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Abstract 

The purpose of this research is twofold: 1) to apply a user-centred approach to examine 

the usability and acceptability of an on-body ergonomic aid called the Personal Lift Assistive 

Device (PLAD) in a variety of industrial work environments and 2) to utilize subjective user 

acceptability data on discomfort, pain and overall PLAD assessment by participants to identify 

design features that need improvement in the next PLAD iteration. Case studies took place in four 

different industrial work environments: two distribution centre environments, one retail store 

environment and one automotive assembly plant environment. These environments were selected 

to represent different industrial work environments. In total, 20 industrial workers were selected 

to wear the PLAD and provide their feedback. Results were obtained using subjective 

questionnaires through verbal and written comments as well as through direct observation of the 

participants. Three major design changes occurred to the original PLAD iteration tested at the 

first industrial location. These included: 1) using different stiffness levels of springs for different 

sizes of individuals in an attempt to decrease discomfort and optimize the effectiveness of the 

PLAD, 2) an increase in pelvic spacer size and surface area contacting the user‘s body to reduce 

discomfort and 3) modification to the shoulder harness including; shape, dimensions and amount 

of cushioning to reduce discomfort. Currently, three major design changes were identified and 

still need to be addressed. These include: 1) reduction of thermal discomfort caused by wearing 

the PLAD, 2) validation of selecting the appropriate spring stiffness for small, medium and large 

users of the PLAD (male and female) under various working postures and 3) simplification of the 

donning and doffing process. Additionally, a simple PLAD spring stiffness sizing chart was 

created to aid potential manufacturers of the PLAD to select the appropriate spring stiffness for 

various users of the PLAD. This sizing chart was designed to maintain an average lumbar 

moment reduction of 15%, while taking discomfort of the shoulders caused by the spring stiffness 

and overall cost into consideration.     
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Chapter 1 

Introduction 

The Personal Lift Assistive Device (PLAD) is an ‗on-body‘ ergonomic aid that was invented and 

the first prototypes were tested by doctoral student Mohammed Abdoli-E between 2002 and 2005. Since 

then, the PLAD has evolved and been tested continuously in the biomechanics and ergonomics laboratory 

at Queen‘s University. The main goal of the PLAD is to assist users‘ back muscles during repetitive 

lifting, forward bending and static holding tasks. This has been accomplished by the PLAD‘s intuitive 

design, modeled around the concept of human muscles (M. Abdoli-E, Agnew, & Stevenson, 2006). The 

PLADs design is comprised primarily of three components: an elastic or spring element, a cabling system 

and a pelvic spacer (See figure 1). The elastic or spring element is situated in the thoracic area parallel to 

the erector spinae. The cabling system is in series with the elastic or spring element and forms anchors at 

the shoulders (back-pack type design) and at the knees and feet. The pelvic spacer sits roughly in the 

middle of the posterior aspect of the pelvic girdle and provides a mechanical advantage to the PLAD 

when the elastic or spring element is activated. The function of the PLAD is to support its user‘s upper 

body weight on the down phase of a lift or during forward bending by means of the elastic or spring 

elements resisting the force of gravity. Potential energy is stored in the elastic or spring elements and it is 

released during the return of the user to up right standing. The PLAD‘s pelvic spacer increases the 

moment arm and serves to enhance the impact of this potential energy and reduce the force requirements 

of the back musculature on user‘s return to a standing upright position.  
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Figure 1 The Personal Lift Assistive Device (PLAD) - anterior view (A), side view (B) and posterior view (C) - 

depicts the three main features of the PLAD design: Elastic or spring element, cabling system and the pelvic 

spacer. *Note: PLAD design depicted above was the prototype used during Case Study 4.  

 

1.1 Purpose 

The PLAD has been studied extensively in both lab-based and field-based scientific research. It 

has proven to be effective in reducing spinal compressive forces by 23-29% and spinal shear forces by 

7.9-8.5% (M. Abdoli-E & Stevenson, 2008; Agnew, 2008), reduce erector spinae musculature activity by 

15-30% (M. Abdoli-E et al., 2006; M. Abdoli-E & Stevenson, 2008; Agnew, 2008; Frost, Abdoli-E, & 

Stevenson, 2009; R. B. Graham, Agnew, & Stevenson, 2009), reduce erector spinae musculature fatigue 

(Godwin et al., 2009; Lotz, Agnew, Godwin, & Stevenson, 2009) and promote reduced trunk flexion and 

increased hip flexion during lifting (squat style lift) (Agnew, 2008; Sadler, 2010). In accomplishing this, 

the PLAD can be said to decrease many of the biomechanical risk factors associated with low back pain 

and injury (W. S. Marras et al., 1993; W. S. Marras et al., 1995; W. S. Marras, 2000; S. M. McGill, 1997; 

Neumann et al., 2001; R. Norman et al., 1998). However, there is now a need to conduct additional 

research, within industrial settings, to determine if the current version of the PLAD is effective within a 

dynamic industrial environment and accepted by industrial workers. In this research the question of 

whether industrial workers believe that the PLAD is aiding them in their daily work tasks will be 

explored.   Participants‘ subjective responses will also be monitored in terms of specific items, such as 

contact points of the device on the user‘s body, as well as general items, such as overall effectiveness and 

comfort. Therefore, the purpose of the following case studies was: a) to utilize a user-centred approach to 
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examine the usability and acceptability of the PLAD in a variety of industrial work environments and b) 

based on users‘ opinions of discomfort, pain and overall assessment, identify design features that need 

improvement for the next iteration. 
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Chapter 2 

Literature Review 

2.1 Occupational Low Back Disorders & Pain: Prevalence, Associated Risk Factors, 

Integration & Interventions 

2.1.1 Prevalence 

 Low back pain (LBP) and low back disorders (LBDs) are prevalent within Canada and the U.S. 

Cassidy, David, Carroll, and Côté (1997) found that 84.1% of adults in Saskatchewan had experienced 

LBP at some point in their lives. Similarly, 80 % of US adults will experience LBP at some point in their 

lives (Plante, Rothwell, & Tufo, 1997).  Furthermore, 5% will experience an episode of acute pain in the 

low back every year (Plante et al., 1997). This results in  a large economic burden; for example, in the 

United States, LBP cases represented 33 % of total insurance claim costs in 1989 (Webster & Snook, 

1994). In comparison, the 2009 annual report produced by the Ontario Workplace Safety and Insurance 

Board (WSIB) announced that 21.3% of lost time claims were related to the low back (Work Place Safety 

and Insurance Board, 2010). Murphy and Volinn, (1999) found that roughly 2% of workers experience a 

work-related back problem each year which, in 1995, cost the U.S. over $8 billion in compensation 

claims.  Furthermore, it was found that in 1998, the total health care costs associated with low back pain 

in the U.S. was over $90 billion (Luo, Pietrobon, Sun, Liu, & Hey, 2004). According to Marras, (2000) 

LBD continue to pose huge problems to industries. Figure 2 depicts the time progression of LBD and its 

associated stages. Many employees experience LBD which can diminish their quality of life as well as 

result in large costs to their employers (W. S. Marras, 2000).  
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Figure 2 Time progression of low back disorders. Adapted from “A literature review of low back disorder 

surveillance measures and risk factors,” S.A. Ferguson and W.S. Marras, 1997, Clinical Biomechanics, 12, p. 

212. Copyright 1997 Elsevier Science Limited. 

 

2.1.2 Associated Risk Factors 

 There are many risk factors associated with LBP and LBD discussed in the literature. The 

majority of these risk factors can be grouped into three main categories: physical/ biomechanical risk 

factors, psychosocial/psychophysical risk factors and personal risk factors. However, the evidence 

regarding these risk factors is sometimes conflicting in terms of contribution and causation.        

2.1.2.1 Physical/ Biomechanical Risk Factors 

 The physical risk factors most commonly investigated in association with occupational LBP 

include: work intensity, static working postures, frequent bending and twisting, lifting, pushing and/or 

pulling and repetition (W. S. Marras et al., 1995). Moreover, the back or trunk has been investigated with 

respect to the following risk factors: lifting and forceful movements, awkward postures, heavy physical 

work, vibration, and static working postures (W. S. Marras, 2000). When looking into the aforementioned 

physical risk factors, investigators have used intricate biomechanical techniques to break down these risk 

factors into their individual components that act on the spine. Specifically, the L4/L5 and L5/S1 vertebral 

joints are commonly investigated (See Appendix L for a discussion on Lumbar Spine Anatomy).  The 

individual biomechanical components most often investigated include: spinal compressive, shear and 

torsional forces (peak and cumulative), spinal load moments, hand forces, and trunk position and motion 

Disability  

Lost Days 

Restricted Days 

Incidence (Report) 

Disorder (Injury or Illness) 

Symptomes 

Discomfort  

Physical Load 

Time 
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(velocity and acceleration) (W. S. Marras, 2000; R. Norman et al., 1998). It must be noted that all of these 

individual biomechanical components can be looked at in three dimensions.  Currently, researchers are 

involved in understanding the multidimensional nature of these biomechanical risk factors on LBP and 

attempting to determine the extent to which these risk factors contribute to LBP and LBD (W. S. Marras, 

2000).  

 In a case-control study, Neumann et al. (2001), worked with a sample of cyclic and non-cyclic 

automotive employees to test a posture and load sampling technique to measure physical exposures in the 

workplace. They made use of 104 cases (workers who reported LBP) and 129 randomly selected controls. 

It was found that peak spinal compression (OR = 2.0), shift average spinal compression (OR = 1.7), 

percent of time spent with a load in the hands (OR = 1.5), maximum forward trunk flexion angle (OR = 

2.2), and percent of time with the trunk flexed forward greater than 45 degrees (OR = 1.3) had significant 

associations for the reporting of LBP (p = 0.05). (Neumann et al., 2001). Moreover, Marras et al. (1993) 

looked at trunk motion characteristics between ―high risk‖ and ―low risk‖ jobs for LBD. The investigators 

evaluated 400 repetitive lifting jobs in 48 varied industries. They found that a combination of five trunk 

motions and workplace factors distinguished between high and low risk jobs. The combination of the five 

following risk factors: lift frequency, load moment, trunk lateral velocity, trunk twisting velocity, and 

trunk sagittal angle, indicated that those in ―high risk‖ jobs were 10.7 times (OR = 10.7) more likely to 

incur an occupationally-related LBD (W. S. Marras et al., 1993).  Increases in the magnitude of these five 

risk factors significantly increased the risk of LBD (W. S. Marras et al., 1995).  

2.1.2.2 Psychosocial/Psychophysical Risk Factors 

 The psychosocial approach to occupational LBP is rooted in the notion that psychological 

demands of work and the workplace social environment are contributing factors to LBP and reporting of 

LBP (Davis & Heaney, 2000). The psychosocial risk factors predominantly investigated in the workplace 

regarding occupational LBP include: work overload, role ambiguity, interpersonal conflict, responsibility 

for the well-being of others, lack of opportunity for advancement, and lack of autonomy (Davis & 

Heaney, 2000). Other psychosocial risk factors that have been investigated in relation to occupational 

LBP include: job control, psychological job demands, supervisor support, co-worker support, self identity 

through work, workplace social environment, job satisfaction, relative educational attainment, worker 

empowerment, and personal locus of control (Kerr, Frank, & Shannon, 2001;(W. S. Marras, 2000). 

Psychophysical risk factors include: perceived effort while working and perceived speed and total activity 

while working (Kerr, Frank, & Shannon, 2001).  

 Bigos et al. (1991) looked at a sample of 3020 aircraft employees during a longitudinal, 

prospective study. The results indicated that those who reported low job satisfaction were 2.5 times more 
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likely to report a back injury (p=0.0001) than those who reported high job satisfaction. Those who scored 

high in the category of having tendencies towards somatic complaints or denial of emotional distress were 

twice as likely to report LBP then those who scored low for these traits. As well, those who were deemed 

``high risk`` in terms of history of back treatment reported LBP 3.3 times more than those who were 

deemed a ``low risk`` (Bigos, et al., 1991).         

2.1.2.3 Personal Risk Factors  

Personal  risk factors most commonly investigated in association with occupational LBP include: 

age (W. S. Marras, 2000), anthropometrics (Adams, Mannion, & Dolan, 1999), physical and mental 

health scores, LBP scores, lumbar range of motion, body mass index, and prior LBP (Adams et al., 1999) 

and/or compensation claims (Kerr et al., 2001). 

 Adams (1999) found that 12% of first time reports of LBP were related to personal factors. The 

factors found to be significant were reduced range of lumbar lateral bending, a long trunk or back, 

reduced lumbar lordosis, and previous non-serious LBP (Adams et al., 1999).  

2.1.3 Integration  

 LBP and LBD have been researched extensively and many risk factors have been proposed. 

However, most investigations into LBP and LBD only focus on one of the previously mentioned risk 

categories (physical/biomechanical, psychosocial/psychophysical, or personal). Very few studies have 

tried to integrate these risk factors to evaluate to what extent each has on the reporting of work-related 

LBP. One study that did attempt this multi-dimensional approach is presented below. 

 Norman et al. (1998) conducted a case-control study within an automotive assembly facility to 

evaluate and identify the main work-related biomechanical, psychosocial, psychophysical and personal 

risk factors associated with the reporting of LBP. The control group was randomly selected from a sample 

of 10,000 hourly paid workers from computerized employment rosters (n=124). The cases were recruited 

from a sample of employees who recently reported LBP to a nursing station at work (n=97). Participants 

included skilled trades, maintenance, and assembly line employees.  

The following risk factors were found to have significant odds ratios (p = 0.05) and explained 

43% of the variance of reported LBP between cases and controls (Kerr et al., 2001). The personal factors 

associated with elevated risk of experiencing LBP were high body mass index (OR = 2.0) and prior 

compensation claim for LBP (OR = 2.2). The Psychosocial factors associated with elevated risk of 

experiencing LBP were poor workplace social environment (OR = 2.6), high educational attainment (OR 

= 2.2), high job satisfaction (OR = 1.7), and high co-worker support (OR = 1.6). The Psychophysical 

factor associated with elevated risk of experiencing LBP was high perceived exertion at work (OR = 3.0). 
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Finally, the biomechanical factors associated with elevated risk of experiencing LBP were high peak 

lumbar shear force (OR = 1.7), high cumulative lumbar disc compression force (OR = 2.0), and high peak 

hand forces (OR = 1.9) (Kerr et al., 2001; R. Norman et al., 1998).  

It must be noted that the finding of ―high‖ job satisfaction being a predictor of reporting LBP in 

the Norman et al. (1998) study is contradictory with the findings of Bigos et al. (1991) that found ―low‖ 

job satisfaction was a predictor of reporting a back injury. Perhaps the different nature of the work and the 

level of support offered by each company contributed to these conflicting results.  

2.1.4 Interventions 

 The demand and need for workplace interventions to prevent/reduce the incidence of LBP and 

LBD is on the rise (Volinn, 1999). The most common types of workplace interventions are: altering the 

organizational culture of the workplace to promote back safety/health, back-strengthening programs at 

work, and the introduction of ergonomic aids for employees to utilize (i.e. back belts, patient handling 

devices, mechanical lifts and hoists) (Volinn, 1999). 

2.1.4.1 Promotion of Back Safety and Health 

 The intent of a workplace intervention that focuses on the promotion of back safety and health is 

to institute organizational change within the workplace. Moreover, these intervention strategies aim to 

educate supervisors and employees about back safety and health in the hope that their attitudes will 

change and a back safety culture will be established within the workplace (Volinn, 1999). Fitzler and 

Berger (1982; 1983), demonstrated the effectiveness of this form of intervention during an investigation 

at a large shoe parts manufacturing facility in Massachusetts, U.S. Their objective was to reduce back 

injuries; they did this by increasing managers‘ awareness of back injuries, providing in-house training and 

medical treatment, and made light duty available to those experiencing LBP (Fitzler & Berger, 1982; 

Fitzler & Berger, 1983). The result of their program, over a three year period, was a decline in lost time 

due to back pain from 2.78 to 1.56 per 200,000 working hours, thus a 44 % reduction of back-related 

injuries (Fitzler & Berger, 1982; Fitzler & Berger, 1983). Furthermore, a large study on employees at 46 

different industrial gas plants and cylinder filling depots in five European countries was conducted to 

promote organizational change to prevent low back injuries (Griffiths, 1985). The intervention included 

the enhancement of safety attitudes of supervisors at every level and the implementation of safety 

measures to promote back safety and health (Griffiths, 1985). The key to this strategy was top 

management commitment to the program.  Over a 12-year period, there was a decline in lost time back 

injuries from 34.7 to 0.5/1 million working hours.  
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2.1.4.2 Back Strengthening Programs in the Workplace 

 Back strengthening programs in the workplace are based on the idea that if employees are well 

conditioned (i.e. have strong backs) they are less likely to sustain an injury. Gundewall et al. (1993) 

conducted a study of nurses and nursing aids which included six 20 minute sessions of back strengthening 

exercises each month. During the 13 month period of the study, 12 of 32 individuals in the control group 

missed work because of LBP compared to only 1 of 28 missing work in the test group. Similarly, 

Mooney, Kron, Rummerfield, and Holmes (1995), studied low back injury rates in a strip mining 

company in Montana, U.S. Volunteers were instructed through a two minute back exercise session once a 

week using a single piece of exercise equipment for one year. The results indicated that during the one 

year period, back injury rates were 2.55/200 000 working hours for the control group compared to 

0.52/200 000 working hours for the exercise group.  

2.1.4.3 Back Belt Use as an Ergonomic Aid 

 The use of on-body aids in industry in the form of back belts (weightlifting belts/lumbar supports) 

has also been attempted to reduce the risks of LBD. Back belts are designed to support the low back and 

abdomen (Ammendolia, Kerr, & Bombardier, 2005). Researchers have hypothesized that back belts can 

reduce/prevent low back pain through the following mechanisms: increased intra-abdominal pressure 

(Harman, Rosenstein, Frykman, & Nigro, 1989; Woodhouse, 1995), increased spinal rigidity (McGill, 

Seguin, & Bennett, 1994; van Poppel, de Looze, Koes, Smid, & Bouter, 2000), and increased 

proprioceptive awareness (Minor, 1996; van Poppel et al., 2000). Increasing intra-abdominal pressure 

produces an additive extensor moment that is thought to reduce required back muscle force and decrease 

compressive forces on the lumbar intervertebral discs (Woodhouse, 1995). However, Woodhouse et al. 

(1995) found no effect of any kind on intra-abdominal pressure, L5-S1 kinetics (peak/shear force), lifting 

strategy or lifting speed when participants used different types of back belts during heavy lifting. McGill, 

Norman and Sharratt (1990) and Lander, Hundley and Simonton (1992) both found that the use of leather 

back belts during squat lifting increased intra-abdominal pressure but had no effect on trunk muscle 

activity recorded by electromyography (Lander, Hundley, & Simonton, 1992; McGill, Norman, & 

Sharratt, 1990). Increased spinal rigidity is accomplished by restricting trunk end ranges of motion, 

preventing extreme movements, which can minimize shearing forces on the spine (McGill et al., 1994). 

However, McGill et al. (1994) found that wearing a back belt increased torso stiffness in lateral 

bending/axial rotation, but not in flexion or extension movements. Increased proprioceptive awareness 

promotes a proper lifting technique and increases the sense of security while lifting (Minor, 1996). 

However, Woodhouse et al. (1995) found no effect on lifting strategy or lifting speed while wearing a belt 

during heavy lifting. 
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In terms of preventing LBP, Kraus et al. (1996) made use of back belts as an intervention within a 

chain of home improvement stores in California, U.S. The company made it mandatory for all employees, 

except administration and those working in the warehouses, to wear the belts. The back belts were 

introduced into stores between 1990 and 1992 and a period of observation progressed through to 1994. 

The result was a reduction in reportable back injuries by 34%, in the stores where back belts were 

introduced. However, because this study lacked a control group, it is hard to determine whether the 34% 

decrease in back injuries was a direct result of the back belt intervention (Volinn, 1999). Volinn (1999) 

argues that there was already a secular trend in the reduction of industrial back injuries within the state of 

California of roughly 22% during the time of the back belt study. There was also a plethora of other 

conflicting evidence regarding the use of back belts and their effects on the reduction of LBP and injury 

in industrial workers. Interestingly, in 1994 (the year the observation period ceased in the Kraus et al. 

(1996) study) the National Institute for Occupational Safety and Health (NIOSH) released a report on the 

use of back belts in the workplace. This report reviewed the most recent, published, laboratory-based, 

scientific literature (up to the year 1994) on the use of back belts (National Institute for Occupational 

Safety and Health (NIOSH), 1994). They focused on studies that looked at biomechanical, physiological, 

and psychophysical variables. The conclusions from the NIOSH extensive review of the literature was 

that, ―the effectiveness of using back belts to lessen the risk of back injury among uninjured workers 

remains unproven‖ and they recommended against the use of back belts in the workplace (National 

Institute for Occupational Safety and Health (NIOSH), 1994).  

After the NIOSH report, other researchers continued to examine the use of back belts in industry.   

In a study by van Poppel, Koes, van der Ploeg, Smid, and Bouter (1998), where they assessed back belts 

and lifting education as a LBP prevention strategy among airline cargo department employees, found no 

significant difference in the number of sick days due to LBP between those who wore a back belt and 

those who did not. They concluded that back belts could not be recommended to prevent LBP in industry 

(van Poppel, Koes, van der Ploeg, Smid, & Bouter, 1998). Wassel, Gardner, Landsittel, Johnston and 

Johnston,  (2000) also found no significant differences in their study of back belt use and its effect on 

self-reported LBP and low back injury claims among retail store employees. However, Cholewicki, 

Reeves, Everding and Morrisette (2007) did report that some back belt designs did reduce back muscle 

activity and could assist in stiffening the trunk, a factor that would help with increasing spinal stability 

(Cholewicki, Reeves, Everding, & Morrisette, 2007).  Considering the inconclusive literature regarding 

the use of back belts to reduce LBP, it seems likely that back belts are of little benefit to industrial 

employees. 
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2.2 The Personal Lift Assistive Device  

 The personal lift assistive device (PLAD) is an ―on-body‖ ergonomic aid designed to reduce the 

lumbar moment and assist a users‘ back musculature during lifting/lowering and static forward bending 

tasks (Abdoli-E, 2005; Abdoli-Eramaki, Stevenson, Reid, & Bryant, 2007). The PLAD has been 

scientifically proven to provide an added 23-26 Nm of torque to assist the back muscles during lifting 

tasks (Abdoli-E & Stevenson, 2008), reduce spinal compressive forces by 23-29% and spinal shear forces 

by 7.9-8.5% (Abdoli-E & Stevenson, 2008; Agnew, 2008), reduce erector spinae musculature activity by 

15-30% (Abdoli-E et al., 2006; Abdoli-E & Stevenson, 2008; Agnew, 2008; Frost et al., 2009; Graham et 

al., 2009), reduce erector spinae musculature fatigue (Godwin et al., 2009; Lotz et al., 2009) and promote 

reduced trunk flexion and increased hip flexion during lifting (squat style lift) (Agnew, 2008; Sadler, 

2010). Additionally, Graham, Sadler, and Stevenson (2010) found that participants were able to respond 

more effectively to perturbations while using the PLAD then without. They concluded that wearing the 

PLAD resulted in more stable control of spinal movements (Graham, Sadler, & Stevenson, 2010). 

Presently, there has only been one study that has assessed the effectiveness of the PLAD in the field and 

gathered information regarding user acceptability. Graham et al. (2009) looked at 10 (8 male 2 female) 

automotive assembly workers to assess the effectiveness of the PLAD at reducing low back physical 

demands using electromyography. User acceptability was also assessed. The task involved the operators 

to carry out their everyday work, which included mostly forward bending and static holding (Graham et 

al., 2009). Their results indicated that the PLAD significantly (p<0.05) reduced thoracic and lumbar 

erector spinae muscle activity and lumbar compression at the 10
th
, 50

th
 and 90

th
 APDF percentile levels 

(Graham et al., 2009). They also found that abdominal (rectus abdominus) muscle activity and trunk 

flexion was not significantly increased. Additionally, participants ratings of perceived exertion were 

significantly lower (p=0.006) when wearing the PLAD and 8 out of 10 indicated that they would wear the 

PLAD every day (Graham et al., 2009). Thus, the PLAD can be said to reduce many of the known risk 

factors associated with LBP and LBD among the industrial working population and has been shown to 

have field acceptance among potential users. 

2.3 Measurement Tools for Subjective Appraisal of Low Back Pain 

2.3.1 What is Pain? 

 Pain is described as, ―an unpleasant sensory and emotion experience associated with actual or 

potential tissue damage, or described in terms of such damage‖ (Merskey, 1986; Merskey, 1986). There 

are three main types of pain that can be experienced: 
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Somatic pain: results from a noxious stimulus to an area of the musculoskeletal system where the nerve 

endings in the bones, ligaments, joints or muscles are stimulated (Bogduk, 2005).  

Referred pain: occurs when pain is perceived in an area of the body innervated by nerves other than 

those that innervate the actual source of the pain (Merskey & Bogduk, 1994). Thus pain could be 

perceived in areas that are distant from the actual source of the pain (i.e. buttock pain associated with low 

back pain) (Bogduk, 2005).  

Radicular pain: experienced when a spinal nerve or its roots are irritated (Bogduk, 2005). Spinal disc 

herniation is the most common cause of radicular pain due to the chemical inflammatory response that 

results from this form of injury (Bogduk, 2005).  

Marras, (2008) points out that it is important to understand that pain is a perception, not a 

sensation, and is real whether or not damage has actually occurred to a tissue or whether or not the tissue 

has been healed. 

2.3.2 Pain Measurement  

 The measurement of pain if often completed by means of self-report. This is due to the subjective 

nature of pain, which is why patients‘ self report of pain produces the most valid measurement of the pain 

experience and is considered the gold standard (Turk & Melzack, 2001). Pain intensity, location and 

temporal aspects are known as the sensory-discrimination dimension of pain (Ong & Seymour, 2004). 

This dimension of pain (intensity and location specifically) is often measured with specific measurement 

tools. These pain measurement tools include: 

Verbal Rating Scales (VRS): consists of a list of adjectives, in order from least to most intense, that 

describe different levels of pain intensity (Ong & Seymour, 2004; Turk & Melzack, 2001). There have 

been many different VRS created that make use of different numbers of levels and different adjectives to 

describe each level of pain intensity. A 4-point VRS would consist of, ―No pain (0), Mild (1), Moderate 

(2) and Severe Pain (3),‖ for example (Turk & Melzack, 2001). The numbers represent the score each 

adjective would receive. The strengths of VRS in the measurement of pain are: it is simple to administer, 

valid, and positively related to other pain measurement tools (Ong & Seymour, 2004).      

Numerical Rating Scales (NRS): involves asking a patient to rate their pain intensity from 0 (no pain) to 

either 10 or 100 (unbearable or worst possible pain) (Ong & Seymour, 2004). The patient must, 

―understand that 0 represents one end of the pain intensity continuum while 10 or 100 represent the other 

extreme of pain intensity (Turk & Melzack, 2001).‖ The strengths of NRS are: it is very easy to 

administer (no use of pen or paper by the patient), valid, and positively related to other pain measurement 

tools (Ong & Seymour, 2004). Childs, Piva, and Fritz (2005) used an 11 – point NRS to assess LBP in 

patients receiving physical therapy. They concluded that a 2-point change in NRS score represented a 
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clinically meaningful change in pain (Childs, Piva, & Fritz, 2005). However, Ostelo & de Vet (2005) 

suggest a minimally clinically important change (MCIC) of 3.5 points for patients with acute LBP.         

Visual Analogue Scales (VAS): typically consists of a 10cm horizontal line with vertical lines at each 

end (Melzack, 1987; Ong & Seymour, 2004; Turk & Melzack, 2001). Each vertical line depicts the 

extremes of pain intensity, no pain and unbearable or worst possible pain (Ong & Seymour, 2004). 

Patients are instructed to indicate a point along the line which best represents their level of pain intensity 

(Ong & Seymour, 2004). A score is collected by measuring the distance from the ―no pain‖ end to the 

point indicated by the patient. The strengths of VAS are: it is simple to administer, easy to understand, 

independent of language, has a positive association with other measurement tools, can be treated 

statistically as ratio scale data, can be used to describe percent changes in pain intensity over multiple 

time points, and has been found to be more sensitive to changes in pain intensity than VRS (Joyce, Zutshi, 

Hrubes, & Mason, 1975). VAS has been utilized in the Short-Form McGill Pain Questionnaire (SFMPQ) 

(Melzack, 1987). Ostelo (2005) suggests that a reasonable MCIC should be at the level of 35mm for 

patients with acute LBP.    

Pain Drawing: consists of a line drawing of the front and back of the human body (Turk & Melzack, 

2001). Patients are asked to indicate or ―shade in‖ the areas where they are experiencing pain. A pain 

drawing is included in the MPQ (Melzack, 1975) which has been used to assess patients with Chronic 

LBP (Carette et al., 1991). A scoring template for pain drawings has been presented by Margolis et al. 

(1986) to easily assess location of pain by separating the pain drawing into 45 distinct areas. Ohlund et al. 

(1996) reported high validity for pain drawings to be used as a screening tool in the prevention of sub-

acute LBP in industrial workers.     

2.3.2.1 The Short Form McGill Pain Questionnaire               

 The short form McGill pain questionnaire (SFMPQ) (Melzack, 1987) was developed for use in 

research setting where time with patients or participants is limited and additional information (pain 

quality) is of interest as well as pain intensity (Turk & Melzack, 2001). This questionnaire consists of 15 

words or qualities of pain (11 sensory and 4 affective) adopted from the original MPQ (Melzack, 1975). It 

also includes indices for overall pain intensity in the form of the present pain intensity (0 to 5 VRS) and 

VAS (Turk & Melzack, 2001). The SFMPQ has been shown be a valid measure of pain in patients with 

chronic LBP (Wright, Asmundson, & McCreary, 2001).    

2.3.3 Sources of Low Back Pain        

There are three common anatomical components of the lumbar spine that are hypothesized to be 

sources of chronic LBP. These include the facet joint, superficial annulus fibrosus and the anterior and 
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posterior longitudinal ligaments (See Appendix K for Lumbar Spine Anatomy). This is because these 

structures contain nerve fibres and free nerve endings that, when stimulated, can cause pain (Bogduk, 

1995; Cavanaugh et al., 1997). Acute LBP is most often associated with sprains and strains of the low 

back musculature and ligaments and is a common diagnosis for LBP (nonspecific LBP) and commonly 

reported as the cause of work-related LBP (Andersson, 1997). Muscle pain is usually due to fatigue, 

fibromyalgia or muscle damage (Marras, 2008).  

2.3.4 Disc Degeneration Process 

 The degeneration process in the spinal disc has many implications when it comes to LBP. The 

disc degeneration process is extremely relevant when looking at occupational LBP because this process 

happens over a long period of time and is described as a cumulative trauma that occurs when excessive 

loading is experienced on a daily basis (Marras, 2000) (See figure 3). This process involves a diminishing 

of the ―shock‖ absorbing qualities of the disc. This can lead to disc protrusion, disc herniation and 

instability of the spine (Marras, 2000). All of these injuries to the lumbar spine have the potential to 

stimulate LBP through the anatomical components that were described above (See Appendix K for 

Lumbar Spine Anatomy). 

 

 

Figure 3 The disc degeneration process. Adapted from “Occupational Low Back Disorder: Causation and 

Control,” Marras, 2000, Ergonomics, 43, p. 89. Copyright 2000 Taylor and Francis Ltd. 
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2.4 User-Centred Design Process and Usability 

2.4.1 User-Centred Design 

 The International Organization for Standardization (ISO 13407:1999) describes the user (human)-

centred design process (See figure 4) as a design approach used in the development of interactive systems 

to make those systems usable based on human capabilities, skills, limitations and needs (ISO. 13407, 

1999). The ISO clearly states the importance of incorporating ergonomic/human factors principles into 

the design process to enhance the effectiveness, efficiency, and improve working conditions, with the end 

result being to counteract possible adverse effects of use of a system on human health, safety and 

performance (ISO. 13407, 1999). Although this standard was originally created to provide guidance on 

user-centred design of computer-based interactive systems, it will be used in this thesis as guidance 

towards the design and development of an ―on-body‖ ergonomic aid.  

 

 

Figure 4 Human-Centred Design Process. Reprinted from “Human-Centred Design Processes for Interactive 

Systems,” 1999, International Organization for Standardization. 13407, p. 6. Copyright 1999 ISO.  

 

The incorporation of user-centered design is characterized by four principles: active involvement 

of users, a clear understanding of the user and task requirements, appropriate allocation of functions 

between users and technology and iterative design solutions and multidisciplinary design (ISO. 13407, 

1999). This involves four user-centred design activities by the designers (See figure 4): understand and 

specify the context of use, specify user and organizational requirements and produce multiple design 

solutions and evaluate designs against the requirements (ISO. 13407, 1999). The rational for utilizing a 
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user-centered approach is to make the system easier to understand and use, improve user satisfaction by 

reducing discomfort and stress, improve productivity of users and the operational efficiency of 

organizations and improve product quality to appeal to users and provide a competitive advantage (ISO. 

13407,1999).      

2.4.2 Usability      

 Usability is defined as, ―[the] extent to which a product can be used by specific users to achieve 

specific goals with effectiveness, efficiency and satisfaction in a specified context of use‖ (ISO. 9241-11, 

1998). Shackel (1991) describes how usability, along with utility, likeability and cost form a trade-off 

paradigm (See figure 5) for users to arrive at a decision to accept a product or service (Shackel & 

Richardson, 1991). 

 

 

Figure 5 The Paradigm of Usability and Related Concepts. Adapted from “Human Factors for Informatics 

Usability,” by Shackel, 1991, Cambridge University Press, p. 22. Copyright 1991 Cambridge University Press. 

 

The International Organization for Standardization (ISO 9241-11:1998) provides guidance on 

usability and how to measure usability as it pertains to ergonomic requirements for office work with 

visual display terminals (ISO. 9241-11, 1998). The principles outlined in the ISO will be utilized in this 

thesis to measure the usability of an ―on-body‖ ergonomic aid. The ISO states that, ―[this specific ISO] 

can also apply in other situations where a user is interacting with a product to achieve goals‖ (ISO. 9241-

11, 1998).  

 When usability is to be measured, three pieces of information must be known: a description of the 

intended goals of the product, a description of the users, tasks, equipment, and environment in which the 

product will be used and a target or measures of effectiveness, efficiency and satisfaction of the use of the 

•Will the product do what is needed functionally? Utility 

•will the users work the product successfully? Usability 

•Will the users feel the product is suitable?  Likeability 

must be balanced in a trade-off against 

•What are the capital and running costs? 

•What are the social and organizational consequences? Cost 

to arrive at a decision about 

•On balance the best possible alternative for purchase  Acceptability 
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product (ISO. 9241-11, 1998). This is depicted in the ISOs usability framework (See figure 6) (ISO. 

9241-11, 1998) 

 

Figure 6 Usability Framework. Reprinted from “Ergonomic requirements for office work with visual display 

terminals (VDTs) – Part 11: Guidance on Usability,” 1998, International Organization for Standardization. 

9241-11, p. 6. Copyright 1998 ISO. 

 

The concept of user-centred design and measures of usability were considered during active field 

testing of an ―on-body‖ ergonomic aid called the Personal Lift Assistive Device (PLAD) as to the 

specifications set out by the International Organization for Standardization (9241-11:1998 & 

13407:1999). This was done by visiting the location of the case study ahead of time and determining the 

goals that needed to be achieved for the specific type of work (users‘ goals and management‘s goals). 

These included items such as: mobility needed, safety issues (catch hazards) and in one case quality 

control issues (no sharp or hard edges to protect products from being scratched). The PLAD was then 

tested by the users and their feedback on various items relating to usability and acceptance were assessed. 

Once this was done recommendations were made to the design team based on user feedback in an attempt 

to make the PLAD better for the subsequent case study. This process was repeated for all case studies.   
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Chapter 3 

Methods 

3.1 Experimental Design 

In total, four separate case studies were completed during this research study, all of which were 

different in terms of experimental design. This was due to company-based criteria such as: length of work 

shift, employee availability, length of study, tasks assigned to workers, and work conditions. Detailed 

information of each case study location‘s experimental design is outlined in Table 3.1. 

3.1 Experimental design criteria set out by each company 

Schedule of 

Events 

 Case Study 1 

Distribution 

Centre  

Case Study 2 

Distribution 

Centre 

Case Study 3 

Retail Store  

Case Study 4 

Automotive 

Assembly Plant 

 

 

Date 

  

June 7
th

 -11
th

 

2010 

 

July 12
th

 -16
th

 

2010 

 

Aug 16
th

 -20
th     

Sept 13
th

-17
th

 

2010 

 

Nov 22
nd

 -26
th

 2010 

Length of testing 

period  

 5 days 5 days 8 days 4 days 

Duration per day 

of tests 

 7.5 hours 7.5 hours 7.5 hours 2 hours 

No PLAD/PLAD  

conditions 

 1 NO  

4 PLAD 

1 NO 

4 PLAD 

5 NO 

5 PLAD 

2 NO 

2 PLAD  

PLAD Contact 

Hours 
 60 90 150 40 

      

Case studies 1 and 2 (distribution centres) consisted of one “No PLAD” condition on the first day of testing 

and four “PLAD” conditions on the last four days of testing. Case study 3 (retail store) consisted of the “No 

PLAD” condition during the first week and the “PLAD” condition during the second week of testing for all 

participants. Case Study 4 (automotive assembly plant) consisted of participants completing two randomized 

sessions of the “NO PLAD” and “PLAD” conditions at variable times during the day.  

3.2 Participants 

In total, twenty healthy, industrial employees‘ were recruited during this research study. These 

participants‘ were employed in various industrial tasks, including: automotive assembly line work (n= 

10), retail store work (n= 5) and distribution center work (n=4) and (n= 2). The participants ranged from 

21-51 years of age (mean = 32.1, SD = 8.3), with a mean height and mass of 174.7 cm (SD = 8.8) and 

75.8 Kg (SD = 19.8), respectively. Mean participant demographic and anthropometric data are presented 

in Table 3.2. Any participant, who was suffering from low back Pain (LBP), on modified work duties 

because of LBP, had a history of chronic LBP and/or had sustained any major injury, trauma or surgery to 
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the back was excluded from the study.  Prior to their participation in the study, all participants were 

provided with detailed knowledge of all testing that was to be performed and all information that was to 

be gathered. The Queen‘s University Research Ethics Board approved the procedures (Appendix A), and 

all participants provided informed written consent (Appendix B). Detailed information regarding 

individual participants is provided in Appendix C. Detailed information regarding the work organization, 

and specific job tasks of participants from each case study location is provided in Appendix D.  

3.2 Mean values for participants’ demographic and anthropometric measurements by case study location 

Demographics/ 

Anthropometrics 

 Case Study 1 

Distribution Centre  

Case Study 2 

Distribution 

Centre 

Case Study 3 

Retail Store 

Case Study 4 

Automotive 

Assembly 

Plant 

 

# of Participants/Sex  

  

2 M 

 

3 M 

 

5 (3M/2F) 

 

10 M 

Age  51 24.3 29.6 31.8 

Height (cm)  174* 176.1* 171.34 176.1 

Mass (Kg)  74.4* 68.8* 76.36 77.83 

Torso Length  N/M N/M 47.4 48.55 

Hip Breadth  N/M N/M 33.2 36.45 

Pelvic Height  N/M N/M 14 14.85 

Thigh Length  N/M N/M 39 41.6 

Shank Length  N/M N/M 37.4 39 

Chest Circumference  N/M N/M N/M 98.75 

Waist Size  N/M N/M N/M 34* 

Inseam  N/M N/M N/M 32* 

      
 *  = Data acquired through self report from participants 

N/M  = Not measured 

M  = Male 

F  = Female  

 

3.3 4.3 Data Collection 

Questionnaires were administered at pre-determined time points during each testing session and 

differed between case studies. Detailed information regarding the administration schedule of the 

questionnaires for each case study is presented in Appendix E. Case study 3 included a testing procedure 

where the participants were asked to don and doff the PLAD (upper unit only). The time taken to 

accomplish these tasks was recorded at three time intervals (start, middle and end of PLAD contact). This 

was done to determine if the participants were able to quickly don and doff the PLAD. The previous 

injuries questionnaire and my job... questionnaire were generally administered before the testing sessions 

during initial contact with each participant after the ethics procedure was completed. This was followed 

by the collection of specific demographic information (age, sex, years worked for current employer, and 

full time or part time status etc) and anthropometric measurements.  The anthropometric measures that 
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were collected from each participant are as follows: height (cm), mass (Kg), torso length (cm), hip 

breadth (cm), pelvic height (cm), thigh length (cm), shank length (cm), chest circumference (cm), waist 

size (in) and inseam length (in). During the first two case studies, information regarding anthropometrics 

was self-reported by each participant (height and mass). During the last two case studies all 

anthropometric measurements (except mass) were measured by the primary investigator using a standard 

pliable measuring tape with the exception of waist size and inseam length which was again, self-reported. 

Mass was measured using a standard bathroom scale. All measurement criteria for each case study are 

outlined in detail in Appendix F. 

3.4 Experimental Protocol 

3.4.1 Questionnaires 

In total, seven separate questionnaires were administered to participants over the course of the 

four case studies. Questionnaires were modified, added and/or dropped depending on the circumstances 

of each case study. An overview of the questionnaires that were utilized during each case study is 

presented in Table 3.3. Samples of each questionnaires are provided in Appendix G.  

3.3 Number of times questionnaires utilized at each case study location 

Name of Questionnaires 

(Times Administered) 

 

 Case Study 1 

Distribution 

Centre 

 

Case Study 2 

Distribution 

Centre 

Case Study 3  

Retail Store 

Case study 4 

Automotive 

Assembly 

Plant 

Total test days/person  5 5 8 4 

 

Pre Trial Questionnaires 

 
    

Previous Injuries 

Questionnaire 

(per test period) 

 

1 1 1 1 

My Job…Questionnaire  0 1 1 1 

Trial Questionnaires      

PLAD Subjective 

Questionnaire 

(per test period) 

 

3 0 0 0 

Pain 

Questionnaire 

(per day) 

 

2 2 2 2 

Discomfort  Questionnaire 

(per day) 

 
4 2 2 2 

PLAD Experience 

Questionnaire                        

(per PLAD condition) 

 

0 1 1 1 

Post Trial Questionnaire      

Final PLAD Questionnaire 

(per test period) 

 
1 1 1 1 
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3.4.2 Pre Trial Questionnaires  

Previous Injuries Questionnaire 

This questionnaire was used to collect information regarding the participants‘ history of previous 

injuries and the severity of those injuries. It was mainly used to screen participants for recent back injuries 

or any injury that affected their current work activities. This questionnaire made use of simple yes or no 

check boxes and areas to provide additional information (Appendix G1).   

My Job... Questionnaire 

This questionnaire was used to collect information regarding the working conditions and physical 

requirements of the participants‘ job. It was used to determine if the participants‘ perceived their job to be 

physically demanding, specifically on the low back. This questionnaire made use of a seven point Likert 

scale with anchors of ―strongly disagree‖, ―neither disagree nor agree‖ and ―strongly agree‖. There was 

also space provided for additional information (Appendix G2). This questionnaire was added during the 

second case study at The Beer Store distribution centre.           

3.4.3 Trial Questionnaires 

PLAD Subjective Questionnaire 

This questionnaire was used to collect participants‘ information when (1) they were initially 

introduced to the PLAD, (2) after a few hours wearing the PLAD, and (3) at the completion of an entire 

shift when wearing the device. This questionnaire made use of a five point Likert scale with visual 

anchors depicting a ―crying face‖, a ―neutral face‖ and a ―happy face‖. There was also space provided for 

additional information (Appendix G3). This questionnaire was only utilized during the first case study at 

the Mattel distribution centre. It was dropped because of its non-applicability to the research question.    

Pain Questionnaire (PQ) 

This questionnaire was used to collect information regarding self-perceived levels of pain 

participants‘ experienced during the testing sessions. This questionnaire made use of a visual analogue 

scale with the anchors, ―no pain‖ and ―worst possible pain‖ to assess pain in specific body locations and a 

body map to assess pain in other body locations (Appendix G4). This questionnaire evolved over the 

course of the first and second case studies but was consistent for the third and final case studies.    

Discomfort Questionnaire 

This questionnaire was used to collect information regarding self-perceived levels of discomfort 

participant‘ experienced during the testing sessions. This questionnaire made use of visual analogue 

scales with the anchors, ―no discomfort‖ and ―worst possible discomfort‖, to assess discomfort in a 

variety of body locations (Appendix G5). This questionnaire evolved over the course of the case studies 

based on the different physical exposures each job presented.  
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PLAD Experience Questionnaire 

This questionnaire was used to collect information specific to the PLAD and the participants‘ 

experience while wearing the PLAD. An example of an item from the questionnaire would be, ―Today 

while wearing the PLAD, I experienced ... decreased physical fatigue‖. This questionnaire made use of a 

seven point Likert scale with the anchors ―strongly disagree‖, ―neither disagree nor agree‖ and ―strongly 

agree‖ (Appendix G6). This questionnaire evolved over the course of the case studies based on the 

different physical exposures each job presented. 

3.4.4 Post Trial Questionnaire 

Final PLAD Questionnaire 

This questionnaire was used to collect information regarding participants‘ overall opinions about 

the PLAD. Specifically, it gathered information about the PLAD‘s effect on motion, user acceptability 

and usability and effectiveness. This questionnaire made use of seven point Likert scales with anchors 

specific to the question asked and visual analogue scales with the anchors ―0%‖ and ―100%‖ to assess the 

level of perceived help provided by the PLAD. There was also ample space provided for additional 

information and comments (Appendix G7). This questionnaire evolved over the course of the case 

studies based on the different working conditions that each job presented.              

3.5 Statistical Analysis 

Descriptive statistics were used to analyze the data accumulated during this research study. Only 

data that showed a dramatic change from baseline levels were reported. This research study will make use 

of mean and standard deviations as well as frequency distribution plots, pie charts, bar graphs and scatter 

plots to describe the data. The scores from the PQ and the discomfort questionnaire collected during the 

―No PLAD‖ condition were used as a baseline measure of pain and discomfort levels. These were then 

compared to the scores obtained during the ―PLAD‖ condition. This allowed for a visual display of the 

data to show how pain and discomfort changed from the ―No PLAD‖ condition and ―PLAD‖ condition 

for each participant. Data from the PLAD experience questionnaire was used to obtain information 

regarding whether or not participants‘ perceived the PLAD as ―helping‖ their low back and legs and 

whether or not the PLAD was causing adverse effects to other areas of the body. Data for the final PLAD 

questionnaire were gathered to examine which features of the PLAD that participants liked and which 

features needed further examination and design changes to make the PLAD a more user-friendly device 

for industrial workers. 
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Chapter 4 

Results/Discussion 

This section focuses on the user-centred design trials at each case study location.  Each case study 

will be presented in order, and will provide a description of the initial PLAD design criteria, an overview 

of the PLAD design used, the results that stimulated design changes and a discussion about these results.  

The different PLAD design iterations tested during this research study are presented in Appendix H.  

 The next section will then examine all case studies grouped together and focus on usability of the 

PLAD and user acceptance.  

4.1 User-Centred Design/Usability    

 During of the course of the four case studies a total of three major design changes occurred to the 

original PLAD prototype utilized during case study 1 (distribution centre). Appendix J included 

photographs of the PLAD iteration used during the first three case studies compared to the PLAD 

iteration used during the fourth case study. These design changes were: 1) a lighter stiffness level of 

springs was used for smaller, lighter individuals, 2) an increase in pelvic spacer size and surface area 

contacting the user‘s body (See Appendix I2) and 3) modification to the shoulder harness including; 

shape, dimensions and amount of cushioning to reduce discomfort (see Appendix J). The biomechanical 

logic that led to these three major PLAD design changes during this research study is presented in 

Appendix I. The following sections present each case study, outlining specific results which led to the 

design changes mentioned above.      

4.1.1 Case Study 1: Distribution Centre 

Design Criteria 

 In order for the PLAD to be successful, a number of key design issues needed to be addressed 

before the first case study. The PLAD needed to be adjustable to fit various sizes of users. It needed to be 

light weight and not encumber the user. It needed to allow fluid movement of all body segments during a 

variety of different motions (i.e. standing, bending at the waist, different forms of lifting, kneeling 

reaching and walking). A description of the job tasks involved at the case study 1 distribution centre 

location is presented in Appendix D. These issues were taken into consideration by the design team 

which led to the PLAD iteration that was used during the 1
st
 case study.  
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PLAD Design 

 The PLAD design that was used during case study 1 is depicted in figure 7a and 7b. The main 

features of this PLAD iteration included light-weight shoulder straps, and a spring element that was one 

standard size and stiffness (compressive strength = ~8 lbs/in). A schematic of the spring box is provided 

in figure 8. The pelvic spacer was housed in a plastic box configuration and held in place via clips that 

attached to the participants belt. Loops of nylon webbing anchored the PLAD to participant‘s feet. An 

internal cabling system was placed within the work pants (see figure 9) of the user with the tension 

control system located on the left shoulder strap. Pulling this strap would increase the tension in the 

cabling system by pulling the spring element furthur up the participant‘s back. Beacuse the cabling 

system was anchored to the spring element the action of pulling the spring element furthur up the users 

back would increase the tension on the entire system. 

 

a b 

Figure 7a and 7b depict the PLAD design iteration worn by participants during Case Study 1 

 

Figure 8 depicts a schematic of the PLADs spring element 
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Figure 9 depicts a schematic of the PLADs cabling system that is housed within the PLADs pants 

 

Results 

 In terms of quantitative results, the two participants reported a decrease (-39.4 and -5.5 mm) in 

LBP over the course of the trials.   However, one of the participants indicated a 6.9 mm increase in 

buttock discomfort and 8.8 mm in low back discomfort on the discomfort questionnaire between the 

PLAD and No PLAD conditions. There were no other increases in discomfort for any other body location 

indicated in the Discomfort questionnaire. In terms of qualitative results affecting the design changes, the 

participants from the Mattel case study expressed concern about the thermal comfort of wearing the 

PLAD (especially in the summer months). There were also issues with the foot straps slipping off the 

participants‘ work boots and complaints about restrictions while sitting due to the pelvic spacer. 

Otherwise, the PLAD caused very little restriction to either participant when completing their work. It 

was also indicated that both participants would wear the PLAD during their work if the device was made 

available to them.   

 

Discussion 

 Overall the PLAD performed well during case study 1 (distribution centre) and was considered a 

success due to the resulting reduction in reported back pain on the Pain Questionnaire (PQ) and the small 

number of critical comments on the final PLAD questionnaire.   The complaints related to added heat 

over the summer months was of concern because workers may not wear the PLAD even if it was helpful 

and the added motion of components (spring box and pelvic spacer) may add frictional forces to the skin, 

especially if the workers were sweating.  This change was hypothesized to be the result of heat that 
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created friction due to movement of the spring box and pelvic spacer (based on comments made by the 

participant). However, this case study was also a major learning experience in terms of issues that needed 

to be addressed during later design iterations of the PLAD. The questions that need to be addressed are: 

How can the PLAD be designed to reduce thermal discomfort? How can the PLAD be designed to make it 

easier to don and doff so users can sit/go on break more easily? How do we address the foot strap 

slippage issue? How can the pelvic spacer be designed to reduce movement when the spring element is 

not engaged (i.e. when walking)?  

4.1.2 Case Study 2: Distribution Centre 

Design Criteria 

 The design criteria for the 2
nd

 case study was very similar to that of the 1
st
 case study, however, 

the need for the PLAD to allow for fluid movement of all body segments during a variety of different 

motions (i.e. standing, bending at the waist, different forms of lifting, kneeling reaching climbing and 

walking) was amplified because the potential for these types of movements to occur was higher than the 

1
st
 case study. The pace of work at the 2

nd
 case study was also much higher. A description of the job tasks 

involved at the 2
nd

 case study distribution centre is presented in Appendix D. Safety issues such as catch 

hazards were also evaluated before this case study because the work involved driving and maneuvering of 

battery-powered pallet trucks to transport and move large amounts of product.  

   

PLAD Design 

 The PLAD design utilized during the 2
nd

 case study was very similar to the PLAD design used at 

the 1
st
 case study. The one main difference was the addition of a waist belt and clips to secure the pelvic 

spacer to the user‘s hips and posterior pelvic girdle. This was done in an attempt to reduce movement of 

the pelvic spacer when the spring element was not engaged. Figure 10a and 10b depict the PLAD design 

utilized during case study 2. 

a b 

Figure 10a and 10b depicts the PLAD design iteration worn by participants during Case Study 2 
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Results 

 In terms of quantitative results two participants reported an increase (14.4 and 6.7 mm) and one 

participant reported a decrease (-14.1 mm) in LBP (Pain Questionnaire) over the course of the trials (See 

figure 11a). The major concerns in terms of discomfort were an increase shoulder, buttock  and knee 

discomfort in two out of three participants and a mild increase in neck and underarm discomfort in one 

out of three participants (Discomfort Questionnaire) (See figure 11b,c,d,e and f, respectively).  The 

participants from case study 2 made a number of comments about design features that caused issues 

during their work. The first related again to the thermal comfort of the PLAD. Participants indicated that 

the pants and shoulder harness (including the spring box) were quite warm to wear. The temperature in 

the distribution centre was measured at between 26 and 32 degrees Celsius. The shoulder harness was 

also a concern in terms of discomfort (shoulders and neck area) thus hindering overhead reaching. The 

foot straps continued to be a problem because of slippage off of the back of the work boot. There was also 

concern about discomfort because of the PLAD‘s tendency to alter a user‘s lifting style. Two out of the 

three participants were stoop lifters and they reported that the PLAD caused them to lift more with their 

legs, resulting in discomfort. One participant also mentioned that the PLAD seemed to slow him down 

during his work activities.  

 

 

Figure 11 Bar Graph depicting the change (mm) in low back pain scores between PLAD and No PLAD 

conditions (CS2) 
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Figure 12 Bar Graph depicting the change (mm) in shoulder discomfort scores between PLAD and No 

PLAD conditions (CS2) 

 

Figure 13 Bar Graph depicting the change (mm) in buttock discomfort scores between PLAD and No PLAD 

conditions (CS2) 
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Figure 14 Bar Graph depicting the change (mm) in knee discomfort scores between PLAD and No PLAD 

conditions (CS2) 

 

Figure 15 Bar Graph depicting the change (mm) in neck discomfort scores between PLAD and No PLAD 

conditions (CS2) 
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Figure 16 Bar Graph depicting the change (mm) in underarm discomfort scores between PLAD and No 

PLAD conditions (CS2) 

 

Discussion 

The results indicate that this iteration of PLAD design was not as effective within the working 

environment of the 2
nd

 case study as the last iteration used at the 1
st
 case study. This could have been due 

to the work being higher paced (i.e. worked on a quota), and more variable in terms of postures being 

assumed (i.e. bending to ground level and walking backwards to apply shrink wrap to a pallet of product) 

at the 2
nd

 case study. Overall case study 2 was very important in terms of gathering information about 

design changes that were needed for the next PLAD iteration. Work in the distribution centre varied from 

near floor-based lifts to over the shoulder lifts and lowers of product.  The number of complaints of 

discomfort in the legs and knees may have arisen from too much spring tension which may also have 

affected the lifting style.  Too high a spring tension would also have an effect on discomfort indicated in 

the neck, shoulders and underarms.  To investigate this concern, an experiment was conducted to 

determine how much force was being created by the spring element in the current iteration. (See 

Appendix I1).  Issues that still needed to be addressed in future PLAD design iterations included: reduce 

excessive heat from wearing the PLAD, issues of discomfort resulting from the shoulder harness during 

overhead work, prevent foot strap slippage and address the discomfort reported due to the pelvic spacer 

on the buttocks. 

 

 

 



31 

 

4.1.3 Case Study 3: Retail Store 

Design Criteria  

 The design criteria for case study 3 was very similar to that of case study 2 in terms of being 

adjustable, light weight and allowing for fluid, rapid movement of all body segments during a variety of 

different motions (i.e. standing, bending at the waist, different forms of lifting, kneeling reaching and 

walking). However, the need for the PLAD to be aesthetically appealing or hidden from view was a 

priority because the participants involved were in direct contact with the general public (i.e. working the 

cash register and delivering product during drive through transactions). This requirement added the need 

to ensure that the PLAD was easy and quick to don and doff because users may want to only wear the 

PLAD in task specific situations (i.e. only when lifting/lowering or handling product). A description of 

the job tasks involved at The Beer Store retail location is presented in Appendix D. Again, 

unencumbered movement and minimal catch and trip hazards were a priority.   

 

PLAD Design 

 There were four main design changes that were made for case study 3. The first was the use of 

lighter (decreased stiffness) springs for the smaller female participants (6 lbs/in) and 9 lbs/in springs for 

the men. This was done in an attempt to reduce discomfort in the shoulders and other body areas based off 

of the results from case study 2.  The second was an increase in the surface area of the pelvic spacers that 

contacted the posterior aspect of the participants‘ pelvic girdle. The design evolution of the pelvic spacers 

is presented in Appendix I2 along with the biomechanical logic that was used to initiate this change. The 

third was Velcro straps that secured the foot straps around the front of the work boot to help hold it in 

place and prevent slippage off of the back of the foot. The fourth was a change to the adjustment 

mechanism of the lower leg cabling system. Up to this point the lower leg cabling system could be 

adjusted from both sides of the leg. This was changed to allow the adjustment to happen on one side only 

to simplify the lower leg adjustment process. Figure 12a and 12b depict the PLAD design utilized during 

case study 3. 
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a b 

Figure 17a and 12b depicts the PLAD design iteration worn by participants during case study 3 

 

Results 

 In terms of quantitative results two participants reported a decrease (-9.4 and -5.8 mm), one 

participant reported an increase (1.53 mm) and two participants reported zero change in LBP (Pain 

Questionnaire) over the course of the trials. The major concern that arose from case study 3 was that of 

shoulder discomfort.  Four participants indicated an average of 2.7 mm, and one participant indicated a 

19.3 mm increase in shoulder discomfort while wearing the PLAD. Figure 13 depicts the shoulder 

discomfort scores of each participant from the 3
rd

 case study.  

 

Figure 18 Bar Graph depicting change (mm) in shoulder discomfort between PLAD and No PLAD conditions 

(CS3) 

 

Because participants‘ ability to don and doff the PLAD quickly was an important issue for the 

retail employees, don and doff times were monitored throughout this case study. The results are presented 
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in Table 4.1. The average time to don and doff the PLAD once experienced with the device was 46.0 

seconds and 17.1 seconds, respectively.   

4.1 Time performance for donning and doffing the PLAD 

 

 

 

 

 Participant (#) 

 

 6 7 8 9 10 

 

 Time (s) 

PLAD Top ON Initial   109.54 64.93 47.37 76.33 127.27 

PLAD Top ON Final   52.6 49.13 29.61 37.15 61.59 

Difference  -56.94 -15.8 -17.76 -39.18 -65.68 

PLAD Top OFF Initial  21.88 25.22 15.31 15.54 N/A 

PLAD Top OFF Final   19.32 14.25 16.21 15.47 20.31 

Difference  -2.56 -10.97 0.9 -0.07 N/A 

 

 

       Note: Measurement only reflects the amount of time taken to don and doff the top portion of the PLAD 

which included the shoulder harness and pelvic spacer and securing all necessary attachment points. The 

time taken to don and doff the PLAD pants was not recorded.   

 

Discussion 

 

Case study 3 revealed a lot of interesting items related to improving the PLADs design. The 

increased shoulder discomfort among all five participants, along with comments made by individual 

participants, influenced the decision to completely change the shoulder harness dimensions and padding 

quality. The time trials were the first opportunity to see how long it would take for PLAD users to don 

and doff the device. The results were a concern for donning the device because it took, on average, 

around a minute to put the top section on only. If a user wanted to use the PLAD for task specific reasons, 

it would require changing into the pants and then an additional minute to put on the top section. It is 

highly unlikely that this would occur, especially if the task to be accomplished (lifting a few cases of 

product into a car) was short in duration. Also, based on participants‘ comments and feedback, it was 

noted that PLAD appearance, especially when employees were in the public eye, was very important. All 

participants expressed concern about the ―aesthetic appeal‖ of the pelvic spacer and its size as being a 

downfall of the device. These comments and concerns influenced the decision to incorporate the pelvic 

spacers directly within custom-made pockets in the PLADs pants to eliminate the bulky plastic box that 

originally housed the spacers. This design change also allowed an opportunity to hide the spacers and 

blend them into the pants. Thermal discomfort was not a concern for any of the participants during case 

study 3; however, it must be noted that the average temperature within the retail store was 14.5 degrees 

Celsius, much cooler than the previous two case study locations.        
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4.1.4 Case Study 4: Automotive Assembly Plant 

Design Criteria  

 The design criteria for case study 4 (automotive assembly plant) were very similar to that of case 

study 3 (retail store) but with two additional requirements.  The first requirement was to cover up all 

cables and loose material to minimize all catch and trip hazards. The second requirement was to cover all 

metal and hard surfaces to ensure no cars were scratched by the PLAD. A description of the job tasks 

involved at the 4
th
 case study location is presented in Appendix D.   

   

PLAD Design 

 There were three main design changes that were implemented for case study 4. The first was a 

complete redesign of the shoulder harness. This included new contoured shoulder straps that would 

accommodate small, medium and large users and dense padding to reduce discomfort. The second was 

the pelvic spacers were housed within pockets in the PLAD pants and were contoured to fit the users‘ 

body more comfortably (See figure 14c). The surface area of the pelvic spacers was also increased further 

(See Appendix I2). Figure 14a and 14b depict the PLAD design utilized during case study 4. The sizing 

requirements for spring stiffness were also changed and incorporated weight of the PLAD user. This 

meant that individuals < 120 lbs were provided with 6 lbs/in spring, 120-165 a 9 lbs/in spring, 170 – 220 

lbs a 12 lbs/in spring and >220 lbs a 15 lbs/in spring mechanism.    

 

a b 

c  

Figure 19 a) depicts the PLAD being worn by a participant during assembly line work b) depicts a front, side 

and back view of the PLAD and c) depicts the pelvic spacer inside the pocket of the PLAD pants 
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Results 

 In terms of quantitative results seven out of nine participants reported a decrease in low back pain 

(Pain Questionnaire) and low back discomfort (Discomfort Questionnaire) (See figure 15). One 

participant was not included in these results because the participant did not show up for testing with the 

investigators on multiple occasions. 

 

Figure 20 Bar graphs depicting change (mm) in (left) low back pain and (right) low back discomfort between 

PLAD and No PLAD conditions 

 

The main concern for discomfort in terms of wearing the PLAD came from the straps that went 

under the arms of the participants. In total, four out of nine participants indicated slight increases in 

underarm discomfort when wearing the PLAD (See figure 16) 

  

 

Figure 21 Graph depicting change (mm) in shoulder discomfort between PLAD and No PLAD conditions 
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In terms of qualitative results the other concern expressed by participants was the need to change 

into another pair of pants in order to use the PLAD. This was a concern for two main reasons. The first 

was taking the additional time to change into the pants and don the rest of the PLAD. This was viewed as 

impractical because of the short breaks and strict schedule that must be maintained in assembly line work. 

It was also apparent that most of the participants were only interested in wearing the PLAD for certain 

tasks. This point made it clear that the PLAD would need to be very simple and quick to don and doff and 

would be better suited if it were able to be worn outside of the users‘ regular work clothing. The second 

reason was that participants were unsure about washing requirements for the PLAD pants and the need to 

have more than one pair of pants in order to keep them clean. 

   

Discussion 

Overall case study 4 was a success. One interesting comment described by two participants was 

that the PLAD decreased arm discomfort and pain. When asked to explain, they stated that wearing the 

PLAD allowed them to lean (forward bend) closer to their work when attaching parts thus allowing them 

to assume a more comfortable arm posture (i.e., elbow flexed at ~90 degrees rather than fully extended). 

Again, the time factor involved in donning and doffing the PLAD was a concern. Five out of nine 

participants indicated that they would only wear the PLAD for certain ―jobs‖ or tasks. This would mean 

the possibility of donning and doffing the PLAD several times throughout the working day. Designing the 

PLAD to be worn on the outside of the users‘ regular work clothing and making the adjustment process 

simple and intuitive would greatly improve the PLAD in terms of ease of use and reducing the time 

required to don and doff the device.    

4.2 User Acceptability 

4.2.1 Results  

Because this study was conducted under field conditions, where task durations, number of 

participants and variability in tasks could not be controlled, it is important to present the data across the 

trials so that trends can be viewed and design iterations could be developed.  These results (Final PLAD 

questionnaire) reveal that, regardless of PLAD design iteration and/or case study location (Case studies 1 

and 4), 67 % of participants responded ―yes‖ and 33 % responded ―no‖ to the question, ―Would you wear 

the PLAD at your place of work?‖ (Figure 17) 
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Figure 22 Pie graph depicts participants’ responses to the question, “Would you wear the PLAD at your place 

of work?” (Application to only case studies 1 and 4 (n = 12) 

 

The Final PLAD questionnaire contained an item regarding perceived help that each participant 

experienced from wearing the PLAD. The first three items regarding lifting and lowering were collected 

during case study 1, 2 and 3 (n= 10). The last item regarding forward bending was collected during the 4
th
 

case study only (n=10). The results, regardless of PLAD design and/or case study location, are presented 

in Figure 18. 

 

 

Figure 23 Bar graph depicts participants’ responses to items regarding self-perceived help provided by the 

PLAD during various lifting/lowering tasks (n=10) and during forward bending (n=10) 
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The results show that participants from the first three case studies (n = 10) on average perceived 

the PLAD to be helping them during lifting/lowering tasks from floor, waist and over head height, 59.8% 

(SD = 23.6), 46.8% (SD = 25.4) and 20.4% (SD = 24.4) percent, respectively. For the forward bending 

data collected during the 4
th
 case study (n = 10), participants‘ perceived the PLAD to be helping them an 

average of 46.3% (SD = 27.7) percent.    

The next item of interest asked the question, ―Do you believe the PLAD was effective?‖ The 

frequency distribution of the scores, regardless of PLAD design and/or case study location, submitted by 

each participant (n = 18) is presented in Figure 19. This question was not a part of the 1
st
 case study. 

 

Figure 24 Frequency distribution graph depicting participants’ responses to the question, “Do you believe the 

PLAD was effective?” (n=18) 

 

The next question of interest was, ―How often would you consider wearing the PLAD at your 

place of work?‖ The frequency distribution of the scores, regardless of PLAD design and/or case study 

location, submitted by each participant (n = 18) is presented in Figure 20. This question was not a part of 

the test battery used during case study 1.    
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Figure 25 Frequency distribution graph depicting participants’ responses to the question, “How often would 

you consider wearing the PLAD at your place of work? (n=18) 

 

Figure 21 depicts the results from the PLAD questionnaire that was administered after the PLAD 

conditions. The items of interest are ―please indicate your level of agreement with, today when wearing 

the PLAD, I experienced: 1) increased support during forward bending tasks (n=9) (figure 21a), 2) 

increased use of proper lifting technique (n=8) (figure 21b), 3) increased back stability (n=17) (figure 

21c), 4) increased fear of muscle strain injuries (n=17) (figure 21d), 5) decreased back muscle pain (n=9) 

(figure 21e),  and 6) decreased back muscle effort (n=17) (figure 21f). 

 

Figure 26 PLAD questionnaire: Today while wearing the PLAD I experienced... Increased Support during 

Forward Bending Tasks 
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Figure 27 PLAD questionnaire: Today while wearing the PLAD I experienced... Increased Use of Proper 

Lifting Technique 

 

Figure 28 PLAD questionnaire: Today while wearing the PLAD I experienced... Increased Back Stability 
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Figure 29 PLAD questionnaire: Today while wearing the PLAD I experienced... Increased Fear of Muscle 

Strain Injuries  

 

Figure 30 PLAD questionnaire: Today while wearing the PLAD I experienced... Decreased Back Muscle 

Pain 
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Figure 31 PLAD questionnaire: Today while wearing the PLAD I experienced... Decreased Back Muscle 

Effort 

 

Figure 22 depicts the results from the Pain Questionnaire (low back) and Discomfort 

Questionnaire (low back) that were administered over the variable durations of the data collection period.  

To provide a comparable score in order to compare design feedback, all individual‘s scores were averaged 

to obtain a single score for change in pain during the pre to post ―No PLAD‖ condition and pre to post 

―PLAD‖ condition. This resulted in a single overall change in pain score between the ―No PLAD‖ and 

―PLAD‖ conditions. Note that the discomfort questionnaire only asked participants about low back 

discomfort during case studies 3 and 4.  

 

Figure 32 Change (mm) in PQ and DQ (Low Back) VAS scores between the “No PLAD” and “PLAD” 

conditions. Please note: Stars indicate participants that indicated a score of 0 at all time points        

 



43 

 

There were 12 out of 20 participants who reported a decrease in low back pain and only 4 that 

reported an increase on the Pain Questionnaire. There were 11 out of 14 participants that showed a 

decrease in low back discomfort and only 2 that showed an increase.  

Figure 23 depicts results from the last three case studies regarding the question, please rate the 

PLAD in terms of overall thermal discomfort. This item was asked within the Final PLAD questionnaire. 

It was not feasible to include the results from the 1
st
 case study because this item was asked in a very 

different way and utilized a different rating scale than the last three case studies.  

 

Figure 33 Depicts the frequency of respondents to the question, please rate the PLAD in terms of overall 

thermal discomfort (n =18) 

 

These results show that 9 out of 20 users of the PLAD, regardless of PLAD design or case study 

location, perceived the PLAD overall to be uncomfortable in terms of thermal comfort. If participants that 

responded neither uncomfortable nor comfortable (score of 4) are excluded, that is over 60% of PLAD 

users who found the PLAD to be uncomfortably warm to wear.  

The stiffness of the spring element utilized within the PLAD was an issue because it seems as if it 

may have led participants to report some level of discomfort. To investigate whether the PLAD spring 

stiffness was too large or the PLAD design was causing the discomfort, a strategy used by Graham (2008) 

was adopted.  He developed a mathematical equation to determine the appropriate spring stiffness 

required to offset a given percentage of the users‘ low back moment for a specific static posture when 

wearing the PLAD (Graham, 2008). The complete mathematical equation can be found in Appendix K. 

For this approximation, actual spring stiffness values (k) were known; however, participant‘s trunk and 

knee postures were unknown.  The manikin within the University of Michigan‘s 3-Dimensional Static 
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Strength Prediction Program (3DSSPP) computer software program was manipulated to assume the most 

extreme posture assumed during a free style lift and forward bend.  A trunk flexion angle of 60° from 

vertical and a relative knee flexion angle of 70 ° was used to represent a free style lifting task. A trunk 

flexion angle of 49° from vertical and a relative knee flexion angle of 179° was used to represent a 

forward bending task.  From these postures, 3DSSPP was used to calculate the L4/L5 moment.  Then, 

Graham‘s (2008) mathematical model was used to predict the spring stiffness that would be needed to 

create a 20% reduction in the L4/L5 moment. Results from this indirect approximation of spring tension 

are shown in Table 4.2. 

4.2 Measured spring stiffness vs. mathematically-derived spring stiffness’s for all participants 

Participant 

(#) 

 

Condition 

 

 

Trunk 

Angle 

 

Knee 

Angle 

 

L4/L5 

Nm 

 

Required 

Spring 

Stiffness 

(N/m) 

 

Actual Spring 

Stiffness Used 

(N/m) 

 

Difference 

 

 

1 

 

Freestyle 

Lift 60 70 121.1 920.61 1389.10 468.49 

2 

 

Freestyle 

Lift 60 70 139.4 1031.11 1389.10 357.99 

3 

 

Freestyle 

Lift 60 70 110.8 862.62 1389.10 526.48 

4 

 

Freestyle 

Lift 60 70 130.9 1013.4 1389.10 357.69 

5 

 

Freestyle 

Lift 60 70 124.0 961.78 1389.10 427.32 

6 

 

Freestyle 

Lift 60 70 220.9 1311.36 1389.10 77.50 

7 

 

Freestyle 

Lift 60 70 69.8 583.61 762.87 179.26 

8 

 

Freestyle 

Lift 60 70 78.4 651.68 762.87 111.18 

9 

 

Freestyle 

Lift 60 70 129.9 986.19 1070.29 84.10 

10 

 

Freestyle 

Lift 60 70 143.8 1069.15 1070.29 1.13 

11 

 

Forward 

Bend 49 179 82.0 1359.5 1070.29 -289.26 

12 

 

Forward 

Bend 49 179 179.9 1766.7 1594.25 -172.61 

13 

 

Forward 

Bend 49 179 117.1 1668.7 1389.10 -279.58 

14 

 

Forward 

Bend 49 179 90.1 1454.8 1070.29 -384.55 

15 

 

Forward 

Bend 49 179 62.7 1197.7 762.87 -434.80 

16 

 

Forward 

Bend 49 179 90.1 1398.9 1070.29 -328.58 

17 

 

Forward 

Bend 49 179 85.1 1438.2 1070.29 -367.93 

18 Forward 49 179 102.4 1622.3 1070.29 -552.04 
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 Bend 

19 

 

Forward 

Bend 49 179 114.6 1442.1 1389.10 -53.02 

        The inputs required to calculate the optimal PLAD spring stiffness to offset 20% of a user’s low back moment 

are: height (cm), weight (Kg), trunk angle (degrees), knee angle (degrees), sex (0 = male, 1 = female), trunk 

depth (m), and PLAD moment arm (m). Male trunk depth was set at 0.2m and female at 0.18m. This was 

based on mean values for male and female trunk depth provided in a data set within Graham’s (2008) work. 

The PLADs moment arm was measured at 0.075m.   

 

This table shows that the PLAD utilized a spring element that was too stiff for most participants 

during the first two case studies and a spring element that was too light in stiffness during the last two 

case studies based on the mathematical equation provided by Graham (2008). Scores in the last column 

that approaches 0 indicate a spring stiffness that was appropriate for the participant based on the 

mathematical equation provided by Graham (2008).  

 

 Interestingly, when the difference between measured spring stiffness and mathematically-derived 

spring stiffness was plotted against shoulder discomfort scores, the regression equation explained 78 % of 

the variance in the data (See figure 24).   In other words, it appears that shoulder discomfort was more apt 

to result from springs that are too stiff, rather than PLAD design. Use of Graham‘s spring stiffness 

equation also takes into consideration how much spring excursion is needed for various sized users of the 

PLAD. From this it was found that the current spring box needs to allow for another roughly 4 to 5 cm of 

spring excursion to accommodate all sizes of PLAD users (See Table 4.3).  Future work should 

concentrate on improving this model so that it can be incorporated into selection of the right spring 

stiffness for each PLAD user.     
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Figure 34 Spring stiffness (N/m) difference vs. shoulder discomfort. Participants who reported no change in 

shoulder discomfort while wearing the PLAD were excluded. 

 

4.3 Proposed spring stiffness’s compared to spring stiffness’s calculated from Graham’s (2008) equation 

using a 20 % moment reduction 

Participant 
(#) 

 

Spring 
Excursion 

(m) 
 

Allowed 
Spring 

Excursion 
(m) 

 

Excusion 
needed 

(m) 
 

Required 
Spring 

Stiffness 
(N/m) 

 

Proposed 
Stiffness 
based on 

Sizing Chart 
(N/m) 

 

Difference 
(N/m) 

 

Moment 
Reduction 

(%) 
 

1 0.091 0.082 0.009 920.6 877.8 -42.8 0.19 

2 0.094 0.082 0.012 1031.1 1053.3 22.2 0.20 

3 0.089 0.082 0.007 862.6 877.8 15.2 0.20 

4 0.089 0.082 0.007 1013.4 877.8 -135.6 0.17 

5 0.089 0.082 0.007 961.8 877.8 -84.0 0.18 

6 0.117 0.082 0.035 1311.6 1404.4 92.8 0.21 

7 0.089 0.082 0.007 583.6 702.2 118.6 0.24 

8 0.090 0.082 0.008 651.7 702.2 50.5 0.22 

9 0.091 0.082 0.009 986.2 1053.3 67.1 0.21 

10 0.093 0.082 0.011 1069.2 1053.3 -15.8 0.20 

11 0.041 0.082 -0.041 1359.5 1228.9 -130.7 0.18 

12 0.070 0.082 -0.012 1766.7 1580.0 -186.7 0.18 

13 0.048 0.082 -0.034 1668.7 1404.4 -264.2 0.17 

14 0.042 0.082 -0.040 1454.8 1228.9 -226.0 0.17 

15 0.036 0.082 -0.046 1197.7 1228.9 31.2 0.21 

16 0.044 0.082 -0.038 1398.9 1228.9 -170.0 0.18 

17 0.040 0.082 -0.042 1438.2 1228.9 -209.3 0.17 

y = 24.877x - 113.54 
R² = 0.776 
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18 0.043 0.082 -0.039 1622.3 1580.0 -42.3 0.19 

19 0.05 0.082 -0.027 1442.1 1580.0 137.9 0.22 

      
-51.2 0.19 

 

Moment reduction, cord excursion and required spring stiffness were calculated using Graham‘s 

(2008) spring stiffness equation. Spring excursion was calculated by multiplying the cord excursion by 

0.43. This was because the springs in the current PLAD iteration worked under compression (not 

extension) and made use of a single pulley. This meant that for every 1cm of cord excursion, there was 

only 0.43 cm of spring excursion. The current PLAD iteration only allowed for 8.2cm of spring excursion 

before the spring was completely compressed. In order to accommodate all sizes of users of the PLAD, it 

is recommended that new iterations allow for roughly 4 to 5cm more spring excursion. This was 

determined from simulations done using the University of Michigan‘s 3DSSPP that determined the spring 

excursions needed for the 5
th
, 50

th
 and 95

th
 percentile male and female.  The proposed spring stiffness is 

based on the sizing chart presented in Table 5.1 below. By using the results of table 5.1, a potential 

PLAD manufacturer would only need six different spring stiffnesses to satisfy all 12 conditions and 

would result in saving costs. With an average reduction of -51.2 N/m in spring stiffness, one would 

expect the low back moment to be reduced to 19% (range = 17 – 24 %) as opposed to 20%.   

 

 

 

 

 

 

 

 

 

 

 



48 

 

Chapter 5 

General Discussion & Limitations 

5.1 General Discussion    

There are four main questions that have come about during these four case studies. 1) What can 

be done to make the PLAD more comfortable to wear in terms of thermal comfort? 2) Can we categorize 

spring stiffness‘s for small medium and large users? 3) How can we explain why some users‘ felt the 

PLAD to be beneficial but then indicated that they would not wear it if available? 4) Is there a risk of the 

PLAD causing de-conditioning of the back musculature? 

5.1.1 Thermal Comfort 

 Thermal comfort was a concern for many of the participants involved in these case studies. In 

terms of the top portion (shoulder harness), reducing its weight and surface area in contact with the users‘ 

skin in the upper thoracic area could decrease the heat created by the PLAD. In addition, a ventilation 

channel along the thoracic spinous processes would allow for convection of air through this area. This 

channel would allow sweat to evaporate and cool the skin (See figure 25). 

  

 

Figure 35 Proposed modification to promote a cooling effect of the skin underneath the PLADs top portion 

that houses the spring box 
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In terms of the PLAD pants, designing the bottom portion of the PLAD to be worn outside of the 

users‘ regular work clothing provides the opportunity for shorts to be worn while wearing the PLAD. The 

concern associated with catch hazards can be eliminated by adding restraint straps to keep the cabling 

system close to the body. 

5.1.2  Appropriate Spring Stiffness 

 To properly fit the PLAD to a user, appropriate spring stiffness must first be selected. Graham 

(2008) created a mathematical equation for doing so based on height, weight, trunk angle, knee angle and 

various other measurements. The down fall of using this method in an industrial setting is that it requires 

additional equipment and technical experience to arrive at the appropriate spring stiffness. Table 6.1 

depicts the suggested spring stiffness required for small, medium and large male and female users during 

lifting and forward bending tasks based on the results of the current research study. An attempt was made 

to keep the amount of spring stiffness`s to a minimum to reduce cost for production.    

5.1 Suggested Spring Stiffness values for Small, Medium and Large users of the PLAD under lifting and 

forward bending conditions (Male & Female) 

    
Males  
Lifting 

Suggested Size (lbs) 
 
 

Suggested Spring Stiffness (lbs/in) 
 
 

Suggested SS (N/m) 
 
 

Small < 176 5 878 

Medium 176-213 6 1053 

Large >213 8 1404 
Forward 
Bending 

   Small < 176 7 1229 

Medium 176-213 8 1404 

Large >213 9 1580 

Females 
   Lifting Suggested Size (lbs) 

  Small < 153 4 702 

Medium 153-189 4 702 

Large >189 5 878 
Forward 
bending 

   Small < 153 5 878 

Medium 153-189 6 1053 

Large >189 7 1229 

 

The suggested spring stiffness’s are based off of the spring stiffness equation and data set provided by 

Graham (2008) and approximations of anthropometric criteria from the University of Michigan’s 3DSSPP 

computer software. The anthropometric data found in the University of Michigan`s 3DSSPP computer 
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software was also used to determine the weight criteria for small, medium and large (male and female) users 

of the PLAD (i.e. < 25
th

 percentile = Small, 25
th

 -75
th

 percentile = Medium and >75
th

 percentile = Large).  The 

use of as few springs as possible was taken into consideration to cut down costs for anyone trying to market 

the PLAD. In total 12 conditions are satisfied by the use of 6 spring stiffness’s. 

 

These data are based on the equation provided by Graham (2008), population anthropometric 

estimates from the University of Michigan‘s 3DSSPP computer software and design measurements from 

the current PLAD iteration. This proposed sizing chart for spring stiffness results in an average of 51.2 

N/m less spring stiffness compared to the mathematical equation proposed by Graham (2008) for the 

participants involved in this research study. It also results in 1 % less on average moment reduction 

compared to Grahams (2008) mathematical equation. It is recommended that this sizing chart and 

associated spring stiffness‘s be used in the next iterations of the PLAD in order to maintain effectiveness 

of the PLAD while reducing discomfort at the shoulders. 

5.1.3  Protection Motivation Theory to Explain Non-users of the PLAD 

In total 4 out of 12 participants reported that they would not wear the PLAD if it were made 

available to them. This response seems contrary to the facts that a) 3 out of these 4 participants believed 

the PLAD to be effective and b) these participants believed the PLAD provided them with 45.4 %, 46.9%, 

44.9% and 12.7% help. Why would someone perceive the PLAD to be useful in terms of assisting their 

back during their work, yet still not want to wear the device?  

If wearing the PLAD is thought of as a health behaviour (i.e. to preserve back health), the 

Protection Motivation Theory (PMT) developed by Rogers (1975) could be used to explain why some 

participants selected ―no‖ to the idea of wearing the PLAD if it were made available. The PMT outlines 

an individual‘s cognitive response originating from something that causes fear (Norman, Boer, & Seydel, 

2005). Different environmental and intrapersonal sources of information can lead to two independent 

appraisal processes within an individual: threat appraisal and coping appraisal (Norman et al., 2005).  

A threat appraisal is when an individual focuses on the source of the treat and factors that 

influence a maladaptive response (Norman et al., 2005) (i.e. denial of the risk of a back injury thus not 

wearing the PLAD). These factors include: i) perceptions of severity of the treat (i.e. amount of LBP) and 

ii) vulnerability to the threat (i.e. probability of developing LBP and/or sustaining a LBD). If these factors 

were minimized, then specific participants would also minimize the fear associated with the treat (i.e., 

LBP and LBD) (Norman et al., 2005).There can also be intrinsic (i.e. thought of invincibility) and 

extrinsic (i.e. social approval) rewards that increase the chance that an individual will have a maladaptive 

response to a threat (i.e. choose not to protect one‘s self from a treat (Norman et al., 2005).  

A coping appraisal strategy focuses on the source of the threat and factors that influence an 

adaptive response (Norman et al., 2005) (i.e. worried about the risk of back injury thus wearing the PLAD 
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to reduce the forces on the back). These factors include perceptions of the effectiveness of an intervention 

in reducing the threat and the belief that one is actually capable of using the intervention (Norman et al., 

2005). There can also be barriers (availability of intervention or cost) that decrease the chance that an 

individual will have an adaptive response to a threat (i.e. choosing to protect one‘s self from a treat) 

(Norman et al., 2005).  

An example using the PLAD as the intervention and the risk of LBP or LBD as the threat might 

reveal that individuals may not perceive the threat (i.e., LBP and LBD), feel they would be unable to use 

the intervention (self efficacy) or have concerns about social approval, yet still appraise the PLAD as 

being an effective intervention to reduce the threat (P. Norman et al., 2005). This could lead to the PLAD 

not being worn even though it is thought to be an effective intervention to reduce the risk of LBP or LBD.  

Arezes and Miguel (2005) used portions of the PMT (mostly risk perception) to study hearing 

protection use among industrial employees (n=434) exposed to high levels (>85dB) of noise in their 

workplace. They found that approximately one third of these employees self-reported using hearing 

protection all the time and roughly half of these employees reported no use of hearing protection, even 

though it was mandatory at all the workplaces included in the study. Based on their results, the authors 

concluded that companies must play an important role in the promotion of the regular use of hearing 

protection. They recommended that individual risk perception (severity of and vulnerability to hearing 

loss) be used in the development of training programs, as well as other motivational tools to promote 

compliance. They also recommended that barriers, such as uncomfortable hearing protection devices and 

interference with oral communication, should be reduced to increase self efficacy for hearing protection 

use among industrial employees.      

Based on the PMT and the work by Arezes and Miguel (2005) it seems that, even if these 

individuals perceived the PLAD to be effective and providing their backs with help during their work, 

other factors such as perceived severity and vulnerability to the risk of LBP or LBD from their work, 

intrinsic factors (young and invincible), extrinsic factors (fear of others‘ opinions if device is worn) and 

self efficacy (seeing themselves wearing the PLAD everyday and assessment of the PLAD being difficult 

to don and doff) could have played a role in these participants decision to wear the PLAD or not.  

This notion is very important to anyone marketing the PLAD because it reinforces the need to 

eliminate as many barriers as possible to its use.  For example, the PLAD must be easy to don and doff 

and include a training program on its use to increase perceived self efficacy to wear the device. Training 

and motivational tools used to promote the PLAD should focus on educating potential users on risk 

perceptions of LBP and LBD at work. It also sheds light on the fact that education about the PLAD 

should be given to all employees, whether or not they will wear the PLAD, to reduce the social confusion 
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that may occur at a workplace if certain employees are wearing the PLAD to reduce the likelihood of 

social segregation. 

5.1.4 The De-conditioning Issue                  

 De-conditioning of the back musculature from prolonged PLAD use was identified as a concern 

by one company‘s health and safety team and upper management. Their argument stems from the idea 

that if the PLAD is off-loading the back musculature by ~10-20%, then these muscles might be de-

conditioned due to this off-loading. However, this idea of de-conditioning should not be a concern based 

on the scientific literature related to de-conditioning from bed rest and zero gravity conditions in outer 

space. Hides, et al. (2007) looked at ten healthy male subjects who underwent eight weeks of total bed 

rest with a 6 month follow up of recovery (once out of bed). They obtained MRI images at the level of L4 

to determine the cross sectional area (CSA) of the multifidus, lumbar erector spinae, quadratus lumborum, 

psoas, anterolateral abdominal, and rectus abdominis muscles. Their results showed that only the 

multifidus muscle CSA decreased significantly after 14 days of bed rest by ~ 10%. . The erector spinae 

muscle also decreased in CSA (~5%) but was not found to be statistically significant. The authors did, 

however, mention that if their sample size was larger, the CSA of the erector spinae might be significant. 

Interestingly, Belavy, et al. (2008) looked at 20 healthy male subjects who underwent 8 weeks of bed rest 

with a six month follow up. They also took MRI images at L4 to determine the CSA of multifidus, lumbar 

erector spinae, quadratus lumborum, psoas, anterolateral abdominal, and rectus abdominis muscles. 

However, during the best rest, half of the subjects in the exercise group were required to do two daily 

sessions of 5 to 10 minutes of exercise while in bed. The exercises included vibration therapy (to invoke 

an axial force through the trunk and spine), squats and various leg exercises. There results showed that the 

exercise group experienced less multifidus muscle atrophy than the control group and the atrophy did not 

persist long-term as it did in the control group. The authors of both of these studies emphasized the 

importance of the multifidus muscle in controlling lumbar lordosis (Kiefer, Shirazi-Adl, & Parnianpour, 

1997; Macintosh & Bogduk, 1986) and maintaining lumbar stiffness (Kiefer, Shirazi-Adl, & Parnianpour, 

1998; Wilke, Wolf, Claes, Arand, & Wiesend, 1995). Hides, et al. (2007) explains that de-conditioning 

happens while bed ridden because the vertical force of gravity is no longer imposed on the trunk and 

spine, requiring less or in some cases no muscle activity to maintain the curvature of the upright spinal 

column (Hides et al., 2007). These findings suggest that it is quite unlikely that muscular de-conditioning 

would occur with prolonged use of the PLAD because: 1) The user is always subjected to vertical 

gravitational forces (they are not lying horizontally), and 2) when the PLADs spring element is engaged, 

only a percentage of the total lumbar load moment (~20%), spinal compressive and shear forces and 

muscular effort (~15 to 20%) are reduced unlike the bed rest studies where almost all of the vertical 
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gravitational force is lost. The main goal of the PLAD is to offset the lumbar moment to reduce the 

compression and shear forces and muscular effort required during lifting, lowering and forward bending 

because of their association with LBP and LBD. Considering that it was observed and measured that 

participants involved in The Beer Store distribution centre case study handled, on average, over 11 500 

kilograms of product per day. The PLAD is not meant to completely negate all forces and muscular effort 

required to do these forms of work it is an intervention to offload a percentage of these types of 

workloads in an attempt to reduce the known risk factors associated with LBP and LBD.                         

5.2 Limitations    

There were several limitations to this research study.  First, this was a small sample size. The 

number of participants recruited was based on three factors: 1) the number of employees the company 

was willing to release, 2) the number of PLAD design iterations that could be made, and 3) the number of 

employees volunteering for the study.  In addition, company-based criteria such as: length of work shift, 

employee availability, length of study, tasks assigned to workers, and work conditions also played a factor 

in determining the experimental design of each of the case studies and thus resulted in differences 

between cases studies. 

 This study was qualitative in nature and thus when inferences were made based on quantitative 

data, these results were approximations only. For example, when calculating the required spring 

stiffness‘s for each participant, anthropometric data and joint angle data during lifting and forward 

bending data were approximated rather than measured to calculate the L4/L5 moment in the University of 

Michigan‘s 3DSSPP computer software.  In addition, some anthropometric measures such as trunk depth 

had to be approximated because they were required for the Graham (2008) spring tension model. These 

approximations may have led to errors when calculating required spring stiffness‘s for each participant 

who complained of shoulder discomfort in this investigation.  

 Another concern was the potential for a Hawthorne effort (Campbell, Maxey, & Watson, 1995) 

due to wearing the PLAD.  The results are based on subjective assessment of pain and discomfort as well 

as user acceptance of the PLAD, all of which may be affected if participants believed the PLAD was 

―helping them‖ more than it actually was. A social desirability bias may have occurred in which 

participants were responding to the questions in a manner that they thought the investigators wanted them 

to answer.   Based on past research, the PLAD has always provided 10-20% reduction in back 

musculature force requirements during lifting and static holding tasks (M. Abdoli-E et al., 2006; R. B. 

Graham et al., 2009).   Therefore, the Hawthorne Effect may be less problematic than in psychological 

studies. 
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Chapter 6 

Conclusions 

The goal of this research project was to apply a user-centred approach to examine the 

usability and acceptability of the PLAD across a number of industries.  To accomplish this goal, 

usability and user acceptability trials were conducted to test the most current iterations of the 

PLAD among industrial workers. This approach was deemed a success because many new design 

features were developed as a result of user involvement and many problems were solved before 

the end of the field trials. However, there are still some design concerns that need to be addressed 

in future iterations of the PLAD, namely: 1) reduction of added heat created by wearing the 

PLAD, 2) selection of appropriate spring stiffness‘s, and 3) simple donning and doffing 

procedures.  

The ability to identify these design issues became apparent through the analysis of 

participant feedback about: i) pain and discomfort experienced while wearing the PLAD, and ii) 

workers‘ feedback regarding usability and acceptance of the PLAD. In addition, it was possible to 

relate subjective discomfort in the shoulders during lifting tasks to objective analysis of spring 

tension of the PLAD during particular postures. This led to the first generation of a sizing table of 

PLAD spring tensions to accommodate large, medium and small men and women.  Although the 

final design iteration of the PLAD has not been tested in this study, it was concluded that the 

implementation of user-centred design and usability trials in future work will be extremely 

advantageous as the device moves closer to becoming a marketable product for industrial 

workers.    
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Chapter 7 

Future Research 

Future research is needed to validate the proposed spring stiffness sizing chart that was 

developed based on the Graham (2008) spring tension equation. This could be accomplished by 

implementing the spring stiffness sizing chart and monitoring perceived discomfort levels at the 

shoulders during different dynamic lifting movements. A larger sample size would be needed to 

increase the statistical power of the results. Difference in spring stiffness and percentage of 

lumbar moment reduction would also need to be monitored for a larger and more diverse sample 

of participants in order to ensure that the criteria for determining that the small, medium, and 

large PLAD tensions and weight categories are sufficient.  

User-acceptability and usability trials should continue to be used to advance future 

iterations of the PLAD. This should occur up to the point at which the PLAD is brought to market 

as these trials will continue to uncover problematic issues that affect user acceptance or necessary 

design features to adapt the PLAD to specific industrial needs.  

To date, the current research studies have been targeted toward the risk factors of LBD, 

but these results are inferential, not predictive.  A longitudinal study is needed to evaluate the 

effects of wearing the PLAD over an extended period of time on the duration and severity of first 

time or recurrent occupational LBP. Assuming ideal conditions, a longitudinal study could be 

accomplished once the PLAD has been implemented in an industrial setting. Complaints and lost 

time injuries due to back pain could be monitored and compared over the course of the PLAD 

intervention with results compared to non-PLAD users in the same facility or in an outside 

control facility. 

Despite the evidence provided within this thesis regarding muscular de-conditioning with 

prolonged PLAD use, research is required to validate that this will not occur. Longitudinal studies 

that focus on maintenance of back strength and spinal stability, among other items, should be 

conducted to provide scientific evidence regarding muscular de-conditioning and prolonged 

PLAD use in industry.  

Future work should be conducted to assess the PLAD‘s effect on cumulative loading 

(estimates of compression and shear forces acting on the spine). This could be accomplished by 

creating a smart sensor that would record the workers‘ posture and PLAD spring tension using 

devices such as a small flexible stretch sensor  (to quantify spring excursion within the spring 

box) and an accelerometer or inclinometer (to measure trunk posture) respectively.  Postural data, 
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combined with spring tension data, can be used to create a simple biomechanical model to 

estimate and compare the forces acting on the spine (L4/L5) with and without the use of the 

PLAD over an entire shift of industrial work.  

Examining the usefulness of the PLAD as a rehabilitation tool or return to work strategy 

for individuals who have sustained a back injury is another possibility for future research with the 

PLAD. Rehabilitation strategies now employed by the Ontario WSIB encourage bed rest, anti-

inflammatories and pain killers for only three days before becoming active again.  Yet many 

injured workers are worried that they may re-injure themselves during recovery due to 

overexertion.   Considering the potential to ―offload‖ the forces acting on the spine and decrease 

musculature activity, future research is needed to assess PLAD‘s ability to help an individual who 

is suffering from acute LBP during the return to work process.  

 

Further examination of the protection motivation theory or more current theoretical 

frameworks (i.e. the extended parallel processing model), and how these explore how individuals 

might process fear appeals related to back health and PLAD use to protect their back. This could 

be done in an attempt to explain industrial workers‘ willingness to change their behaviour and 

utilize the PLAD as an intervention tool to protect against LBP and LBD. These theoretical 

frameworks have been used in studies that look at hearing protection use and hearing 

conservation in industrial workers exposed to high levels of noise (Melamed, Rabinowitz, Feiner, 

Weisberg, & Ribak, 1996; Murray-Johnson et al., 2004). These theories can be used to highlight 

factors that need to be addressed in promotion of PLAD use to reduce the risk factors that lead to 

LBD. These promotional materials could be used for marketing purposes or promotional 

supplements (newsletters, pamphlets and/or posters) in industrial settings. 
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7.2 Appendix B Participant Consent Forms 
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Evaluation of Subjective and Objective Measures During Manual Materials 

Handling Tasks while Wearing the PLAD 

Dear Participant,        

We would like to invite you to participate in a research study at your place of employment where we are 

testing an on-body ergonomic aid for lifting and static holding tasks. This ergonomic aid is called a 

Personal Lift Assistive Device (PLAD) and is designed to be worn during manual materials handling 

tasks.   

We will read through this consent form with you and describe the procedures in detail. You will be given 

time to read about it yourself and we are encouraged to ask questions at any time. 

 
Aims and Purposes of the Study: 

The PLAD is made up of a modified back-pack, a waist belt with pelvic spacers and knee pads with a 

cable and steel springs connecting all three items. The springs are stretched when you bend forward and 

they help you return to standing posture during lifting or counter your body weight when leaning forward. 

The goal of this research is to assess changes in perceived pain and discomfort levels and spinal stability 

while wearing the PLAD during normal manual materials handling tasks. We will use your subjective 

feedback to improve the effectiveness and comfort of the PLAD; the findings from the present study will 

be used at a later date to determine if the PLAD is causing any significant pain and discomfort with 

prolonged use and where adjustments need to be made in order to counteract these issues if they arise. 

The objective data will be used to assess how the PLAD alters fatigue-related changes in spinal stability 

over a work shift or day.  

   

Methodology:  

Personal Information:  For your personal safety, we will exclude you from the study if you are currently 

suffering from low back pain.  After you have been cleared to take part in the study, we will record your 

height (m), weight (kg), and various body dimensions (cm) related to the PLAD (i.e., trunk length, hip 

width, etc).   

 Wearing PLAD:  PLAD is worn like a backpack. It will be fitted to you by tightening straps around the 

shoulders, waist and knees. It can be worn over most types of clothing apparel.  However, we would like 

you to wear your normal working attire along with any mandatory personal protective equipment that 

your employer sees necessary. We will help adjust the PLAD until it is comfortable and you are willing to 

proceed with the study.  

Subjective Data Collection: 

Instrumentation: The PLAD and subjective questionnaires. The McGill Pain Survey and custom PLAD 

subjective questionnaires will be used.  

Trial Protocol: In this industry-based study, you will be asked to carry out your normal working tasks just 

as you would on any other day. We will outfit you with the PLAD and ask you to perform a few practice 

trials after connecting the PLAD to orient you with how the device works and feels when it is engaged.  

You will be asked to fill out subjective questionnaires dealing with pain and discomfort, usability, and 

acceptability. This will take place during your regularly scheduled work and will not interfere with your 

breaks or your time allotted for lunch.  You will also be debriefed at the conclusion of the test shift about 

your answers to the questionnaires in order to gain more insight into what is acceptable / unacceptable 

about the PLAD. 

  

Risks and Benefits of Participation: 
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To protect you as much as possible from this risk, we encourage you to quit at any point if you are 

experiencing more pain or discomfort than you would anticipate with this task. If you have any muscle 

soreness or pain, please call us and we will assist you in contacting your preferred health care 

professional.  

There are no direct personal benefits from the study.  You will have an opportunity to contribute to the 

improvement of a new on-body personal lift assistive device that may aid workers in reducing fatigue and 

the risk of low back pain. 

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 is only recorded at the time of filing the consent forms.  You will 

be assigned a study number that will link your information to this file.  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 so that no individual can be identified.   

We are interested in collecting video and digital photographs for use in future research, presentations and 

publications. If you are willing to have your photograph taken, we will ask you to sign the section at the 

bottom of this form pertaining to this information.  

  

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.  You may also withdraw at any 

point during the study with no coercion or penalty.  If you choose to withdraw, we will ask you if you 

would like us to remove all of your data from the database. 

 

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? 

By signing below, I am indicating that: 

 I have read the letter of information 

 I am aware that the purpose of the study is to assess 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 and only shown to others in composite form.  

 By signing this consent form, I do not waive my legal rights nor release the investigators or sponsors from 

their legal and professional responsibilities. 
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Signature Page (Sign two times, one for yourself and one for the investigator): 

_____________________________________   _________________ 

Signature of Participant       Date 

Statement of Investigator: 

I have carefully explained the nature of the above research study.  I certify that, to the best of my 

knowledge, the participant understands clearly the nature of the study and demands, benefits, and risks 

involved to participants in this study.  

____________________________     _________________ 

Signature of Investigator      Date 

Evaluation of Subjective and Objective Measures During Manual Materials 

Handling Tasks while Wearing the PLAD 

Investigator's Copy 

Signature Page (Sign two times, one for yourself and one for the investigator): 

By signing below, I am indicating that: 

 I have read the letter of information 

 I am aware that the purpose of the study is to assess 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 and only shown to others in composite form.  

 By signing this consent form, I do not waive my legal rights nor release the investigators or sponsors 

from their legal and professional responsibilities. 

 

_____________________________________    __________________ 

Signature of Participant       Date 

Statement of Investigator: 

I have carefully explained the nature of the above research study.  I certify that, to the best of my 

knowledge, the participant understands clearly the nature of the study and demands, benefits, and risks 

involved to participants in this study.  

____________________________     _________________ 

Signature of Investigator      Date 

NOTE:   Please tear off this copy and keep the previous pages.   

This page only should be returned to the researchers.
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7.3 Appendix C Individual Participant Demographic and Anthropometric Data 
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0.1 Individual Participant Demographic and Anthropometric Data 

Case Study 

Location 

Case Study 

1: DC   

(n = 2) 

Case Study 2: DC        

(n = 3) 

Case Study 3: Retail Store                            

(n = 5)  

Case Study 4: Automotive Assembly Line                                                                     

(n = 10) 

 

 

Participant # 

 

1 

 

2 

 

3 

 

4 

 

5 

 

6 

 

7 

 

8 

 

9 

 

10 

 

11 

 

12 

 

13 

 

14 

 

14 

 

15 

 

16 

 

17 

 

18 

 

19 

 

Mean 

 

SD 

Age (yrs) 51 51 21 22 30 36 24 23 29 36 30 38 33 34 35 34 27 23 32 32 32.1 8.3 

Height (cm)  170.2 177.8 167.6 182.9 177.8 177.8 155.6 163.8 177 182.5 169 188 187 181 175 162 170 175 186 168 174.7 8.8 

Weight (Kg) 70.8 78 65.8 71.2 69.4 123.6 51.7 55.1 73 78.4 64.8 127.9 83.7 80.9 68.8 51.7 70.8 65 73.6 91.1 75.8 19.8 
Torso Length  

(cm) 

N/M N/M N/M N/M N/M 50.5 39.5 41.5 50 55.5 46 51 53 51 48 40.5 49 46 52 49 48.2 4.7 

Hip Breadth 
(cm) 

N/M N/M N/M N/M N/M 35.5 30 33 33 34.5 31.5 42 37 37 36 32 36 38 36 39 35.4 3.1 

Pelvic Height  

(cm) 

N/M N/M N/M N/M N/M 15.5 13 12.5 15.5 13.5 13 17 14 15 14 11 14 15 15.5 20 14.6 2.1 

Thigh Length  

(cm) 

N/M N/M N/M N/M N/M 37 34 41 41 42 38 41 47 42 38 38 41 41 48 42 40.7 3.6 

Shank Length  

(cm) 

N/M N/M N/M N/M N/M 38.5 36 36 37.5 39 40 43 41 43 39 32 35 33 43 41 38.5 3.5 

Chest 

Circumference  
(cm) 

N/M N/M N/M N/M N/M N/M N/M N/M N/M N/M 96 126.5 95.5 103 90 80 94.5 92 97.5 112.5 98.8 12.9 

Waist Size 

(in) 

N/M N/M N/M N/M N/M N/M N/M N/M N/M N/M 32.5 42 34 34 31 28 32 31 32 38 33.5 4.0 

Inseam  

(in) 

N/M N/M N/M N/M N/M N/M N/M N/M N/M N/M 31 32 34 33 30 30 30 31 32 32 31.5 1.4 

                       

                       

* N/M = Not measured  

 

Participant 14 (highlighted in red) was excluded from all tables and figures because of missing data
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7.4 Appendix D Work Organization and Job Tasks at Each Case Study Location
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0.2 Work Organization and Job Tasks at Each Case Study Location 

Job Element Case Study 1: 

Distribution Centre 

Case Study 2: Distribution 

Centre 

 

Case Study 3: Retail Store  Case Study 4: Automotive 

Assembly Line 

Work Start 7am  1pm Random times between 5am and 3pm 6:55am (shift 1)  

5:50 pm (shift 2) 

Break 9:30am M-Th / 9am F (15 min.) Taken randomly (15 min.) Taken randomly (15 min.) 8:55am (shift 1) (15 min.) 
7:40pm (shift 2) (15 min.) 

Lunch 11:30am M-Th / 11am F (30 

min.)  

4:30pm (30 min.) Taken randomly (30 min.) 11am (shift 1) (30 min.) 

9:45pm (shift 2) (30 min.) 
Break 1:50pm M-Th (15 min.) Taken randomly (15 min.) Taken randomly (15 min.) 1:25pm (shift 1) (15 min.) 

12:10am (shift 2) (15 min.) 

Work End 4pm M-Th / 1:30pm F 9pm Random times between 1pm and 11pm 3:20pm (shift 1) 
2:05am (shift 2) 

Days worked 5 days (M-F) 5 days (M-F) 7 days (M-Su) 2 random days off/week 5 days (M-F) 

Job Tasks Lifting/Lowering (MMH) 
Moving/Stacking product from 

container trucks into cubes  

Lifting/Lowering 
(MMH) 

Driving pallet trucks 

Picking orders  

Lifting/Lowering (MMH) 
Delivering product to costumers 

(register/drive through) 

Building large orders (includes kegs) 
Product maintenance 

Driving pallet and fork trucks   

Static Forward Bending 
(MMH) 

Task 1 required inserting and securing of the 

brake master cylinder 
Task 2 required inserting and securing the wiper 

motor  

Product weight ~5-10 lbs  
(2.27-4.54 Kg) 

~80 lbs (36.29 Kg) 

Required a two man lift 

Kegs  
(58.6 L): 160 lbs / 72.6 kg (FULL) 

31 lbs / 14.1 kg (EMPTY) (30 L): 91 lbs 

/ 41.3 kg (FULL) 
25 lbs / 11.4 kg (EMPTY) (20 L): 54.2 

lbs / 24.6 kg (FULL) 

10.2 lbs / 4.6 kg (EMPTY) 
Cases 

24 bottles (341 mL) 

 32.5 lbs / 14.8 kg (FULL)   14.3 lbs / 
6.5 kg (EMPTY) 

24 cans (355 mL) 

20.8 lbs / 9.5 kg (FULL)    1.3 lbs / 0.5 
kg (EMPTY) 

28 bottles (341 mL) 
39.2 lbs / 17.8 kg (FULL)    15.6 lbs / 

7.1 kg (EMPTY) 

Pallets: 85 lbs / 38.6 kg 

Kegs  
(58.6 L): 160 lbs / 72.6 kg (FULL) 

31 lbs / 14.1 kg (EMPTY) (30 L): 91 lbs 

/ 41.3 kg (FULL) 
25 lbs / 11.4 kg (EMPTY) (20 L): 54.2 

lbs / 24.6 kg (FULL) 

10.2 lbs / 4.6 kg (EMPTY) 
Cases 

24 bottles (341 mL) 

 32.5 lbs / 14.8 kg (FULL)   14.3 lbs / 
6.5 kg (EMPTY) 

24 cans (355 mL) 

20.8 lbs / 9.5 kg (FULL)    1.3 lbs / 0.5 
kg (EMPTY) 

28 bottles (341 mL) 
39.2 lbs / 17.8 kg (FULL)    15.6 lbs / 

7.1 kg (EMPTY) 

Pallets: 85 lbs / 38.6 kg 

Brake master cylinder  
N/M 

Hand tool 

N/M 
Wiper motor 

N/M 

Hand Tool 
N/M  
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7.5 Appendix E Questionnaire Administration Schedule for Each Case Study Location 
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0.3 Questionnaire Administration Schedule for Each Case Study Location 

  

Case Study Location Case Study 1: Distribution Centre 
Condition Days  Time Questionnaire Name 

 

Initial Meeting 

 

N/A 

 

N/A 

 

Previous Injuries Questionnaire 

NO PLAD Condition (1/5) 7:30a/3:30p Pain Questionnaire 
(1/5) 7:30a/9:30a/11:30a/3:30p Pain and Discomfort Questionnaire 

PLAD Condition (2-4/5) 7:30a/3:30p Pain Questionnaire 

(2-4/5) 7:30a/9:30a/11:30a/3:30p Pain and Discomfort Questionnaire 
(5/5) 7:20a/12:45p Pain Questionnaire 

(5/5) 7:20a/8:50a/10:50a/12:20p Pain and Discomfort Questionnaire 

(2&5/5) 2: 9:30a/3:30p5: 12:45p PLAD Subjective Questionnaire 
(5/5) 12:50p Final PLAD Questionnaire 

 

Case Study Location 

 

Case Study 2: Distribution Centre 
Condition Days  Time Questionnaire Name 

 

 
Initial Meeting 

 
N/A 

 
N/A 

 
Previous Injuries Questionnaire 

NO PLAD Condition (1/5) 2:00p My Job… Questionnaire 

(1/5) 2:00p/8:00p Pain Questionnaire 
(1/5) 2:00p/8:00p Pain and Discomfort Questionnaire 

PLAD Condition (2-5/5) 1:00p/8:00p Pain Questionnaire 

(2-5/5) 1:00p/8:00p Pain and Discomfort Questionnaire 
(2-5/5) 8:00p PLAD Experience Questionnaire 

(5/5) 8:30p Final PLAD Questionnaire 

 
Case Study Location 

 
Case Study 3: Retail Store 

Condition Days  Time Questionnaire Name 

 

 

Initial Meeting 

 

N/A 

 

N/A 

 

Previous Injuries Questionnaire 

N/A N/A My Job… Questionnaire 
NO PLAD Condition (1-4/8) 1 hour into shift 

1 hour before end of shift 

Pain Questionnaire 

(1-4/8) 1 hour into shift 
1 hour before end of shift 

Discomfort Questionnaire 

PLAD Condition (5-8/8) 1 hour into shift 

1 hour before end of shift 

Pain Questionnaire  

(5-8/8) 1 hour into shift 

1 hour before end of shift 

Discomfort Questionnaire 

(5-8/8) 1 hour before end of the shift PLAD experience Questionnaire 
(8/8) 30 minutes before end of the shift Final PLAD Questionnaire 

 

Case Study Location 

 

Case Study 4: Automotive Assembly Line 
Condition Days  Time Questionnaire Name 

 

 
Initial Meeting 

 
N/A 

 
N/A 

 
Previous Injuries Questionnaire 

N/A N/A My Job… Questionnaire 

NO PLAD Condition Random 
2 of 4 

 Pain Questionnaire 

Random 

2 of 4 

 Discomfort Questionnaire 

PLAD Condition Random 

2 of 4 

15 minutes into the quarter 

15 minutes before the end of the 

quarter 

Pain Questionnaire 

Random 

2 of 4 

15 minutes into the quarter 

15 minutes before the end of the 

quarter 

Discomfort Questionnaire 

Random 

2 of 4 

15 minutes before the end of the 

quarter 

PLAD Experience Questionnaire 

 2nd 
PLAD 

day 

10 minutes before the end of the 
quarter 

Final PLAD Questionnaire 
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7.6 Appendix F Anthropometric Measurement Criteria 
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0.4 Anthropometric Measurement Criteria 

Measurement Name Measurement Criteria Reason 

 

Height (cm) 

 

Refers to the distance between the floor 

and the top of the head while the 

participant is standing upright, heels flat 

on the floor, and eyes facing forward 

 

Indication of the overall size the 

PLAD needed to be for the user 

Weight (Kg) Measured using a standard bathroom 

weight scale with the participant standing 

upright, eyes facing forward, wearing 

light clothing and work boots.   

Weight corresponds to what 

stiffness of spring was needed to 

support the upper body weight of 

the user (Case Study 4) 

Torso Length (cm) Refers to the distance between the spinous 

process of the 7
th

 cervical vertebrae to the 

spinous process of the 5
th

 lumbar 

vertebrae 

Indication of how much spring 

compression and cord excursion 

was going to be needed for the 

user / Sizing purposes (upper unit) 

Hip Breadth (cm) Refers to the distance between the left and 

right greater trochanters of the femur 
Used for positioning the pelvic 

spacers (distance apart) 

Pelvic Height (cm) Refers to the distance between the greater 

trochanter and the highest point of the 

iliac crest 

Used for sizing the pelvic spacers 

(length) 

Thigh Length (cm) Refers to the distance between the greater 

trochanter of the femur to the lateral 

epicondyle of the femur 

Used for sizing the lower leg 

straps (back of thigh) 

Shank Length (cm) Refers to the distance between the head of 

the fibula to the lateral malleolus of the 

fibula 

Used for sizing the lower leg 

straps (back of shank) 

Chest 

Circumference (cm) 

Refers to the distance around the largest 

part of the chest 

Used for sizing the upper unit 

Waist Size (in) Refers to the measurement around your 

waist at the level where one would 

normally wear a belt 

Used for sizing the pants during 

the automotive assembly line case 

study #4 

Inseam (in) Refers to the measurement from the 

lowest part of one‘s crotch area to the 

floor 

Used for sizing the pants during 

the automotive assembly line case 

study #4 

   

Height and weight anthropometric measurement criteria obtained from (W. Marras & Kim, 1993) 
Torso length, hip breadth, pelvic height, and thigh length anthropometric measurement criteria obtained from (Peebles & Norris, 

1998) 

Chest circumference, waist size and inseam measurement criteria are standard measurements used by professional tailors and 
seamstresses   
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7.7 Appendix G Samples of Each Questionnaires  

7.7.1 Appendix G1 Previous Injuries Questionnaire 
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1. Previous Injuries 

 

Have you, in the past, experienced a severe 

(had to take time off work or sport) injury 

to the following areas of your body?   

   

 

 

 

No      Yes                         

   

If yes, when 

 (months or 

years) 

Does this 

injury affect 

your current 

work  

No       Yes 

Head  

 
                        

Neck 

 
                                 

Shoulders 

 
                          

Arms 

 
                          

Upper Back 

 
       

Lower Back 

 
                                

Hips 

 
                        

Legs 

 
                          

Knees  

 
                        

Ankles 

 
                        

Feet 

 
                               

Other _____________ 

 
                        

If you have sustained a serious injury at any of these locations, please provide more 

information below. Please record any additional comments you may have with regards to 

these previous injuries. 

COMMENTS on PREVIOUS INJURIES (i.e. exact location, how it occurred, if 

surgery was needed, how often you may feel the effects of this injury, etc…)  

 

 

 

 



 

83 

 

7.7.2 Appendix G2 My Job Questionnaire 
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Please indicate your level of agreement with the following 

statements: 

 

My job requires / causes a lot of … 

   Tick mark your most suitable answer 

                                               
1         2         3         4         5          6         7  
Strongly                         Neither                             Strongly    

Disagree               Agree or Disagree                       Agree              

 

Physical Fatigue 

 
      

Discomfort of the Shoulders 

 
      

Back Muscle Effort 

 
      

Back Muscle Pain 

 
      

Discomfort of the Underarms 

 
      

Leg Muscle Effort 

 
      

Leg Muscle Pain 

 
      

Discomfort of the Buttocks  

 
      

Arm Muscle Effort 

 
      

Discomfort of the Knees 

 
      

Balance 

 
      

Discomfort of the Feet 

 
      

The Use of Proper Lifting Technique 

 
      

Fear of Muscle Strain Injuries 

 
      

Additional Comments: 
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7.7.3 Appendix G3 PLAD Subjective Questionnaire 
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Compared to NO DEVICE, I believe PLAD will affect my:     Tick mark your most suitable answer 

                                         
  1             2            3            4           5 

    1.  Back Muscles‘ Effort   
    2.  Leg Muscles‘ Effort   

    3.  Arm Muscles‘ Effort   
    4.  Personal Safety   

    5.  Balance   
    6.  Load Safety   

    7.  Comfort of Shoulders   

    8.  Comfort of Waist    

    9.  Comfort of Knees and Feet   

   10.  Fear of Muscle Strain Injuries   
   11.  MY OVERALL OPINION   
 

Additional Comments: 
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7.7.4 Appendix G4 Pain Questionnaire 
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1. Currently, are you experiencing any form of physical pain in your lower back?   

 

No          PLEASE MOVE ON TO QUESTION 2    

 

Yes        PLEASE MAKE AN ―X‖ ON THE LINE BELOW TO SHOW HOW BAD YOUR PAIN IS 

RIGHT NOW          
                                                                                                                                                                                                  

                                                                   
    No                   Worst                

    Pain            Possible Pain 

 
2. Currently, are you experiencing any form of physical pain in your legs?           

 

No         PLEASE MOVE ON TO QUESTION 3 

 

Yes         PLEASE MAKE AN ―X‖ ON THE LINE BELOW TO SHOW HOW BAD YOUR PAIN IS 

RIGHT NOW 
 

    
    No                    Worst 

   Pain               Possible Pain 

 
3. Please mark with an ―X‖ on the body diagram below, the region(s) where you are currently experiencing 

pain and rank this pain from 0 ―no pain‖ to 10 ―worst possible pain‖. 

    

                                                                              

     I have no pain                   Back                     Front                                                                                                                   

 

 

        
                                        

 

 

 

 

 

 

 

3 
Example: 
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7.7.5 Appendix G5 Discomfort Questionnaire 
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Please mark an ―X‖ on the lines below that would best describe your Discomfort right now. 

Example:                                 

          
NO                                 WORST 
DISCOMFORT                   POSSIBLE DISCOMFORT 

Discomfort: Discomfort refers to a physical uneasiness or annoyance 
 

Neck Discomfort                                                              
                                                         NO                                                                                                                 WORST  
                                                DISCOMFORT                                      POSSIBLE DISCOMFORT    

 Low Back Discomfort     

                                                   NO                                                                                                                  WORST  
   DISCOMFORT                         POSSIBLE DISCOMFORT    

Shoulder Discomfort       
                                                   NO                                                                                                                  WORST  
   DISCOMFORT                         POSSIBLE DISCOMFORT    

   Underarm Discomfort   
                                                         NO                                                                                                                  WORST  
   DISCOMFORT                         POSSIBLE DISCOMFORT    

Buttock Discomfort         

                                                        NO                                                                                                                   WORST  
   DISCOMFORT                         POSSIBLE DISCOMFORT    

Thigh Discomfort            
                                                  NO                                                                                                                    WORST  
   DISCOMFORT                         POSSIBLE DISCOMFORT    

Knee Discomfort             

                                                       NO                                                                                                                    WORST  
   DISCOMFORT          POSSIBLE DISCOMFORT    

  Feet Discomfort               

                                                       NO                                                                                                                    WORST  
   DISCOMFORT          POSSIBLE DISCOMFORT    

 

 



 

91 

 

7.7.6 Appendix G6 PLAD Experience Questionnaire 
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Please indicate your level of agreement with the following 

statements: 

 

Today, when wearing the PLAD I   experienced… 

   Tick mark your most suitable answer 

                                               
1         2         3         4         5          6         7  
Strongly                         Neither                             Strongly    

Disagree               Agree or Disagree                       Agree              

 

1. Decreased Physical Fatigue       
2. Increased Discomfort of the Shoulders       

       3.    Decreased Leg Muscle Effort       

       4.    Decreased Leg Muscle Pain       
       5.    Increased Discomfort of the    

           Underarms 
      

       6.    Increased Personal Safety       
       7.    Decreased Balance       
       8.    Increased Support During Forward  

              Bending Tasks 
      

       9.  Decreased Arm Muscle Effort       

     10.  Increased Discomfort of the Buttocks       

     11.  Increased Back Stability       
     12.  Increased Discomfort of the Knees       

     13.  Decreased Back Muscle Effort       

    14.  Decreased Back Muscle Pain       
    15.  Increased Discomfort of the Feet       
    16.  Increased Fear of Muscle Strain 

           Injuries 
      

Additional Comments: 
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7.7.7 Appendix G7 Final PLAD Questionnaire 
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1.  PLAD reduced fatigue during forward 

bending tasks  in the following body 

regions: 

Tick mark your most suitable answer 
1           2           3           4           5            6           7  
Strongly                                  Neither                                       Strongly    

Disagree                         Agree or Disagree                                  Agree              

     i.   Upper Back                       

    ii.  Lower Back                       
    iii. Legs                       

  COMMENTS: 

 

1.  PLAD restricted my range of motion  

in the following joints: 

Tick mark your most suitable answer 
1           2           3           4           5            6           7  
Strongly                                  Neither                                       Strongly    

Disagree                         Agree or Disagree                                  Agree              

 

    i.   Shoulders                       

    ii.  Hips                       

    iii. Knees                       

    iv. Ankles                       

2. PLAD had negative effects on my 

work because of interference with the 

following activities & equipment. 

Tick mark your most suitable answer 
1           2           3           4           5            6           7  
Strongly                                  Neither                                       Strongly    

Disagree                         Agree or Disagree                                  Agree              

 i.   with your daily tasks                       
ii.  with workplace equipment/snagging                       

iii. with your clothing                        

iv. with your breathing                        

v.  with personal protective equipment 

(PPE) 
Please specify (i.e. Work boots, Gloves, etc.) 

____________________________ 
 

                      

COMMENTS on interference as a result of wearing the PLAD (i.e. work boots not compatible, 

snag on work apparatus, etc.): 
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Please rate the PLAD‘s acceptability 

with respect to the following scenarios.   

Tick mark your most suitable answer 
1           2           3           4           5            6           7  
Extremely                               Neither                                    Extremely  

Poor                                  Poor Nor Good                                     Good           

                      
Acceptability 

  1         2        3        4        5 

1. Putting PLAD on & Taking PLAD  

    off  
 

Ease of putting on the     

         PLAD? 
                      

Ease of taking off the  

         PLAD? 
                      

2. The PLAD overall  

    i.   Overall Fit?                        

    ii.  Body Balance?                       

    iii. Elastic Tension?                       

    iv. Overall Appearance?                        
    vi. Other _________________                         

3. PLAD Appearance  

    Please answer the following questions in terms of your personal preference. 

i. Would the appearance of the PLAD determine whether or not you would wear it at your 

workplace?  NO  YES  If yes, explain.______________________________ 

_____________________________________________________________________ 

COMMENTS (i.e. additional appearance comments, suggestions, etc.): 

 

 

 

 

4. Fit & Adjustability 

Please rate the PLAD in terms of 

acceptability at the following contact 

points. 

Tick mark your most suitable answer 
1           2           3           4           5            6           7  
Extremely                               Neither                                    Extremely  

Poor                                  Poor Nor Good                                     Good           

Shoulder Straps 

i.   width                        

ii.  position                        

iii. pressure                        
iv. ease of adjustability                        
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Back Panel (SPRING BOX) 

i.   size                        
ii.  position                        
iii. pressure                        
iv. ease of adjustability                         

1. Thermal Discomfort/Ventilation 

 

Please rate the PLAD in terms of 

discomfort at the following locations.                        

Tick mark your most suitable answer 
1           2           3           4           5            6           7  
Extremely                               Neither                                   Extremely  

Uncomfortable                                                                   Comfortable     

 Overall 

i.  thermal discomfort                         

ii. ventilation                         

Back Panel/Shoulder Straps 

i.  thermal discomfort                         

ii. ventilation                         
Pants 

i.  thermal discomfort                         

ii. ventilation                         
2. If you have any comments with regards to PLAD thermal discomfort and ventilation, please    

    record them below. 
COMMENTS (i.e. sweating, overheating, etc.): 

3. Daily Tasks 
Please rate the PLAD in terms of discomfort 

when performing the following tasks. 

 

Tick mark your most suitable answer 
1           2           3           4           5            6           7  
Extremely                               Neither                                   Extremely  

Uncomfortable                                                                   Comfortable      

i.    standing                         
ii.   sitting                         
iii.  walking                         
iv.  bending at the torso                         
v.   bending at the knees                         
vi.  stair climbing                         
vii. other____________________                         
4. If you have any comments with regard to the discomfort of the PLAD when performing daily 

tasks, please explain below. 
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Effectiveness  

 

1. Do you believe that the PLAD was effective? 

   (Please circle the appropriate answer) 

 

1                     2                     3                     4                     5                     6                     7 

Definitely                                                 Neither                                                  Definitely 

No                              No or Yes                                                      Yes 

 

          

2. What % of help do you think the PLAD provided during your work tasks? 

 

Percent Help 

 
0%                                       100% 

 

3. Would you wear the PLAD during your work tasks? 

 

   No          Please move on to question 4 

 

   Yes        Please move on to question 5  

 

4. If No, please provide a brief explanation below: 

 

5. If you had access to a PLAD, how often would you wear the PLAD at your place of 

work?  (Please circle the appropriate answer) 

                                                                                            

1                     2                     3                     4                     5                     6                     7 

Never                                                    Sometimes                                                    Always 

  

6. Can you think of any other job tasks at your place of work where the PLAD may be 

beneficial? 

1.)      

2.)      

3.)      

4.)      

5.)      

 

 

Overall Comments or Concerns: 
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7.8 Appendix H PLAD Design Iterations 
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1
st
 Iteration Case Study 1: Distribution Centre 

Features: Spring element one standard size and stiffness (12 lbs/in), light shoulder straps, pelvic spacer 

held in place via clips on participants belt, loop of nylon webbing to anchor PLAD to participants feet, 

internal cabling system (work pants)  and a tension control on the left shoulder / increasing tension moved 

spring element furthur up the participants back  

  

2
nd

 Iteration Case Study 2: Distribution Centre 

Features: Spring element one standard size and stiffness (12 lbs/in), light shoulder straps, pelvic spacer 

held in place via clips and a waist belt, loop of nylon webbing to anchor PLAD to participants feet, internal 

cabling system (work pants) and a tension control on the left shoulder / increasing tension moved spring 

element furthur up the participants back   

   

3
rd

 Iteration Case Study 3: Retail Store 

Features: Spring element was one standard size, however, different stiffness‘s were used depending on 

body size and weight (6 lbs/in females, 9 lbs/in males), light shoulder straps, pelvic spacer held in place via 

clips and a waist belt increased size (surface area), loop of nylon webbing and velcro staps to anchor PLAD 

to participants feet, internal cabling system (work pants) and a tension control on the left shoulder / 

increasing tension moved spring element furthur up the participants back 
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4
th

 Iteration Case Study 4: Automotive Assembly Line 

Features: Spring element was one standard size, however, different stiffness‘s were used depending on 

body size and weight (< 120 lbs = 6 lbs/in, 120 – 165 lbs = 9 lbs/in, 167 – 220 lbs = 12 lbs/in and > 220 lbs 

= 15 lbs/in),contoured shoulder straps (more padding),  pelvic spacer (increased size - surface area) and 

cabling system held within workpants, loop of nylon webbing and velcro staps to anchor PLAD to 

participants feet, and a tension control on the left shoulder / increasing the tension pulled slack through the 

spring element.      

  

Future Considerations 

Features: tensioning system made simpler/safer with Boa technology from Denver CO (turning motion to 

tighten, pull to let loose). Increasing the tension will no longer move the spring box up or down the users 

back. Instead the spring box position on the upper thoracic area would be stationary and the cabling system 

would move through the spring box idependently.  
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Completely tight (Retracted) 

Partially loose (Extended) 

External cabling system so PLAD can be worn over any style or type of clothing, waist belt to hold on 

pelvic spacer (designed to hug hips to prevent movement), stirrup type foot attachment, Bao technology to 

be used to make adjustments to lower cabling system, lower leg attachment to be crossed at the shin. 

Addition of an air flow channel on the back panel (spring box) to promote a cooling effect. Bicycle cable 

will be used to decrease friction of the cabling system through the lower unit to prevent discomfort when 

moving the legs.    

 

 

 



 

106 
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7.9 Appendix I Biomechanical Logic for PLAD Design Changes  

7.9.1  Appendix I1 PLAD Spring Force & Excursion Experiment 
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PLAD Spring Force & Excursion Experiment 

Objective 

Determine the force output of the PLAD spring mechanism utilized at the Mattel and The 

Beer Store distribution centres (12 lbs/in factory specifications) under varying spring excursion 

(compression) and corresponding cord excursion. This experiment is to determine how much 

force is generated by the spring mechanism at different spring excursions and how much cord can 

be drawn out of the spring mechanism before the springs reach maximum compression.  

Relevance  

This is very important because if the PLAD has the potential to ―max out‖ for a user of 

certain anthropometry, changes with need to be made to accommodate such users in future field 

based studies. 

Materials  

1.) PLAD Spring Mechanism (Figure 26a & 26b) 

2.) SHIMPO Force Gauge, 100 lbs max (Figure 27) 

3.) Custom Test Jig (Figure 28)  

 

Figure 36a and 26b depict a Schematic of PLAD spring mechanism at zero compression and at 

maximum spring compression 
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Figure 37 SHIMPO force gauge 

 

 

Figure 38 custom jig 

 

Methods  

The PLAD spring mechanism was clamped into place, allowing for zero movement, to a 

standard piece of 2‘ x 6‘ plank of lumber. The cord that runs through the spring mechanism and 

causes compression of the PLAD‘s two springs, (via a single pulley system) was then anchored to 

the SHIMPO force gauge. The force gauge was then pulled, at increments of 2 cm (SD 0.06), 

away from the spring mechanism, until maximum compression of the springs was achieved. The 

force gauge was then returned, at increments of 2 cm (SD 0.06), toward the spring mechanism, 

until the springs reached zero compression. This protocol was performed a total of three times.  

Results 

  The raw data acquired during this experiment are presented below. The mean values for 

spring excursion length (cm) and pull force (Kg) have been plotted against one another in figure 

29 below.  
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Figure 39 Spring excursion (cm) against pull force (Kg) *Note: Blue data points indicate data 

acquired while pulling away from the spring mechanism and red data points indicate returning 

towards the spring mechanism* 

 
The mean values for cord excursion (cm) and pull force (Kg) have been plotted against 

one another in figure 30 below. 

 

Figure 40 Cord excursion (cm) against pull force (Kg) *Note: Blue data points indicate data 

acquired while pulling away from the spring mechanism and red data points indicate returning 

towards the spring mechanism* 

The mean values for spring excursion (cm) and pull force (N) have been plotted against 

one another in figure 31 below.  
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Figure 41 Spring excursion (cm) against pull force (N) *Note: Blue data points indicate data 

acquired while pulling away from the spring mechanism and red data points indicate returning 

towards the spring mechanism* 

 
These results show a very linear trend between spring excursion and pull force (R

2
 = 

0.998), and cord excursion and pull force (R
2
 = 0.995). The maximum values obtained during this 

experiment are provided in table 9.5 below. 

0.5 Maximum measured values for cord excursion (cm & in), spring excursion (cm & in) and pull 

force (lbs, Kg & N) 

Position # Cord Excursion Spring Excursion  Pull Force Output 

   cm in cm in lbs Kg N 

11 21.97 8.65 9.4 3.70 50.43 22.88 224.34 

  
 

      
  It must be noted that the maximum spring excursion was measured (~10cm), however, 

because of the set up of the jig, the cord excursion and force output at this spring excursion could 

not be measured. Values contained within table 9.5 will therefore be slightly below the ―true‖ 

maximum for each measurement. Figures 32, 33 and 34 depict the PLAD‘s spring mechanism 

under maximum cord excursion, spring excursion and pull force conditions. 
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Figure 42 PLAD spring mechanism under maximum compression 

 

Figure 43 PLAD spring mechanism under maximum compression 

 

Figure 44 PLAD spring mechanism under maximum compression – force output 

Discussion 

The current version of the PLAD‘s spring mechanism may not be providing enough cord 

excursion through the unit to accommodate users in the upper percentiles for height. Graham 

(2008) described spring excursions of up to ~29 cm (Fig 3.2. p. 59, Master‘s Thesis). It must be 

noted that spring excursion measured during this work was directly related to cord excursion due 

to the fact that the springs were ―in line‖ with the entire system and no pulleys were used. The 

current spring mechanism is only allowing for 22 – 24 cm at best. Tall users may be inhibited in 

their motion if the spring mechanism reaches its full potential (maximum cord/spring excursion) 

before they have completed the down phase of a lifting cycle. The occurrence of this situation 
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will be dependent on the anthropometric proportions of the user, the style of lifting utilized by the 

user (squat, stoop, or freestyle) and the preferred tension set by the user while wearing the PLAD.  

     

Conclusions 

Drawing on previous research, it seems reasonable to conclude that the current version of 

the PLAD‘s spring mechanism may not provide enough cord excursion through the entire system 

to accommodate users in the upper percentile for height. Provided that there are sources of human 

error, such as parallax when reading the force gauge and rulers, and equipment error, such as 

slight bending of the steel that held the forge gauge in place or bending of the screws in the wood.  

Appendix 

0.6 Spring Stiffness and Cord Excursion Raw Data 

PLAD Spring Force Experiment: Mean Values 

Position # Cord Length Spring Excursion  Force output 

  cm in cm in lbs Kg N 

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1 2.02 0.79 0.73 0.29 4.27 1.94 18.98 

2 3.91 1.54 1.53 0.60 8.63 3.92 38.40 

3 6.00 2.36 2.43 0.96 13.13 5.96 58.42 

4 7.96 3.13 3.23 1.27 17.70 8.03 78.73 

5 9.95 3.92 4.17 1.64 22.27 10.10 99.05 

6 11.95 4.71 5.03 1.98 27.33 12.40 121.58 

7 13.96 5.50 5.90 2.32 32.40 14.70 144.12 

8 16.00 6.30 6.80 2.68 37.57 17.04 167.10 

9 18.00 7.09 7.70 3.03 41.33 18.75 183.86 

10 20.00 7.87 8.60 3.39 45.97 20.85 204.47 

11 21.97 8.65 9.40 3.70 50.43 22.88 224.34 

10 20.00 7.87 8.53 3.36 44.23 20.06 196.76 

9 18.00 7.09 7.60 2.99 39.13 17.75 174.07 

8 16.00 6.30 6.70 2.64 34.57 15.68 153.76 

7 13.96 5.49 5.80 2.28 29.63 13.44 131.82 

6 11.96 4.71 4.90 1.93 24.67 11.19 109.72 

5 9.95 3.92 4.00 1.57 20.30 9.21 90.30 

4 7.96 3.14 3.10 1.22 15.57 7.06 69.24 

3 6.00 2.36 2.20 0.87 11.37 5.16 50.56 

2 3.90 1.54 1.30 0.51 7.10 3.22 31.58 

1 2.06 0.81 0.50 0.20 3.23 1.47 14.38 

0 0.00 0.00 0.00 0.00 0.07 0.03 0.30 
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7.9.2 Appendix I2 PLAD Pelvic Spacer Dimension Evolution  
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 PLAD pelvic spacer dimensions (surface are in contact with the users posterior pelvic 

girdle was increased based on recommended values for mean (< 20 kPa) and maximum (< 45 

kPa) skin contact and continuous skin point pressure values proposed by (Stevenson et al., 2004). 

This work used objective biomechanical measurement tools and a load carriage simulator to 

provide recommendations regarding performance specifications for military backpacks.    
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7.9.3 Appendix I3 PLAD Shoulder Harness Free Body Diagram  
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 The PLADs shoulder harness was within recommended values for forces borne by both 

shoulders proposed by (Stevenson et al., 2004). This work used objective biomechanical 

measurement tools and a load carriage simulator to provide recommendations regarding 

performance specifications for military backpacks.    
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7.10 Appendix J Design Evolution of the PLADs Shoulder Harness 
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7.11 Appendix K Mathematical Equations used to Calculate Cord Excursion (m) 

and Required Spring Stiffness (N/m) 
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The following mathematical equations were created and validated by Graham (2008). 

They have been modified to satisfy the current PLADs moment arm and spring box 

configuration.   

                  

                                                         

                                          

                                            

In this case, cord excursion needs to be known, which is different from Graham‘s (2008) 

equation, where spring excursion was necessary to satisfy the equation. This is because the 

current version of the PLAD utilizes compression springs and a single pulley system which is 

different from the version used by Graham (2008), which had extension springs directly ―in-line‖ 

with the cabling system.   

Note: spring stiffness (k) is exactly the same under extension as it is in compression.  

                    

                                                              

Where, 0.43% of trunk depth is the average distance from the centre of L4/L5 to the back surface 

(McGill, Patt, & Norman, 1988), and 0.075m is the width of the back pelvic spacers used within 

the PLAD. Note that with increased trunk flexion the PLAD‘s moment arm decreases. 

                          
  

   
             

                            

   
   

                        
                        

                    
 

                          
 

 
    

                      

                  
  

Need to know: 

Trunk Angle (⁰), Knee Angle (⁰), Height (cm), Weight (Kg), Gender (0 = male, 1 = female) 

Trunk Depth (0.2 = male, 0.18 = female) *based on Graham‘s (2008) data set 

Added PLAD Moment Arm (m) = 0.075 * based on current PLAD iteration (Graham, 2008) 
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Note that this is stiffness out of the spring box not individual spring stiffness used within the 

spring box itself. To calculate the actual spring stiffness needed per spring (there are two springs 

per spring box) to be used within the spring box simply multiply the desired spring stiffness that 

you require ―out of the box‖ by 2. Example: Desired spring stiffness ―out of the box‖ = 8 lbs/in, 

each individual spring within the spring box would need to be 16 lbs/in. This is because of the 

design of the spring box in which it provides a 4 to 1 mechanical advantage over the two 

individual springs. Therefore, 2 individual springs at 16 lbs/in would equal 32 lbs/in in total 

spring stiffness. However, with the 4 to 1 mechanical advantage (32/4 = 8), the spring box as a 

whole functional unit only produces (user only experiences) 8 lbs/in in spring stiffness.  
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7.12 Appendix L Anatomy of the Spine  
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 The human spine consists of 33 vertebrae. The most superior aspect of the spine is made 

up of 7 cervical vertebrae, followed by 12 thoracic vertebrae, 5 lumbar vertebrae, 5 fused sacral 

vertebrae and 4 fused coccygeal vertebrae. Figure 35 depicts a normal human spine with its 

major regions.  For the purposes of this paper, only the lumbar spine anatomy is presented. 

 

Figure 45. Regions of the normal human spine. Reprinted from “Reducing Low Back Pain and 

Disability in Mining,” by S. Gallagher, 2008, National Institute for Occupational Safety and Health, 

9507, p. 6. Copyright 2008 by the Pittsburgh Research Laboratory. 

7.12.1  Bones of the Lumbar Spine 

 The lumbar spine consists of the spinal motion segments; L1-L2, L2-L3, L3-4, L4-L5 and 

the lumbrosacral joint (L5-S1). Every lumbar vertebra consists of one vertebral body, two 

pedicals, two transverse processes, two articular facets, two laminae, and one spinous process that 

surround the vertebral canal (See Figure 36).The functions of each structure of the normal 

lumbar vertebra are discussed below: 

Vertebral body: weight bearing structure designed to resist compressive forces, and provide 

anterior protection for the spinal cord (Bogduk, 2005).  

Pedicals: connect the vertebral body to the posterior elements of the vertebra (transverse and 

spinous processes) (Bogduk, 2005).  
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Transverse process: provide a primary attachment point for muscles that surround the spine and 

to provide lateral protection for the spinal cord (Bogduk, 2005).  

Articular facet: allow movement between the posterior elements of spinal segments (Bogduk, 

2005). This joint provides a space between the vertebral body and the posterior elements of the 

vertebrae, called the intervertebral (neural) foramina, which serves as a passageway for the 

lumbar spinal nerves (Bogduk, 2005).  

Lamina: connect the articular facets to the spinous process (Bogduk, 2005).  

Spinous process: provide a primary attachment point for muscles that surround the spine and 

provide posterior protection for the spinal cord (Bogduk, 2005).  

Vertebral canal: passageway for the spinal cord (Bogduk, 2005). 

 

Figure 46. Top and side views of a normal lumbar vertebra. Reprinted from “Reducing Low Back 

Pain and Disability in Mining,” by S. Gallagher, 2008, National Institute for Occupational Safety and 

Health, 9507, p. 7. Copyright 2008 by the Pittsburgh Research Laboratory. 

7.12.2 The Intervertebral Disc 

 The intervertebral disc is made up of two primary components: the nucleus pulposus 

(inner portion) and the annulus fibrosus (surrounding outer portion).  A third component, the 

vertebral endplate is sometimes associated with the intervertebral disc (Bogduk, 2005). 

7.12.2.1 Nucleus Pulposus 
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 This is the central structure of the intervertebral disc. It is a semi-fluid mass with a 

consistency similar to toothpaste (Bogduk, 2005). Its unique structure allows it to deform under 

pressure and transfer force in all directions away from its centre (Chaffin, Andersson, & Martin, 

2006).  

7.12.2.2 Annulus Fibrosus 

Similar in term of unique in structure, the annulus fibrosus consists of many alternating 

fibrous layers that are well adapted to sustaining axial tensile stresses (Chaffin et al., 2006). The 

mechanical properties of these two structures thus allow for movement between spinal segments 

and additively provide the ability for the spine to flex, extend, laterally bend and twist.  

7.12.2.3 Vertebral Endplates 

These separate the vertebral bodies from the intervertebral disc and provide a pathway for 

nutrient diffusion into the disc (Bogduk, 2005). The intervertebral discs lack vascular tissue and 

thus must receive its nutrients via the blood supply of the vertebral bodies that diffuse through the 

vertebral endplates (Chaffin et al., 2006). Figure 37 depicts the structures of the intervertebral 

disc and the vertebral endplates.  
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Figure 47. Intervertebral disc and adjacent vertebral endplates. Reprinted from “Reducing Low 

Back Pain and Disability in Mining,” by S. Gallagher, 2008, National Institute for Occupational 

Safety and Health, 9507, p. 7. Copyright 2008 by the Pittsburgh Research Laboratory. 

7.12.3 Ligaments of the Lumbar Spine    

 There are five main ligaments found within the lumbar spine. The ligaments of the 

vertebral bodies are the anterior and posterior longitudinal ligaments. The ligaments of the 

posterior elements of the vertebrae are the ligamentum flavum, interspinous ligaments and the 

supraspinous ligament. The anterior longitudinal ligament covers the anterior aspect of the 

lumbar vertebral bodies and intervertebral discs (Bogduk, 2005). It extends the entire length of 

the spine. The posterior longitudinal ligament also extends the entire length of the spine and 

covers the posterior aspect of the lumbar vertebral bodies and laterally covers the posterior 

aspects of the intervertebral discs (Bogduk, 2005). The ligamentum flavum is a short, thick 

ligament that attaches the laminae of adjoining vertebrae (Bogduk, 2005). The interspinous 

ligaments join consecutive spinous processes (Bogduk, 2005). Finally, the supraspinous 

ligaments also attach to the spinous processes and bridges the interspinous spaces (Bogduk, 

2005). Figure 38 depicts the major ligaments of the lumbar spine.   

      Body 

   Body 
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Figure 48. Ligaments of the lumbar spine. Reprinted from “Reducing Low Back Pain and Disability 

in Mining,” by S. Gallagher, 2008, National Institute for Occupational Safety and Health, 9507, p. 7. 

Copyright 2008 by the Pittsburgh Research Laboratory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


