex differences exist in lifting technique 

that may limit extrapolation of these studies to broader applications. Previous literature 

that investigated sex differences in lifting technique found significant differences in trunk 

and knee angular motion between males and females, yet several limitations were 

highlighted. The current study addressed these limitations in a freestyle repetitive lifting 

protocol. Three-dimensional kinematics of the ankle, knee, hip, and lumbar and thoracic 

spine were collected for 15 males and 15 females during lifting trials under two load 

conditions: 0% and 10% of maximum isometric back strength. Applying a principal 

component analysis (PCA) to the lifting waveforms, 30 PCs were retained for all five 

joints in three axes using a 90% trace criterion. There was a significant effect of load on 

PC2 of lumbar spine flexion and PC2 of hip rotation, but no significant effect of sex on 

any of the PCs. These results support the notion that, independent of sex, individuals 

demonstrate a smaller range of lumbar spine flexion under loaded conditions which 

reflects a semi-squat lifting technique. Furthermore, by employing a sophisticated 

statistical method such as PCA, in addition to standardizing load to the individual‟s 

strength characteristics, differences between male and female lifting technique are 
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negligible. These findings have major implications for future lifting research and its 

applications in terms of selecting the loads based on physical capacity and not sex.  

5.1 Introduction 

Low back disability (LBD) has been regarded as the most prevalent 

musculoskeletal disorder, where 4-33% of the population is affected at any one point in 

time (Woolf & Pfleger, 2003). The economic cost of LBD has been estimated to be 

approximately $90 billion in the United States (Luo et al., 2004) and $16.4 billion in 

Canada (Health Canada, 1999 as cited by Environics Research Group Ltd., 2003). 

Worldwide, 37% of LBD has been attributed to occupational factors, including heavy 

lifting, bending, and twisting (Punnett et al., 2005). With this knowledge, lifting has 

become an important area of study in the field of biomechanics. 

The majority of the research that exists regarding lifting has been completed using 

male participants. Due to the pronounced differences between males‟ and females‟ 

anthropometry and strength profiles, it is difficult to extrapolate findings from this male-

dominated research to a female population (Lindbeck & Kjellberg, 2001). Therefore, a 

need exists to study females performing lifting tasks and to better understand the 

differences between male and female lifting profiles. 

 To examine lifting differences between sexes, it is first necessary to address 

potential physiological differences between males and females. Marras et al. (2001) 

compared male and female spinal muscle sizes using a gender-specific database of 

thoracic and lumbar muscle cross-sectional areas. Using this information, they created an 

equation to predict muscle cross-sectional area as a function of gender and 



105 
 

anthropometry. Results showed significant differences in prediction of male and female 

cross-sectional areas of the erector spinae, quadratus lumborum, internal and external 

obliques, and psoas major. However, because significant differences also existed between 

the male and female participants‟ anthropometry, these differences may simply be a 

function of body size. Using the same subject group, Jorgensen et al. (2001) established a 

similar database of gender-specific trunk muscle moment arm lengths relative to the spine 

at T8 and S1. Using Magnetic Resonance Imaging (MRI) the moment arm lengths, from 

vertebral body centroid to muscle centroid, were measured in the coronal and sagittal 

planes. Results indicated that males possessed larger moment arms for most muscles at 

most levels: 14.2% and 17.5% greater in the coronal and sagittal planes, respectively.  

In terms of compression and shear forces, males and females have been found to 

have significant differences. For example, Bejjani et al. (1984) found that statically 

determined body weight normalized shear force at the knee was significantly greater in 

females, and back compression at L4/L5 was significantly greater for males, during a 

symmetrical lift. Using an incremental lifting machine protocol, Stevenson et al. (1996) 

also found significant differences between genders: differences that were observed 

between males and females were in terms of timing of the box lift, displacement, 

velocity, acceleration, force, and power. Marras et al. (2002) studied dynamic lifting and 

spinal compression differences between males and females using an EMG-assisted 

biomechanical model. Similar to Bejjani et al. (1984), Marras et al. (2002) found that 

males exhibited greater absolute compression. However, under the restricted torso-lift 

condition, differences observed were attributable to the discrepancy in upper body weight 

between males and females; conversely, in the free-dynamic, whole body lift, greater 
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relative compression and anterior shear forces were found in females. The interpretation 

from these findings was that muscle co-contraction patterns and compensatory kinematic 

differences contribute to women experiencing greater relative loading in the spine.  

A more kinematically controlled protocol was adopted by Marras et al. (2003) to 

further investigate sex differences. In this study, results showed that men had 

significantly greater spinal compression forces in comparison to women. Interestingly, 

when the amount of variability associated with different factors was considered, task 

asymmetry and load weight had a greater impact on spinal loads than sex. Sex accounted 

for 15% and 26% of the variability in compression and anterior shear, respectively. With 

respect to kinematic differences, women tended to use their hips more, whereas men used 

their lumbar spine.  

In 2001, Lindbeck and Kjellberg looked specifically at gender differences in 

lifting technique. Male and female participants were required to lift a handled-box from 

the floor to a shelf that was located at the level of the umbilicus under constrained lifting 

styles at two speeds. The load of the box was standardized for the males to be 12.8 kg and 

8.7 kg for the females; the load was selected based on approximate strength capacity 

differences between sexes. The results of this study showed that there were differences in 

kinematics of lifting between males and females. Specifically, trunk angle ranges were 

significantly greater for males over all lift conditions, and males performed the „back lift‟ 

with more knee bend than the females. 

From their study in 2001, Lindbeck and Kjellberg outlined several limitations and 

presented future directions to address in further sex-related lifting studies. First, the male 
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and female data were obtained from two different studies which, although similar in 

protocol, may have led to slight differences in instruction and instrumentation that 

affected the results. Second, the biomechanical model that was used represented the trunk 

with one segment; thus trunk motion differences that were observed were not truly 

representative of spinal curvature discrepancies between males and females during lifting. 

Third, the load selected for the males and females was different, yet it may not have been 

appropriate for individual physical capabilities. Furthermore, the lifting styles employed 

were heavily prescribed, and there was the suggestion that future studies should allow 

more self-selected movement to occur during lifting trials. Finally, very simple outcome 

measures were used, such as angle ranges, peak velocities and acceleration; thus it is 

reasonable to conclude that more pronounced differences in relationships may be 

observed using a more sophisticated data analysis.  

The objectives of the current study were to address some of the limitations of 

previous sex-related lifting research and to analyze the differences between male and 

female lifting technique using principal component analysis (PCA). By employing this 

multivariate statistical tool, it is possible to analyze the entire waveform, thus obtaining 

more accurate quantitative and temporal information between experimental groups and 

conditions (Chau, 2001; Deluzio et al., 1997; Deluzio et al., 1999).  Furthermore, rather 

than having to make prior decisions as to which variables would be most important, PCA 

is a statistically driven technique that allows the researcher to avoid making such biased 

assumptions (Daffertshofer et al., 2004). It is hypothesized that by standardizing the load 

lifted to individual strength characteristics and using a more robust statistical tool, sex 

differences in lifting technique would not be as pronounced as were previously found. 
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5.2 Methods 

5.2.1 Participants 

Thirty participants (15 males and 15 females) were recruited to participate in this 

study. Each participant read and signed an information form and consent form which 

were approved by the Queen‟s University Research Ethics Board (See Appendix B). All 

participants were healthy with no history of low back pain. Participants did not have prior 

experience in lifting. Participants‟ mean age, height, and weight were 24.2(±2.9) years, 

184.9(±7.6) cm and 85.4(±10.7) kg for males; and 23.0(±2.6) years, 170.1(±6.1) cm and 

66.3(±11.7) kg for females. Height and weight between groups were significantly 

different as determined by a t-test.  

5.2.2 Experimental Procedures 

Prior to testing, participants performed a maximum back strength test using a 

modified functional capacity evaluation system (Arcon Vernova Inc., Saline, MI, USA) 

(refer to Figure 3.2) in order to determine maximum isometric back strength for each 

participant (Lotz et al., 2009). In this way, the loaded condition could be standardized to 

10% of each individual‟s maximum isometric back strength. The mean load lifted was 4.8 

(±0.65) kg for females and 6.9 (±0.72) kg for males. Using an independent t-test, it was 

found that the load means between groups were significantly different (p<0.001). 

The lifting protocol required the participants to perform a freestyle, symmetrical 

lift using a balanced design where participants were equally randomized under load (0% 

and 10% maximum back strength load) conditions. The load was contained in two 

handled-boxes (21.5 cm x 21.5  cm x 21.5  cm, with 1.8 cm diameter handles). The zero 

load box was made of plastic and foam to achieve a negligible mass, whereas the loaded 
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box was of identical dimensions constructed of wood, and was loaded to 10% of each 

individual‟s maximum back strength.   

The lifting pattern involved the participant lifting the box from a target on a table 

(positioned at 50% of participant‟s height) to a target on the floor, and back to the table 

(refer to Figure 3.3). Using a metronome to set the pace of lifting to 10 lifts per minute, 

30 continuous lift cycles were completed in a single trial. The bottom of the box was 

instrumented with an analog switch in order to indicate the lift cycle for subsequent 

splitting of the two load trials into 30 separate lift cycles, for each participant. A 

minimum of five minutes of rest was given between trials to prevent fatigue effects.  

Participants were free to choose their own style of lifting; foot position was self-selected, 

yet remained constant for all trials. Prior to collection, participants were required to 

perform several practice lift cycles to become comfortable with the lifting protocol and 

pace. 

 5.2.3 Instrumentation 

Participants were instrumented with six Infrared Emitting Diode (IRED) triads, 

located laterally on the right side at the foot, shank, and thigh, as well as on custom-made 

fins projecting from S1, T12, and C7 (refer to Figure 3.3). For calibration purposes, isolated 

IREDs were located on the right lateral malleolus and lateral femoral epicondyle, in 

addition to eight virtual markers that were taken at the right and left anterior superior iliac 

spine, right posterior superior iliac spine, symphysis pubis, right medial femoral 

epicondyle, right medial malleolus, and the 1
st
 and 5

th
 metatarsals on the right foot. These 

additional markers were necessary in order to calculate the ankle, knee, and hip joint 

centres using regression equations (Allard et al., 1997; Kirkwood et al., 1999) and were 
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also used to compute transformation matrices between the surface marker triads and their 

corresponding anatomical coordinate systems. These virtual markers were obtained using 

a probe with known dimensions to designate the point in space.  

Joint kinematic data were collected using a two-camera Optotrak 3020 system 

(NDI, Waterloo, ON) at a frequency of 100Hz. These data were used to calculate three-

dimensional joint angles of the ankle, knee, hip, and lumbar and thoracic spine using 

Euler rotations (Z-Y-X) (See Appendix D). 

5.3.4 Data Processing 

 Custom Matlab software (MathWorks, Natick, MA, USA) was used for all data 

processing, calculations, and analysis. Joint angles were calculated using a three-

dimensional Euler rotation sequence (Z-Y-X). The three-dimensional sign convention for 

the lower limb joint angles followed an anatomically based coordinate system where the 

three principal axes were distal-proximal (X), posterior-anterior (Y), and lateral-medial 

(Z) (Deluzio & Astephen, 2007). Anatomical coordinate systems were not used to assess 

spinal kinematics; triad coordinate systems on the custom-made fins at S1, T12, and C7 

were used in these cases.  

All angular positions and velocities were normalized to 101 points corresponding 

to 0-100% of the lift cycle. Using the analog switch information, it was possible to split a 

single trial of 30 continuous lifts into 30 single lift cycles.  Upon splitting the trials, the 

30 lifting waveforms were ensemble averaged to give a single representative waveform 

for each participant, for each load condition. 
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5.3.5 Statistical Method 

PCA was applied to the lifting waveforms using custom Matlab software 

(MathWorks, Natick, MA, USA), and SPSS 18.0 (SPSS Corporation, Chicago, IL, USA) 

was used for further statistical testing.  

In PCA, the correlated variables are linearly transformed into a set of uncorrelated 

variables (Wrigley et al., 2006). The mathematical foundation of PCA is an orthogonal 

transformation of an original     matrix, whereby the correlated   variables   

              are transformed into new uncorrelated   variables, which are referred to 

as principal components (PCs)                  (Deluzio & Astephen, 2007; Reid et 

al., 2010). Each PC explains a percentage of the total variance, and is thus arranged from 

highest to lowest; for example, PC1 explains the most variance. Thus, the principal 

component model is        , where   is the transformation matrix that rotates the 

original   observations into a new coordinate system. The columns of 

                 are the principal component loading vectors and are the 

eigenvectors of the covariance matrix of  . The principal component vector scores (PC 

score),   , consist of the coefficients that measure the contribution of the principal 

components to each waveform (Deluzio & Astephen, 2007). Therefore, by applying a 

PCA model, each time point of the lifting waveform for each participant is effectively 

transformed into a set of PC scores that measure the degree to which the shape of their 

lifting waveform corresponds to each feature of the waveform (Deluzio & Astephen, 

2007; Reid et al., 2010). The complexity of this application lies in the interpretation of 

these features. Interpretation is achieved through visual inspection of the raw waveforms 
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of individuals that scored in the 5
th

 and 95
th

 percentile on each PC (Astephen et al., 2008; 

Deluzio & Astephen, 2007; Jones & Rice, 1992; Reid et al., 2010).  

In this particular application, PCA was applied to an     matrix, where   is the 

participants and   is the variables, which are the 101 normalized time-points of the 

ensemble averaged lifting waveform for each participant. Due to the two load conditions 

(0% load and 10% maximum back strength), this resulted in a        matrix for each 

joint, in each axis.  

Data reduction occurs with PCA because the first few k PCs                 

explain the majority of variation such that      (Deluzio & Astephen, 2007). The 

criteria used to determine how many PCs to retain in the model was a 90% trace, meaning 

only the PCs required to explain 90% of the variance in the sample were kept in the 

model, and the remaining PCs were discarded, effectively achieving data reduction 

(Deluzio & Astephen, 2007; Jackson 1991; Reid et al., 2010).  

Only the PCs that were retained using the 90% trace criteria were entered into a 

repeated measures ANOVA to test for significance. A mixed design was used, with a 

within-subjects factor of load (zero load/10% maximum back strength load) and a 

between-subjects factor of sex (male/female). To account for the 30 multiple 

comparisons, a Bonferroni adjustment was applied (                               

5.3 Results 

Using the 90% trace criterion, 30 PCs were retained from the five joints in three 

axes (Table 5.1). There was a significant effect of load on PC2 of lumbar spine flexion 

(p<0.001) and PC2 of hip rotation (p<0.001), yet there was no significant effect of sex.  
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 Figures 5.1A-C represent the PC2 model for lumbar spine flexion. PC2 of lumbar 

spine flexion was significantly different between load conditions (Figure 5.1A-C). This 

PC captured peak differences as interpreted using the loading vector profile (Figure 5.1B) 

and high and low PC scores (Figure 5.1C). Individuals who scored high on this PC 

demonstrated less peak lumbar flexion at the start of the lift and greater peak lumbar 

flexion at the bottom of the lift. This can be interpreted as a range of motion PC, in that 

greater range of motion was demonstrated in lumbar spine flexion for individuals who 

scored high on this PC. Conversely, a low scorer on this PC demonstrated a much smaller 

range of lumbar flexion throughout the lift. The 10% load condition produced 

significantly lower PC2 scores for lumbar spine flexion, in comparison to the unloaded 

condition (p<0.001). 

As seen in Figure 5.2A, during the lifting phase, individuals began the lift with 

external rotation at the hip as the box is being lifted off the table. Individuals moved 

through a neutral hip 

posture towards a maximum of approximately 9 degrees of internal rotation at the bottom 

of the lift. Similar external rotation was observed as individuals lifted the box back to the 

table target. Observation of Figure 5.2B demonstrates the PC2 loading vector of hip 

rotation. This PC has larger negative loading vector values at the beginning and end 

phases of the lift and larger positive loading vector values during the mid phase of the lift. 

This PC2 was thus interpreted to be a peak differences (range of motion) operator such 

that individuals who scored high on the PC, demonstrated significantly greater peak 

external hip rotation at the beginning and end phases of the lift, and significantly greater 

peak internal hip rotation at the mid phase of the lift during box placement on the floor 
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Table 5.1. Summary of the principal component models for all joints in three axes and p 

values for PC score differences between sex (male/female) and load (0%/10%). 

 

 

 

Flexion 1 62.8 16.19 (±53.3) -5.52 (±46.5) -1.67 (±52.1) -9.00 (±46.1) 0.415 0.023

2 20.0 -11.15 (±27.7) 2.69 (±26.5) -0.40 (±31.8) 8.87 (±23.7) 0.243 0.004

3 10.3 1.15 (±18.5) 2.14 (±22.1) -0.08 (±22.9) -3.20 (±17.7) 0.884 0.077

Abduction 1 82.6 -11.28 (±55.9) 15.53 (±27.0) -22.96 (±49.7) 18.71 (±26.6) 0.030 0.212

2 10.5 3.62 (±11.6) -0.95 (±19.6) -2.05 (±14.1) -0.63 (±18.1) 0.784 0.102

Rotation 1 76.4 -1.57 (±33.6) 11.35 (±31.8) -10.41 (±33.0) 0.62 (±23.7) 0.272 0.009

2 13.9 5.41 (±10.4) -3.80 (±12.7) 1.27 (±16.6) -2.88 (±11.5) 0.135 0.414

Flexion 1 72.2 23.49 (±149.4) -19.04 (±129.4) 17.13 (±153.6) -21.58 (±122.5) 0.421 0.684

2 14.2 -26.78 (±54.9) 11.13 (±59.3) -9.79 (±65.0) 25.44 (±56.1) 0.088 0.015

3 6.9 -12.20 (±39.3) -3.36 (±33.6) 4.13 (±59.8) 11.42 (±30.9) 0.575 0.017

Abduction 1 91.9 2.56 (±68.1) -1.88 (±76.2) 2.72 (±70.6) -3.40 (±71.1) 0.841 0.815

Rotation 1 79.8 25.05 (±90.1) -25.69 (±56.7) 23.10 (±90.9) -22.47 (±60.4) 0.093 0.835

2 15.2 4.07 (±30.9) -6.22 (±36.9) 5.16 (±31.6) -3.02 (±38.7) 0.463 0.386

Flexion 1 68.1 21.37 (±77.9) -16.23 (±117.1) 17.40 (±81.8) -22.54 (±103.6) 0.273 0.401

2 15.3 12.71 (±46.6) 3.08 (±48.1) -4.33 (±47.3) -11.46 (±41.0) 0.596 0.014

3 9.2 -2.71 (±35.1) -5.48 (±37.9) 6.19 (±34.9) 2.01 (±35.6) 0.781 0.070

Abduction 1 92.2 15.32 (±62.5) -20.49 (±71.7) 16.14 (±62.2) -10.97 (±73.2) 0.210 0.051

Rotation 1 83.2 -20.79 (±69.8) 18.83 (±65.1) -22.30 (±76.4) 24.26 (±63.3) 0.097 0.260

2 9.1 -2.92 (±27.1) -9.05 (±15.8) 5.41 (±29.0) 6.56 (±17.4) 0.765 <0.001

Flexion 1 85.7 5.52 (±100.2) -3.11 (±109.8) 27.26 (±126.1) -17.56 (±95.0) 0.823 0.630

2 7.1 9.66 (±33.1) 7.46 (±28.6) -3.48 (±29.5) -12.25 (±31.1) 0.972 <0.001

Lateral Bend 1 90.1 -5.59 (±23.5) 4.99 (±23.6) -4.32 (±24.0) 4.91 (±23.2) 0.256 0.567

Rotation 1 90.4 0.70 (±26.4) 1.06 (±23.0) 0.64 (±26.4) -2.41 (±25.9) 0.885 0.101

Flexion 1 89.0 -4.10 (±108.6) 21.37 (±89.3) -15.46 (±105.4) -1.80 (±100.6) 0.594 0.020

2 5.9 -0.38 (±23.1) 8.92 (±31.4) -5.87 (±20.2) -2.67 (±26.4) 0.483 0.013

Lateral Bend 1 71.5 -6.61 (±18.4) 6.71 (±17.0) -7.22 (±18.2) 7.12 (±13.4) 0.025 0.963

2 17.5 -1.04 (±5.6) -0.36 (±11.8) 0.62 (±5.3) 0.78 (±11.3) 0.895 0.163

3 3.7 0.29 (±4.4) -0.50 (±4.0) 0.67 (±4.3) -0.46 (±3.8) 0.496 0.725

Rotation 1 79.3 -8.33 (±21.8) 10.56 (±20.6) -10.61 (±24.1) 8.38 (±19.9) 0.022 0.093

2 13.7 -0.83 (±10.3) -0.41 (±10.2) -0.79 (±9.3) 2.04 (±9.5) 0.641 0.233

Load      

p  Value

Mean PC scores and standard deviation

Male Female Male Female

0% Load 10% Load

Angle PC

Variance 

explained 

(%)

Sex                       

p  Value

Ankle

Knee

Hip

Lumbar 

Spine

Thoracic 

Spine
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Figure 5.1 A) Mean lumbar spine flexion during lift cycle for 0% load (thin) and 10% 

load (thick). Flexion is in the negative direction. B) Loading vector for the second 

principal component (PC2) of lumbar spine flexion.  C) Lumbar spine flexion lifting 

waveforms that scored low (5
th

 percentile) and high (95
th

 percentile) on PC2. 
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Figure 5.2 A) Mean hip rotation during lift cycle for 0% load (thin) and 10% load 

(thick). Internal rotation is in the positive direction. B) Loading vector for the second 

principal component (PC2) of hip rotation.  C) Hip rotation lifting waveforms that scored 

low (5
th

 percentile) and high (95
th

 percentile) on PC2.  
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target. Between males and females, this PC was not significantly different; however, the 

10% load condition resulted in significantly higher PC scores (5.99 ±22.0) meaning that 

when loaded, participants experienced greater peak internal and external hip rotation than 

the unloaded condition (-5.99 ± 23.5) (p<0.001) (Figure 5.2C). 

5.4 Discussion 

Using PCA, lifting technique differences between males and females during a 

symmetrical, freestyle lifting protocol were investigated. Three-dimensional joint angles 

of the ankle, knee, hip, and lumbar and thoracic spine were obtained during repetitive 

lifting trials. Of the 15 PC models, 30 PCs were retained using a 90% trace.  

 Statistical testing using a repeated measures ANOVA indicated that there was no 

significant difference for the between-subjects factor of sex for any of the 30 PCs. For 

each joint in all three axes, there was a maximum of three PCs and a minimum of one PC 

retained to explain at least 90% of the variance of the lifting waveforms. Generally, these 

PCs captured magnitude differences, peak or range of motion differences, and timing of 

lift differences. Therefore, due to the lack of significant differences between males and 

females on any of these PCs it can be inferred that during a symmetrical freestyle lift, 

males and females exhibit similar lifting kinematics in the ankle, hip, knee, and lumbar 

and thoracic spine in terms of magnitude of angular motion, peak or range of angular 

motion differences, and timing of the lifts. This observation contradicts previous work 

that looked at sex differences in lifting technique using a constrained lifting protocol. 

Lindbeck and Kjellberg (2001) employed a lifting protocol that required male and female 

participants to complete prescribed back and leg lifts under two lifting paces. From their 

results, it was concluded that significant kinematic differences existed between males and 
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females, specifically in regard to trunk and knee angle ranges. Males demonstrated 

significantly larger trunk angle ranges for all lifts, and females demonstrated significantly 

larger knee angle ranges in leg lifts.  

Despite the observed differences, Lindbeck and Kjellberg (2001) outlined several 

limitations that potentially compromised the interpretation of their results. First and 

foremost, load was not standardized to the strength characteristics of the individual 

participant: all females lifted 8.7 kg and all males lifted 12.8 kg. It was noted that perhaps 

these loads were too heavy for some men and too light for some women, which would 

influence respective lifting kinematics. This notion can be supported by the knowledge 

that studies have shown that participants tolerate 10-20% greater maximal acceptable 

weight when performing a stoop rather than a squat lift (Straker & Duncan, 2000). 

Perhaps then, if the load lifted by males was too heavy, a more stoop-like kinematic 

pattern with more trunk flexion may have been adopted despite the prescribed lifting 

style; similarly, if the load was too light for females, perhaps a more squat-like lifting 

style was observed with greater knee flexion, despite the desire to perform a constrained 

back or leg lift. Second, a constrained lifting protocol was used; it was suggested that 

differences in technique between sexes may be quite different during a freestyle, self-

selected lifting protocol. Third, discrete, pre-determined parameters of the lift were 

chosen to be dependent variables. The specific kinematic variables that were chosen were 

time to maximum box height; peak vertical velocity and acceleration of the box; peak 

angular velocity and acceleration of the trunk; trunk and knee angle range of motion; and 

relative phase angle maximum, minimums and peaks between hip and knee (Lindbeck & 

Kjellberg, 2001). These limited parameters do not take into consideration the full lifting 
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waveform and thus make it difficult to make conclusions regarding global kinematic 

differences between male and female lifting technique. Finally, the trunk was only 

described as a single segment with markers on the hip and shoulder; which may not have 

been sufficient to expose differences between sexes in terms of specific lumbar and 

thoracic curvature. 

The current study addressed these limitations and consequently found different 

results. First, using a modified functional capacity evaluation system (Arcon Vernova 

Inc., Saline, MI, USA), it was possible to determine each participant‟s maximum 

isometric back strength, and thus the loaded condition was scaled to be 10% of each 

individual‟s maximum back strength (Lotz et al., 2009). This is a major strength of the 

current protocol and provides confidence in making comparisons between sexes. Due to 

the observation that significant differences between males and females did not exist for 

any of the PCs, in any of the joints, in any direction, it can be suggested with confidence 

that males and females do not adopt different lifting techniques when load is standardized 

to individual strength characteristics.  

Another improvement on past work was in regard to the use of a freestyle lifting 

protocol. Participants were asked to lift in a way that was comfortable for them, while 

maintaining a consistent foot position across trials. With that being said, significant 

differences were observed between load conditions for PC2 of lumbar spine flexion and 

PC2 of hip rotation, independent of sex. PC2 of the lumbar spine, which was interpreted 

to capture peak or range of motion differences, possessed significantly lower scores under 

the 10% load condition that represented a smaller range of lumbar flexion throughout the 

lift. This lifting profile could be considered more semi-squat in nature. This observation 



120 
 

is congruent with the literature that suggests a semi-squat lift results in greater maximal 

acceptable weights (up to 25% greater than squat lifting) (Garg & Saxena, 1985), and is 

rated less tiresome than stoop and squat (Kumar, 1984).  In addition, in a study by 

Burgess-Limerick and Abernethy (1997) it was found that the heavier the load the more 

likely a semi-squat posture was observed. Moreover, other lifting studies that have used a 

self-selected lifting technique found that the postures typically observed are that of a 

semi-squat technique (Burgess-Limerick et al., 1995; Burgess-Limerick & Abernethy, 

1997). Therefore, it would seem possible that the current protocol that used a self-

selected technique may produce similar findings. Finally, the significantly lower PC 

scores for the 0% load condition, which corresponded to significantly greater ranges of 

lumbar flexion, could indicate a more stoop-like lift. This observation is supported by the 

idea that a stoop lifting technique is typically adopted when the load is relatively light 

(Burgess-Limerick, 2003).  

In the current study, another significant difference between load conditions was 

observed in PC2 of hip rotation, which captured peak differences in internal and external 

hip rotation. The 10% load condition resulted in significantly higher PC2 scores, 

indicating that when loaded, participants experienced greater peak internal and external 

hip rotation than when unloaded. This finding is congruent with the lumbar flexion 

differences that were already discussed, as well as other literature. In the current study, 

under freestyle lifting, participants demonstrated smaller lumbar flexion range of motion 

which is suggested to reflect adaptive changes towards a more semi-squat lifting style. 

The observation of greater range of hip rotation agrees with this notion because according 

to McGill et al. (2000), during bending tasks when spine flexion is minimized, more hip 
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rotation is required.  Therefore, under heavier load conditions, both males and females 

adopt a lifting technique reminiscent of a semi-squat lift, demonstrating smaller ranges of 

lumbar flexion and greater ranges of hip rotation.  

The main limitation of this study was the use of a freestyle, uncoached lifting 

pattern. Although this was a primary goal of the study, individuals lifted very differently 

and this may, in part, have contributed to why differences were not found between sexes. 

However, in theory, the use of PCA should ameliorate this issue because it reduces 

dimensionality in the data set. Furthermore, over 90% of the variation between sexes was 

captured in less than three PCs for all joints in all axes, under both load conditions. 

Therefore, if higher variability between waveforms existed, a higher number of PCs 

would have been necessary to explain 90% of the total variance.  

5.5 Conclusion 

The current body of work demonstrates the sensitivity and effectiveness of using 

PCA to investigate kinematic differences of lifting waveforms between males and 

females under two load conditions. The major implications of the findings are that when 

load is standardized to individual strength characteristics, lifting technique differences 

between males and females become negligible. This is pertinent to future lifting research 

in that it gives better direction to designing experimental protocols and load-selection 

methodology. Furthermore, the current findings suggest that, regardless of the participant 

group, if load is standardized to personal strength characteristics, findings can be 

extrapolated to diverse applications. Future work should be directed at: a) investigating 

interjoint coordination differences between males and females using a similar protocol 

and analyses; b) exploring lifting technique under asymmetric conditions and increased 
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range of loads; c) examining the relationship between relative strength of different 

muscle groups and lifting technique; and d) applying PCA to other lifting data sets to 

uncover more sensitive temporal and quantitative differences that have otherwise been 

untapped due to less stringent statistical methods.  
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Chapter 6 

 

General Discussion 

 

6.1 Overview of Findings 

 The objectives of the present body of work were 1) to evaluate the Personal Lift-

Assist Device (PLAD) in terms of its effect on lifting technique, interjoint coordination, 

and whether sex modulates these effects and 2) to explore the use of principal component 

analysis (PCA) as a method to investigate lifting waveforms. The rationale for this 

project was the need to investigate the relationship between this particular ergonomic aid 

and lifting technique, as it has been suggested in literature that lower back disability 

(LBD) may be related to lifting technique. Therefore, if our goal is to recommend the use 

of the PLAD in part to reduce users‟ risk of LBD by mitigating the effects of users‟ 

muscular demand during manual materials handling, then it is paramount to understand if 

and how the PLAD may affect the way in which users lift.  

 The first analysis in Chapter 3 examined whether wearing the PLAD affected the 

way in which males and females lifted a load that was 10% of their maximum back 

strength. Using PCA, it was found that eight principal components (PCs) were 

significantly different between PLAD and No PLAD conditions, independent of sex: 

wearing the PLAD resulted in greater hip and ankle flexion, and significantly less lumbar 

and thoracic spine flexion. Taken together, these results support previous literature 

suggesting that the PLAD encourages a squat, or semi-squat, lifting technique (Agnew, 

2008). Other significant differences between device conditions were in regard to the PCs 
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associated with greater peak differences in hip rotation at the points in the lift when the 

box was placed and displaced, as well as greater direction and amplitude differences in 

ankle rotation. This was a novel finding, but it may have been due to the design 

modifications of this version of the PLAD that were necessary for this data collection.  It 

was interesting to note that there were no sex differences on any, meaning that the PLAD 

affects males and females similarly. This finding was in contrast to the hypothesis, and 

thus begs further investigation. 

Using the same data set, the second aspect of this project was to investigate how 

the PLAD may effect interjoint coordination. Interjoint coordination is a component of 

lifting technique that encompasses the idea that limbs and their associated muscle groups 

work in a coordinated way, which is thought to exist in order to reduce muscular demand 

and joint compression and to improve balance during movement tasks (Burgess-Limerick 

et al., 1995; Hsiang & McGorry 1997; Scholz & McMillan, 1995; Toussaint et al., 1992). 

The relative phase angle (RPA) approach developed by Burgess-Limerick et al. (1993) to 

quantify interjoint coordination was employed; but with the addition of a novel method of 

applying PCA to the relative phase angle waveform rather than selecting traditional 

dependent variables such as mean, minimum or maximum. Using this method of analysis 

it was found that there were three PCs for each of hip-knee and lumbar spine-hip 

coordination to explain at least 90% of the variance of the relative phase angle 

waveforms. However, none of these PCs were significantly different between PLAD and 

No PLAD conditions, and there was no effect of load or sex. These findings suggest that 

the PLAD does not adversely affect interjoint coordination patterns, a result that can be 

considered positive for this ergonomic aid, as it does not alter natural movement patterns 
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during a dynamic lifting task. This finding was in contrast to a previous study by Agnew 

(2008) that explored interjoint coordination of an older version of the PLAD. Potential 

explanations for the discrepancy between these results and the current findings: the use of 

PCA on the RPA waveforms, a lighter load that was 10% of individual back strength, and 

the PLAD design that was employed. In the current study, the PLAD had the elastic 

element located upon the pelvic region, whereas the previously tested design had the 

elastic element located on the upper back. Perhaps this location difference affected the 

tri-articular nature of the PLAD, because previously the elastic element would stretch 

along the back, allowing the ropes to cross the lumbar spine, hip, and knees; the design 

used in the present study had the elastic element located at the hips, so the rope crossed 

the hips and knees and not the lumbar spine. This may have been why coordination of the 

hips with the lumbar spine was different in this study in comparison to Agnew‟s (2008) 

findings. 

 Intrigued by the finding that males and females lifted similarly in terms of both 

technique and interjoint coordination when wearing the PLAD, the final component of 

this project sought to explore whether lifting technique was affected by two load 

conditions, without the PLAD. Subsequent findings were surprising as previous literature 

had suggested there are distinct differences between males and females in terms of lifting 

technique and interjoint coordination (Lindbeck & Kjellberg, 2001). This current study 

addressed some of the limitations outlined by Lindbeck and Kjellberg (2001) by using a 

freestyle lift, individualizing load to each participant‟s personal strength capabilities, 

using multiple segments to describe the trunk, and using PCA to evaluate the entire 

lifting waveform rather than discrete parameters of the individual curves. For the ankle, 
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knee, hip, and lumbar and thoracic spine joints, in all three axes, there was a maximum of 

three PCs and a minimum of one PC retained to explain at least 90% of the variance of 

the lifting waveforms. Generally, these PCs captured magnitude differences, peak or 

range of motion differences, and timing of lift differences. None of these PCs were 

significantly different between sexes; however, PC2 of lumbar spine flexion and PC2 of 

hip rotation were significantly different between load conditions. This result suggested 

that individuals adopt a semi-squat lift when the load demand is greater, independent of 

sex. By incorporating the methodological changes, it was apparent that lifting technique 

differences between males and females become negligible, contrary to what was 

previously suggested by Lindbeck and Kjellberg (2001). One future question that needs 

to be explored, however, is whether this same result would occur if the percent maximal 

loads were increased. 

6.2 Limitations 

 Several limitations must be considered when interpreting the findings and making 

conclusions about this project. First, all participants wore the same PLAD throughout the 

testing; although this version of the PLAD was highly adjustable, it did fit some subjects 

better than others. Furthermore, this resulted in every participant being outfitted with the 

same standard spring element; this is potentially problematic because, depending on 

anthropometry and external load demands, participants receive differing levels of 

assistance. Earlier research involving the PLAD shared this limitation, which encouraged 

Graham et al. (2009) to develop an equation that allows customization of the amount of 

spring stiffness required on an individual basis to ensure that all participants receive 

similar „assistance‟ from the PLAD. Unfortunately, this equation did not apply to this 
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version of the PLAD due to design changes of the spring element. A second limitation 

was the relatively short familiarization period participants had with the PLAD. During the 

orientation session participants completed 30 practice lifts, in-line with the lifting 

protocol of the testing session. Chaffin et al. (1999) note that when learning to use 

manual materials handling devices, the motor learning process is slow to adapt requiring 

greater than 40 repetitions, therefore 30 practice lifts may not have been sufficient. 

However, our findings are similar to that of a protocol that had a more rigorous training 

session with the PLAD (Agnew, 2008). A third limitation could be the use of a freestyle, 

uncoached lifting pattern. Although this was a deliberate methodological decision, 

individuals lifted very differently and thus may, in part, have contributed to why 

differences were not found between conditions or sexes. However, in theory, the use of 

PCA should ameliorate this issue because it reduces dimensionality in the data set. 

Furthermore, over 90% of the variation was captured in less than three PCs for all joints. 

in all axes, under all testing conditions. Therefore, if higher variability between 

waveforms existed, a higher number of PCs would have been necessary to explain 90% 

of the total variance. A fourth limitation that may have influenced the outcomes was the 

use of a pre-selected lifting pace of 10 lift cycles per minute that was established using a 

metronome. Participants were asked to lift the box to the pace of the tone so that the box 

would be in contact with the target (table and floor) on every beep. This may have led 

some participants to lift in an unnatural rhythm that may have impeded the observation of 

technique or interjoint coordination patterns. A fifth limitation that could limit the 

generalization of the results from the current work is the use of a convenience sample of 

university students; these individuals were generally active, young adults, and thus may 
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not be representative of either the general public or an industrial population. A final issue 

that could influence the interpretations and conclusions of the current results could be the 

use of the Bonferroni correction. When multiple ANOVAs are employed, as was the case 

in the current analyses, Bonferroni corrections are used to control for Type I error (i.e. 

rejecting the null hypothesis when the null hypothesis is true) (Tabachnick & Fidell, 

2007). Despite the widespread use of this statistical procedure, this correction is criticized 

to be very low in statistical power, very conservative in nature, and increases the 

likelihood of committing a Type II error to unacceptably high levels (i.e. not rejecting the 

null hypothesis when the null hypothesis is false) (Nakagawa, 2004). Thus, by applying 

the Bonferroni correction to the current statistical models, it is thought that perhaps some 

nonsignificant results may have in actuality been significant if the correction was not 

made. Therefore, interpretations and conclusions should be taken with caution, and in 

future it may be recommended to use a sequential Bonferroni correction, also known as 

the Holm method (Aickin & Gesler, 1996).  

6.3 Major Contributions 

 Three of the findings and aspects of this project are considered to be of great 

importance and relevance to the biomechanics and ergonomics field, associated 

industries, and the broader scientific community as a whole. First, in regard to the 

benefits of the PLAD, the results indicate that this ergonomic device may encourage a 

squat-like lifting style. Squat lifting is typically considered a safer method of lifting due 

to the presence of less spinal flexion. Spinal flexion is associated with having detrimental 

effects on intervertebral discs and spinal structures as a whole (Adams & Hutton, 1982). 

However, stoop lifting is often the natural lift pattern adopted by individuals, likely due 



132 
 

to its lower rates of perceived exertion (Straker, 2003). It has been noted that trying to 

educate and train workers to alter their lifting style to a squat lifting technique are usually 

unsuccessful and can, in turn, increase risk of injury because there is a learning window 

necessary when modifying neuromuscular patterns (Straker, 2003). Therefore, perhaps 

the PLAD can play an important role to implicitly encourage a squat-like lifting pattern 

without conscious effort by the individual. This is a novel use for the PLAD, and adds to 

the already extensive benefits that this device can offer to the individual in an industrial 

setting. Moreover, the finding that the PLAD does not significantly alter interjoint 

coordination patterns can be viewed positively, for this indicates that the user‟s natural 

lifting coordination is not adversely affected by wearing this aid.  

 A second contribution of this body of research is in regard to sex-related lifting 

studies. To date, most lifting research has used male subjects, and thus due to differences 

in anthropometry and strength, it has been considered problematic to extend the results to 

a female population. In 2001, Lindbeck and Kjellberg sought to explore this problem and 

concluded from their findings that men and women exhibited significant differences in 

several lifting parameters, and subsequently stated that it was “reasonable to assume that 

movement patterns and the performance of a lift may be gender related” (p.212). Despite 

these statements, several limitations were outlined that compromised the interpretation of 

their results. The current study addressed these limitations and consequently found 

different results. It was found that by using a load proportional to an individual‟s personal 

strength capabilities, the differences between males and females became negligible. 

Therefore, a major strength of this project is the demonstration of the importance of 

individualizing load to personal capabilities for lifting protocols. This finding has 
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implications for future lifting research, as it stresses the need to personalize load demands 

in order to draw strong conclusions that can be extended to the general public, regardless 

of sex.  

 A final contribution of this present body of work is the development of the PCE 

method to enhance the interpretability of principal components (See Appendix C). A 

major criticism of PCA is the subjective interpretation of features that are associated with 

the objectively determined PCs. The PCE approach aims to reduce this subjectivity by 

making clearer the interpretation of the raw waveforms of those who score high and low 

on a given PC. This is achieved by essentially eliminating the contribution of preceding 

PCs from the raw waveforms, to emphasize the feature of the waveform that is associated 

with the PC of interest. This approach has broad applicability to various fields of research 

that employ PCA as a method of curve analysis. 

6.4 Future Directions 

 As this project approaches completion, there is no question it opens several new 

avenues of future research. First, with each new study, the support for use of the PLAD 

becomes stronger; however, it is still essential that the long-term effects of wearing the 

PLAD be explored before recommended for use. Therefore, a longitudinal study where 

both subjective and objective measures can be used to see how new users are affected by 

wearing the device and personally view this ergonomic aid. Moreover, whether the 

PLAD affects de-conditioning of the spinal musculature is a critical question to answer 

during a study of this nature. Along the same vein, it may be worthwhile to investigate 

how novice versus expert lifters modify their lifting styles when wearing the PLAD. For 
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example, the current results suggest that technique differences occur when wearing the 

PLAD, but perhaps these differences are affected by the user‟s lifting experience.  

 Although extensive work has already occurred in regard to lifting technique, there 

still remains discussion around which method is safest. Therefore, there is need for an in-

depth analysis of the relationship between lifting technique and injury risk and incidence. 

Based on the immense economic and societal burden that is associated with work-related 

LBD, it seems extremely important that resources and efforts are directed to determine 

decisively the safest method of lifting, and what factors modulate the LBD-lifting 

technique relationship. If the costs, both personal and societal, associated with LBD can 

be mitigated by simple education and training of workers, it is imperative that this 

knowledge be gained and disseminated appropriately.   
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Ethics Consent  

for Research  

Study entitled: 
 

 

Personal Lift Assist Device (PLAD) and its effect on lifting technique 

and dynamic spinal stability 

Dear Subject,        

You are invited to participate in a research study to examine the effect an on-body personal lift 

assistive device called the Personal Lift Assist Device (PLAD) has on lifting technique and spinal 

stability. The PLAD was developed by researchers at Queen‟s University and is designed to assist 

you during lifting and static holding tasks. The PLAD is worn on the body in a suit that consists 

of an upper body harness, much like a backpack, that can be detached from the lower body leg 

straps. This Ethics Consent letter will present key information so you can read about the study 

and decide whether you wish to become a participant.  If you wish to participate, you will be 

asked to sign this letter and leave a copy of the last page with the researcher. 

Aims and Purposes of the Study: 

The goals of this research are: a) to determine if this device affects the way in which people lift, 

b) if these changes in lifting technique are different between sexes, and c) if wearing this device 

affects dynamic spinal stability.  You will be asked about your comfort while wearing the PLAD 

as this input will be valuable for knowledge regarding market readiness. 

Study Details: 

Personal Information:  For your personal safety, we wish to exclude you from the study if you 

are currently suffering from shoulder, knee or low back pain.  

Design of the PLAD:  The PLAD has three main parts with a cable joining them: leg straps that 

go under your shoes, a waist belt with two spacers at buttocks height, and an upper part that is 

worn like a backpack.  It is important that the PLAD is well-fitted to each subject‟s body size.   

Getting Ready for Testing:  Prior to testing, you will be required to complete a short orientation 

session. The purpose of this orientation session is fourfold:   

1)  To complete the Physical Activity Readiness Questionnaire (PAR-Q). The PAR-

Q helps determine if there is any health risks associated with your participation.  

2) To become familiar with the PLAD and testing protocol. 

3)  To measure your height in order to determine the height of the lifting shelf. 

S C H O O L  O F  K I N E S I O L O G Y  A N D  

H E A L T H  S T U D I E S  ( S K H S )  

Physical Education Centre 

Kingston, Ontario,  

Canada K7L 3N6 
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4)  To complete a maximum back strength test to establish the load you will be lifting 

during testing. During this test you will be asked to perform three maximum back 

extensions, with sufficient rest between each exertion.   

 

During this session we will also schedule the time and date of your actual testing day. 

This orientation session should take approximately 20 minutes. On your testing day, the 

only pre-test preparation we would require is for you to complete a series of stretching 

exercises for the back, shoulder girdle and legs due to the dynamic nature of the lifting 

task. This warm-up will require approximately 5 minutes.  

Instrumentation: 

a) ARCON Functional Capacity Evaluation System – During your orientation session you will be 

required to perform three maximum back extensions while standing in an upright position. The 

testing apparatus simply involves you putting a harness around your back and resting your pelvis 

on a support. The harness is attached to a load cell that measures the force of your back extension. 

You will be asked to perform three maximal exertions with 1 minute of rest between each trial.  

b) PLAD – You will be wearing the PLAD for one of the two testing conditions. This will require 

you to simply put on foot straps, then attach the upper body piece and we will help to adjust it to 

fit you properly 

c) Handled-Box – The load you will lift will be in the form of a handled-box. This box is made 

out of wood and measures 21.5 cm by 21.5 cm by 21.5 cm equipped with handles of 1.8 cm 

diameter. On this box there are two analog switches: one on the handle and one on the 

bottom of the box. These switches will be used to indicate the lift cycle. There is a second 

handled-box that is a replica of the wood box, but is of negligible mass constructed from 

foam. This box will be used for a zero-lift condition. 

d) Optotrak 3020– We will be using a two-camera system called the Optotrak 3020 that captures 

3-dimensional coordinates of body landmarks in space. In order to track the body landmarks it is 

necessary to attach markers to the body part of interest. These markers will be both externally 

attached with Velcro or straps, and some will be virtually marked using a digital stylus. The body 

landmarks we will be using are the foot, lower leg, upper leg, sacrum (S1), lower lumbar spine 

(L1) and thoracic spine (T1). 

e) Force plate – You will be completing the task with your feet stationary upon a force plate. 

Testing Protocol: In a single testing session, you will complete the same protocol twice, once 

when wearing the PLAD, and the second time without. The order in which you wear the PLAD 

will be randomly determined prior to testing. The test task requires you to lift a handled-box with 

a load that is 10% your maximum back strength from a target on the floor, to a target on a shelf at 

50% your body height, and then lower the box back to the target on the floor. This will be 

repeated 30 times continuously. The rate at which you will lift will be 10 lifts per minute, and this 

pace will be prompted by a metronome. You will be asked to maintain a stationary position with 
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your feet, and lift naturally. The whole testing protocol including time for instrumentation and 

calibration should take approximately 45 minutes. 

Subjective Feedback: Upon wearing the PLAD you will be asked to complete a brief 

questionnaire regarding comfort and ease of use of the device. This information will be used to 

help improve the PLAD design. 

Risks and Benefits of Participation: 

Research has shown that manual materials handling tasks have higher risks of musculoskeletal 

injuries, especially low back pain. To protect you as much as possible from this risk, we will 

encourage you to quit at any point if you are experiencing more pain or discomfort than you 

would anticipate with this task. If you feel extended soreness or pain after completion of your 

participation, please go to a medical centre for assistance or contact your preferred health care 

professional.   For your information, no one has hurt themselves when wearing the PLAD.  In 

addition, some individuals may have sensitive skin resulting in skin irritation adhesive tapes that 

we may use.  Normally this irritation disappears shortly after the tape is removed.  If it does not 

disappear within a couple of hours, please go to a medical centre for assistance.  

In terms of the benefits of the study, there are no direct personal benefits expected.  However, 

your feedback will contribute to improvements in the PLAD design and possible future use of the 

PLAD in the public sector.     

By signing this consent form, you do not waive your legal rights nor release the investigators 

from their legal and professional responsibilities. 

 

Confidentiality: 

 All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times.  Your identity will not be recorded; rather a code number 

will be assigned to your data.  All data recorded in computer files will be locked and only the 

principal researcher and research assistants will be granted access.  In all cases of publication, 

only summary data are used and this is done in such a way that no individual can be identified.   

Voluntary Nature of the Study: 

As a participant, you are a volunteer who may withdraw from the study at any time without 

coercion or penalty.  You may withdraw after hearing about the details of the study or you may 

also withdraw at any point during the study with no penalty.   

Payment: 

You will receive a stipend of $10.00 for each session in acknowledgement of your time 

and contribution.  It is anticipated that the total testing time will be two (2) hours.   
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Contacts: 

If at any time you have further questions, problems or adverse events, you can contact: 

Dr. Joan Stevenson (School of Kinesiology and Health Studies)   (613) 533-6288 

Dr. Jean Cote (School of Kinesiology and Health Studies)   (613) 533-6601 

If you have any questions regarding your rights as a research participant, you can contact: 

Dr. Albert Clark (Research Ethics Board, Chair)     (613) 533-6081 

 

What Does My Signature Mean? 

 

I am being asked to sign below.  My signature indicates that: 

 I have read the letter of information 

 I am aware that the purpose of the study is to assess how lifting technique and dynamic spinal stability 

is affected by a personal lifting assistive device (PLAD) 

 I realize I can withdraw at any time without penalty or coercion 

 I can contact any of the people identified in this letter if I have questions, concerns, or complaints 

 I realize that my data will be kept confidential.  

 By signing this consent form, I do not waive my legal rights nor release the investigator(s) and 

sponsors from their legal and professional responsibilities. 

 

 

Participant’s Copy 

(Please sign and keep this Ethics Consent letter for your records).  

 

 

_____________________________________    __________________ 

Signature of Participant       Date 

 

_____________________________________    ___________________ 

Witness        Date 
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Researcher’s Copy 

Ethics Consent  
 

Personal Lift Assist Device (PLAD) and its effect on lifting technique 

and dynamic spinal stability 

 

This page is for the researchers to verify that you are willing to participate in the above study.   

By signing this page you are declaring the following: 

 You were given a verbal presentation about the above-mentioned research study 

 You were given an Ethics Consent letter of information to read and keep 

 You are aware that the purpose of the study is to assess how a personal lifting assistive device (PLAD) 

affects lifting technique and dynamic spinal stability based on motion captured during a lifting task 

 You realize that you can withdraw at any time without penalty or coercion 

 You know that you can contact any of the people identified in the Ethics Consent letter if you have 

questions, concerns, or complaints   

 You realize that your data will be kept confidential 

 By signing this consent form, you realize that you do not waive your legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities. 

 

 

(Please sign and return this page ONLY to the researchers)  

 

_____________________________________    __________________ 

Print your Name        Date 

 

_____________________________________     

Signature of Participant        

 

_____________________________________    ___________________ 

Witness        Date 
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Appendix C 

 

Principal Component Elimination to Enhance the Interpretability of 

Principal Components 
 

Abstract  

One major problem that has been identified in the use of principal component 

analysis (PCA) is the subjective nature of interpreting the objectively determined 

principal components (PCs). Typically, the principal components‟ loading vectors, in 

combination with inspection of the raw waveforms of individuals who score high (95
th 

percentile) and low (5
th

 percentile) on the given principal component, are used to interpret 

the feature that the principal component of interest corresponds to (Astephen et al., 2008; 

Deluzio and Astephen, 2007; Jones and Rice, 1992). This can be difficult because the raw 

waveforms are not adjusted based on the PC that is being interpreted. In light of this 

problem, a novel approach has been developed to enhance interpretability of principal 

components. This approach involves removing features associated with preceding PCs 

from the raw waveforms in order to allow for enhanced visual inspection of the 

remaining features that may be associated with the PC of interest. This paper focuses on 

the mathematical derivations of this procedure and provides visual record of its ability to 

enhance interpretation. 
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C.1. Introduction 

 Principal component analysis (PCA) has recently become a powerful method of 

analyzing human motion (Chau, 2001; Deluzio et al., 1997; Deluzio et al., 1999). The 

appeal of this multivariate statistical tool is that it allows for the analysis of the entire 

waveform, providing more accurate quantitative and temporal information between 

experimental groups and conditions. According to Ramsay and Silverman (1997), PCA is 

based on the assumption that a few dominant forms of variation can effectively describe a 

whole data set.  

Although the most important features of a given data set will be identified 

objectively using PCA, the interpretation and naming of these features becomes a 

difficult, subjective task. Typically, the interpretation of a principal component (PC) is 

achieved through visual inspection of the PC loading vector in combination with the raw 

waveforms of those who scored high and low on that PC (Astephen et al., 2008; Deluzio 

& Astephen, 2007; Jones & Rice, 1992; Reid et al., 2010). This can become increasingly 

more difficult moving from PC1 to subsequent PCs because the raw waveforms used in 

the visual inspection are contaminated, so to speak, with the features that are associated 

with preceding PCs. Thus, if it were possible to remove the features associated with the 

preceding PCs from the raw waveforms of those who score high and low on the PC of 

interest, visual inspection would be enhanced. This process will be referred to as principal 

component elimination (PCE). Although different from the current approach, others have 

explored similar manipulations of PCA to help interpretations including a method in 

terms to reducing inter-subject variability (Linley, 2009), and examining the mean 
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waveforms for two subject groups with high and low z-scores, allowing reconstruction of 

waveforms using only individual PCs (Brandon, 2009). 

The following paper explains the PCE approach using the example of PCA 

applied to lifting waveforms of lumbar spine flexion and ankle flexion.  

C.2. Method 

 Using a two-camera Optotrak 3020 system, three-dimensional kinematics of the 

ankle  and lumbar spine were collected at 100Hz on 30 healthy subjects (15 male, 15 

female) during continuous freestyle lifting trials. Participants lifted a load equivalent to 

10% of their maximum back strength, as determined by a modified ARCON functional 

evaluation protocol (Lotz et al., 2009). Thirty continuous lift cycles (from a target on a 

table set at 50% of the subject‟s height to a target on the floor, and back to the table) were 

completed at a pace of 10 lift cycles per minute. The load was contained in a handled box 

(21.5 cm x 21.5 cm x 21.5 cm) that was instrumented with an analog switch. This switch 

was used to split the 30 continuous lift cycles into 30 individual lift cycles per subject. 

All participants read and signed an information and consent form which was approved by 

the Institution‟s Research Ethics Board.  

In this application, PCA was applied to a     matrix, where   is the participants 

and   is the variables, which are the 101 normalized time-points of the ensemble 

averaged lifting waveform for each participant. This resulted in two         matrices, 

one for each of lumbar spine flexion and ankle flexion.  

PCA involves data reduction such that the majority of the variation is explained 

by the first few k PCs                 so that     (Deluzio & Astephen, 2007). 

Only the PCs required to explain 90% of the variance in the sample were kept in the 
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model, and the remaining PCs were discarded (Deluzio & Astephen, 2007; Jackson 1991; 

Reid et al., 2010). It is the subjective, visual interpretation of PCs that raises criticism of 

the PCA method. For this reason, it was thought that elimination of preceding PCs from 

the raw waveforms would allow enhanced interpretability, such that the contribution of 

features associated with preceding PC(s) would be removed.  

The number of PCs that need to be eliminated in succession to help interpret a PC 

of interest (   ) is a function of how many PCs are in the model. Therefore, for a PC 

model of k PCs, using the PCE approach to interpret    ,       through to           

must be eliminated. The first step of the PCE approach is to identify the cases that score 

high (  ) and low (  ) on PCn. Upon this identification, these individuals‟       through 

to            scores must be multiplied by the corresponding loading vector of       

through to          . By multiplying the PC score by the loading vector, a waveform 

(    ) is recreated that represents the preceding PC‟s contribution to the individual‟s 

(   and   ) original waveform (  ). For example, to eliminate PC1‟s contribution to the 

original waveform we simply subtract      from   , resulting in a new „raw‟ waveform 

(  ). This waveform is no longer „contaminated‟ by PC1 and can be used as the 

waveform for    and    on PC2.  

    
              

        (1) 

    
       

       
  

 

For models with k > 2 PCs, the process is the same with multiple iterations. This 

means that all of the preceding PC scores        ...            of    and    on PCn are 
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multiplied by their respective PC loading vectors. This requires        new „raw‟ 

waveforms to be subtracted from the original waveforms of    and   .  

C.3. Results and Discussion 

In this particular example, two PCs were retained for lumbar spine flexion and 

three PCs for ankle flexion in order to explain at least 90% of the variance in each model.  

PCE was applied to the lumbar spine flexion PC model as follows. PC1 was 

interpreted using traditional methods: inspection of the loading vector of PC1 and the raw 

waveforms of those that score high and low on PC1. For PC2, interpretation was more 

complicated due to the minor contribution of PC1 still present in the raw waveforms of 

those that scored high and low on PC2. This is where the PCE method is useful.  

Figure C.1A shows the PC1 and PC2 loading vectors for lumbar spine flexion. 

Since PC2 is the PC of interest, it was identified that cases 10 and 23 scored high and low 

on PC2, respectively. Multiplication of PC110 score and PC123 score each by the PC1 

loading vector results in        and         , respectively. Applying equation 1: 

    
              

          

    
              

  

 

Figure C.1B shows the raw waveforms (    
 and     

 ; whereas figure C.2C 

shows the PCE altered waveforms for PC2      
 and     

 . It can be seen that     
 and 

    
 match the PC2 loading vector more closely, as the magnitude differences associated 

with PC1 are removed; and it can be visualized more clearly that PC2 is associated with 

peak differences. Therefore, PC2 of lumbar spine flexion captured differences in peaks at 

the beginning, mid, and end phases of the lift cycle. In lifting applications, PC1 is often a  
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Figure C.1 A) Loading vectors for PC1 and PC2 for lumbar spine flexion. B) The raw 

waveforms of those that score low (5th percentile) and high (95th percentile) on PC2 of 

lumbar spine flexion. C) The PCE altered (PC1 eliminated) raw waveforms of those that 

score low (5
th

 percentile) and high (95
th

 percentile) on PC2 of lumbar spine flexion. 

Lumbar spine flexion is in the negative direction. 
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magnitude operator, therefore PCE for PC2 often acts as a magnitude shift for the raw 

waveforms.  

Applying PCE to the PC model of ankle flexion with three PCs it was necessary 

to eliminate PC1 to help interpret PC2; and for PC3, PC1 and PC2 needed to be 

eliminated.  First, the cases that scored high and low on PC2 must be identified: 25 and 

45. Multiplication of PC125 score and PC145 score each by PC1 loading vector results in 

        and        , respectively. Using equation 1, the PCE altered waveforms to aid in 

the interpretability of PC2 are therefore     
 and      

  

    
              

          

    
              

  

 

For PC3, this process must be applied twice: eliminating PC1 and PC2. Those 

cases that scored high and low on PC3 were identified: 43 and 15. PC143 score and PC115 

score were each multiplied by PC1 loading vector resulting in         and        , 

respectively. Iteratively, PC243 score and PC215 score were each multiplied by PC2 

loading vector producing        and        , respectively. Using an iterative version of 

equation 1, new „raw‟ waveforms for PC3 interpretation were created:      
 and     

. 

    
                      

        

  

    
                      

  

 

 Figure C.2A and C.2D presents the loading vectors for PC2 and PC3, 

respectively. The raw waveforms for those that scored high       
  and low      

  on 
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Figure C.2 A) Loading vector for PC2 of ankle flexion. B) The raw waveforms of those that score low (5th percentile) and 

high (95th percentile) on PC2 of ankle flexion. Flexion is in the negative direction. C) The PCE altered (PC1 eliminated) raw 

waveforms of those that score low (5
th

 percentile) and high (95
th

 percentile) on PC2 of ankle flexion. D) Loading vector for 

PC3 of ankle flexion. E) The raw waveforms of those that score low (5
th

 percentile) and high (95
th

 percentile) on PC3 of ankle 

flexion. C) The PCE altered (PC1 and PC2 eliminated) raw waveforms of those that score low (5
th

 percentile) and high (95
th

 

percentile) on PC3 of ankle flexion. Ankle flexion is in the negative direction. 
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PC2 are demonstrated in figure C.2B. Figure C.2C shows PCE altered waveforms for 

those that scored high      
  and low      

  on PC2. Based on the loading vector 

profile of PC2 and the inspection of     
 and     

, it was interpreted that PC2 captures  

peak differences. This means an individual who scores high on PC2 demonstrated a 

smaller range of ankle flexion throughout the duration of the lift versus a case that scored 

low on PC2. Figure C.2E and C.2F represent visual inspection of the raw (    
 and 

    
  and PCE altered      

and     
  waveforms of those that scored high and low on 

PC3. Once again,     
and     

, in addition to the PC3 loading vector (Figure C.2D), 

help to determine that PC3 is a time shift operator. This means that an individual who 

scored high on PC3 took longer to initiate the down phase of the lift, yet spent less time 

at the bottom of the lift, and began the up phase of the lift sooner than someone who 

scored low on PC3.  

In PCE, individuals‟ PC scores remain unaltered and can be used as objectively 

determined dependent variables for subsequent statistical testing between conditions and 

experimental groups.  

C.4. Conclusion 

Although very simple, PCE provides a method to enhance interpretability and 

reduce subjectivity of the PCA process. PCE becomes increasingly more useful as the 

number of PCs in a model increases because the contributions from preceding PCs can be 

removed to help isolate the remaining features. Previously, these features would have 

been very difficult to interpret as they would have remained buried under the features 

associated with preceding PCs that were still present in the raw waveforms.  
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Appendix D 

 

Euler Angles – Method 

 

Euler angles are defined as a sequence of three successive rotations from an initial 

position, at which two reference frames coincide (Zatsiorsky, 2002). These rotations must 

be performed in a specific order as they are not commutative (Robertson et al., 2004). 

Three-dimensional joint angles of the ankle, knee, and hip were calculated using a marker 

configuration with a combination of actual markers and virtual points, which were used 

to define anatomical coordinate systems in each limb. Anatomical coordinate systems 

were not used to assess lumbar and thoracic spine kinematics; instead coordinate systems 

constructed from the marker triads located on custom-made fins at S1, T12, and C7 were 

used.  

A marker configuration was designed using a combination of actual infrared 

emitting diode (IRED) marker and virtual marker points to define the anatomical 

coordinate systems on the thigh and shank. Fourteen IRED markers were located on the 

right side as follows: 1) pelvis triad on a fin overlying the sacral promontory (S1), 2) thigh 

triad, 3) lateral epicondyle, 4) shank triad, 5) lateral malleolus, and 6) foot triad. Eight 

virtual markers were landmarked on: 1) right anterior superior iliac spine (ASIS), 2) right 

posterior iliac spine (PSIS), 3) left ASIS, 4) symphysis pubis, 5) medial epicondyle, 6) 

medial malleolus, 7) first metatarsal, and 8) fifth metatarsal. Each virtual marker was 

landmarked during a separate two-second calibration trial using an Optotrak pointer with 

6 IREDS. Following the virtual marker calibration trials, a standing calibration trial and 
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several motion trials were collected. The first motion trial was a standing knee flexion 

trial that was constrained to be as close to a single degree of freedom as possible. This 

trial was used to test if the calculated joint angles were reasonable. Next, a normal lifting 

trial was collected, to check the validity of the calculated joint angles.  

The global coordinate system location of the pointer tip was determined for every 

point within each calibration trial using a known equation for the given pointer model. 

Next, an arbitrarily oriented right-handed technical coordinate system of unit length with 

known origin              was created using the data from the triads. The coordinates 

of at least three noncollinear markers fixed to a body are required: two vectors define the 

plane, and the cross product of these vectors defines the local coordinate system 

(Zatsiorsky, 1998). Because the 3-D position of the virtual markers in the global 

coordinate system               were known in each calibration trial, it was possible 

to calculate the 3-D position of each marker in their corresponding technical (local) 

coordinate system               using equations 2-5.  

   

         
         
         

                 (2) 

                                                    (3) 

 

  

  

  

 

   

           

           

           

    

  

  
  
  
 

                                                                             (4) 

 

  
  
  
 

        

           

           

           

    

  

  

  

  

 

                                                                 (5) 
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where, I J K are the global coordinate system unit vectors, and i j k are the local 

coordinate system unit vectors.  

 The position of the virtual markers in their respective local coordinate system (PL) 

did not change during movement; therefore it was possible to determine the location of 

the virtual markers in the global coordinate system (PG) for every point during the 

standing calibration and motion trials using reverse methods.  

At the first frame during the standing calibration trial, a new right-hand-oriented 

coordinate system with known origin was created for each of the triads, and these were 

used to create a new rotation matrix R between the local and global coordinate systems. 

At this point, it was possible to use equation 4 to calculate PG at each point in time by 

feeding in the rotation matrix R, the origin of the local coordinate system    

         , and PL that is a constant. By calculating the location of the virtual markers in 

the standing calibration trial and tracking the actual markers, it was then possible to 

develop an anatomical coordinate system and pose matrix [T] for the pelvis, thigh, shank, 

and foot. During this calibration trial it was also feasible to determine the pose matrix of 

the technical coordinate systems in the pelvis, thigh, shank, and foot; as well as the 

transformations between the marker and anatomical coordinate systems (TFMFA, TMMMA) 

using equations 6 and 7.  

                                        (6) 

                                        (7) 

 Using a similar method it was then possible to determine the transformation 

between the fixed anatomical and moving anatomical coordinate systems (Equation 8) 
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and solve for the Euler angles (Z, Y, X sequence) using equations 9 to 11. The ZYX 

sequence was defined as flexion-extension, abduction/adduction, and axial rotation. The 

lumbar spine joint angles were calculated by rotation of the T12 marker triad coordinate 

system with respect to the S1 triad coordinate system; the thoracic spine joint angles were 

calculated by rotation of the C7 marker triad coordinate system with respect to the T12 

triad coordinate system. 

             
                        (8) 

                                                                    (9) 

                                           
         

         
          (10) 

                                                    
         

         
         (11) 

The Euler axis bias angles from the calibration trial were calculated and removed 

from the angles calculated during the motion trials.  Once the bias angles were 

determined, the Euler angles for all frames during the motion trials were found using the 

instantaneous pose of the technical coordinate systems and the previously determined 

TFMFA and TMMMA matrices.  

It was determined that for the knee, flexion was in the positive direction and 

external rotation and abduction were in the negative direction. For the ankle and hip, 

flexion, external rotation, and abduction were all in the negative direction. Finally, for the 

lumbar and thoracic spine, flexion and rotation to the right were in the negative direction; 

and lateral bend to the right was in the positive direction. These conventions were 

confirmed using isolated movement trials and visual inspection of waveforms. 
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Furthermore, a custom-made jig with one degree of freedom movements 

(flexion/extension, abduction/adduction, axial rotation) was used to validate the code 

used to determine the joint angles. This was carried out by instrumenting the jig with 

IRED triads and using a goniometer, and then carrying out single degree of freedom 

actions to confirm the direction and angle of movement. This process established 

confidence in the joint angle calculations of the current study. 
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Appendix E 

Power Analysis 

 

From Agnew (2008): 

 

                    
           

                
 

 

Trunk                      
               

                    
 

                      

Hip                      
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Therefore, interpolation of Stephens (1999) Table C.1:  

For a power of 80%, at α = 0.05, and d = 0.57, n = 12 
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Appendix F 

 

Raw Curve Data



164 
 

 



165 
 

 



166 
 

 



167 
 

 



168 
 

 


