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Abstract 

Objective. To develop modular software to assess angular impulse and to determine the effect of a 

reduced dataset on the net angular impulse acting at the L5/S1 joint. 

Background. With the prevalence and incidence of lower back pain increasing annually, accurate 

assessment of physical job demands is needed. Many lab based approaches exist to measure the 

moments acting on the lower back, but require advanced and sensitive testing equipment. Of the 

methodologies currently used in industrial settings, most require significant contributions of time 

or money to be implemented. There is a need for cost and time effective methods to record a 

worker’s kinematic data over their whole shift.   

Methods. Twelve participants performed 12 consecutive lifts under five lifting conditions: SQ00 

(squat 0kg); SQ04 (squat 4kg); SQ10 (squat 10kg); FP04 (fast squat 4kg); ST04 (stoop 4kg). 

Kinematic data of the upper limbs, head, and trunk was recorded with external load data and 

kinetic analysis was performed by implementing an extension of the Hof (1992) method called 

the lined-segment engine (LSE) to calculate the angular impulse (N·m·s) acting on the L5/S1 

joint.   

Results. The LSE was sensitive to changes in load, lifting speed, and lifting posture (p < 0.05). 

There was no difference in dynamic, quasi-static, or static models when calculating angular 

impulse, but there was a difference in the L5/S1 angular impulse when the upper limbs were 

removed from the dynamic LSE model (p < 0.05).  

Conclusion. The LSE requires further refinement, but could be a generic approach to kinetic 

calculations. A scaled no-arms model for calculating the angular impulse acting on the low back 

could be used to assess field based lifting studies with 5.8% error.  
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Chapter 1 

Introduction 

When working or performing activities of daily living we experience the application of 

external force. To maintain our balance in the presence of these forces our trunk muscles, 

commonly referred to as the ‘core’, work to counteract the forces that tend to shift our body’s 

center of gravity outside of its base of support. When lifting, the body’s center of gravity is 

shifted forward and the spine is loaded by the force of gravity acting on all segments above it, as 

well as any external loads being manipulated. The lower trunk must counteract considerable loads 

during sport, work, and daily living, and as humans have assumed increasingly specialized work, 

this anatomical area may be exposed to repetitive loading as well. Completing repetitive work 

over a long period of time causes excessive strain on specific anatomical locations which may 

contribute to workplace injury (Kumar, 1990; Marras et al., 1995).  

In an effort to reduce workplace injury and improve worker health, the National Institute 

for Occupational Health and Safety (NIOSH) conducted research to establish safe working limits 

for employees in manual material handling occupations (NIOSH, 1981). The research completed 

by NIOSH produced an equation that predicted the maximum load that could be lifted when a 

number of lifting constraints were considered (speed, coupling, lift height, etc.). The NIOSH 

lifting equation was used in many industries to determine lifting limits (Waters, Putz-Anderson, 

Garg, & Fine, 1993).  

Although the NIOSH equation was a useful tool for estimating maximum allowable 

loads, it did not provide insight into how workers moved or completed lifting tasks. With the 

increasing capabilities and accessibility of computers in the 1980’s, innovation in low back load 

measurement, safe working limits, and modeling increased. Analogue measurements were soon 
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being combined with computational mathematical modeling to further understand the mechanics 

of how the trunk moved. McGill & Norman (1985, 1986) produced the first fully dynamic model 

to assess the contribution of forces from the lower trunk musculature acting on the lower trunk. 

This led other researchers, notably Granata & Marras (1993) and van Dieën (1997), to develop 

their own muscle models of the trunk based on electromyographic (EMG) muscle activity. 

McGill, Norman, Granata, Marras, and van Dieën were pioneers in modeling the loading on the 

spine of the human back, but were limited to using advanced measurement equipment in a 

controlled laboratory setting. 

The first data collections done outside of the laboratory used observational and video 

based systems. For example, the pen and paper methods of recording activity (Village et al., 

2009) can reliably assess workplace demands, but are expensive and time consuming to 

implement. Video based systems, like the University of Waterloo’s 3D Match or the University of 

Michigan’s 3DSSPP, became popular industry tools for the assessment of lumbar loading and are 

more cost effective than pen and paper methods. The limitations of using video for workplace 

assessment require that the employee remain visible and aligned with the cameras and the 

significant amount of time needed to digitize the recorded worker’s movements frame by frame.   

Time and cost effective methodologies for human motion capture in the field have 

improved within the past fifteen years as inertial motion sensors (IMS) have reached acceptable 

levels of accuracy and reliability. While these devices lack the detailed and precise offered by 3D 

motion capture cameras in the laboratory, they allow for good representations of workers motions 

while performing tasks in the field, as opposed to task simulation in laboratory settings. Although 

inertial motion sensors do not output 3D location data, IMS do provide a direction cosine matrix. 

The direction cosine matrix indicates the orientation of the IMS during movement and can be 

used to represent the orientation of the body segment to which it is mounted. With orientation 
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information, segmental endpoints and angular position can be established so that kinematic 

models of segmental motion can be built. Building kinematic models is necessary to define 

coordinate data of segments so that the kinematic data can be processed in available software 

suites, such as Visual 3D (C-Motion, Germantown, MD). 

Previous work in our lab has shown that IMS data can be successfully processed to 

produce joint forces and moments (Goodwin, 2009). However, in our previous work developed 

specialized kinematic and kinetic models were developed for each project, and these models are 

not suitable for our next project which will assess lifting tasks in an industrial setting. As a result, 

there was a need to develop a new kinematic model that could assess loading of the lumbar spine 

for the entirety of a worker’s shift. In addition, we wanted this model to be more generic so that it 

could be used in future projects.  

  To address this need for new analysis software, the purpose of this thesis was to develop 

a model that could assess the kinetics of a box lifting task. However, during the early 

development of this software it became apparent that the software could be made modular, which 

would allow for the assessment of data from different kinematic measurement equipment and 

provide a rich kinetic output. An additional purpose was to determine the moment about the 

L5/S1 joint during a simple lift and to assess the effect of reducing the information available to 

the kinetic model to understand how this will affect the resultant moment prediction.   
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Chapter 2 

Literature Review 

2.1 Lower Back Pain 

2.1.1 Prevalence & Incidence 

Lower back pain (LBP) is a leading cause of lost productivity and employee occupational 

health problems worldwide (Choi, Tennassee, & Eijkemans, 2001). It is estimated that in 

industrialized countries 70-80% of the population will experience LBP at least once in their 

lifetime (Frymoyer, 1988; Punnett et al., 2005; Rubin, 2007). A survey of 15 European countries 

and Israel found that 19% of the sample population reported chronic LBP (Breivik, et al., 2006). 

In the US, 15% of the workforce have frequent back pain or pain lasting more than 2 weeks 

(Punnett et al., 2005). While Canadian LBP prevalence is similar to that of many developed 

countries, reported new onset back pain is higher, at 8% over 2 years (Kopec, Sayre, & Esdaile, 

2004).  Canada’s higher rate of LBP onset was explained by Canada’s higher proportion of 

workers in the natural resource and manual materials handling (MMH) industries (Kopec et al., 

2004). LBP has been identified as a worldwide issue, but even with advances in technology, the 

incidence and prevalence of worker injury is not decreasing. 

 

2.2 Risk Factors 

2.2.1 Physical 

Risk factors that result from interactions with the physical environment are called 

physical risk factors. Physical risk factors that are often dependent on the job and may not be 

under the worker’s control are load magnitude and lifting rate (Granata, Marras, & Davis, 1999; 
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W S Marras et al., 1995; Punnett et al., 2005; Rubin, 2007), while load exposure, which is load 

magnitude multiplied by lifting rate, is an additional physical risk factor. Other commonly 

identified physical risk factors are:  cumulative load, trunk flexion of greater than 30 degrees, 

twisting of the trunk, peak compressive load, peak shear load, and asymmetrical loads acting on 

the trunk (Marras, 2000; McGill, 1997, 2004; Norman et al., 1998). Detrimental effects from 

physical risk factors can be minimized by improving the design of the workplace or the task (ex. 

shorter lifting distances). 

 

2.2.2 Personal 

Risk factors that relate to a worker’s injury history, gender, physiology, or lifestyle 

choices are called personal risk factors. For example, people currently experiencing, or who have 

a history of, LBP tend to perform movement patterns that predispose them to further LBP 

(McGill, 1997, 2004; McGill et al., 2003). Men are generally at a greater risk of developing LBP 

because men have more jobs in the MMH industry (Breivik et al., 2006; Marras, 2000). Other 

personal risk factors include poor physical health (obesity, smoking, physical inactivity) and 

spinal deformities (Oleske et al., 2006; Rubin, 2007). Although some personal risk factors cannot 

be controlled, physical health screening prior to hiring could be a means of stopping high risk 

individuals from working in physically demanding jobs.  

  

2.2.3 Psychosocial 

Psychosocial risk factors are mental health issues that manifest in workers as physical 

symptoms. Risk factors that fall under this category are depression, job dissatisfaction, anxiety 

and stress (Oleske et al., 2006; Rubin, 2007). The indirect costs of the psychosocial risk factors 
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are lowered productivity, as a result of increased absenteeism (workers not present at their jobs) 

or increased presenteeism (workers who are present but not productive) (Rubin, 2007). The 

difficulty of identifying psychosocial risk factors is that they can be subtle and unrecognized by 

employer and workers, resulting in ongoing lost productivity (Oleske et al., 2006). 

Psychosocial risk factors may contribute to an employee’s perception of LBP or manifest 

as pain when no direct injury is present within the tissues (Oleske et al., 2006; Rubin, 2007). 

While psychosocial risk factors are of concern to employers, sensitive measures to identify issues 

are difficult to implement (Rubin, 2007).  

 

2.3 Anatomy of the Lumbar Spine 

2.3.1 Vertebrae 

The five lumbar vertebrae (L1 through L5) withstand muscular loading and help support 

the weight of the body and they allow flexion/extension, lateral bending, and small amounts of 

axial rotation of the trunk (Bogduk, 2005). These vertebrae consist of three main parts: the body, 

the pedicles and the posterior elements (Benzel, 2001) (Fig. 1). The bodies of vertebrae are 

kidney-bean shaped (caudal view) and increase in size from the first lumbar vertebrae, L1, to the 

last, L5. The ring apophysis is the outmost structure of the vertebral body and consists of cortical 

bone (Bogduk, 2005). The interior is made of cancellous bone that contains vertical tubes 

(trabeculae) that resist the compressive forces experienced by the lumbar spine during load 

bearing (Bogduk, 2005; McGill, 2007).  

The vertebrae are separated by intervertebral disks, which primarily absorb and distribute 

load, but also allow small movements between the vertebrae (Adams, 2004). Intervertebral disks 

are composed of a viscous liquid, called the nucleus pulposus (NP), at their center. The NP is 
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contained by concentric layers (lamellae) of annular fibrosus cartilage that form the exterior of 

the disk (Adams, 2004). Vertebral endplates are layers of cartilage that are 0.6-1mm thick and 

cover the vertebral body within the ring apophysis (Bogduk, 2005). Intervertebral disks are the 

cushioning system of the spine that stops bone on bone contact from occurring and evenly 

distributes load.  

Bilateral pedicles project posteriorly from the superior aspect of the vertebral body (Fig. 

1). Pedicles are bones that help create the foramen referred to as the neural arch. The neural arch 

is closed by the fusion of lamina that point medially from the end of each respective pedicle. This 

fusion of bone results in the triangular shaped foramen (Bogduk, 2005; McGill, 2007) (Fig. 1). 

Projecting from the lamina are superior and inferior articular processes as well as the spinous and 

transverse processes (Bogduk, 2005; McGill, 2007) (Fig. 1). When vertebrae are stacked, the 

inferior articular process of the top vertebra forms a zygapophyseal joint to the superior articular 

process of the vertebra directly below. These zygapophyseal joints are synovial joints and resist 

relative horizontal and axial movement between the vertebrae (Adams, 2004; Benzel, 2001). The 

transverse process’s main purpose is to serve as an attachment site for muscles of the trunk. The 

spinous process serves as a ligamentous attachment point for muscles that help control trunk 

forward flexion (Benzel, 2001).  
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Figure 1 – Bone and connective tissue anatomical features of the spine (Netter, 2006). 

 

 

2.3.2 Connective Tissues 

Vertebrae are joined together to create the spinal column, which is stabilized by multiple 

ligaments (Fig. 1). The posterior longitudinal ligament (PLL) is a single long ligament that is 

attached through the entire length of the spinal column at the posterior aspect of each neural arch. 

The anterior longitudinal ligament (ALL) is attached along the anterior aspect of the vertebral 

body and is connected through the entirety of the spinal column (Bogduk, 2005). The longitudinal 

ligaments also have collagenous attachments to the intervertebral disks (Bogduk, 2005). The main 

functions of the PLL and ALL are to provide spinal stability and resist shear and axial forces 

(Benzel, 2001).  
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  The ligamentum flavum, interspinous and supraspinous ligaments are the main ligaments 

of the spine and are posterior to the vertebral body. The ligamentum flavum connects the lamina 

of adjacent vertebra (Benzel, 2001; Bogduk, 2005). The spinous processes of the vertebrae are 

connected with the interspinous ligament and the supraspinous ligament. The interspinous 

ligament connects a spinous process to the adjacent spinous process to help limit forward flexion 

of the spine (Benzel, 2001). The supraspinous ligament is a thin ligament that attaches to the 

dorsal aspect of the spinous process and extends continuously for the length of the spinal column 

(Bogduk, 2005). The main function of the ligamentum flavum, interspinous and supraspinous 

ligaments is to resist flexion of the spine (Benzel, 2001). 

 

2.3.3 Muscles 

There are a number of muscles with the primary function of trunk movement that also 

serves a secondary function of stabilizing the spine by compression. Muscles that cause flexion 

and compression of the lumbar spine are the psoas major and transverse abdominus (Benzel, 

2001; Bogduk, 2005). The psoas major muscle causes trunk flexion about the hip and exerts a 

compressive force on the lumbar spine by acting on the medial 3/4 of the anterior transverse 

processes and the intervertebral disks from T12-L1 and L4-L5 (Bogduk, 2005). This compressive 

force resists shear movement of the vertebrae and increases spinal stability. The transverse 

abdominus is deep to the obliquus internus. Its origin is on the iliac crest as well as the last six 

ribs and terminates in the aponeurosis of the rectus abdominus and obliquus internus. During 

contraction, this muscle increases abdominal pressure and compresses the lumbar spine to 

increase stabilization (Benzel, 2001).  

Muscles that generate lateral flexion and extension are the quadratus lumborum, 

components of the lumbar erector spinae and the multifidus muscle (Benzel, 2001; Bogduk, 
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2005). The quadratus lumborum anchors the lumbar transverse processes of the spine to the ilium 

of the hip. This muscle causes lateral flexion, but due to its size, only contributes a moment of 

approximately 35 Nm; in addition, it makes a small contribution of 20 Nm to extension (this is 

less than 10% of the overall moment generated) (Bogduk, 2005). The main function of the 

quadratus lumborum is to limit lateral translation of the lumbar spine (Benzel, 2001). 

The lumbar erector spinae generally refers to both the iliocostalis lumborum par 

lumborum (ILL) and the iliocostalis lumborum pars thoracis (ILT). The ILL originates on the tip 

of the transverse process of vertebrae L1-L4 and attaches to the iliac crest lateral to the posterior 

superior iliac spine (Bogduk, 2005).  The ILT originates on the lower seven or eight ribs and runs 

caudally to insert on the ilium and sacrum (Bogduk, 2005). Although the ILT does not attach 

directly to the lumbar spine, its insertion is shared with that of the ILL and this muscle group can 

generate a lordotic bend of the lumbar spine when activated (Bogduk, 2005). The multifidus 

muscle has numerous fascicles that attach to the mammillary processes on the spinous processes 

of the vertebrae. This muscle acts at right angles to the horizontal plane and uses the spinous 

process as a lever to pull the spine (posterior sagittal rotator) into extension. 

 

2.4 Injury Mechanisms 

While the anatomy of the lumbar spine is known in detail, injury mechanisms of the 

lumbar spine are less understood. Some of the commonly identified injury mechanisms are: 

increased intervertebral fluid, a highly mobile spine with low muscular endurance, excessive 

shear loading, and the dose-response relationships of lower trunk loading to injury (Biering-

Sørensen, 1984; Kumar, 2001; McGill, 2004; Snook et al., 2002). Extra fluid in intervertebral 

disks results in less stability during movements due to excessive mobility and rocking of 

vertebrae (McGill, 2004; Snook et al., 2002). Snook et al. (2002) found that workers who avoided 
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excessive trunk bending in the first 2 hours of their shift, when intervertebral disks have extra 

fluid, had a decrease of 23% in reported pain days versus a control group. Three years later, the 

same workers who avoided excessive bending reported 10 fewer pain days compared to before 

the intervention (Snook et al., 2002).  

Workers with high spine mobility and low muscular endurance have a higher incidence 

of LBP (Biering-Sørensen, 1984; McGill et al., 2003; Sihvonen, Lindgren, Airaksinen, & 

Manninen, 1997; Waters, Lu, Piacitelli, Werren, & Deddens, 2011). Individuals with high spine 

mobility have a greater risk of vertebral retrolisthesis (posterior displacement of a vertebral body 

which is less than a clinically defined dislocation) during lifting tasks or when the torso is in 

forward flexion (Sihvonen et al., 1997). The issue of vertebral retrolisthesis is more severe when 

combined with back muscles that have low endurance. Low muscular endurance, especially when 

the trunk is flexed 50° or more, results in less stability of the lumbar spine as shear forces cannot 

be as effectively countered by the stabilizing musculature (Biering-Sørensen, 1984b; Sihvonen et 

al., 1997).     

The way in which the torso is flexed (stoop lift where the lumbar spine is bent vs. a squat 

lift where the lumbar spine is neutral) greatly influences the shear load experienced by the spine. 

During lifting, the back is safer under a compressive load than a shear load, as buckling of a 

vertebra is less likely to occur (Callaghan & McGill, 2001; McGill, 2004).The pars lumborum, 

longissimus thoracis and iliocostalis lumborum muscles lose their oblique line when the spine is 

flexed and cannot produce a sufficient posterior shear force to counter the anterior shear force 

that occurs during stoop lifting postures (Biering-Sørensen, 1984; McGill, 2004). Improving the 

balance of anterior/shear forces acting on the back, or ideally, balancing these forces would help 

reduce injury to the lumbar spine (Davis, et al., 1998).   



12 

 

More recently, in addition to the previously proposed injury mechanisms, Kumar (2001) 

presented four general theories of musculoskeletal injury precipitation: 1) Multivariate Interaction 

Theory; 2) Differential Fatigue Theory; 3) Overexertion Theory; 4) Cumulative Load Theory. 

Multivariate interaction theory states that the precipitation of musculoskeletal injury is an 

interactive process between genetic, psychophysical, pathological, and biomechanical factors 

(Kumar, 2001). The numerous interactions of the listed factors and their relative contribution to 

injury would be difficult to quantify, and so this theory remains speculative.  

Differential fatigue theory states that because many occupational demands are not 

matched to biological capacity or require repetitive/asymmetrical movements, joints and muscles 

are loaded unevenly (Kumar, 2001). Prolonged exposure to uneven loading results in a kinetic 

imbalance and concentration of stress in some tissues and joints that may lead to asymmetrical 

pain propagation (Kumar & Narayan, 1998).  

Overexertion theory states that a movement which exceeds the tolerance limit of a 

physical tissue or system of components could lead to injury (Kumar, 2001). Overexertion can 

occur in three main situations: a single large impact or load; impacts or loads in extreme postures; 

and a series of small impacts or loads over a long duration of time. Single impacts or loads may 

occur when forces of large magnitude are rapidly applied to tissues (ex. jerking when lifting a 

heavy load). When positioned in extreme postures, tissues are not able to accept the same 

magnitude of load as neutral postures, and the application of loads may result in injury. Injury 

may also occur when impacts or loads are consistently applied over a long duration as tissues lose 

elasticity and tensile capability over time.  

Finally, an extension of overexertion theory is cumulative load theory. Cumulative load 

theory states that, like all physical materials, bodily tissues are subject to damage and degrade 

with time (Kumar, 2001). Although human tissues are viscoelastic and are capable of self-repair, 
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prolonged repetitive loading can result in permanent damage (Kumar, 1990, 2001). Cumulative 

loading has also been linked to accelerated fatigue of biomechanical tissues that can reduce 

stress-strain capacity (Kumar, 2001).   

 

2.5 Cumulative Loading 

A risk factor for LBP that is gaining attention is cumulative loading (Kumar, 1990, 2001; 

Norman et al., 1998; Rubin, 2007; Waters, Yeung, Genaidy, Callaghan, Barriera-Viruet, & 

Deddens, 2006). Cumulative load is the product of load magnitude multiplied by repetition rate 

summed over the exposure time (Parkinson & Callaghan, 2007). Evidence of cumulative load risk 

was shown when a study of 900 men and women, working in the same workplace, found that a 

higher exposure to cumulative load led to a greater chance of developing LBP (Kumar, 1990; 

Norman et al., 1998; Seidler et al., 2009).  

Although the study of cumulative load has increased in the past decade, most techniques 

that researchers have used to measure cumulative load are of poor to marginal quality (Waters, 

Yeung, Genaidy, Callaghan, Barriera-Viruet, Abdallah, et al., 2006). The low quality of 

measurements is a result of the difficulty in fully capturing (or representing) a worker’s shift 

using a cost effective methodology (Waters, et al., 2006). The following is a general overview of 

the prevailing methods used to measure the movements and forces required to calculate 

cumulative load.  

 

2.6 Muscle Models 

Biomechanical muscle modeling methods fall into 4 main categories: single muscle 

equivalent (SME), EMG driven models, polynomial equations, and hybrid models. These 



14 

 

methods can be expressed in static, quasi-static, quasi-dynamic or fully dynamic terms (Fischer, 

et al., 2007). SME models assume that all muscles in the back can be represented by a single 

muscle that when activated creates an extension moment. SME models have straightforward 

application but are a simplified view of the anatomical factors that combine to produce 

movement. The limitation of calculating compressive load with SME models is that these models 

primarily assess loading in a single plane, which renders this approach inappropriate for modeling 

spine loading during work as torsional loading cannot be calculated (Marras, Lavender, & 

Leurgans, 1993).  

EMG driven models, specifically those developed by researchers McGill & Norman 

(1986), Granata & Marras (1993), and van Dieën (1997) are detailed, fully dynamic, anatomical 

models of the muscular activity of the lower back extensors and co-contractor muscles. The 

McGill model requires measuring 6 superficial muscle locations to derive the activation patterns 

of 20 muscles based on co-contraction assumptions. The Marras model uses 10 muscles, chosen 

by availability for direct EMG measurement, eliminating the assumptions of EMG driven co-

contractions used in the McGill model. The van Dieën model uses a combination of 114 muscle 

slips acting across the L5/S1 joint from anatomical structures which were highlighted in human 

cadavric work completed by Bogduk (1980) and the prior modeling work completed by McGill 

(1996).  

Both the McGill and Marras EMG models use gain factors to account for muscle cross 

sectional area, length, muscle contraction velocities, and the passive elasticity of muscle tissues. 

The van Dieën model uses factors to account for muscle cross sectional area, direction of muscle 

slip workline, distance from the muscle slip insertion to the L5/S1 joint’s rotation center, and 

activation levels. Although these three models are respected in the literature, they require 

advanced technical knowledge to interpret the output data. As well, the recording of muscle 
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activity at the multiple locations required for these models is susceptible to noise or data 

contamination during field collection (Trask et al., 2010).   

 Dolan & Adams (1993) developed a hybrid model to measure loading on the lower back. 

This hybrid model combines EMG measurement at T10 and L3 with kinematic measurement of 

trunk flexion at L1 and S1. Electromagnetic sensors were used to measure the orientation of the 

trunk and pelvis at L1 and S1 to determine the lumbar curvature. Participants were strapped at the 

waist to a testing apparatus with their thighs positioned against a padded bar allowing them to 

only complete vertical isometric pulls. The isometric pull was combined with a participant’s body 

segment parameters to calculate an extensor moment that was compared with measured EMG 

activation levels. The relationship between lumbar extensor moments at specific EMG activation 

levels was used to define a linear regression for extensor moments without the need for kinematic 

data. The limitations of this approach is that optimal EMG calibration takes over 40mins for each 

participant while a less optimal EMG calibration, producing more variable results, takes a 

minimum of 20mins.  

 McGill, Norman, & Cholewicki (1996) developed a polynomial method that simplified 

their previous EMG model and was intended for use in industrial settings. This method was EMG 

driven model and required an elaborate calibration procedure involving slow dynamic movements 

with eight different weights in a series of controlled motions. Two 3D sensors and two cameras 

positioned at right angles to each other are required to collect the necessary position information 

to be used with the EMG driven equations developed for this method. The lowest compression 

value that can be estimated is 1067.6N, any loading below this value (quiet standing, very light 

work) is not correctly measured(McGill et al., 1996). As workers are not engaged in lifting during 

the entirety of their shift, this approach would significantly overestimate the actual load 

experienced by workers since the forces experienced during idle time and light work are 
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represented at 1067.6N. As a result, this approach is unrealistic for use in industrial settings as the 

model’s sensitivity is greatly decreased with low joint moments.   

EMG studies are reliable in lab-based situations but prove problematic in field 

applications (Graham, Sadler, & Stevenson, 2012; Marras et al., 2006; Trask et al., 2010). Sweat, 

pressure on sensors, and movement of sensors during work all lead to noisy or lost data (Trask et 

al., 2010). Although representation of worker shifts using EMG based methods for 2 to 4 hours of 

recording was long enough to estimate exposure times for workers with 8% or 14% error, data 

loss limits the application of EMG based models in the field (Trask et al., 2008). In addition, 

interpreting EMG data unaccompanied by other measures can result in under-reporting lumbar 

strain when workers are in fully flexed trunk positions. Due to the flexion-relaxation 

phenomenon, fully flexed positions can result in reduced EMG activity and, if no body position 

data are available, could be misinterpreted as standing, thereby incorrectly estimating the 

compressive and shear loads, (Trask et al., 2010).  

 

2.7 Capturing Human Motion in the Field 

2.7.1 Observational  

Reporting worker movements using observational methods is reliable and requires 

minimal equipment (Village et al., 2009). Observers are mobile and generally only require pen, 

paper, and sometimes video cameras for recording worker activity. But, observational studies are 

expensive to complete as a minimum of one person must be present during the entirety of a single 

data collection. In one example, the cost to record 125 workers for 1 to  2 days was $47 616 

(Trask, Teschke, & Village, 2007).  
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The Back-Exposure Sampling Tool (Back-EST) is a pen and paper chart used to record a 

worker’s task performance (tool in hand, bent over, wearing work belt, supported lift, etc.) during 

a shift (Village et al., 2009). The Back-EST tool was used with the Virtual Corset (Microstrain, 

Williston, VT) to assess the average trunk postures during a shift (Teschke et al., 2009). The 

average flexion of the trunk was 17° in heavy industry workers (forestry, construction, 

warehousing, pulp and paper) and, compared to self-reported trunk position, showed that workers 

overestimated the duration and trunk angle when compared to observational reports (Teschke et 

al., 2009). The overestimation of trunk angle and time in that position proves that directly 

measured or observational methods are the only accurate ways to assess physical workplace 

demands. 

 

2.7.2 Video 

Video recording of a task allows the researcher to later digitize or use posture matching 

software to evaluate body position. Sagittal recording of a task is accurate if the worker remains 

perpendicular to the camera, otherwise multiple cameras are needed to reduce or eliminate out of 

plane errors (Waters, et al., 2006). To reduce analysis time of recorded tasks, controlled lab 

experiments were performed to find the minimum necessary sampling rate required. Sampling at 

30 Hz is regarded as the gold standard, but down-sampling to 5Hz showed no difference in 

calculated compression, moment, or joint shear on the low back (Callaghan & Salewytsch, 2001; 

Kumar, 1990). In highly controlled lab experiments video sampling of 2-3Hz achieved relative 

errors of under 3% (Andrews & Callaghan, 2003; Ferguson, Marras, & Burr, 2004; Gregory, 

Milosavljevic, & Callaghan, 2006).  Although a lower sampling rate reduces the quantity of data, 

these data must still be digitized, which is a time-intensive process (Waters, Yeung, Genaidy, 

Callaghan, Barriera-Viruet, Abdallah, et al., 2006).  
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To further reduce the processing time of video based data, testing was been completed to 

determine the minimum number of video recorded repetitions of a task that are needed to 

faithfully represent a worker’s task. Allread et al. (2000) found that 3 repetitions of a task, with 3 

different employees, were sufficient to assess LBP risk from trunk motions in industrial settings. 

In highly controlled tasks, 4 repetitions were the minimum required to provide a stable estimate 

of compression, moment, and joint shear (Dunk, Keown, Andrews, & Callaghan, 2005). 

Although 4% relative error was found in 4 repetitions of a highly controlled task, more than 10 

repetitions are needed to account for the variability of participants in industrial settings (Dunk et 

al., 2005). Dunk et al., (2005) stated that industrial tasks would need to be assessed over an entire 

shift to truly represent cumulative load but the time and cost to do so would be very high. The 

differing recommendations from Allread et al. (2000) and Dunk et al. (2005) are a result of the 

variety and complexity of variables being measured (trunk position and acceleration compared to 

spine compression, moment, joint shear and reaction shear).  

To overcome the limitation of video based systems to only assess movement patterns in a 

single plane, a multi-camera video based system was developed, 3DMatch (University of 

Waterloo, Waterloo, ON), and showed greater than 80% correlation to other video recorded 

methods regardless of viewing angle (Sutherland, et al., 2007). 3DMatch was then validated 

against a Polhemus (Polhemus, Colchester, VT) FASTRAK system in estimating cumulative 

lumbar compression (Sutherland, et al., 2008). The relative error for lumbar compression, joint 

anterior shear, reaction anterior shear, and extension moments were all below 12% with the use of 

3DMatch, yet the authors stated that these were simple lab tasks and real workplace tasks would 

be difficult to measure (Sutherland et al., 2008). The implication of these findings is that, 

although time intensive, video based methodologies have been validated and proven reliable 

when compared to other measurement methods.   
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2.7.3 Sensor 

Many systems can be used to record human movement data in the lab, but these systems 

are of limited use in the field due to: the need for electromagnetically calibrated space and the 

participant’s wired attachment to the system, leading to restricted mobility. Systems which can be 

used outside of laboratory settings (Vicon, Qualysis, Motion Analysis, etc.) are very expensive 

pieces of equipment and must remain stationary, as well, these systems are susceptible to  

Systems currently used for the assessment of lumbar spine loading in the field are: the Lumbar 

Motion Monitor (LMM) (Marras et al., 1993), the Moment Exposure Tracking System (METS) 

(Marras et al., 2010), and various inertial motion sensors. The LMM is a valid and reliable tool 

for acquiring kinematic data of the trunk (Marras et al., 1993). The current model, the Industrial 

Lumbar Motion Monitor (iLMM3), is lightweight, easy to use, and interferes minimally with 

worker’s actions. Limitations of this device are its cost (over $26 500 per unit), there is no data 

for the upper extremities and there is no information about the load being manipulated. The 

iLMM3 can measure trunk position, velocity and acceleration over time but these measures alone 

are not enough to estimate low back loading in MMH tasks. The lack of information relating to 

the position of the load and upper extremities make the iLMM3 an incomplete tool for measuring 

cumulative load.   

To address the load magnitude and upper limb limitations of the iLMM3, Marras et al. 

(2010) developed the METS system to be used in MMH occupational settings. The METS can 

measure the horizontal distance between the hands and the spine (± 3.8cm), load weight (± 

0.5Kg), dynamic hand forces, trunk kinematics, box kinematics, and the duration of exertions and 

rest periods (Marras et al., 2010). A limitation of the METS is that specialized LiftMate™, lift 

aids that have been instrumented with load cells, must be used which limits the tasks the METS 

can evaluate to box lifting. The METS also has a large receiving array to locate the ultrasound 
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emitting hand grips. The METS is worn on the lower back and would interfere with upper arm 

extension, as well, the size of the receiving array may not allow the worker to perform his or her 

task normally.  

To minimize the equipment needed and allow for unrestricted worker movement, inertial 

motion sensor (IMS) based collection systems have been developed that produce kinematic data 

for use in biomechanical models. An IMS based model was created by Callaghan & Keown 

(2005) to assess the differences between static, quasi-dynamic, and dynamic models. Static 

models consider instantaneous segmental displacement while ignoring the contribution of forces 

from linear and angular acceleration of the body’s segments and any external load. Quasi-

dynamic models measure instantaneous segmental displacement and also take into account the 

external load’s linear and angular accelerations. Dynamic models measure segmental 

displacement, all linear and angular accelerations, and all external loads. Compared to a dynamic 

model, the peak low back moment estimated from a static model was reduced by 12.55%, 

whereas a quasi-dynamic model was reduced by only 2.76%. This suggests that the dynamic 

elements of the worker’s movements are needed to fully understand the loading on the spine. 

 

2.8 Purpose 

The purpose of this thesis is to develop a generalized kinetic model (LSE) for the 

estimation of joint moments; specifically to apply this model to back loading. However, before 

the LSE can be used it must be proven accurate and concurrently valid. The accuracy of the LSE 

will be compared to a validated, commercially available software package called 3DSSPP 

(University of Michigan, Ann-Arbor, MI) by evaluating the output of static moments using both 

systems. Once the LSE has been proven accurate, the concurrent validity of the LSE will be 

assessed by testing changes in lifting load, speed, and posture. We hypothesize that: with 
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increasing load, the angular impulse will increase; with increased lifting speed the angular 

impulse will decrease compared to a normal lifting speed; and with a stoop lifting posture, the 

angular impulse will increase when compared to a squat lifting posture. 

 After testing for accuracy and concurrent validity, analysis will be performed to assess 

the LSE for adaptability to various body models (ex. all-segment, no-arms) and different kinetic 

models (dynamic, quasi-static, static).  Adaptability testing will be performed to highlight the 

LSE’s potential versatility and application to future projects as a kinetic calculation tool. Should 

the LSE be proven accurate, concurrently valid, and adaptable the LSE could become a useful 

tool for an upcoming field collection project. 
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Chapter 3 

Methods 

3.1 Participants 

Twelve participants (76.82 ± 17 kg, 1.74 ± 0.10 m, 23 ± 2 yrs; for participant specific 

anthropometrics refer to Appendix F) were recruited from a sample of convenience at Queen’s 

University. A power analysis (G*Power 3.1.7, Franz Faul, Universität Kiel, Germany) indicated 

that twelve participants were required to detect an effect of changes in lifting load, posture, or 

speed at a statistical power of α = 0.05. Participants aged 18 to 35 years, with no episodes of 

upper limb, back, or lower limb pain for at least 1 year prior to testing fulfilled the inclusion 

criteria. Before testing, all participants read and signed a letter of informed consent approved by 

the Queen’s University General Research Ethics Board (Appendix E). 

 

3.2 Equipment 

Motion of the upper and lower trunk, upper arms, forearms, and load was recorded at 

32Hz using a Polhemus Liberty 240/8 electromagnetic system (Polhemus, Colchester, VT). 

Liberty sensors were affixed to the participants using double sided tape and Hypafix®. Sensors 

output is x, y, z, yaw, pitch, roll, and direction cosine matrix information. Sensor data were 

collected using a custom Labview program (National Instruments, Austin, TX) and modeling was 

completed using a custom program in Matlab (R2013a, Mathworks, Natick, MA). The following 

right hand global coordinate system was used for this study; positive x axis = floor → ceiling, 

positive y axis = medial → lateral, positive z axis = posterior → anterior. A wooden box (Fig. 2) 

was filled with weight and used as the load for the 4Kg and 10Kg conditions. An identical sized 

foam box (Fig. 2) was used for the 0Kg condition. 
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Figure 2 – The wooden box (left) was used in the 4kg and 10kg load conditions and the foam 

box (right) in the unloaded condition (actual weight = 0.515kg). 

 

 

3.3 Experimental Protocol 

Participants were weighed and then the following anatomical landmarks were located and 

marked: first sacral spinous process (S1), omphalion, xyphoid process, suprasternale, cervical 

spinous process 7 (C7), and the center of the ear. The following bilateral landmarks were marked: 

acromiocavicular joint (AC), lateral condyle of the elbow, lateral condyle of the radius, and the 

grip center of the hand. The distance between specific pairs of marks were measured with a 

flexible tape measure to determine the length of the lower, mid and upper back, shoulder girdle, 

upper arm, forearm, and hand (Fig. 3). Participants were then prepared for data collection by 

mounting sensors to the mid-point of: lower trunk (L3), upper trunk (C7), right and left upper 

arms, right and left forearms (Fig. 4), and the top of box to be lifted. 
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Figure 3 – Anatomical locations marked in preparation for manual measurement: S1, 

omphalion, xyphoid process, C7, center of ear, acromiocavicular (AC) joint, lateral condyle 

of the elbow, malleolus of fibula, and grip center (all identified with ‘X’). Segments are 

defined as lower trunk: S1 to omphalion; mid-trunk: omphalion to xyphoid process; upper 

trunk: xyphoid process to suprasternale; head and neck: C7 to center of ear; upper arm: 

AC joint to condyle of elbow; forearm: condyle of elbow to condyle of the radius; hand: 

condyle of the radius to grip center (Zygote Media Group Inc., 2011). 
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Figure 4 – Placement of sensors on: low trunk (L3), upper trunk (C7), right and left upper 

arm, and right and left forearm. The participant on the left was a participant from the 

study, while the participant on the right was used in the 3DSSPP comparison.  

 

 

To begin data collection a reference trial was collected where participants stood in a 

rigid, military attention position. The reference trial provided location and orientation data for all 

segments in a standardized posture and all motion was reported relative to this initial starting 

position. Participants were then given verbal instructions and a visual demonstration of how to 

perform the required lifting task for each condition. Participants were told to not move their feet 

while performing the lifting trial. Participants then performed five different lifting conditions. 
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Four of the trials were 135 seconds in length, consisting of 12 lift and lower movements, in each 

of the following four conditions (Maiti & Bagchi, 2006; Marras et al., 2006): squat lift 0kg load 

(SQ00), squat lift 4kg load (SQ04), squat lift 10kg load (SQ10), and stoop lift 4kg load (ST04) 

(Table 1). 

Loads of 0kg, 4kg, and 10kg were selected to represent an unloaded, task specific 

(bobbin loading at Invista), and maximal recommended (Marras et al., 2006) load at the specified 

lifting rate respectively. Participants also performed an 80 second squat lift 4kg load (FP04) trial, 

completing 12 lift and lower movements, at a faster speed. The lift height for all trials was 88cm 

and chosen to replicate the lift height required for a bobbin loading task at an Invista plant in 

Kingston, ON. For all lifting conditions, excluding FP04, the lifting rate was 6 lifts per minute. 

For condition FP04 the lifting rate was increased to 12 lifts per minute (Maiti & Bagchi, 2006; 

Marras et al., 2006). The lifting rate across all conditions was controlled via an electronic 

metronome set at 12 bpm and 24 bpm for normal and fast speed trials respectively (lift and then 

lower the box on successive beats). The presentation order of the conditions was randomized. 

 

Table 1 – Structure of conditions and coded condition names. 

Stooped Posture  

Normal Speed 

ST04 

Squat Posture  

Normal Speed 

SQ00, SQ04, SQ10 

Squat Posture  

Fast Speed 

FP04 

 0 kg  

4 kg 4 kg 4 kg 

 10 kg  

 

 

The data was visually checked for errors before the sensors were removed from the 

participant. A 3D animation, run from a MatLab script, of the trial movements was checked for 

visible anomalies. If no irregular movements were detected the data collection was complete, 
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otherwise, the erroneous trial was repeated. Once the trials were successfully completed the 

sensors were removed and the participant had completed the study. 

 

3.4 Data Analysis 

3.4.1 Segmental Vector Definition 

Upon completion of data collection, the direction cosine matrices were used to define 

vector orientations and build a linked-segment model of the trunk and upper limbs (Fig. 5, a-e). 

Most inertial motion sensors can output direction cosine matrices but, typically, accurate spatial 

locations are not available. As a result, location data from the Liberty system was not used to 

define segmental location so that the data collected would be characteristic of the output from a 

commercially available inertial motion sensor.  

The lower trunk segment had its origin set to [0, 0, 0] and was modeled by multiplying 

the length of the lower trunk by the x component of the low trunk (L3) sensor’s direction cosine 

matrix (DCM). The mid-trunk segment originated at the distal end of the lower trunk segment and 

was modeled by multiplying the length of the mid-trunk by the x component of the L3 sensor’s 

DCM. The lower and mid-trunk segments have the same orientation as both segments use the 

DCM from the L3 sensor (Fig. 5, A). Separated lower and mid-trunk segments were defined to be 

consistent with the body segment parameters used in later analysis (de Leva, 1996).  

The upper trunk segment originated at the distal end of the mid trunk segment and was 

modeled by multiplying the length of the upper trunk by the x component of the C7 sensor’s 

DCM (Fig. 5, B). The head and neck segment originated at the distal end of the upper trunk 

segment and was modeled by multiplying the length from the participant’s C7 spinous process to 

the center of the ear by the x components of the C7 sensor’s DCM. 
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Figure 5 – Schematic of linked-segment model construction: A) Lower trunk (includes Mid 

Trunk segment); B) Upper trunk with head and neck segment; C) Clavicle segments; D) 

Upper arms; E) Forearms (includes hand segments). 

 

 

The acromiocavicular (AC) joint locations were modeled in two steps. The vectors 

pointing to the right and left AC joint locations originated at the distal end of the upper trunk 

segment (C7) and were half of the participant’s shoulder girdle length respectively. The clavicular 

segment was modeled by multiplying the right clavicular segment length by the y component of 

the C7 sensor DCM. The left clavicular segment was modeled by multiplying the negative value 

used to define the right clavicular segment by the y component of the C7 sensor’s DCM (Fig. 5, 

C).  

The upper arm segments originated at the participant’s AC joint locations and were 

modeled by multiplying the length of the upper arm by the negative x component of the upper 
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arm sensor’s DCM (Fig. 5, D). The forearm segments originated at the distal end of their 

respective upper arm segments and were modeled by multiplying the length of the forearm (plus 

hand length to grip center) by the negative x components of their forearm sensor’s DCM (Fig. 5, 

E). For MatLab (R2013a, Mathworks, Natick, MA) code relevant to segmental vector definition 

and a Liberty (Polhemus, Colchester, VT) sensor schematic please refer to Appendix A.   

Once all segments were defined, the kinematic model of the body was built from the 

distal and proximal segmental endpoints (de Leva, 1996). The segmental endpoints were used to 

define body segment parameters and calculate 3D coordinate data in relation to the L5/S1 joint, 

which is the model’s origin. The coordinate data were used to calculate segmental kinematics and 

used, in combination with external load, for kinetic analysis.   

 

3.4.2 Data Conditioning 

Segmental coordinate data was input into the LSE and filtered using a dual passed 4
th
 

order low-pass Butterworth filter with optimized cutoff frequencies for each axis of each 

segmental endpoint (Winter, 2009; Yu, Gabriel, Noble, & An, 1999). The optimized cutoff 

frequency calculation from Yu et al. (1999) is published incorrectly; the corrected procedure and 

formula can be found in Appendix B. The sampling rate was the dominant factor in the Yu et al. 

(1999) equations such that and the cutoff frequency for all sensors and axes was determined to be 

1.90Hz.  

  After filtering, center of mass (CoM) locations, segmental masses, and inertial properties 

were defined using the body segment parameters proposed by de Leva (1996). CoM velocities 

and acceleration were then determined using a central difference approach that used a quartic 

spline interpolation to retain samples that are lost when applying the central difference formula, 

as proposed by Vint & Hinrichs (1996). The angular displacement of segments was calculated 
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using a Cardan x – y’ – z’’ rotation sequence (Winter  2009, Pg. 179) to obtain Euler angles of the 

segments. Following the calculation of the angular displacement, angular velocity and 

accelerations were determined using the procedures outlined by Winter (2009, Pg. 187-189). 

Angular velocity was calculated by: taking the first derivative of the x axis angular displacement 

data (x axis); the first derivative of the y axis angular displacement plus a cosine and sine vector 

of the x axis term (y axis); and taking the first derivative of the z axis angular displacement plus a 

combined cosine and sine vector of the x and y axis terms (z axis). The calculated angular 

velocities are then derived using the Vint & Hinrichs (1996) central difference procedure to 

calculate the angular accelerations for each axis. 

 

3.4.3 Lift Definition and Load in Hands 

For all lifting conditions, the kinematic data were collected as one continuous trial that 

recorded lowering  and lifting of a box for 12 consecutive cycles. During processing the single 

collection trial was separated into lift and lower cycles using the acceleration of the right forearm 

as the participant went from standing still to moving to begin a lift or lower. When the 

participant’s right forearm’s distal endpoint went above an acceleration threshold, which was 

automated and set for each collection trial, a lift had begun and that lift continued until the 

acceleration fell below the threshold. This way each consecutive lift and lower was identified.  

All results and data from this study are reported on the lift portion of the trials only. 

A custom algorithm computed the lift time and used a cutoff time that screened for 

incomplete or unsuccessful lifts. For the 6 lifts/min and 12 lifts/min lifting speeds the cutoff lift 

times were:  greater than 1s and less than 2.6s for the 6 lifts/min conditions; greater than 0.5s and 

less than 2s for the 12 lifts/min condition. The maximum cutoff times were selected by being half 

of the total collection time (135s and 80s for the slow and fast lifting conditions respectively) 
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divided by 12 lifts. The minimum cutoff times were selected by testing different values between 

the range of 0s and the maximum cutoff time to screen incomplete lift or lower trials.  

A difficulty with current lifting research is determining when the load is in the hands. In 

this study the load was determined to be in the hands when the velocity of the box being lifted 

was greater than 0.02 m/s in the vertical direction. When the velocity of the box was below 0.02 

m/s the box was considered to be out of the hands. Because data was collected in a continuous 

trial for each condition, the load was considered to be zero when the load was not in the hands. 

For MatLab code and relevant functions of the procedures noted in Data Conditioning please 

refer to Appendix C.  

 

3.4.4 Definition of the Linked-Segment Engine (LSE) 

Equations 1 – 5 constitute what will be referred to as the Linked-Segment Engine (LSE). 

This calculation engine can; switch between static, quasi-static, and dynamic analysis; exclude 

selected segments from the inverse-dynamic model; modify processing decisions; and with 

custom code, use data from any kinetic and kinematic data capture system (Fig. 6). This 

eliminates the need to redevelop linked-segment analysis code for future projects.   
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Figure 6 – Steps involved for calculating angular impulse using the linked-segment engine 

and performing post analysis. Liberty Data: kinematic sensor orientation data collected 

from participant’s lifting motions; Build Segments: use participant anthropometrics and 

sensor orientation to define segments in space; Forces: external forces and moments; 

Segment Data: pre-defined MatLab structure containing all data from collection phase; 

Analysis decisions: pre-defined MatLab structure containing calculation instructions for the 

LSE; LSE: linked-segment engine; Angular Impulse: main outcome measure (N·m·s); 

Analysis: phase where post-analysis of data will be performed to test the accuracy, validity, 

and adaptability of the LSE kinetic model.    

 

  

The moment due to external forces was calculated by multiplying the moment arm 

distance from the L5/S1 joint to the grip center of the hands by the external force vector and 

subtracting the external moment acting on the hands (Eq. 1).  

 

    ⃗⃗ ⃗⃗ ⃗⃗  ⃗    (  ⃗⃗  ⃗      ⃗⃗ ⃗⃗  ⃗)     ⃗⃗ ⃗⃗ ⃗⃗   Eq.  1 
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Where    ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the external moment acting at S1,   ⃗⃗  ⃗ is the location of the distal end of 

segment l and    ⃗⃗ ⃗⃗  ⃗ is the location of the origin (S1).    ⃗⃗ ⃗⃗ ⃗⃗   is the external force vector, acting in the 

vertical axis only, on the distal end of segment l (Allard, Stokes, & Blanchi, 1995; Hof, 1992; 

Plamondon, Gagnon, & Desjardins, 1996).  

 

The moment contributed by the gravitational force of each segment was determined by 

multiplying the moment arm from the L5/S1 joint to each segment’s CoM by the segment’s 

weight (Eq. 2). 

  

   ⃗⃗ ⃗⃗  ⃗    ∑[(  ⃗⃗     ⃗⃗ ⃗⃗  ⃗)      ]

 

   

 Eq.  2 

 

Where   ⃗⃗ ⃗⃗  ⃗ is the moment due to gravity,   is the number of segments in the linked-

segment model,   ⃗⃗  is the location of the segment l’s COM and    ⃗⃗ ⃗⃗  ⃗ is the location of the origin 

(S1).    is the mass of segment l and    is the acceleration due to gravity. 

 

To calculate the moment due to linear acceleration, the three dimensional distance from 

the L5/S1 joint to each segment’s CoM was multiplied by the product of the segmental mass 

multiplied by the CoM linear acceleration (Eq. 3).  

 

       ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗    ∑[(  ⃗⃗     ⃗⃗ ⃗⃗  ⃗)      ⃗⃗  ⃗]

 

   

 Eq.  3 
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Where       ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the total moment about L5/S1 due to linear acceleration of all segments, 

  is the number of segments in the linked-segment model,   ⃗⃗  is the location of the center of mass 

of a segment and    ⃗⃗ ⃗⃗  ⃗ is the location of the origin (S1),    is the mass of segment l and   ⃗⃗  ⃗ is the 

linear acceleration of the segment l’s center of mass. 

 

Finally, the contribution due to angular momentum was then calculated (Eq. 4.1, 4.2). 

 

        ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗    ∑(      ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗)

 

   

 Eq.  4.1 

 

Where        ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the total angular inertial moment at the L5/S1joint,   is the number of 

segments in the linked-segment model, and         is the angular inertial moment for a segment 

(See Eq. 4.2). 

 

 

          (      )      

           (      )      

           (      )      

Eq.  4.2 

 

Where        are the angular inertial moment terms,    is the moment of inertia about 

axis q through the segment’s center of gravity.    is the segment’s angular velocity about the f 

axis and    is the angular acceleration of the segment about the b axis (Allard et al., 1995). 
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The moments calculated in Eq. 1 – 4 were then summed to establish the net moment 

acting on the L5/S1 joint (Eq. 5). 

 

    ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗      ⃗⃗ ⃗⃗ ⃗⃗  ⃗     ⃗⃗ ⃗⃗  ⃗          ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗          ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   Eq.  5 

 

Where    ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  is the moment acting on the lower back at the L5/S1 joint,    ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the external 

moment calculated in Eq. 1,   ⃗⃗ ⃗⃗  ⃗ is the moment due to gravity calculated in Eq. 2,       ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the 

moment due to linear acceleration calculated in Eq. 3, and        ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the inertial moment 

calculated in Eq. 4.1.  

 

Angular impulse acting on the L5/S1 joint, the area under the moment curve, is expressed 

in N·m·s. The moment outputs from equations 1 – 4 were also summed and expressed as angular 

impulse (Eq. 6) replacing the term    ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  for the respective variable. From this point on the 

summed output from equations 1 – 4, angular impulse, will be referred to as Terms 1 – 4.  

 

      
∑( ⃗⃗      

 
  ) 

  
   Eq.  6 

 

 Where     is the angular impulse acting on the L5/S1 joint for each condition per lift, 

   ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  the net moment acting on the L5/S1 joint for each frame calculated in Eq. 5 for the 

condition.    is the sampling rate, and    is the number of lifts the participant completed for the 

condition. 
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3.4.5 LSE Features  

The LSE is designed to be a flexible kinetic analysis tool, which will allow a user of the 

program to change: which kinetic model the engine uses; the body segment parameter set; and 

where external forces act on the participant. One of the benefits of the LSE is that changing any 

of the mentioned features requires no changes to the LSE code itself and only minor changes to 

the script that calls the LSE. For a reference to relevant LSE MatLab code, please refer to 

Appendix D.    

The LSE allows for switching between static, quasi-static, and dynamic analysis by 

controlling the terms to be included in its output: Terms 1 and 2; Terms 1, 2, and 3; or all four 

terms (Fig. 7). Changing between kinetic model types is accomplished by altering the command 

set to the LSE. The user is only required to state ‘dynamic’, ‘quasi_static’, or ‘static’ in the 

MatLab function and the appropriate kinetic model is used. This feature allows comparisons of 

different data processing and gives the user the flexibility to compare the effect of linear 

accelerations (Term 3) and/or inertial components (Term 4) to the overall moment and forces. An 

advantage of this method compared to other biomechanical analysis software, such as Visual3D 

(C-Motion, Germantown, MD), is that information in the form of Terms 1 – 4 allows for the 

option to explore parameters of the data not available from other software packages.  

Switching body segment parameter sets is done by specifying which body segment 

parameter set to use. Altering the body segment parameter set alters the CoM ratio, segmental 

mass ratio, and angular inertia ratios used for each segment. At present only deLeva (1996) and 

3DSSPP body segment parameter information (as of June 21
st
, 2013) are included. Addition of 

more body segment parameter sets (ex. Winter (2009), Zatsiorsky (2002), etc.) would allow more 

choice in the body model that could be applied.  
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Finally, the LSE allows the user to define external forces that can act at any point on any 

segment. For example, if the participant was leaning against a desk or ledge, as long as the force 

magnitude being exerted on the limb was known, the model could add the extra force to the 

segment calculation. This is a distinct advantage of the Hof (1992) model (which is the kinetic 

model used in the LSE) over endpoint inverse-dynamic models (deLooze, Kingma, Bussmann, & 

Toussaint, 1992; Kingma, de Looze, Toussaint, Klijnsma, & Bruijnen, 1996) where the external 

forces and moments typically only act at segmental endpoints.    

 

 

 

 

Figure 7 – Required inputs for the LSE to compute cumulative load at the end of the linked-

segment chain.  Eq 1 and 2 (green highlight) constitute a static model; Eq 3 (blue highlight) 

in addition with Eq 1 and 2 constitute a quasi-static model; Eq 4 (yellow highlight) with Eq 

1 – 3 constitute a fully dynamic model. The equations are looped by the number of segments 

indicated in the Segment Data structure.  The LSE can be controlled by the Analysis 

Decisions to only output a static, quasi-static, or dynamic model.  
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3.5 Comparison of LSE and 3DSSPP 

A single participant was used to compare the moment output at the L5/S1 joint of the 

LSE to the output of the 3DSSPP software package. Data were collected for three one second 

trials using the Liberty (Polhemus, Colchester, VT) system as the participant held three different 

static postures (Fig. 8). These postures were: mid lift squat position (Fig. 8 A), stoop lifting 

position (Fig. 8 B), and standing position (Fig. 8 C). As the participant held the static position and 

the researcher controlled data collection, a second researcher, with a camera leveled at the 

participant’s shoulder height, took a sagittal plane photograph. The three photographs were then 

loaded into 3DSSPP for further analysis.   

 

 

  

 

Figure 8 – 3DSSPP mannequin overlay on postures collected by the Liberty system. 7A 

(left) is the mid lift squat position, 7B (center) is the stoop lifting position, and 7C (right) is 

the standing position.  

  

B A 

C 
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The participant parameters used in the 3DSSPP program and in the LSE were matched as 

closely as possible. The participant specific anthropometrics (height = 1.80m, weight = 97.5kg) 

were entered into both programs. The University of Michigan 3DSSPP support person strongly 

advised not to modify any of the anthropometrics and, therefore, the 3DSSPP segmental masses 

were used in the LSE in place of those from DeLeva. The single trunk segment in 3DSSPP 

contains the head, upper, mid, and lower trunk segments of the LSE, which required the four 

segmental masses from the LSE to be combined. The locations of upper arm, forearm, and hand 

CoM were not paired between 3DSSPP and the LSE as the steps required to modify the LSE 

appropriately would have required significant effort. The shoulder joints, defined in the data 

translation stage (Collection) (Fig. 6), of the body model would needed to be redefined to match 

the shoulder locations of 3DSSPP. This would have required custom changes in segment vector 

definitions as well as changes to the body segment data (Fig. 6).     

For the mid-lift squat position and standing position in the 3DSSPP software, the load in 

the hands was manipulated to be 0 kg, 4kg, or 10kg, giving three moment outputs for each 

posture. For the stoop lifting position only the 4kg the load was applied to the hands, to be 

consistent with the study protocol.  

 

3.6 Sensitivity to Changes in Load Lifted 

During testing, participants lifted three different loads (0kg, 4kg, and 10kg) as outlined in 

section 3.3. To test the sensitivity of the LSE to changes in load, repeated measures analysis of 

variance (RM ANOVA) of the total angular impulse and the angular impulse for Terms 1 – 4 

were completed with three levels (0kg, 4kg, 10kg). Bonferroni post-hoc corrections were then 

used to compare the main effect of between the three load conditions. Statistical significance was 
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defined by a p-value of less than 0.05. Once the statistical procedures were completed, the 

percentage of contribution from each of Terms 1 – 4 was calculated to observe the relative effect 

of: Term1; moment due to external load, Term 2; moment due to gravity, Term 3; moment due to 

linear acceleration, and Term 4; moment due to angular acceleration. These contributions were 

calculated as a percent of the total angular impulse.   

 

3.7 Sensitivity to Changes in Lifting Speed 

During testing, participants lifted a 4kg load at two different speeds (6 lifts/min and 12 

lifts/min) as outlined in section 3.3. To test the sensitivity of the LSE to changes in lifting speed, 

a comparison of the angular impulse and Terms 1 – 4 were subjected to a paired samples t-test 

between lifting at 6 lifts/min and 12 lifts/min. Statistical significance was defined by a p-value of 

less than 0.05.  The peak angular impulse of the 6 lifts/min and 12 lifts/min waveforms were also 

assessed visually for comparison between the two moment outputs.  

 

3.8 Sensitivity to Changes in Lifting Posture 

During testing, participants lifted a 4kg load using two different lifting styles, squat lift 

and stoop lift, as outlined in section 3.3. To test the sensitivity of the LSE to changes in lifting 

posture, a comparison of the total angular impulse and angular impulse from Terms 1 – 4 were 

subjected to a paired samples t-test between the stoop and squat lifting condition. Statistical 

significance was defined by a p-value of less than 0.05. Further analysis determined which 

segments were the largest contributors to the angular impulse, and the of effect removing these 

segments from the model on the angular impulse was investigated. Testing for the segments that 
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are the largest contributors to the angular impulse output also highlighted differences between the 

lifting styles and the effect of lifting style on the segmental contributions.  

 

3.9 Effect of Limbs 

The output from the full model was compared to a model that had the right and left upper 

arm, forearm, and hand segments removed. In this analysis the total angular impulse and angular 

impulse from Term 2 were compared for the SQ00 (squat 0kg load) condition only. This 

condition, with no external load, isolates the effect of not having the limbs and allowed for the 

calculation of a scaling factor to be used in an attempt to model the effect of the segments that 

were removed. The comparison of the dynamic all-segment model and the no-arms model was 

completed using a paired samples t-test. Statistical significance was defined by a p-value of less 

than 0.05.   

For the analysis of the effect of no limbs, the data were normalized to the individual 

participant’s bodyweight, in order to eliminate the effect of anthropometric differences between 

subjects and allow for a universal scaling factor. The analysis of the effect of the scaling factor 

was completed to determine the magnitude of error between the dynamic all-segments dataset to 

the scaled no-arms data and assess the implications on the validity of using a reduced dataset in 

field applications.  

 

3.10 Sensitivity to Changes in Kinetic Model  

The LSE results were output for four different kinetic conditions: dynamic, quasi-static, 

static, and dynamic no-arms analysis. The dynamic model consists of measuring the 
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instantaneous displacement data of the body’s segments, as well as accounting for linear and 

angular accelerations of the segments and external load. The quasi-static model consists of 

measuring the instantaneous displacement data of the body’s segments as well as accounting for 

only the linear accelerations of the segments and external load. The static model consists of 

measuring the instantaneous displacement data of the body’s segments only. The dynamic no-

arms model is similar to the dynamic model, except no information about the hands, forearms, or 

upper arms was used. A repeated measures analysis of variance (RM ANOVA) of the angular 

impulse outputs was completed with four levels (dynamic, quasi-static, static, dynamic no-arms). 

Bonferroni post-hoc corrections were then used when comparing the main effects of differences 

between the four kinetic models. Statistical significance was defined by a p-value of less than 

0.05. 
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Chapter 4 

Results 

4.1 Comparison of LSE and 3DSSPP 

Comparison of the L5/S1 moment estimated from the LSE and 3DSSPP were completed 

for the static postures described in section 3.5. The moment acting on the L5/S1 joint output from 

the LSE was lower than the 3DSSPP values in the mid-squat and standing positions for all loads 

(Fig. 9). The percent difference between the moments calculated in the LSE and 3DSSPP in the 

mid-squat position was -4.9%, -7.1%, and -9.4% for the 0kg, 4kg, and 10kg conditions 

respectively. The percent differences between the moments calculated in the LSE and 3DSSPP in 

the standing position were -58.5%, -48.0%, and -40.7% for the 0kg, 4kg, and 10kg conditions 

respectively. However, the moment output for the stoop starting position was higher in the LSE 

than 3DSSPP (Fig. 9). The percent difference between the moments for the starting posture of the 

stoop position, which was conducted only with a 4kg load, was 6%.  
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Figure 9 – Comparison of the net L5/S1 joint moment between 3DSSPP and the LSE (when 

using 3DSSPP segmental masses and trunk CoM location) for a single participant. SQ00: 

squat lift no load; SQ04: squat lift 4kg load; SQ10: squat lift 10kg load; ST04: stoop lift 4 

kg load. 
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4.2 Lifting Time and Performance 

All participants were observed during the lifting task by the researcher for adherence to 

lifting styles and speeds. There was no difference from the prescribed lifting time for the 6 

lifts/min conditions and 12 lifts/min conditions. Other than a single participant, who had to repeat 

the entire FP04 condition, all participants completed the lifts as instructed and did not have to 

repeat any lifting condition (Table 2).  

 

Table 2 – Summary results (n = 12) of time to complete lifting task. 

Condition     Lifting Time (±SD) (s) Cutoff Time Range (s) 

SQ00 2.0 (0.3) 1 – 2.6 

SQ04 1.9 (0.3) 1 – 2.6 

SQ10 2.0 (0.4) 1 – 2.6 

FP04 1.1 (0.2) 0.5 – 2.0 

ST04 1.9 (0.2) 1 – 2.6 

See methods section 3.4.4 for details regarding the cutoff-time range and lift time is calculation.  

 

 

4.3 Sensitivity to Changes in Load Lifted 

Differences in angular impulse among the SQ00, SQ04, and SQ10 conditions (p < 0.01) 

(Fig. 10 & Table 3) suggested that the LSE was sensitive to changes in load. The differences were 

in Term 1 (angular impulse due to external load) and Term 2 (angular impulse due to gravity) (p 

< 0.05). For Term 3 condition SQ10 was different from SQ00 and SQ04 (p < 0.01). There was no 

difference between the conditions in Term 4 (angular impulse due to angular acceleration). The 

percent contribution of each term to the total angular impulse is shown in Fig. 11. Of note is the 

small contribution of Terms 3 and 4; in the 12 lifts/min trial the moments due to linear and 
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angular acceleration collectively account for only 4.1% of the total moment acting on the L5/S1 

joint (Fig. 11).  

 

 

 

Figure 10 – The ensemble (n=12) averaged angular impulse (± 1 SD) for different squat 

lifting conditions. SQ00: squat lift no load; SQ04: squat lift 4kg load; SQ10: squat lift 10kg 

load. † indicates significant difference between conditions (p < 0.05).  
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Table 3 – Descriptive statistics (n = 12) for load sensitivity comparison. 

Condition 
  AI (SD) †           

(N·m·s) 

Term 1 (SD) † 

(N·m·s) 

Term 2 (SD) 

(N·m·s) 

Term 3 (SD) 

(N·m·s) 

Term 4 (SD) 

(N·m·s) 

SQ00 322 (109)          0 (0)    314 (109) ‡ 7.5 (2.0) 0.04 (0.05) 

SQ04 405 (114) 28 (5) 370 (110) 7.0 (2.4) 0.07 (0.07) 

SQ10 497 (133)   109 (16) 373 (118)  14.4 (3.6) ‡ 0.09 (0.12) 

† indicates difference across all conditions (p < 0.05). ‡ indicates single condition is different (p < 

0.05). AI: angular impulse; Term 1: moment due to external load; Term 2: moment due to 

gravity; Term 3: moment due to linear acceleration; Term 4: moment due to angular acceleration. 

 

 

 

Figure 11 – The percent contribution of Terms 1-4 to the net moment (n=12) acting on the 

L5/S1 joint for each lifting condition. Note that Term 4 is plotted, but is too small to appear 

on the graph. SQ00: squat lift no load; SQ04: squat lift 4kg load; SQ10: squat lift 10kg 

load; FP04: fast speed d lift 4 kg load; ST04: stoop lift 4 kg load. Term 1: moment due to 

external load; Term 2: moment due to gravity; Term 3: moment due to linear acceleration; 

Term 4: moment due to angular acceleration.  
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4.4 Sensitivity to Changes in Lifting Speed 

The difference in the total angular impulse between the SQ04 and FP04 conditions (p < 

0.001) and the angular impulse across all terms (Table 4) suggests that the LSE was sensitive to 

changes in lifting speed. The difference was a result of the time taken to complete the lifting task 

in the FP04 condition compared to the SQ04 condition of 1.1s and 1.9s respectively. The FP04 

condition had a similar peak moment (64.8 ± 18.9 N·m) to the SQ04 condition (61.4 ± 19.1 N·m) 

although there was a difference in the shape of the second half of the SQ04 waveform (Fig. 12).  

 

 

Table 4 – Descriptive statistics (n = 12) for lifting speed comparison. 

Condition 
AI (SD) †            

(N·m·s) 

Term 1 (SD) † 

(N·m·s) 

Term 2 (SD) † 

(N·m·s) 

Term 3 (SD) 

† (N·m·s) 

Term 4 (SD) 

(N·m·s) 

SQ04 404 (114) 28 (5) 370 (110) 7.0 (2.4) 0.07 (0.07) 

FP04 286   (72) 25 (5) 250   (69) 11  (2.8) 0.11 (0.12) 

Conditions with † are different across lifting conditions (p < 0.05). AI: angular impulse; Term 1: 

moment due to external load; Term 2: moment due to gravity; Term 3: moment due to linear 

acceleration; Term 4: moment due to angular acceleration. 
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Figure 12 – Net moment (n=12) resulting from respective lifting speeds. Shading represents 

± 1 SD. Conditions waveforms with * are significantly different across all terms (p < 0.05). 

 

 

4.5 Sensitivity to Changes in Lifting Posture 

The LSE was sensitive to changes in lifting posture (Table 5). The contribution of the 

head, upper trunk, and mid trunk to the moment acting on the L5/S1 joint is displayed in Fig. 13. 

The waveforms of each segment are similar in profile, but the curves from the SQ04 condition 

have a lower primary peak. 

* 
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Table 5 – Descriptive statistics (n = 12) for lifting posture comparison. 

Condition 
AI (SD) †  

(N·m·s)  

Term 1 (SD) 

(N·m·s) 

Term 2 (SD) † 

(N·m·s)  

Term 3 (SD)  

(N·m·s) 

Term 4 (SD) 

(N·m·s) 

SQ04 405 (114) 28 (5) 370 (110) 7.0 (2.4)  0.07 (0.07) 

ST04 444 (110) 27 (4) 409 (106) 8.3 (3.4)  0.10 (0.10) 

† indicates significant difference across lifting conditions (p < 0.05). AI: angular impulse; Term 

1: moment due to external load; Term 2: moment due to gravity; Term 3: moment due to linear 

acceleration; Term 4: moment due to angular acceleration. 

 

 

 

 

Figure 13 – Segmental moments (n=12) acting on the L5/S1 joint. Shading represents ± 1 

SD. 
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4.6 Effect of Limbs 

There was a reduction in the total angular impulse for the SQ00 lifting condition (p < 

0.001) when the model did not include the upper arm, forearm, and hand segments (Table 6). The 

resulting waveforms for the all-segment and no-arms models were similar in profile, but different 

in magnitude (Fig. 14). The SQ00 lifting condition was chosen because of its reduced external 

load, which highlighted the differences due to the segments. The segments that were removed 

were those least likely to be recorded during field collection of a manual material handling task.  

Using the “Solver” toolkit in Microsoft Excel, a generalized reduced gradient (GRG2) 

non-linear optimization was performed to compute a scaling factor that would minimize the root 

mean squared (RMS) difference in the moment curves between the no-arm and all-segment 

models. In comparing the no-arms to the all-segment model, there was an RMS of 0.012 N·m/kg 

and the no-arms model had a 21% lower angular impulse. After scaling the no-arms waveform by 

a factor of 1.34, the no-arms RMS was 0.002 N·m, and was 5.8% larger than the all-segment 

model. The scaled no-arms waveform was similar in profile to the all-segment model for the first 

55% of the lift, but differed from 55% to the end of the lift (Fig. 14). 

The percentage contribution of each segment to the angular impulse of each lifting 

condition is listed in Table 7. The FP04 condition had the highest percent contribution from the 

hand and forearm segments across all conditions, due to the relative contribution from Term 3 as 

a result of the lifting speed (Table 4). The increased linear acceleration from the upper limb 

segments would be a result of the fast speed in which participants were required to complete the 

lifting motion trials.   
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Table 6 – Descriptive statistics (n = 12) for the effect of limbs comparison. 

Condition 
AI (SD) 

(N·m·s) 

Term 2 (SD) 

(N·m·s) 

AI Difference 

(%) 

Term 2 

Difference    

(%) 

SQ00 All-Segments 322 (109) 314 (109) - - 

SQ00 No-Arms  255 (88) †  246 (88) † -21 -22 

SQ00 No-Arms  

(Scaled) 
342 (111) 330 (111) 5.8 4.8 

† indicates significant difference (p < 0.05). AI: angular impulse; Term 2: moment due to gravity. 

AI difference and Term 2 difference under the No-Arms header is the difference from the All-

Segments conditions. Statistics were not completed on the SQ00 No-Arms (Scaled) values.  

 

 

 

Figure 14 – Effect of removing the right and left hands, forearms, and upper arms from the 

moment (n=12) calculation acting on the L5/S1 joint. Shading represents ± 1 SD. † indicates 

significant difference from all-segments waveform (p < 0.05). The ± 1 SD shading is not 

displayed for the scaled no-arms waveform.  

† 
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Table 7 – Percentage contribution of each segment to the angular impulse acting on the 

L5/S1 joint.  

Segment 
SQ00 

(% of Total) 

SQ04 

(% of Total) 

SQ10 

(% of Total) 

FP04 

(% of Total) 

ST04 

(% of Total) 

R Hand   1.3   2.2   2.8   4.1   1.1 

L Hand   1.2   1.8   2.3   3.9   1.0 

R Forearm   5.8   3.6   3.9   8.4   3.8 

L Forearm   5.7   3.3   3.5   8.2   3.5 

R Upper Arm   9.4   5.9   5.2   8.7   5.8 

L Upper Arm   9.1   5.7   5.9   7.3   5.7 

Head 22.2 26.4 28.2 17.1 21.3 

Upper Trunk 28.8 30.1 30.1 26.2 27.8 

Mid Trunk 10.4 17.4 14.2 12.1 21.5 

Lower Trunk   6.1   3.5   3.9   4.1   8.5 

Percentage contribution is only taken with respect to segmental totals and does not account for 

the effect of external load. 

 

 

4.7 Sensitivity to Changes in Kinetic Model  

There was no difference between the angular impulse of the dynamic and quasi-static 

models (Table 8) as the only difference between the three models is the exclusion of Term 4 from 

the quasi-static model (Tables 3, 4, 5). There was a difference (p < 0.001) between the dynamic, 

static, and dynamic no-arms models (Table 9). Comparing the dynamic no-arms model to the 

dynamic model yields an average difference of -23.6% and comparing the dynamic no-arms 

model to the static model yields an average difference of -21%.  
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Table 8 – Descriptive statistics (n = 12) for kinetic models. 

 Dynamic
a 

Quasi-Static
a 

Static
c 

Dynamic        

No-Arms
d 

Condition 
AI (SD)    

(N·m·s) 

AI (SD)    

(N·m·s) 

AI (SD)    

(N·m·s) 

AI (SD)          

(N·m·s) 

SQ00 322 (110)  322 (110) 314 (109) 255   (88) 

SQ04 405 (114)  405 (114) 398 (112) 291   (89) 

SQ10 497 (133)  497 (133) 482 (130) 382 (106) 

FP04 286   (72)  286   (72) 275   (71) 207   (56) 

ST04 444 (110)  444 (110) 436 (108) 320   (83) 

Models with the same superscripted letter are similar across all conditions (p < 0.05). AI: 

angular impulse.  

 

 

Table 9 – Percentage difference (n = 12) between angular impulse output from models. 

 Dynamic
a 

Quasi-Static
a 

Static
c 

Dynamic           

No-Arms
d 

Condition 
Difference 

(%) 

Difference 

(%) 

Difference 

(%) 
Difference (%) 

SQ00 - 0 2.5 18.8 

SQ04 - 0 1.7 26.9 

SQ10 - 0 3.0 20.7 

FP04 - 0 3.8 24.7 

ST04 - 0 1.8 26.6 

All differences are calculated by comparing to the dynamic model angular impulse 

output. Models with the same superscripted letter are similar across all conditions (p < 

0.05).   
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Chapter 5 

Discussion 

5.1 Comparison of LSE and 3DSSPP 

There were small differences (< 9.4%) between the moments calculated using the LSE 

and 3DSSPP for the mid-squat lifting position and stoop lifting position. But, there were large 

differences (> 40%) between the moments calculated using the LSE and 3DSSPP for the standing 

position. The differences between the LSE and 3DSSPP are due to alignment issues of the 

3DSSPP mannequin over the participant position image and differences in CoM locations of the 

body segments. 

Misalignment of the 3DSSPP mannequin’s L5/S1 and C7 locations in the different lifting 

postures created differences when compared to the LSE.  The 3DSSPP mannequin has an anterior 

pelvic tilt which results in a larger lordotic curvature in the spine that the participant did not have 

(Fig. 8, C), which caused an increased moment arm (as the mannequin’s L5/S1 joint was 

posterior to that of the participant) to the trunk’s CoM when compared to the LSE’s trunk CoM 

location. The larger moment arm of the 3DSSPP trunk’s CoM resulted in a larger moment (27 

N·m and 2 N·m for 3DSSPP and LSE outputs respectively) from the trunk segment in the 

standing trial specifically. Because the total moments calculated using 3DSSPP for the 0kg, 4kg, 

and 10kg standing position trials were only 54 N·m, 80 N·m, and 118 N·m respectively, a 25 

N·m discrepancy in the trunk segment would account for 46.3%, 30%, and 20% of the error 

between the LSE and 3DSSPP total moment calculations. Because the 3DSSPP model 

concentrates the segmental masses of the head and entire trunk to act at the ‘trunk’ CoM, 

alignment errors can result in large relative moment errors when the total moment calculated is 

low.  
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While trunk segment alignment issues accounts for some of the difference between the 

LSE and 3DSSPP model calculations there are also differences between the LSE and 3DSSPP 

due to issues aligning the upper limbs of the 3DSSPP mannequin with the image of the lifting 

posture. Because the segmental mass of the upper limbs is smaller than that of the trunk segment, 

misalignment of these segments results in a lower relative error. Although this error is of smaller 

magnitude, the sum of upper limb alignment issues accounts for the remaining error between the 

two models. The moment contributions of the upper limbs from the standing trials was 7.7 N·m 

lower in the LSE output when compared to the 3DSSPP calculation. The added effect of the 

misaligned trunk would indicate that the errors between the two systems were a result of 

misalignment between model’s segmental CoM locations.  

 

5.2 Sensitivity to Changes in Load 

The LSE was sensitive to changes in load (Table 3) which is consistent with the findings 

of Granata & Marras (1999); Kim & Chung (1995); Marras et al. (2006). When lifting a larger 

load, the moment and resulting compressive force acting on the L5/S1 joint increase (Granata & 

Marras, 1999; Kim & Chung, 1995; Marras et al., 2006).  It was hypothesized that Term 1 would 

increase due to the increase in load magnitude, but the difference in Term 2 (Table 3) was 

unexpected. The smaller moment in Term 2 in the SQ00 lifting condition would suggest that there 

was a difference in the way participants performed the unloaded lift. Because there was no 

difference between the SQ04 and SQ10 conditions in their respective Term 2 (Table 3), it can be 

concluded that participants do not lift in the same manner in loaded and unloaded situations.  

Terms 3 and 4 did not differ between the three loaded lifting conditions. This is due to the 

small contribution that the Terms 3 and 4 make to the net angular impulse. The small contribution 
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from Terms 3 and 4 is shown in Fig. 11, where only in the SQ10 lifting condition does Term 3 

constitute more than 3% of the total angular impulse. These findings would suggest that with 

loads up to 10kg, the moments due to the participant’s body segments are the most important 

factor to consider when assessing loading on the lower back.     

 

5.3 Sensitivity to Changes in Lifting Speed 

In the SQ04 condition, participants performed the lifting motion in three visually distinct 

phases separated by short hesitations: move to grab the box on the floor; lift the box to a standing 

position; reach out and place the box on the shelf (catch, lift, and place respectively). In the FP04 

condition, participants lifted the box in a more fluid motion where the lift was comprised of two 

phases separated by a short hesitation: bend to grab the box on the floor; squat lift and reach to 

place at the same time. Because of the doubled lifting speed in the FP04 condition, participants 

took a shorter amount of time between lifting and placing the box compared to the SQ04 

condition (Fig. 12).  

The differences between the slow and fast lifting conditions seen in the plotted 

waveforms suggest that the FP04 condition’s angular impulse output is a compressed version of 

the SQ04 condition. Similar characteristics in waveform shape are present in both lifting styles: 

small decreases in the catch phase prior to the maximum peak; smooth decrease after the 

maximum peak followed by a small increase during the place phase of the lift. As well, the 

similar peak angular impulse values between the lifting speeds strengthen the argument that the 

main difference in net angular impulse values (Table 4) is only due to time engaged in the lift.  

Although the angular impulse acting on the low back is lower in the FP04 condition 

compared to the SQ04 condition, lifting at a faster pace results in greater muscular and 
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physiological fatigue (Callaghan et al., 2005; Kim & Chung, 1995; Maiti & Bagchi, 2006; Potvin, 

2011). If an employee was not required to perform any extra work, however, the resulting 

work:rest ratio might allow the employee increased rest during their shift. The increase in rest 

when performing the fast lifting pace has been shown (in light assembly work) to mitigate the 

increased risk of injury due to fatigue (Bosch, Mathiassen, Visser, de Looze, & van Dieën, 2011).  

 

5.4 Sensitivity to Changes in Lifting Posture 

There were differences found between lifting postures as the stoop lift resulted in higher 

angular impulse acting on the L5/S1 joint than the squat lift. The squat position had lower peak 

angular impulse from the three largest segmental contributors (head, upper and mid trunk) as a 

result of the trunk being more vertical in comparison to the stoop lifting position (Fig. 13). 

Although this study found differences between lifting postures, there is an ongoing debate in the 

literature as to whether there is a difference in the moment or compressive load acting on the 

lumbar spine due to stoop or squat lifting(Van Dieën et al. 1999).  

A review of work completed from 1970 to the mid 1990s (Van Dieën et al. 1999) shows 

conflicting results on the effect of lifting position on the net moment acting on the lower back. 

Ekholm, Arborelius, & Nemeth (1982) reported a decrease of 26% in the net moment acting on 

the low back during stoop lift compared to a squat lift. This is in contrast to Bush-Joseph, 

Schipplein, Andersson, & Andriachhi (1988) who found an 18% increase in net moment when 

performing a stoop lift compared to a squat lift.  

Discrepancies extend into the 1990’s with the work of Potvin, McGill, & Norman (1991) 

and Dolan, Mannion, & Adams (1994) who found a decrease of 4% and increase of 4% on the net 

moment acting on the lower back respectively when comparing squat and stoop lifting postures. 
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In addition to the reported moment findings of Potvin, McGill, & Norman (1991),  an analysis of 

the shear forces acting at the lower back in stoop and squat lifting postures found that shear forces 

were significantly higher when the participant’s trunk was in full flexion. The significantly higher 

(> 200 N) shear load on the lower back during stoop lifting positions is a point of concern as 

employees who repetitively engage in lifting may be at a higher risk for injury (Potvin et al., 

1991).  

Overall, the conclusion of Van Dieën et al. (1999) was that, of the studies that met their 

criteria of, “…sufficiently valid for comparative use…” there was no conclusive evidence to 

show that there is a difference between the stoop and squat lifting styles on the net moment acting 

on the lower back. This conclusion was made with a caveat regarding shear loading, as the 

influence of shear loading during repetitive loading, as suggested by Kumar (1990) and Potvin et 

al. (1991), increases the risk of injury in the workplace. 

 

5.5 Effect of Limbs 

There was a difference in the angular impulse between the all-segment and no-arms 

models. In Fig. 11 it is apparent that the participant’s body segments are the primary contributor 

to the net angular impulse acting on the body. While the upper arm, forearm, and hand segments 

are not the largest contributors to Term 2 (Table 7) combined they have a significant effect on the 

total angular impulse.  

Comparing the dynamic all-segment and dynamic no-arms models showed that the no-

arms model was different and would not be an acceptable substitute for field use. It has been 

recommended that for field work, the allowable range of error from lab based moment 

calculations is within 10% (Callaghan et al., 2005; Callaghan, Salewytsch, & Andrews, 2001; 
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Marras et al., 2010) . In an attempt to model the effect of the upper limbs an optimized scaling 

factor was applied to the dynamic no-arms angular impulse output which improved the 

percentage difference from -21% to 5.8% when compared to the dynamic all segment model 

(Table 6). With the scaling factor applied to the dynamic no-arms model the percentage error, 

when compared to the dynamic all-segments model, suggests this approach would be suitable for 

use in field applications.     

 

5.6 Sensitivity to Changes in Kinetic Model  

We found no differences between the fully dynamic and quasi-static models across all lift 

conditions. This contrasts with  Callaghan et al. (2005) who reported a decrease of 2.76%  in the 

quasi-dynamic model cumulative load output when compared to their dynamic model. There was 

an average difference of -2.6% between our fully dynamic model and static model, which is less 

than the -12.55% Callaghan et al. (2005) found between their dynamic and static model 

cumulative load output. The difference between the LSE results and those of Callaghan et al. 

(2005) could be due to: different lifting conditions and differences in the magnitude of loads 

lifted.  

Callaghan et al. (2005) used three different lifts in their study: ground to table lift; shelf 

to table lower; lift from floor, over a 55cm barrier, and place back on the floor behind the barrier. 

While the lifting pace was controlled with auditory queues, the acceleration of the loads may have 

been higher in the lower from shelf and lift and lower behind barrier conditions. Increased 

segmental accelerations would result in a larger contribution from our Term 3 for example, and 

may explain some of the difference between the findings of this study and that of Callaghan et al. 

(2005).   
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Also, Callaghan et al. (2005) used an instrumented hand jig to measure force and moment 

when participants lifted 2.3kg, 8.8kg, and 15.9kg loads. However, the moments at the hand as a 

result of the load were not reported. The contribution to the net angular impulse from our Term 4 

would be different, but its magnitude would be small. Assuming the participants lifted the load in 

approximately the middle of the box from the sides, the weight of the load and short moment arm 

to the box’s CoM would not produce large enough moments to account for the differences 

between the results of this study and that of Callaghan et al. (2005).  

The difference between the dynamic all-segment and dynamic no-arms models suggests 

that the no-arms model would not be an appropriate analogue to any of the full-segment models 

(Fig. 14). However, the small differences and large standard deviations between the dynamic, 

quasi-static, and static models suggest that these three models could be used interchangeably. Our 

finding that a static model is an appropriate analogue to a fully dynamic model contrasts the 

results of Callaghan et al. (2005) which indicated differences between each of their dynamic, 

quasi-dynamic, and static models. 
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Chapter 6 

Conclusion 

The goal of this research project was to develop a kinematic model to assess angular 

impulse and determine the effect of a reduced dataset on the net angular impulse acting at the 

L5/S1 joint. During development of this model, it was determined that, by using an extension of 

the Hof (1992) model, the software could be modular and generalized for use in many kinematic 

applications. By creating the software using a modular approach, future work with kinematic data 

could be assessed without needing to re-develop custom kinematic models. With this new 

software tool complete, validation of the model was required to assess the accuracy of its 

calculations.   

A comparison of the linked-segment engine (LSE) was conducted against 3DSSPP 

(University of Michigan, Ann Arbor, MI) and found agreement with mid-squat and initiation of 

stoop lift posture, but disagreement with standing postures. This disagreement was due to 

mannequin alignment issues. The LSE was sensitive to changes in load, lifting speed, lifting 

posture, and models without arms. While the LSE requires further development it shows promise 

as a tool for kinetic analysis.  

Based on our results , it could be recommended that workers perform tasks at a higher 

lifting speed in a squat lifting style (shear loading on the spine has been reported to be lower in a 

squat than a stoop lift Potvin et al. (1991)). Lifting at a higher rate would decrease the angular 

impulse acting on the lower back and allow for increased rest periods in the workplace, provided 

an employer did not change the volume of work to be completed. As no physiological data were 

collected in this dataset, this recommendation refers only to the mechanical moments of the lower 

back.    
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Chapter 7 

Future Directions 

7.1 LSE 

The LSE is in its early stages of development and requires further testing and 

development of modules to become a generalized tool for kinetic analysis. Notably, the LSE 

requires refinement in the handling of external loads. Currently, the load is defined as acting on 

the hand segments at their grip center. Treating the loads independently from the body, which is 

possible using the Hof model, would increase the flexibility of the LSE to handle different lifting 

scenarios.  

Currently, the location about which the angular impulse acts (point of interest – POI) is 

set as a final ‘segment’ in the segment list. As the POI is the point about which the net moment 

and angular impulses are calculated, increased flexibility of how the POI is located would be 

advantageous. Having a POI that could be positioned at any segment’s endpoint would allow 

computation of the joint moments and forces at each segment, and doing this repeatedly could 

mimic the output from an inverse dynamic linked-segment model.  

 

7.2 Cumulative Loading 

It is our opinion that studies of cumulative loading should report, at a minimum, the net 

angular impulse or moments acting at the lower trunk as well as cumulative load and EMG 

activity levels of measured musculature. Reporting the recommended values would allow for the 

comparison of outcomes across studies and research groups. Because multiple methods are used 

to calculate compressive and shear loads, it is difficult to directly compare the outcomes across 

studies currently, as the final outcome measure (typically compressive load) is all that is reported. 
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Because the calculation of angular impulse, or the necessary information required to calculate 

angular impulse, is required prior to the calculation of compressive or shear loads, inclusion of 

angular impulse or moments would allow for comparison of outcome variables across studies.  

For field applications determining when a load is in the hands during lifting remains an 

unsolved issue. In workplace task evaluation the loads being manipulated by employees typically 

cannot be instrumented. As a result, there is – to the author’s knowledge – no validated method to 

determine when the employee has picked up a load without kinetic data. Video analysis would 

have minimal error in defining load in hands, but requires considerable post-analysis evaluation. 

Inertial motion sensor (IMS) technology can currently output accurate direction cosine 

matrices and could be used to measure a worker’s movements using a protocol similar to that 

described in section 3.3. If the IMS were linked to a data logger, the orientation data from each 

segment could be recorded, if there was enough memory capacity, for the duration of a shift. 

However, without supplementary data to the orientation data, many assumptions would need to 

be made with respect to lift initiation and end. Some technologies exist which could be used to 

predict load in hands, such as: pressure switches; footwear based ‘force plates’; proximity 

sensors; and ultra-sound detectors (Faber, Kingma, Martin Schepers, Veltink, & Van Dieën, 

2010; Faber, Kingma, & van Dieën, 2010; Marras et al., 2010; Zhang, Wong, & Wu, 2011). Yet, 

with the technologies and methods currently available, there is no validated system that has been 

proven reliable and effective in many workplace settings. 
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Appendix A 

Liberty Sensor Schematic and MatLab Segmental Vector Definition 

Code   

 

 

Figure 15 – Coordinate system imbedded to the Liberty (Polhemus, Colchester, VT) 

sensors. 
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function [ pose ] = GetPoseData( subject ) 
%function [ pose ] = GetPoseData( subject ) 
%   This function reads the sensor data from a POSE trial (static 
%   standing) and segregates the data into xyz location and a row vector 
%   containing the direction cosines. The second loop breaks the row 
%   vector into components and rebuilds it into a 3x3 matrix. Location data 
%   is averaged over the lenght of the trial. POSE DCM and COR are taken 
%   at 1/2 the length of the trial.  

  
global PATH 

  
data = dlmread(strcat(PATH, subject, '\', 'POSE.csv')); 
for i = 1:8                                                                %8 

sensors from the liberty system 
    dc = data(i:8:end, 1:9);                                                 
    pose.sen(i).loc = mean(data(i:8:end, 10:12)); 

    
avg = mean(dc); 
pose.sen(i).dcm(:,:) = [avg(1:3); avg(4:6); avg(7:9)];   
pose.sen(i).cor = pose.sen(i).dcm'; 
end 

     
end 

 

_________________________________________________________________ 

 
function [ sen ] = GetTrialData( subject, condition ) 
%function [ trial ] = GetTrialData( subject, trialname ) 
%   This function will break the data similar to GetPoseData but will not 
%   average any of the information as it is the movement data. The DCM and 
%   COR matrix data is stored in 3D marticies where the matrix is  
%   (3 x 3 x frame #) format. 

  
global PATH      

  
data = dlmread([PATH, subject, '\', condition, '.csv']); 
for sensor = 1:8                                                           % 8 

Liberty sensors used for this study 
    dc = data(sensor:8:end, 1:9);                                                 
    sen(sensor).loc = data(sensor:8:end, 10:12);                           

%#ok<*AGROW> 
    for frame = 1:length(dc) 
        sen(sensor).dcm(:,:,frame) = [dc(frame, 1:3); dc(frame, 4:6); dc(frame, 

7:9)]; 
    end 
end 

  
end 

  
 

 

_______________________________________________________________________________ 

 

 

 

function [ seg ] = CalcSegVec( sub, pose, sen ) 
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%function [ seg ] = CalcSegVec( sub, pose, sen ) 
%   This funciton will take each segment's length and multiply the length 
%   vector by the frame's R matrix and the pose R' to bring the trial 
%   motion back to the global position. The moving R matrix will be saved 
%   as 'r' for each segment for later calculations of Euler angles.  

  
global FOREARM_R UPPER_ARM_R UPPER_ARM_L UPPER_TRUNK LOWER_TRUNK L3 C7... 
       MID_TRUNK HEAD HAND_R HAND_L FOREARM_L SHOULDER_GIRDLE SHOULDER_R 

SHOULDER_L 

        
for i = 1:length(sen(C7).dcm) 
    seg(LOWER_TRUNK).vec(:,:,i) = [sub.seg_lengths(LOWER_TRUNK),0,0]  * 

(sen(L3).dcm(:,:,i)          * pose.sen(L3).cor);   
    seg(MID_TRUNK).vec(:,:,i)   = [sub.seg_lengths(MID_TRUNK),0,0]    * 

(sen(L3).dcm(:,:,i)          * pose.sen(L3).cor); 
    seg(UPPER_TRUNK).vec(:,:,i) = [sub.seg_lengths(UPPER_TRUNK),0,0]  * 

(sen(C7).dcm(:,:,i)          * pose.sen(C7).cor); 
    seg(HEAD).vec(:,:,i)        = [sub.seg_lengths(HEAD),0,0]         * 

(sen(C7).dcm(:,:,i)          * pose.sen(C7).cor); 
    seg(UPPER_ARM_R).vec(:,:,i) = [-sub.seg_lengths(UPPER_ARM_R),0,0] * 

(sen(UPPER_ARM_R).dcm(:,:,i) * pose.sen(UPPER_ARM_R).cor); 
    seg(FOREARM_R).vec(:,:,i)   = [-sub.seg_lengths(FOREARM_R),0,0]   * 

(sen(FOREARM_R).dcm(:,:,i)   * pose.sen(FOREARM_R).cor); 
    seg(HAND_R).vec(:,:,i)      = [-sub.seg_lengths(HAND_R),0,0]      * 

(sen(FOREARM_R).dcm(:,:,i)   * pose.sen(FOREARM_R).cor);  
    seg(UPPER_ARM_L).vec(:,:,i) = [-sub.seg_lengths(UPPER_ARM_L),0,0] * 

(sen(UPPER_ARM_L).dcm(:,:,i) * pose.sen(UPPER_ARM_L).cor);    
    seg(FOREARM_L).vec(:,:,i)   = [-sub.seg_lengths(FOREARM_L),0,0]   * 

(sen(FOREARM_L).dcm(:,:,i)   * pose.sen(FOREARM_L).cor); 
    seg(HAND_L).vec(:,:,i)      = [-sub.seg_lengths(HAND_R),0,0]      * 

(sen(FOREARM_L).dcm(:,:,i)   * pose.sen(FOREARM_L).cor); 
    seg(LOWER_TRUNK).r(:,:,i)   = (sen(L3).dcm(:,:,i)          * 

pose.sen(L3).cor); 
    seg(MID_TRUNK).r(:,:,i)     = (sen(L3).dcm(:,:,i)          * 

pose.sen(L3).cor); 
    seg(UPPER_TRUNK).r(:,:,i)   = (sen(C7).dcm(:,:,i)          * 

pose.sen(C7).cor); 
    seg(HEAD).r(:,:,i)          = (sen(C7).dcm(:,:,i)          * 

pose.sen(C7).cor); 
    seg(UPPER_ARM_R).r(:,:,i)   = (sen(UPPER_ARM_R).dcm(:,:,i) * 

pose.sen(UPPER_ARM_R).cor); 
    seg(FOREARM_R).r(:,:,i)     = (sen(FOREARM_R).dcm(:,:,i)   * 

pose.sen(FOREARM_R).cor); 
    seg(UPPER_ARM_L).r(:,:,i)   = (sen(UPPER_ARM_L).dcm(:,:,i) * 

pose.sen(UPPER_ARM_L).cor); 
    seg(FOREARM_L).r(:,:,i)     = (sen(FOREARM_L).dcm(:,:,i)   * 

pose.sen(FOREARM_L).cor); 
    seg(HAND_R).r(:,:,i)        = (sen(FOREARM_R).dcm(:,:,i)   * 

pose.sen(FOREARM_R).cor); 
    seg(HAND_L).r(:,:,i)        = (sen(FOREARM_L).dcm(:,:,i)   * 

pose.sen(FOREARM_L).cor); 
end 

  
%   Divide the subject's shoulder length obtained from 
%   anthropometic measures in half and give the distance to each AC joint. 
%   The shoulder_vector length will then be applied to the C7 sensor's 
%   transformation matrix to obtain the correct orientation. 
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shoulder_length = (sub.seg_lengths(SHOULDER_GIRDLE)/2);                     

  
for i = 1:length(sen(C7).dcm) 
    seg(SHOULDER_R).vec(:,:,i) =    [0,shoulder_length,0] * (sen(C7).dcm(:,:,i) 

* pose.sen(C7).cor);  
    seg(SHOULDER_L).vec(:,:,i) = [0,(-shoulder_length),0] * (sen(C7).dcm(:,:,i) 

* pose.sen(C7).cor);  
end 

  
end 

 

______________________________________________________________________________ 

 

function [ seg ] = SetSegEndpoints( seg ) 
%function [ seg ] = SetSegEndpoints( seg ) 
%   This function will translate the segmental vectors into their proper 
%   positions relative to each prior segment! Proximal is relative to the 
%   sacrum and medial to lateral.  

  
global HAND_R HAND_L FOREARM_R FOREARM_L UPPER_ARM_R UPPER_ARM_L HEAD... 
       UPPER_TRUNK LOWER_TRUNK SHOULDER_R SHOULDER_L MID_TRUNK  

  
frames = length(seg(FOREARM_R).vec);  

     
seg(LOWER_TRUNK).prox = zeros(1,3,frames); 
seg(LOWER_TRUNK).dist = seg(LOWER_TRUNK).vec; 

     
seg(MID_TRUNK).prox   = seg(LOWER_TRUNK).dist; 
seg(MID_TRUNK).dist   = seg(MID_TRUNK).vec   + seg(LOWER_TRUNK).dist; 

  
seg(UPPER_TRUNK).prox = seg(MID_TRUNK).dist; 
seg(UPPER_TRUNK).dist = seg(UPPER_TRUNK).vec + seg(MID_TRUNK).dist; 

  
seg(HEAD).prox        = seg(UPPER_TRUNK).dist; 
seg(HEAD).dist        = seg(HEAD).vec        + seg(UPPER_TRUNK).dist; 

  
seg(SHOULDER_R).prox  = seg(UPPER_TRUNK).dist; 
seg(SHOULDER_R).dist  = seg(SHOULDER_R).vec  + seg(UPPER_TRUNK).dist; 

     
seg(SHOULDER_L).prox  = seg(UPPER_TRUNK).dist; 
seg(SHOULDER_L).dist  = seg(SHOULDER_L).vec  + seg(UPPER_TRUNK).dist; 

  
seg(UPPER_ARM_R).prox = seg(SHOULDER_R).dist; 
seg(UPPER_ARM_R).dist = seg(UPPER_ARM_R).vec + seg(SHOULDER_R).dist; 

     
seg(UPPER_ARM_L).prox = seg(SHOULDER_L).dist; 
seg(UPPER_ARM_L).dist = seg(UPPER_ARM_L).vec + seg(SHOULDER_L).dist; 

     
seg(FOREARM_R).prox   = seg(UPPER_ARM_R).dist; 
seg(FOREARM_R).dist   = seg(FOREARM_R).vec   + seg(UPPER_ARM_R).dist; 

  
seg(FOREARM_L).prox   = seg(UPPER_ARM_L).dist; 
seg(FOREARM_L).dist   = seg(FOREARM_L).vec   + seg(UPPER_ARM_L).dist; 

  



79 

 

seg(HAND_R).prox      = seg(FOREARM_R).dist; 
seg(HAND_R).dist      = seg(HAND_R).vec    + seg(FOREARM_R).dist;     

  
seg(HAND_L).prox      = seg(FOREARM_L).dist; 
seg(HAND_L).dist      = seg(HAND_L).vec    + seg(FOREARM_L).dist;   

  
seg = ReshapeEndpoints (seg ); 

  
end 

  
function [ seg ] = ReshapeEndpoints( seg ) 
%function [ seg ] = DefineLeftForearm( seg) 
%   This function will change the 3D matricies of the endpoints into 2D so 
%   that they will be in the format (frame,x/y/z). Much easier to work 
%   with! 

  
global HAND_R HAND_L FOREARM_R FOREARM_L UPPER_ARM_R UPPER_ARM_L HEAD... 
       UPPER_TRUNK LOWER_TRUNK SHOULDER_R SHOULDER_L MID_TRUNK  

  
seg_list = [HAND_R HAND_L FOREARM_R FOREARM_L UPPER_ARM_R UPPER_ARM_L...  
            HEAD UPPER_TRUNK LOWER_TRUNK SHOULDER_R SHOULDER_L MID_TRUNK];  
for segment = seg_list  
    for fr = 1:length(seg(HAND_R).dist) 
        tempp(fr, :) = reshape(seg(segment).prox(1,:,fr)',3,1)';           

%#ok<*AGROW> 
        tempd(fr, :) = reshape(seg(segment).dist(1,:,fr)',3,1)'; 
    end 
    seg(segment).prox = []; 
    seg(segment).prox = tempp; 
    seg(segment).dist = []; 
    seg(segment).dist = tempd; 
end 

  
seg(LOWER_TRUNK).prox = zeros(length(seg(LOWER_TRUNK).dist), 3); 

  
end 
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Appendix B 

Optimized Cutoff Frequency Procedure and Formulae for Butterworth 

Digital Filter – Corrected Formulae of Yu et al. (1999) and MatLab 

Code 

Note – the following procedure and formulae was obtained by contacting Dr. Bing Yu himself; 

the following was stated as the corrected version. The original article did not correctly define the 

variables used in equation 7, so the variables and their corrected meaning are listed below 

equation 7. The order to complete the following equations is as they appear (9-7-10). These 

equations will provide    : the primary cutoff frequency required to calculate the final cutoff 

frequency     which is to be used in the Butterworth filtering of your data. 

 

 

 

Where: 

- the numerator    is the raw data of the segment’s distal endpoint  

-     is 4
th
 order low-pass Butterworth data of the same point 

- the denominator    is the raw data of the distal endpoint 

-  ̅ is the average of the raw data in     
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function [ filter ] = GetFilterCutoff ( body, sample_rate ) 
% function [ body ] = FilterData (body, sample_rate) 
% This function will take the input kinematic data and determine the 
% optimum filter cutoff using regression equations outlined in Yu et al. 

(1999).  
% A cutoff will be determined for each axis of every marker/point. 
%  
% David C Kingston April 6, 2013 

  
global SEGMENT_LIST 
for seg = SEGMENT_LIST 
    for axis = 1:3  %x=1 y=2 z=3 

         
    %determine cutoff based on sampling frequency from equation 9 (Yu et al 

1999) 
    fc1 = (0.071 * sample_rate) - (0.00003 * sample_rate^2); 
    fc1 = (fc1/sample_rate)*2;       %Wn in the butterworth must be between 0&1 

with 1 representing 1/2 the sample rate 
    [B, A] = butter(4, fc1, 'low');  
    temp = filtfilt(B, A, body(seg).dist_pnt(:,axis)); 

     
    %calculate relative mean residual between filtered and raw data from 

equation 7 (Yu et al 1999) 
    xbar  = mean(body(seg).dist_pnt(:,axis)); 
    Term1 = sum(body(seg).dist_pnt(:,axis) - temp).^2; 
    Term2 = sum(body(seg).dist_pnt(:,axis) - xbar).^2; 
    rmr   = sqrt(Term1/Term2)*100;                                         

%#ok<*AGROW>  

  
    %get filter optimised cutoff from equation 10 (Yu et al 1999)          
    filter(seg).cutoff(axis) = ((0.06 * sample_rate) - (0.000022 * 

sample_rate^2) + (5.95 * (1/rmr))); %Eq 3.10 as identified in Winter 2009 on 

Pg. 73 
    end 
end 

  
end 

 

______________________________________________________________________________ 

 

 
function [ body ] = FilterData ( body, filter, sample_rate ) 
% function [ body ] = FilterData ( body ) 
%   This function will use a 4th order dual pass buttworth filter to 
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%   smooth the kinematic data in accordance with the reccomendations of 
%   Winter (2009) pg. 69 

  
global SEGMENT_LIST 
for seg = SEGMENT_LIST 
    for axis = 1:3       %x=1 y=2 z=3 
    cutoff = (filter(seg).cutoff(axis)/sample_rate)*2;     
    [B, A] = butter(4, cutoff, 'low');  
    body(seg).dist_pnt = filtfilt(B, A, body(seg).dist_pnt); 
    body(seg).prox_pnt = filtfilt(B, A, body(seg).prox_pnt); 
    end 
end 

  
end 
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Appendix C 

Data Conditioning and Relevant MatLab Functions 

 

function [ body ] = CalcCom ( body) 

% function [ segments ] = CalcCom ( body); 

% This function will calculate the COM location and also define the 

% segmental mass. Both of these values will be calculated using 

% DeLeva(1996) segmental parameters. 

%  

% INPUTS : segments     - structure containing segmental dist/prox points 

%          subject_mass - scalar value in kg 

%  

% OUTPUT : segments     - structure containing segmental information 

%  

% EXAMPLE: body = CalcCom (body, sub.mass); 

%  

% David C Kingston March 28, 2013 

  

global SEGMENT_LIST 

sub_mass = 2;      

  

for seg = SEGMENT_LIST 

    seg_length            = body(seg).dist_pnt - body(seg).prox_pnt; 

    body(seg).com_pnt     = body(seg).prox_pnt + (seg_length * 

body(seg).anthro.com_ratio); 

    body(seg).anthro.mass = body(length(body)).sub_info{sub_mass} * 

body(seg).anthro.mass_ratio; %pull subject weight from the POI segment 

end 

  

end 

 

________________________________________________________________________________________________ 

 

function [ body ] = CalcComAcc ( body, dt ) 

% function [ body ] = CalcComAcc ( body, dt ) 

% This function will calculate the acceleration of the center of mass using 

% a central difference approach. The CentralDiff function will be used and 

% nested below and results in no loss of data points as there are quartic  

% (Vint & Hinricks 1996) spline fitted points padding the front and end of  

% the data. 

%  

% INPUTS : segments - structure containing com displacement data 

%          dt       - the timestep for each frame of data 

%  

% OUTPUT : segments - structure containing segmental information 

%  

% EXAMPLE: body = CalcComAcc(body, 1/sample_rate) 

%  

% David C Kingston March 28, 2013 

  

global SEGMENT_LIST 
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for seg = SEGMENT_LIST 

    disp = body(seg).com_pnt; 

    vel  = CentralDiff(disp, dt); 

    acc  = CentralDiff(vel, dt); 

    body(seg).com_acc = acc; 

end 

  

end 

 

 

________________________________________________________________________________________________ 

 

function [ deriv ] = CentralDiff( data, dt ) 

% function [ deriv ] = CentralDiff( data, dt ) 

%   CentralDiff will calculate the central difference using the forward  

%   difference for all values in between the first and last values in the  

%   column vector. The vector will be padded on the front and back end 

%   using a quartic spline so that the first and last values will have an 

%   estimated central difference.  

%  

%   INPUTS: data  - kinematic data arranged row-wise (COLUMN VECTOR ONLY) 

%           dt    - timestep between each data point (1/samplerate) 

%   OUTPUT: deriv - 1st derivative of the input data 

%  

%   USEAGE: deriv = CentralDiff( kinematic_data, 1/32); 

%  

%   David C Kinston: March 6th, 2013 

  

pad_dat = PadData(data); 

% the following will copy the original padded data and delete the first 2 

% and last 2 points from copy and pad_dat respectively so that the 1st and 

% 3rd values are alinged for binary subtration 

copy = pad_dat; 

copy(1:2,:) = []; 

pad_dat(end-1:end,:) = []; 

deriv = (copy - pad_dat) ./(2 * dt); 

  

end 

 

 

________________________________________________________________________________________________ 

 

 

 

function [ pad_dat ] = PadData ( data ) 

% function [ pad_dat ] = PadData ( data ) 

% This function will take the input data from above and add an estimated 

% point before the first value and after the last to pad the data for 

% central difference calcuations. 

warning ('off', 'MATLAB:polyfit:RepeatedPointsOrRescale'); 

num_col     = size(data, 2); 

padding_row = zeros(1,num_col); 

pad_dat = [padding_row; data; padding_row]; 

% single value to pad the first real value from the input data 

x = [2:11]';                                                               

%#ok<*NBRAK> 

for col = 1:num_col 
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    coeff = polyfit(x, pad_dat(x,col), 4); 

    pad_dat(1,col) = polyval(coeff, 1);     

end 

  

% single value to pad the last real value from the input data 

num_row = length(pad_dat); 

x = [num_row-10:num_row-1]';  

for col = 1:num_col                                                

    coeff = polyfit(x, pad_dat(x,col), 4); 

    pad_dat(end,col) = polyval(coeff, num_row);     

end 

warning ('on', 'MATLAB:polyfit:RepeatedPointsOrRescale'); 

end 

 

________________________________________________________________________________________________ 

 

function [ body ] = CalcMoi ( body ) 

% function [ body ] = CalcMoi ( body ) 

% This function will calculate the length of the segment in vector form and 

% the inertial components according to I = md^2.  

%  

% David C Kingston March 28, 2013 

  

global SEGMENT_LIST 

for seg = SEGMENT_LIST 

    dist = body(seg).dist_pnt;  

    prox = body(seg).prox_pnt; 

    diff = mean (dist - prox);                                             

%find the least squares difference in segment length 

    diffsqr = diff .^ 2;  

    sumdiff = sum(diffsqr); 

    length = sqrt (sumdiff);  

    body(seg).length = length; 

    %calculate moi for ml ap bt 

    sag  = body(seg).anthro.mass * ((body(seg).anthro.k_ratio(1) * length) ^2); 

    tran = body(seg).anthro.mass * ((body(seg).anthro.k_ratio(2) * length) ^2); 

    long = body(seg).anthro.mass * ((body(seg).anthro.k_ratio(3) * length) ^2); 

    body(seg).moi = [sag tran long]; 

end 

  

end 

 

________________________________________________________________________________________________ 

 

function [ body ] = CalcAngDisp ( body ) 

% function [ body ] = CalcAngDisp ( body ) 

% This function will calculate the angular displacement of the segments 

% from the fixed pose positon to the segment's respective moving position 

% in space to Euler angles. This function will use a Cardan rotation     

% sequence (x - y' - z'') rather than an Euler sequence (z - x' - z'').  

% A Cardan sequence is preferred in biomechanics and is suggested by: 

% Winter (2009) Biomechanics of Motor Control and Human Movement (Pg. 179). 

%  

% David C Kingston April 4, 2013 
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global SEGMENT_LIST 

theta = zeros(length(body(1).prox_pnt),1);                                 

%pre-allocating the variable size 

phi   = zeros(length(body(1).prox_pnt),1); 

psi   = zeros(length(body(1).prox_pnt),1); 

for seg = SEGMENT_LIST 

    %calculate Euler Angles in rads 

    for frame = 1:length(body(1).dcm) 

        theta(frame,1) = -asin(body(seg).dcm(3,1,frame));                         

%rotation about x axis (flex-extension) 

        phi(frame,1)   = 

atan2(body(seg).dcm(2,1,frame),body(seg).dcm(1,1,frame));%rotation about y axis 

(ab-adduction) 

        psi(frame,1)   = 

atan2(body(seg).dcm(3,2,frame),body(seg).dcm(3,3,frame));%rotation about z axis 

(in-external) 

    end 

body(seg).ang_disp = [theta phi psi];     

end 

  

end 

 

________________________________________________________________________________________________ 

 

function [ body ] = CalcAngAcc ( body, dt ) 

% function [ body ] = functionname ( body, dt ); 

% This function will calculate the angular velocity and acceleration of 

% each segment using the Euler angles calculated in CalcAngDisp. The off  

% axis velocity components must be taken into account when solving for 

% omega (w). This is in accordance with Winter (2009) Biomechanics and 

% Motor Control of Human Motion, Pg. 187-189. This is for an x-y-z (Cardan) 

% rotation sequence.  

%  

%          |omega_x|   | cos(t2)*cos(t3)   sin(t3)    0 |   |t1| 

%  omega = |omega_y| = |-cos(t2)*sin(t3)   cos(t3)    0 | * |t2|  

%          |omega_z|   |     sin(t2)          0       1 |   |t3| 

%    

%       where: omega is the angular velocity and tx is the first derivative  

%              of the Euler angle  

%  

% David C Kingston April 9, 2013 

  

global SEGMENT_LIST 

for seg = SEGMENT_LIST 

    ang_vel = CentralDiff (body(seg).ang_disp, dt); 

    t1 = ang_vel(:,1);   %dot-theta1 

    t2 = ang_vel(:,2);   %dot-theta2 

    t3 = ang_vel(:,3);   %dot-theta3 

     

%   Equation 7.7b from Pg. 188  

    for frame = 1:length(body(seg).ang_disp) 

        mult_matrix = [(cos(t2(frame)) * cos(t3(frame))), sin(t2(frame)), 0;... 

                      (-cos(t2(frame)) * sin(t3(frame))), cos(t3(frame)), 0;... 

                                 sin(t2(frame)),               0        , 1]; 

        body(seg).ang_vel(frame,:) = mult_matrix * [t1(frame); t2(frame); 

t3(frame)];             
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    end   

    body(seg).ang_acc = CentralDiff(body(seg).ang_vel, dt);                

%performs a central diff on the vel data to get ang_acc 

end 

end 

 

 

 

_______________________________________________________________________________ 

 

 

 

function [ lifts ] = GetLifts( sensor ) 
%function [ lifts ] = GetLifts( sensor ) 
%   This funcion will take the continuous kinematic data and segregate into 
%   lifts and lowers. The frame for the beginning and end of each respect 
%   movement will be found and the difference between the frames will be 
%   assessed. The comparison of lift or lower start and end frames will 
%   indicate if there was a collection error and this function will knock 
%   out that lift.  
%  
% INPUT: sensor - segmental or sensor locaion data in frame by x,y,z format 
% OUTPUT: lifts - a 3 column vector with start and end frame pairs between 
%                   the rows of output  
%  
% EXAMPLE: lifts = GetLifts (hand) 
%  
% Patrick A Costigan & David C Kingston April 25, 2013                

  
sensor = sensor - max(sensor); 
onThreshold = max(sensor) - (abs(min(sensor) - max(sensor))/2); 
onSensor = sensor > onThreshold; 

  
sensor (onSensor) = 0;  
% plot (sensor); hold on;  
dSensor = diff(sensor); 
% plot (diff(sensor)); 

  
sensor2 = dSensor;  
sensor2(dSensor > 0) = 1; 
sensor2(dSensor < 0) = 0; 
dSensor2 = diff(sensor2); 

  
valley  = find(dSensor2); 
valley2 = valley(1:2:end); 

  
for i = 1:length(valley2)-1 
    mid (i) = round(valley2 (i) + (valley2(i+1) - valley2(i))/2);          

%#ok<*AGROW> 
end 

  
currentLift = 0;  
for i = 1:length(mid) - 1; 
    if (110 < abs(mid(i) - mid(i+1))) && (abs(mid(i) - mid(i+1)) < 200) 
        currentLift = currentLift + 1;  
        lifts (currentLift, 1) = mid(i);         %col 1 = frame where movement 

starts 
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        lifts (currentLift, 2) = mid(i+1);       %col 2 = frame where that same 

movement ends 
        lifts (currentLift, 3) = mid (i+1) - mid(i);     %col 3 = difference 

between col 1,2 to assess if movement was captured wrong (too long) 
    end 
end; 

  
end 
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Appendix D 

LSE MatLab Code 

function [ body ] = LSE( body, sample_rate, varargin ) 
%function [ body ] = LSE( body, sample_rate, varargin ) 
%   The Linked-Segment Engine will compute the proximal moment (about the 
%   M-L axis in its current state) and forces at the point of interest (the 
%   most proximal point of the last segment in the chain) using the Hof 
%   (1992) linked-segment model. This model was simplifed into a stepwise 
%   procedure by Palmondon et al. (1996) and is completed in 4 equations: 
%  
%  Term1: M_ex         = -sigma((d_l) - (r_poi)) * (F_l) - ?(M_l)          

%Moment due to external force and extermal moment 
%   
%  Term2: M_g          = -sigma((r_l) - (r_poi) * (m_l * g)                

%Moment due to gravity 
%  
%  Term3: M_(l_acc)    =  sigma((r_l) - (r_poi) * (m_l * a_l))             

%Moment due to segmental linear acceleration 
%  
%  Term4: M_(I_comp)   =  sigma(M_xyz)                                     

%Moment due to off axis inertial components 
%  
%  Prox_Moment: M_Prox = Term1 + Term2 + Term3 + Term4                     

%Proximal moment at the POI 
%  
%           where: d_l   = distal point of the segment  
%                  r_poi = the proximal point of the segment of interest 
%                  F_l   = external force vector acting on segment 'l' 
%                  M_l   = external moment vector acting on segment 'l' 
%                  r_l   = center of mass location of segment 'l' 
%                  m_l   = mass of segment 'l' 
%                  g     = acceleration due to gravity  
%                  a_l   = linear acceleration of segment 'l's CoM 
%                  M_xyz = off axis inertial components for a segment 
%                   
%  
%   The input structure "body" has a pre-defined set of fields which must 
%   be filled before LSE can complete the necessary analysis. The necessary 
%   fields for a default segment are as follows: 
%  
%     body(num_seg).dist_pnt          = [];                                 
%     body(num_seg).prox_pnt          = []; 
%     body(num_seg).dcm               = [];                                % 

direction cosine matrix 3 x 3 x frames 
%     body(num_seg).ang_disp          = []; 
%     body(num_seg).ang_vel           = []; 
%     body(num_seg).ang_acc           = []; 
%     body(num_seg).moi               = []; 
%     body(num_seg).com_pnt           = []; 
%     body(num_seg).com_acc           = []; 
%     body(num_seg).prox_force        = []; 
%     body(num_seg).dist_force        = []; 
%     body(num_seg).dist_mom          = []; 
%     body(num_seg).prox_mom          = []; 
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%     body(num_seg).ext_force         = [];                                % 

array of forces (each is 3 x frame x force vector #) 
%     body(num_seg).ext_force_loc     = [];                                % 

location of forces 
%     body(num_seg).ext_moment        = []; 
%     body(num_seg).anthro.mass       = []; 
%     body(num_seg).anthro.com_ratio  = []; 
%     body(num_seg).anthro.mass_ratio = []; 
%     body(num_seg).anthro.length     = []; 
%     body(num_seg).anthro.k_ratio    = [0 0 0];                           % 

moment of inertia ratios p-a m-l b-t 
%     body(num_seg).name              = ''; 
%  
% A point of interest must also be defined AS AN EXTRA SEGMENT and 
% contains all of the above fields but has the additional fields of: 
%  
%     body(seg_num).sub_info          = {sub.sex sub.mass};                % 

NOTE - this is a cell array  
%     body(seg_num).poi               = body(seg_num - 1).prox_pnt; 
%  
% INPUTS : body        - predefined structure containing segmental endpoint 
%                        information and segmental direction cosine 
%                        matrices 
%          sample_rate - sample rate at which the data was collected 
%          varargin    - string that declairs which type of analysis method 
%                        the user wants. Options are: 'static' or 
%                        'quasi_static' or 'dynamic' 
%  
% OUTPUT : body - all segments analysed with predefined fields filled 
%  
% EXAMPLE: body = LSE(body, 32, 'dynamic') 
%  
% David C Kingston April 16, 2013 

  
%find the optimal cutoff frequency for filtering 
filter = GetFilterCutoff(body, sample_rate); 

  
%Filter the kinematic data 
body = FilterData(body, filter, sample_rate); 

  
% locate the centre of mass and define segmental mass 
body = CalcCom(body); 

  
% calculate centre of mass acceleration 
body = CalcComAcc (body, 1/sample_rate);  

  
% calculate the segment's moment of inertia 
body = CalcMoi (body); 

  
% compute angular terms 
body = CalcAngDisp (body);  

  
% calculate the angular acceleration 
body = CalcAngAcc (body, 1/sample_rate);  

  
body = CalcTerm1(body); 
body = CalcTerm2(body); 
body = CalcTerm3(body); 
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body = CalcTerm4(body); 

  
if strcmpi (varargin{1}, 'static') == 1 
    body(length(body)).Term3 = zeros(size(body(length(body)).Term3)); 
    body(length(body)).Term4 = zeros(size(body(length(body)).Term4)); 
elseif strcmpi(varargin{1}, 'quasi_static') == 1 
    body(length(body)).Term4 = zeros(size(body(length(body)).Term4)); 
end 

  
body(length(body)).prox_mom = body(length(body)).Term1 + 

body(length(body)).Term2... 
                            + body(length(body)).Term3 + 

body(length(body)).Term4;               %proximal moment acting at the poi                         

                         
end 
  

 

 

List of Nested Fuctions____________________________________________________ 

function [ filter ]  = GetFilterCutoff ( body, sample_rate ) 
function [ body ]    = FilterData ( body, filter, sample_rate ) 
function [ body ]    = CalcCom ( body) 
function [ deriv ]   = CentralDiff( data, dt ) 
function [ pad_dat ] = PadData ( data ) 
function [ body ]    = CalcMoi ( body ) 
function [ body ]    = CalcAngDisp ( body ) 
function [ body ]    = CalcAngAcc ( body, dt ) 
function [ body ]    = CalcTerm1(body) 
% function [Term1] = CalcTerm1(body) 
% Moment due to external force and moment. Only acts on the segments which 
% are holding the load or where external force is being applied.  
% 
% ***Component due to external force has not been added*** 

  
G = 9.81;                                                                  

%this makes the external mass(kg) into a weight(N) 

  
for seg = 1:(length(body) - 1 ) 
    if isempty(body(seg).ext_mass) == 1                                    %if 

segment has no external mass on it, makes zeros array for addition purposes 

later 
        body(seg).ext_mass   = zeros(size(body(seg).dist_pnt,1),1);        

%only correct if the weight of the external load is acting purely in 1 

direction 
        body(seg).ext_moment = zeros(size(body(seg).dist_pnt,1),1);        

%only correct if the weight of the external load is acting purely in 1 

direction 
    end 
    for nframe = 1:length(body(1).dist_pnt)                                

%must be looped by frame for the matrix multiplication to work 
        body(seg).Term1(nframe,:) = -(((body(seg).dist_pnt(nframe,:) - 

body(length(body)).poi(nframe,:)) * (body(seg).ext_mass(nframe,:) .* G))... 
                                    - body(seg).ext_moment(nframe,:)); 
    end 
end 

  
total = zeros(size(body(1).dist_pnt)); 
for seg = 1:(length(body) - 1) 
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    total = total + -body(seg).Term1; 
end 
body(length(body)).Term1 = total; 

  
end 
function [ body ]    = CalcTerm2(body) 
% function [Term2] = CalcTerm2(body) 
% Moment due to gravity acting on each segmental mass. This equation 
% calculates the segmental weight in N before running through Term 2. 

  
G = -9.81;                                                                 %to 

convert the mass of the segment into N  

  
for seg = 1:(length(body) - 1 ) 
    body(seg).Term2 = zeros(size(body(seg).dist_pnt)); 
    seg_mass = body(seg).anthro.mass * G; 
    dist = body(seg).com_pnt - body(length(body)).poi; 
    body(seg).Term2 = -(dist .* seg_mass); 
end 

  
total = zeros(size(body(1).dist_pnt)); 
for seg   = 1:(length(body) - 1) 
    total = total + body(seg).Term2; 
end 
body(length(body)).Term2 = total; 

  
end 
function [ body ]    = CalcTerm3(body) 
% function [Term3] = CalcTerm3(body) 
% Moment due to linear acceleration of segments and load is applicable. 

  
%check to see if the segment has an external load (not a force), if true, 

multiply the load 
%by the acceleration of the segment the load is on. 
for nseg = 1:length(body)-1 
    if mean(body(nseg).ext_mass) ~= 0 
        for nframe = 1:length(body(1).dist_pnt) 
            Term3_loadx(nframe,1,nseg) = (body(nseg).com_pnt(nframe, 1) - 

body(length(body)).poi(nframe,1)) *... 
                                         (body(nseg).ext_mass(nframe,:) * 

body(nseg).com_acc(nframe,1)); 
            Term3_loady(nframe,2,nseg) = (body(nseg).com_pnt(nframe, 2) - 

body(length(body)).poi(nframe,2)) *... 
                                         (body(nseg).ext_mass(nframe,:) * 

body(nseg).com_acc(nframe,2));             
            Term3_loadz(nframe,3,nseg) = (body(nseg).com_pnt(nframe, 3) - 

body(length(body)).poi(nframe,3)) *... 
                                         (body(nseg).ext_mass(nframe,:) * 

body(nseg).com_acc(nframe,3)); 
            temp(nseg).Term3_load(nframe,:) = [Term3_loadx(nframe,1), 

Term3_loady(nframe,2), Term3_loadz(nframe,3)]; 
        end 

        
    else 
        temp(nseg).Term3_load = zeros(size(body(1).dist_pnt)); 
    end 
end 
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%loop the segmental CoM accelerations 
for seg = 1:(length(body) - 1 ) 
    for frame = 1:length(body(1).dist_pnt)       
        Term3_x(frame, 1, seg) = (body(seg).com_pnt(frame, 1) - 

body(length(body)).poi(frame,1)) * (body(seg).anthro.mass * 

body(seg).com_acc(frame,1)); 
        Term3_y(frame, 2, seg) = (body(seg).com_pnt(frame, 2) - 

body(length(body)).poi(frame,2)) * (body(seg).anthro.mass * 

body(seg).com_acc(frame,2)); 
        Term3_z(frame, 3, seg) = (body(seg).com_pnt(frame, 3) - 

body(length(body)).poi(frame,3)) * (body(seg).anthro.mass * 

body(seg).com_acc(frame,3)); 
        body(seg).Term3(frame, :) = [Term3_x(frame, 1), Term3_y(frame, 2), 

Term3_z(frame, 3),]; 
    end 
end 

  
total = zeros(size(body(1).dist_pnt)); 
for seg = 1:(length(body) - 1) 
    total = total + body(seg).Term3 + temp(seg).Term3_load; 
end 
body(length(body)).Term3 = total; 

  
end 
function [ body ]    = CalcTerm4(body) 
% function [Term4] = CalcTerm4(body) 
% Moment due to angular accelerations 

  
for seg = 1:(length(body) - 1 ) 
    for frame = 1:length(body(1).dist_pnt)       
        Term4_x(frame, 1) = (body(seg).moi(1) * body(seg).ang_acc(frame, 1)) - 

((body(seg).moi(2) - body(seg).moi(3)) *... 
                            (body(seg).ang_vel(frame,2) * 

body(seg).ang_vel(frame,3))); 
        Term4_y(frame, 2) = (body(seg).moi(2) * body(seg).ang_acc(frame, 2)) - 

((body(seg).moi(3) - body(seg).moi(1)) *... 
                            (body(seg).ang_vel(frame,3) * 

body(seg).ang_vel(frame,1))); 
        Term4_z(frame, 3) = (body(seg).moi(3) * body(seg).ang_acc(frame, 3)) - 

((body(seg).moi(1) - body(seg).moi(2)) *... 
                            (body(seg).ang_vel(frame,1) * 

body(seg).ang_vel(frame,2)));  
        body(seg).Term4(frame, :)   = [Term4_x(frame, 1), Term4_y(frame, 2), 

Term4_z(frame, 3)]; 
    end 
end 

  
total = zeros(size(body(1).dist_pnt)); 
for seg = 1:(length(body) - 1) 
    total = total + body(seg).Term4; 
end 
body(length(body)).Term4 = total; 

  
end 
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Appendix E 

Ethics Approval, Letter of Informed Consent, Anthropometric Data 

Collection Sheet 
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Ethics Consent  

For Research  

Study entitled: 

 

Development of a 3D link segment model for field measurement of cumulative back load 

 

Dear Participant,  

 

You are invited to participate in a research study which will record human movement during box 

lifting to assess loading on the lumbar spine. This ethics consent letter will present key 

information so you can read about the study and decide whether you wish to become a 

participant. If you wish to participate, you will be asked to sign this letter and leave a copy of the 

last page with the researcher.  

 

Purpose of the Study: 

 

The purpose of this study is to collect movement of the thigh, trunk, and upper limbs so that a 

mathematical model can be developed to estimate the position of a worker’s thigh, trunk, and 

upper limbs in the workplace using small wireless sensors. This model will be used to determine 

load on the lumbar spine over a period of time (cumulative load).   

 

Study Details: 

 

Personal Information:  

SCHOOL OF KINESIOLOGY AND  

HEALTH STUDIES 

28 Division Street 
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For your personal safety, we wish to exclude you from the study if you have any history of injury 

or pain to the upper or lower extremities and spine; recurrent episodes of fainting or dizziness; 

and/or any surgical interventions to the lower or upper extremities; spine; and pelvis. We are 

recruiting subjects who are between 18-35 years old, and are in the 95
th
, 50

th
, and 5

th
 percentiles 

for height:  

 

Males 6’2’’ or taller 5’9’’ ± 2’’ 5’5’’ ± 2’’ 

Females 5’8’’ or taller  5’4’’ ± 1’’ 5’ ± 1’’ 

 

Please note that inability to participate in the study due to medical history information will not 

result in any penalty or affect your relationship with Queen’s University presently or in the future. 

 

Getting Ready for Testing:  

Prior to testing you will be asked to self-report if you currently have or have a history of 

any of the conditions listed in the paragraph above. You will be asked to wear shorts and 

your personal running shoes for testing. You will then perform a warm up consisting of 

ten 4kg lifts of the box used for testing and stretching exercises of your legs and trunk 

musculature.  
 

Instrumentation:  
We will be using a motion analysis system called the Polhemus Liberty that captures three-

dimensional coordinates and rotations of sensors in space. In order to track the motion of your 

legs, trunk, and arms it will be necessary to attach sensors to these areas. The markers will be 

externally attached using adhesive tape. 

 

Testing Protocol: 

 

You will be weighed and the following anatomical landmarks will be located and marked: left 

and right side of the knee, hip, three points on the spine, center of the ear, top of shoulder, lateral 

elbow, lateral wrist, and the grip center of the hand. Distance between these marks will be 

measured with a flexible tape measure to determine the length of the thigh, lower and upper back, 

sternum-shoulder distance, upper arm and forearm. You will then be prepared for data collection 

by mounting sensors to the mid-point of: top of box to be lifted, R forearm, R/L upper arm, C7 

vertebra, L3 vertebra, and R thigh.  
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To begin data collection a reference trial will be collected standing in a rigid, military attention 

position. Following this, you will then perform 12 lift and lower trials in each of the five 

conditions. The lifting conditions are: normal posture 0kg load, normal posture 4kg load, normal 

posture 10kg load, exaggerated posture 4kg load, and fast speed  4kg load. The normal posture 

conditions will be lifts completed using a squatting style, with instructions on technique given 

prior to execution. The exaggerated posture condition will be lifts performed using a stoop style 

where the lower limb will be rigid to encourage bending at the hips. For all lifting conditions, 

excluding F04, the lift rate will be 6 lifts per minute. For condition F04 the lifting speed will be 

increased to 12 lifts per minute. The lifting pace across all conditions will be controlled via an 

electronic metronome. The presentation order of conditions will be randomized. The whole 

testing protocol including time for instrumentation and calibration should take approximately 1 

hour. 

 
Benefits of Participation: 

 

There are no direct personal benefits expected from this research study. However, the findings 

from this study will help develop a cost effective means of measuring loading of the spine in 

workplace settings where lifting is involved.  

 

Risks of Participation: 

 

We anticipate that the repetitive lifting may result in minor fatigue and discomfort. To protect you 

as much as possible from this risk, we will encourage you to quit at any point if you are 

experiencing more pain or discomfort than you would anticipate with this task. If you do feel 

extended soreness or pain, please go to a medical centre for assistance or contact your preferred 

health care professional.  

In addition, some individuals may also have sensitive skin resulting in skin irritation from 

rubbing alcohol or adhesive tape. Normally this irritation disappears shortly after the tape is 

removed. Once again, if it does not disappear within a couple of hours, please seek medical 

assistance. By participating you do not waive your legal rights, nor release the investigators from 

their legal and professional responsibilities.  
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Confidentiality: 

 

All information obtained during the course of this study will be strictly confidential. A code 

number will be assigned to your file, and the only link between your identity and this code 

number will be recorded in an encrypted computer file that will be locked in our research 

laboratory. Only the study investigators will be granted access to this file. In all cases of 

publication, only summary data are used and this is done in such a way that no individual can be 

identified. 

 

Voluntary Nature of the Study: 

 

As a participant, you will be a volunteer who may withdraw from the study at any time without 

penalty. You may withdraw after hearing about the details of the study and you may also 

withdraw at any point during or after completing the study with no penalty.  

 

Compensation and Reimbursement: 

 

There will be no honoraria provided for participation.  

 

Ethical Approval 

This study has been granted clearance according to the recommended principles of Canadian 

ethics guidelines, and Queen’s policies. 

 

Contacts: 

 

Any questions about study participation may be directed the project supervisor, Dr. Patrick A. 

Costigan at (pat.costigan@queensu.ca; telephone 613-533-6000 x79037), or the student 

researcher, Mr. David C Kingston (6dck@queensu.ca; telephone 613 533-6000 x79019). Any 

ethical concerns about the study may be directed to the Chair of the general Research Ethics 

Board at: chair.GREB@queensu.ca,or 613-533-6081. 

mailto:pat.costigan@queensu.ca
mailto:6dck@queensu.ca
mailto:chair.GREB@queensu.ca,or
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What Does My Signature Mean?  

 

 

I am being asked to sign below. My signature indicates that:  

 

 I have read the letter of information.  

 I was given a verbal presentation about the above-mentioned research study. 

 I was given an Ethics Consent letter of information to read and keep. 

 I am aware that the purpose of the study is to assess lower extremity and trunk 

coordination during walking with a backpack at different speeds and duration.  

 I realize I can withdraw at any time without penalty or coercion.  

 I can contact any of the people identified in this letter if I have questions, 

concerns, or complaints.  

 I realize that my data will be kept confidential.  

 By signing this consent form, I do not waive my legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities.  

 

 

 

Participant’s Copy  

 

 

(Please sign and keep this Letter of Introduction and Ethics Consent letter for your 

records).  
 

 

 

_____________________________________   __________________  

 

Signature of Participant       Date  

 

 

_____________________________________   ___________________  
 

Witness         Date    
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Researcher’s Copy 

Ethics Consent  

 

Development of a 3D link segment model for field measurement of cumulative back load 

 

By signing this page you are declaring the following: 

 

 You were given a verbal presentation about the above-mentioned research study. 

 You were given an Ethics Consent letter of information to read and keep. 

 You are aware that the purpose of the study is to assess lower extremity and trunk 

coordination during walking with a backpack at different speeds and duration.  

 You realize that you can withdraw at any time without penalty or coercion. 

 You know that you can contact any of the people identified in the Ethics Consent letter if you 

have questions, concerns, or complaints. 

 You realize that your data will be kept confidential. 

 By signing this consent form, you realize that you do not waive your legal rights nor release 

the investigator(s) and sponsors from their legal and professional responsibilities.  

 

 

(Please sign and return this page ONLY to the researchers) 

 

 

_____________________________________    __________________ 

Print your Name         Date 

 

 

_____________________________________     

Signature of Participant        

 

 

_____________________________________    ___________________ 

Witness         Date 
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Cumulative Load 
Study 

     Subject # 
  

Age 
 

     

Body Weight (kg) 
 

 

 
 

  

Stature (cm) 
  

Fill in all green 
fields 

Sex (F/M) 
 

F = 0   M = 1   
  Handedness (R/L) 

    

     BODY  
    

SEGMENT 
LENGTH 

(m) 
   Forearm R 

    Forearm L 
    R Upper Arm 

 

 

  

L Upper Arm 
 

Fill in all green 
fields 

Upper Trunk 
   Lower Trunk 
    Mid Trunk 
    C7 to Ear 

    Shoulder Girdle 
    Hand 

    

     Mark 

    S1 spinous process 

    omphalion 

    xyphoid process 

    suprasternale 

    C7 spinous process 

    Center of ear 

    AC joints 

    Lat elbow condyle 

    Lat fib malleolus 

    Grip center 
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Appendix F 

Participant Anthropometric Values 

Table 10 – Participant specific (n = 12) anthropometric values, gender, and age.  

Participant 

Number 
Mass (kg) Height (m) Sex (M/F) Age (yrs) 

1    72.72 1.73 M 25 

2    63.64 1.68 F 21 

3    73.64 1.75 M 24 

4    54.55 1.70 F 20 

5    77.73 1.78 M 23 

6    86.36 1.85 M 21 

7 112.73 1.82 M 27 

8    63.64 1.65 F 21 

9    74.09 1.78 F 21 

10    96.36 1.80 M 24 

11    80.91 1.81 M 23 

12    61.36 1.47 F 22 

Group Averages    76.82 (17) 1.74 (0.10) 7 (M) / 5 (F) 23 (2) 

Group averaged values are the mean (n = 12) of the group (± 1 SD). Mass values were measured 

on a calibrated scale and height values were obtained from self-report.  

 

 

 


