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WELCOME 
 
On behalf of the Organising Committee, it gives me great pleasure to welcome you to the 7th 
Australasian Biomechanics Conference (ABC7), hosted by the School of Physiotherapy and Exercise 
Science, Griffith University, Gold Coast campus. The main aim of the conference is to provide a 
regional forum in which researchers working in the broad field of Biomechanics can meet to present 
and discuss their scientific ideas and findings. This year, we are confident that we have an excellent 
scientific program and are confident that ABC& will live up to the high standard of previous ABC 
conferences. 
 
ABC7 will consist of a combination invited and free of podium and poster presentations, and an 
invited panel discussion of where biomechanics may be in 20 years time. Abstracts accepted for free 
podium and poster presentation following peer review by the ABC7 Scientific Committee appear in 
the conference proceedings. Over 60 abstracts, from a total of more than 180 co-authors were finally 
accepted spanning the topics of tissue mechanics, gait, biomechanics of sport and exercise, ergonomics 
and biomechanical modelling. It was particularly encouraging to see that a large number of abstracts 
were submitted by students, and we hope that they, and other presenters, will benefit from the 
opportunity to receive constructive feedback from their colleagues. Following completion of the 
conference, conference abstracts will be made available via the conference website located at:  
 
http://www.griffith.edu.au/conference/australasian-biomechanics-conference-2009. 
 
On behalf of the Organising Committee, I wish you all the best for the conference and thank you for 
your participation. 
 
Dr Peter Mills 
Chair, Organising Committee 
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KEYNOTE ADDRESS: FORCE ENHANCEMENT/FORCE DEPRESSION AND MECHANISMS OF 
CONTRACTION IN SKELETAL MUSCLES 

 
Walter Herzog 

 

Faculty of Kinesiology, The University of Calgary, Canada 
email: walter@kin.ucalgary.ca 

 
INTRODUCTION 
It has been known for a long time that the isometric steady 
state forces following muscle stretching are greater and 
following muscle shortening are smalller than the 
corresponding purely isometric forces[1]. These properties 
of skeletal muscle contraction have become known as 
residual force enhancement and residual force depression, 
respectively [2]. 
 
Interestingly, force enhancment/depression proerties are 
not accounted for in the most accepted paradigm of muscle 
contraction: the sliding filament [3;4] and the cross-bridge 
theory [5;6] Rather, force enhancement/depression have 
been explained with the sarcomere length non-uniformity 
theory [7] which asssumes that sarcomeres are unstable on 
the descending limb of the force-length relationship and 
thus develop great non-uniformities in lengths that can 
explain these properties. 
 
In recent years, evidence has been accumulated that 
strongly suggests that the sarcomere length non-uniformity 
theory cannot explain force enhancement/depression, and 
that this property must be associated in some way with the 
production of extra force (force enhancement), or the loss 
of force in the actin-myosin based cross-bridges (force 
depression). 
 
The purpose of our work over the past ten years was to 
identify the mechanisms of force enhancement/depression 
and to determine the molecular origins of these properties 
of skeletal muscle contraction. 
 
METHODS 
We evaluated force enhancement/depression on all 
structural levels of skeletal muscle including in vivo 
human skeletal muscles activated voluntarily and 
electrically, isolated muscles, isolated fascicles and fibres, 
single myofibrils and mechanically isolated sarcomeres as 
well as single cross-bridges using a laser trap approach. 
Here, I will primarily focus on the single myofibril and 
isolated sarcomere preparations as these preparations 
reveal the most convincing evidence for how force 
enhancement/depression might work. 
 
Myofibrils are isolated from rabbit psoas muscles through 
a series of chemical steps followed by mechanical 
isolation. A myofibril with a good striation pattern is then 
identified in the mechanical chamber that is set up on top 
of an inverted microscope and its ends are attached to a 
motor (for length changes) and to a silicon nitride lever for 
nano Newton force measurements [8]. Sarcomere lengths 
and myofibril forces are then continuously measured while 
the preparations are stretched or shortened and the 
isometric forces following the dynamic contractions are 
compared to the corresponding purely isometric reference 
forces. 

RESULTS AND DISCUSSION 
The sarcomere length non uniformity theory predicts that 
force enhancement is not possible on the ascending limb of 
the force-length relationship and that the enhanced forces 
following muscle stretching cannot exceed the isometric 
plateau forces. Both these predictions were rejected by our 
work (and that of others) on single fibre and muscle 
preparations (not shown) One of the defining moments in 
this work occurred when we discovered that force 
enhancement was associated with a passive component 
contribution, which we called the “passive” force 
enhancement. [9](Fig 1).  

 
Figure 1: Force-time traces of an isometric (flat trace), 
passive stretch (bottom trace) and active stretch (top trace) 
contraction of cat soleus. Note that the passive force 
following deactivation (at about 9s) remains higher 
following active stretching (passive force enhancement) 
than the passive forces for the isometric and passive 
stretch contractions, despite the fact that muscle length is 
the same for all conditions. 
 
This passive force enhancement was first discovered in 
isolated muscle preparations followed by voluntarily 
activated human muscles, single fibres, isolated myofibrils 
and mechanically isolated sarcomeres. These results 
suggested that the passive force enhancement is associated 
with properties inherent in the sarcomere. 
 
When investigating the origin of this passive force 
enhancement more closely in isolated myofibrils, we 
discovered that force enhancement and the passive force 
enhancement were crucially dependent on the presence of 
the molecular spring titin. Eliminating titin from 
myofibrils abolished all force enhancement and abolished 
most of the passive forces illustrating the crucial role of 
titin in this preparation. When testing titin in high and low 
calcium activation solutions, it became apparent that titin 
becomes stiffer with increasing concentrations of calcium 
(Fig 2), and it was discovered that titin binds calcium and 
thereby changes its mechanical properties [10]. 
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crossbridge stiffness and isometric force amongst the 
studies. The analysis revealed that crossbridge strain was 
constant across all the studies, that all the variation in force 
could be accounted for by variation in the fraction of 
crossbridges attached and that the fraction attached ranged 
between about 20 and 40%. For the analysis in the 
following section, which is based on experimentally 
determined rates of ATP splitting, it was assumed that 
36% of crossbridges were attached in the isometric state; 
this value was appropriate for the isometric force and 
ensemble crossbridge stiffness in the studies from which 
the ATP splitting data were obtained.  

 
Figure 2: The relationship between ensemble crossbridge 
stiffness and fraction of crossbridges attached in different 
studies. 
 
CROSSBRIDGE WORKING STROKE AND 
EFFICIENCY 
As illustrated in Fig. 1, after an abrupt decrease in muscle 
fibre length there is a rapid force recovery. The maximum 
crossbridge displacement over which force will redevelop 
is ~11 nm, indicating that this is the amount of filament 
sliding that a single crossbridge can generate during one 
attachment. If it is known how many crossbridges are 
attached in an isometric contraction(see previous section), 
how the number attached depends on shortening velocity 
(Fig. 1) and how long a crossbridge remains attached in 
each cycle, then the amount of filament movement that 
occurs while a crossbridge is attached (i.e. the working 
stroke) can be calculated. The time for which crossbridges 
are attached can be calculated from the rate of ATP 
splitting, which provides the complete crossbridge cycle 
time including both attached and detached phases, and the 
proportion of crossbridges attached (equal to the 
crossbridge duty cycle, time attached/total cycle time). 
Rates of ATP splitting by crossbridges during shortening 
can be determined from the rate of crossbridge-dependent 
enthalpy output. 

 
Crossbridge working stroke (solid line, Fig. 3) increases 
monotonically with shortening velocity: working stroke is, 
by definition, zero in an isometric contraction (no filament 
sliding), increases to ~12 nm at 0.25Vmax and 14 nm at 
0.5Vmax. For velocities less than 0.15Vmax (vertical line in 
Fig. 3) the working stroke is less than 11 nm, the distance 
over which a crossbridge can exert positive force. At these 
low velocities, crossbridges detach before completing their 
maximum working stroke. At velocities >0.15Vmax, the 
working stroke is greater than 11 nm which indicates that 
crossbridges must remain attached beyond the filament 
displacement at which they can generate force. In this case, 

crossbridges must stay attached after completing their 
power-generating stroke and, as the thin filament is pulled 
by crossbridges at earlier stages of their attachment cycle, 
generate forces that oppose filament movement. These 
crossbridges thus contribute to the declines in force and 
average crossbridge strain as shortening velocity increases 
(Fig. 1).  

 
Figure 3: Velocity dependences of crossbridge working 
stroke (solid line) and efficiency (dashed line). 
 
Crossbridge efficiency is also shown in Fig. 3 (dashed 
line). In this case, efficiency is the proportion of the free 
energy from splitting ATP that is converted into 
mechanical work. The efficiency is zero both when 
velocity is zero (i.e. in isometric contraction) and when 
force is zero (i.e. when shortening at Vmax) and has a 
maximum value of 0.4 at a shortening velocity of 0.17Vmax. 
It is notable that the velocity at which at which efficiency 
is maximal corresponds closely to that at which the 
working stroke is equal to the maximum filament 
displacement over which crossbridges can produce 
positive force. 
 
SUMMARY 
The analyses presented here are based on both mechanical 
experiments, designed to probe basic aspects of the 
crossbridge cycle, and energetic measurements, which 
provide information about crossbridge turnover rate. From 
these data, it has been shown that the changes in muscle 
force output during lengthening and during low velocity 
shortening largely result from changes in the number of 
simultaneously attached crossbridges. Further decreases in 
force with increased shortening velocity above 50% Vmax 
are largely due to decreases in average strain, perhaps 
reflecting crossbridges remaining attached after 
completion of their power-delivering stroke. Peak 
crossbridge efficiency occurs at the shortening velocity at 
which crossbridges remain attached for just long enough to 
complete a full power delivering stroke before detaching.  
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MOTONEURONE FIRING BEHAVIOUR AND REFLEX EXCITABILITY DURING THE PERFORMANCE 
OFCONTROLLED ISOMETRIC CONTRACTIONS AND OTHER MORE FUNCTIONAL MOTOR TASKS 

 
Andrew G. Cresswell 

 
School of Human Movement Studies, The University of Queensland, Brisbane, Australia 

email: a.cresswell@uq.edu.au 
 

INTRODUCTION 
For biomechanists interested in strength and performance, 
the force producing capacity of a muscle is often of 
interest. Increasing the cross-sectional area of a muscle 
will significantly increase force production, however the 
moment arm of the muscle also plays a significant role in 
what torque or strength can be produced about a joint. Of 
course strength is also dependent upon the state of the 
muscle, including its length, temperature and energy 
reserves, as well as the level of neural drive activating the 
motoneurone pool of the muscle.  
 
Generally speaking we consider the central nervous system 
as having two strategies to increase force production. 
Already firing motor units can be activated at higher rates 
and additional motor units can be recruited. These two 
processes work together until theoretically all motor units 
to a given muscle are recruited, and all motor units are 
firing at their optimal frequency for the required force 
production [1]. However, maximal voluntary contractions 
are often found not to be truly maximal, that is suboptimal, 
as short duration superimposed electrical stimulation to the 
activated muscle results in additional tension being 
developed [2].  
 
Many factors can be responsible for neural drive being 
reduced or less than optimal for the required task. For 
example, drive from the motor cortex may be sub-optimal 
and/or spinal motoneurones may not be activated or firing 
at their best possible rates [3]. These situations may be 
controlled via intrinsic motoneurone properties and/or via 
neural pathways driven via sensory or descending inputs. 
 
We have performed many experiments over recent years to 
elucidate the firing behaviour of motor units during 
controlled contractions. We have also investigated 
motoneurone responsiveness and afferent pathway 
transmission during various types of contractions and 
tasks, in order to gain a greater understanding of the neural 
control of human movement. 
 
METHODS 
Intra-muscular electromyography (EMG) and torque 
production have been used together to investigate motor 
unit recruitment and firing properties, typically while 
performing isometric ramp contractions at different muscle 
lengths and at different rates of force production. 
Sustained submaximal contractions have also been used to 
investigate how motoneurone firing properties vary with 
fatigue.  
 
Peripheral nerve stimulation at varying current intensities 
has been used to assess the efficacy of synaptic 
transmission, including pre-synaptic inhibition, at the Ia-
afferent terminal during controlled isometric contractions. 
These techniques have also been employed during more  
 

 
functional motor tasks, such as quiet standing, where 
postural sway is a component. The brief electrical 
stimulations evoke discernible reflex responses in the 
surface EMG of the investigated muscle, which can be 
subsequently measured and compared across test 
situations. In some cases, magnetic stimulation of the 
motor cortex and/or descending corticospinal pathways has 
been used to isolate the origin of specific central nervous 
system changes. Similar to the aforementioned peripheral 
electrical stimulations, changes in the amplitude of the 
magnetic evoked responses in the surface EMG can be 
used to assess independent changes in cortical and spinal 
motoneurone excitability. 
 
RESULTS AND DISCUSSION 
The results presented will show patterns of recruitment and 
rate coding for the postural soleus muscle during isometric 
contractions to maximum strength capacity. The observed 
recruitment and firing behaviour for this muscle does not 
appear to be like the “onion skin” behaviour described for 
upper-limb muscles by other authors [4], but rather suits 
the resumed mechanical properties of progressively 
recruited motor units.  
 
The firing behaviour of the same soleus motor units will be 
revealed for submaximal contractions that are sustained for 
long periods of time. Here we will see that while neural 
drive to the motoneurone pool is progressively increased, 
firing rates remain stable at lower than maximal levels. 
 
The importance of neural networks on motor output will 
also be shown through evidence of changing levels of 
presynaptic inhibition in the soleus muscle when 
performing isometric ramp contractions and during 
different phases of postural sway when standing quietly. 
 
CONCLUSIONS 
Taken together, the presented results confirm that neural 
control of motor output is complex and highly specific to 
the muscle and type of action performed. A case for 
further investigations on the importance of intrinsic 
motoneurone properties on motor behaviour will be made. 
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CYCLING BIOMECHANICS: JOINT-SPECIFIC POWERS AND AERODYNAMIC DRAG 
 

Nicholas Brown 
 

Biomechanics and Performance Analysis; Australian Institute of Sport 
email: Nick.Brown@ausport.gov.au 

 
INTRODUCTION 
Cycling speed, for a particular wind condition and 
gradient, is largely determined by the power the cyclist can 
produce and the aerodynamic drag the cyclist epxeriences. 
Cycling power is routinely measured in high-performance 
sport at the bicycle’s crank or rear wheel. Crank power is 
produced by muscular powers developed at the ankle, knee 
and hip joints, and via power transferred across the hip 
joint. It is known that cycling power decreases 
substantially during maximal cycling trials [1], but 
contributions from joint-specific powers is only beginning 
to be explored. Joint-specific power for maximal bouts of 
cycling will be examined to provide insight into several 
aspects of fatigue, neuromuscular control [2] and pacing 
strategies. After cycling power, aerodynamic drag, usually 
reported as the Coefficient of drag Area (CdA) strongly 
influences cycling speed. The combined rider and bicycle 
CdA can be predicted in the field [3] or accurately 
measured in wind tunnels. While reductions in CdA can be 
found for most cyclists, the mechanisms that underlie these 
improvements are not well understood. Some potential 
mechanisms that influence cycling aerodynamics will also 
be explored in this paper. 
 
METHODS 
Joint-specific power: In these studies, elite cyclists 
performed maximal cycling bouts for between 30 seconds 
and 4 minutes on either an isokinetic cycle ergometer or 
high inertial load ergometer. Pedal forces and limb 
kinematics were recorded for each. Ankle, knee and hip 
joint powers, and the power transferred acros the hip joint 
were calculated throughout.  
 
Aerodynamic Drag: The drag (N) and CdA (m2) of elite 
cyclists were obtained in the Monash University Wind 
tunnel (Melbourne, Australia) for a range of riding 
conditions including road time trial, track pursuit riding 
and track sprint riding. Bicycles were mounted on a 
custom-built air-bearing rig to de-couple the forces from 
body motion from the force balance on which the testing 
rig and bicycle were mounted. Front and side images of 
body position were recorded throughout testing. Test wind 
speeds where set between 40 and 60 km/hr to reflect 
typical riding speeds during competition. CdA was 
calculated for a systematically tested range of head 
positions, elbow widths and handle bar heights. 
 
RESULTS AND DISCUSSION 
Joint-specific power: During maximal cycling, hip joint 
power was found to contribute most to crank power which 
contrasts sub-maximal cycling where the knee power has 
been noted to be the major contributor [4]. During 30 
seconds of maximal isokinetic cycling, ankle extension 
power decreased significantly more (~63%, p=0.010) than 
knee and hip extension power (Table 1) relative to initial 
power. Relative knee extension power was also 
significantly less than relative hip extension power during 
the final three-second interval. These changes in power  

were accompanied by a decrease in time spent extending 
by each joint (i.e., decreased duty cycle). Because the 
ankle fatigued more then the hip and knee joints, either 
peripheral muscle fatigue or changes in motor control 
strategies were identified as the potential mechanisms for 
fatigue during a maximal 30-second cycling trial. Further, 
because joint powers are dependent on joint angular 
velocities, factors such as riding position and the 
arrangement of the pedal-shoe interface could influence a 
cyclist’s resistance to fatigue under maximal conditions. 

 

 
 

Figure 1: Mean pedal (crank), muscular, and joint specific 
powers vs. crank angle during maximal cycling for all 
participants during the initial non-fatigued three seconds of 
pedalling. Pedal power was greater than muscular power 
during extension and less than muscular power during 
flexion because limb weight and inertial forces [5] 
combine to provide additional power during extension and 
consume power during flexion.  
 
Table 1: Mean muscular, ankle, knee, and hip joint powers 
(watts) during the initial, middle and final 3-scond periods 
of 30 seconds of maximal cycling. 

 
Aerodynamic Drag: Compared to each rider’s baseline 
riding position, adjustments in head and elbow positions, 
and in handle bar height lead to improvements of up to 
15% in CdA (n = 17 elite riders). The factors that led to the 
greatest reduction in CdA varied across cyclists – for some 
riders, a narrow elbow position resulted in lower drag 
forces, while wider elbow positions showed the strongest 
effect in others. These differences can likely be attributed 
to each athlete’s different body shape, and trunk and joint 
flexibility. Frontal surface area (FSA, Fig 2) is generally 
considered to be the major determinant of CdA, but FSA 
did not strongly influence aerodynamic drag in this work. 
Head height however did affect CdA (r2 = 0.63, Fig 3) 

 Total  Ankle Knee Hip 
Initial 540 ± 31 141 ± 16 217 ± 24 425 ± 32 
Mid 344 ± 18  73 ± 12 145 ± 19 295 ± 25 
Final 224 ± 13 52 ± 8  89 ± 17 230 ± 16 
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suggesting that rather than simply changing FSA, head 
position principally affects wind flow.  
 

 
Figure 2: Frontal surface area calculated form video 
images taken during aerodynamic testing was found to 
only moderately influence CdA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: The cyclist’s head height, which was related to 
body position and handle bar-height, explained 63% of the 
variance in CdA for 13 elite female riders.  
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BONE IS TOUGH: BUT IS IT TONKA TOUGH? 
SKELETAL FRAGILITY FROM BONE MASS TO BONE QUALITY 

 
Mark R. Forwood 
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email: m.forwood@griffith.edu.au  
 
INTRODUCTION 
Our bones are full of microscopic cracks, but the 
hierarchical character of skeletal structures, from 
molecular to macroscopic scales, makes them remarkably 
resistant to fracture. The traditional view of bone fragility 
has focussed on the quantity of bone, or bone mass, 
assessed clinically as bone mineral density (BMD). But it 
is known that there is roughly a 10-fold increase in fracture 
risk with ageing, independent of BMD (Hui et al 1988), 
and that about 50% of individuals who sustain osteoporotic 
fracture have a BMD above the WHO criteria for 
osteoporosis (Sornay Rendu et al 2005). This has led a 
paradigm shift in the field to understand aspects of bone 
properties, other than mass, that contribute to fragility. 
These aspects have been termed bone quality, to 
distinguish them from BMD, but are not as straightforward 
to understand or quantify. 
 
The characteristic of a material that makes it resistant to 
initiation, or propagation, of cracks is termed toughness. 
Toughness is generally understood as the amount of 
energy required to cause failure (or work to fracture), and 
typically assessed from the area under a stress-strain curve. 
But in mechanical engineering, toughness is more 
precisely evaluated using a fracture mechanics approach in 
which specific tests are employed to evaluate the stresses 
required to initiate microcracking (initiation toughness), 
and those required for their propagation (propagation 
toughness). Such tests have been used to understand 
numerous toughening mechanisms inherent in the 
hierarchical microstructure of bone tissue. At the 
macroscopic level, it is understood that bone mineral gives 
rise to the elastic behaviour of bone, and the collagenous 
matrix contributes to bone’s post-yield, or plastic, 
behaviour.  
 
Deformation of mineralised collagen fibrils toughens bone 
tissue by forming plastic zones around crack-like defects. 
Those zones protect the integrity of the whole structure by 
allowing energy to dissipate in a localised area of bone. 
With aging and in diabetes, cross-links accumulate in bone 
collagen as a result of non-enzymatic glycation and 
consequently impair matrix properties, and reduce 
toughness (Tang et al., 2007). These alterations occur 
because the ability of collagen to resist crack growth or 
propagation is diminished. Gamma irradiation is 
commonly used to sterilise bone allografts, with 25 kGy 
accepted as the Australian standard dose. It is known that 
gamma irradiation influences collagen cross-linking due to 
the action of free radicals produced during irradiation. But 
there are no data to demonstrate that generation of free 
radicals during sterilisation influences their production at 
standard doses used for sterilisation. Radiation causes 
dose-related degradation in mechanical properties of 
allograft bone, but it is not known exactly which 
components of the bone microstructure are affected. We 
investigated the mechanical properties of bone allografts 

irradiated at 25, 20, 15, 10, and 5 kGy and determined the 
content of pyridinoline (PYD), deoxypyridinoline (DPD), 
pentosidine (PEN), as well as collagen degradation 
products in the bone samples. 
 
METHODS 
Sixteen femoral shafts from eight human donors were 
sectioned into six cortical bone beams (40x4x2mm) and 
irradiated at 0, 5, 10, 15, 20, and 25 kGy for three-point 
bending tests. Samples of 0.3g of bone samples were 
hydrolysed for determination of PYD, DPD and PEN by 
HPLC; and collagen degradation products in the bone 
samples was assessed using chymotrypsin digestion. 
 
RESULTS AND DISCUSSION 
Irradiation up to 25 kGy did not affect the elastic 
properties, ultimate stress, of cortical bone in 3-point 
bending, but the toughness, or resistance to crack growth, 
showed a significant dose-response decline from 87% to 
74% (p < 0.05) compared with controls at doses from 15 to 
25 kGy (Fig 1).  

 
Figure 1: Mechanical properties of bone allograft 
subjected to gamma irradiation.  
 
Neither the contents of enzymatic cross-links such as 
pyridinoline (PYR) and deoxypyridinoline (DPD), nor 
non-enzymatic glycation, such as pentosidine (PEN) 
changed in cortical bone as a function of gamma doses up 
to 25 kGy. However, using protease digestion, there was 
dose-dependent increase in percentage of degraded 
collagen/total collagen as gamma dose increased. This 
increase in denatured collagen was negatively correlated to 
the decreases in toughness, and also osteoclast formation 
(Fig 2). 

 
Figure 2: The correlation between denatured collagen, 
toughness and osteoclast formation with gamma radiation 
dose (r= 0.84, -0.79 and -0.44; p<0.001, respectively).  
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The correlation between denatured collagen content and 
toughness modulus was r = -0.34 (p=0.01). This suggests 
that decreases in mechanical and biological properties due 
to irradiation at the standard dose of 25 kGy are caused by 
alterations in the collagen triple helix due to free radicals, 
rather than in the enzymatic or non-enzymatic cross-links. 
 
The interest in bone quality parameters that influence bone 
fragility has also become a source of debate for 
osteoporosis treatments such as the bisphosphonates. This 
class of drug increases bone mass by reducing the rate of 
turnover. We hypothesised that high levels of suppression 
of remodelling by such drugs would reduce the rate of 
repair of tissue microdamage, allowing it to accumulate. 
We in fact showed this to be the case (Mashiba et al., 
2000). Our original explanation suggested that the slight 
increase in mineralisation and increase in microdamage, 
reduced the toughness of bone; but that this slight decrease 
in material property was buffered by the greater bone 
mass. More recent evidence suggests that the decrease in 
toughness is more complex. By reducing turnover, 
bisphosphonates result in significant changes to three key 
material properties of bone, increasing the mean degree 
and homogeneity of mineralization, the accumulation of 
microdamage, and the degree of collagen cross-linking. 
Each of these changes in the bone material has a 
significant effect on material-level biomechanical 
properties, independent of changes in bone mass, although 
their specific individual contribution is difficult to assess 
experimentally.  
 
By all accounts, it appears that changes to mineralization 
and collagen cross-linking, which tend to increase 
material-level strength and stiffness, are offset by the 
increased microdamage (which tends to lower both). This 
results in minimal change to material-level strength 
(ultimate stress) and stiffness (modulus). Conversely, 
changes to all three parameters, mineralization, 
microdamage, and cross-linking, likely contribute to 
reducing energy absorption capacity at the material level 
(toughness). 
 

In summary, bone is organised as a hierarchical structure 
in which elements of its microstructure contribute to 
mechanical properties from the nano-scale to its 
macroscopic structure at organ level. Structural-level 
biomechanical properties are determined by a combination 
of factors including bone mass, geometry/architecture, and 
the biomechanical properties of the bone tissue (material 
properties). Material-level biomechanical properties are 
determined by factors such as mineralization (both degree 
and heterogeneity), the level of microdamage 
accumulation, and the organic matrix (e.g., collagen cross-
linking). 
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INTRODUCTION 
The recent success of percutaneous vertebroplasty (PVP) 
in the treatment of osteoporotic vertebral compression 
fractures (VCFs) has highlighted the possibility of using 
this technique in other pathologies, mainly metastatic bone 
disease, multiple myeloma (MM) and trauma including its 
use in selected burst fractures [1]. Experimental research, 
particularly cadaveric investigations, has had a significant 
impact on the evolution of PVP for use in osteoporotic 
VCFs [2]. No similar quantity of research exists for either 
traumatic fractures or those skeletal related events arising 
from metastatic vertebral bodies (VB). However, as with 
osteoporosis, the utilisation of PVP for the treatment of 
these additional pathologies may be undermined by 
potentially serious complications. These challenges 
include cement leakage and accelerated adjacent vertebral 
fracture [3]. Further risks occur because of the high intra-
vertebral pressures observed in metastatic vertebrae, which 
may lead to a burst-type fracture [4]. This complication 
may be mitigated by the removal of a portion of the lesion 
material prior to cement injection. In axial skeletal trauma, 
which occurs in both the young and, increasingly, the 
elderly, similar considerations apply with anterior support 
and acceptable fusion being of primary biomechanical 
concern. 
 
The presentation outlines some of the recent work 
undertaken by the author and his colleagues that 
investigates the effects these different pathologies have on 
the mechanical characteristics of vertebrae. Results will be 
presented on the mechanics of augmentation in each case. 
The idea of pathology specific cements and delivery 
systems will be highlighted as a way of optimising these 
procedures.  
 
METHODS 
Human cadaveric spinal spines were obtained from a tissue 
bank with appropriate ethics committee approval. 
Specimens were prepared by removal of excess tissue and 
disarticulated to produce either single vertebrae or 
segments comprising 3 vertebrae. Ligamentous tissue, 
facet structures, disc and posterior elements were 
preserved where appropriate. In investigations of PVP for 
osteoporotic and metastatic VCFs a within-subject design 
was used in which the post augmentation values were 
compared to the initial pre-augmentation ones. Within the 
simulated prophylactic procedures and interventions for 
axial trauma no initial failure load data were available and 
cross group comparisons of post-augmentation 
characteristics were used. Investigations within a 
metastatic context included lesion removal using Coblation 
(Arthrocare Inc). Burst fractures were generated using a 
previously described method [5]. Within the trauma 
investigations two major comparisons were utilised: a) 
calcium phosphate against PMMA cements for burst 
fracture augmentation investigated using static conditions 
and b) traditional anterior instrumentation compared to 

PVP interventions, both with posterior instrumentation, 
under dynamic loading. Prior to and during testing all  
specimens underwent either CT or microCT scanning. 
Details of these experimental protocols can be found in 
Furtado et al [6] and Oakland et al [7].  
 
RESULTS AND DISCUSSION 
The trabecular morphology for the three pathologies 
causing insufficiency fractures are given in Figure 1. 

 
Figure 1: Different morphologies that cause bone 
degradation which leads ultimately to a VCF; osteoporosis 
(top), MM (left) and bladder metastases (right). 
 
It is clear that in each case structural weakening of the 
vertebral body is achieved by a different route. In classic 
osteoporosis, there is, to a first approximation, a 
generalised bone loss causing a weakening of the bone 
throughout the VB. In contrast, in bladder metastases there 
are one or two lesions, which are largely devoid of bone 
that can be approximated to a geometric defect in the 
vertebral structure. Here, bone only a small distance from 
lesion appeared to have relatively normal BMD. Bone 
from MM appeared to be a combination of these two more 
extreme cases with a generalised bone loss together with 
multiple lesions. It is clear from Figure 1, together with 
similar images showing differences in the integrity of the 
vertebral shell, that different cement properties and 
delivery systems are required if the procedure is to be 
optimised for each of the pathologies. For instance, the 
osteoporotic VB requires generalised support from the 
augmentation process whereas the metastatic bone needs 
only void filling, provided the tumour spread can be halted 
and no further bone degradation occurs. Myelomic bone 
disease, which shows significant late stage bone 
deterioration and compromise of the vertebral wall 
provides a particularly challenging environment in which 
delivery of the cement must mitigate against leakage as 
well as enhancing strength. Preliminary results using static 
biomechanical assessment of single vertebrae from 
osteoporotic, metastatic and myelomic spines 
demonstrated significant differences in terms of failure 
load (ANOVA, F=18, P<0.001) (Fig 2). 
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Figure 2: Initial failure load of vertebrae from three 
different pathologies: bladder metastases, MM and 
osteoporosis. 
 
There was no significant difference in the strength 
improvements between cohorts following vertebroplasty 
(ANOVA, F=0.17, P=0.84) in which essentially the same 
technologies were used to augment the vertebrae following 
fracture regardless of pathology. Such an increase, in most 
cases, is greater than one body weight for osteoporotic 
specimens, and therefore may provide adequate structural 
augmentation. However, in MM, where life expectancy is 
increasing rapidly due to new treatments, this may not 
provide adequate improvements in strength to prevent re-
fracture, and additional technologies or techniques are 
required. Coblation for tumour debulking had only a 
marginal effect on the final biomechanical outcome. 
 
A natural progression of this intervention may be to 
undertake the procedure prophylactically. Here the 
diagnostic tools would have to be sufficiently robust to 
allow identification of those VB at risk of fracture, but 
hypothetically there are a number of reasons why this 
procedure might be advantageous including the retention 
of normal spinal profile and reduced risk of leakage [8]. 
Research on cadaveric specimens indicated that similar 
improvements were ascertained post-PVP in prophylactic 
VB failure load to that observed in traditional scenarios. 
Interestingly, the prophylactically augmented VBs did not 
show the reduced stiffness observed in more conventional 
simulations. Where this type of preventative intervention 
may be of use in the near future is in the metastatic spine 
were lesions can be more easily identified and tissue 
debulking may be indicated to reduce burst fracture risk.  
 
High-rate axial fractures including burst type injuries with 
no neurological deficit are further candidates for an 
anterior VB augmentation with additional posterior 
instrumentation to prevent instability. In the first series of 
experiments different cements were utilised: one based on 
traditional PMMA and a second on calcium phosphate 
(CaP) (Fig 3). Notwithstanding the difficulty with injecting 
this particular formulation of CaP into bone, regression 
analysis demonstrated that the principle factor for the 
structural characteristics of the VB under axial load was 
the cement volume with the effect of BMD only marginal. 

 
Figure 3: Post fracture CT (top) and post-augmentation 
microCT scans (bottom) for vertebrae injected with 
PMMA (left) and CaP (right) cements.  
 
Utilisation of three vertebrae segments in the axial trauma 
scenario allowed us to compare the biomechanics of 
traditional posterior and anterior instrumentation against 
PVP and posterior instrumentation only, under dynamic 
loading conditions. The construct with anterior cement 
augmentation was just as effective in sustaining 
physiologically relevant axial loads as the more traditional, 
surgically more invasive, intervention. Both at the index 
level and across three vertebrae the level of specimen 
deformation was found not to be significant between 
groups.  
 
In summary, vertebroplasty has the potential to provide 
biomechanically sound interventions in a number of 
different pathological scenarios. However, this promise 
will only be realised if a more focused approach on the 
underlying pathologies, as well as the fracture itself, is 
delivered. Here the development of pathology specific 
interventions with cements of differing properties, 
injection technologies and adjunct procedures are a real 
necessity.   
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MOTIVATION 
Musculoskeletal diseases in 2004 cost the United States 
economy more than $849 billion [1] (7.7% of GDP) and 
places great demands on healthcare systems worldwide. 
Musculoskeletal modelling and simulation has a 
tremendous potential to improve patient care and reduce 
treatment costs by elucidating cause and effect 
relationships related to neurological and musculoskeletal 
impairments and by predicting effective surgical and 
rehabilitation treatments. 
 
EVOLUTION OF MUSCULOSKELETAL 
MODELING 
Conceptual models of the musculoskeletal system began as 
early as the 18th century when Newton’s equations of 
motion were formulated by hand to investigate animal 
limb movement and dynamics [2]. From these roots, 
musculoskeletal models have evolved rapidly matching the 
exponential growth in computing capacity. Computers 
have enabled nonlinear dynamical equations, typical of 
musculoskeletal models, to be solved numerically without 
analytical or closed-form solutions. Beginning with the 
dynamic computer simulations of Chow and Jacobson [3] 
models have advanced to provide greater insights into 
human gait with greater ease (Table 1). 
  
Table 1: The evolution of dynamic gait simulations. 
 dofs forces cpu time(s) 
Chow & Jacobson (1976) 5 5 NA
Davy & Audu (1987) 3 9 NA
Yamaguchi & Zajac (1990) 8 10 NA
Anderson & Pandy (2001) 23 64* 8,000,000
Thelen and Anderson (2006)  21 92† 1,800
* 54 muscles, 10 foot springs; † 92 muscles 
 
Although numerical integration can solve dynamical 
models with many degrees of freedom and applied forces, 
formulating representative computerized equations is a 
nontrivial task. The advent of multibody solvers (e.g., 
SD/FAST, ADAMS, DADs, SimBody) has allowed non-
dynamicists to formulate and solve equations with greater 
ease. The difficulty, however, remains in describing the 
geometry and interconnectivity of musculoskeletal systems 
that do not resemble the idealized shapes found in 
engineered mechanisms. Muscle paths, for example, are 
either ignored [3] or painstakingly described according to 
experimental data sets [4, 5]. 
 
DESCRIPTIVE MUSCULOSKELETAL MODELS 
Delp et al. [5] leveraged emerging computer graphics to 
visualize bones and muscles to enable interactive 
manipulation of muscle paths and automated calculations 
of muscle moment-arms and lengths. Graphical models are 
more easily compared to cadaver and medical imaging 
data. Software for Interactive Musculoskeletal Modeling 
(SIMM) was born to bring computer aided design tools, so 
effective in engineering industries, to the biomechanist.  

 
SIMM has enabled the accurate description of joints and 
muscle paths and provided an environment to test effects 
of muscle path changes, for example, from a tendon 
transfer surgery, on the moment generating capacity of 
muscles. 
 
INTEGRATING GRAPHICS WITH DYNAMICS 
SIMM combined with SD/FAST to formulate the 
equations of motion, which generated the computer code 
necessary to solve the equations numerically. Seamlessly 
integrating graphical and dynamical modelling is one of 
the features of OpenSim [6].  
 
COMBINING MODELS WITH MOTION-CAPTURE 
Models also allow us to obtain access to internal variables 
not accessible in experimental studies. Typical motion 
capture experiments, with trajectories from markers 
affixed to body segments and force-plate reaction forces, 
do not provide information about the action of individual 
muscles. However, by prescribing kinematics and applied 
loads from measurements, the internal forces/moments can 
be estimated with a model that satisfies Newton’s laws of 
motion. In most cases, static optimization is employed to 
decompose joint moments into individual muscle forces. 
Solving a tracking problem (following motion-capture 
kinematics) with a dynamic model ensures that Newton’s 
laws are satisfied and enables muscle dynamics to be 
included. 
  
Models can be deconstructed to determine the acceleration 
of the whole body due to a single muscle, by applying or 
perturbing a single muscle force. This process, called 
muscle induced acceleration analysis, was used with 
muscle actuated models of nine subjects walking at four 
different speeds to determine which muscles contribute to 
support and progression in unimpaired gait [7]. Recently 
we have analysed the muscle induced acceleration of a 
group of children with crouch gait resulting from cerebral 
palsy. The results present a dichotomy between the 
positive contribution of gastrocnemius to support (Fig. 1) 
and its large knee flexion acceleration. The large 
contributions to support offered by the plantarflexors 
argues against lengthening the Achilles tendon. 

 
Figure 1: Muscle contributions to center-of-mass 
acceleration in impaired (crouch) and unimpaired gait. 
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THE MODEL AS THE HYPOTHESIS 
Models are useful for testing hypotheses about form and 
function. For example, it is assumed that crouched gait is 
induced or worsened by muscle tightness, thus tendon 
transfer surgeries are the leading form of treatment for 
crouch gait. However, outcomes from these surgeries are 
mixed. The question that arises is whether adopting a 
crouch gait provides advantages that make it favourable to 
adopt in some cases. We proposed the hypothesis that the 
crouched posture itself improves the capability of an 
individual to accelerate their body. To test this hypothesis, 
we placed a 3D musculoskeletal model with 15 degrees of 
freedom and 92 muscles into crouched and upright 
postures during midstance. We then maximised the 
transverse-plane ground reaction forces by varying muscle 
forces in the model within physiological ranges. 

 
Figure 2: Maximum midstance transverse plane ground 
reaction forces generated from the musculoskeletal model 
in unimpaired (upright, left) and crouched (right) gait. 
 
The crouched posture, on average, generated 24% larger 
maximum ground reaction forces during midstance 
compared with an upright posture (Figure 2). Therefore, 
one potential benefit of adopting a crouched posture is the 
increased mechanical advantage of muscles to accelerate 
the center-of-mass both forward and medio-laterally as 
was hypothesized. This may help compensate for balance 
and other deficiencies resulting from cerebral palsy. 
 
PREDICTING OUTCOME FROM SIMULATION 
By far the most powerful aspect of dynamical models is 
the ability to ask “what if” questions and the potential to 
predict outcome. This requires a high degree of confidence 
in the model to represent both the mechanical and 
neurological conditions of the patient, which can be very 
difficult considering the complexity of the central nervous 
system. In some cases we can assume an ideal behaviour 
to test the best case scenarios. For example, stiff-knee gait, 
which is characterized by diminished knee flexion during 
the swing phase, is a common symptom of spastic cerebral 
palsy. Many stiff-knee patients exhibit excessive knee 
extension moments prior to swing which has been 
attributed to rectus femoris (RF) muscle activity [8]. We 
asked whether abnormal RF excitation prior to swing or 
during swing has a greater influence on peak knee flexion 
by ideally eliminating RF excitation during pre-swing and 
early swing (Figure 3b). 
 
We generated preoperative subject-specific simulations of 
ten cerebral palsy patients who exhibited stiff-knee gait 
and underwent RF transfer by tracking subject motion 
capture data with scaled models. The simulated effects on 
peak knee flexion were compared for each subject, by 
eliminating excitation prior to and during swing. Peak 
knee flexion was influenced more by abnormal RF 
excitations prior to swing compared to those during swing, 
(Figure 3c). Therefore, pre-swing RF activity is a stronger 

indication for RF transfer than the traditional focus on 
activity during swing. 

 
Figure 3: Increase in peak knee flexion when rectus 
femoris activity was separately eliminated during pre-
swing and early swing. (a) Surface EMG. (b) Eliminated 
muscle activities. (c) Simulated knee flexion angles. 
 
CHALLENGES AND FUTURE VISION 
Subject-specific simulation is a powerful tool for 
identifying the biomechanical causes of movement 
abnormalities and has the potential to improve treatment 
planning. However, simulations have yet to deliver on this 
promise. Joint and muscle path descriptions have improved 
significantly in the last two decades, but important 
challenges remain. First, the body’s acceleration is a 
consequence of the resulting ground reaction force; thus, it 
is imperative that contact modelling be incorporated for 
analysing locomotion. Second, to investigate the effects of 
model changes, we must be able to synthesize the 
excitation (controls) to muscles that would reproduce 
human behaviour. This is a daunting challenge given the 
complexity of the human central nervous system. 
Fortunately, detailed musculoskeletal models can serve as 
the platform for developing theories of motor control. 
 
We envision a future in which simulations maximize 
treatment efficacy, limit undesired consequences and 
reduce costs. To accomplish this will require the scientific 
and clinical community to contribute and refine 
musculoskeletal models and their analyses. Towards this 
end OpenSim [8] was introduced to provide a free and 
open musculoskeletal modelling and simulation 
environment that combines the efficient formulation and 
solution of system dynamics with high fidelity graphics 
and analysis tools. It is our hope that OpenSim will act as a 
catalyst to promote model exchange and ignite modelling 
innovation to be shared by all. 
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