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Abstract 

The objective of this work was threefold: 1) to assess how local dynamic spinal stability 

is affected by various factors including: the personal lift-assist device (PLAD), different loads 

when lifting, and prolonged repetitive work; 2) to establish the between-day reproducibility of 

local dynamic stability and kinematic variability measures; and 3) to directly compare local 

dynamic spinal stability to quasi-static mechanical spinal stability.  

The first study was an investigation into the effects of the PLAD on local dynamic spinal 

stability during repetitive lifting. Short- (λmax-s) and long-term (λmax-l) maximum finite-time 

Lyapunov exponents were calculated from measured trunk kinematics to assess stability. PLAD 

use did not change λmax-s, but significantly reduced λmax-l; indicating increased local dynamic 

spinal stability when lifting with the device.  

The second study was a report on the effects of lifting two different loads (0% and 10% 

maximum back strength) on local dynamic spinal stability and kinematic variability, expressed as 

the mean standard deviation (MeanSD) across cycles. It was determined that increasing the load 

that was lifted significantly reduced λmax-s, but not λmax-l or MeanSD. Thus, as muscular and 

moment demands increased with load so did subjects’ spinal stability.  

 The third study was designed to look at changes in local dynamic spinal stability and 

kinematic variability resulting from 1.5 hours of repetitive automotive manufacturing work, as 

well as the between-day reproducibility of the measures. Operators performed a repetitive 

dynamic trunk flexion task immediately pre- and post-shift, as well as at the same pre-shift time 

on the following day. Despite significant increases in back pain scores, operators were able to 

maintain their stability and variability post-shift. Moreover, λmax-s was the most reproducible 

measure. 
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 The final study was structured to directly compare lumbar spine rotational stiffness 

(quasi-static mechanical spinal stability), calculated with an EMG-driven biomechanical model, 

to local dynamic spine stability, during a series of dynamic lifting challenges. Results suggest that 

spine rotational stiffness and local dynamic stability are positively associated, as they provided 

similar information when lifting rate was controlled. However, both models provide unique 

information and future research is required to fully understand their relationship.  

In general, the results of these studies illustrate the potential for Lyapunov analyses of 

kinematic data to be used to assess local dynamic spinal stability in a variety of situations.  
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Chapter 1 

General Introduction 

1.1 Background 

1.1.1 Low Back Pain 

 Low back pain (LBP) is the most serious pain problem of our time (Schneider, Mohnen, 

Schiltenwolf, & Rau, 2007), seeing that it has a lifetime prevalence of 60-85% in industrialized 

countries and affects 4-33% of the global population at any one point in time  (Kuiper, et al., 

2005; van Tulder, Koes, & Bombardier, 2002; Walker, 2000; Woolf & Pfleger, 2003). As a 

result, it is also one of the most severe global public health concerns in terms of financial cost and 

loss of quality of life (Punnett, et al., 2005; Woolf & Pfleger, 2003). The total health care 

expenditures incurred by individuals with back pain reached $90.7 billion in 1998 in the United 

States alone (Luo, Pietrobon, Sun, Liu, & Hey, 2004). Compounding the issue at hand is the fact 

that most co-morbidities (e.g. osteoarthritis, osteoporosis, hypertension, etc.) are more common in 

LBP sufferers than in healthy controls (Schneider, Mohnen, Schiltenwolf, & Rau, 2007). 

 Manual materials handling is a major risk factor for LBP (Collins, et al., 2005; da Costa 

& Vieira, 2010; Kuiper, et al., 2005), as it has been shown that 37% of LBP worldwide can be 

directly attributed to occupation (Punnett, et al., 2005). According to the Workplace Safety and 

Insurance Board (WSIB) of Ontario, 21% of all lost-time claims in 2010 were due to lower back 

injuries (WSIB, 2010). Furthermore, of these lost-time claims, 44.4% were due to bodily reaction 

and exertion injuries, which include biomechanical and ergonomic risk factors for LBP such as 

heavy lifting, awkward postures, repetitive motions, and static holding (WSIB, 2010). 

Occupational LBP is estimated to cause 818,000 disability-adjusted life years lost-anually 

(Punnett, et al., 2005), and because of this it is one of the most costly physical health conditions 

affecting employers (Goetzel, Hawkins, Ozminkowski, & Wang, 2003). 
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1.1.2 Spinal Stability 

 One important consideration when discussing LBP is spinal stability, because it has been 

suggested that instability can cause damages that increase the risk of an initial episode or 

subsequent recurrence of LBP (Hides, Jull, & Richardson, 2001). Moreover, one well-

documented subgroup of patients with chronic LBP is those who suffer from lumbar spinal 

instability (Demoulin, Distree, Tomasella, Crielaard, & Vanderthommen, 2007; O'Sullivan, 

2000). Spinal stability, which is provided by the active and passive tissues and controlled by the 

central nervous system, can be defined as the ability to restore the equilibrium posture or 

trajectory following a perturbation (Panjabi, 1992a; Cholewicki & McGill, 1996; Reeves, 

Narenda, & Cholewicki, 2007). Spinal stability is critical to bear loads, allow movement, and at 

the same time avoid injury and pain (Reeves, Narenda, & Cholewicki, 2007). 

It has been hypothesized that instability-related injuries may occur when intervertebral (I-

V) or torso equilibrium is disturbed by a biomechanical perturbation or neuromuscular control 

error (Panjabi, 1992b). If joint stiffness or stability is impaired, small perturbations can cause a 

brief uncontrolled I-V movement, resulting in an unsuccessful transmission of compressive and 

shear forces, and subsequent tissue strain or injury (Cholewicki & McGill, 1996; Granata & 

Gottipati, 2008). Therefore, the study of how various factors (e.g. ergonomic aids, load, repetitive 

work, pain, etc.) affect the neuromuscular system’s ability to respond to biomechanical 

perturbations or neuromuscular control errors that occur during movement is extremely beneficial 

for assessing risk and preventing injury.  

1.1.3 Stability Models 

Mechanical stability of the lumbar spine has been calculated under static and quasi-static 

scenarios using complex biomechanical models that quantify changes in the potential energy of 

the musculoskeletal system in response to small rotational perturbations (e.g. Bergmark, 1989; 

Cholewicki & McGill, 1996; Gardner-Morse, Stokes, & Laible, 1995; Potvin & Brown, 2005). 
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This is important because stability is achieved when the static equilibrium posture of the spine is 

at a state of minimum potential energy (Howarth, Allison, Grenier, Cholewicki, & McGill, 2004). 

However, although these biofidelic models possess many advantages and have been applied to 

data collected during movement tasks (e.g. Bazrgari, Shirazi-Adl, Trottier, & Mathieu, 2008; 

Cholewicki & McGill, 1996), they have been said to possess two primary limitations: they do not 

yet account for the energy of movement dynamics or the time-dependent dynamic control of 

spine stability (Granata & England, 2006; Reeves, Narenda, & Cholewicki, 2007). 

Dynamic stability can be estimated empirically using a nonlinear systems approach 

(Strogatz, 2000). By analyzing the time-dependent behaviour of kinematic variance about a target 

trajectory, it is possible to model the local stability of the system in space using the maximum 

finite-time Lyapunov exponent (λmax) (Granata & England, 2006). Mathematically, λmax 

represents the average exponential rate of divergence of nearest neighbours in state space, 

portraying how the system responds to local perturbations that occur naturally during movements 

(Bruijn, van Dieen, Meijer, & Beek, 2009b; Dingwell & Cusumano, 2000). A positive λmax 

indicates that nearest neighbours will diverge over time, where a larger value indicates greater 

instability. Conversely, a negative λmax represents convergent behaviour (Rosenstein, Collins, & 

De Luca, 1993). Two values of λmax are often reported in the literature: one reflecting how the 

system responds over a shorter time period (0.5 or 1 cycles, termed λmax-s) and the other reflecting 

how the system responds over a longer time period (4-10 cycles, termed λmax-l) (Bruijn, van 

Dieen, Meijer, & Beek, 2009b). 

1.1.4 Lyapunov Exponents and Spinal Stability 

Although several researchers have used the maximum finite-time Lyapunov exponent to 

analyze the dynamic stability of the trunk during walking (Bruijn, van Dieen, Meijer, & Beek, 

2009b; Dingwell & Marin, 2006), and unstable sitting (Harbourne & Stergiou, 2003; Tanaka, 

Nussbaum, & Ross, 2009), few have applied these analyses to assess spinal stability during 
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dynamic trunk movements. Throughout dynamic movements such as lifting the spine will follow 

an intended trajectory that represents the desired path or motion of the vertebrae; if perturbed a 

stable spine will have vertebrae that stay within the vicinity of or return to their intended 

trajectories (Reeves, Narenda, & Cholewicki, 2007). It has been found that movement pace and 

direction influence the dynamic control of spinal stability (Granata & England, 2006), and that 

fatigue decreases dynamic spinal stability (Granata & Gottipati, 2008). Although these key 

studies confirmed the potential of Lyapunov analyses to address dynamic spinal stability during 

trunk movements, they were ‘proof of principle’ experiments (no weight was lifted, movements 

were constrained, and unrealistically fast fatiguing protocols were used). 

1.2 Dissertation Objectives 

 The preceding discussion demonstrated several primary factors: 1) LBP is very prevalent 

and costly; 2) a stable spine is required to allow individuals to complete various occupational 

tasks and activities of daily living without obtaining an injury; 3) novel dynamic spinal stability 

models may provide additional insight into the time-dependent dynamic control of spinal 

stability; and 4) although Lyapunov analyses of kinematic data appear like a promising approach, 

more research is required. Thus, the objective of the present research was threefold: 

1. Apply Lyapunov analyses to more realistic occupational scenarios to assess how local 

dynamic spinal stability is affected by various factors including:  

a) Wearing the personal lift-assist device (PLAD) when lifting (Study 1). 

b) Changing the load-in-hands when lifting (Study 2). 

c) Completing prolonged repetitive work in industry (Study 3). 

2. Establish the between-day reproducibility of measures for future reference (Study 3). 

3. Directly compare local dynamic spinal stability calculated using Lyapunov analyses to quasi-

static spine rotational stiffness (a first approximation of mechanical spinal stability) calculated 

using an EMG-driven biomechanical spine model (Study 4). 
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1.3 Dissertation Hypotheses 

The global hypothesis of this dissertation was that Lyapunov analyses of kinematic data 

would provide additional insight into the effects of various risk factors for LBP on spinal 

stability, and would provide a repeatable measure of dynamic spinal stability that may be used in 

the future in a variety of situations.  

Specific hypotheses for each research study were: 

1. The PLAD would impair the dynamic control of spinal stability during repetitive lifting and it 

would affect both males and females in a similar way (Agnew, 2008). 

2. There would be a reduced rate of divergence of nearest neighbours (smaller λmax) when lifting 

a load when compared to lifting without a load, due to a decreased demand on time-delayed 

reflexes since the spine would be more mechanically stable as a result of increased muscular 

demand (Cholewicki & McGill, 1996). 

3. Spinal instability and kinematic variability would increase post-shift due to global muscle 

fatigue (Granata & Gottipati, 2008). The short-term maximum Lyapunov exponent (λmax-s) 

would be the most reproducible measure (Kang & Dingwell, 2006; van Dieen, Koppes, & 

Twisk, 2010). 

4. With systematic increases in both lifting load and rate, there would be corresponding changes 

in both local dynamic spinal stability and spine rotational stiffness (mechanical stability). It 

was also hypothesized that there would be strong linear relationships between the two methods 

across the range of lifting challenges.  
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Chapter 2 

Literature Review 

2.1 Low Back Pain 

 Low back pain (LBP) is unquestionably the most serious pain problem of our time 

(Schneider, Mohnen, Schiltenwolf, & Rau, 2007), and one of the most severe non-life threatening 

public health concerns in the industrial world (Woolf & Pfleger, 2003). In spite of growing 

knowledge pertaining to spinal disorders, extensive developments in medicine and occupational 

safety, and the increasing use of automated production in parallel with increasing tertiarization, 

the prevalence of LBP continues to rise (Schneider, Mohnen, Schiltenwolf, & Rau, 2007). This 

imposes a major burden on individuals, employers, and health systems (Collins, et al., 2005; 

Dagenais, Caro, & Haldeman, 2008; Goetzel, Hawkins, Ozminkowski, & Wang, 2003; Woolf & 

Pfleger, 2003). 

 LBP has an estimated lifetime prevalence of 60-85% in industrialized countries (Burton, 

Clarke, McClune, & Tillotson, 1996; Kuiper, et al., 2005; Woolf & Pfleger, 2003), and a point 

prevalence of 4-33% of the global population (van Tulder, Koes, & Bombardier, 2002; Walker, 

2000; Woolf & Pfleger, 2003). As a result, LBP is associated with considerable financial costs 

and loss of quality of life (Punnett, et al., 2005); the total health care expenditures incurred by 

individuals with back pain reached $90.7 billion in 1998 in the U.S. alone (Luo, Pietrobon, Sun, 

Liu, & Hey, 2004). Among these, the major direct costs include physical therapy, inpatient 

services, pharmacy, and primary care; the major indirect cost is lost productivity (Dagenais, Caro, 

& Haldeman, 2008). Compounding the issue at hand is the fact that most co-morbidities (e.g. 

osteoarthritis, osteoporosis, hypertension, etc.) are more common in LBP sufferers than in healthy 

controls (Schneider, Mohnen, Schiltenwolf, & Rau, 2007). 
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 Work-related LBP is a major issue (Collins, et al., 2005; Kuiper, et al., 2005). 

Worldwide, 37% of LBP has been directly attributed to occupation, with prevalence and 

prognosis variations across sexes and cultures (Punnett, et al., 2005). In a recent systematic 

review of longitudinal studies it was determined that risk factors (RF) with reasonable evidence 

of a causal relationship for developing work-related musculoskeletal disorders (MSD), including 

LBP, include: heavy physical work, smoking, high body mass index, the presence of co-

morbidities, high psychosocial work demands, and biomechanical factors such as heavy lifting, 

excessive repetition, and awkward postures (da Costa & Vieira, 2010). LBP is estimated to cause 

818,000 disability-adjusted life years lost-annually (Punnett, et al., 2005), and is one of the top-10 

most costly physical health conditions affecting employers (Goetzel, Hawkins, Ozminkowski, & 

Wang, 2003).  

 Despite this fact, the quantification of spinal impairment and LBP has traditionally been 

extremely difficult as subjective ratings of pain vary greatly across individuals, and most (80-

90%) disabling disorders are non-specific; e.g. there is no accurate or precise diagnosis or no 

valid and objective diagnostic tool (Marras, et al., 1999; O'Sullivan, 2005). Nevertheless, one 

important consideration when discussing LBP is spinal stability, as it has been suggested that 

instability can cause damages that increase the risk of an initial episode or subsequent recurrence 

of LBP (Hides, Jull, & Richardson, 2001). Furthermore, one well-documented subgroup of 

patients with chronic LBP is those who suffer from lumbar spinal instability (Demoulin, Distree, 

Tomasella, Crielaard, & Vanderthommen, 2007; O'Sullivan, 2000). As a result, the study of 

spinal stability in both healthy and LBP subjects is very important in order to assess: 1) RF for 

spinal instability, and 2) the effectiveness of interventions (Demoulin, Distree, Tomasella, 

Crielaard, & Vanderthommen, 2007). 
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2.2 Spinal Stability 

2.2.1 Stabilizing System 

Stability is a fundamental concept often used to characterize and evaluate a system, and 

spinal stability is critical to bear loads, allow movement, and at the same time avoid injury and 

pain (Reeves, Narenda, & Cholewicki, 2007). The stabilizing system of the spine is composed of 

three functionally interdependent subsystems that produce joint rotational stiffness, and thus joint 

stability: 1) the passive subsystem, 2) the active (intrinsic) subsystem, and 3) the neuromuscular 

subsystem (Demoulin, Distree, Tomasella, Crielaard, & Vanderthommen, 2007; Ebenbichler, 

Oddsson, Kollmitzer, & Erim, 2001; Panjabi, 1992a). Each works harmoniously to restore 

equilibrium and posture following a perturbation; dysfunction in any one subsystem can 

compromise overall spinal system stability (Comerford & Mottram, 2001). 

The passive spinal subsystem is composed of the vertebrae, intervertebral discs, 

ligaments (anterior longitudinal, posterior longitudinal, ligamentum flavum, intertransverse, 

interspinous, supraspinous), joint capsules, and zygapophyseal joints. Although the passive 

tissues provide resistance at the end-range of motion (I-V discs= 45%, facet joint complex= 45%, 

ligaments= 10%), they provide little stabilization capacity in the neutral zone (Ingalhalikar, 

2003). Conversely, the muscles and tendons that surround the spine are particularly effective 

stabilizers in the neutral zone via their steady-state (intrinsic) and central nervous system (CNS) 

feedback-controlled stiffness. According to a large review of the literature, the muscles involved 

in spine stabilization are: multifidus, transversus abdominis (TA), internal and external oblique 

(IO, EO), erector spinae (ES: iliocostalis and longissimus), quadratus lumborum (QL), and psoas 

(Demoulin, Distree, Tomasella, Crielaard, & Vanderthommen, 2007). Proprioceptive afferents 

from mechanoreceptors in the passive and active structures result in highly coordinated muscle 

activation patterns that continually change depending on task requirements (McGill, Grenier, 

Kavcic, & Cholewicki, 2003; Sjolander, Johansson, & Djupsjobacka, 2002). 
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2.2.2 Spinal Instability  

 The most widely used definition for spinal instability is: “A significant decrease in the 

capacity of the stabilizing system of the spine to maintain the intervertebral (I-V) neutral zones 

within the physiological limits so that there is no neurological dysfunction, no major deformity, 

and no incapacitating pain” (Demoulin, Distree, Tomasella, Crielaard, & Vanderthommen, 2007; 

Panjabi, 1992a). A dysfunction in any of the three aforementioned subsystems can result in one or 

more of the following three possibilities: a) an immediate compensatory response from other 

subsystems, b) a long-term adaptation from one or more subsystems, or c) an injury to one or 

more subsystems (Panjabi, 1992a). Thus, depending on the response and whether it is adaptive or 

maladaptive, overall spinal stability may or may not be compromised, which will determine 

whether or not an injury will occur (O'Sullivan, 2005; Panjabi, 1992b). It is also important to note 

that injury can not only be an effect, but also a cause of instability (McGill, 2002).   

It has been hypothesized that instability-related injuries may occur when I-V or torso 

equilibrium is disturbed by a biomechanical perturbation or neuromuscular control error (Panjabi, 

1992b). If stability is impaired, small perturbations or errors can cause a brief uncontrolled I-V 

movement, resulting in an unsuccessful transmission of compressive and shear forces, and 

subsequent tissue strain or injury (Cholewicki & McGill, 1996; Granata & Gottipati, 2008). 

Therefore, the study of biomechanical RF for instability, and the spinal system’s response to 

perturbations is crucial for assessing this dimension of LBP injury risk. 

The diagnostic classification of lumbar spinal instability is difficult because the 

pathomechanical behaviour of instability is ambiguous and poorly defined (Cook, Brismee, & 

Sizer Jr, 2006). Dysfunction in any one of the aforementioned subsystems; due to developmental, 

degenerative, pathological, or traumatic changes, can result in instability and subsequent low 

back injury and pain (Comerford & Mottram, 2001; Ingalhalikar, 2003). Furthermore, there is 

little evidence to relate the pathophysiological condition of spine instability with severity of 
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verbal or objective symptoms (Cook, Brismee, & Sizer Jr, 2006). Nevertheless, lumbar spinal 

instability has been generally classified as: 1) radiologic appreciable instability, or 2) clinical 

(functional) instability (Demoulin, Distree, Tomasella, Crielaard, & Vanderthommen, 2007). 

2.2.3 Radiologic Instability 

Radiologic instability reflects a marked disruption of passive osseoligamentous anatomic 

constraints, and is typically diagnosed via a flexion-extension radiograph and normative data 

(Panjabi, 1992a). Patients first sit at the edge of a stool with feet flat on the floor and arms folded 

across the chest, and then flex forward as far as possible for the flexion radiograph (Putto & 

Tallroth, 1990). For the extension radiograph, the patient stands with the arms folded, and then 

extends as far as possible (Putto & Tallroth, 1990). Radiographs are taken in this fashion because 

performing flexion in sitting and extension in standing produces optimum segmental spinal 

movements that can be reliably measured (Fritz, Piva, & Childs, 2005). Criteria can then be used 

to determine rotational (angular) or translational instability at each motion segment (White & 

Panjabi, 1990). An angular motion (from extension to flexion) > 20 degrees at L4/L5, or > 19 

degrees at L3/L4 and L2/L3 is considered abnormally high; whereas translational motion 

(difference between flexion and extension) > 10% can also be taken as evidence of radiologic 

instability (Maigne, Lapeyre, Morvan, & Chatellier, 2003; White & Panjabi, 1990). 

2.2.4 Clinical Instability 

Conversely, clinical instability reflects an inability of the active and neuromuscular 

subsystems to restore equilibrium and posture following a perturbation (Cook, Brismee, & Sizer 

Jr, 2006). Clinical instability is more difficult to diagnose than radiologic, and may involve 

discrepancies with radiographic findings (Panjabi, 1992a). However, some researchers have 

identified a series of subjective and objective identifiers for clinical instability (Cook, Brismee, & 

Sizer Jr, 2006), whereas others have been able to relate clinical measures such as: lumbar flexion 

range of motion, total extension range of motion, general ligamentous laxity (Beighton scale), and 
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segmental intervertebral motion testing to radiologic instability (Fritz, Piva, & Childs, 2005). 

Furthermore, instability “catches” during motion may be indicative of instability (McGill, 2002). 

Pain immediately upon sitting down that is relieved by standing up also appears to be strongly 

related to radiologic lumbar instability (Maigne, Lapeyre, Morvan, & Chatellier, 2003).  

Although these aforementioned factors have improved the diagnosis of spinal instability, 

methods of directly assessing how various factors (e.g. ergonomic aids, load, repetitive work, 

pain, etc.) affect the neuromuscular system’s ability to respond to biomechanical perturbations or 

neuromuscular control errors that occur during movement are extremely beneficial for assessing 

risk and preventing injury. Such methods include static and dynamic empirical tests for, and 

biomechanical models of, spinal stability. 

2.3 Biomechanical Models and Assessments of Spinal Stability 

2.3.1 Static and Quasi-Static Estimates of Stability 

 All static spinal stability models rely on the fact that for stability to exist, two 

mathematical conditions must be met: 1) the system must be in mechanical equilibrium, meaning 

that the first derivative of potential energy (V) (net moment) must be zero; and 2) the second 

derivative of V (stability) must be positive definite, indicating that the V of the system is at a 

minimum (Bergmark, 1989). This can be illustrated using the analogy of a ball rolling on a 

surface (Howarth, Allison, Grenier, Cholewicki, & McGill, 2004; Reeves, Narenda, & 

Cholewicki, 2007). The system is in a state of equilibrium when the ball is stationary and residing 

at a local V minimum. When perturbed the ball begins to follow the contours of the surface, and it 

will only return to the initial equilibrium position if it was residing at a local V minimum on the 

surface, or if the perturbation was not of sufficient magnitude to cause it to roll out of its local V 

minimum. The sign and magnitude of the first derivative of V, taken with respect to a set of 

generalized coordinates, determines the degree of curvature at a point on the V curve. 
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Concordantly, the sign of the second derivative determines the direction of concavity of the 

curve, and hence its state of stability (Howarth, Allison, Grenier, Cholewicki, & McGill, 2004). 

Although V in the previous case refers to gravitational potential energy (V= mgh), when 

analyzing the stability of a deformable column such as the lumbar spine, V must be considered as 

elastic potential energy (V= ½kx
2
) (Howarth, Allison, Grenier, Cholewicki, & McGill, 2004). A 

muscle can contribute to V during a perturbation by storing or releasing elastic energy related to 

its stiffness (k) and by performing positive or negative work related to its pre-tension (Potvin & 

Brown, 2005). Muscle stiffness, which refers to the resistance to stretch, can therefore be 

expressed as the change in muscle force (F) divided by the change in muscle length (L), where q 

is a proportionality constant relating force and length to stiffness (Bergmark, 1989): 

   
 

 
.                   (1) 

 Static spinal stability models vary greatly in their complexity. The simplest models 

represent the lumbar spine as a two-dimensional (2-D) single degree-of-freedom (DOF) inverted-

pendulum, with one flexor and extensor muscle equivalent (Cholewicki, Panjabi, & Khachatryan, 

1997; Granata & Orishimo, 2001). Conversely, the most complicated 3-D models include 

multiple vertebral segments and intervertebral joints (3 or 6 DOF per joint), and up to 180 muscle 

elements (Bazrgari & Shirazi-Adl, 2007; Cholewicki & McGill, 1996; Granata & Wilson, 2001; 

Stokes & Gardner-Morse, 2003). Irrespective of the model, for a generalized coordinate (rotation 

or translation), the potential energy function of a lumbar joint j about an axis i is defined as:  

                                        ,               (2) 

where UMuscles, UPassive, and WExternal are the energy stored in the muscles, passive tissues, and the 

work performed on the spine by an external load, respectively (Cholewicki & McGill, 1996). 

Some models set the UPassive term to zero because research indicates that it contributes little to 
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stability (Granata & Wilson, 2001), whereas others include its nonlinear resistance (Bazrgari & 

Shirazi-Adl, 2007). Nevertheless, the spine is considered stable at joint j about axis i if Uji Muscles + 

Uji Passive > Wji External  
     

    
     (Howarth, Allison, Grenier, Cholewicki, & McGill, 2004). Potvin 

& Brown (2005) have developed a method of determining each individual muscle’s contribution 

to stability.  

In order to extend the calculations of stability to a multi-segment lumbar spine model 

consisting of a total of n DOF (j joints x k DOF per joint), the summing of V in the system is 

applied to each of the DOF such that the total contribution of each energy source to a given joint 

and generalized coordinate (second partial derivatives) are placed within an n x n Hessian matrix 

that is symmetric about the main diagonal (Cholewicki & McGill, 1996). There are then three 

possible ways of calculating a stability index from the Hessian matrix. The first method calculates 

the stability index as the determinant of the matrix to describe the global stability of the entire n-

dimensional surface in all directions (Cholewicki & McGill, 1996). The second calculates 

stability by diagonalizing the n x n matrix to determine the n eigenvalues. Each eigenvalue and 

the determinant must be positive definite for stability, where the smallest eigenvalue represents 

the weakest link (Potvin & Brown, 2005). The final method involves iteratively finding the 

minimal muscle stiffness across all muscles (critical q) required to maintain spinal stability 

(Bazrgari, Shirazi-Adl, & Lariviere, 2009; Bergmark, 1989; Gardner-Morse, Stokes, & Laible, 

1995). All methods provide a similar stability interpretation (Howarth, Allison, Grenier, 

Cholewicki, & McGill, 2004).  

A second approach for assessing lumbar spine stability under static conditions is to use 

empirical kinematic data collected following a perturbation (Cholewicki, Juluru, Radebold, 

Panjabi, & McGill, 1999). The term effective stiffness defines the combined effects of intrinsic 

stiffness (active and passive) and reflex contributions to spinal dynamics (Cholewicki, Simons, & 
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Radebold, 2000). The trunk can be represented as a second-order single DOF system (inverted 

pendulum), that has viscoelastic properties and oscillates freely after a perturbation. The 

amplitude and frequency of the oscillations can be determined from measured angular kinematics 

post-release, using the trunk inertia (I), damping coefficient (B), and stiffness coefficient (K) 

established prior to the release. For small trunk angles (θ): 

                  ,                                                (3) 

where mg is the trunk weight, L is the distance from the centre of the L4/L5 joint to the centre of 

trunk mass (T9), and trunk mass and moment of inertia are calculated from subjects’ weights and 

heights (Cholewicki, Juluru, Radebold, Panjabi, & McGill, 1999). To determine the coefficients 

B, K, and an integration constant C, a curve fitting algorithm is applied over a certain time epoch 

that is long enough to allow for reflex-induced muscular responses (Cholewicki, Simons, & 

Radebold, 2000; Gardner-Morse & Stokes, 2001). This curve fit is often applied to the double 

integration equation:  

                               .                         (4) 

Effective spine stiffness can also be determined using a non-parametric compliance 

impulse response function (IRF), relating a pseudo-random force input to the resulting trunk 

displacement (Moorhouse & Granata, 2005). The output trunk displacement, y(t), is described by 

the IRF, h(t), convolved (*) with the input force, x(t): 

                            
  
  

, or                   
  
    

,          (5) 

where the input, x(i), and the output, y(i), are sampled every Δt seconds, M1= T1/Δt, and M2= T2/Δt 

(Moorhouse & Granata, 2005). By manipulating this equation in terms of the input 

autocorrelation function (cxx) and the input/output cross-correlation function (cxy) it is possible to 

get Eq. 6, which can be written in matrix form and solved for H (Eq. 7): 
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,                (6) 

  
 

  
   

     ,                  (7) 

where Cxy is an M2- M1 + 1 length vector whose ith element is cxy(M1 + i – 1); Cxx is an M2- M1 + 1 

square matrix whose i, jth element is cxx(i-j); and H is an M2- M1 + 1 length vector whose ith 

element is h(M1 + i – 1). H is a vector representing the IRF (trunk displacement which would 

occur given a single force impulse), and it can be parameterized via least-squares fit: 

     
 

        
 ,                             (8) 

where M is the effective trunk mass, B the effective trunk damping, K the effective trunk 

stiffness, and s is the Laplace variable (Lee, Rogers, & Granata, 2006; Moorhouse & Granata, 

2005). 

Once the effective trunk stiffness is found using either method, one can solve for V and 

stability using the pendulum dynamics (Cholewicki, Simons, & Radebold, 2000). For small 

values of θ: 

                       
 

 
    

 

 
     ,                          (9) 

   

         .                                                                                                 (10) 

2.3.2 Dynamic Estimates of Stability 

Unlike static stability, dynamic spinal stability has typically been overlooked and must be 

considered from two perspectives: dynamic control and dynamic movement (Granata, 2006). 

Although static spinal stability models have been applied to data collected during movement tasks 

(Bazrgari, Shirazi-Adl, Trottier, & Mathieu, 2008; Cholewicki & McGill, 1996), they have been 

said to be limited in that they do not yet account for the energy of movement dynamics and the 

time-dependent role of neural feedback (Granata & England, 2006). Both linear and nonlinear 
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stability theory requires that a stable equilibrium must be an attractor state (Granata, 2006; 

Reeves, Narenda, & Cholewicki, 2007), and recently several dynamic models have been 

developed to investigate the relationship between time-delayed reflexes, muscular co-contraction, 

and spinal stability (Franklin & Granata, 2007; Franklin, Granata, Madigan, & Hendricks, 2008; 

Zeinali-Davarani, Hemami, Barin, Shirazi-Adl, & Parnianpour, 2008). Although the underlying 

models are similar to those used for static analyses (e.g. 3-D 18 DOF spine with five vertebrae 

and 90 muscle fascicles), these dynamic models are unique, as they are capable of forward-

dynamic simulation of spinal mechanics and thus solve differential kinematics for given force 

inputs (Franklin & Granata, 2007).  

For dynamic stability modeling, external forces, muscle forces and passive intervertebral 

reaction loads can be modeled as generalized forces Q acting on each segment, where the system 

dynamics are represented in matrix form with respect to the vector of kinematic angles θ(t): 

                                 ,                                     (11) 

where M represents an 18 x 18 inertial mass matrix, G is a vector of gravitational forces, C is a 

vector of velocity-related forces, and Q is a vector of generalized forces. Muscle contraction force 

(fm) can be represented by a muscle model that treats stiffness and damping as parameters 

influenced by steady-state activation and posture; fm is a function of myolectric activation (α(t)), 

muscle length (lm), and muscle velocity (vm) (Franklin & Granata, 2007; Franklin, Granata, 

Madigan, & Hendricks, 2008): 

                          
     

  
   

  

  
 ,                        (12) 

where fo is the maximum isometric force, lo is the muscle length at equilibrium posture, q is the 

intrinsic stiffness coefficient, and b is the damping coefficient. Because the model is dynamic, 

muscle activation (α(t)) is represented as the combination of steady-state activation (αo) and reflex 
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muscle activation (αr) (Eq. 13); where αo is estimated by determining the set that minimizes 

metabolic power while assuring stability. Reflex activation can be modeled as proportional to 

kinematic muscle length change, where the response is delayed by a constant time delay τ and 

increases proportional to αo. Reflex activation can also be assigned a scalar reflex gain GR.  

             , where            
         

  
 .                        (13) 

Without including reflexes, stability of the system can be determined by analyzing the 

Jacobian of the model dynamics in Eq. 11, which can be expressed as               for the 

vector                    
 
, where       and       are the time derivatives of the state vector x(t) 

and posture θ(t), respectively. In the resulting linear model the time derivative of the state vector 

x(t) is the product of the 36 x 36 Jacobian (Ji), computed from the gradient of the nonlinear state 

differential function F{⋅} with respect to x(t) evaluated at equilibrium, with the state vector: 

            .                            (14)  

To include reflexes, dynamics are expanded to include a delayed Jacobian related to the 

delayed state x(t-τ). The instantaneous Jacobian represents the effects of gravity, intrinsic 

stiffness, and steady state muscle force, while the delayed Jacobian represents the effects of reflex 

responses: 

                     .               (15)  

For a system with a given instantaneous and delayed Jacobian, there exists a maximum tolerable 

delay τ (delay margin) where the system becomes unstable. System stability occurs when all 

eigenvalues of the matrix [Jix + Jdx] have negative real components (Franklin & Granata, 2007).  

 Dynamic spinal stability can also be estimated empirically from time-dependent 

kinematic variance (Granata & England, 2006). One method of empirically estimating dynamic 
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spinal stability involves evaluating the threshold of stability, by determining when kinematic 

variability goes beyond the boundary of the basin of stability (stable region of state space) 

(Tanaka, Nussbaum, & Ross, 2009). This can be accomplished during unstable sitting on a 

wobble chair, which is a seat that pivots on a low-friction ball joint (Lee & Granata, 2008). 

Adjustable springs are positioned at the front, back, left, right, and centre; moving these springs 

closer to the centre decreases the restorative moment applied to the seat, thereby increasing task 

difficulty. By calculating the gravitational gradient (    for each subject (a measure of their mass 

and distribution) (Eq. 16), it is possible to adjust task difficulty until subjects fail to maintain an 

upright balance posture for 60s. This is the threshold of stability. 

   
 

    
            ,                                        (16) 

where    is the gravitational moment, and     and     are the 2-D (sagittal plane) angles of the seat 

and torso, respectively. Neutral stability is achieved when the moments generated by the springs 

equilibrate the gravitational gradient (i.e. a spring setting of 100%     (Tanaka, Nussbaum, & 

Ross, 2009). One final empirical method for determining dynamic spinal stability involves 

calculating maximum finite-time Lyapunov exponents to determine the exponential divergence of 

nearest neighbours in state space (Granata & England, 2006); this will be discussed in section 2.4.  

2.3.3 Summary of Recent Findings 

Findings from many (quasi) static spinal stability models suggest that active muscle 

stiffness (Gardner-Morse, Stokes, & Laible, 1995) and antagonistic muscle co-contraction are 

needed to maintain spinal stability (Cholewicki, Panjabi, & Khachatryan, 1997; Granata & 

Wilson, 2001). This co-contraction must increase with an increase in V even when the external 

load is held constant (Granata & Orishimo, 2001), or when muscle stiffness is reduced due to 

fatigue (Granata, Slota, & Wilson, 2004). An increase in co-contraction results in an increase in 

effective trunk stiffness and spinal stability, but also a trade-off increase in spinal loads (Bazrgari, 
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Shirazi-Adl, Trottier, & Mathieu, 2008; Granata & Wilson, 2001; Lee, Rogers, & Granata, 2006; 

Shirazi-Adl, El-Rich, Pop, & Parnianpour, 2005). Spinal effective stiffness and stability have also 

been found to increase with muscular effort (Bazrgari, Shirazi-Adl, & Lariviere, 2009; Gardner-

Morse & Stokes, 2001; Moorhouse & Granata, 2005); trunk flexion angle (Arjmand & Shirazi-

Adl, 2006; Bazrgari & Shirazi-Adl, 2007; Bazrgari, Shirazi-Adl, & Kasra, 2008; Bazrgari, 

Shirazi-Adl, & Lariviere, 2009); external vertical or horizontal trunk loads (Cholewicki, Simons, 

& Radebold, 2000; Shirazi-Adl, El-Rich, Pop, & Parnianpour, 2005; Stokes & Gardner-Morse, 

2003); movement velocity (Bazrgari, Shirazi-Adl, Trottier, & Mathieu, 2008); and with increased 

intra-abdominal pressure or when wearing an abdominal belt (Cholewicki, Juluru, Radebold, 

Panjabi, & McGill, 1999). Moreover, stability estimates have been found to be greatly affected by 

the anatomical musculature representation and the selection of the stiffness value q (Brown & 

Potvin, 2007).  

 Recent research has also shown that reflexes are reduced following prolonged flexion-

relaxation (Rogers & Granata, 2006), and that reflex gains decrease with trunk flexion angle or an 

increase in exertion level (Granata & Rogers, 2007). Moreover, two newer papers included 

findings that intrinsic muscle stiffness alone is insufficient for stability (Brown & McGill, 2009; 

Moorhouse & Granata, 2007), and that reflexes account for ~42% of the total stabilizing trunk 

stiffness (Moorhouse & Granata, 2007). Dynamic stability modelling has also shown that reflexes 

allow the spine to stabilize with less antagonistic co-contraction and hence lower metabolic 

power than when limited to intrinsic stiffness alone. Furthermore, when loaded with 200N 

external load there may be no feasible recruitment pattern that can maintain stability without 

reflexes (Franklin & Granata, 2007; Franklin, Granata, Madigan, & Hendricks, 2008). Stability-

generated co-activation also decreases the reflexive response of the system to a perturbation 

(Zeinali-Davarani, Hemami, Barin, Shirazi-Adl, & Parnianpour, 2008). Lastly, the threshold of 
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stability can differentiate spinal stability between sitting with the eyes open and closed, and a 

mathematical model provided proof of concept (Tanaka, Nussbaum, & Ross, 2009).  

2.4 Lyapunov Stability 

2.4.1 Dynamical Systems, Attractors, and Stability 

 Dynamics is the subject that deals with systems that change or evolve continuously in 

time (Strogatz, 2000), and the analysis of potentially chaotic behaviour in biological and 

biomedical phenomena has garnered a great deal of interest in recent years (Dingwell, 2006). An 

important component when discussing the stability of a nonlinear system is the definition of an 

attractor, which is a minimal, invariant set to which any neighbouring trajectory in state space 

will be drawn (Strogatz, 2000). Examples of attractors include stable fixed points and stable limit 

cycles, and existence of an attractor implies that the system is stable (England, 2005). 

Mathematically, the state    could be said to be attracting if there exists a distance       for 

which               when             (Strogatz, 2000). Conversely, Lyapunov stability 

occurs in a system when all trajectories remain close to    for all time, and when    is Lyapunov 

stable, there exists a distance (     such that              is satisfied while     and 

            (Strogatz, 2000). A system may be Lyapunov stable and yet not be attracting 

(neutrally stable); however, when the system is both attracting and Lyapunov stable it is referred 

to as asymptotically stable (Strogatz, 2000). These definitions of stability are easily understood 

when considering a static condition and a fixed point, but things become more complicated in 

systems where    varies over time (England, 2005). Kinematic data recorded during repetitive 

movement tasks are represented in state-space by roughly periodic orbits and must be Lyapunov 

stable to exist, although they may be neutrally or asymptotically stable (England, 2005). 

2.4.2 Calculating Lyapunov Exponents from Empirical Motion Data 

Lyapunov exponents give a measure of the average exponential rate of divergence or 

convergence of initially adjacent phase space trajectories, or nearest neighbours (NN), on an 
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attractor (Drazin, 1992; Rosenstein, Collins, & De Luca, 1993; Strogatz, 2000). One Lyapunov 

exponent exists for each dimension (equation or state variable) describing the dynamical system; 

however, calculation of the entire Lyapunov spectrum is exceedingly difficult when the system’s 

governing equations are unavailable (Granata & England, 2006; Rosenstein, Collins, & De Luca, 

1993). Matters are greatly simplified by realizing that two randomly chosen initial conditions will 

diverge exponentially at a rate given by the maximum (or largest) Lyapunov exponent (λmax):  

             (continuous-time), or              (discrete-time),                                  (17) 

where d(t) (d(n)) is the average distance after time t (n iterates) and C is a constant that 

normalizes the initial separation (Rosenstein, Collins, & De Luca, 1993). Theoretically, a true 

maximum Lyapunov exponent (λmax
*
) is defined in the dual limit as C→0 and t (or n)→α, where 

for the orbit starting at x0 (Dingwell, 2006): 

  
          

 

 
   

      

   
 ; or         

 

 
           

   
    , where          .              (18)  

Repetitive movement kinematic data typically exhibit the structure of an attractor because 

it is reasonable to assume that each movement cycle could be similar to every other cycle and the 

target trajectory (Strogatz, 2000). Naturally occurring variance observed in empirical data is thus 

attributable to mechanical disturbances or control errors that are attenuated in time by the 

neurocontroller and musculoskeletal system (Granata & England, 2006). Therefore, it is logical to 

estimate local dynamic stability from the time-dependent growth or attenuation of kinematic 

variability (divergence or convergence of NN) using λmax (Dingwell & Cusumano, 2000). 

However, due to the fact that experimental data cannot approach the aforementioned limits, true 

exponents cannot be computed reliably in such a case (Dingwell, Cusumano, Sternad, & 

Cavanagh, 2000). 
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Maximum finite-time Lyapunov exponents (λmax), also known as local divergence 

exponents (Gates & Dingwell, 2009; Kang & Dingwell, 2008), can thus be used to estimate the 

local dynamic stability of a repetitive movement task. This can be done using the algorithm of 

Rosenstein et al. (1993), which follows directly from the true definition of λmax and is accurate 

because it takes advantage of all of the available data (Rosenstein, Collins, & De Luca, 1993). 

The first step in this method involves reconstructing the attractor dynamics from the kinematic 

time series data. Because there are typically no explicit governing equations of motion that 

describe experimental data (no deterministic first-principles a priori dynamical system model of 

human motor control (Dingwell & Cusumano, 2000)), an attractor can be reconstructed by 

defining an appropriate state space (Gates & Dingwell, 2009). An appropriate state space is any 

vector space containing a sufficient number of independent coordinates to define the state of the 

system unequivocally at any point in time (Dingwell, Cusumano, Cavanagh, & Sternad, 2001), 

and a faithful reconstruction is guaranteed as long as the embedding dimension is greater than 

twice the topological dimension n (Takens, 1981).  

State space definitions are not unique and the choice of state variables can affect 

estimates of λmax, although trends across experimental comparisons should persist (Gates & 

Dingwell, 2009). State spaces may be defined using: 1) delay embedding (via the method of 

delays) of a single scalar recording such as: a sagittal plane angle, the linear motion of a single 

marker, a linear acceleration, or the Euclidean norm of three Euler angles at a joint; 2) all angular 

and linear motion velocities of a segment; 3) all angles and angular velocities at a joint; or 4) 

principal components determined using principal component analysis (PCA) (Gates & Dingwell, 

2009). The method of delays is the most widely used state space definition approach because it is 

straightforward and the noise level is constant for each state space variable (Rosenstein, Collins, 

& De Luca, 1994). This method works by creating an n-dimensional state space (n state 

variables) using a single scalar recording and time-delayed versions of itself: 
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                                          ,                       (19) 

where Y(t) is the n-dimensional state-space, x(t) is the original time series data, n is the number of 

reconstruction (embedding) dimensions, and Td is a constant time lag (Abarbanel, Brown, 

Sidorowich, & Tsimring, 1993). The quality of the reconstruction depends on the choice of Td and 

n (Rosenstein, Collins, & De Luca, 1994). 

The time lag can be calculated using: 1) the time it takes the autocorrelation function to 

drop to a pre-specified fraction of its initial value (Rosenstein, Collins, & De Luca, 1993), 2) 

geometric approaches based on maximizing some component of the reconstructed state space 

(Rosenstein, Collins, & De Luca, 1994), or 3) the first minimum in the average mutual 

information (AMI) function (Fraser & Swinney, 1986). The AMI function appears to provide the 

most accurate time lag estimates when reconstructing repetitive movement data, and the function 

works by finding the amount of shared information in the data over time lags ranging from one 

sample through the entire data set length (England, 2005). The average mutual information (I(Td)) 

between observations at n and n+Td (average information about s(n+Td) one has when an 

observation of s(n) is made), is equal to Eq. 20 (Fraser & Swinney, 1986):  

                           
               

                 
  

   .                          (20) 

 The embedding dimension can also be determined directly from the data itself using a 

global false nearest neighbour’s (FNN) analysis (Kennel, Brown, & Abarbanel, 1992). The goal 

of the reconstruction theorem is to provide a Euclidean space R
d
 large enough so that a set of 

points of dimension d can unfold without ambiguity (Abarbanel, Brown, Sidorowich, & 

Tsimring, 1993). FNN analysis functions by determining when one has eliminated false crossings 

of the orbit with itself, which arose by virtue of having projected the attractor into a too low 

dimensional space (Kennel, Brown, & Abarbanel, 1992). By examining this question in 

dimension one, then dimension two, and so on until there are no false neighbours remaining one 
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can determine the necessary embedding dimension. From Eq. 19, in dimension d each vector Y(t), 

also known as Y(k), has a NN Y
NN

(k) with some Euclidean distance Rd(k) between them (Eq. 21). 

In dimension d+1 this NN distance is changed, due to the d+1 coordinates s(k+dTd) and 

s
NN

(k+dTd) (Eq. 22) (Abarbanel, Brown, Sidorowich, & Tsimring, 1993): 

     
                                    

                  

               
 
,                                                                  (21)  

    
       

                          
 .                        (22) 

 If Rd+1(k) is large, it is likely because the “near-neighbourliness” of the two points being 

compared is due to the projection from some higher-dimensional attractor down to dimension d; 

by increasing the dimension to d+1 the two points have “unprojected” away from each other. 

Neighbours are declared as false when some threshold size RT  (10 ≤ RT ≤ 50) is exceeded (Eq. 

23) (Abarbanel, Brown, Sidorowich, & Tsimring, 1993; Kennel, Brown, & Abarbanel, 1992): 

                     

     
   .               (23) 

A second criterion for the falseness also exists to ensure that NN are reasonably close on a 

distance scale set by the size RA of the attractor (Eq. 24-26) (Kennel, Brown, & Abarbanel, 1992): 

       

  
  ,                   (24) 

  
  

 

 
            

   ,               (25) 

   
 

 
      

   .                 (26) 

After reconstructing the attractor the maximum finite-time Lyapunov exponent (λmax) is 

calculated using the algorithm of Rosenstein et al. (1993). The first step involves locating the NN 
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of each point on the trajectory (   ) by searching for the point that minimizes the distance to the 

particular reference point (  ) (Eq. 27) (Rosenstein, Collins, & De Luca, 1993): 

            
        ,               (27) 

where, dj(0) is the initial distance from the jth point to its NN, and ||   || denotes the Euclidean 

norm. A constraint is imposed so that NN have a temporal separation of greater than the mean 

period of the time series (nearby initial conditions on separate cycles). The maximum finite-time 

Lyapunov exponent is then estimated, by assuming that the jth pair of NN diverges approximately 

at a rate given by λmax: 

         
         ,                            (28)  

where, Cj is the initial separation. By taking the logarithm of both sides of Eq. 28, Equation 29 is 

obtained, which represents a set of approximately parallel lines each with a slope roughly 

proportional to λmax. The maximum Lyapunov exponent is then calculated as the least squares fit 

to the linear region of the <average> line defined by Equation 30 (Rosenstein et al., 1993). The 

process of averaging in Equation 30 is the key to calculating accurate values of λmax, even when 

using small or noisy data sets: 

                      ,                           (29) 

     
 

  
         .                (30)  

Two values of λmax are often reported in the literature: one reflecting how the system 

responds over a shorter time period (0.5 or 1 cycles, termed λmax-s) and the other reflecting how 

the system responds over a longer time period (4-10 cycles, termed λmax-l) (Bruijn, van Dieen, 

Meijer, & Beek, 2009b). 
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2.4.3 Summary of Recent Findings 

 The use of maximum finite-time Lyapunov exponents (local divergence exponents) in the 

human movement literature, calculated using the Rosenstein et al. (1993) algorithm and various 

state space definitions (Gates & Dingwell, 2009), has increased in the past 10 years. Many 

researchers have analyzed the local dynamic stability of the lower limbs or trunk during gait 

under various conditions, whereas few have looked at stability during upper limb and trunk 

movements, or unstable sitting.  

The differences in local dynamic gait stability have been compared between healthy and 

pathological (Dingwell & Cusumano, 2000; Dingwell, Cusumano, Sternad, & Cavanagh, 2000; 

Manor, Wolenski, & Li, 2008) as well as young and older adults (Buzzi, Stergiou, Kurz, 

Hageman, & Heidel, 2003), treadmill versus overground walking (Dingwell, Cusumano, 

Cavanagh, & Sternad, 2001), standing versus walking (Kang & Dingwell, 2006), walking a 

straight line versus turning (Segal, Orendurff, Czerniecki, Shofer, & Klute, 2008), walking versus 

running (Jordan, Challis, Cusumano, & Newell, 2009), and more. The effects of gait speed have 

also been analyzed in healthy individuals (Bruijn, van Dieen, Meijer, & Beek, 2009b; Dingwell & 

Marin, 2006; England & Granata, 2007), anterior cruciate ligament deficient subjects (Stergiou, 

Moraiti, Giakas, Ristanis, & Georgoulis, 2004), and older adults (Kang & Dingwell, 2008). This 

last paper also included a discussion of the effects of strength and range of motion on stability. 

Furthermore, the effects of cardiovascular and muscular fatigue (Yoshino, Motoshige, Araki, & 

Matsuoka, 2004) and attention demanding tasks (Dingwell, Robb, Troy, & Grabiner, 2008) on 

local dynamic stability have been tested.  

 With respect to upper limb movements, several researchers have reported on the effects 

of shoulder and arm muscular fatigue on the local dynamic stability of upper extremity repetitive 

movements (e.g. Gates & Dingwell, 2009; Gates & Dingwell, 2010). Others have analyzed the 

local dynamic stability of the trunk during unstable sitting using the wobble chair (Lee & 
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Granata, 2008; Slota, Granata, & Madigan, 2008; Tanaka, Nussbaum, & Ross, 2009; van Dieen, 

Koppes, & Twisk, 2010). To date, only two studies have been carried out to assess local dynamic 

spinal stability during trunk movements. Throughout dynamic movements such as lifting the 

spine will follow an intended trajectory that represents the desired path or motion of the 

vertebrae; if perturbed a stable spine will have vertebrae that stay within the vicinity of or return 

to their intended trajectories (Reeves, Narenda, & Cholewicki, 2007). Granata and England 

(2006) found that movement pace and direction affected the local dynamic stability of the spine, 

whereas Granata and Gottipati (2008) determined that trunk extensor fatigue increased local 

dynamic spinal instability. Although these studies were very valuable, they used constrained 

trunk movements with no load-in-hands.  

2.5 Low Back Pain and Spinal Stability 

Although many of the aforementioned techniques are effective at determining overall 

spinal stability, most comparisons between healthy and LBP sufferers to date have focused on 

one aspect known to contribute to overall spinal stability. In order to respond adequately to a 

perturbation, one must either have high passive and active (intrinsic) stiffness, or be able to sense 

a perturbation (proprioception from muscle spindles, Golgi tendon organs, joint receptors, and 

mechanoreceptors) and make a timely neuromuscular adjustment. Passive or active stiffness can 

be lost with mechanical tissue damage, and neuromuscular contributions to stiffness throughout a 

motion may be compromised by altered proprioception or motor control patterns following an 

injury (McGill, Grenier, Kavcic, & Cholewicki, 2003).  

With regards to passive tissues and LBP, research dealing with the facet joints, discs, and 

passive stabilizing tissues did not find any correlations between severity of damage and intensity 

of lumbar symptoms; however, degenerative changes in the I-V discs may contribute to the 

development of structural instability (Demoulin, Distree, Tomasella, Crielaard, & 

Vanderthommen, 2007). Concerning the active system, histochemical and structural changes in 



31 

 

the spinal muscles have been identified in individuals with acute and chronic LBP. Paravertebral 

muscle atrophy, decreases in muscle cross-sectional area and fibre density, increased muscle 

fatigability, abolition of the flexion-relaxation phenomenon, and altered trunk muscle activation 

patterns have all been observed (Comerford & Mottram, 2001; Demoulin, Crielaard, & 

Vanderthommen, 2007; Ebenbichler, Oddsson, Kollmitzer, & Erim, 2001; Hides, Richardson, & 

Jull, 1996; Lariviere, Gagnon, & Loisel, 2000). Two models put forward to explain the last two 

include: 1) the pain-spasm-pain model, which postulates that pain results in increased muscle 

activity, in turn causing more pain; and 2) the pain adaptation model, which postulates that pain 

reduces activation when active as agonists and increases activation when active as antagonists, 

thereby decreasing movement velocity and range of motion (Hodges & Moseley, 2003; van 

Dieen, Selen, & Cholewicki, 2003). Neither model is unequivocally supported by the literature; 

changes may instead be protective mechanisms to increase spinal stability (O'Sullivan, 2005; van 

Dieen, Selen, & Cholewicki, 2003). 

Many researchers have studied the possible dysfunction of the neuromuscular system in 

patients with LBP with regards to proprioception and motor control (Demoulin, Distree, 

Tomasella, Crielaard, & Vanderthommen, 2007). The techniques used to assess proprioception 

and motor control include: 1) assessment of postural control by measuring the sway of the centre 

of gravity of the body under varying conditions (Leinonen, et al., 2002; Leinonen, et al., 2003; 

Luoto, Aalto, Taimela, Hurri, Pyykko, & Alaranta, 1998; Radebold, Cholewicki, Polzhofer, & 

Greene, 2001); 2) assessment of repositioning error requiring subjects to reproduce a trunk 

flexion or sacral tilt (Brumagne, Cordo, Lysens, Verschueren, & Swinnen, 2000; Gill & 

Callaghan, 1998; O'Sullivan, et al., 2003; Sanchez, Adams, & Dolan, 2006); 3) assessment of 

passive lumbar rotation perception threshold (Leinonen, et al., 2002; Leinonen, et al., 2003; 

Luoto, Aalto, Taimela, Hurri, Pyykko, & Alaranta, 1998); 4) assessment of muscle reaction times 

for unexpected upper limb loading or sudden release of an externally applied load to the trunk 
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(Cholewicki, et al., 2005; Leinonen, et al., 2003; Radebold, Cholewicki, Panjabi, & Patel, 2000; 

Radebold, Cholewicki, Polzhofer, & Greene, 2001; Reeves, Cholewicki, & Milner, 2005; Wilder, 

Aleksiev, Magnusson, Pope, Spratt, & Goel, 1996); and 5) assessment of differences in 

feedforward EMG responses (Hodges & Moseley, 2003). In some cases acute pain has also been 

induced to assess differences in the reflex control of stabilizing muscles (Zedka, Prochazka, 

Knight, Gillard, & Gauthier, 1999).  

Most postural control researchers have analyzed the sway of the centre of gravity of the 

body using a force platform and outcome variables such as centre of pressure trajectory, path 

length, average, max, or root mean square (RMS) displacement, and centre point of force 

velocity. Postural control has been tested in standing on one or two feet to compare differences 

between healthy subjects and those with: 1) chronic LBP (Luoto, Aalto, Taimela, Hurri, Pyykko, 

& Alaranta, 1998); 2) lumbar spinal stenosis-related LBP (Leinonen, et al., 2002); and 3) lumbar 

disc herniation-related LBP (sciatica) (test was repeated with eyes open and closed) (Leinonen, et 

al., 2003). Furthermore, postural control testing has been completed when seated on an unstable 

surface with the eyes open and closed to compare those with and without chronic LBP (Radebold, 

Cholewicki, Polzhofer, & Greene, 2001). Across these studies, differences in postural control 

were consistently found between the healthy and LBP groups, with control being significantly 

decreased in the pain group. As expected, postural control was also worse when standing on one 

leg and with the eyes closed in both groups; patients displayed a greater dependence on visual 

feedback than healthy controls.  

Repositioning research tests proprioceptive function in LBP sufferers versus healthy 

controls by having subjects reproduce a predetermined lumbar flexion or sacral tilt posture. 

Repositioning errors are calculated using such rotational and translational measures as mean, 

absolute, and RMS error; data have been collected using the lumbar motion monitor (Gill & 

Callaghan, 1998), Fastrak 3-D position sensors (O'Sullivan, et al., 2003; Sanchez, Adams, & 
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Dolan, 2006), and electrogoniometers (Brumagne, Cordo, Lysens, Verschueren, & Swinnen, 

2000). Significant impairments in lumbar position sense have been found in patients with both 

non-specific and specific (segmental instability) LBP, during standing and four-point kneeling 

(Gill & Callaghan, 1998), as well as sitting (O'Sullivan, et al., 2003), respectively. Furthermore, 

patients with chronic LBP have a less refined sacral position sense (modified by vibration) 

(Brumagne, Cordo, Lysens, Verschueren, & Swinnen, 2000). These impairments observed in 

LBP patients can also be replicated by inducing creep into the spinal tissues of healthy subjects 

(Sanchez, Adams, & Dolan, 2006). 

Another method of testing for proprioceptive and motor control differences between 

healthy and LBP subjects involves passively rotating the trunk at 1°/s using a motorized trunk 

rotation unit in the seated position with eyes and ears closed (Leinonen, et al., 2002; Leinonen, et 

al., 2003; Taimela, Kankaanpaa, & Luoto, 1999). Subjects are asked to indicate the initiation of 

movement by releasing a finger switch, and then point out the direction of movement. Patients 

with lumbar spinal stenosis-related LBP (Leinonen, et al., 2002), disc herniation-related LBP 

(Leinonen, et al., 2003), and chronic non-specific LBP have significantly poorer ability to sense a 

change in lumbar position. Furthermore, patients were significantly worse at determining the 

movement direction. 

Muscle reflex responses can also be used to assess dysfunction of the proprioceptors 

(muscle spindles and Golgi tendon organs) in LBP sufferers. Following a perturbation, which can 

be implemented via unexpected upper limb loading (Leinonen, et al., 2003) or sudden force 

release (Cholewicki, et al., 2005; Radebold, Cholewicki, Polzhofer, & Greene, 2001; Wilder, 

Aleksiev, Magnusson, Pope, Spratt, & Goel, 1996), it is possible to measure both 

electromyography (EMG) onset latencies and recruitment patterns to assess differences between 

groups. Generally, results show that chronic LBP sufferers possess delayed trunk muscle 

latencies, as well as poorly-coordinated agonist-antagonist responses to perturbations (Radebold, 
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Cholewicki, Panjabi, & Patel, 2000; Radebold, Cholewicki, Polzhofer, & Greene, 2001). 

Furthermore, in 292 college athletes, the odds of sustaining a low back injury increased by 3% 

with each millisecond of abdominal shut-off latency (Cholewicki, et al., 2005), indicating that 

decreased proprioception is a precursor to LBP; not a sequelae as often suggested. A regression 

model created using trunk muscle latencies was developed to correctly classify 81% of LBP cases 

in an independent group (Reeves, Cholewicki, & Milner, 2005). Moreover, it appears that delayed 

motor response and modified postural control are related (Demoulin, Distree, Tomasella, 

Crielaard, & Vanderthommen, 2007).  

Zedka et al. (1999) induced controlled acute LBP in healthy subjects by injecting 

hypertonic saline to stimulate nociceptors, and found that pain decreased the depth of EMG 

activity and resulted in a significantly delayed long-loop reflex response to a perturbation. All of 

the above results indicate that individuals with LBP experience impairment in the passive and 

active tissues, and neuromuscular feedback loops at different levels within the CNS (spinal and 

brain stem reflexes, and motor cortex) (Ebenbichler, Oddsson, Kollmitzer, & Erim, 2001). These 

findings are crucial to consider when LBP rehabilitation programs are planned, as a specific focus 

on improving mechanical spinal stability (restoring muscle area, density, and activation) and 

neuromuscular control (coordination and proprioceptive training) may be crucial in managing and 

improving long term disability and pain (Demoulin, Distree, Tomasella, Crielaard, & 

Vanderthommen, 2007; Luoto, Aalto, Taimela, Hurri, Pyykko, & Alaranta, 1998). Several results 

for improving pain outcomes in LBP patients with exercise or surgery are summarized below.  

2.6 Spinal Stability and Rehabilitation 

 Lumbar stabilization programs target sensorimotor reprogrammation of the spine 

stabilizer muscles, intending to improve patients’ motor control skills and response latencies to 

compensate for weakness of the passive and active stabilization system (Demoulin, Distree, 

Tomasella, Crielaard, & Vanderthommen, 2007). Any exercise that grooves motor patterns to 
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ensure a stable spine, through repetition, constitutes a stabilization program (McGill, Grenier, 

Kavcic, & Cholewicki, 2003). Some clinicians state that the simultaneous co-contraction of 

transversus abdominis and multifidus, while maintaining a neutral and static spine, helps to re-

educate the stabilizing role of these muscles; gradual progression to exercises that are more and 

more functional and of increasing complexity avoids global muscle substitutions and 

compensations (Hodges & Moseley, 2003). Other authors disagree and state that focusing on all 

the trunk muscles at once, in order to spare the back while ensuring sufficient stiffness to 

eliminate pain causing micro-movements, is necessary to ensure that stability is achieved in the 

optimal way (McGill, 2002; McGill, Grenier, Kavcic, & Cholewicki, 2003).  

 Nevertheless, spinal stability rehabilitation programs have been shown to be effective at 

recovering dysfunctions of the stabilization subsystems and improving pain outcomes if 

performed frequently enough (Demoulin, Distree, Tomasella, Crielaard, & Vanderthommen, 

2007; Ebenbichler, Oddsson, Kollmitzer, & Erim, 2001). For example, Hides et al. (1996) found 

that regular specific and localized stability training in first time LBP sufferers allowed for a more 

rapid and complete recovery of multifidus CSA and fibre density in comparison to a control 

group. O’Sullivan et al. (1997) compared a 10-week stabilization program to a more traditional 

physical therapy program in LBP patients with spondylolisis or spondylolisthesis, and found 

much better results in the stabilization group with regard to pain intensity and functional 

disability levels throughout a 30 month follow-up. Furthermore, the neuromuscular slowing of 

reaction times following a perturbation in chronic LBP patients was found to be reversible after a 

two-week stability rehabilitation program (Wilder, Aleksiev, Magnusson, Pope, Spratt, & Goel, 

1996). Similar results were observed by Leinonen et al. (2003) who found that proprioception and 

feed-forward control of paraspinal muscles recovered following operative disc-herniation surgery. 

These results indicate that impairments in spinal stability caused by dysfunctions in the 

passive, active, and neuromuscular systems can be recovered in most cases by active and specific 
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exercise and proprioceptive training programs aimed at improving stability. Results have also 

shown good to excellent outcomes in 90% of disc-herniation patients, as well as improvements in 

quality of life in chronic LBP patients (Demoulin, Crielaard, & Vanderthommen, 2007). 

2.7 Summary 

 The preceding discussion demonstrated several primary factors: 1) LBP is very prevalent 

and costly; 2) a stable spine is required to allow individuals to complete various occupational 

tasks and activities of daily living without obtaining an injury; 3) novel dynamic spinal stability 

models may provide additional insight into the time-dependent dynamic control of spinal 

stability; and 4) although Lyapunov analyses of kinematic data appear like a promising approach, 

more research is required. Thus, the objective of the present research was threefold: 

1. Apply Lyapunov analyses to more realistic occupational scenarios to assess how local 

dynamic spinal stability is affected by various factors including:  

a) Wearing the personal lift-assist device (PLAD) when lifting (Study 1). 

b) Changing the load-in-hands when lifting (Study 2). 

c) Completing prolonged repetitive work in industry (Study 3). 

2. Establish the between-day reproducibility of measures for future reference (Study 3). 

3. Directly compare local dynamic spinal stability calculated using Lyapunov analyses to quasi-

static spine rotational stiffness (a first approximation of mechanical spinal stability) calculated 

using an EMG-driven biomechanical spine model (Study 4). 

It is hypothesized that Lyapunov analyses of kinematic data will provide a repeatable 

measure of spine stability that may be used in the future to assess dynamic spinal stability in a 

variety of situations in order to determine risk factors for injury, impairments in LBP patients, as 

well as the effectiveness of rehabilitation interventions and the readiness to return to work post-

injury.  
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Chapter 3 

Does the personal lift-assist device affect the local dynamic stability of the spine 

during lifting?  

Journal of Biomechanics 2011; 44 (3): 461-466. doi:10.1016/j.jbiomech.2010.09.034. 

Abstract 

The personal lift-assist device (PLAD) is an on-body ergonomic aid that reduces low 

back physical demands through the restorative moment of an external spring element, which 

possesses a mechanical advantage over the erector spinae. Although the PLAD has proven 

effective at reducing low back muscular demand, spinal moments, and localized muscular fatigue 

during laboratory and industrial tasks, the effects of the device on the neuromuscular control of 

spinal stability during lifting have yet to be assessed. Thirty healthy subjects (15M, 15F) 

performed repetitive lifting for three minutes, at a rate of 10 lifts per minute, with and without the 

PLAD. Maximum finite-time Lyapunov exponents, representing short-term (λmax-s) and long-term 

(λmax-l) divergence were calculated from the measured trunk kinematics to estimate the local 

dynamic stability of the lumbar spine. Using a mixed-design repeated-measures ANOVA, it was 

determined that wearing the PLAD did not significantly change λmax-s (μNP= 0.335, μP= 0.321, p= 

0.225), but did significantly reduce λmax-l (μNP= 0.0024, μP= -0.0011, p= 0.014, η
2
=0.197). There 

were no between-subject effects of sex, or significant interactions (p> 0.720). The present results 

indicated that λmax-s was not statistically different between the device conditions, but that the 

PLAD significantly reduced λmax-l to a negative (stable) value. This shows that subjects’ 

neuromuscular systems were able to respond to local perturbations more effectively when 

wearing the device, reflecting a more stable control of spinal movements. These findings are 

important when recommending the PLAD for long-term industrial or clinical use. 

  

http://dx.doi.org/10.1016/j.jbiomech.2010.09.034
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3.1 Introduction 

 The personal lift-assist device (PLAD), an on-body ergonomic aid developed at Queen’s 

University, is designed to reduce low back moments and forces not by removing the lifting 

requirement, but rather by transferring spinal loads to the shoulders, pelvis, and feet. This transfer 

is accomplished through the use of an external spring force generator and pelvic spacer, thus 

creating a mechanical advantage over the erector spinae (Abdoli-E, 2005). By storing energy and 

recoiling during lifting, and by offsetting a proportion of the bending moment during static 

holding, the element is able to reduce low back physical demands during these tasks.  

 The PLAD’s effectiveness has been displayed numerous times in a laboratory setting. 

The device has significantly reduced low back muscular demand (Abdoli-E & Stevenson, 2008; 

Abdoli-E, Agnew, & Stevenson, 2006; Frost, Abdoli-E, & Stevenson, 2009), spinal forces and 

moments (Abdoli-E & Stevenson, 2008; Abdoli-E, Stevenson, Reid, & Bryant, 2007; Frost, 

Abdoli-E, & Stevenson, 2009), and localized muscular fatigue (Godwin, Stevenson, Agnew, 

Twiddy, Abdoli-E, & Lotz, 2009; Lotz, Agnew, Godwin, & Stevenson, 2009) during simulated 

lifting tasks, irrespective of lifting style, symmetry, load, or sex. A recent study has also displayed 

the PLAD’s effectiveness and user-acceptability during static holding at an automotive 

manufacturing plant. It was found that the device significantly reduced thoracic and lumbar 

erector spinae activity and that 80% of the operators who participated in the study would wear the 

device everyday when working on the assembly line (Graham, Agnew, & Stevenson, 2009).  

 Although establishing device effectiveness and user-acceptability is critical, it is also 

important to assess if the PLAD is safe prior to recommending it for long-term use. One 

important safety concern when discussing the PLAD is its effect on spinal stability, which has 

been defined as the ability to maintain intervertebral or global torso equilibrium under the 

influence of biomechanical or neuromuscular perturbations (Granata & England, 2006). Spinal 

stability is provided by the active and passive tissues and controlled by the central nervous system 
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(Panjabi, 1992a), and a lack of stability can result in the unsuccessful transmission of 

compressive and shear forces following a perturbation thereby increasing injury risk (Cholewicki 

& McGill, 1996). As a result, several methods have been developed to estimate spinal stability.  

 Mechanical stability of the lumbar spine has been calculated under static and quasi-static 

scenarios using complex biomechanical models that quantify how various factors affect the 

potential energy of the musculoskeletal system (Bergmark, 1989; Cholewicki & McGill, 1996; 

Gardner-Morse, Stokes, & Laible, 1995; Granata & Wilson, 2001; Potvin & Brown, 2005). With 

respect to the PLAD, Agnew (2008) quantified the passive rotational stiffness of the device, and 

assessed the relative and absolute effects of the PLAD on active trunk stiffness and stability using 

the model of Potvin and Brown (2005). Through this analysis, it was determined that the PLAD 

increased active trunk stiffness when flexed up to 15 degrees, but significantly compromised 

stiffness at 45 degrees of flexion or greater. Furthermore, the effects of the PLAD on mechanical 

stability were modulated by the stiffness of the external element (Agnew, 2008).  

 Since the study by Agnew (2008), the PLAD has undergone several design changes, 

including replacing the single external rubber band element with a combination of springs; 

designed to have a linear stress-strain relationship and prevent a large (global) perturbation 

should the element break (Graham, 2008). Therefore, it is important to reassess the effects of the 

new design iteration on spinal stability. However, due to the fact that many occupational low 

back disorders occur during lifting and dynamic movements (Bigos, et al., 1986; Marras, et al., 

1995; Norman, et al., 1998), and because static stability models ignore kinetic energy and time-

dependent dynamic neural feedback (Granata & England, 2006), it may be more beneficial to 

characterize the effects of this PLAD design on dynamic spinal stability during repetitive lifting.  

 Dynamic stability can be estimated from empirical data using a nonlinear systems 

approach (Strogatz, 2000). By analyzing the time-dependent behaviour of kinematic variance 



48 

 

about a target equilibrium trajectory, it is possible to model the local stability of the system in 

space using the maximum finite-time Lyapunov exponent (λmax) (Granata & England, 2006). 

Mathematically, λmax represents the average exponential rate of divergence of nearest neighbours 

in state space, portraying how the system responds to local perturbations that occur naturally 

during movements (Bruijn, van Dieen, Meijer, & Beek, 2009b; Dingwell & Cusumano, 2000). A 

positive λmax indicates that nearest neighbours will diverge over time, where a larger value 

indicates greater instability. Conversely, a negative λmax represents convergent (stable) behaviour 

(Rosenstein, Collins, & De Luca, 1993). Two values of λmax are commonly reported in the 

literature: one expressing how the system responds over a short time period (generally 0.5 to 1 

cycle, named λmax-s) and the other reflecting how the system responds over a long time period (4-

10 cycles, named λmax-l) (Bruijn, van Dieen, Meijer, & Beek, 2009b).  

The purpose of this study was therefore to implement Lyapunov analyses to test whether 

the new PLAD iteration affects the neuromuscular control of stability during a dynamic and 

repetitive lifting task. Based on previous research it was hypothesized that the PLAD would 

impair the dynamic control of spinal stability during repetitive lifting and that it would affect both 

males and females in a similar fashion. No differences were hypothesized between sexes.    

3.2 Methods 

3.2.1 Subjects 

 Thirty healthy volunteers (15 males, 15 females) with no self-reported history of low 

back pain participated in the experiment (Table 3.1). Each subject provided voluntary informed 

consent as approved by the Queen’s University Research Ethics Board prior to study initiation 

(Appendix A, B). 
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Table 3.1. Subject demographics and anthropometry. 

  Subjects 

  Male Female 

n 15 15 

Mean age (SD) 24.2 yrs (2.9) 23.0 yrs (2.6) 

Mean height (SD) 184.9 cm (7.6) 170.1 cm (6.1) 

Mean weight (SD) 85.4 kg (10.7) 66.3 kg (11.7) 

Load lifted (SD) 6.93 kg (0.72) 4.8 kg (0.65) 

SD = standard deviation. 
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3.2.2 Procedure 

3.2.2.1 Orientation Session 

During an orientation session that occurred within a week prior to testing, the maximum 

back strength of each subject was determined with a modified Arcon Functional Capacity 

Evaluation System (Saline, MI, USA) and published methods (Lotz, Agnew, Godwin, & 

Stevenson, 2009). Subjects completed three maximum isometric back extensor exertions against a 

calibrated uniaxial load cell (SM-500, Interface, Scottsdale, AZ, USA), and the average value in 

kilograms was determined and recorded (Figure 3.1). This provided a simple estimate of back 

strength that could be used to individualize lifting requirements during the testing session. During 

this session subjects were also asked to don the PLAD and complete a series of mock lifts from 

floor to waist height until they felt comfortable with the device; this was done because learning 

may affect low back stresses and movements when using a materials handling device (Chaffin, 

Stump, Nussbaum, & Baker, 1999).  

3.2.2.2 Testing Session 

 Subjects performed two trials of 30 continuous symmetrical freestyle box lifts from a 

target placed on the floor to a target on a table positioned at 50% of their standing height (Figure 

3.2). The box contacted the targets synchronous to a periodic tone from a metronome, which 

established a movement pace of 10 lifts per minute. This pace was chosen to ensure a continuous 

movement pattern, and to minimize any effects of fatigue, which can increase the variability of 

muscular efforts (Ng, Parnianpour, Richardson, & Kippers, 2003). Prior to testing, subjects were 

asked to perform practice lifts until they felt comfortable with the movement, and then their feet 

were outlined with chalk to ensure identical foot positioning between the two device (No PLAD, 

PLAD) conditions. 

 Separate trials were conducted under each device condition, with subjects being 

randomly assigned to a starting group in order to achieve a balanced design. The box lifted by



51 

 

 

Figure 3.1. The modified Arcon Functional Capacity Evaluation System (Saline, MI, USA) used 

to determine maximum isometric back strength with a horizontally-oriented load cell. 
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Figure 3.2. Experimental setup used for the repetitive lifting trials from target to target. The table 

was positioned at half of each subject’s height using a pneumatic adjustment. 
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each subject was filled with weight equivalent to 10% of their maximum back strength, and was 

instrumented with an analog switch to indicate placement on the targets. After each trial, subjects 

received a minimum of five minutes rest to further mitigate any fatigue effects on the data.  

 An Optotrak 3020 active movement registration system with two cameras was used to 

collect 3-D position data at a rate of 100Hz (Northern Digital, Waterloo, ON, Canada). These 

data were recorded from infrared emitting diode (IRED) marker triads located on custom fins 

over the vertebral processes at T12 and S1, in order to estimate motion of the lumbar spine. The 

PLAD was slightly modified to ensure placement of the fins remained identical between both 

testing conditions, and did not interfere with the PLAD’s elements during lifting (Figure 3.3).  

3.2.3 Calculations 

All joint kinematics and local dynamic stability calculations were completed using 

custom Matlab R2007B software (The MathWorks™, Natick, MA, USA). The equations used for 

calculating the required time delay and reconstruction dimension, as well as the maximum finite-

time Lyapunov exponent were found in the literature (Abarbanel, Brown, Sidorowich, & 

Tsimring, 1993; Rosenstein, Collins, & De Luca, 1993), and the custom code was validated using 

known inputs and published results for the Lorenz attractor (Appendix C) (Abarbanel, Brown, 

Sidorowich, & Tsimring, 1993; Gates & Dingwell, 2009; Rosenstein, Collins, & De Luca, 1993).   

3.2.3.1 Joint Kinematics 

 Right handed technical coordinate systems were defined from the marker triad positional 

data on each fin. The lumbar spine angles were then calculated in 3-D using Euler rotation 

matrices of the T12 coordinate system with respect to the S1 coordinate system. These angles were 

then filtered with a 10Hz, low-pass, second-order digital Butterworth filter in preparation for the 

Lyapunov analyses of stability (Granata & England, 2006).  
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Figure 3.3. The personal lift-assist device (PLAD) and the two custom moulded fins with 

infrared emitting diode (IRED) triads, used for the collection of kinematic data. Notice that the 

material on the PLAD was cut away to ensure identical placement of the fins between trials. 
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3.2.3.2 Local Dynamic Stability 

 Local dynamic stability during lifting was assessed using the maximum finite-time 

Lyapunov exponent. The angular data from the last 25 of 30 lifts were extracted for each subject 

using the box switch signal, and time normalized to 15000 samples using a shape-preserving 

spline interpolation (25 lifts* 6s/lift* 100Hz). This was done to ensure steady-state movement, 

and to ensure that each estimate of λmax was not biased by time series length or the number of 

lifting cycles (Bruijn, van Dieen, Meijer, & Beek, 2009a). The Euclidean norm (square root of the 

sum of squares) of the three trunk angles at each point in time was then calculated (Figure 3.4a), 

and stability analyses were performed. The Euclidean norm of the 3-D trunk angles was used 

because one single trajectory may not adequately represent a movement, as kinematic variability 

expansion in one dimension can be compensated by contraction in another (Granata & England, 

2006; Granata & Gottipati, 2008) 

Because the governing equations of motion were not known during the lifting task, an 

attractor was reconstructed by defining an n-dimensional state space from the 1-D Euclidean 

norm angle (Gates & Dingwell, 2009) (Figure 3.4b). This was accomplished using the method of 

delays, where the state space Y(t) is a function of the time series data x(t), the number of 

reconstruction dimensions (n), and a constant time delay (Td) (Eq. 1) (Abarbanel, Brown, 

Sidorowich, & Tsimring, 1993):  

                                           .                         (1) 

Although Td can be calculated using several methods, the first minimum of the average 

mutual information (AMI) function was initially applied to the data (Fraser & Swinney, 1986). 

The AMI function is analogous to a nonlinear autocorrelation function, and compares the amount 

of shared information between two data sets over time delays ranging from one sample to the 

length of the data set (Dingwell, Cusumano, Cavanagh, & Sternad, 2001). However, due to large
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Figure 3.4. The process of state space reconstruction and local dynamic stability analysis. A) The Euclidean norm of the 3-D trunk angles at each 

point in time. B) The reconstructed dynamics of the lifting motion in 3-D using the Euclidean norm time series data, x(t), and copies with a time 

delay of 0.6 seconds (Td). Note that five dimensions were actually used for reconstruction, but cannot be displayed visually. C) Expanded view of 

the local region on the reconstructed attractor outlined in B, displaying the diverging Euclidean distance (dj) of nearest neighbour pairs after an 

infinitesimally small perturbation. D) Average logarithmic divergence of all nearest neighbour pairs over 10 lifting cycles. Short- (λmax-s) and long- 

(λmax-l) term maximum finite-time Lyapunov exponents were estimated using the slope of the curve during two time intervals: 0-0.5 lift cycles and 

4-10 lift cycles, respectively. 
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calculated differences across subjects and trials, a constant time delay of 0.6 seconds (10% of the 

average lift) was used to ensure data were processed similarly (Bruijn, van Dieen, Meijer, & 

Beek, 2009b; Granata & England, 2006). 

Concordantly, the number of reconstruction dimensions was determined using a global 

false nearest neighbours (gFNN) analysis, where dimensionality was progressively increased until 

the number of false nearest neighbours (trajectory intersections) was equal to zero (Kennel, 

Brown, & Abarbanel, 1992). False nearest neighbours are defined as sets of points that are very 

close at dimension n=k, but not at n= k+1 (Kennel, Brown, & Abarbanel, 1992). Within the 

custom Matlab code, the falseness thresholds Rtol and Atol were set to 10 and 2, respectively 

(Abarbanel, Brown, Sidorowich, & Tsimring, 1993). Reconstruction dimension was similar 

between the No PLAD and PLAD conditions (p=0.374), and the applied dimension of 5 agrees 

with published literature (Granata & England, 2006).  

Maximum finite-time Lyapunov exponents were then calculated by analyzing the 

exponential rate of divergence of initially neighbouring trajectories in the reconstructed state 

space (Rosenstein, Collins, & De Luca, 1993) (Figure 3.4c). This was accomplished by 

approximating λmax as the slope of the linear best-fit line created by Eq. 2: 

     
 

  
          ,                 (2) 

where            represents the average logarithm of displacement, dj(i), for all pairs of 

nearest neighbours, j, throughout a certain number of time steps (     (Rosenstein, Collins, & De 

Luca, 1993). To assess how the system responded over a short (λmax-s) and a long (λmax-l) time 

period, the slope was estimated over two linear regions: from 0 to 3 seconds (~0 to 0.5 lifting 

cycles) as well as from 24 to 60 seconds (~4 to 10 lifting cycles), respectively (Figure 3.4d). 

Similar to Bruijn et al. (2009b), divergence curves became noticeably nonlinear after 0.5 lifting 

cycles.
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3.2.4 Statistical Analyses 

 All quantitative statistical analyses were performed with SPSS 18 for Windows (SPSS 

Corporation, Chicago, IL, USA) statistical software. A mixed-design repeated-measures ANOVA 

was applied to determine the effects of the PLAD on local dynamic spinal stability (α=0.05). The 

independent variables were the device condition (within subjects) and sex condition (between 

subjects), whereas the dependent variables were the short- and long-term maximum finite-time 

Lyapunov exponents (λmax-s and λmax-l), determined during the lifting trials.  

3.3 Results 

The main effect of wearing the PLAD did not significantly change λmax-s (p= 0.225), but 

did significantly reduce λmax-l (p= 0.014) to a negative (stable) value (Table 3.2). This indicates 

more stable movement dynamics when wearing the PLAD. There were no significant effects of 

sex, or significant interactions between the device (No PLAD versus PLAD) condition and sex 

(p> 0.720) (Table 3.2). These results display that local dynamic stability during lifting was 

similar between females and males, and that both sexes possessed more stable spinal movement 

patterns when lifting with the PLAD. 

3.4 Discussion 

 The present experimental protocol was designed to assess the effects of the PLAD on 

λmax-s and λmax-l, indicative of the local dynamic stability of the spine during lifting. Although the 

effects of an older PLAD iteration on active trunk stiffness and stability have been modelled 

during static trunk flexion (Agnew, 2008), the present study was the first to address changes in 

stability during lifting, using a technique that addresses the reflex contributions to stability as well 

as the energy of movement dynamics (Granata & England, 2006; Potvin, 2008). The present 

findings should provide considerable insight into the PLAD’s effects on spinal stability during 

dynamic tasks; important knowledge when recommending it for long-term industrial or clinical 

use.



59 

 

Table 3.2. Differences between the No PLAD and PLAD conditions and the results from the mixed-design repeated-measures ANOVA. 

 
Mean (SD) Results ANOVA Results 

 
No PLAD PLAD Device Sex Device*Sex 

 
Female Male Total Female Male Total P-value η

2 
P-value η

2 
P-value η

2 

λmax-s 
0.338 

(0.078) 

0.331 

(0.076) 

0.335 

(0.076) 

0.320 

(0.046) 

0.322 

(0.062) 

0.321 

(0.053) 
0.225 0.052 0.914 <0.001 0.720 0.005 

λmax-l 
2.43E-03 

(4.57E-03) 

2.39E-03 

(5.29E-03) 

2.41E-03 

(4.86E-03) 

-6.42E-04 

(5.36E-03) 

-1.53E-03 

(5.16E-03) 

-1.09E-03 

(5.19E-03) 
0.014* 0.197 0.724 0.005 0.752 0.004 

 

*Indicates significance at the p< 0.05 level. 

λmax-s = short-term maximum finite-time Lyapunov exponent. 

λmax-l = long-term maximum finite-time Lyapunov exponent. 

η
2
= effect size (partial eta squared). 
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Short-term maximum finite-time Lyapunov exponents were not significantly different 

between the No PLAD and PLAD conditions, although values were lower when wearing the 

device. Conversely, the main effect of wearing the PLAD significantly changed λmax-l from a 

positive to a negative value. Negative λmax values indicate local stability, where following a 

perturbation nearest neighbour pairs converge towards each other and the equilibrium trajectory. 

Although, the λmax-l values indicate stability when wearing the PLAD, and instability when not, 

this finding must be interpreted with caution as the system may not be purely deterministic in 

nature with possible instrumentation noise (Dingwell & Cusumano, 2000; Dingwell, Cusumano, 

Cavanagh, & Sternad, 2001). Nevertheless, findings indicate that the neuromuscular system was 

able to make superior corrective adjustments to local perturbations within 10 cycles when 

wearing the PLAD.  

The response of the spine to a perturbation is determined through a combination of the 

mechanical stability level of the spine prior to loading (active and passive tissue stiffness), as well 

as the reflex response of muscles immediately after loading (Cholewicki, Simons, & Radebold, 

2000). Wearing the PLAD can alter both of these as the addition of the device’s external element, 

which possesses its own inherent stiffness, has been shown to significantly decrease both trunk 

muscle activity and compressive spinal loads (Abdoli-E, Agnew, & Stevenson, 2006; Abdoli-E, 

Stevenson, Reid, & Bryant, 2007); both of which contribute to joint rotational stiffness (Agnew, 

2008). Although, Agnew (2008) found that wearing the PLAD significantly decreased spinal 

stability during static flexion at 45° or more, the present results indicate that the PLAD may 

increase local dynamic stability during lifting from the floor to waist height. There are several 

possible reasons for the discrepancy in findings, which was contrary to the current hypothesis.  

First, and perhaps most importantly, the new PLAD iteration may not react the same as 

the old. In the study by Agnew (2008), PLAD rotational stiffness (and subsequently mechanical 

spinal stability) decreased substantially with trunk flexion due to: 1) the “softening” behaviour of 
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the rubber bands within the device where stiffness decreased with increased stretch, and 2) the 

decrease in the PLAD’s moment arm. It was recommended in the study that the elastic element be 

replaced with linear or “stiffening” springs to maintain rotational stiffness, and that alterations be 

made in an attempt to maintain the devices moment arm with flexion. Because changes were 

made to address both issues in the iteration tested in this study, it is possible that mechanical 

stability was similar between the No PLAD and PLAD conditions. This would result in similar 

initial responses to perturbations; reflected in the statistically similar λmax-s values observed here.  

Second, the present study used Lyapunov analyses to calculate dynamic spinal stability 

during lifting, and therefore results take into account the kinetic energy of movement dynamics 

and the central nervous system reflex responses to maintain stability (Granata & England, 2006); 

both of which are ignored in static stability biomechanical models. Because the PLAD reduces 

low back muscular activity (Abdoli-E, Agnew, & Stevenson, 2006), it is possible that this 

allowed for the recruitment of more small motor units to enable improved fine-motor control of 

stability over a longer continuous time period (λmax-l) (Granata & England, 2006). Moreover, 

although every effort was made to prevent subject fatigue, it is possible that reduced localized 

muscular fatigue when wearing the PLAD (Lotz, Agnew, Godwin, & Stevenson, 2009) also 

allowed for the improved long-term neuromuscular control of stability following a perturbation. 

Lastly, previous work (Agnew, 2008), and analyses with this dataset using principal component 

analysis (Sadler, Graham, & Stevenson, 2011), have shown that the PLAD affects the way people 

lift by inducing postures with significantly less spinal flexion, and greater hip flexion. Therefore, 

it is feasible that the PLAD also creates a lifting style where the control of spinal stability is 

improved.   

 There were several limitations to the present study. First, the maximum finite-time 

Lyapunov exponent was estimated from a relatively low number of cycles (n=25), which may 

have affected the precision of the estimates (Bruijn, van Dieen, Meijer, & Beek, 2009a). 
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However, this number was chosen to prevent any effects of fatigue, as well as to match 

previously published literature (Granata & England, 2006; Granata & Gottipati, 2008). Second, 

only the maximum finite-time Lyapunov exponent was calculated in the present study, due to the 

exceedingly difficult task of calculating the entire Lyapunov spectrum from empirical data 

(Rosenstein, Collins, & De Luca, 1993). Therefore, we only know the least stable aspect of the 

movement dynamics, and not what is happening in all dimensions. Also, the maximum finite-time 

Lyapunov exponent quantifies the dynamic system’s response to a small (local) perturbation, not 

a finite (global) perturbation (Dingwell & Cusumano, 2000; Dingwell & Marin, 2006). 

Nevertheless, the goal was to assess whether local dynamic spinal stability was affected by the 

PLAD during lifting, and this was accomplished successfully with the present lifting protocol and 

processing techniques.   

Future studies will continue to look at how the PLAD affects local dynamic spinal 

stability during occupational-style lifting tasks in healthy and back pain sufferers. Specifically, 

we plan to look at how the PLAD affects the neuromuscular control of spinal stability when 

lifting using different techniques and symmetries. How the PLAD alters fatigue-related changes 

in stability across a work shift will also be tested in an industrial setting, as will how the device 

affects the dynamic stability of trunk muscle activations (Kang & Dingwell, 2009a). One final 

study will determine how the PLAD affects the spinal system’s response to a global perturbation. 

3.5 Conclusion 

The present results displayed that the neuromuscular control of spinal stability was 

affected by the PLAD, with local dynamic stability being improved by the device. These findings, 

when combined with previous research displaying device effectiveness, are important when 

recommending the PLAD for long-term use. Future studies will continue to address the effects of 

the PLAD on local dynamic stability during various lifting tasks, with hopes to fully understand 

how such an ergonomic aid affects spinal stability under these scenarios. 
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Chapter 4 

Local dynamic stability of trunk movements during the repetitive lifting of loads  

Human Movement Science 2012; 31 (3): 592-603. doi:10.1016/j.humov.2011.06.009. 

Abstract        

The local dynamic stability of trunk movements was assessed during repetitive lifting 

using nonlinear Lyapunov analyses. The goal was to assess how varying the load-in-hands affects 

the neuromuscular control of lumbar spinal stability. Thirty healthy participants (15M, 15F) 

performed repetitive lifting at 10 cycles per minute for three minutes under two load conditions: 

zero load and 10% of each participant’s maximum back strength. Short- and long-term maximum 

finite-time Lyapunov exponents (λmax-s and λmax-l), describing responses to infinitesimally small 

perturbations, were calculated from the measured trunk kinematics to estimate the local dynamic 

stability of the system. Kinematic variability was also assessed using mean standard deviations 

(MeanSD) across cycles. The results of a mixed-design repeated-measures ANOVA showed that 

increasing the load lifted significantly reduced λmax-s (μ0%-LOAD= 0.379, μ10%-LOAD= 0.335, 

p<0.001), but not λmax-l (μ0%-LOAD= 0.46E-03, μ10%-LOAD= 2.41E-03, p=0.055) or MeanSD (μ0%-

LOAD= 2.57, μ10%-LOAD= 2.89, p=0.164). There were no between-subject effects of sex, or 

significant interactions (α<0.05). The present findings indicated improved dynamic spinal 

stability when lifting the heavier load; meaning that as muscular and moment demands increased, 

so too did participants’ abilities to respond to local perturbations. These results support the notion 

of greater spinal instability during movement with low loads due to decreased muscular demand 

and trunk stiffness, and should aid in understanding how lifting various loads contributes to 

occupational low back pain.  

  

http://dx.doi.org/10.1016/j.humov.2011.06.009


67 

 

4.1 Introduction 

  Occupational low back disorders are prevalent and costly in numerous industries 

(Collins, et al., 2005; Dagenais, Caro, & Haldeman, 2008; Goetzel, Hawkins, Ozminkowski, & 

Wang, 2003; Maetzel & Li, 2002; Webster & Snook, 1994), and have been hypothesized to occur 

when intervertebral or torso equilibrium is disturbed by a biomechanical perturbation or 

neuromuscular control error (Panjabi, 1992b). The ability to resist such perturbations is greatly 

affected by spinal stability, which is provided by active and passive tissues and controlled by the 

central nervous system (Cholewicki & McGill, 1996; Panjabi, 1992a). Mechanical stability of the 

lumbar spine has been calculated under static and quasi-static scenarios using biomechanical 

models that quantify how various factors affect the potential energy of the musculoskeletal 

system (Bergmark, 1989; Cholewicki & McGill, 1996; Gardner-Morse, Stokes, & Laible, 1995; 

Granata & Wilson, 2001). However, these models are said to possess two main limitations: they 

do not account for the energy of movement dynamics, and they ignore the time-dependent neural 

control of stability (Granata & England, 2006).  

 Because dynamic lifting is a major risk factor for work-related low back pain (da Costa & 

Vieira, 2010; Hoogendoorn, van Poppel, Bongers, Koes, & Bouter, 1999; Kuiper, et al., 2005; 

Lotters, Burdorf, Kuiper, & Miedema, 2003; Norman, et al., 1998), it would be beneficial to 

understand the control of spinal stability under similar conditions. Dynamic stability can be 

estimated empirically using a nonlinear systems approach (Strogatz, 2000). By analyzing the 

time-dependent behaviour of kinematic variance about a target trajectory, it is possible to model 

the local stability of the system in space using the maximum finite-time Lyapunov exponent 

(λmax) (Granata & England, 2006). Mathematically, λmax represents the average rate of exponential 

divergence of infinitesimally close trajectories (nearest neighbours) in state space, portraying how 

the system responds to an extremely small (local) perturbation (Bruijn, van Dieen, Meijer, & 

Beek, 2009b). A positive λmax indicates that nearest neighbours will diverge over time (unstable), 
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whereas a negative λmax represents convergent (stable) behaviour (Rosenstein, Collins, & De 

Luca, 1993).  

 Although several researchers have used the maximum finite-time Lyapunov exponent to 

analyze the dynamic stability of the trunk during walking (Bruijn, van Dieen, Meijer, & Beek, 

2009b; Dingwell & Marin, 2006), and unstable sitting (Harbourne & Stergiou, 2003; Tanaka, 

Nussbaum, & Ross, 2009), few have done so during dynamic trunk movements. It has been found 

that movement pace and direction influence the neuromuscular control of spinal stability (Granata 

& England, 2006), and that fatigue decreases dynamic spinal stability (Granata & Gottipati, 

2008). Although these key studies confirmed the potential of Lyapunov analyses to address 

dynamic spinal stability during trunk movements, they were proof of principle experiments only 

(no weight was lifted, movements were constrained, and unrealistically fast fatiguing protocols 

were used). Nevertheless, the insight gained through these studies is very valuable when the 

techniques are applied to more realistic occupational lifting scenarios. We recently did so to 

compare dynamic spinal stability when lifting with and without an on-body lifting aid (Chapter 

3); however only one load mass was used.  

 Thus, the purpose of this study was to use Lyapunov analyses to characterize and 

compare the dynamic control of spinal stability during repetitive lifting from the floor to waist 

height under two load conditions. The maximum finite-time Lyapunov exponent was used to test 

whether changing the load in the hands affects the neuromuscular control of stability during 

lifting. Studies have determined that there is an increase in muscle stiffness with an increase in 

muscle activation as a result of the increased number of activated cross-bridges (Crisco & 

Panjabi, 1991), and that trunk stiffness increases with steady-state muscular effort (Gardner-

Morse & Stokes, 2001). Concordantly, it has been theorized that there is greater mechanical 

spinal instability during movement with low loads due to decreased muscular demand 

(Cholewicki & McGill, 1996). Therefore, it was hypothesized that there would be a reduced rate 
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of divergence of nearest neighbours (smaller λmax) when lifting a load when compared to lifting 

without a load. This improved neuromuscular control of spinal stability would be due to a 

decreased demand on time-delayed reflexes, as the spine would be more mechanically stable. 

4.2 Methods 

4.2.1 Participants 

 Thirty healthy volunteers (15 males, 15 females) with no self-reported history of low 

back pain completed the dynamic lifting protocol. Each participant provided informed consent 

approved by the Queen’s University Health Sciences Research Ethics Board prior to participation 

in the research study (Appendix A, B). Participant mean age, height, and weight were 23.6 yrs 

(SD=2.7), 177.5 cm (SD=10.1), and 75.8 kg (SD=14.7), respectively (See Table 3.1).  

4.2.2 Experimental Procedure 

During an orientation session, that occurred within a week prior to testing, the maximum 

back strength of each subject was determined using a modified functional capacity evaluation 

system (Arcon VerNova Inc., Saline, MI, USA) (Chapter 3; Lotz, Agnew, Godwin, & Stevenson, 

2009). Subjects completed three maximum back extensor exertions against a calibrated uniaxial 

load cell, and the average peak value of the three trials was recorded for use in the testing session. 

During this orientation session subjects’ standing heights were also recorded in order to 

determine the required table height for the lifting task.  

 The testing session required participants to perform two trials of 30 continuous freestyle 

box lifts from a target positioned at half of their standing height to a target on the floor (Figure 

4.1). Participants were asked to perform several practice lifts until targeting could be completed 

comfortably, and then their feet were outlined with chalk to ensure identical foot positioning 

between lifts and trials. The box made contact with the targets synchronous to a periodic tone 

from a metronome, establishing a movement pace of 10 lift cycles per minute. Each trial lasted 

three minutes. Ten lifts per minute was chosen to ensure a continuous movement pattern, and to 
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Figure 4.1. Experimental setup used for repetitive lifting from a target on a table positioned at 

half of each participant’s height to a target on the floor. Each of the 30 lifts consisted of moving 

from position 1 (solid lines) to position 2 (dashed lines) and back, to the beat of a metronome.
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minimize the effects of fatigue, which can increase the variability of muscular efforts (Ng, 

Parnianpour, Richardson, & Kippers, 2003). 

 The two load conditions were zero load (~0%) and 10% of each participant’s maximum 

back strength. Separate trials were conducted under each condition, with participants being 

randomly assigned to a starting group to achieve a balanced design. During lifting these load 

conditions were achieved using identically sized boxes (21.5 cm x 21.5 cm x 21.5 cm) with 

handles that were 1.8 cm in diameter; the subjects held onto the handles during both trials. The 

zero load box was constructed of foam and plastic and had a negligible mass (450 g), whereas the 

10% load box was constructed of wood and was filled with weight to achieve the desired load. 

The average 10% load was 6.93 ± 0.72 kg for males, and 4.8 ± 0.65 kg for females. Both boxes 

were instrumented with analog switches on the bottom to indicate contact on the floor and table 

targets. After each trial, participants received five minutes of rest to further mitigate fatigue.  

 An Optotrak 3020 active movement registration system with two cameras was used to 

collect 3-D position data at a rate of 100Hz (Northern Digital, Waterloo, ON, Canada). Data were 

recorded from infrared emitting diode (IRED) marker triads located on custom fins over the 

vertebral processes at T12 and S1 to estimate motion of the lumbar spine. Each fin was affixed to 

the participant using adhesive, tape, and a belt, to minimize skin motion artefact.  

4.2.3 Calculations 

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

processing and analyses.  

4.2.3.1 Joint Kinematics 

 Right handed coordinate systems were defined for the trunk and pelvis using the IRED 

marker triad positional data on each fin in an upright standing reference posture (Faber, et al., 

2009; Kingma, Faber, & van Dieen, 2010). The directions of the coordinate system axes were as 
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follows: 1) positive x-axis upward (twisting), 2) positive y-axis forward (lateral flexion), and 3) 

positive z-axis to the left (flexion-extension). The 3-D lumbar spine angles were then computed 

through Euler rotation matrices (Z-Y-X sequence) of the T12 coordinate system with respect to the 

S1 coordinate system (Figure 4.2a). These three angles were filtered with a 10Hz, low-pass, 

second-order digital Butterworth filter (Chapter 3; Granata & England, 2006). This filter rate was 

chosen because 10Hz is well above the natural frequency of lifting dynamics (~1Hz) (Granata & 

Gottipati, 2008); confirmed on this data set using Fourier analyses, and thus artefacts at 

frequencies greater than this cutoff are attributable to noise. Moreover, a sensitivity analysis 

revealed that filtering did not significantly alter any of the outcome variables (Appendix D).  

4.2.3.2 Local Dynamic Stability  

 Local dynamic stability of the spine during lifting was assessed using the maximum 

finite-time Lyapunov exponent, λmax. Because estimates of λmax may be biased by time series 

length as well as the number of lifting cycles (Bruijn, van Dieen, Meijer, & Beek, 2009a; 

Rosenstein, Collins, & De Luca, 1993), the angular data from the last 25 of 30 lifts were extracted 

for each subject, using the analog box switch information, and time normalized to 15000 samples 

using a shape-preserving spline interpolation. Note that although this produces a mean value of 

600 samples per lift, cycle-to-cycle temporal variability (lifting speed and time on target) is 

maintained. The first five lifts were ignored to ensure that a steady-state movement pattern was 

achieved in the trials considered for analysis (Granata & England, 2006). Moreover, as kinematic 

variability expansion in one dimension can be compensated by contraction in another dimension, 

analyzing one single trajectory may not adequately represent a movement (Gates & Dingwell, 

2009; Granata & England, 2006; Granata & Gottipati, 2008). As a result, stability analyses were 

performed only on the Euclidean norm of the three trunk angles calculated at each point in time: 

                        (Figure 4.2b).  
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Figure 4.2. The process of state space reconstruction and local dynamic stability analysis. A) Original 3-D angular time-series data. B) The 

Euclidean norm of the three angles at each point in time. C) The reconstructed dynamics of the lifting motion in 3-D using a time delay of 0.6 

seconds (note that five dimensions were actually used for reconstruction, but cannot be displayed visually). D) Expanded view of a local region on 

the reconstructed attractor, displaying the diverging Euclidean distance (dj) of nearest neighbour pairs after an infinitesimally small perturbation. 

E) Average logarithmic divergence of all nearest neighbour pairs over a time of 60 seconds. A short- (λmax-s) and long- (λmax-l) term maximum 

finite-time Lyapunov exponent were calculated using the slope of the curve from 0-0.5 lift cycles and 4-10 lift cycles, respectively. 
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To create an n-dimensional state-space from the 1-D Euclidean norm of the trunk angle, 

the method of delays (Eq. 1) was used (Figure 4.2c): 

                                           ,            (1) 

where Y (t) is the n-dimensional state-space, r (t) is the original Euclidean norm time series data, 

n is the number of reconstruction dimensions, and Td is a constant time delay (Abarbanel, Brown, 

Sidorowich, & Tsimring, 1993). Td was initially calculated using the first minimum of the average 

mutual information function (Fraser & Swinney, 1986). However, due to large differences in the 

calculated delay across participants and trials, a constant time delay of 0.6 seconds (10% of the 

average lift) was used to ensure data were processed similarly (Bruijn, van Dieen, Meijer, & 

Beek, 2009b; Granata & England, 2006). The required reconstruction dimension of five was 

determined using a global false nearest neighbour’s analysis (Kennel, Brown, & Abarbanel, 

1992), and agrees with previously published trunk movement data (Chapter 3; Granata & 

England, 2006).  

Maximum finite-time Lyapunov exponents were then calculated by analyzing the 

exponential rate of divergence of initially neighbouring trajectories in the reconstructed state 

space (Figure 4.2d). This was done using the Rosenstein, Collins, and De Luca (1993) algorithm, 

where λmax was approximated as the slope of the linear best-fit line created by: 

     
 

  
          ,                             (2) 

where            represents the average logarithm of displacement, dj(i), for all pairs of 

nearest neighbours, j, throughout a certain number of time steps (iΔt). To assess how the system 

responded over a short (λmax-s) and a long (λmax-l) time period, the slope was estimated from 0 to 3 

seconds (~0 to 0.5 lifting cycles) as well as from 24 to 60 seconds (~4 to 10 lifting cycles) (Figure
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4.2e). λmax-s was analyzed from 0 to 0.5 cycles, rather than 0 to 1, as this provided an improved  

linear fit of the divergence curve data (Bruijn, van Dieen, Meijer, & Beek, 2009b). 

4.2.3.3 Kinematic Variability 

 To quantify the amount of variability in the time series data, which could help to explain 

any observed stability findings, the mean standard deviation (MeanSD) was calculated across 

trials (Bruijn, van Dieen, Meijer, & Beek, 2009b). The Euclidean norm angle from the last 25 

continuous lift cycles was first divided into 25 separate trials using the analog box switch 

information. Each trial was then time normalized to 101 samples (0-100% of the lift cycle); point 

by point standard deviations were calculated across all trials and then the mean value was taken. 

4.2.4 Statistical Analyses 

 All quantitative statistical analyses were performed with SPSS 18 for Windows (SPSS 

Corporation, Chicago, IL, USA) statistical software. A mixed-design repeated-measures ANOVA 

was applied to determine the effect of different loads on the dynamic neuromuscular control of 

spinal stability as well as kinematic variability (α=0.05). The independent variables were the load 

condition (within subjects) and sex condition (between subjects), whereas the dependent variables 

were the short- and long-term Lyapunov exponents (λmax-s and λmax-l) and mean standard 

deviations (MeanSD) determined during the lifting trials.  

4.3 Results 

All major statistical results are summarized in Table 4.1. Both short- (λmax-s) and long-  

(λmax-l) term maximum finite-time Lyapunov exponents were computed to estimate the 

neuromuscular control of stability, over a short and long period, during repetitive lifting from the 

floor to waist height. There was a significant main effect of load on λmax-s (p<0.001), and a near 

significant main effect of load on λmax-l (p=0.055). Thus, λmax-s was statistically lower when lifting 

a load equivalent to 10% of each participant’s maximum back strength, indicating less rapidly
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Table 4.1. Differences between the zero load (0%) and load (10%) conditions and the results from the mixed-design repeated-measures ANOVA. 

  Mean (Standard Deviation) Results ANOVA Results 

 
0% Load 10% Load Load Sex Load*Sex 

  Female Male Total Female Male Total F Stat p-value F Stat p-value F Stat p-value 

λmax-s 

0.381 

(0.085) 

0.377 

(0.060) 

0.379 

(0.072) 

0.338 

(0.078) 

0.331 

(0.076) 

0.335 

(0.076) 16.669 <0.001* 0.040 0.842 0.016 0.902 

λmax-l 

1.49E-03 

(3.67E-03) 

-0.57E-03 

(5.08E-03) 

0.46E-03 

(4.48E-03) 

2.43E-03 

(4.57E-03) 

2.39E-03 

(5.29E-03) 

2.41E-03 

(4.86E-03) 4.024 0.055 0.553 0.463 1.077 0.308 

MeanSD 

2.43      

(0.48) 

2.70       

(0.89) 

2.57       

(0.72) 

2.91         

(1.69) 

2.88      

(1.06) 

2.89        

(1.39) 2.043 0.164 0.124 0.727 0.408 0.528 

 

λmax-s = short-term maximum finite-time Lyapunov exponent 

λmax-l = long-term maximum finite-time Lyapunov exponent 

MeanSD = mean standard deviation 

*Indicates significance at the p < .05 level. 
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diverging (more stable) short-term dynamics. Conversely, there was a trend for decreased long-

term local dynamic stability, and increased kinematic variability (p=0.164) (Figure 4.3), when 

lifting this 10% load. There were no significant effects of sex, or significant interactions between 

load lifted and sex. These results suggest that dynamic stability during lifting is similar between 

females and males, and that both sexes react similarly to the addition of an external load in the 

hands.  

4.4 Discussion 

 To the best of the authors’ knowledge, this was the first study to characterize and 

quantify changes in the neuromuscular control of spinal stability resulting from changing the load 

in the hands during a dynamic lifting task. In view of the fact that work-related low back pain has 

consistently been linked to this primary risk factor (da Costa & Vieira, 2010; Hoogendoorn, van 

Poppel, Bongers, Koes, & Bouter, 1999; Kuiper, et al., 2005; Lotters, Burdorf, Kuiper, & 

Miedema, 2003; Norman, et al., 1998), the results from the present study should provide 

considerable insight into the control of spinal stability (corrective adjustments) in response to 

small mechanical disturbances or neuromuscular control errors that occur naturally during these 

tasks (Granata & England, 2006).  

 Short-term neuromuscular control of spinal stability significantly improved when 

participants lifted a load equivalent to 10% of their maximum strength when compared to no load, 

indicating that it was more difficult to perturb system dynamics away from the target equilibrium 

trajectory when there was a load in the hands. If stability is impaired, small perturbations can 

cause a brief uncontrolled intervertebral movement, the unsuccessful transmission of compressive 

and shear forces, and subsequent tissue strain and injury (Cholewicki & McGill, 1996; Granata & 

Gottipati, 2008). There are several factors that may have contributed to this finding, which was 

consistent with our hypothesis. 
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Figure 4.3. The average Euclidean norm angle trajectory as well as the average standard 

deviation (SD) at each point in the lifting cycle under both loading conditions: zero load (0%) and 

10% of each subject’s maximum back strength. Note that the average angle and standard 

deviation curves were first calculated for each subject, and then ensemble averaged across 

subjects. 
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First, there is greater mechanical spinal stability during movement with loads due to 

augmented muscular and moment demands and joint compression force (Cholewicki & McGill, 

1996). Due to the increased muscular effort required to lift the heavier load there would be a 

concordant increase in muscular activation; this would create muscle stiffness and force due to 

the increased number of activated cross-bridges (Crisco & Panjabi, 1991), which would translate 

into greater trunk rotational stiffness (Gardner-Morse & Stokes, 2001). The kinematic response of 

the trunk to a perturbation is determined through a combination of the mechanical stability level 

of the spine prior to loading, as well as the reflex response of muscles immediately after loading 

(Cholewicki, Simons, & Radebold, 2000). Therefore, it is feasible to suggest that when lifting 

with a load-in-hands, the increased mechanical stability prior to a perturbation decreases the 

short-term divergence of trajectories immediately after that perturbation. Second, because the 

spine is in a more mechanically-stable state when lifting a load (due to increased muscular 

demand), there would also be a decreased need for feedback-induced muscular contraction 

following a perturbation, where a time delay (EMG onset or electromechanical)
 
can cause a 

destabilization of the control system (Ogata, 2002). Third, previous research has found that 

empirically-measured antagonistic cocontraction, which can alter loading and stability, is 

recruited less in high-moment conditions and more in low-moment conditions (Granata & 

Marras, 2000); here this may have been destabilizing. Lastly, principal component analyses 

(PCA) of this dataset have shown that movement range of motion is decreased when lifting the 

heavier load (Sadler, Graham, & Stevenson, 2011) (Figure 4.3). Thus, it is possible that this 

change in lifting technique contributed to the findings. However, repeating the present analyses 

after standardizing the Euclidean norm angle to unit variance produced nearly identical results, 

showing the dynamic equivalence of the state spaces (Kang & Dingwell, 2009b). 

 There were no significant differences in the long-term neuromuscular control of stability 

between the zero load and loaded groups, though there was a trend for decreased local dynamic 
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stability when lifting the 10% load (p=0.055). However, both values were extremely small 

indicating slowly diverging nearest neighbour pairs. MeanSD values also followed a trend similar 

to that of the long-term exponents, where variability slightly increased when lifting the heavier 

load (p= 0.164). Although not significantly different, it is hypothesized that the long-term 

exponent and MeanSD primarily captured changes in lifting technique that occurred across the 

testing session. Although every attempt was made to prevent fatigue by limiting the number of 

lifts and ensuring adequate rest between trials, it is possible that some fatigue effects occurred 

which would have affected the λmax-l and MeanSD values. To test this hypothesis, the average of 

the first five and last five lifts for each of the 30 subjects were compared between conditions; it 

can be seen that lifting technique changes due to fatigue were stronger for the more stressful 

loaded lift (Figure 4.4). This was reflected in the slightly steeper long-term exponent value 

(slope) and increased MeanSD in this case, where consecutive cycles would change more and 

thus be more variable over time. 

There were no effects of sex on stability, or significant interactions between load and sex. 

These findings indicate that the neuromuscular control of trunk movements was not different 

between females and males, and that both sexes responded in similar fashions to a heavier load in 

the hands. These findings were expected as local dynamic spinal stability is not different between 

sexes during repetitive trunk flexion and extension movements (Granata & Gottipati, 2008), or 

when lifting with and without an on-body personal lift-assist device (Chapter 3). Moreover, the 

amount of load was normalized to the maximum back strength of each participant to control for 

any strength effects.  

 Although the results indicate that lifting a load significantly increased the neuromuscular 

control of spinal stability over the short term, these statements cannot be fully understood without 

an understanding of the limitations of the present study. First, the maximum finite-time Lyapunov 

exponent was estimated from a relatively low number of cycles (n=25), which may have affected
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Figure 4.4. The average Euclidean norm angle trajectory at each point in the lifting cycle for the 

first 5 (Lifts 1-5) and last 5 (Lifts 20-25) lifts under both loading conditions: zero load (0%) and 

10% of each subject’s maximum back strength.  
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the precision of the estimates (Bruijn, van Dieen, Meijer, & Beek, 2009a). However, the number 

of lifts was chosen to help prevent fatigue, as well as to match previously published literature 

looking at local dynamic stability during trunk flexion and extension movements (Granata & 

England, 2006; Granata & Gottipati, 2008). Second, only the maximum finite-time Lyapunov 

exponent was calculated in the present study, due to the exceedingly difficult task of calculating 

the entire Lyapunov spectrum from empirical data (Rosenstein, Collins, & De Luca, 1993). 

Although λmax ultimately determines system stability, the full spectrum may provide more insight 

into the neuromuscular control of spinal stability (Granata & England, 2006). Also, the maximum 

finite-time Lyapunov exponent quantifies the dynamical system’s response to an infinitesimally 

small perturbation, not a large external perturbation (Bruijn, van Dieen, Meijer, & Beek, 2009b; 

Dingwell & Cusumano, 2000; Dingwell & Marin, 2006). Nevertheless, our goal was to assess 

whether the neuromuscular control of spinal stability was affected by a load in the hands, and this 

was successfully completed in this study. 

 Future work will test to see if increasing the load beyond 10% of one’s maximum back 

strength further increases dynamic spinal stability. By analyzing many load conditions it may be 

possible to observe a decrease in dynamic stability past a certain load threshold. A future study 

that directly relates mechanical (using a biomechanical model) and system stabilities during the 

same task would also be beneficial in clarifying overall contributions to dynamic spinal stability. 

Furthermore, we plan to look at how the control of stability is affected during lifting by technique 

(i.e. stoop, squat, freestyle), lifting rate and frequency, experience (novice vs. experts), and 

fatigue across various work shifts. A critical goal is to assess how subjects with low back pain 

perform during similar test conditions. Further, applying nonlinear dynamic techniques such as 

Lyapunov analyses to muscular activity data or using maximum Floquet multipliers to assess 

orbital stability should also be explored in the future (Kang & Dingwell, 2009a).  
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4.5 Conclusions 

 The present study was the first to assess changes in local dynamic spinal stability 

resulting from altering the load lifted. Results showed that the neuromuscular control of spinal 

stability was affected by the load-in-hands, with a decrease in the short-term maximum finite-

time Lyapunov exponent when lifting the heavier load. These findings are consistent with 

previous static and quasi-static mechanical stability models that suggest the spine may be more 

stable when moving with a higher load in the hands, and should provide further insight into how 

mechanical stability and neural responses interact to control the kinematic response of the trunk 

to reduce the potential for injury. It is important to note that, although dynamic stability was 

improved when lifting the heavier load, so too was spinal loading. Because there is a cost-benefit 

to this finding, the present results must be interpreted with care. Future studies will continue to 

address the effects of occupational risk factors for low back pain on dynamic stability, with hopes 

to eventually support and evaluate training protocols, alter occupational ergonomic practices, aid 

in work hardening and return to work, and more. 
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Chapter 5 

Dynamic spinal stability and kinematic variability across automotive manufacturing 

work shifts and days  

International Journal of Industrial Ergonomics; 42 (5): 428-434. doi:10.1016/j.ergon.2012.06.001. 

Abstract 

Workplace activities performed repetitively over prolonged periods of time may affect 

spinal stability and the neuromuscular response to a perturbation. The primary goal of this study 

was to assess changes in local dynamic spinal stability and kinematic variability resulting from 

1.5 hours of repetitive automotive manufacturing work. Ten experienced male operators 

performed a repetitive dynamic trunk flexion/extension task directly before and after completing 

one of two similar assembly line shifts involving repetitive static trunk flexion and reaching. 

Short- and long-term maximum finite-time Lyapunov exponents (λmax-s and λmax-l) were calculated 

from measured trunk kinematics in order to estimate the local dynamic stability of the spine. 

Kinematic variability was also assessed using mean standard deviations (MeanSD) across cycles. 

The main effect of time (pre/post-shift) did not significantly affect any of the outcome variables 

(p>0.05), except visual analog scale low back pain scores (p<0.001). Thus, despite increases in 

pain, operators were able to maintain their local dynamic spinal stability and kinematic variability 

post-shift. A secondary goal was to assess the between-day reproducibility of each dependent 

measure (λmax-s, λmax-l, and MeanSD), by testing the operators at the same time on the following 

work day. Mean difference scores, precision of measurement values, and intraclass correlation 

coefficients (ICC2,1) were calculated. Small non-significant changes in each of the dependent 

variables were observed across days. Furthermore, λmax-s was found to be the most precise and 

reproducible measure.  

  

http://dx.doi.org/10.1016/j.ergon.2012.06.001
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5.1 Introduction  

 Work-related low back disorders (LBDs) are prevalent and costly in occupational settings 

where activities are frequently performed repetitively over extended periods of time (Collins, et 

al., 2005; Dagenais, Caro, & Haldeman, 2008; Goetzel, Hawkins, Ozminkowski, & Wang, 2003; 

Maetzel & Li, 2002; Punnett, et al., 2005; Webster & Snook, 1994). During lifting and other 

voluntary trunk motions, intervertebral and torso equilibrium may be disturbed by biomechanical 

perturbations and/or neuromuscular control errors (Panjabi, 1992b). Spinal stability, which is 

provided by the active and passive musculoskeletal systems and controlled by the central nervous 

system, is required to successfully accommodate such perturbations and return to the equilibrium 

state (Cholewicki & McGill, 1996; Panjabi, 1992a). If stability is impaired, then a brief 

uncontrolled intervertebral movement and subsequent tissue strain injury may occur (Granata & 

Gottipati, 2008; Panjabi, 1992b). 

 Muscle fatigue can influence LBD risk (Luoto, Heliovaara, Hurri, & Alaranta, 1995), and 

one mechanism for this may be spinal instability (Granata, Slota, & Wilson, 2004). It has been 

shown that fatigue can directly influence several of the spinal stability control systems by altering 

such things as: the intrinsic stiffness of actively contracting muscles (Gollhofer, Komi, Miyashita, 

& Aura, 1987), proprioception and kinaesthesia (Taimela, Kankaanpaa, & Luoto, 1999), muscle 

activation patterns and gains (Gregory, Narula, Howarth, Russell, & Callaghan, 2008; Grondin & 

Potvin, 2009; Olson, 2010), and muscle response latencies (Dupeyron, Perrey, Micallef, & 

Pelissier, 2010; Wilder, Aleksiev, Magnusson, Pope, Spratt, & Goel, 1996). However, whether 

these changes are sufficient to affect overall spinal stability must be clarified (Granata & 

Gottipati, 2008), as a dysfunction in one system may be successfully compensated for by an 

immediate response or long-term adaptation from another system (e.g. increased muscle 

activation or co-contraction, altered motion patterns, etc.) (Panjabi, 1992a).   
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 Granata et al. (2004) employed a six degree-of-freedom biomechanical model to evaluate 

the effects of fatigue on static spinal stability (rate of change of potential energy with a small 

rotational perturbation), and found that fatigue-induced reductions in active muscle stiffness 

necessitated increased antagonistic co-contraction to maintain stability. This was supported with 

empirical data from sudden-load trials (Granata, Slota, & Wilson, 2004). However, static 

biomechanical models of stability are said to possess a primary limitation in that they do not 

account for the time-dependent dynamic control of spinal stability (Granata & England, 2006; 

Reeves, Narenda, & Cholewicki, 2007). Thus, improved empirical dynamic spinal stability 

measures may contribute valuable insight into the true effects of repetitive work and muscle 

fatigue on spinal stability.  

 Dynamic spinal stability can be estimated empirically using a nonlinear systems approach 

(Strogatz, 2000). By analyzing the time-dependent behaviour of kinematic variance about a target 

trajectory, it is possible to model the local stability of the system in space using the maximum 

finite-time Lyapunov exponent (λmax) (Granata & England, 2006). Mathematically, λmax 

represents the average exponential rate of divergence of infinitesimally close trajectories (nearest 

neighbours) in state space, measuring how the system responds to local perturbations that occur 

naturally during movement (Bruijn, van Dieen, Meijer, & Beek, 2009b). A positive λmax indicates 

that nearest neighbours will diverge over time, where a larger value indicates a less robust 

system. Conversely, a negative λmax represents convergent behaviour (Rosenstein, Collins, & De 

Luca, 1993). We have recently shown that local dynamic spinal stability is positively associated 

with mechanical spinal stability, calculated using an EMG-assisted biomechanical model 

(Chapter 6).  

 With respect to dynamic spinal stability and muscular fatigue, Granata and Gottipati 

(2008) had participants perform a continuous trunk flexion/extension task directly prior-to and 

after rapidly fatiguing the torso extensor muscles to 60% of their isometric maximum voluntary 
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exertion. Fatigue significantly decreased spinal stability (robustness) and embedding dimension, 

indicating a less stable control and reduced complexity of movement, respectively. However, a 

limitation to this laboratory study was that a very high level of muscle fatigue was rapidly 

induced in a localized muscle group (Gates & Dingwell, 2010; Granata & Gottipati, 2008); this is 

not representative of what happens in the workplace where lower levels of global muscle fatigue 

are likely to be produced over longer durations of time (Granata & Gottipati, 2008). 

Therefore, the primary purpose of this study was to implement similar methods and 

analyses to quantify work-related changes in local dynamic spinal stability and kinematic 

variability across a 1.5 hour automotive manufacturing shift, in order to test if one mechanism by 

which repetitive work may contribute to occupational low back disorders is spinal instability. 

Based on the aforementioned research it was hypothesized that spinal instability and kinematic 

variability would increase post-shift. A secondary purpose was to establish the between-day 

reproducibility of these stability and variability measures by testing operators during pre-test at 

the identical time on the following day. This objective is essential for assessing individual 

changes in performance which, with respect to dynamic stability measures, have only been 

assessed during unstable sitting (Lee & Granata, 2008; van Dieen, Koppes, & Twisk, 2010) and 

walking (Kang & Dingwell, 2006), primarily utilizing relative reliability indices (e.g. intraclass 

correlation coefficients). 

5.2 Material and Methods 

5.2.1 Participants 

Ten healthy male automotive manufacturing workers who were working on the assembly 

line at the time of testing volunteered for the experiment. Each operator provided proper informed 

consent approved by the Queen’s University Health Sciences Research Ethics Board prior to 

participation in the research study (Appendix A, B). Participant’s mean age, height, weight, and 

BMI were 31.8 (SD=4.3) years, 176.1 (SD=9.0) cm, 77.8 (SD=20.8) kg, and 24.9 (SD= 5.2) 
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kg/m
2
, respectively. All participants were full-time workers who were experienced at the 

analyzed assembly tasks, with an average of 52.9 (SD= 32.6) months of employment.  

5.2.2 Experimental Procedures 

5.2.2.1 Orientation Session 

 An orientation session was held 3 days prior to the testing session to account for any 

learning effects. During this session, participants were instructed how to perform the dynamic 

trunk flexion/extension task used to assess stability, and were given an opportunity to practice 

until they felt comfortable. Demographic and anthropometric measurements were also taken and 

recorded in order to adequately adjust the pelvis restraint and target positions during testing.  

5.2.2.2 Testing Session- Day 1 

Directly before and after completing 1.5 hours of manufacturing work, workers reported 

to a room that was adjacent to the assembly line. At both times, the intensity of low back pain 

was first assessed using a standard 100mm visual analog scale (VAS), and then workers were 

instrumented and asked to perform the dynamic trunk flexion/extension task discussed below. 

They remained standing throughout this time period. The elapsed time from the last cycle on the 

line to the onset of the post-shift task (after instrumentation) was approximately five minutes. 

Due to the limited number of assembly operators trained on specific assembly tasks, 

workers performed one of two similar manufacturing tasks chosen by the automotive company to 

be the most demanding on the low back. The two tasks involved: 1) installing the brake master-

cylinder (Figure 5.1A), and 2) installing the windshield wiper motor (Figure 5.1B); both tasks 

involved static forward trunk flexion of 45-60° with reaching in order to install the different parts 

as well as connect and tighten the appropriate hoses, cylinders, and wires. Predicted 3-D spine 

compression for these tasks, based on the average operator height and weight, was approximately 

2750-3000N (3DSSPP, University of Michigan, Ann Arbor, U.S.A.). A new car came down the
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Figure 5.1. Two automotive operators performing similar assembly line tasks involving forward trunk flexion: A) installing the brake master 

cylinder and B) installing the windshield wiper motor. 
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line every 55 seconds, which was the length of the task work cycle, and operators repeated the 

identical task for the entire 1.5 hours. Within each 55 second work cycle, operators on both tasks 

spent approximately half of their time (~30 seconds) in forward trunk flexion, and half (~25 

seconds) standing (~55% duty cycle); there was very little within-subject variability in the duty 

cycle across the work shift. When standing the workers walked to get new car parts from 

alongside the assembly line, and this was consistent among all subjects as each task was highly 

standardized (Graham, Agnew, & Stevenson, 2009).  

The dynamic task involved workers performing 30 continuous trunk flexion/extension 

movements with a constrained pelvis, while touching two instrumented targets at specified 

locations: the top target was located at shoulder height in the anterior sagittal midline so that it 

could be reached when standing upright with the arms extended, whereas the second target was 

located 50 cm anterior to the knee, also in the sagittal midline (Granata & England, 2006; Granata 

& Gottipati, 2008) (Figure 5.2). Each target was touched synchronous to a periodic tone from a 

metronome, which established a movement pace of 10 cycles per minute (Chapters 3, 4). This 

rate was chosen to ensure a continuous movement pattern, and to minimize the effects of fatigue, 

which can increase muscular effort variability (Ng, Parnianpour, Richardson, & Kippers, 2003). 

Three-dimensional kinematic data were collected at 100Hz from inertial motion sensors located 

over T12 and S1 (XSens Technologies, Enschede, Netherlands), in order to estimate motion of the 

lumbar spine. These landmarks were palpated on all subjects to ensure precise sensor locations, 

which were also outlined pre-shift so they could be placed in the exact location post-shift. Target 

analog switch information was collected through the XSens system.  

5.2.2.3 Testing Session- Day 2 

 At the exact same time on the day following the initial testing (directly before 

commencing their work shift), workers were instrumented and completed the aforementioned
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Figure 5.2. Stability assessment protocol. Operators were required to continuously touch the 

instrumented targets with their hands held together. The top target was located at shoulder height 

in the anterior sagittal midline so that it could be reached when standing upright with the arms 

extended. The second target was located 50 cm anterior to the knee, also in the sagittal midline. 
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dynamic trunk flexion/extension test. These data were used to evaluate the dependent measures’ 

between-day reproducibility. 

5.2.3 Data Processing 

Custom Matlab R2010a software (The MathWorks™, Natick, MA, USA) was used for 

all data processing and analyses.  

5.2.3.1 Joint Kinematics 

 Three-dimensional lumbar spine angles were computed through Euler rotation matrices 

of the T12 sensor with respect to the S1 sensor. The rotation sequence was: 1) flexion/extension, 2) 

lateral bending, and 3) axial rotation (Kingma, Faber, & van Dieen, 2010). These three angles 

were filtered with a 10Hz, low-pass, second-order digital Butterworth filter, which was chosen 

because 10Hz is well above the natural frequency of the movement dynamics (~1Hz) (Granata & 

Gottipati, 2008).  

Because local dynamic stability estimates may be biased by time series length as well as 

the number of cycles (Bruijn, van Dieen, Meijer, & Beek, 2009a; Rosenstein, Collins, & De Luca, 

1993), the angular data from the last 25 of 30 cycles were extracted for each subject, using the 

analog switch information, and time normalized to 15000 samples using a shape-preserving 

spline interpolation. Note that although this produces a mean value of 600 samples per cycle, 

cycle-to-cycle temporal variability is maintained. The first five cycles were ignored to ensure that 

a steady-state movement pattern was achieved in the trials considered for analysis (Granata & 

England, 2006). Moreover, as kinematic variability expansion in one dimension can be 

compensated by contraction in another dimension, analyzing one single trajectory may not 

adequately represent a movement (Gates & Dingwell, 2009; Granata & England, 2006; Granata 

& Gottipati, 2008). As a result, stability analyses were performed only on the Euclidean norm of 

the three trunk angles calculated at each point in time:                        .   
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5.2.3.2 Local Dynamic Stability 

Because the governing equations of motion were not known during the repetitive 

movement task, an attractor was reconstructed by defining an n-dimensional state space from the 

1-D Euclidean norm angle using the method of delays (Figure 5.3A) (Eq. 1):  

                                           ,            (1) 

where Y(t) is the n-dimensional state-space, r(t) is the Euclidean norm time series data, n is the 

number of reconstruction dimensions, and Td is a constant time delay (Abarbanel, Brown, 

Sidorowich, & Tsimring, 1993). A constant Td of 0.6 seconds (10% of the average cycle) was 

used so all data were processed similarly (Bruijn, van Dieen, Meijer, & Beek, 2009b; Chapters 3, 

4; Granata & England, 2006), and because this value should provide an optimal reconstruction 

without redundance or irrelevance (Strogatz, 2000). Global false nearest neighbour’s analysis 

determined that a reconstruction dimension of six was sufficient to eliminate false nearest 

neighbours (trajectory intersections), which arose by virtue of having projected the attractor into a 

too low dimensional space (Kennel, Brown, & Abarbanel, 1992). A reconstruction dimension of 

six agrees with previous research (Granata & Gottipati, 2008).   

Maximum finite-time Lyapunov exponents were then calculated by analyzing the 

exponential rate of divergence of initially neighbouring trajectories in the reconstructed state 

space (Figure 5.3B). This was done using the Rosenstein et al. (1993) algorithm, where λmax was 

approximated as the slope of the linear best-fit line created by Eq. 2: 

     
 

  
          ,                             (2) 

where            represents the average logarithm of divergence, dj(i), for all pairs of nearest 

neighbours, j, throughout a certain number of time steps (iΔt). To assess responses over a short
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Figure 5.3. The process of state space reconstruction and local dynamic stability analysis. A) The reconstructed dynamics of the trunk 

flexion/extension motion in 3-D using a time delay of 0.6 seconds (note that six dimensions were actually used for reconstruction, but cannot be 

displayed visually). B) Expanded view of a local region on the reconstructed attractor, displaying the diverging Euclidean distance (dj) of nearest 

neighbour pairs after an infinitesimally small perturbation. C) Average logarithmic divergence of all nearest neighbour pairs over 60 seconds. A 

short- (λmax-s) and long- (λmax-l) term maximum finite-time Lyapunov exponent were calculated using the slope of the curve from 0 to 3 seconds 

(~0-0.5 cycles) and 24 to 60 seconds (~4-10 cycles), respectively. 
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(λmax-s) and a long time period (λmax-l), the slope was estimated from 0 to 3 seconds (~0-0.5 cycles) 

as well as from 24 to 60 seconds (~4-10 cycles) (Figure 5.3C) (Chapters 3, 4).  

5.2.3.3 Kinematic Variability 

To quantify the amount of variability in the Euclidean norm time series data, the mean 

standard deviation (MeanSD) was calculated across trials (Bruijn, van Dieen, Meijer, & Beek, 

2009b). The Euclidean norm angle was first divided into 25 separate trials using the analog 

switch information. Each trial was then time normalized to 101 samples (0-100% of the 

movement cycle); point by point standard deviations were calculated across all trials and then the 

mean value was taken. 

5.2.4 Statistical Methods  

5.2.4.1 Pre-Shift versus Post-Shift 

All quantitative statistical analyses were performed with SPSS 18 (SPSS Inc., Chicago, 

IL, USA) statistical software. Repeated-measures ANOVAs were applied to determine the effect 

of time (pre- versus post-shift) on local dynamic spinal stability, kinematic variability, and VAS 

back pain scores (α=0.05). The independent variable was the time tested whereas the dependent 

variables were the short- and long-term maximum finite-time Lyapunov exponents (λmax-s and 

λmax-l), mean standard deviations (MeanSD), and VAS scores determined during testing.  

5.2.4.2 Between-Day Reproducibility 

Initially, distribution normality of the between-day difference scores for each of the 

dependent variables was assessed using Shapiro-Wilk tests, whilst heteroscedasticity was 

assessed by calculating Pearson’s product moment correlation between the absolute difference 

scores from the two test sessions and their respective mean values (Atkinson & Nevill, 1998). 

Both the Shapiro-Wilk tests and the Pearson correlations utilized a preset α = 0.05. Results 

indicated that data adhered to normality assumptions, and did not exhibit heteroscedastic 
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behaviour. Following, three aspects related to between-day reproducibility were assessed. The 

first was concerned with the assessment of systematic error between the results obtained from the 

two sessions. This was accomplished by calculating the differences in mean scores and 

accompanying 95% confidence intervals (Hopkins, 2000). The second aspect was the precision of 

measurements, which was assessed using the standard error of measurement (SEM). The 

assessment of precision was also complemented with calculation of the so-called ‘smallest 

detectable difference’ value (SDD), achieved by multiplying the SEM by 2.77 (Hopkins, 2000). 

In effect, the SDD is the value that needs to be exceeded in order to declare with a certain level of 

confidence (95% in this specific case) that score differences between test sessions are not 

contained within the inherent measurement error. The final aspect was that of relative reliability, 

concerned with the assessment of preservation of participant rank order between the two test 

sessions. This was assessed using the intraclass correlation coefficient (ICC2,1) (Wier, 2005).  

5.3 Results  

5.3.1 Pre-Shift versus Post-Shift 

 The main effect of time (pre/post-shift) did not significantly affect any of the outcome 

variables; except for low back pain scores (Table 5.1). Although VAS pain scores increased post-

shift (p<0.001), local dynamic spinal stability (λmax-s and λmax-l) and kinematic variability 

(MeanSD) did not change (p= 0.577, 0.094 and 0.261, respectively). Therefore, stability was 

maintained despite any other changes that may have occurred post-shift.  

5.3.2 Between-Day Reproducibility 

Results for the reproducibility analyses are presented in Table 5.2. In brief, examination 

of the mean difference scores for each of the dependent variables revealed very small changes 

across the two sessions. The accompanying 95% confidence intervals overlap zero in all cases, 

suggesting that the small differences observed are statistically insignificant. In terms of precision 

of measurement, these are presented in the original units, and thus cannot be directly compared
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Table 5.1. Pre- and post-shift local dynamic stability, kinematic variability, and low back pain 

results. 

Measure Pre- Shift Mean (SD) Post-Shift Mean (SD) P-value Effect Size (η
2
)

 

λmax-s 0.313 (0.046) 0.303 (0.056) 0.577 0.036 

λmax-l  1.477 (3.87) E-03 -3.249 (6.67) E-03 0.094 0.280 

Mean SD 2.638 (0.82) 3.006 (0.96) 0.261 0.138 

VAS (100mm) 11.54 (18.03) 24.78 (26.77) 0.000* 0.530 

*Indicates significance at the p< 0.05 level. 

λmax-s = short-term maximum finite-time Lyapunov exponent. 

λmax-l = long-term maximum finite-time Lyapunov exponent. 

MeanSD= mean standard deviation. 

η
2
= effect size (partial eta squared).
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Table 5.2. Between-day reproducibility of local dynamic stability and kinematic variability measures.  

Measure Day 1 Day 2 Diff (95% CI) SEM (95% CI) SDD ICC2,1 (95% CI) 

λmax-s 0.313 (0.046) 0.300 (0.034) -0.013 (-0.036 to 0.010) 0.023 (0.016 to 0.042) 0.063 0.73 (0.22 – 0.92) 

λmax-l 1.477 (3.87) E-03 -8.995 (3.29) E-04 -0.002 (-0.005 to 0.001) 0.003 (0.002 to 0.005) 0.008 0.39 (-0.28 to 0.80) 

MeanSD 2.638 (0.820) 2.611 (0.679) -0.027 (-0.566 to 0.512) 0.533 (0.367 to 0.973) 1.47 0.55 (-0.07 to 0.87) 

λmax-s = short-term maximum finite-time Lyapunov exponent. 

λmax-l = long-term maximum finite-time Lyapunov exponent. 

MeanSD= mean standard deviation. 

Diff= Difference (Test2-Test1), CI= Confidence Intervals, SEM= Standard Error of Measurement, SDD= Smallest Detectable Difference Value, 

ICC= Intraclass Correlation Coefficient.  
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across the different variables. Lastly, ICC scores ranged from 0.39 to 0.73; however, due to 

differences in variable score range, these too cannot be directly compared.   

5.4 Discussion 

 The present experimental protocol was designed to test whether one mechanism by which 

prolonged repetitive work may contribute to low back disorders is spinal instability. Perceived 

low back pain as well as local dynamic stability (λmax-s and λmax-l) and kinematic variability 

(MeanSD) were assessed directly before and after workers completed 1.5 hours of automotive 

assembly work. Although the effects of muscle fatigue on local dynamic spinal stability have 

been tested in laboratory using a similar assessment protocol (Granata & Gottipati, 2008), this 

was the first study to assess the effects of a work shift on dynamic spinal stability and kinematic 

variability. As a result, these findings should provide insight into the effects of prolonged 

repetitive work on spinal stability and subsequently occupational back pain risk. Furthermore, this 

was the first study to report on the between-day reproducibility of these measures.   

 No significant changes in local dynamic spinal stability or kinematic variability were 

observed across the work shift. Thus, 90 minutes of repetitive work involving static trunk flexion 

did not impair responses to local perturbations that occur naturally during movement. These 

findings are contrary to previous findings looking at the effects of muscular fatigue on local 

dynamic spinal stability (Granata & Gottipati, 2008), as well as our current hypotheses. One 

reason for this may be the method in which fatigue was induced. As mentioned, Granata and 

Gottipati (2008) induced a very high level of muscle fatigue in a localized muscle group; the torso 

extensors were fatigued to 60% of their isometric maximum voluntary exertion. Conversely, due 

to the nature of the automotive assembly work in this study, lower levels of non-localized global 

muscle fatigue were likely induced over a longer period of time. Localized muscle fatigue may 

cause greater changes in muscle activation patterns or imbalances between agonist and antagonist 

pairs (Gates & Dingwell, 2010), and low levels of fatigue may not be sufficient to affect system 
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dynamics (Nessler, Huynh, & MCDougal, 2011). Furthermore, the five minute instrumentation 

period post-shift may have allowed for some recovery from fatigue; this is discussed further in 

the limitations section.  

 However, the present results do agree with previous research looking at changes in local 

dynamic stability with fatigue during prolonged walking (Yoshino, Motoshige, Araki, & 

Matsuoka, 2004) and repetitive upper extremity movements (Gates & Dingwell, 2010), as well as 

research assessing the effects of a single bout of resistance exercise on lower extremity dynamics 

during treadmill walking (Nessler, Huynh, & MCDougal, 2011). From these studies it is evident 

that humans can compensate for muscle fatigue in ways that maintain task precision while 

maintaining or increasing movement stability (Gates & Dingwell, 2010). This is consistent with 

the conceptions of Panjabi (1992a), where a fatigue-induced dysfunction in one stabilizing system 

of the spine (e.g. decreased muscle stiffness, decreased feedback or kinaesthesia, or delayed 

responses) may be successfully compensated for by a response from another stabilizing system 

(e.g. increased muscle recruitment, augmented muscle activation, or greater agonist-antagonist 

co-contraction).  

 It is thus feasible that the automotive operators in the present study made some 

compensation post-shift to account for any work-related fatigue that they had experienced. These 

may have included such things as: 1) heightening baseline muscle activity to increase spinal 

stiffness and resist perturbations (Grondin & Potvin, 2009), increasing abdominal and low back 

muscle co-contraction to maintain stability (Granata, Slota, & Wilson, 2004), increasing erector 

spinae reflex amplitude (Dupeyron, Perrey, Micallef, & Pelissier, 2010) or adopting a feedback 

correction strategy (Gates & Dingwell, 2010). Future work that directly assesses any 

compensatory mechanisms made during prolonged repetitive work using electromyography and 

other measures is necessary. 
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In terms of the reproducibility of the different dependent variables; these are meant for 

future reference in long-term prospective studies planned in our laboratory. Clearly, in such 

proposed study designs, there is a need to quantify a priori both the systematic and random error 

components of the proposed measures. However, ascertaining whether the degree of 

reproducibility, and particularly that related to measurement precision, is sufficient to enable 

detection of long-term changes in individual performance is difficult. This difficulty arises 

primarily due to a lack of studies that have evaluated long-term between-day changes in spinal 

stability and variability measures, and thus no indications as to the presence or magnitude of 

expected changes may be gauged. In addition, interpretation of the SEM, whose values are 

expressed in the original units of measurement, is hindered due to the nature of the measures’ 

scales. If, however, the SEM is expressed as a percentage of the grand mean, then it is λmax-s that 

shows the most promise, as the SEM% and the accompanying SDD% equalled 7.5% and 20.7%, 

respectively. These values are comparable to those obtained for other human performance 

measures, such as muscle strength (Lund, et al., 2005; Maffiuletti, Bizzini, Desbrosses, Babault, 

& Munzinger, 2007). On the other hand, the SEM% for λmax-l and MeanSD would require very 

large changes in performance to occur in order to be considered not a result of measurement 

error. In this respect, the observed relative robustness of λmax-s in comparison to λmax-l matches 

previous research (Kang & Dingwell, 2006; van Dieen, Koppes, & Twisk, 2010). In terms of the 

ICC values obtained, it should be noted that there are no clear guidelines for ICC score 

interpretation, and that the calculation of ICC is sensitive to participant score range, which 

naturally does not enable comparisons across studies. Based on this, it may be argued that the 

ICC provides limited information. However, ICC values are reported in-line with current 

recommendations for assessment of between-day reproducibility, as well as for their potential use 

in sample size calculations (Hopkins, 2000).  
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 There were several limitations to the present field study that must be considered prior to 

interpreting the findings. First, and most importantly, we were unable to directly measure the 

amount of muscular fatigue developed during the 90 minutes of work due to the manufacturing 

company’s imposed time constraints. Testing could take no more than 10 minutes total (operators 

had to leave and return to the line within 10 minutes), and thus instrumenting the subjects with 

EMG to directly measure muscular fatigue and/or compensatory mechanisms was impossible. As 

such, it is unknown whether there was not sufficient fatigue to cause a change, or if the measures 

utilized are not sensitive enough to the fatigue-related changes in stability. Nevertheless, the 

protocol did assess changes in local dynamic spinal stability and kinematic variability in a real 

work setting, which was a goal of this study. Second, it is possible that the relatively long 

instrumentation time (~5 minutes) may have allowed operators to recover from fatigue that had 

occurred; complete recovery would have allowed them to score the same on the stability test. 

Third, we had no control over which job rotations were completed prior to testing. As a result, 

different subjects were tested at different times of the day, which may have introduced some 

between-subject variability. However, repeating the ANOVA analyses after entering time of 

testing as a covariate did not result in any significant interaction effects. Fourth, the maximum 

finite-time Lyapunov exponent was estimated from a relatively low number of cycles (n=25), 

which may have affected the precision of the estimates, especially λmax-l (Bruijn, van Dieen, 

Meijer, & Beek, 2009a). This number of cycles was chosen to help prevent fatigue, as well as to 

match previously published literature looking at local dynamic stability during trunk flexion and 

extension movements (Granata & England, 2006; Granata & Gottipati, 2008). The last point 

relates to the relatively small number of participants in the study, which arose due to constraints 

associated with a limited number of operators trained to complete each task. 

 Future work will test workers pre- and post- 8 hour work day to further elucidate the 

relationship between prolonged repetitive work and spinal stability, and will also assess changes 
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in stability due to occupational tasks that involve significant amounts of lifting. Any future 

studies will also involve collecting EMG data in conjunction with stability measures to directly 

assess the amount of muscle fatigue, as well as any compensatory mechanisms that occur such as 

increased muscle activation or co-contraction. Lastly, we plan on using quasi-static 

biomechanical modeling in conjunction with other measures to directly assess mechanical spinal 

stability and loading in order to get a comprehensive understanding of the effects of prolonged 

work and work-related fatigue on spinal stability, spinal compression and shear, and total low 

back pain risk. 

5.5 Conclusion 

 The present study was the first to: 1) address the effects of prolonged repetitive work on 

local dynamic spinal stability and kinematic variability, and 2) display the between-day 

reproducibility of these measures. In terms of the former, no significant differences in local 

dynamic spinal stability or kinematic variability were observed across the work-shift. Thus, 90 

minutes of repetitive work involving static forward flexion was not sufficient to alter participants’ 

local dynamic spinal stability or the kinematic variability of their trunk motions. However, 

workers may have made compensations to maintain stability post-shift, despite any fatigue; this 

must be assessed in future research studies. With respect to the latter, λmax-s seems to provide an 

acceptable level of precision, and as such may be suited for long-term, prospective studies meant 

to elucidate the relationship between spinal (in) stability (the response to perturbations) and low 

back disorders. 
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Chapter 6 

A direct comparison of spine rotational stiffness and dynamic spine stability during 

repetitive lifting tasks  

Journal of Biomechanics 2012; 45 (9): 1593-1600. doi:10.1016/j.jbiomech.2012.04.007. 

Abstract 

Stability of the spinal column is critical to bear loads, allow movement, and at the same 

time avoid injury and pain. However, there has been a debate in recent years as to how best to 

define and quantify spine stability, with the outcome being that different methods are used 

without a clear understanding of how they relate to one another. Therefore, the goal of the present 

study was to directly compare lumbar spine rotational stiffness, calculated with an EMG-driven 

biomechanical model, to local dynamic spine stability calculated using Lyapunov analyses of 

kinematic data, during a series of continuous dynamic lifting challenges. Twelve healthy male 

subjects performed 30 repetitive lifts under three varying load and three varying rate conditions. 

With an increase in the load lifted (constant rate) there was a significant increase in mean, 

maximum, and minimum spine rotational stiffness (p<0.001) and a significant increase in local 

dynamic stability (p<0.05); both stability measures were moderately to strongly related to one 

another (r= -0.55 to -0.71). With an increase in lifting rate (constant load), there was also a 

significant increase in mean and maximum spine rotational stiffness (p<0.01); however, there was 

a non-significant decrease in the minimum rotational stiffness and a non-significant decrease in 

local dynamic stability (p>0.05). Weak linear relationships were found for the varying rate 

condition (r= -0.02 to -0.27). The results suggest that spine rotational stiffness and local dynamic 

stability are closely related to one another, as they provided similar information when movement 

rate was controlled. However, based on the results from the changing lifting rate conditions, it is 

evident that both models provide unique information and that future research is required to 

completely understand the relationship between the two models. Using both techniques 

http://dx.doi.org/10.1016/j.jbiomech.2012.04.007
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concurrently may provide the best information regarding the true effects of (in) stability under 

different loading and movement scenarios and in comparing healthy and clinical populations. 
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6.1 Introduction 

Stability is a fundamental concept often used to characterize and evaluate a system, and 

stability of the spinal column is critical to bear loads, allow movement, and avoid injury and pain 

(Panjabi, 1992a). If stability is impaired, small perturbations can cause a brief uncontrolled 

intervertebral movement, the unsuccessful transmission of compressive and shear forces, and 

subsequent tissue strain and injury (Cholewicki & McGill, 1996; Granata & Gottipati, 2008). 

Thus, because of the importance of spine stability, the examination of risk factors for instability 

as well as the spinal system’s response to perturbations is crucial for assessing injury risk. 

However, there has been a debate in recent years as to how best to define and quantify spine 

stability (e.g. Reeves, Narenda, & Cholewicki, 2007; Solomonow, 2011), with the outcome being 

that different methods are used without a clear understanding of how they relate to one another. 

Mechanical stability of the lumbar spine has been calculated under static and quasi-static 

scenarios using biomechanical models that quantify changes in the potential energy of the 

musculoskeletal system in response to small rotational perturbations (e.g. Bergmark, 1989; 

Cholewicki & McGill, 1996; Gardner-Morse, Stokes, & Laible, 1995), which is important 

because stability is achieved when the static equilibrium posture of the spine is at a state of 

minimum potential energy (Howarth, Allison, Grenier, Cholewicki, & McGill, 2004). Other 

authors have used perturbation and vibration analyses to assess spine system stability during 

movement tasks (e.g. Bazrgari & Shirazi-Adl, 2007). However, these models are said to possess a 

primary limitation in that they do not account for the time-dependent dynamic control of stability 

(Granata & England, 2006; Reeves, Narenda, & Cholewicki, 2007). 

 Dynamic stability can be estimated empirically using a nonlinear systems approach 

(Strogatz, 2000). By analyzing the time-dependent behaviour of kinematic variance about a target 

trajectory, it is possible to model the local stability of the system in space using the maximum 

finite-time Lyapunov exponent (λmax) (Granata & England, 2006; Rosenstein, Collins, & De 
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Luca, 1993). Mathematically, λmax represents the average rate of exponential divergence of 

infinitesimally close trajectories (nearest neighbours) in state space, portraying how the system 

responds to an extremely small (local) perturbation (Bruijn, van Dieen, Meijer, & Beek, 2009b). 

Although λmax has been used successfully to assess dynamic spine stability during unloaded trunk 

movements (Granata & England, 2006; Granata & Gottipati, 2008) and lifting (Chapters 3, 4), it 

is unknown whether this kinematics-based measure relates directly to mechanical spine stability. 

Therefore, the goal of the present study was to directly compare lumbar spine rotational 

stiffness (a first approximation of mechanical spine stability) calculated with an EMG-driven 

biomechanical model (Brown & McGill, 2010; Potvin & Brown, 2005) to local dynamic spine 

stability calculated using Lyapunov analyses of kinematic data (Chapters 3-5), during a series of 

continuous dynamic lifting challenges that were chosen based on similar tasks found to 

differentiate levels of spine stability (Chapters 3, 4). It was hypothesized that with systematic 

increases in both lifting load and rate there would be corresponding changes in both measures of 

spine stability. It was also hypothesized that there would be strong linear relationships between 

the two methods across the range of lifting challenges.  

6.2 Methods 

6.2.1 Participants 

Twelve healthy males with no self-reported history of low back pain were recruited. Each 

participant provided informed consent approved by the Queen’s University Research Ethics 

Board (Appendix A, B). Participant mean age, height, and mass were 24.3 yrs (SD=2.5), 178.1 

cm (SD=5.6), and 84.1 kg (SD=10.7), respectively.  

6.2.2 Procedure 

6.2.2.1 Day 1: Orientation Session 

 The maximum back strength of each participant was determined using a modified 

functional capacity evaluation system (Arcon Vernova Inc., Saline, MI, USA) and published 
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methods (Chapters 3, 4). This provided an estimate of back strength that could be used to 

individualize lifting demands during testing. Each participant’s preferred lifting rate (PLR) was 

also determined using methods of establishing preferred walking speed (Dingwell & Marin, 

2006). Participants started lifting synchronous to a metronome at a relatively slow rate, which 

was progressively increased until the current rate was faster than preferred. Lifting rate was 

increased further and then slowly decreased until it was slower than preferred. This procedure 

was repeated three times and the average of the six preferred lifting rate values was taken for each 

subject. However, because all PLRs were very similar (mean= 12.3 lifts/min, SD= 0.5 lifts/min), 

a constant PLR of 12 lifts/min was chosen for all participants. 

6.2.2.2 Day 2: Testing Session  

Participants performed five separate trials of 30 continuous freestyle box lifts, 

synchronous to a periodic tone from a metronome, between a target positioned at shoulder height 

and another target positioned at knee height (Figure 6.1). The five trials that were block-

randomized to achieve a balanced design, consisted of: i) lifting three loads (equivalent of 0%, 

5%, and 10% of maximum back strength) at the PLR of 12/min, and ii) lifting the 5% maximum 

back strength load at three rates (0.5*PLR = 6/min, PLR = 12/min, and 1.5*PLR = 18/min) 

(Figure 6.2). The load conditions were achieved using identically-sized handled boxes, which 

were instrumented with analog switches to indicate target contact (Chapter 4). The average 10% 

load was 8.5 ± 0.71 kg. 

6.2.2.3 Instrumentation 

 Trunk muscle activity was monitored using seven pairs of bipolar Ag/AgCl EMG 

electrodes. The electrodes were affixed unilaterally (right side) over the following muscles (as per 

McGill, 1992): thoracic erector spinae, latissimus dorsi, lumbar erector spinae, multifidus, rectus 

abdominus, external oblique, and internal oblique. Because the lifting tasks were sagittal in
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Figure 6.1. Experimental setup used for repetitive lifting between shoulder (A) and knee height (B) targets. Each of the 30 lifts consisted of 

moving from A to B and back, to the beat of a metronome. 
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Figure 6.2. The five experimental trials: i) lifting three different loads (equivalent of 0%, 5%, and 

10% of maximum back strength) at the preferred lifting rate (PLR) of 12/min, and ii) lifting the 

5% maximum back strength load at three different rates (0.5*PLR = 6/min, PLR = 12/min, and 

1.5*PLR = 18/min). 
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nature, bilateral symmetry was assumed; right-side EMG signals were used to represent both the 

ipsi- and contra-lateral musculature (Kingma, Staudenmann, & van Dieen, 2007).  

Raw EMG signals were bandpass filtered (10-1000Hz) and amplified (AMT-8, Bortec, 

Calgary, AB, Canada; input impedance= 10GΩ, CMRR= 115dB at 60Hz), and then captured 

digitally at 2048Hz. To normalize the EMG signals obtained during testing to their amplitudes 

obtained during maximum voluntary contractions (MVC), a series of isometric MVC tasks (3 per 

muscle group) were performed prior to the testing (McGill, 1991). The analog box switch signals 

were also captured at 2048Hz, concurrent to the EMG data. 

 Kinematic data were collected using an electromagnetic tracking system (Liberty™, 

Polhemus, Colchester, VT, USA) that was calibrated for magnetic distortion. Six degree-of-

freedom sensors were placed over four body landmarks: T12 spinous process, S1 spinous process, 

left acromion process, and the dorsal left hand. Kinematic data were collected at 32Hz 

synchronous to the EMG and box switch data. Prior to testing, several trials, necessary to 

calibrate the EMG-driven model, were performed while both the EMG and motion data were 

recorded: 1) neutral standing, 2) maximum flexion/extension range of motion, and 3) holding a  

10 kg load with extended knees and trunk flexed to ~45 degrees—a sagittal plane digital 

photograph was taken of this trial.  

6.2.2.4 EMG and Kinematics Processing 

 Custom software was used for all data processing. After the DC bias was removed, the 

raw EMG data were bandpass filtered between 30-450Hz. These data were then full-wave 

rectified and low-pass filtered using a 2
nd

 order Butterworth filter with a 2.5Hz cutoff frequency 

in order to produce a linear envelope for each of the seven muscles. The linear enveloped data 

were then normalized to maximum activation produced during the MVC trials. 
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 Three-dimensional (3-D) lumbar spine angles were calculated using 3-D Euler rotation 

matrices recorded from the T12 sensor, with respect to the S1 sensor. The extraction sequence was: 

1) flexion/extension, 2) lateral bend, and 3) axial twist (Chapters 3-5). Angles were defined as 

zero in neutral standing. 

 The linear enveloped EMG and box switch data were then down-sampled to 32Hz to 

match the kinematic data. At this point, the first five lifts within each lifting trial were discarded 

using the analog box-switch information, to ensure steady-state motion was achieved (Chapters 3-

5; Granata & England, 2006).  

6.2.3 Stability Modeling 

6.2.3.1 Lumbar Spine Rotational Stiffness  

 Prior to calculating lumbar spine rotational stiffness at each time point, all data were 

down-sampled to 8Hz. Linear enveloped EMG signals, 2-D positions (vertical and anterior-

posterior) of the hand and shoulder relative to S1, lumbar spine angles, and box switch signals 

were then entered into an anatomically-detailed EMG-driven biomechanical model representing 

58 muscle lines of action crossing the L4/L5 spinal joint (Brown & McGill, 2010) (Figure 6.3). 

Muscles were represented as linear or piece-wise linear elements acting between skeletal 

attachments (Cholewicki & McGill, 1996). An estimate of the force generated by each of these 

muscle lines was made by: 

                         ,                           (1) 

where Fm = force in muscle m (N), NEMGm = normalized EMG signal for muscle m (% MVC), 

PCSAm = physiological cross-sectional area of muscle m (cm
2
), σm = maximum stress generated 

by muscle m (set at 35 N/cm
2
), lm = length coefficient of muscle m (unitless), vm = velocity 

coefficient of muscle m (unitless), and G = participant specific multiplier (unitless). The
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Figure 6.3. Flow chart describing the calculation of spine rotational stiffness and local dynamic 

stability. Spine rotational stiffness: 1) raw data from the last 25 lift cycles describing the 3-D 

lumbar spine angles, 2-D positions of the hand and shoulder relative to S1, normalized EMG 

linear envelopes, and when the box was offloaded (box switch) were entered into an 

anatomically-detailed EMG-driven biomechanical model, which was used to calculate 3-D spine 

rotational stiffness at each point in time; 2) the Euclidean norm of the three stiffness values was 

taken and both it and the flexion/extension stiffness were divided into 25 separate lifts using the 

box switch information; 3) the mean, maximum, and minimum stiffness were calculated for each 

lift and averaged to get one value per parameter. Local dynamic stability: 1) the Euclidean norm 

spine angle was calculated from the raw 3-D lumbar spine angles at each point during the 25 lift 

cycles; 2) the dynamics of the lifting motion were reconstructed using the method of delays (time 

delay= 16 samples, reconstruction dimension= 6); 3) the diverging Euclidean distance (dj) of 

nearest neighbour pairs after a local perturbation were tracked; 4) the average logarithmic 

divergence of all nearest neighbour pairs was determined, and the maximum finite-time 

Lyapunov exponent (λmax) was calculated using the slope of the curve from 0-0.5 lift cycles. 
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coefficients accounting for the length- and velocity-dependent relationships of muscle force were 

adapted from McGill & Norman (1986).  

 Instantaneous muscle lengths and velocities were calculated by rotating skeletal 

attachments, partitioned among each spinal level spanning from T12/L1 to L5/S1 (White & Panjabi, 

1990), according to the kinematically measured lumbar spine angles. 

 Passive muscle, ligament and L4/L5 intervertebral disc contributions to the joint moment 

and rotational stiffness were adapted from other sources (McGill & Norman, 1986; Myklebust, et 

al., 1988; Potvin, McGill, & Norman, 1991) and adjusted to account for participant-specific spine 

flexion range of motion (ROM). However, as spine flexion rarely approached end-ROM in the 

current study, these passive components contributed relatively little to rotational stiffness. 

The participant specific multiplier was obtained by finding a best match in the 45° trunk 

flexion calibration trial between the experimentally determined moment (calculated from the 

scaled digital photograph using a 2-D rigid linked-segment model (QBack, Queen’s University, 

Kingston, ON, Canada)), and the moment estimated by the EMG-driven model. In this way 

differences in the size of muscles between individuals could be accommodated by the model. 

This method assumes that the gain factor would be constant across different spine positions. 

 Lumbar spine rotational stiffness was then estimated (Potvin and Brown, 2005): 

      
            

 

 
 

   
 

 
 
 

     
   ,                                        (2) 

where Sz = the rotational stiffness about the z-axis (flexion/extension) of the L4/L5 joint, F = 

muscle force (N), ℓ = 3-D length of the muscle vector that crosses L4/L5, L = full 3-D length of 

the muscle, r = 3-D muscle moment arm, AX, AY = origin coordinates with respect to the L4/L5 

joint at (0,0,0) m, BX, BY = initial deflection or insertion (without deflection points) coordinates 

with respect to L4/L5, q = stiffness gain relating muscle force and length to stiffness (value of 10 
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used), P = external force acting on L4/L5 (weight of upper body and hand load) perpendicular to 

the z axis, h = perpendicular distance that the external force is acting from the L4/L5 z-axis.  

Rotational stiffness was also calculated about lateral bend (x-axis) and axial twist (y-axis) 

axes by appropriate substituting of coordinates (Potvin & Brown, 2005). Furthermore, to get an 

estimate of overall stiffness, the Euclidean norm of the stiffness about all three axes was 

calculated:                        . The box switch information was used to split up the 

25 continuous lift cycles into 25 separate lifts, which were each time-normalized to 101 samples 

(0-100% lift) (Figure 6.3). For each lift the mean, maximum, and minimum stiffness were 

extracted; these were averaged across the 25 lifts to get one value per trial for each parameter. 

6.2.3.2 Local Dynamic Spine Stability 

 Local dynamic spine stability was assessed using the maximum finite-time Lyapunov 

exponent, λmax. Because estimates of λmax may be biased by time series length (Bruijn, van Dieen, 

Meijer, & Beek, 2009a), the angular data from each of the five lifting trials sampled at 32Hz were 

time normalized to 4000 samples. Note that although this produces a mean value of 160 samples 

per lift cycle, lift-to-lift temporal variability was maintained. Moreover, as kinematic variability 

expansion in one dimension can be compensated by contraction in another, analyzing a single 

trajectory may not adequately represent a movement (Gates & Dingwell, 2009; Granata & 

England, 2006). As a result, stability analyses were performed only on the Euclidean norm of the 

three spine angles at each point in time (Figure 6.3).   

To create an n-dimensional state-space the method of delays was used: 

                                          ,            (3) 

where Y(t) is the n-dimensional state-space, r(t) is the original Euclidean norm time series data, n 

is the number of reconstruction dimensions, and Td is a constant time delay (Abarbanel, Brown, 
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Sidorowich, & Tsimring, 1993). A Td of 16 samples (10% of average lift) was used to ensure data 

were processed similarly (Chapters 3-5; Granata & England, 2006). The required reconstruction 

dimension of six was found using global false nearest neighbour’s analysis (Kennel, Brown, & 

Abarbanel, 1992) (Tables 6.1, 6.2).  

Maximum finite-time Lyapunov exponents were then calculated by analyzing the 

exponential rate of divergence of initially neighbouring trajectories in the reconstructed state 

space (Figure 6.3). This was done by estimating λmax as the slope of the linear best-fit line created 

by: 

     
 

  
          ,                             (4) 

where            represents the average logarithm of divergence, dj(i), for all pairs of nearest 

neighbours, j, throughout a certain number of time steps (iΔt) (Rosenstein et al., 1993). The slope 

was calculated from 0 to 80 samples (approximately 0-0.5 lifts), which provides an exponent 

analogous to λmax-stride used in gait research (Bruijn, van Dieen, Meijer, & Beek, 2009b). 

6.2.4 Statistical Analyses  

 Separate repeated-measures ANOVAs with Bonferroni corrections for multiple 

comparisons (α=0.05) were applied to determine the effect of both load and lifting rate on each of 

the dependent variables: lumbar spine rotational stiffness (mean, maximum, and minimum) and 

local dynamic spine stability (λmax) (SPSS 19, IBM Corporation, Armonk, NY, USA).  

 To directly compare lumbar spine rotational stiffness and local dynamic stability several 

steps were then taken. For each participant, rotational stiffness parameters (mean, maximum, and 

minimum) were plotted against the corresponding λmax value and three point linear curve fits were 

computed in order to extract r-values and slopes. Means and standard deviations of these r-values
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and slopes were then calculated across the 12 subjects for both the changing load and rate lifting 

conditions.  

6.3 Results 

6.3.1 Effects of Load 

 Due to the sagittal nature of the lifting task, and because rotational stiffness data about all 

axes showed similar trends, only the Euclidean norm and flexion/extension spine rotational 

stiffness values are reported throughout. With an increase in the load lifted there was a significant 

increase in mean, maximum, and minimum spine rotational stiffness (p<0.001); suggesting an 

increase in quasi-static mechanical spine stability with an increase in load (Table 6.1; Figures 6.4, 

6.5). Concordantly, there was a significant decrease in λmax with an increase in load (p<0.05); 

signifying less rapidly diverging (more stable) dynamics (Table 6.1; Figures 6.4, 6.5). Mean cycle 

time (lift off to touch down) was not significantly altered by load condition (p=0.414), indicating 

that movement speed was approximately the same when lifting all three loads. 

6.3.2 Effects of Lifting Rate 

 With an increase in lifting rate, which significantly decreased cycle time (p<0.001) and 

thus increased lifting speed, there was also a significant increase in mean and maximum spine 

rotational stiffness (both Euclidean norm and flexion/extension; p<0.01); although differences 

were less pronounced than those observed with increased load (Table 6.2; Figure 6.4). 

Conversely, there was a non-significant decrease in the minimum rotational stiffness and a non-

significant increase in λmax with an increase in lifting rate (p>0.05) (Table 6.2; Figure 6.5). This 

indicates that minimum stiffness and dynamic stability show a trend of agreement with changes in 

lifting rate; both decrease as lifting rate increases.  

6.3.3 Lumbar Spine Rotational Stiffness vs. Local Dynamic Stability 

  Moderate to strong negative correlations (r= -0.55 to -0.71) and large negative slopes 

were observed between both Euclidean norm and flexion/extension spine rotational stiffness
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Table 6.1. Differences between the three load conditions (0%, 5%, and 10% maximum back strength at 12 lifts per minute) and the results from 

the repeated-measures ANOVAs. Note: higher stiffness and lower Lyapunov exponent values indicate increased stability. 

  
Mean (Standard Deviation) Results ANOVA Results Pairwise Comparisons 

  
0% 5% 10% F-ratio p-value η2 0 vs. 5 0 vs. 10 5 vs. 10 

Euclidean 

Norm 

Stiffness 

(Nm/rad) 

Mean 2811.8 (665.8) 3390.2 (716.7) 4197.8 (977.6) 27.350 <0.001 0.845 0.001 <0.001 <0.001 

Max 4127.7 (865.0) 5065.7 (1016.0) 6925.6 (1431.6) 34.351 <0.001 0.873 0.001 <0.001 <0.001 

Min 1860.8 (602.2) 2053.6 (620.4) 2416.7 (721.5) 25.256 <0.001 0.835 0.112 0.002 <0.001 

Flexion/ 

Extension 

Stiffness 

(Nm/rad) 

Mean 1965.9 (384.7) 2456.4 (416.9) 3103.5 (625.7) 29.484 <0.001 0.855 <0.001 <0.001 <0.001 

Max 3318.5 (635.0) 3919.6 (760.1) 5225.0 (980.5) 30.751 <0.001 0.860 0.001 <0.001 <0.001 

Min 1036.7 (297.4) 1225.2 (283.8) 1529.8 (403.3) 17.789 0.001 0.781 0.035 0.001 <0.001 

Dynamic 

Stability 

λmax 1.911 (0.35) 1.800 (0.28) 1.624 (0.22) 6.484 0.016 0.565 0.077 0.009 0.029 

Embed 5.167 (0.72) 5.667 (1.15) 5.917 (1.24) 1.500 0.269 0.231 0.573 0.324 1.000 

 Cycle Time (Samples) 145.4 (3.2) 146.7 (5.6) 144.7 (7.3) 0.964 0.414 0.162 0.820 1.000 0.765 

Max= maximum; Min= minimum; λmax= maximum finite-time Lyapunov exponent; Embed= embedding (reconstruction) dimension. 

Bolded values indicate a significant different at p<0.05.  
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Table 6.2. Differences between the three rate conditions (6/min, 12/min, and 18/min at 5% maximum back strength load) and the results from the 

repeated-measures ANOVAs. Note: higher stiffness and lower Lyapunov exponent values indicate increased stability. 

    Mean (Standard Deviation) Results ANOVA Results Pairwise Comparisons 

    6/min 12/min 18/min F-ratio p-value η2 6 vs. 12 6 vs. 18 12 vs. 18 

Euclidean 

Norm 

Stiffness 

(Nm/rad) 

Mean 3304.2 (750.9) 3390.2 (716.69) 3600.2 (745.1) 8.649 0.007 0.634 0.779 0.020 0.004 

Max 4809.9 (983.0) 5065.7 (1016.01) 5514.9 (1205.2) 11.838 0.002 0.703 0.072 0.001 0.003 

Min 2195.9 (604.3) 2053.6 (620.39) 2027.3 (622.6) 3.149 0.087 0.386 0.070 0.186 1.000 

Flexion/ 

Extension 

Stiffness 

(Nm/rad) 

Mean 2341.1 (401.6) 2456.4 (416.89) 2630.5 (466.3) 7.651 0.010 0.605 0.247 0.017 0.006 

Max 3645.2 (660.0) 3919.6 (760.07) 4428.1 (945.9) 15.128 0.001 0.752 0.015 <0.001 0.001 

Min 1305.6 (286.4) 1225.2 (283.79) 1190.4 (305.3) 1.306 0.313 0.207 0.359 0.512 1.000 

Dynamic 

Stability 

λmax 1.748 (0.34) 1.800 (0.28) 1.831 (0.29) 0.571 0.585 0.102 1.000 0.940 1.000 

Embed 5.667 (1.23) 5.667 (1.15) 5.583 (1.00) 0.094 0.911 0.019 1.000 1.000 1.000 

Cycle Time (Samples) 300.0 (6.8) 146.7 (5.6) 100.2 (3.2) 6341.517 <0.001 0.999 <0.001 <0.001 <0.001 

Max= maximum; Min= minimum; λmax= maximum finite-time Lyapunov exponent; Embed= embedding (reconstruction) dimension. 

Bolded values indicate a significant different at p<0.05.  
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Figure 6.4. Mean Euclidean norm stiffness (top), maximum finite-time Lyapunov exponent (λmax) (middle), and linear fits between these two 

measures (bottom) for the varying load (A) and rate (B) conditions. Arrows indicate that increased stiffness and decreased λmax would signify 

increased stability. 
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Figure 6.5. Minimum Euclidean norm stiffness (top), maximum finite-time Lyapunov exponent (λmax) (middle), and linear fits between these two 

measures (bottom) for the varying load (A) and rate (B) conditions. Arrows indicate that increased stiffness and decreased λmax would signify 

increased stability. 
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(mean, maximum, minimum) and local dynamic stability (λmax) when lifting the different loads at 

a constant rate (Tables 6.3, 6.4; Figures 6.4, 6.5). Thus, as spine rotational stiffness increased 

(quasi-static mechanical stability increased), λmax values decreased (local dynamic stability 

increased); indicating good agreement between the two spine stability measures under the 

changing load conditions. Weak negative correlations (r= -0.02 to -0.27) and smaller negative 

slopes were observed between the mean, maximum, and minimum spine rotational stiffness and 

local dynamic stability values when lifting the same load at different rates (Tables 6.3, 6.4; 

Figures 6.4, 6.5). This indicates weaker agreement between the two stability metrics under the 

changing rate conditions.   

6.4 Discussion  

To the best of the authors’ knowledge, this was the first study to directly compare quasi-

static and dynamic estimates of spine stability during a series of movement tasks. Due to the 

importance of spine stability in preventing injury (Cholewicki & McGill, 1996), the present 

results should provide insight into the true effects of varying loads and lifting rates on spine 

stability, as well as the relationship between these modeling techniques. This is crucial as it is 

important to unify different research groups to focus scientific efforts on the development of a 

multi-factorial description of spine stability (Solomonow, 2011). This will enable future 

examinations of stability under a wide variety of contexts and in different populations. 

 When movement rate (and thus speed) was held constant and the load lifted was 

increased incrementally, significant changes in both spine rotational stiffness (quasi-static 

mechanical stability) and local dynamic stability were observed. In both cases, participants’ 

spines were more stable when lifting the heavier load; there was a high level of agreement 

(moderate to strong negative correlations; r= -0.55 to -0.71) between the two methods. The 

increase in spine rotational stiffness with increased load was expected, as mechanical stability is 

greater under these scenarios due to augmented muscular and moment demands (Cholewicki &
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Table 6.3. Linear fit r-values between the quasi-static mechanical spinal stability (rotational 

stiffness) and dynamic spinal stability (maximum finite-time Lyapunov exponent- λmax) values 

under both the changing load and changing rate conditions. Note: negative r-values indicate 

agreement between the two methods. 

Linear fit r-values 
Mean (Standard Deviation) Results 

Load  Rate  

Lyapunov exponent vs. 

Euclidean Norm Stiffness 

Mean -0.69 (0.48) -0.02 (0.81) 

Max -0.71 (0.45) -0.09 (0.84) 

Min -0.55 (0.65) -0.11 (0.68) 

Lyapunov exponent vs. 

Flexion/ Extension Stiffness 

Mean -0.70 (0.48) -0.03 (0.86) 

Max -0.70 (0.47) -0.06 (0.85) 

Min -0.57 (0.65) -0.27 (0.77) 

 

 

Table 6.4. Linear fit slopes between the quasi-static mechanical spinal stability (rotational 

stiffness) and dynamic spinal stability (maximum finite-time Lyapunov exponent- λmax) values 

under both the changing load and changing rate conditions. Note: negative slopes indicate 

agreement between the two methods. 

Linear fit Slopes 
Mean (Standard Deviation) Results 

Load Rate 

Lyapunov exponent vs. 

Euclidean Norm Stiffness (Nm/rad/λmax) 

Mean -3359.0 (6128.3) -404.3 (1453.6) 

Max -7716.3 (11086.8) -859.9 (3408.0) 

Min -1550.9 (2964.2) -194.7 (678.5) 

Lyapunov exponent vs. 

Flexion/ Extension Stiffness (Nm/rad/λmax) 

Mean -2650.4 (4492.5) -394.6 (1462.2) 

Max -4885.4 (6563.2) -845.9 (3677.7) 

Min -1431.3 (2242.5) -282.8 (669.0) 
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McGill, 1996). Specifically, with increased muscular activity there is a concordant increase in 

muscle stiffness and force due to the increased number of activated cross-bridges (Crisco & 

Panjabi, 1991), which can translate into greater trunk rotational stiffness (Gardner-Morse & 

Stokes, 2001).  

The increase in local dynamic stability (decreased λmax) was also expected based on 

previous research, which found that local dynamic stability increased with increased load-in-

hands when lifting from floor to waist height (Chapter 4). The kinematic response of the trunk to 

a perturbation is determined through a combination of the mechanical stability level of the spine 

prior to loading, as well as the reflex response of muscles immediately after loading (Cholewicki, 

Simons, & Radebold, 2000). Therefore, Graham et al. (Chapter 4) hypothesized that when lifting 

an increased load, the increased mechanical stability prior to an extremely small (local) 

perturbation would cause a decrease in the short-term divergence of trajectories immediately after 

that perturbation. Here we have provided evidence to support this hypothesis; and have also 

shown that local dynamic spine stability is directly related to spine rotational stiffness. 

When lifting rate was incrementally increased with load held constant, weak linear 

relationships were found between the two modeling methods. Mean and maximum rotational 

stiffness significantly increased with an increase in movement rate, which was not surprising 

since torso muscle activity and cocontraction increase with trunk velocity and acceleration (Dolan 

& Adams, 1993; Marras & Mirka, 1993). Conversely, local dynamic stability showed a small, 

non-significant, decrease (increased λmax) with movement rate. This also agrees with previous 

research, which found that doubling movement rate increased λmax (Granata & England, 2006), 

and that movement rate did not significantly affect knee stability (Stergiou, Moraiti, Giakas, 

Ristanis, & Georgoulis, 2004). The relationship between mean and maximum rotational stiffness 

and dynamic stability was very weak (r= -0.02 to -0.09); likely due the large variability and 

standard deviations across participants under the changing rate condition (Tables 6.3, 6.4). 
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Interestingly, minimum rotational stiffness demonstrated a non-significant decrease with 

increased movement rate (Table 6.2; Figure 6.5), and thus better agreement with dynamic 

stability (r= -0.11 to -0.27) (Tables 6.3, 6.4). Physiologically, with an increase in movement rate 

there may be increased muscle activation and consequent force variability (Reeves, Narenda, & 

Cholewicki, 2007), and less allowable time for feedback-induced corrections following a 

perturbation, which may cause a destabilization of the control system (Ogata, 2002).  

One possible reason for the tempered agreement between the two stability methods under 

the changing rates condition is that the spine rotational stiffness method, which assumes static 

equilibrium at each instantaneous time point, does not explicitly account for the energy of 

movement dynamics (Granata & England, 2006). To test this hypothesis, dynamics were 

incorporated into the rotational stiffness calculations by accounting for the destabilizing effect of 

load accelerations (incorporating these accelerations into variable P in Eq. 2); however, 

agreement between the two stability measures was improved only slightly due to relatively low 

box and trunk accelerations under all rate conditions. A second reason for the reduced agreement 

may be because the rotational stiffness method also does not account for the time-dependent 

dynamic control of stability (Granata & England, 2006). That is, although the muscle model (Eq. 

1) accounts for time-dependent changes in EMG signals, spine angles and muscle velocities, the 

rotational stiffness calculation (Eq. 2) only considers its current state and not previous or future 

states, which may be an important factor when looking at stability changes with movement rate. 

Furthermore, although muscle activity and spine rotational stiffness increase with an increase in 

lifting rate, previous results looking at the dynamics and stability of muscle activations during 

walking have shown that both muscle activation variability and dynamic instability (λmax) 

increase with movement speed (Kang & Dingwell, 2009a). Therefore, despite increases in mean 

and maximum rotational stiffness with movement rate, driven primarily by increases in muscle 

activity (Reeves, Narenda, & Cholewicki, 2007), it is feasible that the difficulty in modulating 
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muscle activity and forces with increased speed resulted in similar kinematic responses to local 

perturbations (λmax values). In addition, equilibrium conditions and rotational stiffness were only 

considered at the L4/L5 spine level. It is possible that different vertebral levels would have 

demonstrated differential levels of stiffness, thereby modifying the relationships between the two 

stability metrics. Finally, a linear relationship between muscle force and muscle stiffness 

(constant q in Eq. 2) was assumed, as is common in computations of mechanical stability 

(Bergmark, 1989; Granata & Marras, 2000; Stokes, Gardner-Morse, & Henry, 2011). However, 

recent work has suggested that a nonlinear relationship may be more appropriate (Brown & 

McGill, 2010), which has the consequence of reducing spine stiffness at higher levels of muscle 

activation (at higher lifting speeds). Future research on this dataset will examine the impact of 

each of these factors on the relationship between rotational stiffness and local dynamic stability. 

Several limitations of the Lyapunov analysis technique may have also affected the 

relationship between the two stability measures. First, the maximum finite-time Lyapunov 

exponent was estimated from a relatively low number of cycles (n=25), which may have affected 

the precision of the estimates (Bruijn, van Dieen, Meijer, & Beek, 2009a). However, this number 

was chosen to prevent any effects of fatigue, as well as to match previously published literature 

(Granata & England, 2006; Granata & Gottipati, 2008). Second, only the maximum finite-time 

Lyapunov exponent was calculated in the present study, due to the exceedingly difficult task of 

calculating the entire Lyapunov spectrum from empirical data (Rosenstein, Collins, & De Luca, 

1993). Therefore, we only know the least stable aspect of the movement dynamics, and not what 

is happening in all dimensions. Also, the maximum finite-time Lyapunov exponent quantifies the 

dynamic system’s response to a small (local) perturbation, not a finite (global) perturbation 

(Dingwell & Marin, 2006).  

Future work will be continued in an effort to unify approaches for assessing spine 

function and injury potential. Our current results suggest that spine rotational stiffness (EMG-
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driven) and local dynamic stability (kinematics-based) are closely related to one another under 

certain conditions but appear to deviate under others. Using both techniques concurrently may 

provide the best information regarding the true effects of (in) stability under different loading and 

movement scenarios and in comparing healthy and clinical populations. 
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Chapter 7 

General Discussion  

7.1 Introduction 

 Low back pain (LBP) is the most serious non-life-threatening pain problem of our time 

(Schneider, Mohnen, Schiltenwolf, & Rau, 2007), and one of the most severe global public health 

concerns (Punnett, et al., 2005; Woolf & Pfleger, 2003). Occupational LBP is prevalent and 

costly in numerous industries (Collins, et al., 2005; Dagenais, Caro, & Haldeman, 2008; Goetzel, 

Hawkins, Ozminkowski, & Wang, 2003; Maetzel & Li, 2002), and has been hypothesized to 

occur when intervertebral or torso equilibrium is disturbed by a biomechanical perturbation or 

neuromuscular control error (Panjabi, 1992b). The ability to resist such perturbations is greatly 

affected by spinal stability, which is provided by the active and passive tissues and controlled by 

the central nervous system (Cholewicki & McGill, 1996; Panjabi, 1992a). Mechanical stability of 

the lumbar spine has been calculated under static and quasi-static scenarios using complex 

biomechanical models that quantify how various factors affect the potential energy of the 

musculoskeletal system (Bergmark, 1989; Cholewicki & McGill, 1996; Gardner-Morse, Stokes, 

& Laible, 1995; Granata & Wilson, 2001). However, these models have been said to possess two 

primary limitations: they do not yet account for the energy of movement dynamics, and they 

ignore the time-dependent neural control of stability (Granata & England, 2006).  

 Dynamic stability can be estimated empirically using a nonlinear systems approach 

(Strogatz, 2000). By analyzing the time-dependent behaviour of kinematic variance about a target 

trajectory, it is possible to model the local stability of the system in space using the maximum 

finite-time Lyapunov exponent (λmax) (Granata & England, 2006). Although several researchers 

have used the maximum finite-time Lyapunov exponent to analyze the dynamic stability of the 

trunk during walking (Bruijn, van Dieen, Meijer, & Beek, 2009b; Dingwell & Marin, 2006), and 

unstable sitting (Harbourne & Stergiou, 2003; Tanaka, Nussbaum, & Ross, 2009), few have done 
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so during dynamic trunk movements. Throughout dynamic movements such as lifting the spine 

will follow an intended trajectory that represents the desired path or motion of the vertebrae; if 

perturbed a stable spine will have vertebrae that stay within the vicinity of or return to their 

intended trajectories (Reeves, Narenda, & Cholewicki, 2007). It has been found that movement 

pace and direction influence the dynamic neuromuscular control of spinal stability (Granata & 

England, 2006), and that fatigue decreases dynamic spinal stability (Granata & Gottipati, 2008). 

Although these key studies confirmed the potential of Lyapunov analyses to address local 

dynamic spinal stability during trunk movements, they were ‘proof of principle’ experiments only 

(no weight was lifted, movements were constrained, and unrealistically fast fatiguing protocols 

were used). More in-depth research assessing dynamic spinal stability was thus required.   

 Therefore, the objective of this dissertation was threefold: 1) to assess how local dynamic 

spinal stability is affected by various factors including: the personal lift-assist device (PLAD), 

changing the load-in-hands when lifting, and prolonged repetitive work; 2) to establish the 

between-day reproducibility of local dynamic stability and kinematic variability measures; and 3) 

to directly compare local dynamic spinal stability to quasi-static mechanical spinal stability. 

Presented here is a summary of findings, followed by limitations and future research directions. 

7.2 Summary of Findings 

To address the objectives listed above, four investigations were undertaken.  

The first study (Chapter 3), entitled “Does the personal-lift assist device affect the local 

dynamic stability of the spine during lifting” was an investigation into the effects of the PLAD on 

local dynamic spinal stability during repetitive lifting. Thirty healthy subjects (15M, 15F) 

performed repetitive lifting for three minutes, at a rate of 10 lifts per minute, with and without the 

PLAD. Maximum finite-time Lyapunov exponents, representing short-term (λmax-s) and long-term 

(λmax-l) divergence were calculated from trunk kinematics measured using an Optotrak 3020 
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system (Northern Digital, Waterloo, ON, Canada), in order to estimate the local dynamic stability 

of the lumbar spine. PLAD use did not significantly change λmax-s, but did significantly reduce 

λmax-l. There were no between-subject effects of sex, or significant interactions. The results 

indicated that λmax-s was not statistically different between the device conditions, but that the 

PLAD significantly reduced λmax-l to a negative value. This shows that subjects’ neuromuscular 

systems were able to respond to local perturbations more effectively when wearing the device, 

reflecting a more stable long-term control of spinal movements. This study was the first to assess 

local dynamic spinal stability during unconstrained repetitive lifting; however, only one load 

mass equivalent to 10% of each subject’s maximum back strength was used.  

Therefore, the second study (Chapter 4), entitled “Local dynamic stability of trunk 

movements during the repetitive lifting of loads” sought to quantify the effects of lifting two 

different loads on local dynamic spinal stability and kinematic variability. The same thirty healthy 

subjects from the first study performed repetitive lifting at 10 cycles per minute for three minutes 

under two load conditions: zero load and 10% of each participant’s maximum back strength. It is 

important to note that this testing occurred on the same day as the first study testing. Short- and 

long-term maximum finite-time Lyapunov exponents (λmax-s and λmax-l), describing responses to 

infinitesimally small perturbations, were calculated from the measured trunk kinematics to 

estimate the local dynamic stability of the system. Kinematic variability was also assessed using 

mean standard deviations (MeanSD) across cycles. Increasing the load lifted significantly reduced 

λmax-s, but not λmax-l or MeanSD. There were no between-subject effects of sex, or significant 

interactions. These findings indicated improved dynamic spinal stability, reflected in a reduction 

in λmax-s, when lifting the heavier load; meaning that as muscular and moment demands increased, 

so too did participants’ abilities to respond to local perturbations. These results support the theory 

of greater spinal instability during movement with low loads due to decreased muscular demand 

and trunk stiffness (Cholewicki & McGill, 1996). However, although the changes in local 
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dynamic stability that were observed were expected based on previously published research, it 

was still unknown whether local dynamic stability measures are reproducible and directly related 

to mechanical spinal stability calculated using validated biomechanical models.  

 The third study (Chapter 5), entitled “Dynamic spinal stability and kinematic variability 

across automotive manufacturing work shifts and days” was designed to look at changes in local 

dynamic spinal stability and kinematic variability resulting from 1.5 hours of repetitive 

automotive manufacturing work, as well as the between-day reproducibility of these measures. 

Ten healthy experienced male operators were recruited from the automotive manufacturing 

company to participate in the research study. Each operator performed a repetitive dynamic trunk 

flexion/extension task (10 cycles per minute for 3 minutes), directly before and after completing 

one of two similar assembly line shifts involving repetitive static trunk flexion and reaching. 

Short- and long-term maximum finite-time Lyapunov exponents (λmax-s and λmax-l) and kinematic 

variability (MeanSD) were calculated from trunk kinematics collected using an inertial motion 

sensing system (XSens Technologies, Enschede, Netherlands). The main effect of time (pre/post-

shift) did not significantly affect any of the outcome variables, except visual analog scale low 

back pain scores. Thus, despite increases in pain, operators were able to maintain their spinal 

stability post-shift. Operators were also tested at the exact same pre-shift time on the following 

day, and the between-day reproducibility of λmax-s, λmax-l, and MeanSD were assessed using mean 

difference scores, precision of measurement values, and intraclass correlation coefficients. It was 

determined that λmax-s is the most reproducible measure, which agrees with previous research 

(Kang & Dingwell, 2006; van Dieen, Koppes, & Twisk, 2010), and may be because longer trials 

are required to get accurate λmax-l values. Thus, λmax-s might be the most useful in assessing local 

dynamic spinal stability changes across conditions or days in future research studies.  

The final study (Chapter 6), entitled “A direct comparison of spine rotational stiffness 

and dynamic spine stability during repetitive lifting tasks” was structured to directly compare 
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lumbar spine rotational stiffness (quasi-static mechanical spinal stability), calculated with an 

EMG-driven biomechanical model, to local dynamic spinal stability (λmax-s only), during a series 

of dynamic lifting challenges. Twelve healthy male subjects performed 30 repetitive lifts under 

three varying load (0%, 5%, 10% maximum back strength at 12 lifts per minute) and three 

varying rate (6/min, 12/min, 18/min at 5% maximum back strength load) conditions. Motion was 

collected using the Liberty electromagnetic system (Polhemus, Colchester, VT, USA) and EMG 

was collected using the AMT-8 system (Bortec, Calgary, AB, Canada). With an increase in the 

load lifted (constant rate) there was a significant increase in mean, maximum, and minimum spine 

rotational stiffness and a significant increase in local dynamic stability; both stability measures 

were moderately to strongly related to one another (r= -0.55 to -0.71). With an increase in lifting 

rate (constant load), there was also a significant increase in mean and maximum spine rotational 

stiffness; however, there was a non-significant decrease in the minimum rotational stiffness and a 

non-significant decrease in local dynamic stability. Weak linear relationships were found for this 

varying rate condition (r= -0.02 to -0.27). The results suggest that spine rotational stiffness and 

local dynamic stability are positively associated to one another, as they provided similar 

information when movement rate was controlled. However, based on the results from the 

changing lifting rate conditions, it is evident that both models provide unique information and 

that future research is required to completely understand their relationship. 

 Collectively, the results of these studies show that Lyapunov analyses of kinematic data 

can be used to assess local dynamic spinal stability during both loaded and unloaded movement 

tasks. Based on the results of the studies it is also evident that λmax-s (the short-term divergence of 

trajectories) is the most reproducible measure (Study 3), and positively associated with 

mechanical spinal stability (Studies 2 and 4). Conversely, λmax-l (the long-term divergence of 

trajectories) and MeanSD (mean of the standard deviation at each point across cycles) appear to 

be less reproducible and more related to increases in fatigue across the 30 repetitive lifting or 
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trunk flexion cycles, which leads to changes in the motion profiles (i.e. subjects do not bend or 

straighten as much) (Studies 1-3). Furthermore, because the protocol used to assess local dynamic 

stability is very quick and requires minimum amounts of instrumentation, these analyses may 

provide a cost- and time-efficient method of objectively assessing or screening for spinal (in) 

stability in clinical, industrial, and research settings. However, future research is required to 

address limitations associated with the present research studies and modeling techniques.  

7.3 Limitations 

 Although the results show that Lyapunov analyses of kinematic data appear to be a good 

way to assess local dynamic spinal stability, the limitations to these studies and the method must 

be discussed. Across all studies, there were several limitations related to the calculation of 

maximum finite-time Lyapunov exponents. Furthermore, there are differences between 

mechanical spinal (Euler column) stability and local dynamic stability that must be discussed in 

order to fully understand the benefits and limitations of each modeling technique. 

First, the maximum finite-time Lyapunov exponent was estimated from a relatively low 

number of cycles (n=25) in all studies, which may have affected the precision of the estimates 

(Bruijn, van Dieen, Meijer, & Beek, 2009a). However, this number was chosen to prevent any 

effects of fatigue, as well as to match previously published literature (Granata & England, 2006; 

Granata & Gottipati, 2008). Second, only the maximum finite-time Lyapunov exponent was 

calculated in all studies, due to the exceedingly difficult task of calculating the entire Lyapunov 

spectrum from empirical data (Rosenstein, Collins, & De Luca, 1993). For a system to be 

asymptotically stable (i.e. stable in a global sense), the sum of all the Lyapunov exponents must 

be less than zero (Granata & Gottipati, 2008). Therefore, although the maximum Lyapunov 

exponent quickly dominates the system’s dynamic behaviour, it only provides us with the least 

stable aspect of the movement dynamics and not what is going on in all dimensions (Granata & 

Gottipati, 2008). Also, the maximum finite-time Lyapunov exponent quantifies the dynamic 
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system’s response to a small (local) perturbation, not a finite (global/external) perturbation 

(Dingwell & Cusumano, 2000; Dingwell & Marin, 2006). There were also limitations directly 

related to each study, which are discussed in detail below with future directions.  

In addition, there are several differences between mechanical spinal stability (changes in 

potential energy with a small hypothetical perturbation), and local dynamic spinal stability 

(divergence/convergence of nearest neighbours following a small hypothetical perturbation) that 

must be discussed. When discussing the stability of the spine, whether it is in equilibrium (static) 

or moving along some trajectory (dynamic), the same concept applies: we give a small 

perturbation and observe the new behaviour (Reeves, Narenda, & Cholewicki, 2007). Static or 

quasi-static mechanical stability models freeze the spine system at each point in time (to ensure 

equilibrium) and assess whether the spine can return to its current configuration following a 

perturbation.  Conversely, Lyapunov analyses compare the ability of the spine system to return to 

its undisturbed/target kinematic trajectory following a perturbation (Granata & England, 2006; 

Reeves & Cholewicki, 2010; Reeves, Narenda, & Cholewicki, 2007). Although Lyapunov 

analyses are advantageous in that they are fully dynamic and require minimal amounts of 

instrumentation to assess stability, there are some primary limitations as well.  

When compared to mechanical stability models, which are driven or assisted by 

electromyography from numerous trunk muscles (e.g. Cholewicki & McGill, 1996), Lyapunov 

analyses are based solely on spinal kinematics. Therefore, although the maximum finite-time 

Lyapunov exponent provides a stability output value that can be used to compare various 

conditions, we do not know what mechanism has resulted in the altered stability (e.g. increased 

muscle activation, co-contraction, etc.) without further analyses. However, they may provide an 

excellent stability screening tool in a variety of situations, where more in-depth analyses can then 

be undertaken if required. A second limitation, as mentioned above, is that although a positive 

λmax indicates local instability where a larger value is less stable, without calculating the entire 
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Lyapunov spectrum we do not know much local instability can be tolerated (how large λmax can 

be) prior to experiencing a global injury (Kang & Dingwell, 2008), nor do we know which axis 

represents the weakest control direction. Conversely, with mechanical stability models we can 

determine whether buckling will occur by analyzing the second derivative of the potential energy 

function, and can also determine the direction of instability or the buckling mode (McGill, 2002). 

Nevertheless, λmax can be used to assess differences in dynamic spinal stability across conditions 

or groups and this aforesaid limitation can be addressed in the future by calculating the entire 

Lyapunov spectrum using various mathematical and biomechanical modeling techniques. Lastly, 

in order to calculate Lyapunov exponents a large number of cycles are required; as a result, we 

are unable to assess stability during a one-repetition maximum lift for example, or assess stability 

from a single frame of data. Therefore, it is important to note that both stability models possess 

inherent (dis) advantages that must be considered prior to choosing one for use. 

7.4 Future Directions 

7.4.1 Continuation of Current Research 

With respect to the present research, there were also limitations related specifically to 

each research study. Although Studies 1 and 2 assessed local dynamic spinal stability during 

lifting with and without the PLAD, there were several limitations including: 1) lifting occurred 

with relatively low amounts of weight, 2) only symmetrical freestyle lifting was performed, 3) 

only novice materials handlers were tested, 4) only the effects of local perturbations were 

analyzed, and 5) the local dynamic stability of muscle activations were ignored. Future work will 

test to see if increasing the load beyond 10% of one’s maximum back strength further increases 

dynamic spinal stability. By analyzing many load conditions it may be possible to observe a 

decrease in local dynamic stability past a certain load threshold. Furthermore, we plan to look at 

how the control of stability is affected during lifting by technique (i.e. stoop, squat, freestyle), 

symmetry, lifting rate and frequency, and experience (novice vs. experts) A critical goal is to 
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assess how subjects with LBP perform during similar test conditions. We also plan on assessing 

how local and global dynamic stabilities are related during many of the aforementioned lifting 

tasks by inducing global perturbations (both below the feet and with a shifting load in the box) 

and assessing their effects on the local system dynamics (Bruijn, Meijer, Beek, & van Dieen, 

2010), as well as by modeling the full Lyapunov spectrum (Granata & England, 2006). Further, 

applying Lyapunov analyses to muscular activity data or using maximum Floquet multipliers to 

assess orbital stability (Kang & Dingwell, 2009a) will be explored in the future. 

With respect to Study 3, there were also several primary limitations. First, and most 

importantly, we were unable to directly measure the amount of muscular fatigue developed 

during the 90 minutes of work due to the manufacturing company’s imposed time constraints. 

Testing could take no more than 10 minutes total (operators had to leave and return to the line), 

and thus instrumenting the subjects with EMG to directly measure muscular fatigue and/or 

compensatory mechanisms was impossible. Second, it is possible that the relatively long 

instrumentation time (~5 minutes) allowed operators to recover from fatigue that had occurred. 

Third, we had no control over which job rotations were completed prior to testing; hence our only 

control was to test at the same time of day. Lastly, there were a relatively small number of 

participants in the study, which arose due to constraints associated with a limited number of 

operators trained to complete each task. Future work will test workers pre- and post- 8 hour work 

day to further elucidate the relationship between prolonged repetitive work and spinal stability, 

and will also assess changes in stability due to occupational tasks that involve significant amounts 

of lifting. Any future studies will also involve collecting EMG data in conjunction with stability 

measures to directly assess the amount of muscle fatigue, as well as any compensatory 

mechanisms that occur such as increased muscle activation or co-contraction. In terms of 

reproducibility of measurements, we can repeat the protocols using a greater number of subjects 

to further address both the within- and between-day measurement reproducibility.  
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With respect to Study 4, observed differences between the rotational stiffness (quasi-

static mechanical stability) and local dynamic stability methods under the changing rate condition 

may have been due to several factors. First, is that the spine rotational stiffness method, which 

assumes static equilibrium at each instantaneous time point, does not explicitly account for the 

energy of movement dynamics (Granata & England, 2006). A second reason for the tempered 

agreement may be because the rotational stiffness method also does not account for the time-

dependent dynamic control of stability (Granata & England, 2006). Furthermore, although muscle 

activity and spine rotational stiffness increase with an increase in lifting rate, previous studies that 

have looked at the dynamics and stability of muscle activations during walking have shown that 

both activation variability and dynamic instability (λmax) increase with movement speed (Kang & 

Dingwell, 2009a). Finally, a linear relationship between muscle force and muscle stiffness was 

assumed, as is common in computations of mechanical stability (Bergmark, 1989; Granata & 

Marras, 2000; Stokes, Gardner-Morse, & Henry, 2011). However, recent work has suggested that 

a nonlinear relationship may be more appropriate (Brown & McGill, 2010), which has the 

consequence of reducing spine stiffness at higher levels of muscle activation (at higher lifting 

speeds). Future research will examine the impact of each of these factors on the relationship 

between spine rotational stiffness and mechanical stability and local dynamic stability. Future 

work will also continue the efforts to unify approaches for assessing spine function and injury 

potential in an attempt to further explain the differences by modifying various variables. As 

mentioned, both methods possess inherent advantages and disadvantages and a hybrid approach 

will likely provide the best overall information and assessment of spinal (in) stability.  

7.4.2 Future Research Direction 

 In addition to the previously mentioned research projects, we would like to apply the 

approaches to LBP patients. One particular subgroup of patients with LBP is those who suffer 

from lumbar spinal instability (Demoulin, Distree, Tomasella, Crielaard, & Vanderthommen, 
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2007; O'Sullivan, 2000); it has been suggested that instability can cause damages that increase the 

risk of an initial episode or subsequent recurrence of LBP (Hides, Jull, & Richardson, 2001). 

However, the diagnostic classification of lumbar spinal instability is difficult because the 

pathomechanical behaviour of instability is ambiguous and poorly defined (Cook, Brismee, & 

Sizer Jr, 2006). Furthermore, there is little evidence to relate the pathophysiological condition of 

spine instability with severity of verbal or objective symptoms (Cook, Brismee, & Sizer Jr, 2006). 

Nevertheless, lumbar spinal instability can generally be classified as: 1) radiologic appreciable 

instability, or 2) clinical (functional) instability (Demoulin, Distree, Tomasella, Crielaard, & 

Vanderthommen, 2007). Radiologic instability reflects a marked disruption of the passive 

osseoligamentous anatomic constraints, and is typically diagnosed via a flexion-extension 

radiograph and normative data (Panjabi, 1992a). Conversely, clinical instability reflects an 

inability of the active and neuromuscular subsystems to restore equilibrium and posture following 

a perturbation, and is much more difficult to diagnose objectively (Cook, Brismee, & Sizer Jr, 

2006). Thus, a time- and cost-effective screening method of directly assessing how the 

neuromuscular system is able to respond to perturbations and control errors that occur naturally 

during movements would be very beneficial.   

Based on the findings from this dissertation, it may be possible to effectively assess local 

dynamic spinal stability using nonlinear Lyapunov analyses of kinematic data. Therefore, we 

propose to address several primary questions related to dynamic spinal stability and LBP with 

future research: 1) Is it possible to differentiate between two age-matched and sex-matched 

subject groups, namely healthy subjects and those with LBP, using an objective protocol and 

local dynamic stability analyses?; 2) Can we relate our objective stability outcomes to instability 

diagnoses made using radiographs or a series of clinical tests?; and accordingly, 3) Can we 

differentiate those LBP patients with and without instability? It is hypothesized that local 

dynamic spinal stability will be impaired in the LBP group as histochemical, structural, and 



148 

 

neuromuscular control system dysfunctions have been found in these subjects (Demoulin, 

Distree, Tomasella, Crielaard, & Vanderthommen, 2007). It is also hypothesized that our results 

will be related to radiologic and functional instability, thereby facilitating the diagnosis of lumbar 

spinal instability. If successful, the findings from this research will be very important to patients, 

employers, and workplace safety and insurance boards as accurate diagnoses and classifcations 

are key to ensuring focused treatments, ergonomic interventions, and timely return to work 

(O'Sullivan, 2005). 
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Ethics Consent for 

Studies 1 and 2 

 

 

Personal Lift Assist Device (PLAD) and its effect on lifting technique 

and dynamic spinal stability 

Dear Subject,        

You are invited to participate in a research study to examine the effect an on-body personal lift 

assistive device called the Personal Lift Assist Device (PLAD) has on lifting technique and spinal 

stability. The PLAD was developed by researchers at Queen’s University and is designed to assist 

you during lifting and static holding tasks. The PLAD is worn on the body in a suit that consists 

of an upper body harness, much like a backpack, that can be detached from the lower body leg 

straps. This Ethics Consent letter will present key information so you can read about the study 

and decide whether you wish to become a participant.  If you wish to participate, you will be 

asked to sign this letter and leave a copy of the last page with the researcher. 

Aims and Purposes of the Study: 

The goals of this research are: a) to determine if this device affects the way in which people lift, 

b) if these changes in lifting technique are different between sexes, and c) if wearing this device 

affects dynamic spinal stability.  You will be asked about your comfort while wearing the PLAD 

as this input will be valuable for knowledge regarding market readiness. 

Study Details: 

Personal Information:  For your personal safety, we wish to exclude you from the study if you 

are currently suffering from shoulder, knee or low back pain.  

Design of the PLAD:  The PLAD has three main parts with a cable joining them: leg straps that 

go under your shoes, a waist belt with two spacers at buttocks height, and an upper part that is 

worn like a backpack.  It is important that the PLAD is well-fitted to each subject’s body size.   

Getting Ready for Testing:  Prior to testing, you will be required to complete a short orientation 

session. The purpose of this orientation session is fourfold:   

1)  To complete the Physical Activity Readiness Questionnaire (PAR-Q). The PAR-

Q helps determine if there is any health risks associated with your participation.  

2) To become familiar with the PLAD and testing protocol. 

3)  To measure your height in order to determine the height of the lifting shelf. 

S C H O O L  O F  K I N E S I O L O G Y  A N D  H E A L T H  

S T U D I E S  ( S K H S )  

Physical Education Centre 

Kingston, Ontario, Canada K7L 3N6 
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4)  To complete a maximum back strength test to establish the load you will be lifting 

during testing. During this test you will be asked to perform three maximum back 

extensions, with sufficient rest between each exertion.   

 

During this session we will also schedule the time and date of your actual testing day. 

This orientation session should take approximately 20 minutes. On your testing day, the 

only pre-test preparation we would require is for you to complete a series of stretching 

exercises for the back, shoulder girdle and legs due to the dynamic nature of the lifting 

task. This warm-up will require approximately 5 minutes.  

Instrumentation: 

a) ARCON Functional Capacity Evaluation System – During your orientation session you will be 

required to perform three maximum back extensions while standing in an upright position. The 

testing apparatus simply involves you putting a harness around your back and resting your pelvis 

on a support. The harness is attached to a load cell that measures the force of your back extension. 

You will be asked to perform three maximal exertions with 1 minute of rest between each trial.  

b) PLAD – You will be wearing the PLAD for one of the two testing conditions. This will require 

you to simply put on foot straps, then attach the upper body piece and we will help to adjust it to 

fit you properly 

c) Handled-Box – The load you will lift will be in the form of a handled-box. This box is made 

out of wood and measures 21.5 cm by 21.5 cm by 21.5 cm equipped with handles of 1.8 cm 

diameter. On this box there are two analog switches: one on the handle and one on the 

bottom of the box. These switches will be used to indicate the lift cycle. There is a second 

handled-box that is a replica of the wood box, but is of negligible mass constructed from 

foam. This box will be used for a zero-lift condition. 

d) Optotrak 3020– We will be using a two-camera system called the Optotrak 3020 that captures 

3-dimensional coordinates of body landmarks in space. In order to track the body landmarks it is 

necessary to attach markers to the body part of interest. These markers will be both externally 

attached with Velcro or straps, and some will be virtually marked using a digital stylus. The body 

landmarks we will be using are the foot, lower leg, upper leg, sacrum (S1), lower lumbar spine 

(L1) and thoracic spine (T1). 

e) Force plate – You will be completing the task with your feet stationary upon a force plate. 

Testing Protocol: In a single testing session, you will complete the same protocol twice, once 

when wearing the PLAD, and the second time without. The order in which you wear the PLAD 

will be randomly determined prior to testing. The test task requires you to lift a handled-box with 

a load that is 10% your maximum back strength from a target on the floor, to a target on a shelf at 

50% your body height, and then lower the box back to the target on the floor. This will be 

repeated 30 times continuously. The rate at which you will lift will be 10 lifts per minute, and this 

pace will be prompted by a metronome. You will be asked to maintain a stationary position with 
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your feet, and lift naturally. The whole testing protocol including time for instrumentation and 

calibration should take approximately 45 minutes. 

Subjective Feedback: Upon wearing the PLAD you will be asked to complete a brief 

questionnaire regarding comfort and ease of use of the device. This information will be used to 

help improve the PLAD design. 

Risks and Benefits of Participation: 

Research has shown that manual materials handling tasks have higher risks of musculoskeletal 

injuries, especially low back pain. To protect you as much as possible from this risk, we will 

encourage you to quit at any point if you are experiencing more pain or discomfort than you 

would anticipate with this task. If you feel extended soreness or pain after completion of your 

participation, please go to a medical centre for assistance or contact your preferred health care 

professional.   For your information, no one has hurt themselves when wearing the PLAD.  In 

addition, some individuals may have sensitive skin resulting in skin irritation adhesive tapes that 

we may use.  Normally this irritation disappears shortly after the tape is removed.  If it does not 

disappear within a couple of hours, please go to a medical centre for assistance.  

In terms of the benefits of the study, there are no direct personal benefits expected.  However, 

your feedback will contribute to improvements in the PLAD design and possible future use of the 

PLAD in the public sector.     

By signing this consent form, you do not waive your legal rights nor release the investigators 

from their legal and professional responsibilities. 

 

Confidentiality: 

 All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times.  Your identity will not be recorded; rather a code number 

will be assigned to your data.  All data recorded in computer files will be locked and only the 

principal researcher and research assistants will be granted access.  In all cases of publication, 

only summary data are used and this is done in such a way that no individual can be identified.   

Voluntary Nature of the Study: 

As a participant, you are a volunteer who may withdraw from the study at any time without 

coercion or penalty.  You may withdraw after hearing about the details of the study or you may 

also withdraw at any point during the study with no penalty.   

Payment: 

You will receive a stipend of $10.00 for each session in acknowledgement of your time 

and contribution.  It is anticipated that the total testing time will be two (2) hours.  

Contacts: 

If at any time you have further questions, problems or adverse events, you can contact: 

Dr. Joan Stevenson (School of Kinesiology and Health Studies)   (613) 533-6288 
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Dr. Jean Cote (School of Kinesiology and Health Studies)   (613) 533-6601 

If you have any questions regarding your rights as a research participant, you can contact: 

Dr. Albert Clark (Research Ethics Board, Chair)     (613) 533-6081 

 

What Does My Signature Mean? 

I am being asked to sign below.  My signature indicates that: 

 I have read the letter of information 

 I am aware that the purpose of the study is to assess how lifting technique and dynamic spinal 

stability is affected by a personal lifting assistive device (PLAD) 

 I realize I can withdraw at any time without penalty or coercion 

 I can contact any of the people identified in this letter if I have questions, concerns, or 

complaints 

 I realize that my data will be kept confidential.  

 By signing this consent form, I do not waive my legal rights nor release the investigator(s) 

and sponsors from their legal and professional responsibilities. 

 

Participant’s Copy 

(Please sign and keep this Ethics Consent letter for your records).  

 

 

_____________________________________    __________________ 

Signature of Participant       Date 

 

 

 

_____________________________________    ___________________ 

Witness        Date 
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Researcher’s Copy 

Ethics Consent  
 

Personal Lift Assist Device (PLAD) and its effect on lifting technique 

and dynamic spinal stability 

 

This page is for the researchers to verify that you are willing to participate in the above 

study.   By signing this page you are declaring the following: 

 You were given a verbal presentation about the above-mentioned research study 

 You were given an Ethics Consent letter of information to read and keep 

 You are aware that the purpose of the study is to assess how a personal lifting assistive device 

(PLAD) affects lifting technique and dynamic spinal stability based on motion captured 

during a lifting task 

 You realize that you can withdraw at any time without penalty or coercion 

 You know that you can contact any of the people identified in the Ethics Consent letter if you 

have questions, concerns, or complaints   

 You realize that your data will be kept confidential 

 By signing this consent form, you realize that you do not waive your legal rights nor release 

the investigator(s) and sponsors from their legal and professional responsibilities. 

 

 

(Please sign and return this page ONLY to the researchers)  

 

_____________________________________    __________________ 

Print your Name        Date 

 

 

_____________________________________     

Signature of Participant        

 

 

_____________________________________    ___________________ 

Witness        Date 
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Ethics Consent for 

Study 3 

 

 

Evaluation of Subjective and Objective Measures During Manual 

Materials Handling Tasks while Wearing the PLAD 

Dear Participant,        

We would like to invite you to participate in a research study at your place of employment 

where we are testing an on-body ergonomic aid for lifting and static holding tasks. This 

ergonomic aid is called a Personal Lift Assistive Device (PLAD) and is designed to be worn 

during manual materials handling tasks.   

We will read through this consent form with you and describe the procedures in detail. You 

will be given time to read it yourself and are encouraged to ask questions at any time. 

Aims and Purposes of the Study: 

The PLAD is made up of a modified back-pack, a waist belt with pelvic spacers and knee 

pads with a cable and steel springs connecting all three items. The springs are stretched when 

you bend forward and they help you return to standing posture during lifting or counter your 

body weight when leaning forward. The goal of this research is to assess changes in 

perceived pain and discomfort levels and spinal stability while wearing the PLAD during 

normal manual materials handling tasks. We will use your subjective feedback to improve the 

effectiveness and comfort of the PLAD; the findings from the present study will be used at a 

later date to determine if the PLAD is causing any significant pain and discomfort with 

prolonged use and where adjustments need to be made in order to counteract these issues if 

they arise. The objective data will be used to assess how the PLAD alters fatigue-related 

changes in spinal stability over a work shift or day.    

Methodology:  

Personal Information:  For your personal safety, we will exclude you from the study if you 

are currently suffering from low back pain.  After you have been cleared to take part in the 

study, we will record your height (m), weight (kg), and various body dimensions (cm) related 

to the PLAD (i.e., trunk length, hip width, etc).   

Wearing PLAD:  PLAD is worn like a backpack. It will be fitted to you by tightening straps 

around the shoulders, waist and knees. It can be worn over most types of clothing apparel.  

S C H O O L  O F  K I N E S I O L O G Y  A N D  

H E A L T H  S T U D I E S  ( S K H S )  

SKHS Building, 28 Division Street 

Kingston, Ontario, Canada K7L 3N6 

 



164 

 

However, we would like you to wear your normal working attire along with any mandatory 

personal protective equipment that your employer sees necessary. We will help adjust the 

PLAD until it is comfortable and you are willing to proceed with the study.  

Subjective Data Collection: 

Instrumentation: The PLAD and subjective questionnaires. The McGill Pain Survey and 

custom PLAD subjective questionnaires will be used.  

Trial Protocol: In this industry-based study, you will be asked to carry out your normal 

working tasks just as you would on any other day. We will outfit you with the PLAD and ask 

you to perform a few practice trials after connecting the PLAD to orient you with how the 

device works and feels when it is engaged.  

You will be asked to fill out subjective questionnaires dealing with pain and discomfort, 

usability, and acceptability. This will take place during your regularly scheduled work and 

will not interfere with your breaks or your time allotted for lunch.  You will also be debriefed 

at the conclusion of the test shift about your answers to the questionnaires in order to gain 

more insight into what is acceptable / unacceptable about the PLAD.  

Objective Data Collection: 

Instrumentation: Two small inertial motion sensors will be placed on your sacrum and 

thoracic spine. These will record spinal angles during a repetitive trunk flexion-extension 

protocol.  

Trial Protocol: Prior to your work shift you will be instrumented with the motion sensors and 

asked to complete a repetitive trunk flexion-extension protocol. This will involve 30 

repetitive cycles of touching a target located at shoulder height to touching a target located at 

knee height. Motion will occur at a rate of 10 cycles per minute to the beat of a metronome. 

The instrumentation will then be removed and you will carry out your normal working tasks 

just as you would on any other day (with and without the PLAD). After your shift you will 

complete the identical motion task. Each session will take less than 10 minutes of your time.  

Risks and Benefits of Participation: 

To protect you as much as possible from this risk, we encourage you to quit at any point if 

you are experiencing more pain or discomfort than you would anticipate with this task. If you 

have any muscle soreness or pain, please call us and we will assist you in contacting your 
preferred health care professional.  

There are no direct personal benefits from the study.  You will have an opportunity to 

contribute to the improvement of a new on-body personal lift assistive device that may aid 

workers in reducing fatigue and the risk of low back pain. 

By signing this consent form, you do not waive your legal rights nor release the investigators 

from their legal and professional responsibilities. 
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Confidentiality: 

All information obtained during the course of this study is strictly confidential and your 

anonymity will be protected at all times.  Your identity is only recorded at the time of filing 

the consent forms.  You will be assigned a study number that will link your information to 

this file.  All data recorded in computer files will be locked and only the principal researcher 

and research assistants will be granted access.  In all cases of publication, only summary data 

are used so that no individual can be identified.   

We are interested in collecting video and digital photographs for use in future research, 

presentations and publications. If you are willing to have your photograph taken, we will ask 

you to sign the section at the bottom of this form pertaining to this information.   

Voluntary Nature of the Study: 

As a participant, you are a volunteer who may withdraw from the study at any time without 

coercion or penalty.  You may withdraw after hearing about the details of the study.  You 

may also withdraw at any point during the study with no coercion or penalty.  If you choose 

to withdraw, we will ask you if you would like us to remove all of your data from the 

database. 

Contacts: 

If at any time you have further questions, problems or adverse events, you can contact: 

 Dr. Joan Stevenson (School of Kinesiology and Health Studies) (613) 533-6288 

 Dr. Jean Cote (School of Kinesiology and Health Studies)  (613) 533-6601 

If you have any questions regarding your rights as a research participant, you can contact: 

 Dr. Albert Clark (Research Ethics Board, Chair)   (613) 533-6081 

 

What Does My Signature Mean? 

By signing below, I am indicating that: 

 I have read the letter of information 

 I am aware that the purpose of the study is to assess a personal lift assist device (PLAD) 

 I realize I can withdraw at any time without penalty or coercion 

 I can contact any of the people identified in this letter if I have questions, concerns, or 

complaints 

 I realize that my data will be kept confidential and only shown to others in composite 

form.  

 By signing this consent form, I do not waive my legal rights nor release the investigators 

or sponsors from their legal and professional responsibilities. 

 

 

 
_____________________________________    __________________ 

Signature of Participant       Date 
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Statement of Investigator: 

I have carefully explained the nature of the above research study.  I certify that, to the best of my 

knowledge, the participant understands clearly the nature of the study and demands, benefits, and 

risks involved to participants in this study.  

 

____________________________     _________________ 

Signature of Investigator      Date 

  



167 

 

 

 

Evaluation of Subjective and Objective Measures During Manual 

Materials Handling Tasks while Wearing the PLAD 

Investigator's Copy 

By signing below, I am indicating that: 

 I have read the letter of information 

 I am aware that the purpose of the study is to assess a personal lifting assistive device 

(PLAD) 

 I realize I can withdraw at any time without penalty or coercion 

 I can contact any of the people identified in this letter if I have questions, concerns, or 

complaints 

 I realize that my data will be kept confidential and only shown to others in composite 

form.  

 By signing this consent form, I do not waive my legal rights nor release the investigators 

or sponsors from their legal and professional responsibilities. 

 

 

 
_____________________________________    __________________ 

Signature of Participant       Date 

 

 

Statement of Investigator: 

I have carefully explained the nature of the above research study.  I certify that, to the best of my 

knowledge, the participant understands clearly the nature of the study and demands, benefits, and 

risks involved to participants in this study.  

 

____________________________     _________________ 

Signature of Investigator      Date 

 

 

NOTE:   Please tear off this copy and keep the previous pages.   

This page only should be returned to the researchers. 
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Ethics Consent for 

Study 4 

 

Spinal Stability and Lifting 

Dear Participant,  

You are invited to participate in a research study to examine the effects of lifting load and 

speed on quasi-static and dynamic spinal stability, as well as the relationship between 

these two measures. This Ethics Consent letter will present key information so you can 

read about the study and decide whether you wish to become a participant. If you wish to 

participate, you will be asked to sign this letter and leave a copy of the last page with the 

researcher.  

Aims and Purposes of the Study: 

The aims of this research study are: a) to assess the effects of lifting load and speed on 

quasi-static and dynamic spinal stability determined using biomechanical modeling 

techniques, and b) to determine the relationship between these two methods of 

determining spinal stability.  

Study Details: 

Personal Information: For your personal safety, we wish to exclude you from the study 

if you are currently suffering from shoulder, knee or low back pain.  

Getting Ready for Testing: Prior to testing you will be required to complete a short 

orientation session; the purpose of this orientation session is fivefold:  

 

1) To complete the Physical Activity Readiness Questionnaire (PAR-Q). The PAR-

Q helps determine if there is any health risks associated with your participation.  

2) To become familiar with the testing protocol.  

3) To measure your height in order to determine the height of the lifting shelf. 

4) To complete a maximum back strength test to establish the load you will be lifting 

during testing. During this test you will be asked to perform three maximum back 

extensions, with sufficient rest between each exertion. 

5) To determine your preferred lifting speed to establish how fast you will lift during 

testing. 

SCHOOL OF KINESIOLOGY AND  

HEALTH STUDIES 

28 Division Street 

Kingston, Ontario, Canada, K7L 3N6 
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During this session we will also schedule the time and date of your actual testing day. This 

orientation session should take approximately 20 minutes. On your testing day, the only pre-

test preparation we would require is for you to complete a series of stretching exercises for 

the back, shoulder girdle and legs due to the dynamic nature of the lifting task (~5 minutes).  

 

Instrumentation:  

 

a) ARCON Functional Capacity Evaluation System: During your orientation 

session you will be required to perform three maximum back extensions while 

standing in an upright position. The testing apparatus simply involves you 

putting a harness around your back and resting your pelvis on a support. The 

harness is attached to a load cell that measures the force of your back 

extension. You will be asked to perform three maximal exertions with 1 

minute of rest between each trial.  

b) Handled-Box: The load you will lift will be in the form of a handled-box. This 

box is made out of wood and measures 21.5 cm by 21.5 cm by 21.5 cm 

equipped with handles of 1.8 cm diameter. On this box there are two analog 

switches: one on the handle and one on the bottom of the box. These switches 

will be used to indicate the lift cycle. There is a second handled-box that is a 

replica of the wood box, but is of negligible mass and constructed from foam. 

This box will be used for a zero-lift condition.  

c) Trunk angles: We will be using a system called the Polhemus Liberty that 

captures three-dimensional coordinates and rotations of body landmarks and 

markers in space. In order to track the motion of your spine (to determine your 

lumbar spine angle) it will be necessary to attach markers to two body parts of 

interest: your thoracic spine (T12) and your sacrum (S1). These markers will be 

externally attached using a combination of adhesive and tape. 

d) Trunk muscular activity: We will monitor your trunk muscles during 

movement using an electromyographic system called a Bortec EMG system. 

Small electrodes will be attached to your skin with double-sided adhesive tape 

and covered with a bandage over a couple of your back and stomach muscles. 

In order for the sensors to stick, your skin will be cleaned (slightly abraded) 

with rubbing alcohol and a cotton pad. EMG lead wires will be held down 

with athletic tape. Trunk muscular activity is necessary to calculate spinal 

stability.  

 

Testing Protocol: The test task requires you to repetitively lift (30x) a handled-box 

between a target at knee height and a target on a shelf at shoulder height under three load 

(0%, 5%, 10% maximum back strength at preferred lifting speed) and three speed 

(preferred, 0.5*preferred, 1.5*preferred at 5% maximum back strength load) conditions. 

This will result in a total of five trials of 30 lifts. You will be asked to maintain a 

stationary position with your feet, and lift naturally to the beat of a metronome. Prior to 

testing you will also complete several calibration trials to determine your maximum EMG 

and range of motion. The whole testing protocol including time for instrumentation and 

calibration should take approximately 1.5 hours. 
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Benefits of Participation: 

There are no direct personal benefits expected from this research study. However, the 

findings from this study may contribute to improved methods of diagnosing lumbar 

spinal instability. 

Risks of Participation: 

Research has shown that trunk movement tasks can increase the risk of experiencing an 

acute episode of low back pain. To protect you as much as possible from this risk, we 

will encourage you to quit at any point if you are experiencing more pain or discomfort 

than you would anticipate with this task. If you do feel extended soreness or pain, please 

go to a medical centre for assistance or contact your preferred health care professional. 

For your information, we will do everything to ensure you do not experience discomfort 

or pain. 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.  

Confidentiality: 

All information obtained during the course of this study will be strictly confidential and 

your anonymity will be protected at all times. 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 principal 

investigators and research assistants 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 coercion or penalty. You may withdraw after hearing about the details of the 

study and you may also withdraw at any point during the study with no penalty.  

Payment: 

You will receive a stipend of $10.00 per hour as a token of our appreciation for your time 

and contribution. It is anticipated that the total testing time will be two (2) hours. 

Contacts: 

If you are interested in participating in the study, or would like to receive further 

information, you can contact: 
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Ryan Graham, PhD Candidate (School of Kinesiology and Health Studies) 

613-533-6000x79019 

Dr. Joan Stevenson, Supervisor (School of Kinesiology and Health Studies) 

613-533-6081 

Dr. Jean Cote, Department Head (School of Kinesiology and Health Studies)          

613-533-6601 

If you have any questions regarding your rights as a research participant, you can contact: 

Dr. Albert Clark, Chair (Research Ethics Board)   613-533-6081 

 

What Does My Signature Mean?  

 

I am being asked to sign below. My signature indicates that:  

 I have read the letter of information.  

 I am aware that the purpose of the study is to assess how spinal stability is 

affected by lifting loads and speeds, as well as to compare quasi-static and 

dynamic estimates of stability. 

 I realize I can withdraw at any time without penalty or coercion.  

 I can contact any of the people identified in this letter if I have questions, 

concerns, or complaints.  

 I realize that my data will be kept confidential.  

 By signing this consent form, I do not waive my legal rights nor release the 

investigator(s) and sponsors from their legal and professional responsibilities.  

 

Participant’s Copy  

 

(Please sign and keep this Ethics Consent letter for your records).  
 

 

_____________________________________   __________________  

Signature of Participant       Date  

 

 

_____________________________________   ___________________  

Witness         Date    

 

Consent for Photographs:  

By signing below, I am indicating my willingness to be photographed for presentations or 

publications.  I realize my identity will be blocked from view in these images. 

 

_____________________________________   __________________ 

Signature of Participant       Date 
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Researcher’s Copy 

Ethics Consent  

Spinal Stability and Lifting 

By signing this page you are declaring the following: 

 You were given a verbal presentation about the above-mentioned research study. 

 You were given an Ethics Consent letter of information to read and keep. 

 You are aware that the purpose of the study is to assess how spinal stability is 

affected by lifting loads and speeds, as well as to compare quasi-static and dynamic 

estimates of stability. 

 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 

 

Consent for Photographs:  

By signing below, I am indicating my willingness to be photographed for presentations or 

publications.  I realize my identity will be blocked from view in these images. 

 

_____________________________________   __________________ 

Signature of Participant        Date 
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Appendix C 

Lyapunov Exponent Code Validation 

C.1 Validation 

To test the custom Matlab code used for calculating the maximum finite-time Lyapunov 

exponents, it was necessary to use a specific input with a known response. The Lorenz attractor 

(Strogatz, 2000) was used to test the custom code used for: 1) the average mutual information 

(AMI) function (Fraser & Swinney, 1986), 2) the global false nearest neighbours (FNN) analysis 

(Kennel, Brown, & Abarbanel, 1992), 3) the method of delays (Abarbanel, Brown, Sidorowich, & 

Tsimring, 1993), and 4) the calculation of the maximum Lyapunov exponent (Rosenstein, 

Collins, & De Luca, 1993). The Lorenz system is defined by three coupled nonlinear differential 

equations:  

         ,                               (1) 

           ,                  (2) 

        ,                  (3)       

where, σ, ρ, and β are fixed parameters that were set to σ= 16, ρ= 45.92, and β= 4 (Rosenstein, 

Collins, & De Luca, 1993). The previously calculated theoretical value for the Lorenz attractor’s 

maximum Lyapunov exponent (λmax-s) is 1.50 (Rosenstein, Collins, & De Luca, 1993); whereas 

the known time lag calculated using the AMI function is ~ 0.1 seconds, and the required 

embedding dimension determined using the global FNN analysis is three (Abarbanel, Brown, 

Sidorowich, & Tsimring, 1993). The values have also been confirmed by other authors including 

Gates & Dingwell (2009).  

 Using the custom Matlab software, the Lorenz equations were integrated using a fourth 

order Runge-Kutta method (ode45), and the raw data (x(t), y(t), z(t)) were plotted and compared 
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to published data (Figure C.1A). The time delay was calculated to be 0.11 seconds from the x(t) 

data (Figure C.1B), using the first minimum of the AMI function (Figure C.1C). The required 

embedding dimension of three was also reproduced by finding when the number of FNN drops to 

zero (Figure C.1D), and the attractor was reconstructed from x(t) by applying the method of 

delays (Figure C.1E). Lastly, λmax-s was estimated to be 1.5022 using the slope of the average 

logarithmic divergence curve (Figure C.1F). These findings match analytical and empirical 

results found from previous researchers (Abarbanel, Brown, Sidorowich, & Tsimring, 1993; 

Gates & Dingwell, 2009; Rosenstein, Collins, & De Luca, 1993), and thus validate the custom 

code using a specific input with known output values. 
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Figure C.1. Maximum finite-time Lyapunov exponent code validation process. A) Raw Lorenz attractor data with σ= 16, ρ= 45.92, and β= 4. B) 

Raw data for x(t). C) Time lag (s) determined from the average mutual information (AMI) function, and a vertical line at the first minimum. D) 

Percentage of false nearest neighbours versus embedding dimension determined using a global false nearest neighbours (FNN) analysis, and a 

vertical line where the number of false neighbours drops to zero. E) State space created using delay embedding of x(t) (method of delays) with the 

time lag determined in C. F) The average logarithmic divergence curve for all nearest neighbour pairs and the maximum Lyapunov exponent, 

which was calculated as the slope of the linear region. 
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Appendix D 

Lyapunov Exponent Sensitivity Analyses 

D.1 Sensitivity Analyses 

In order to assess how estimates of λmax were affected by: 1) filtering, 2) the number of 

cycles, 3) the number of data points, 4) the state space definition, 5) the applied time lag and 

embedding dimension when using the method of delays, and 6) the linear region on the average 

logarithmic divergence curve used for the slope calculation of λmax; the data from Chapter 4 were 

used. This study assessed how dynamic spinal stability was affected during repetitive lifting by 

altering the load-in-hands (0% vs.10% maximum back strength), with the assumptions that delay 

embedding of 25 lifting cycles (data points= 15000, time delay= 10% of average lift, embedding 

dimension= 5, linear regions= 0-0.5 and 4-10 cycles) could accurately capture the exponential 

divergence of nearest neighbour pairs, and the stability differences between groups. Findings 

from this study indicated that λmax-s was significantly lower (p< 0.001) (more stable) when lifting 

the heavy load, whereas λmax-l was slightly greater when lifting the heavy load, although not 

statistically significant (p= 0.055). In order to run the sensitivity analyses, the data from one 

subject who displayed these trends was chosen. When assessing the sensitivity of λmax it was 

important to ensure that group differences (0% vs. 10%) remained to ensure model robustness.  

 The first assumption made when assessing dynamic spinal stability was that the lumbar 

spine kinematic data could be filtered with a 2
nd

 order low-pass digital Butterworth filter with a 

cutoff frequency of 10Hz. Figure D.1 displays the effect of changing this cutoff frequency on the 

average logarithmic divergence curve, and it can be observed that the curves resulting from the 

different filters overlap very closely under both load conditions. Concordantly, both λmax-s and 

especially λmax-l were very similar across all cutoff frequencies, and group differences persisted 

(Table D.1). Based on these findings, it appears that changing this cutoff frequency does not 

greatly affect the stability outcome result, and that the 10Hz assumption was well warranted. 
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Figure D.1. The effect of Butterworth filter (2
nd

 order) low-pass cutoff frequency (Fc in Hz) on 

the average logarithmic divergence of all nearest neighbour pairs over 60 seconds, calculated 

from lifting data under two load conditions: A) 0% and B) 10% maximum back strength. 

Analyses were completed on the Euclidean norm of the 3-D filtered trunk angles over 25 lifting 

cycles (15000 data points), and the attractor was reconstructed with a time lag of 0.6 seconds and 

an embedding dimension of five.  

A) 

B) 
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Table D.1. The effect of Butterworth (2
nd

 order) filter low-pass cutoff frequency on the short- and 

long-term maximum Lyapunov exponents (λmax-s and λmax-l), calculated from lifting data under two 

load conditions: 0% and 10% maximum back strength. Analyses were completed on the 

Euclidean norm of the 3-D filtered trunk angles over 25 lifting cycles, and the attractor was 

reconstructed with a time lag of 0.6 seconds and an embedding dimension of five. 

  
Lowpass cutoff frequency (Hz) 

  
2 6 10 14 18 22 

λmax-s 0% 0.5307 0.5032 0.4985 0.4948 0.4901 0.4863 

10% 0.3216 0.3107 0.3078 0.3052 0.3034 0.3018 

λmax-l 0% 0.0069 0.0069 0.0069 0.0069 0.0068 0.0068 

10% 0.0119 0.0116 0.0117 0.0117 0.0117 0.0118 

* Linear regions: 0-0.5 cycles (λmax-s), 4-10 cycles (λmax-l) 

* Data points = 15000
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Nevertheless, because there is a relatively large jump in the λmax-s value when decreasing the 

cutoff from 6 to 2 Hz, avoiding such a low cutoff where “real” signal may be affected is likely a 

good idea. Some researchers do not filter their data prior to stability analysis due to difficulties 

associated with filtering nonlinear signals (Bruijn, van Dieen, Meijer, & Beek, 2009b), but based 

on these sensitivity findings choosing a cutoff well above the natural frequency of the dynamics 

will aid in ridding of stochastic noise without removing trial to trial kinematic variability.  

 Researchers have stated that estimates of λmax can be biased by time series length as well 

as the number of lifting cycles (Bruijn, van Dieen, Meijer, & Beek, 2009a), possibly due to the 

attrition of nearest neighbour pairs (England, 2005). Therefore, it was necessary to test whether 

the assumption that 25 cycles consisting of 15000 data points (25 cycles * 600 data points per 

cycle) could accurately quantify λmax-s and λmax-l, and capture group differences in dynamic spinal 

stability. Based on Figure D.2, the average logarithmic divergence curves begin to overlap 

considerably when the number of cycles becomes greater than 23, and the curves from 25-29 

cycles are nearly identical. These findings are mirrored in the λmax-s and λmax-l values that begin to 

stabilize around 23-25 cycles; the group differences are evident with as low as 15 cycles (Table 

D.2). It is well known that the greater the number of cycles, the better λmax estimates one will 

receive; however, due to limiting factors such as subject fatigue that can increase the variability 

of muscular efforts (Ng, Parnianpour, Richardson, & Kippers, 2003), only a finite amount of 

cycles can be realistically collected. Based on these results, it appears that 25 cycles can capture 

the desired outcomes while minimizing fatigue, which is important for researchers collecting such 

data. The number of data points only began to affect the maximum Lyapunov exponents at the 

extreme of 1000 data points (Table D.3). This is consistent with the findings of Rosenstein et al. 

(1993), and indicates that the sampling frequency during data collection needs to be driven by the 

movement kinematics and not the stability model. 
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Figure D.2. The effect of the number of lifting cycles (n) on the average logarithmic divergence 

of all nearest neighbour pairs over 60 seconds, calculated from lifting data under two load 

conditions: A) 0% and B) 10% maximum back strength. Analyses were completed on the 

Euclidean norm of the 3-D filtered trunk angles (10 Hz low-pass cutoff), and the attractor was 

reconstructed with a time lag of 0.6 seconds and an embedding dimension of five. The number of 

data points was equal to 600 * n. 

A) 

B) 
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Table D.2. The effect of the number of lifting cycles on the short- and long-term maximum 

Lyapunov exponents (λmax-s and λmax-l), calculated from lifting data under two load conditions: 0% 

and 10% maximum back strength. Analyses were completed on the Euclidean norm of the 3-D 

filtered trunk angles (10 Hz low-pass cutoff), and the attractor was reconstructed with a time lag 

of 0.6 seconds and an embedding dimension of five. 

  
Cycles (n) 

  
15 17 19 21 23 25 27 29 

λmax-s 0% 0.4548 0.5445 0.5088 0.5070 0.5226 0.4985 0.4850 0.4960 

10% 0.1657 0.2285 0.2439 0.2490 0.2849 0.3078 0.3212 0.3326 

λmax-l 0% 0.0158 0.0129 0.0073 0.0022 0.0051 0.0069 0.0072 0.0065 

10% 0.0280 0.0198 0.0166 0.0123 0.0092 0.0117 0.0118 0.0115 

* Linear regions: 0-0.5 cycles (λmax-s), 4-10 cycles (λmax-l) 

* Data points = 600 * n 

 

Table D.3. The effect of the number of data points on the short- and long-term maximum 

Lyapunov exponents (λmax-s and λmax-l), calculated from lifting data under two load conditions: 0% 

and 10% maximum back strength. Analyses were completed on the Euclidean norm of the 3-D 

filtered trunk angles (10 Hz low-pass cutoff) over 25 cycles, and the attractor was reconstructed 

with a time lag of 0.6 seconds and an embedding dimension of five. 

  
Number of data points (n) 

  
1000 5000 10000 15000 20000 

λmax-s 0% 0.4882 0.4884 0.5021 0.4985 0.4952 

10% 0.2507 0.3115 0.3098 0.3078 0.3055 

λmax-l 0% 0.0067 0.0068 0.0069 0.0069 0.0070 

10% 0.0118 0.0116 0.0115 0.0117 0.0117 

* Linear regions: 0-0.5 cycles (λmax-s), 4-10 cycles (λmax-l) 
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As discussed in the paper by Gates and Dingwell (2009), the state space definition can 

significantly change the estimates of λmax-s and λmax-l when working with experimental data. In 

order to assess how this definition affected the stability results calculated from lifting data, four 

state space definitions were examined. The first three involved delay embedding of the Euclidean 

norm trunk angle, trunk flexion angle, and trunk rotation angle, respectively. The fourth state 

space involved all three trunk angles (θ) and their time derivatives (angular velocities (  )); this 

attractor therefore included some redundant information (Eq. 1): 

                                       .                                       (1) 

The state space definition was found to significantly affect both the average logarithmic 

divergence curve (Figure D.3) and the maximum Lyapunov exponents (Table D.4), although 

group differences remained in all cases. Similar to previous research, the redundant state space 

performed the worst. This was likely due to large amounts of noise in the data as well as a change 

to (or lack of) the linear region on the curve, as λmax-s and λmax-l were still determined using the 

linear regions from 0-0.5 and 4-10 lifting cycles post-perturbation, respectively. The delay 

embedded signal of the trunk rotation angle also performed poorly, which was the result of the 

lifting style being symmetrical in nature, which caused the rotation curves to be very noisy and 

lack “periodicity” across cycles. Lastly, as assumed, the delay embedded Euclidean norm or 

flexion angles (symmetrical lifting) performed the best, providing good linear regions and 

estimates of λmax. These findings indicate that the method of delays may be best used in similar 

cases, and that only 2-D angles are required to get accurate results when tasks are symmetrical.  

 Because using the method of delays appears to be the most applied and most accurate 

way of reconstructing the dynamical state space, it was important to investigate how sensitive the 

maximum Lyapunov exponents were to the time lag and embedding dimension. Based on 

previous literature looking at the average mutual information (AMI) and global false nearest
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Figure D.3. The effect of the state space (SS) definition on the average logarithmic divergence of 

all nearest neighbour pairs over 60 seconds, calculated from lifting data under two load 

conditions: A) 0% and B) 10% maximum back strength. Analyses were performed on delay 

embedded state spaces for the trunk Euclidean norm, flexion, and rotation angles using a time lag 

of 0.6 seconds and an embedding dimension of five; and on a redundant SS consisting of the three 

3-D trunk angles and angular velocities recorded at each time. In all cases, the filtered angles (10 

Hz low-pass cutoff) from 25 lifting cycles (15000 data points) were used.  

A) 

B) 
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Table D.4. The effect of the state space (SS) definition on the short- and long-term maximum 

Lyapunov exponents (λmax-s and λmax-l), calculated from lifting data under two load conditions: 0% 

and 10% maximum back strength. Analyses were performed on delay embedded state spaces for 

the trunk Euclidean norm, flexion, and rotation angles using a time lag of 0.6 seconds and an 

embedding dimension of five; and on a redundant SS consisting of the three 3-D trunk angles and 

angular velocities recorded at each time. In all cases, the filtered angles (10 Hz low-pass cutoff) 

from 25 lifting cycles were used. 

  
State Space Definition 

  
Euclidean Norm Flexion Angle Rotation Angle Redundant SS 

λmax-s 0% 0.4985 0.5016 0.1548 0.0945 

10% 0.3078 0.3111 0.1443 0.0660 

λmax-l 0% 0.0069 0.0069 0.0029 0.0018 

10% 0.0117 0.0117 0.0054 0.0038 

* Linear regions: 0-0.5 cycles (λmax-s), 4-10 cycles (λmax-l)  

* Data points = 15000 
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neighbour’s (FNN) functions, it was determined that a time delay of 0.6 seconds (10% of the 

average lift) and an embedding dimension of 5 were appropriate to reconstruct the lifting 

dynamics, respectively. Choosing a time lag that is too small produces redundance, whereas a 

time lag that is too large produces irrelevance (Rosenstein, Collins, & De Luca, 1994). Therefore, 

researchers recommend using time delays between 10-50% of the cycle orbital mean period 

(Strogatz, 2000), and these values were included in the sensitivity analysis. These redundance and 

irrelevance phenomena can be observed in the reconstructed attractors in Figure D.4, where too 

little of a time lag results in a straight line (redundance) and too large of a time lag results in a 

large square or circle (irrelevance) that does not accurately represent the system dynamics. The 

ideal time lag appears to be around the 0.6 second (60 samples) lag, as the cycles are tightly 

grouped and the top and bottom of each lift are clearly evident on the attractor.  

 These time lag-resulting differences in the reconstructed state space can also be viewed in 

the average logarithmic divergence curves (Figure D.5), where the curves become very noisy as 

redundance or irrelevance occurs. Although many of the lines appear parallel (as expected from 

Rosenstein et al. (1993)), the noise makes a linear curve fit from 0-0.5 and 4-10 cycles difficult, 

and thus subsequently greatly affects the short- and long-term maximum Lyapunov exponents 

(Table D.5). Nevertheless, differences between the 0% and 10% maximum back strength load 

groups persist. From the present sensitivity analyses, it appears that a time lag around 10% of the 

average mean period (cycle time) is ideal for delay embedding; however, the reconstructed 

attractors should be plotted to ensure they look right, and the AMI function can also be used in 

conjunction to make certain that the time lag is appropriate (Fraser & Swinney, 1986).   

 The embedding dimension was also modified from 1-D up to 9-D to test how this change 

affected the outcome variables λmax-s and λmax-l. From Figure D.6 it can be observed that a 1-D 

state space cannot accurately capture the movement dynamics, but a 3-D or greater state space 

produces nearly parallel lines. These findings are similar to those of Rosenstein et al. (1993),
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Figure D.4. The effect of the delay embedding time lag (Td in samples) on the reconstructed attractor (state space), accomplished using the method 

of delays. Analyses were completed on the Euclidean norm of the 3-D filtered trunk angles (10 Hz low-pass cutoff) over 25 lifting cycles (15000 

data points) with no load-in-hands. 
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Figure D.5. The effect of the delay embedding time lag (Td in samples) on the average 

logarithmic divergence of all nearest neighbour pairs over 60 seconds, calculated from lifting data 

under two load conditions: A) 0% and B) 10% maximum back strength. Analyses were 

completed on the Euclidean norm of the 3-D filtered trunk angles (10 Hz low-pass cutoff) over 25 

lifting cycles (15000 data points), and the attractor was reconstructed with an embedding 

dimension of five. 

A) 

B) 
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Table D.5. The effect of the delay embedding time lag on the short- and long-term maximum Lyapunov exponents (λmax-s and λmax-l), calculated 

from lifting data under two load conditions: 0% and 10% maximum back strength. Analyses were completed on the Euclidean norm of the 3-D 

filtered trunk angles (10 Hz low-pass cutoff) over 25 lifting cycles, and the attractor was reconstructed with an embedding dimension of five. 

  
Time lag (samples) 

  
30 60 90 120 150 180 210 240 270 300 

λmax-s 
0% 0.5668 0.4985 0.3228 0.2388 0.1818 0.1987 0.1229 0.0508 0.0685 0.0279 

10% 0.3897 0.3078 0.1797 0.1164 0.0811 0.1058 0.0499 0.0160 0.0068 0.0426 

λmax-l 
0% 0.0075 0.0069 0.0081 0.0099 0.0107 0.0101 0.0102 0.0085 0.0074 0.0051 

10% 0.0102 0.0117 0.0106 0.0102 0.0077 0.0110 0.0096 0.0077 0.0055 0.0046 

* Linear regions: 0-0.5 cycles (λmax-s), 4-10 cycles (λmax-l)  

* Data points = 15000 



190 

 

 

 

Figure D.6. The effect of the delay embedding dimension (d) on the average logarithmic 

divergence of all nearest neighbour pairs over 60 seconds, calculated from lifting data under two 

load conditions: A) 0% and B) 10% maximum back strength. Analyses were completed on the 

Euclidean norm of the 3-D filtered trunk angles (10 Hz low-pass cutoff) over 25 lifting cycles 

(15000 data points), and the attractor was reconstructed with a time lag of 0.6 seconds. 

A) 

B) 
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where satisfactory results (~ ± 5% error) were observed when the embedding dimension was at 

least equal to the topological dimension of the system (d= 3). The 1-D state space cannot capture 

the dynamics because chaotic systems are effectively stochastic when embedded in a phase space 

that is too small to accommodate the true dynamics (Rosenstein, Collins, & De Luca, 1993). 

Although the λmax-s and λmax-l values did change considerably with a change in embedding 

dimension (Table D.6), this was partly due to the fact that these values were calculated using the 

same linear regions for curve fitting in all cases; if these time epochs were altered the slopes 

would have been more similar between the 3-D to 9-D spaces (Rosenstein, Collins, & De Luca, 

1993). Once again, differences between the two load conditions remained even when the linear 

regions were kept constant. These findings support the assumption that an embedding of five was 

sufficient, and that the global FNN analysis is effective in determining a required embedding 

dimension for attractor reconstruction. Five required dimensions were also found by many other 

researchers analyzing kinematic data during dynamic trunk movements and gait (e.g. Bruijn, van 

Dieen, Meijer, & Beek, 2009b; Granata & England, 2006) 

 The last factor that affects the final outcome measure (λmax-s and λmax-l) from the dynamic 

stability analyses is the linear region on the average logarithmic divergence curves chosen for 

curve fitting. Based on previously published data (e.g. Bruijn, van Dieen, Meijer, & Beek, 2009b; 

Granata & England, 2006), and observational analyses of the divergence curves corresponding to 

the lifting data, it was assumed that the two appropriate regions for calculating short and long 

term exponents were 0-0.5 and 4-10 cycles. The results from the sensitivity analysis located in 

Table D.7 indicate that the choice of this time epoch for curve fitting is crucial in determining 

accurate maximum Lyapunov exponents, although one should retain group differences 

irrespective of this region. Therefore, it is recommended that prior to choosing a linear region for 

analysis; researchers should carry out the prior steps, including plotting the divergence curves, 

before choosing a region for analysis. Based on the sensitivity analyses on all of the
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Table D.6. The effect of the delay embedding dimension on the short- and long-term maximum 

Lyapunov exponents (λmax-s and λmax-l), calculated from lifting data under two load conditions: 0% 

and 10% maximum back strength. Analyses were completed on the Euclidean norm of the 3-D 

filtered trunk angles (10 Hz low-pass cutoff) over 25 lifting cycles, and the attractor was 

reconstructed with a time lag of 0.6 seconds. 

  
Embedding dimension (d) 

  
1 3 5 7 9 

λmax-s 0% 0.2721 0.5555 0.4985 0.3603 0.2777 

10% 0.2381 0.3719 0.3078 0.2233 0.1586 

λmax-l 0% 0.0058 0.0076 0.0069 0.0073 0.0075 

10% 0.0061 0.0110 0.0117 0.0090 0.0067 

* Linear regions: 0-0.5 cycles (λmax-s), 4-10 cycles (λmax-l)  

* Data points = 15000 
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Table D.7. Effect of the linear region chosen for curve fitting in order to calculate the maximum 

Lyapunov exponents from lifting data under two load conditions: 0% and 10% maximum back 

strength. The short-term maximum Lyapunov exponent (λmax-s) was calculated as the slope of the 

average logarithmic divergence curve from 0 to n, whereas the long-term maximum Lyapunov 

exponent (λmax-l) was calculated as the slope from 4 to n. Analyses were completed on the 

Euclidean norm of the 3-D filtered trunk angles (10 Hz low-pass cutoff) over 25 cycles, and the 

attractor was reconstructed with a time lag of 0.6 seconds and an embedding dimension of five. 

   n 0% 10% 

λmax-s 

0.1 0.6689 0.4493 

0.2 0.5904 0.3515 

0.3 0.5596 0.3269 

0.4 0.5324 0.3195 

0.5 0.4985 0.3078 

0.6 0.4520 0.2869 

0.7 0.4002 0.2584 

0.8 0.3546 0.2299 

0.9 0.3175 0.2033 

1 0.2877 0.1796 

1.5 0.1837 0.1031 

2 0.1206 0.0693 

λmax-l 

5 0.0127 -0.0017 

6 -0.0092 -0.0143 

7 -0.0022 -0.0212 

8 -0.0003 -0.0015 

9 0.0057 0.0079 

10 0.0069 0.0117 

* Data points = 15000 

  



194 

 

aforementioned factors, changes to many of these can change the location of the linear region 

and, therefore, its choice should be the last step in the process of determining stability using 

Lyapunov exponents.  
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