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INTRODUCTION 
In the context of osteoporosis, quantification of 
age-related changes in morphology and biological activity 
has made good progress over the last decades. However, 
the effects of turnover changes on macroscopic bone 
properties with age have not been analysed in full detail. 
While vascular pores drive loss of bone mass and 
consequently lead to weakening of the organ’s resistance 
to fracture, mineralization of the bone matrix may be an 
essential parameter affecting bone material properties in 
terms of brittleness. Purpose of our study is to investigate 
the spatial changes in Tissue Mineral Density (TMD) and 
vascular porosity distribution in human femurs across the 
lifespan. 
 
 
METHODS 
Midshaft sections from deceased patients between 20 
and 95 years old and having no known disease directly 
affecting their skeleton were obtained from the 
Melbourne Femur Collection [1]. The bone samples have 
been scanned with a desktop microCT at a resolution of 
13.4 µm and the grey values of the CT images are 
translated into pixel-specific TMD values [2]. Revisiting a 
morphological concept for porosity measurement [3], an 
in-house segmentation algorithm allows us to analyze the 
TMD distribution in the periosteal, intracortical, and 
endosteal regions, as well as in eight anatomical regions 
of the cross-sections.  

 
 
RESULTS AND DISCUSSION 
TMD and vascular porosity are consequently plotted for 
the full images, as to compare the mineral density and 
porosity through sex and age groups. The TMD and the 
porosity in different anatomical compartments of the 
midshaft are investigated to demonstrate that 
mineralization around the cross-sections plays a minor 
role in the changes in bone density measured clinically. 
Our results are confirmed by other measurements such as 
TMD from monochromatic x-ray CT, ashing, and 
nanoindentation. 

 
Figure 1: Subdivisions of the femur midshaft: Color lines 
refer to separation between regions. The quadrants are: 
A, anterior; AM, anteromedial; M, medial; PM, 
posteromedial; P, posterior; PL, posterolateral; L, lateral; 
AL, anterolateral. 
 
 
CONCLUSIONS 
Knowledge of changes of TMD together with vascular 
porosity with age at different anatomical sites of the 
femur cross section opens the discussion about the 
influence of biochemical changes and mechanical loading 
on bone morphology and tissue composition. 
 
 
ACKNOWLEDGEMENTS 
The authors acknowledge the financial support of the 
Regional Partnership Program of the Canadian Institutes 
of Health Research. 
 
 
REFERENCES 
[1] Clement et al., VIFM Rev. 3:7-11,2005. 
[2] Blanchard et al., Int. J. Numer. Meth. Biomed. 

Engng., DOI 10.1002/cnm.2760, 2016. 
[3] Thomas et al., J. Anat. 206:115-125, 2005. 

 



10th	  Australasian	  Biomechanics	  Conference,	  University	  of	  Melbourne,	  Australia,	  4	  –	  6	  Dec	  2016	  

 
 

INVESTIGATING	  THE	  EFFECTS	  OF	  SKIN	  ON	  BREAST	  BIOMECHANICS	  
Thiranja	  Babarenda	  Gamage1,	  Poul	  Nielsen1,2,	  Martyn	  Nash1,2	  

1	  Auckland	  Bioengineering	  Institute,	  University	  of	  Auckland,	  New	  Zealand	  
2	  Department	  of	  Engineering	  Science,	  University	  of	  Auckland,	  New	  Zealand	  

	  
INTRODUCTION	  
Breast	  cancer	  is	  the	  leading	  cause	  of	  cancer-‐related	  death	  
in	   females,	   affecting	   1	   in	   every	   10	   women	   worldwide.	  
Clinical	   imaging	   modalities	   used	   for	   diagnosing	   the	  
disease,	   such	   as	   prone	   diagnostic	   magnetic	   resonance	  
imaging	   (MRI),	   are	   acquired	   with	   the	   patient	   positioned	  
differently	   to	   that	   assumed	   during	   breast	   conserving	  
treatment	   (BCT)	  procedures,	  which	  are	  performed	   in	   the	  
supine	   position.	   This	   makes	   it	   difficult	   for	   clinicians	   to	  
locate	  and	  excise	  tumours,	  with	  the	  majority	  of	  studies	  in	  
the	  literature	  reporting	  incomplete	  excision	  of	  tumours	  in	  
20	  %	  to	  40	  %	  of	  patients	  who	  underwent	  BCT	  [1].	   	  

Our	   overall	   goal	   is	   to	   develop	   patient-‐specific	  
biomechanical	   models	   of	   the	   breast	   to	   help	   clinicians	  
localise	   tumours	   during	   these	   treatment	   procedures.	  
Successful	   application	   of	   the	   models	   depends	   on	   their	  
ability	  to	  accurately	  describe	  the	  mechanical	  behaviour	  of	  
the	  different	  breast	  tissues.	  While	  previous	  biomechanical	  
modelling	   studies	   have	   highlighted	   the	   influence	   of	   the	  
pectoral	   muscle	   [2],	   there	   has	   been	   relatively	   little	  
investigation	   into	   the	   influence	   of	   skin	   on	   breast	  
biomechanics.	  This	  study	  therefore	  aimed	  investigate	  the	  
effects	   of	   skin	   when	   respositioning	   the	   breast	   from	   the	  
prone	  position	  to	  the	  supine	  position.	  
	  
METHODS	  
A	  finite	  element	  (FE)	  model	  of	  the	  pectoral	  muscle,	  breast	  
tissues,	  and	  skin	  was	  constructed	  from	  prone	  MRI	  of	  two	  
volunteers.	   Initial	   estimates	   of	   the	   mechanical	  
constitutive	   parameters	   of	   these	   tissues	   (i.e.	   a	   single	  
neo-‐Hookean	  stiffness	  for	  each	  tissue	  type)	  were	  assigned	  
to	  the	  appropriate	  elements	  in	  the	  model.	  Nonlinear	  finite	  
deformation	  mechanics	   was	   used	   to	   simulate	   the	   shape	  
changes	   due	   to	   breast	   repositioning	   from	   the	   prone	  
position	  to	  the	  supine	  position.	  The	  prone	  MRI	  data	  were	  
embedded	   into	   the	   FE	   model	   and	   warped	   using	   the	  
simulated	   deformation	   field	   to	   generate	   a	   model	  
predicted	   supine	   MRI	   dataset.	   These	   predicted	   images	  
were	   subsequently	   registered	   to	   real	   supine	  MRI	  using	  a	  
non-‐rigid	   (B-‐spline)	   registration	   algorithm	   [3].	   The	  
registered	   displacements	   identified	   from	   this	   procedure	  
provided	   an	   indication	   of	   the	   error	   in	   the	   FE	   model	  
simulation.	  The	  mechanical	  constitutive	  parameters	  of	  the	  

breast	   tissues	   were	   then	   optimised	   to	   minimise	   the	  
registered	  displacements.	   This	  procedure	  was	  performed	  
using	   FE	   models	   that	   either	   with	   or	   without	   an	   explicit	  
representation	  of	  the	  skin.	  
	  
RESULTS	  AND	  DISCUSSION	  
The	   results	   in	   Table	   1	   indicate	   that	   the	   inclusion	   of	   skin	  
reduced	  the	  modelling	  errors.	  These	  results	  are	  illustrated	  
in	   Figure	   1,	   and	   show	   that	   the	   model	   without	   skin	  
overestimated	  the	  tissue	  motion	  near	  the	  nipple	  region	  of	  
the	  breast,	  whereas	  including	  skin	  restricted	  this	  motion.	   	  

	  
Figure	   1:	   Registered	   displacements	   (yellow	   arrows)	  
plotted	  on	  an	  axial	  slice	  of	  the	  FE	  model	  predicted	  supine	  
MRI	   for	   volunteer	   2.	   These	   describe	   additional	  
displacements	  required	  to	  match	  the	  real	  supine	  MRI.	  
	  
CONCLUSIONS	  
Including	   skin	   in	   biomechanical	   models	   of	   the	   breast	  
reduced	   the	  magnitude	   of	   the	  modelling	   errors	   by	   22	  %	  
and	   9	  %	   for	   the	   two	   volunteers	   considered.	   The	   results	  
indicated	   that	   the	   skin	   plays	   an	   important	   role	   in	  
restricting	   tissue	  motion	  near	   the	  nipple	  during	  prone	   to	  
supine	  repositioning.	  
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Table	  1:	  Registered	  displacements	  between	  the	  FE	  model	  predicted	  supine	  MR	  images	  and	  the	  real	  supine	  MR	  images.	  

	   Volunteer	  1	   Volunteer	  2	  

	   x	  (mm)	   y	  (mm)	   z	  (mm)	   x	  (mm)	   y	  (mm)	   z	  (mm)	  

Without	  skin	   -‐3.0	  ±	  5.1	   2.8	  ±	  3.8	   -‐4.4	  ±	  4.6	   -‐9.2	  ±	  7.1	   6.7	  ±	  2.6	   14.1	  ±	  3.7	  

With	  skin	   0.4	  ±	  3.7	   3.1	  ±	  3.5	   -‐2.6	  ±	  3.6	   -‐6.4	  ±	  4.1	   3.5	  ±	  3.3	   15.4	  ±	  3.0	  
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INTRODUCTION	
Internal		 perforations		 and		 wounds		 can		 appear		 in		 the	
gastro-intestinal	 system	 due	 to	 reflux,	 post-surgery	
complications	or	disease	progression	[1].	The	wounds	can	
be	detrimental	to	the	health	of	the	patient	since	they	can	
make	 eating	 difficult	 and	 painful.	 Treatment	 of	 these	
wounds	 often	 involves	 surgery	 or	 placment	 of	 a	 covered	
stent	[2].	

We	have	developed	a	novel	light-activated	adhesive	
scaffold	 (RBC-scaffold),	 aimed	 at	 promoting	 wound	
healing.	 Upon	 light	 activation	 this	 scaffold	 adheres	 to	
tissue	 providing	 a	 sutureless	 attachment	 andavoiding	
further	 trauma.	 The	 scaffold	 then	 promotes	 tissue	
integration	and	 allows	 for	 wound	healing.	 The	 scaffold	 is	
characterised			to			determine			its			potential			for			wound	
healing.	
METHODS	
A		variety		of		tests		were		performed		to		characterise	 the	
RBC-scaffold.	 Porosity,	 interconnectivity,	 and	 mechanical	
strength	were	measured.	 Light	 activation	was	 performed	
with	a	broad	spectrum	(380	–	780nm)	10W	LED	lamp	with	
exposure	of	various	times	(2	–	15	mins,	Fluence	range	0.4	
–	3	J/cm2).	

Adhesive	 strength	 of	 the	 light-activated	 bond	
between	 RBC-scaffolds	 and	 porcine	 stomach	 tissue	 was	
measured	 with	 lap-shear	 tests.	 Viability	 of	 cells	 cultured	
on	 RBC-scaffolds	 	 	 was	 also	 assessed	 to	 confirm	 tissue	
integration	potential.	These	properties	were	compared	to	
Variotis™,	an	aliphatic	polyester	soft	tissue	scaffold	which	
has	proven	to	support	soft	tissue	regeneration	[3].	
	
RESULTS	AND	DISCUSSION	
The		 RBC-scaffolds		were		 found		 to		 have		 high		 porosity	
(86.46	 ±	 2.95%)	 and	 connectivity,	 showing	 rapid	 fluid	
movement.	The	elastic	modulus	of	the	RBC-scaffolds	(3.55	
±	1.28	MPa)	was	found	to	be	significantly	higher	than	the	
controls	 (0.15	 ±	 0.058	 MPa,	 p	 <	 0.01)	 and	 approached	
reported		values		for		human		gastrointestinal		tissue		(2.3	
MPa).	 The	 maximum	 adhesion	 strength	 achieved	 of	 the	
RBC-scaffolds	 was	 8.61	 ±	 2.81	 kPa	 after	 15	 minutes	 of	
light	 activation,	 this	 is	 comparable	 to	 the	 adhesion	
strength	 of	 fibrin	 glue	 on	 scaffolds.	 Cell	 attachment	was	
seen	 to	 be	 similar	 to	 the	 controls	 and	 cells	 appeared	 to	
have	better	survivability	on	the	RBC-scaffold.	

 
Figure	 1:	 SEM	 of	 0.01%	 RBC-scaffold	 bonded	 to	 porcine	
stomach	tissue	after	2	min	of	light	activation.	
	

 
Figure	2:	 SEM	observing	cell	morphology	after	7	days	cell	
culture.	Cells	were	mouse	skin	fibroblasts	(3T3-L1).	
	
CONCLUSIONS	
In	conclusion,	the	RBC-scaffolds	show	promise	for	use	as	a	
wound	 healing	 patch	 with	 good	 mechanical	 strength,	
strong	tissue	attachment	and	good	cell	attachment.	
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INTRODUCTION 
Gait deterioration in patients with multiple sclerosis 
(PwMS) is one of the most disabling symptons as it affects 
mobility and independence and may lead to falls.  
Laboratory measures have shown that PwMS at early 
stages of the disease exhibit sub-clinical gait 
abnormalities [1]. It is thought that altered activation 
patterns of muscles around the ankle joint may be 
responsible for this deterioration, however, to date, this 
has not been quantified [1,2]. The aim of this study was to 
compare coactivation of agonist/antagonist muscles 
around the ankle joint when walking on a treadmill at a 
fixed speed.    
 
METHODS 
Five PwMS (42±8 years, EDSS score<3.5) and 5 healthy 
controls (HC, 35±6 years) participated in this study. A 3D 
VICON motion capture system (200Hz) and 12-channels 
Cometa wireless EMG (1000Hz) were used to collect joint 
kinematics and muscle activation patterns over 20 sec 
treadmill walking at 1.2 m/s (Biodex-RTM600). SENIAM 
guidelines were used to place electrodes on bilateral 
tibialis anterior (TA), lateral gactrocnemius (LG) and 
soleus (SO) muscles. Coactivation indices (COI) were 
calculated for the LG/TA and SO/TA muscles pairs using 
the method described by Chow et al., (2012) [3]. COIs 
were calculated for the stance (ST) and swing (SW) phases 
of the gait cycle (GC) separately. GC phases were 
determined using an algorithm based on toe and heel 
markers positions. The mean COIs for 10 left and 10 right 
GCs were used for statistical analysis. ANOVAs were 
performed for each muscle pair to determine group 
differences in each GC phase (p<.05).  

 
RESULTS AND DISCUSSION 
Overall, PwMS exhibited altered EMG patterns (Figure 1) 
with higher COIs than controls for the 2 pairs of muscles 
analysed (LG/TA and SO/TA) and during both GC phases 
(stance and swing). Significant differences, however, were 
found only during swing for the SO/TA COI (p=.31) (Figure 
2). 

Increased muscle coactivation around the ankle 
joint muscles has been associated with an increased 
energetic cost of walking. Furthermore increased ankle 
plantar/dorsiflexor coactivation has been proposed as a 
strategy to increase stability [2]. This may partly explain 
fatigue and slow walking speed in PwMS. Similar 
coactivation patterns have been found in older adults 
which may indicate that PwMS exhibit an “aged walking 
pattern”. 

The PwMS assessed in this study had no evident gait 
deterioration and low EDSS scores (<3.5), yet they 
exhibited significant differences in SO/TA COI compared 
to HC. This may indicate that COI of ankle muscles may be 
used as early-stage indicators of disease progression. 

 

 
Figure 1: EMG muscle activation patterns (TA, SO and LG) 
for a PwMS (top) and a control participant (bottom) 
 

 
Figure 2: Coactivation indices (mean ± sd) for the LG/TA 
and SO/TA muscles pairs analysed for both PwMS and HC 
groups during stance and swing phases of the gait cycle. 
 

CONCLUSIONS 
PwMS exhibit increased coactivation of ankle joint 
agonist/antagonist muscles during treadmill walking. The 
coactivation index may be used as an early indicator of 
gait deterioration in PwMS. 
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INTRODUCTION 
Muscles generate loads on various musculoskeletal 
tissues, and altered musculoskeletal tissue loading has 
been associated with numerous pathologies. Restoring 
altered tissues loading to more appropriate levels and 
characteristics may promote positive structural and 
mechanical adaption of tissues, resulting in more effective 
rehabilitation [1]. 

Neuromusculoskeletal (NMS) models are 
mathematical representation of the neuromechanical and 
anatomical characteristics of an individual. 
Electromyogram (EMG)-informed NMS models use EMG 
and joint kinematics and kinetics to estimate 
musculoskeletal tissue loading inside the human body [2, 
3]. However, computing musculoskeletal tissue loading in 
real-time is challenging since it requires the processing of 
EMG, kinematic, and kinetic data in real-time through a  
computationally efficient software. 

We present a real-time EMG-informed NMS model 
to estimate musculoskeletal tissue loading in real-time. 
This was verified and assessed on subjects walking on an 
instrumented treadmill, which were asked to modify their 
gait in order to vary the magnitude of their peak knee 
medial tibiofemoral contact force (MTFF) using visual 
biofeedback. 
 
METHODS 
Five healthy subjects were included in the study. A 
12-camera motion capture system and an instrumented 
split belt treadmill were used to collect marker 
trajectories and ground reaction forces during gait at self 
selected speed. These were processed using an extended 
version of OpenSim [4] enabled for real-time [5], which 
calculated full-body joint angles and moments using 
inverse kinematics and inverse dynamics, respectively. 
Joint angles and moments and surface EMG were used to 
drive a multiple-degrees of freedom calibrated 
EMG-informed NMS model (CEINMS) in open-loop [2, 3], 
which estimated MTFF at 200 Hz (Figure 1). The MTFF was 
visualised on a screen in front of the subject and used as 
biofeedback. 

After familiarisation with the treadmill and the 
visual biofeedback, the subjects were asked to modify 
their gait pattern to first reduce and then increase the 
peak of their MTFF. Suggestions of possible gait strategies 
to adopt were also verbally provided to the subjects. Gait 
patterns adopted by the subjects were analysed to 
investigate common strategies. 

Data analysis included a comparison of MTFF 
estimated offline and in real-time to verify the real-time 

system.

 

Figure 1: Schematic representation of the real-time 
system. 
 
RESULTS AND DISCUSSION 
The peak of MTFF resulted similar between real-time and 
offline, with an average RMSE of 0.125 ± 0.069 BW. All 
subjects were able to increase their MTFF peak, while 
three were able to decrease it. Gait strategies differed 
across subjects, and resulted in combined variations of 
kinematics, kinetics, and muscle activations. For example, 
a subject increased their MTFF by increasing muscle 
co-contractions, resulting in increased total muscle 
activation and reduced knee joint moment. The use of an 
EMG-informed model was essential to identify changes in 
muscle forces due to variation in activation patterns, 
which static optimisation based methods cannot correctly 
predict. 
 
CONCLUSIONS 
We presented the real-time estimation of the MTFF and 
its use as biofeedback variable for gait modification. While 
the proposed application focuses on the knee joint, the 
developed system is generic and could be applied to other 
musculoskeletal structures. Real-time estimation of 
musculoskeletal tissue loads has the potential to radically 
transform the rehabilitation interventions and training 
programs as it would allow one to instantly evaluate the 
effect of rehabilitation exercises, enabling clinicians to 
interactively work with the patient to attain a 
personalised appropriate exercise.  
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INTRODUCTION	  
Hip	   osteoarthritis	   (OA)	   is	   a	  major	   public	   health	   problem	  
that	  often	  results	  in	  pain	  and	  physical	  disability.	  Although	  
treatments	   such	   as	   exercise	   can	   reduce	  pain,	   the	   effects	  
are	  relatively	  modest	  in	  people	  with	  hip	  OA	  [1].	  Pain	  may	  
influence	  movement	  strategies	  [2].	  Previous	  research	  has	  
and	   reported	   a	   correlation	   between	   reduced	   extension	  
moment	  during	  walking	  and	  increased	  level	  of	  pain	  in	  hip	  
OA	   patients	   [3].	   Further	   investigation	   into	   gait	  
biomechanics	   according	   to	   pain	   severity	   will	   assist	   in	  
developing	  a	  better	  understanding	  of	   the	   implications	  of	  
pain	   on	   gait	   biomechanics	   in	   hip	   OA	   patients,	   so	   that	  
treatments	   can	   be	   optimised.	   The	   purpose	   of	   this	   study	  
was	   to	   compare	   peak	   external	   hip	   joint	   moments	   in	  
people	  with	  established	  hip	  OA	  according	  to	  pain	  severity	  
during	   walking.	   We	   hypothesised	   that	   peak	   external	  
moments	   would	   be	   lower	   in	   hip	   OA	   patients	   with	   pain	  
during	  walking	  compared	  to	  hip	  OA	  patients	  with	  no	  pain	  
and	  that	  differences	  would	  be	  more	  pronounced	  in	  those	  
with	  greater	  levels	  of	  pain.	   	  
	  
METHODS	  
77	   participants	   with	   unilateral	   symptomatic	   hip	   OA	  
according	   to	   the	   American	   College	   of	   Rheumatology	  
criteria	  were	   included.	   Pain	  during	  walking	  was	   assessed	  
using	   the	   Western	   Ontario	   and	   McMaster	   Universities	  
questionnaire.	   Participants	   rated	   pain	   in	   their	  
symptomatic	   hip	   during	   walking	   over	   the	   past	   week	   as	  
none	   (score	  =	  0),	  mild	   (score	  =	  1),	  moderate	   (score	  =	  2),	  
severe	   (score	   =	   3),	   extreme	   (score	   =	   4).	   Experimental	  
groups	   were	   defined	   based	   on	   pain	   severity.	   The	  
questionnaire	   was	   completed	   prior	   to	   gait	   analysis.	   For	  
gait	   analysis,	   participants	   walked	   at	   a	   self-‐selected	   pace	  
barefoot.	   External	   joint	   moments	   were	   calculated	   by	  
inverse	   dynamic	   (Vicon	   Plug-‐In-‐Gait)	   and	   normalised	   for	  
body	   weight	   and	   height.	   The	   peak	   flexion,	   extension,	  
adduction	   and	   rotation	   (external	   and	   internal)	  moments	  
were	   extracted	   and	   averaged	   over	   five	   trials.	   One-‐way	  

analyses	   of	   variance	   were	   used	   to	   evaluate	   differences	  
between	  groups	  with	  a	  Bonferroni	  correction.	  
	  
RESULTS	  AND	  DISCUSSION	  
In	  general,	   the	  cohort	  was	  middle-‐aged	  (61.6± 8.6	  years),	  
overweight	   (BMI	   28.05± 4.24	   kg/m2),	   had	   predominately	  
mild-‐moderate	   radiographic	   disease	   severity	   (87%;	  
Kellgren-‐Lawrence	   Grade	   2	   or	   Grade	   3),	   and	   equally	  
represented	  men	   (51%)	  and	  women	   (49%).	  Three-‐groups	  
were	  compared:	  no	  pain,	  mild	  pain	  and	  moderate	  pain	  (as	  
only	  three	  participants	  rated	  walking	  pain	  as	  extreme;	  and	  
these	   were	   excluded	   from	   analyses).	   No	   between-‐group	  
differences	   were	   observed	   for	   peak	   extension	   moment,	  
peak	   adduction	   moment,	   rotation	   moment,	   or	   walking	  
speed.	   Participants	   with	   moderate	   pain	   during	   walking	  
over	  the	  past	  week	  had	  a	  significantly	   lower	  peak	  flexion	  
moment	  compared	  to	  participants	  who	  reported	  no	  pain	  
over	  the	  past	  week	  during	  walking	  (mean	  difference	  1.89	  
[95%	   CI	   0.46	   to	   3.32]	   (Nm/BW×BH	  (%)),	   p=0.031).	   There	  
were	   no	   differences	   in	   peak	   flexion	   moment	   between	  
participants	  with	  mild	   and	  moderate	   pain.	   A	   lower	   peak	  
flexion	  moment	  in	  those	  with	  moderate	  pain	  compared	  to	  
no	  pain	  may	  reflect	  movement	  adaptations	   to	   limit	  pain,	  
changes	   in	  muscle	   activity,	   and	   could	   also	   be	   associated	  
with	  hip	  extensor	  muscle	  weakness	  [4].	   	  
	  
CONCLUSIONS	  
Individuals	   with	   moderate	   pain	   during	   walking	  
demonstrated	   a	   reduced	   peak	   external	   hip	   flexion	  
moment	   during	   walking.	   Further	   work	   is	   necessary	   to	  
understand	   underpinning	   mechanisms	   and	   determine	   if	  
the	  hip	  extensor	  muscles	  are	  a	  therapeutic	  target	   for	  hip	  
OA	  patients	  with	  moderate	  pain	  during	  walking	  
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[4]	  Loureiro	  A,	  Arthritis	  Care	  Res,	  65:340-‐52,	  2013.	  

Table	  1:	  Gait	  biomechanics	  (mean	  ±	  SD	  of	  groups)	  according	  to	  pain	  severity	  during	  walking	   	  

	   No	  Pain	  (n=14)	   	   Mild	  Pain	  (n=37)	   Moderate	  Pain	  (n=23)	   p-‐value	  

Walking	  speed	  (m/s)	   1.25	  ±	  0.11	   	   1.20	  ±	  0.17	   1.17	  ±	  0.21	   0.321	  

Peak	  Flexion	  Moment	  (Nm/(BW	  x	  HT))%	   7.79	  ±	  2.50	   6.31	  ±	  1.94	   5.90	  ±	  2.17*	   0.030	  

Peak	  Extension	  Moment	  (Nm/BW	  x	  HT))%	   4.49	  ±	  1.07	   	   3.87	  ±	  1.28	   4.08	  ±	  1.65	   0.356	  

Peak	  Adduction	  Moment	  (Nm/(BW	  x	  HT))%	   4.60	  ±	  1.45	   4.35	  ±	  1.31	   4.58	  ±	  1.86	   0.808	  

Peak	  Internal	  Rotation	  Moment	  (Nm/(BW	  x	  HT))%	   0.46	  ±	  0.18	   0.39	  ±	  0.25	   0.48	  ±	  0.24	   0.316	  

Peak	  External	  Rotation	  Moment	  (Nm/(BW	  x	  HT))%	   0.54	  ±	  0.33	   0.59	  ±	  0.35	   0.64	  ±	  0.28	   0.631	  

BW:	  body	  weight;	  HT:	  height.	  Results	  remained	  unchanged	  when	  speed	  included	  as	  a	  covariate	  
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INTRODUCTION	
Overuse	 injuries	are	typically	considered	to	be	caused	by	
excessive	mechanical	 load	 to	musculoskeletal	 structures.	
Interventions	 to	 both	 treat	 and	 prevent	 such	 injuries	
should	therefore	focus	on	reducing	load	levels.	 	

Foot	 orthoses	 are	 commonly	 used	 in	 the	
management	 of	 a	 variety	 of	 overuse	 conditions	 in	 the	
lower	 limb	 [1].	 Traditionally,	 foot	orthoses	were	 thought	
to	 support	 and	 re-align	 the	 structures	 of	 the	 foot.	
However,	 only	 small	 kinematic	 changes	 to	 the	 foot	 have	
been	reported	with	their	use	[2]. Laterally	wedged	insoles	
have	 been	 shown	 to	 influence	 the	 kinetics	 (joint	
moments)	 of	 the	 knee	 [3]	 however	 little	 attention	 has	
been	paid	to	whether	foot	orthoses	influence	the	kinetics	
of	the	foot	itself.	 	 	

The	aim	of	this	study	was	to	assess	the	effect	of	foot	
orthoses	 on	 subtalar	 joint	 (STJ)	 kinematics	 and	 kinetics	
during	walking.	We	hypothesised	 that	 foot	orthoses	may	
influence	the	kinetics	of	 the	STJ	because	of	 the	potential	
shift	 in	 the	relative	position	of	 the	ground	reaction	 force	
relative	to	the	joint	when	wearing	orthoses	[3].	
	
METHODS	
Nineteen	 asymptomatic	 subjects	 with	 a	 pes	 planus	 foot	
posture	 were	 prescribed	 custom-made	 foot	 orthoses	
made	from	a	plaster	cast	 impression.	Participants	walked	
at	 preferred	 speed	 barefoot	 (BF),	 with	 athletic	 footwear	
(FW)	 and	 with	 athletic	 footwear	 with	 orthoses	 (OR)	 as	
three-dimensional	 motion	 capture	 and	 force	 data	 were	
collected	from	a	spilt-belt	treadmill	with	embedded	force	
plates.	STJ	kinematics	and	kinetics	(Fig.	1)	were	calculated	
using	Opensim	 [2].	A	 custom	 foot	model	was	 scaled	and	
an	 inverse	 kinematics	 and	 dynamics analysis	 was	
performed	 to	 calculate	 the	 STJ	 angles	 and	 moments,	
respectively.	STJ	moments	were	normalised	to	 leg	 length	
and	 weight	 and	 are	 expressed	 in	 non-dimensional	 units	
(NDU).	 A	 one-way	 repeated	 measures	 ANOVA	 with	
Bonferroni	 adjustments	 examined	 the	 effects	 of	 foot	
orthoses.	 	 	
	
RESULTS	AND	DISCUSSION	
During	walking	 in	 the	BF,	 FW	and	OR	conditions,	 the	STJ	
rapidly	pronated	after	heel	contact	and	supinated	during	
late	 stance.	 The	 magnitude	 of	 pronation	 (Fig.	 1B)	 in	 all	
three	conditions	was	comparable	 (P	=	0.24,	BF	7.6	º,	FW	
8.9	º,	OR	8.8	º).	STJ	moments	(Fig.	1A)	increased	gradually	
from	heel	 strike	 to	peak	during	 late	 stance.	 There	was	 a	
significant	 overall	 effect	 (P	 =	 0.04)	 in	 the	 peak	 STJ	
moment	 between	 the	 three	 conditions	 (BF	 0.063	 NDU,	
FW	0.062	NDU,	OR	0.058	NDU).	The	multiple	comparisons	
analysis	 indicated	that	the	greatest	reduction	 in	peak	STJ	
moments	 was	 between	 the	 FW	 and	 OR	 conditions	 (P	 =	

0.02,	Cohen’s	d	=	0.5).	The	 first	and	second	peaks	of	 the	
medio-lateral	 ground	 reaction	 force	 (GRFs)	 were	
comparable	(P	>	0.1)	in	all	three	conditions.	 	

	
Figure	 1:	 Group	 mean	 and	 standard	 error	 of	 mean	 of	
subtalar	 joint	 (STJ)	A.	moments	 and	B.	 rotation	 during	 a	
stride	 cycle	 at	 preferred	 walking	 speed.	 Initial	 contact	
occurs	 at	 0%	 of	 the	 stride	 cycle.	 STJ	 moments	 are	
expressed	in	non-dimensional	units	(NDU).	
	
CONCLUSIONS	
The	 results	 of	 this	 study	 suggest	 that	 foot	 orthoses	 are	
able	to	reduce	STJ	moments	above	and	beyond	a	normal	
athletic	shoe.	As	the	foot	orthoses	had	minimal	effect	on	
STJ	 rotations	and	medio-lateral	GRF,	 the	reduction	 in	STJ	
moment	 is	 likely	 due	 to	 an	 altered	 position	 of	 the	 GRF	
vector	 relative	 to	 the	 STJ	 axis.	 The	 reduction	 in	 STJ	
moments	 may	 alter	 muscle	 and	 tendon	 function	 of	 the	
muscles	 that	 control	 STJ	 motion	 (e.g.	 tibialis	 posterior)	
and	 perhaps	 decrease	 the	 risk	 of	musculoskeletal	 injury.	
However,	 joint	 moments	 cannot	 determine	 the	 exact	
nature	 of	 loading	 of	 musculoskeletal	 structures.	 The	
loading	 of	 the	 joint	 structures	 is	 dependent	 on	 many	
factors	 such	 as	 the	 timing	 of	 muscular	 forces	 and	
neuromuscular	control	 	
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INTRODUCTION	

Exercise-induced	 muscle	 damage	 (EIMD)	 occurs	
after	 an	 unaccustomed	 bout	 of	 exercise	 that	 contains	
eccentric	 (lengthening)	contractions.	The	effects	of	EIMD	
include	 a	 drop	 in	 the	 force	 producing	 capacity	 of	 the	
exercised	 muscle(s)	 and	 a	 delayed	 presence	 of	 localized	
muscle	 soreness	 that	 peaks	 24–48	 hr	 post	 exercise	 [1].	
When	a	subsequent	bout	of	exercise	is	performed	days	to	
months	later,	the	drop	in	force	immediately	after	exercise	
and	 the	magnitude	of	 the	muscle	 soreness	 are	markedly	
reduced.	 This	 adaptation	 is	 known	 as	 the	 repeated	 bout	
effect	(RBE)	[1].	

It	 has	 been	 suggested	 that	 EIMD	 occurs	 when	
sarcomeres	 are	 actively	 stretched	 to	 long	 lengths	
corresponding	 to	 the	 descending	 limb	 of	 the	 length	 –
tension	(L-T)	relationship,	where	unstable	sarcomeres	are	
pulled	apart.	 Thus,	 it	 is	 argued	 that	 the	RBE	arises	when	
new	 sarcomeres	 are	 added	 in	 series	 (sarcomerogenesis)	
which	acts	to	minimize	damage	from	stretch	in	later	bouts	
[2].	 However,	 recent	 evidence	 shows	 that	 the	 RBE	 can	
occur	 without	 changes	 in	 muscle	 fascicle	 strain	 after	 a	
functional	 unconstrained	 task	 [3].	 The	 aim	 of	 this	 study	
was	to	investigate	whether	adaptations	in	the	fascicle	L-T	
relationship	 of	 the	 human	 medial	 gastrocnemius	 (MG)	
muscle	 accommodate	 reduced	 fascicle	 strain	 during	 a	
repeated	bout	of	highly	controlled	eccentric	exercise.	
	
METHODS	

Twenty	 healthy	 subjects	 (11	male,	 age	 25	 ±	 4	 yrs,	
mass	66	±	9	kg,	height	169	±	7	cm)	performed	2	bouts	of	a	
highly	 controlled	 and	 isolated	 movement,	 consisting	 of	
500	active	 lengthening	contractions	 (70%	of	MVC)	of	 the	
calf	 (triceps	 surae)	 muscles,	 separated	 by	 7	 days.	 These	
bouts	 were	 done	 while	 lying	 prone,	 attached	 to	 an	
isokinetic	 dynamometer	 while	 contracting	 through	 the	
functional	 range	 of	 motion	 of	 the	 ankle	 (15°	 plantar	
flexion	to	~30°	dorsiflexion).	

Fascicle	L-T	data	and	soreness	scores	were	collected	
before,	 2	 and	 48	 hours	 after	 each	 bout.	 Supramaximal	
peripheral	 nerve	 stimulation	 was	 applied	 to	 the	 tibial	
nerve	 to	 evoke	 a	 resting	 torque	 twitch	 at	 7	 to	 11	 ankle	
joint	 angles	 (~3°	 increments).	 At	 the	 same	 time,	
ultrasound	 images	 of	 MG	 were	 captured	 using	 B-mode	
ultrasonography	 (6	MHz,	 ~110	 fps,	 60	 x	 65	 mm	 field	 of	
view).	 Fascicle	 length	was	measured	during	 each	evoked	
twitch	using	a	 semi-automated	 tracking	algorithm.	These	
data	was	used	to	create	individual	L-T	curves	of	the	MG	at	
each	 time	 point	 (Figure	 1),	 which	 were	 later	 used	 to	
characterize	 group	 changes	 in	 maximum	 torque	 (Tmax)	
and	length	at	which		Tmax	occurs	(optimum	length;	L0).  

	
Figure	 1:	 Raw	 data	 points	 and	 the	 fitted	 active	 and	 passive	 fascicle	
length–tension	 curves	 of	medial	 gastrocnemius	 	 from	one	 subject	 pre-	
(black),	 2	hr	post-	 (blue)	 and	2	d	post-	 (red)	 the	 first	bout	of	 eccentric	
exercise.	 The	 box	 above	 the	 curves	 indicates	 the	 length	 range	 the	
fascicles	were	stretched	over	 (i.e.	starting	 length	to	final	 length)	during	
the	task.	
	
RESULTS	AND	DISCUSSION	

A	reduction	in	Tmax	was	present	after	the	first,	but	
not	 the	 second	 bout	 of	 exercise	 while	 there	 was	 no	
change	 in	L0	between	bouts	 (Table	1).	A	reduced	 level	of	
muscle	soreness	was	evident	after	the	second	bout	(Table	
1).	 These	 results	 suggest	 that	 the	 muscle	 became	
protected	from	damage	in	a	repeated	bout	without	large	
change	 in	 L0..	 These	 data	 support	 previous	 studies	 [3]	
using	functional	exercise	tasks,	suggesting	that	significant	
sarcomerogenesis	is	unlikely	to	be	the	causal	mechanism,	
at	least	for	this	muscle	group.	We	hypothesise	that	subtle	
changes	 to	 connective	 tissue	 structures,	 such	 as	
extracellular	matrix,	may	better	explain	the	RBE.		
	
Table	 1:	 Group	 Tmax,	 L0,	 and	 soreness	 scores	 (/10):	
comparison	between	bouts	

*	 Two	way	 ANOVA,	 significant	 interaction	 effect	 for	 time	 (F	 (2,	 38)	 =	 19.73	 P	 <	
0.0001),	 #,	&	Two	way	ANOVA,	 significant	 interaction	effect	 for	 time	 (F	 (2,	 38)	 =	
32.91	P	<	0.0001),	Bonferroni's	multiple	comparisons	test	(α	<	0.05)	
	
CONCLUSIONS	
The	RBE	can	occur	without	changes	in	optimum	length		
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		 		 Tmax	(N)	 L0	(cm)	 Soreness		
Score	

	Initial		
	Bout	

Pre	exercise	 		65.4	±	12.9*	 62.4	±	7.0	 0	
2h	postexercise	 		60.3	±	13.6*	 62.7	±	7.2	 3	±	2#	

	 2d	postexercise	 66.0	±	14.2	 62.8	±	7.3	 3	±	2&	
	Repeated			
	Bout 

Pre	exercise	 64.7	±	12.0	 60.5	±	8.2	 0	
2h	postexercise	 62.3	±	13.7	 61.5	±	7.9	 1	±	1#	

		 2d	postexercise	 66.9	±	14.2	 61.0	±	8.3	 1	±	1&	
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INTRODUCTION	
Gait-analysis	techniques	have	been	used	for	more	than	a	
century	 to	 provide	 information	 on	 the	 kinematics	 and	
kinetics	of	human	gait,	yet	the	ability	of	this	approach	to	
evaluate	 musculoskeletal	 function	 is	 limited	 because	 it	
cannot	 be	 used	 to	 discern	 the	 actions	 of	 individual	
muscles.	 Computational	 modelling	 is	 the	 only	 feasible	
method	available	 for	evaluating	musculoskeletal	 function	
non-invasively.	 Rapid	 increases	 in	 computing	 power	
combined	with	recent	advances	in	medical	imaging,	more	
accurate	methods	for	measuring	muscle-tendon	and	joint	
motion	 dynamically,	 and	 more	 efficient	 algorithms	 for	
modelling	the	neuromusculoskeletal	system	have	enabled	
detailed	analyses	of	musculoskeletal	function.	The	aim	of	
this	 presentation	 is	 to	 illustrate	 how	 computational	
modelling	may	 be	 used	 in	 conjunction	with	 gait	 analysis	
experiments	to	quantitatively	evaluate	lower-limb	muscle,	
ligament	and	joint	function	during	dynamic	activity.	
	
METHODS	
Gait	 analysis	 experiments	 were	 performed	 on	 healthy	
young	 adults.	 A	 3D	 musculoskeletal	 model	 was	 used	 to	
calculate	joint	kinematics,	joint	kinetics	and	muscle	forces	
based	 on	 experimental	 gait	 data.	 The	 skeleton	 was	
represented	 as	 a	 10-segment,	 23-degree-of-freedom	
linkage	system	[1].	The	head	and	trunk	were	modelled	as	
a	 single	 rigid	 body	 that	 articulated	 with	 the	 pelvis	 via	 a	
ball-and-socket	 joint.	 Each	 hip	 was	 modelled	 as	 a	
ball-and-socket	 joint,	 each	 knee	 as	 a	 translating	 hinge	
joint,	and	each	ankle	as	a	universal	joint	comprised	of	two	
non-intersecting	 hinge	 joints.	 The	model	 actuated	 by	 54	
muscle-tendon	 units,	 with	 each	 unit	 represented	 as	 a	
three-element	 Hill-type	 muscle	 in	 series	 with	 an	 elastic	
tendon.	 Inverse	 dynamics	 was	 used	 to	 calculate	 the	 net	
moments	 exerted	 about	 the	 back,	 hip,	 knee,	 and	 ankle	
joints	 during	 stance.	 The	 net	 joint	 moments	 were	
decomposed	 into	 individual	 muscle	 forces	 by	 solving	 a	
static-optimization	 problem	 that	 minimized	 the	 sum	 of	
the	squares	of	muscle	activations.	A	force	decomposition	
algorithm	 [2]	 calculated	 the	 contributions	 of	 all	 muscle	
forces,	 gravitational	 forces,	 and	 inertial	 forces	 to	 the	
acceleration	of	the	centre	of	mass.	 	

A	3D	model	of	the	knee	joint	was	used	to	calculate	
knee-ligament	and	joint-contact	forces	during	gait	[3].	Six	
generalized	 coordinates	described	 the	 relative	motion	of	
the	 femur	 and	 tibia.	 The	 geometries	 of	 the	 cruciate	 and	
collateral	ligaments,	capsule,	and	anterolateral	structures	
of	the	knee	were	modelled	using	13	elastic	elements.	The	
behaviour	of	the	meniscus	was	approximated	by	applying	
a	 shear	 force	 to	 the	 tibia.	 The	 relative	 positions	 of	 the	
tibia	and	femur	were	found	by	solving	a	force	equilibrium	
problem	 in	 which	 the	 bones	 were	 assumed	 to	 remain	
static	at	each	instant	of	the	gait	cycle.	

RESULTS	AND	DISCUSSION	
The	 leg	muscles	 fulfil	 three	distinct	 functions	during	gait:	
(a)	They	provide	support	by	opposing	 the	downward	pull	
of	 gravity,	 (b)	 they	 generate	 progression	 by	 accelerating	
the	 body	 forward,	 and	 (c)	 they	 control	 mediolateral	
balance.	 Five	 muscles	 contribute	 most	 significantly	 to	
motion	 of	 the	 centre	 of	mass	 during	 each	 step.	 The	 hip	
and	 knee	 muscles	 (gluteus	 maximus	 and	 vasti)	 support	
the	 body	 against	 gravity;	 the	 ankle	 muscles	 (soleus	 and	
gastrocnemius)	 propel	 the	 body	 forward;	 and	 the	 hip	
abductor	 muscle	 (gluteus	 medius)	 actively	 controls	
balance	during	each	step	[1].	

Peak	 force	 transmitted	 to	 the	 anterior	 cruciate	
ligament	 (ACL)	 is	 approximately	 one-half	 body	 weight	
(BW)	and	occurs	at	the	beginning	of	single-leg	stance.	The	
pattern	 of	 ACL	 force	 is	 explained	 by	 the	 shear	 forces	
acting	at	 the	knee.	The	balance	of	muscle	 forces,	ground	
reaction	forces,	and	joint	contact	forces	applied	to	the	leg	
determine	the	magnitude	and	direction	of	the	total	shear	
force	acting	at	the	knee.	The	ACL	is	loaded	whenever	the	
total	 shear	 force	 points	 anteriorly.	 In	 early	 stance,	 the	
anterior	 shear	 force	 from	 the	patellar	 tendon	dominates	
the	total	shear	force	applied	to	the	leg,	and	so	maximum	
force	is	transmitted	to	the	ligament	at	this	time.	

As	the	lower-limb	muscles	develop	forces	to	power	
movement,	 they	 press	 the	 bones	 together	 at	 the	 joints.	
Thus	the	forces	transmitted	by	the	lower-limb	joints	result	
mainly	 from	 the	 actions	 of	 the	 muscles.	 Peak	 forces	
transmitted	at	the	knee	are	around	2.5	times	body	weight	
(BW),	 with	 muscles	 contributing	 up	 to	 95%	 of	 this	
compressive	load	while	gravitational,	ligament	and	inertial	
forces	 account	 for	 the	 remainder.	 Forces	 may	 be	
transmitted	across	a	 joint	by	muscles	which	do	not	 span	
that	 joint.	 Indeed,	knee-spanning	and	non-knee-spanning	
muscles	 contribute	 almost	 equally	 to	 the	 contact	 force	
transmitted	 by	 the	 medial	 compartment	 during	 walking	
[4].	 Non-knee-spanning	 muscles	 compress	 the	 medial	
compartment	 and	 unload	 the	 lateral	 compartment,	
suggesting	 that	 these	 muscles	 may	 have	 a	 significant	
influence	 on	 medial	 compartment	 tibiofemoral	 joint	
osteoarthritis.	
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INTRODUCTION 

Step width is known to increase as pregnancy progresses 

and return to normal post birth and thought to be a 

mechanism to control stability [1]. However, step width 

affects, or is affected by, trunk segment kinematics during 

walking [2], and is also affected by thigh girth [3]. 

Therefore it is possible that the step width adaptions are a 

mechanical consequence related to increased thigh 

segment girths resulting in obstruction to segment motion. 

It is also possible that altered trunk frontal plane 

kinematics, in an attempt to maintain interial control of 

the trunk may also effect the step width.  

There is a paucity of studies investigating the 

factors affecting step width as pregnancy progresses and 

the re-adaption in the post birth period. The aim of the 

study was to investigate the relationship between step 

width and thigh girth, the frontal plane range of motion 

(ROM) of the trunk, and the Frontal plane trunk ROM 

relative to pelvis, at 38 weeks gestation, at eight weeks 

postbirth and in a nulliparous control group.  

 

METHODS 

Eight pregnant women were investigated when walking 

along a 20 metre walkway at a self-selected velocity using 

an 8 camera motion analysis system at 38 weeks gestation 

and again at eight weeks post birth. A control group of 

eleven non-pregnant nulliparous women were tested 

once. Markers defined the thoracic and pelvic segments, 

and were also located on each lateral malleolus. Thigh 

girth was recorded at each test session at the gluteal fold. 

Data was collected for three trials per test session and the 

data taken from the third trial used in the subsequent 

analysis. Walking velocity was determined for each trial. 

Linear regression analysis was used to investigate the 

effect of dependent variables on the variance of step 

width at each test. Significance was taken at p<0.1 due to 

the small sample size. 

 

RESULTS AND DISCUSSION 

There was no significant difference in walking velocity 

between the groups. At 38 weeks gestation, variation in 

step width was influenced by thigh girth with 67% (p=0.1) 

of the step width variance explained. Supporting this 

result, significant increases in step width were reported 

by Westlake et al (2013) when thigh girth was increased 

by an average of 1.3cm. Thus mechanical obstruction, 

caused by increased thigh circumference is a likely reason 

for increased step width in late pregnancy. This influence 

from thigh girth on step width was not seen postbirth nor 

in the nulliparous control group.  

At 38 weeks gestation variation in step width was 

influenced by the frontal plane motion of the trunk 

relative to the pelvis with 46% (p=0.06) of the variance 

explained. The effect was not seen post birth or in the 

control group. The frontal plane motion of the trunk 

relative to the pelvis is decreased in late pregnancy only 

[1] and was mainly influenced by reduced frontal plane 

motion of the pelvis. Further research is warranted to 

explore the effect of frontal plane motion of the pelvis on 

the variance in step width in late pregnancy.   

Between 22%-33% of the variance in step width 

was accounted for by frontal plane trunk ROM for each 

group, similar to the results for trunk centre of mass 

position from Hurt et al (2010). As frontal plane trunk 

ROM is not changed significantly in late pregnancy [1], 

similar influence on step width would be seen at post 

birth and also for nulliparous controls.  

 

CONCLUSIONS 

There is a strong relationship between thigh girth and 

step width in late pregnancy not seen post birth nor in a 

control group. These results indicate the mechanical 

obstruction by increased thigh girth is a likely explanation 

for increased step width in late pregnancy rather than 

increased step width being a functional adaptation to 

increase stability.   
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Table 1: Regression analysis results for the independent variable step width and the dependent variable of Frontal Plane 

Trunk ROM, and Frontal trunk ROM relative to Pelvis. 

 38 weeks Post birth Controls 

Thigh Girth r
2
 (p, t) 0.67 (0.01, 3.54)

#
 0.00(0.96, 0.04) 0.00(0.82, 0.23) 

Frontal plane trunk ROM relative to pelvis r
2
 (p, t)  0.46 (0.06, 2.27)

#
 0.11 (0.41, 0.89) 0.18 (0.19, -1.42) 

Frontal plane trunk ROM r
2
 (p, t) 0.22 (0.24, -1.30) 0.23 0.22, -1.35) 0.33 (0.06, -2.15)

#
 

#
 Significant at p<0.1 
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INTRODUCTION 
Internal tibial rotation is a known risk factor which 
contributes to anterior cruciate ligament (ACL) injury. 
Previous in-vitro studies on whole porcine knees, subject 
to compressive loading, have shown that the potential for 
ACL injury can be decreased by simply restricting tibial 
rotation (RTR) [1]. Recently too we have shown that 
distinct microstructural variations in the ACL exists as a 
function of its double bundle anatomy [2, 3]. Given these 
insights, we aim to now determine how the unique double 
bundle structure of the ACL, responds to the above joint 
loading restriction. 
 
METHODS 
A total of 8 porcine knees, obtained from a local abattoir, 
were used.  

Samples were loaded in compression and in 22˚ 
flexion to apply an anterior tibal translation [1]. Following 
the loading protocols shown here, the samples were 
divided into two equal sized groups and chemically fixed 
with 10% formalin for 24 hours. Chemical fixation was done 
under load: for the first group, predetermined loads from 
step two were applied with FTR, and for the second group, 
predetermined loads from step two were applied with RTR. 
Ligament-to-bone blocks were harvested after fixation and 
fully decalcified using 10% formic acid and further 
examined using differential interference contrast (DIC) 
microscopy.  

 

 
Figure 1: Methods flow chart. Photo showing formalin 
fixation of sample in position and under load. MITRA: 
Maximum Internal Tibial Rotation Angle; FTR: Free Tibial 
Rotation; RTR: Restricted Tibial Rotation. 

The level of crimping was carefully imaged and 
quantified across the ACL, differentiating the anterior-
medial and posterior-lateral regions. The extent of 
crimping, with the ligament fixed under load, was used to 
correlate with the extent of loading experienced in the 
particular region of the ligament. 

 

 
Figure 1: Three levels of fibre crimping: (a) substantial, (b) 
intermediate, and (c) minimal. 
 
RESULTS AND DISCUSSION 
In the ACL of both FTR and RTR groups, there was minimal 
crimping in the medial region, and substantial crimping in 
the lateral region, suggesting high and minimal level of 
tensile load respectively. In the central region (a less 
distinguishable lateral aspect of the AM bundle and medial 
aspect of the PL bundle), less crimp was visible in the RTR 
group than in the FTR group. 
 

CONCLUSIONS 
The results suggest that reduced risk of ACL injury from 
restricting tibial rotation may be due to an offloading from 
the central portion of fibres in the ACL. This study provides 
additional insight into the complex injury mechanism of the 
ACL, and how this ligament may potentially be protected. 
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INTRODUCTION		
The	 hip	 joint	 contact	 loads	 experienced	 during	 activities	 of	
daily		living		are	 not	 generally		 considered		 high		enough		to	
cause	 acute	 bone	 or	 joint	 injury.	 However	 there	 is	 some	
evidence	 that	 hip	 joint	 loads	 may	 be	 higher	 in	 stumble	
recovery	 from	 a	 forward	 loss	 of	 balance	 [1].	 Exercises	 that	
challenge	 balance	 are	 central	 to	 exercise-based	 fall	
prevention	 programs	 [2]	 and	 there	 are	 indications	 that	
exercises		 that		repeatedly		 expose		participants		 to	 a	 rapid	
loss	 of	 balance	 are	 more	 effective	 in	 improving	 balance	
recovery	 	 mechanisms	 	 than	 	 conventional	 	 quasi-static	
balance	 training	 [3].	 However,	 the	 hip	 joint	 contact	 loads	
experienced	 during	 rapid	 step	 training	 have	 not	 been	
systematically	 evaluated.	 The	 purpose	 of	 this	 study	 was	 to	
use	 a	musculoskeletal		model	 to	 determine	 the	 effect	 of	 1)	
increasing		 balance		perturbation		 intensity		and	 2)	 the	 use	
of	 either		a	 single		or	 multiple		 step		recovery		 strategy;		on	
hip	 joint	 contact	 loads	 during	 recovery	 from	 forward	 loss	
of	balance	in	community	dwelling	older	adults.				
		
METHODS		
Participants			 (n=76)			consisted			of		 a		 sub-sample			 from		 a	
larger	 prospective	 study	 [4].	 Loss	 of	 balance		was	 induced	
by	 releasing	 participants		 from	 a	 static	 forward	 lean	 angle	
[5].	 Participants	 were	 positioned	 in	 a	 forward	 lean	 posture	
with	 lean	 angle	 measured	 in	 body	 weights	 (BW)	 recorded	
on	 a	 load	 cell	 (S1W1kN,	 XTRAN,	 Australia)	 placed	 in	 series	
with	 an	 inextensible	 cable	 attached	 to	 a	 safety	 harness	 at	
the	 level	 of	 the	 sacrum.	 Participants	 performed	 4	 trials	 at	
each			 of			 the			 15%,			 20%			 and			 25%			 BW			 perturbation	
intensities	in	randomised	order.				

Trajectories			of		 51		 reflective		 markers		 attached		 to	
each	 participant	 	 and	 Ground	 Reaction	 Forces	 under	 each	
foot	 were	 recorded	 simultaneously.	 Data	 analyses	 were	
performed		 using		 OpenSim		 (version		 3.2).	 	 Muscle		 forces	
were	 estimated	 using	 Static	 Optimisation	 and	 the	 Joint	
Reaction		 analysis		 tool		 was		 used		 to		 calculate		 hip		 joint	
contact	 loads.	 Models	 were	 evaluated	 according	 to	 the	
recommendations			of		Hicks		 et		al.		 [6]		 to		ensure		 possible	
sources	of	error	were	within	recommended	tolerances.				 				
		
RESULTS	AND	DISCUSSION		
Peak		hip		joint		contact		loads		significantly		increased		with		
increasing			 lean			magnitude			 (15%:			7.3±1.7			BW;			20%:		
8.4±1.7		 BW;		 25%:		 10.7±1.0		 BW)		 and		were		 significantly	
higher		 for		 Single		 Steppers			(8.4±1.7			BW)		 compared			to	
Multiple			 Steppers			 (6.5±1.1BW).			 At			the			maximal			 lean	
magnitude			from			which			each			participant			could			recover		

with	a	single	step	the	peak	hip	contact	loads	ranged	from		
4.3-12.7	body	weights.				

		

	 Figure				
1:				Hip				 joint				 contact				 loads				 (BW)				 from				 a	representative	
participant	during	recovery	from	15%,	20%		
and	 25%	 lean	 angles.		The	 data	 displayed		 is	 from	 toe-off	
(TO)		of	 the	 stepping		 leg	 to	 the	 instant		of	 maximal		knee	
joint	flexion	(KJM)	following	foot	contact.		
		
CONCLUSIONS		
Overall		 findings		 indicated		 that		 older		 adults		 experience	
peak	 hip	 joint	 contact	 loads	 during	 balance	 recovery	 by	
stepping		 that	 in	 some	 cases	 exceeded		 loads	 reported		 to	
cause			mechanical			 failure			of		 cadaver			femurs			[7].		 It		 is	
suggested	 degree	 of	 caution	 is	 applied	 when	 prescribing	
repeated	 high-intensity	 stepping	 exercises	 to	 older	 adults,	
particularly		 in		 individuals		 with		 osteoporosis,		 because		 of	
the	potential	risk	of	femoral	fracture.		
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INTRODUCTION 
Peak joint loads during gait are associated with progression 
of knee osteoarthritis (KOA) [1]. Previous research has 
identified subgroups with distinct walking gait patterns in 
a KOA cohort [2]. However, no study has examined 
whether the joint loading indices (peak knee moments, 
static alignment) differ among gait patterns in OA. 
Subchondral bone (SB) adapts to its local mechanical 
environment. Comparing proximal tibia SB 
microarchitecture among gait subgroups may provide 
novel insights into the loading history within the 
corresponding joints. 

The aims of this study, in end-stage medial KOA 
patients undergoing total knee replacement, were (1) to 
identify subgroups with distinct walking patterns; (2) to 
explore whether loading indices and subchondral bone 
microarchitecture parameters vary among these 
subgroups.  
 
METHODS 
Patients: 19 medial KOA patients (age 67±8, BMI 33±5 
kg/m2) scheduled for total knee replacement underwent 
gait analysis. 

Gait analysis: Peak knee flexion (KFM), extension 
(KEM), adduction (KAM) and internal-external rotation 
moments, were collected using 12 Vicon cameras and 4 
force platforms, and analysed with Visual3D v5 (C-motion 
Inc., MD, USA). The knee adduction moment impulse was 
also computed and moments normalized by bodyweight. 
Peak tibio-femoral joint contact force (JCF) was calculated 
with a musculoskeletal model [3] and the mechanical axis 
deviation (MAD) obtained from full-length anterior-
posterior weight-bearing radiographs. 

Cluster analysis: Peak knee moments were input 
into principal component and k-means cluster analysis, to 
identify subgroups with relatively homogeneous walking 
patterns. Analysis was performed with MATLAB 
(MathWorks, MA, USA). 

Micro-CT: Following surgery, entire tibial plateaus 
were retrieved and scanned with micro-CT. Subchondral 
bone 3D microarchitecture including bone volume fraction 
(BV/TV) was analysed in four subregions of interest, in 
antero-medial (AM), antero-lateral (AL), postero-medial 
(PM) and postero-lateral (PL) condyles. 

Statistics: Differences in loading and SB 
microarchitectural parameters among subgroups were 
assessed by Kruskal Wallis, followed by Mann Whitney U 
tests. 

RESULTS AND DISCUSSION 
Cluster analysis revealed three subgroups with distinct 
walking gait patterns: biphasic (n= 8), flexor (n= 8) and 
extensor (n= 3) walking patterns. The peak KFM, KEM 
(Fig.1a) and KAM differed among subgroups during stance 
(p<0.05). KAM and KAM impulse (Fig.1b) were highest in 
the biphasic subgroup compared to flexor and extensor 
(0.62, 0.40, 0.36 Nm/kg and 41.8, 24.3, 23.6 Nm.s/kg, 
respectively). Subchondral M:L BV/TV ratio (Fig.1b) and 
AM:PL BV/TV ratio also tended to be highest for the 
biphasic group (2.2, 1.8, 1.9 and 1.9, 1.5, 1.4, respectively). 
JCF and MAD did not differ among subgroups. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: (a) Average knee moment curves, (b) KAM 
impulse and M:L BV/TV ratios. p< 0.05 among subgroups: 
biphasic vs. §flexor and #extensor, ‡flexor vs. extensor 
 

CONCLUSIONS 
This study identified three distinct walking patterns in 
medial KOA patients. Patients with a biphasic gait pattern 
exhibited significantly higher KAM and KAM impulse and a 
trend towards higher M:L and AM:PL BV/TV ratio. The 
higher BV/TV ratio may reflect a microarchitectural 
adaptation of the bone to a higher M:L load distribution in 
the biphasic gait group. Understanding how joint loads vary 
among walking gait patterns and are related to bone 
microarchitecture may be useful for identifying, and 
improving the management of, persons at risk for 
development of KOA. 
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INTRODUCTION 
The goal of ACL reconstruction (ACLR) is to restore 
anterior-posterior passive knee stability. This is typically 
achieved, yet >50% of ACLR patients develop radiographic 
knee osteoarthritis (OA) within 15 years of ACL rupture and 
ACLR [1]. 
The risk of post-ACLR knee OA may, in part, be driven by 
chronic changes to the knee’s articular tissues, such as 
cartilage thinning, chondral defects, and bone marrow 
lesions. Furthermore, ACLR is followed by persistent 
changes to gait biomechanics, such as reduced knee flexion 
range of motion, excursion and external moment, as well 
as tibial rotation. Moreover, during walking ACLR knee 
muscle activation is reduced, and the autograft donor 
muscles typically atrophy resulting in strength deficits at 
the knee. 

Recently, it was shown that at 6-months ACLR 
patients who went on to developed knee OA by 5-years 
post-ACLR had substantial contact load asymetry between 
their ACLR and intact knees. Specifically, they had lower 
contact forces in their ACLR knee [2], while those that did 
go on to develop knee OA had symmetrical contact loading. 
Unfortunately, MRI was not used and so the relationships 
between the contact forces and the structure of the 
artiuclar cartilages were not examined. 

We studied the relationships between tibiofemoral 
contact forces during walking and the volume of the tibial 
articular cartilages in those with ACLR and healthy controls. 
Based on earlier work [3], we hypothesized that larger 
contact forces would be related to larger tibial articular 
cartilage volumes in the healthy controls, and smaller 
volumes in the ACLR patients. 
METHODS 
This study was conducted at Griffith University’s Centre for 
Musculoskeletal Research (CMR) and the University of 
Melbourne’s Centre for Health, Exercise and Sports 
Medicine (CHESM). One hundred single-bundle combined 
semitendinosus and gracilis tendon ACLR patients were 
tested (2.51±0.44 yrs post-op), as well as 30 healthy 
controls (28.3±5.2 yrs, 74.9±14.9 kg). From the ACLRs, we 
identified those with and without meniscal injury for 

subgroup analysis (isolated ACLR: n=62, 29.8±6.4 yrs, 
74.9±13.3 kg, meniscal-injured ACLR: n=38, 30.6±6.6 years, 
83.3±14.3 kg). 

Tibial articular cartilage volumes were measured 
from MRIs acquired with 1.5-T whole-body (Griffith) Signa 
(GE Healthcare, Wisconsin) or (CHESM) 3.0-T Megenetom 
Verio (Siemens, Germany) magnet. The total (TTF), medial 
(MTF) and lateral (LTF) tibiofemoral contact forces during 
walking were estimated using an EMG-driven 
neuromusculoskeletal model [4]. The EMG-driven model 
was customized to reflect morphologic changes to the 
autograft donor muscle based on literature values. 

General linear models were then used to assess the 
relationships between the maximum tibiofemoral contact 
forces during walking and tibial articular cartilage volumes 
for ACLRs and controls, and meniscal injury was used as a 
categorical variable. 
RESULTS AND DISCUSSION 
ACLRs and controls had similar participant age, sex, body 
mass, knee size, and raw tibiofemoral contact forces, 
despite significantly greater BMI in ACLRs (p<0.0001). 

In controls, larger medial contact forces were 
significantly related to larger medial tibial cartilage 
volumes (Table 1) as hypothesized, and as previously 
reported [3]. However, this was not observed in the ACLRs, 
where the relationship was flat. Meniscal injury was not a 
significant factor in these relationships for the ACLRs. 
CONCLUSIONS 
ACLR did not restore the normal relationships between 
tibiofemoral contact forces and tibial articular cartilage 
volume by 2-3 years post-operation, irrespective of 
meniscal injury. Further research is required to determine 
if these abnormal relationships at 2-3 years post-ACLR are 
related to degeneration of the articular cartilage or to the 
future onset of knee OA. 
REFERENCES 
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Table 1: Relationships between tibiofemoral contact forces and tibial articular cartilage volumes in ACLRs and controls. 

 Tibial Region Relationships between Contact Forces and Articular Cartilage Volumes 

Controls 
Medial 

R2=0.33, β=0.5, (95%CI=0.18-0.81), p=0.003* 

ACLRs R2=0.01, β=-0.11, (95%CI=-0.41-0.2), p=0.48 
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INTRODUCTION	
The	 internal	 porosity	 of	 cortical	 bone,	 at	 the	 level	 of	
vascular	 canals,	 is	 receiving	 increasing	 interest	 due	 to	
both	its	impact	on	bone’s	mechanical	strength	and	its	role	
in	 the	 remodeling	 process.	 Imaging	 cortical	 porosity	 in	
both	 human	 and	 animal	 tissue	 samples	 has	 become	
relatively	 routine	 ex	 vivo	 thanks	 to	 the	 increasing	
accessibility	 of	 high	 resolution	 micro-CT	 scanners.	
Detection	of	cortical	porosity	in	vivo	is	a	more	challenging	
proposition.	 High	 Resolution	 peripheral	 Quantitative	
Computed	 Tomography	 (HR-pQCT)	 is	 enabling	 in	 vivo	
detection	of	cortical	porosity	in	living	human	subjects	but	
it	 should	 be	 recognized	 that	 only	 the	 largest	 pores	
associated	 with	 trabecularization	 of	 the	 cortex	 are	
consistently	 resolved.	 Live	 imaging	of	 cortical	 porosity	 in	
small	 pre-clinical	 (animal)	 models	 has	 not	 been	
extensively	reported	[1,	2]	and,	similarly,	faces	resolution	
limitations.	 The	 high	 resolution	 necessary	 to	 detect	
cortical	 pores	 creates	 two	 significant	 hurdles.	 First	 and	
foremost	 is	 the	 issue	 of	 radiation	 dose.	 The	 relation	
between	 resolution	 and	 dose	 is	 non-linear,	 leading	 to	
limitations	 for	 live	 imaging	 [3].	 Second,	 movement	
becomes	an	ever	greater	problem	as	resolution	increases.	
Imaging	 of	 cortical	 porosity	 in	 small	 animals	 is	 thus	
particularly	challenging	due	to	the	resolution	required.	To	
help	 overcome	 these	 hurdles,	 our	 group	 has	 looked	 to	
synchrotron-based	 propagation	 phase	 contrast	 micro-CT	
imaging.	 Phase	 contrast	 enhances	 the	 detection	 of	
interfaces	(e.g.	bone-pore	edges)	without	increasing	dose	
–	 aiding	 the	 detection	 of	 porosity	 [4].	 The	 brilliance	 of	
synchrotron	 radiation	 enables	 rapid	 imaging	which	helps	
to	 reduce	 the	 risk	 of	movement	 artifacts.	 Capitilizing	 on	
these	 advantages,	 a	 key	 objective	 or	 our	 research	 is	 to	
establish	 an	 imaging-based	 platform	 for	 the	 direct	
tracking	 of	 resorption	 spaces	 associated	 with	 individual	
remodeling	 events.	 This	 presentation	 provides	 an	
overview	cortical	bone	 imaging	culminating	 in	our	recent	
progress	 working	 with	 the	 rat	 and	 rabbit	 models	 at	 the	
BioMedical	 Imaging	 and	 Therapy	 (BMIT)	 faclity	 of	 the	
Canadian	Light	Source	(CLS)	synchrotron.	 	 	 	 	 	 	

	 	
METHODS	
Live	 animal	 imaging	 experiments	 were	 initiated	 at	 the	
BMIT	 facility	 beginning	 with	 the	 bending	 magnet	 (BM)	
beamline	 (2012-15)	 and	 have	 recently	 (2016)	 shifted	 to	
the	insertion	device	(ID)	line.	This	presentation	focuses	on	
the	 recent	 use	 of	 the	 ID	 beam	 line	 to	 image	 Sprague	
Dawley	 rats	 and	 New	 Zealand	 White	 rabbits.	 Micro-CT	
configured	to	develop	propagation	phase	contrast	(60-90	
cm	between	detector	and	target)	using	a	monochromatic	
beam	 of	 37.5	 keV	 was	 employed.	 Scan	 times	 improved	
from	 45	 minutes	 (step	 and	 shoot)	 to	 15	 minutes	
(continuous	rotation)	on	the	BM	beamline.	Scanning	with	

the	 ID	 beam	 line,	 times	 have	 been	 reduced	 to	 10-20	
seconds	 (continuous	 rotation).	 Custom	 holders	 were	
developed	 for	 both	 the	 rat	 and	 the	 rabbit	 to	 enable	
imaging	 of	 the	 ulna	 and	 distal	 tibia,	 respectively.	 Initial	
experiments	 have	 involved	 animals	 being	 imaged	 at	 2	
week	intervals	at	a	dose	of	3	Gy	per	imaging	session	using	
~12	µm	voxels.	
	 	 	 	
RESULTS	AND	DISCUSSION	
The	 imaging	 protocols	 developed	 have	 successfully	
captured	the	porosity	within	the	cortices	of	both	rats	(Fig.	
1A.)	and	rabbits	(Fig.	1B.).	Smaller	primary	vascular	canals	
remain	challenging	to	consistently	resolve	but	medium	to	
large	 secondary	 canals	 and,	 in	 particular,	 remodelling	
related	 resorption	 events	 are	 well	 delineated.	 No	 overt	
signs	 of	 radiation-induced	 effects	 have	 been	 observed	
(e.g.	 hair	 loss,	 skin	 burns)	 externally	 or	 internally	 (bone	
surface	 changes).	Movement	was	a	 significant	 issue	with	
early	 rat	 experiments	 on	 the	 BM	 beam	 line.	
Improvements	 to	 both	 holders	 and	 scan	 time	 on	 the	 ID	
beamline	have	dramatically	improved	scan	success	rates.	 	 	 	 	 	 	

	
Figure	1:	3D	rendering	of	cortical	bone	porosity	in	rat	ulna	
with	 canal	 network	 skeleton	 highlighted	 (A.)	 and	 rabbit	
tibia	showing	many	remodelling-related	resorption	spaces	
(B.).	
	
CONCLUSIONS	
Phase	 contrast	 micro-CT	 improves	 the	 detection	 of	
cortical	 porosity	 in	 small	 animal	 models.	 	 Detection	 of	
remodeling-related	 resorption	 spaces	 is	 particularly	
feasible	at	radiation	doses	approaching	those	employed	in	
conventional	 in	 vivo	 micro-CT	 systems.	 Longitudinal	 in	
vivo	 imaging	of	 individual	cortical	remodelling	events	has	
not	 been	 previously	 reported	 and	 this	 advance	 holds	
great	 promise	 for	 improving	 our	 understanding	 of	 the	
mechanisms	 which	 ultimately	 regulate	 localized	 bone	
turnover.	 	 	 	
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INTRODUCTION 
The interplay between mechanical and structural factors 
in musculoskeletal joints with arthritis is largely unknown. 
The exploration of musculoskeletal systems is limited by 
capture of only a single or few measurements to describe 
complex conditions. Observing mechanostructural 
interactions in arthritis, and developing specific and 
sensitive measures of change would generate new 
advances in understanding human health.  

Micro-computed tomography provides 3D image 
datasets that can be employed to access 3D metrics that 
define OA in clincial and preclinical models. However, 
despite the wealth of information available in these 
datasets, it is very rarely exploited. Advances in 
multi-tissue imaging which allow the net to be cast wider 
to incorporate metrics which define in situ joint changes 
alongside individual tissue changes are required. In this 
work, such a methodology is demonstrated in a preclinical 
rabbit model and clinical data. 
 
METHODS 
Eight 4.5-month old New Zealand white rabbits 
underwent anterior cruciate ligament (ACL) desmotomy 
on one knee (OP), where the non-operated contralateral 
joint served as a control (NO), and sacrificed 8 weeks 
post-op. Humeral head samples were harvested from 21 
patients undergoing joint replacement for end stage OA. 
Consent from the patients and approval of the local ethics 
committee was received.  

All samples were scanned using micro-computed 
tomography, microCT (rabbits: 18 μm, humeral heads: 30 
µm, SCANCO Medical AG). Humeral heads were also 
scanned by magnetic resonance imaging, MRI (Achieva, 
3.0 Tesla, Philipps, 150 µm in-plane, 300 µm 
out-of-plane).  

Scans were processed and rotated to a common 
orientation from which joint and tissue changes could be 
calculated.  

Joint space width (JSW), contact area between 
femur and tibia when loaded virtually, and the distance 
(λ) and orientation (α, β, γ) of the centre of mass of the 
femur relative to that of the tibia along the three principle 
axes were measured in the rabbit. Additionally, 3D Cg.Th, 
and bone parameters were measured in the rabbit and 
humeral heads. A mixed models analysis, adjusted for 
multiple comparisons (Bonferroni), was performed to test 

for significant differences (p < 0.05) separately in the two 
models. 
 
RESULTS AND DISCUSSION 
The results of the rabbit model demonstrate novel 
metrics for whole joint and tissue analysis, Figure 1a, 
which are sensitive to changes due to traumatic OA. The 
lateral compartment of operated joints had larger joint 
space width, thicker femoral cartilage and reduced bone 
volume, while osteophytes could be detected 
quantitatively [1]. Measures between the in situ tibia and 
femur indicated an altered loading scenario. The humeral 
head results indicate a spectrum of arthritis disease [2]. 
Samples were classified as OA-like, OP-like or OA/OP-like, 
with positive associations between bone and cartilage 
morphometric parameters; specifically in areas with large 
denuded surfaces, the underlying cortical bone was more 
porous and thicker, while trabecular bone was denser, 
Figure 1b.  
 
(a)      (b)  

   
Figure 1: (a) rabbit joint model, (b) humeral head cartilage 
and bone patterns. 
 
CONCLUSIONS 
The ability to correlate whole joint, bone and cartilage 
changes is valuable, as these structural cues could allow 
for a targeted diagnostic approach and a better 
classification of the disease, leading to improved 
therapies. Furthermore, they can be used to help decode 
the interplay between mechanical, structural and 
biological responses of OA disease phenotypes. This 
integrated approach could be realised by designing and 
establishing new technologies that allow longitudinal 
monitoring, multiscale measurement, and sensitive 
quantification in musculoskeletal systems. 
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INTRODUCTION 
Skeletal muscle is viscoelastic. This means that under shear 
conditions it exhibits a response that consists of a 
recoverable elastic component, and a non-recoverable 
viscous component. Viscoelasticity is characterised by the 
complex shear modulus, G*, an inherent material property 
that describes overall resistance to shear. Magnetic 
resonance elastography (MRE) is an emerging non-invasive 
MR imaging technique, that captures acoustic wave 
propagation in soft tissues to quantify these properties 
painlessly in vivo. Our group has developed this technique 
for lower leg musculature [1]. 

However despite an abundance of literature 
describing the viscoelasticity of adult skeletal muscle,  
only two studies [2,3] have investigated these properties in 
paediatric muscle, and in those, only a limited age range 
was studied. Currently, no data exists that 
comprehensively measures the changes in viscoelasticity 
throughout childhood and adolescence.  

This study aimed to quantify the in-vivo viscoelastic 
properties of skeletal muscle throughout development. 

 
METHODS 
The left legs of 34 children (14 F, 5-18 years) and eight 
healthy adults (4 F, 21-36 years) were studied using 3-T MR 
imaging (Philips Achieva TX, Best, The Netherlands).  

Subjects were studied in the supine position with 
the probe tip of the shear wave driver positioned firmly on 
the anterior mid-diaphyseal region of the tibia. Relaxed 
knee and ankle angles were adopted by strapping the foot 
to the testing appartatus (Figure 1). MRE with a 60 Hz 
vibration frequency was used to measure the complex 
shear modulus G* of the medial gastrocnemius (MG), 
soleus and tibialis anterior (TA) muscles in the relaxed 
condition.  

 
Figure 1: Schematic drawing of the testing apparatus. 

 
The degree of skeletal maturation of subjects 

(designated ‘immature’, ‘partially mature’ and ‘mature’) 
was assessed by gauging the relative ossification of the 
distal femoral and proximal tibial physes as viewed 
through a standard T1 anatomical image. 
 
RESULTS AND DISCUSSION 
An example dataset of the high resolution anatomical, 
displacement and reconstructed G* map for a typical 
subject is shown in Figure 2.  

 
Figure 2: Sample anatomical (a), displacement (b) and 
reconstructed complex shear modulus G* (c) images for an 
18 year old male subject. 
 
Table 1: Group shear modulus (mean ±SD) G* results 

 Children Adults 

MG, G*(kPa) 1.22 ± 0.22 1.21 ± 0.18 

Soleus, G*(kPa) 1.14 ± 0.15 1.06 ± 0.13 

TA, G*(kPa) 1.16 ± 0.16 1.14 ± 0.17 

 
The mean muscle shear moduli for the paediatric and adult 
groups are listed in Table 1. Mean G* of MG was 
significantly greater than mean soleus G* in both 
paediatric and adult groups (p=0.009, p=0.005 
respectively, paired samples t-test). Linear regression 
analysis was performed to investigate the interaction 
between age and shear modulus. When all children were 
considered, the mean G* of TA decreased significantly with 
age (R

2
=0.121, p=0.044), however there was no 

relationship between age and G* in MG or soleus 
(R

2
=0.001; R

2
=0.073 respectively, p>0.05). Furthermore, 

skeletal maturation was not correlated with G* in any of 
the muscles assessed (p > 0.05, between groups ANOVA). 
 

CONCLUSIONS 
This data suggests that the in-vivo viscoelastic properties 
of immature skeletal muscle are not greatly affected by 
age or the degree of skeletal maturation of the subject, 
however there may be a small effect in some muscles. The 
clinical significance, if any, of small changes in muscle 
stiffness is not clear. 
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INTRODUCTION 
The inertia tensor (IT) gives the three-dimensional (3D) 
mass distribution of a body segment, representing the link 
in the cause-effect relationship between torque applied to 
the segment and its rotational kinematics. Accurate 
subject specific ITs in-vivo can be estimated through 
medical imaging technologies, though these are expensive 
and not widely accessible (e.g. MRI, CT). Additionally, data 
reduction techniques associated with their 
implementation are time consuming [1]. As a solution, we 
tested the applicability of a customised IT estimation 
technique (DXA/3D) that scatters accurate body mass 
distribution in two-dimensions (2D) from Dual-Energy X-
Ray Absorptiometry (DXA), within a 3D mesh volume 
obtained using a 3D surface scanner. 

METHODS 
A solid-frozen pig cadaver with retro-reflective markers 
affixed to its dorsal torso was scanned with a Lunar Prodigy 
densitometer (GE Healthcare, Bucks, UK). Mass 
distribution in 2D was exported as a colour-intensity image 
[2]. A 3D scanner (Artec Europe, LU) was used to create a 
high-resolution 3D mesh of the pig. 

 
Figure 1: The DXA/3D Method. 

Fifty internal mesh layers were created, whose vertices 
were assigned to a common embedded skeleton [3]. Each 
mass element from the DXA 2D mass distribution was 
registered to two vertices per layer (1 proximal and 1 distal 
to the scanning plane). This resulted in a system of particles 
(vertices of known mass and position in space) whose 
inertia tensor could be calculated from the given equations 
(Fig 1). Additionally, the IT was estimated using the in-vitro 
gold standard compound pendulum method (CP) [1]. 
Accuracy of the pig cadaver IT estimates (DXA/3D and CP 
methods) were assessed by (i) recording the experimental 
angular kinematics of the pig after being manually 
projected (flight time = 0.426 sec), and (ii) verifying 
whether simulated angular kinematics of the airborne pig 
matched the experimentally recorded angular kinematics 
(Fig. 2). Two pig models were created in OpenSim (v. 3.3, 

simt-k.org, Stanford, CA), one for each IT estimation 
method. Experimental kinematics were calculated from 
the torso marker flight trajectories and OpenSim used to 
simulate the airborne motion of the pig using both models. 
Every sampled data from the experimental kinematics was 
used as initial states to the simulations. The time histories 
of (i) the angular velocity vectors (AVV) from experimental 
kinematics and all simulations, and (ii) the deviation angles 
(i.e., the angle between each sampled, simulated AVV and 
corresponding AVV from the experimental array) were 
found for every simulation. Boxplot figures summarised 
the Root Mean Squared Deviation Angle (RMS DA).

 
Figure 2: Experimental and simulated flight. 

RESULTS AND DISCUSSION 
Simulations 
performed with 
the DXA/3D 
model had 
smaller RMS DA 
than when 
using the CP 
model (Fig. 3). 
Therefore, the 
DXA/3D-based 
inertia tensor yielded airborne simulations that matched 
more closely the experimental data and thus is more 
accurate than the respective tensor estimated by the gold 
standard CP method. 

CONCLUSIONS 
Considering DXA as a feasible fast scanner, readily 
accessible in comparison to traditional medical imaging 
technologies [1,2], and the increasing popularity of low 
cost portable 3D scanning technology, DXA/3D has the 
potential to be a widely-accessible, rapid and cheap 
method for estimating subject-specific body segment 
inertial properties. 
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Figure 3: Distribution of Root Mean Squared 
Deviation Angle (10th to 90th percentile). 
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INTRODUCTION 
Brain tissue mechanical properties are widely thought to 
be altered during the development of hydrocephalus. 
Although the detailed mechanisms for this are unclear, it 
has been hypothesized to be related to the loss of fluid 
and reduction of extracellular spaces. In a recent study, 
we showed that stiffness of the caudate putamen (CP) 
increased during ventricular enlargement, but not in the 
cortical grey matter (CGM) and that changes in brain 
stiffness appeared to be influenced by both degree of 
tissue compression and oedema [1]. The open sutures in 
the young rats were likely to have influenced the extent of 
brain compression and mechanical properties during 
hydrocephalus development but this needs clarification. 
The aims of this study were to determine: how brain 
tissue mechanical properties change during 
hydrocephalus development in a fixed cranial volume; 
how these changes are related to brain tissue 
deformation; and to compare brain stiffness changes with 
results from young hydrocephalic rats [1]. 
 
METHODS 
The study protocol was approved by the Animal Care 
Ethics Committee of the University of New South Wales 
(Sydney, Australia). Hydrocephalus was induced in 9 
Sprague-Dawley (SD, female, 10 weeks old) rats by 
injecting 60 μL of a kaolin suspension (25% w/v in 0.9% 
saline) into the cisterna magna under anaesthesia. 6 
sham-injected age-matched female SD rats were used as 
controls. MR imaging (9.4T, Bruker BioSpec Avance III, 
Ettlingen, Germany) was performed 1 day before and 
then at 3 days post injection and analysis as described 
previously [1] to compare adult and young rats’ 
measurements. T2-weighted anatomical MR images were 
collected to quantify ventricle and brain tissue cross-
sectional area. MR elastography (800 Hz) was used to 
measure the brain stiffness (G*, shear modulus).  
 
RESULTS AND DISCUSSION 
The ventricular area increased significantly over time in 
adult hydrocephalic rats but not in controls (Ptime*group 

<0.001). When the ventricles enlarged, CGM thickness 
and CP area decreased (GEE, P<0.01 for both) while the 
cranial area (GEE, P=0.40) and brain stiffness did not 
change (GEE, CGM: P=0.24, CP: P=0.11). The average 
ventricular area in the adult hydrocephalic rats was 
inceased by 3.1±0.9 times and this was significantly lower 

(t-test, P=0.01) than for the young hydrocephalic rats 
(Figure 1A) in which it increased by 4.1±0.4 times. Whole 
brain tissue area normalized to baseline was significantly 
lower (t-test, P=0.0002) in the adult hydrocephalic rats 
(0.91±0.03) than in the young hydrocephalic rats (1.03 ± 
0.05), suggesting brain was more compressed in adults 

despite less dramatically enlarged ventricles. Across all 
animals (adult and juvenile) CGM stiffness was inversely 
correlated with normalized brain tissue area (Spearman, 
P=0.001, Figure 1B), but not CP stiffness (Spearman, 
P=0.12). Cortical gray matter stiffness was significantly 
higher in the adult hydrocephalic rats than the young 
hydrocephalic rats (t-test, P = 0.002). In contrast with 
young hydrocephalic rats, hyper-intense signal on T2 
weighted images indicating the presence of oedema in 
CGM was not observed in adult hydrocephalic rats. 

 
Figure 1: A) Typical T2 weighted MR images for 
hydrocephalic young and adult rats at baseline and 3 days 
post injection. Brightness of the images was increased by 
20% for visual purpose. B) Relationship between 
normalized brain tissue area and cortical stiffness 
measured in adult (•) and young (•) hydrocephalic rats 
using MR elastography (800 Hz). 
 
CONCLUSIONS 
This study showed that brain stiffness was higher in the 
more compressed adult hydrocephalic brains than the less 
compressed young hydrocephalic brains.  
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INTRODUCTION 
Surgical decision to correct torsional deformities requires 
accurate measurement of femoral neck anteversion and 
tibial torsion. In the clinical setting, several methods may 
be utilized to obtain these measurements.  

Computer tomography is considered the gold 
standard when assessing lower limb torsion, but it is used 
reluctantly because it exposes patients to ionizing 
radiations. EOS is a new low dose biplane x-ray imaging 
modality, which is able to measure femoral neck 
anteversion and tibial torsion from 3D modelling of the 
lower limbs. EOS exposes the patients to considerably less 
ionizing radiations than CT and therefore may be 
preferred [1]. Freehand 3D ultrasound provides an 
alternative medical imaging method, without ionizing 
radiation, to measure femoral torsion. Finally, physical 
examination is the fastest and easiest method, and used 
routinely as part of gait analysis to assess children with 
torsional deformities.  

The purpose of this study was to assess the 
accuracy of EOS, 3D ultrasound and physical examination 
methods to measure lower limb torsion against CT as the 
benchmark.  
 
METHODS 
Twenty children (11 typically developing and 9 with 
cerebral palsy) referred for lower limb torsional 
deformities were recruited. Data was extracted for 
torsional measurements from CT scans, EOS images, 3D 
freehand ultrasound imaging and physical examination. 
Measurements on CT scans utilized the methods 
described by Sangeux et al. [2]  Measurements on EOS 
images were acquired using the dedicated software, 
sterEOS. Measurement of femoral torsion using 3D 
freehand ultrasound was performed as described by 
Passmore et al. [3]. Physical examination measures of 
femoral neck anteversion utilized the trochanteric 
prominence angle test, TPAT [4]. Physical examination 
measures of tibial torsion were measured using the 
bi-malleolar axis [5]. Bland and Altman plots were used to 
obtain limits of agreement between methods [6]. 
 

RESULTS AND DISCUSSION 
Measurements of femoral neck anteversion for EOS 
compared to CT showed good agreement with average 
difference 1°(CI:-4°, 6°) and correlation R2=90%, Figure 1. 
Freehand 3D ultrasound measures of femoral torsion 
were reduced compared to CT, average difference 
4°(CI:-4°, 12°) but still showed good correlation R2=62%. 
Physical examination showed the poorest results, 
underestimating CT measurements on average by 
13°(CI:-1°, 28°) with weak correlation R2=26%.  

 
Figure 1: Bland and Altman plot femoral neck anteversion. 
 

Measurements of tibial torsion from EOS showed an 
average difference 0°(CI:-6°, 6°) and good correlation 
R2=92%, whereas physical examination underestimated 
tibial torsion on average 13°(CI:-3, 28°) and moderate 
correlation R2=51%. 
 
CONCLUSIONS 
Physical examination measurements of lower limb torsion 
are not appropriate for surgical decision making. Both EOS 
imaging and 3D freehand ultrasound are accurate 
alternatives to CT. 
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INTRODUCTION		

Amongst	 the	 world's	 synchrotron	 light	 source	
laboratories	 there	 are	 only	 a	 few	 examples	 of	 dedicated	
instruments	 working	 in	 the	 field	 of	 medical	 physics.	 The	
Imaging	 and	 Medical	 beam	 line	 (IMBL)	 at	 the	 Australian	
Synchrotron	 is	 just	 such	 a	 purpose	 built	 facility.	 The	
brightness,	 bandwidth,	 coherence,	 and	 polarisation	 of	
synchrotron	 x-ray	 beams	 make	 them	 a	useful	 tool	 for	 both	
x-ray	 radiography	 and	 radiotherapy	 research.	 IMBL	 was	
designed	 and	 built	 explicitly	 to	 investigate	 ways	 to	 use	 the	
unique					qualities					of				 synchrotron					 x-ray					beam					for	
bio-medical	 research.	 The	 beam	 line	 has	 three	 radiation	
enclosures		 for		 experiments		 which		 cover		 use		 in		 a		wide	
range	 of	 studies,	 from	 broad	 bandwidth,	 fine	 structured	
beam	 radio-biology	 projects,	 to	 monochromatic	 (narrow	
bandwidth)		 large		 animal		 pre-clinical		 and		 clinical		 human	
imaging.		

The		highly		collimated		nature		of		the		beams		allows		
spatial		modulation		 with		 feature		 sizes		 down		 to		 the		~10	
micron		 scale.		 The		 adjustable		 power		 in		 the		 beams		 can	
provide	 dose	 rates	 of	 kilo-Grays	 per	 second	 if	 neccessary.	
High	 lateral	 and	 transverse	 coherence	 is	 achievable	 and	
allows	 phase	 contrast	 planar	 imaging	 and	 computed	
tomography	 	 (CT)	 	 to	 	 be	 	 explored	 	 in	 	 bio-medical	
radiography.		 IMBL's		bright		beams		 can		also		be		exploited	
for	 dynamic	 x-ray	 imaging	 with	 frame	 times	 of	 a	 few	
milliseconds.		 The		stable		 and		well		understood		 nature		 of	
the		generation		 of		synchrotron		 light		from		a	 storage		 ring	
also	 	 gives	 	 these	 	 beams	 	 the	 	 potential	 	 for	 	 accurate	
dosimetric	 investigations,	 and	 detector	 characterisation	 in	
the	kilovoltage	photon	range.		

This		presentation		describes		the		status		of		the		IMBL		
facility,	it's	current	use,	and	future	prospects.				
		
METHODS		

The	 beamline	 consists	 of	 three	 pairs	 of	 radiation	
enclosures,		 known		 as		 ‘hutches’.		 Each		 is		 an		 optics		 and	
beam	 conditioning	 hutch	 in	 tandem	 with	 an	 experiment	
hutch.	 	 	 The	 	 	 three	 	 	 experiment	 	 	 hutches	 	 	 are	 	 	 at	
approximately	 20	metres,	 35	metres	 and	 140	metres	 from	
the		source		of		x-rays.		The		hutches		closest		to		the		source		

provide		higher		x-ray		flux,		but		smaller		beam		areas.		In		the		
furthest		hutch		the		beam		can		be		up		to		400		mm		wide		and		
20	 mm	 high.	 At	 this	 distance	 the	 coherence	 of	 the	 beam	
allows	 x-ray	 phase	 contrast	 to	 be	 exploited	 across	 most	 of	
the	 energy	 range,	 providing		superior	 soft	 tissue	 contrast.	
For	 large	 and	 heavy	 objects	 this	 hutch	 is	equipped	 with	 an	
industrial		robot		arm		capable		of		positioning		loads		of		up		to		
200	kg	with	accuracies	of	60	microns.		

For	 computed	 tomography	 collection	 the	 object	 is	
rotated	 whilst	 projection	 images	 are	 captured.	 A	 turntable	
is	 used	 capable	 of	 taking	 50	 kg	 loads	 and	 with	 speeds	 of	
up	to	20	degrees	per	second.		

A		variety		 of		x-ray		 imaging		 detectors		 is		available.	
The	 choice	 will	 depend	 on	 the	 experiment.	 The	 finest	
resolution		 detector		 has		2		micron		 pixels		 over		 a		field		of	
view			of		 approximately			 4.5		 mm.		 Currently			 the		 largest	
detector		 has		 200		 micron		 pixels		 over		 250		 mm,		 with		 a	
detector		 currently		 in		 commissioning			having		 a		 500		mm	
field	of	view	with	42	micron	pixels.		
		
RESULTS	AND	DISCUSSION		

An	 example	 of	 synchrotron	 bone	 imaging	 was	
performed	 on	 IMBL	 in	 2015.	 This	 involved	 computed	
tomography				(CT)			 scans			 of			 resected			 human			 femoral	
epiphyses,		whilst		the		bone		was		put		under		varied		elastic		
loads[1].			The			results			were			used			to			modify			and			verify		
complex	mechanical	models	of	this	important	bone.		
		
CONCLUSIONS		
We	 believe	 IMBL	 will	 be	 a	 useful	 tool	 for	 visualising	 the	
anatomy	 of	 bone,	 joints	 and	 in	 the	 investigation	 of	 bone	 /	
soft	tissue	interfaces.		
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Mouse	paw	and	bird’s	head	images	taken	using	an	x-ray	phase	contrast	technique	on	a	synchrotron	imaging	facility.				
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1. INTRODUCTION	 	
Despite	 increasing	 understanding	 in	 the	

importance	 of	 genetic	 and	 biological	 cues	 to	 bone	
remodelling,	mechanical	 loading	 remains	 a	 critical	 factor	
in	 modulating	 skeletal	 morphology	 [1].	Wolff’s	 rule	 that	
was	 proposed	 over	 a	 century	 ago	 has	 been	 found	 still	
useful	today	in	explaining	functional	adaptations.	Indeed,	
many	 active	 medical	 disciplines,	 e.g.	 orthopaedics,	
orthodontics,	 etc,	 are	 heavily	 rooted	 on	 the	 key	 roles	
played	by	mechanical	forces,	by	which	numerous	patients	
receive	 effective	 treatments	 and	 recover	 from	 various	
malfunctions	or	diseases.	 	

While	 it	 is	 accepted	 that	 the	 musculoskeletal	
system	adapts	to	its	functions	through	various	mechanical	
loading,	 it	 remains	 unclear	 why	 tens	 of	 kilograms	 of	
weight	 are	 required	 for	 orthopaedic	 rehabilitation	 to	
achieve	a	 small	amount	of	bone	 remodelling,	whilst	only	
tens	 to	 hundreds	 of	 grams	 force	 stimulates	 significant	
bone	 remodelling	 in	 orthodontic	 therapy	 [2].	 How	 could	
the	bones	in	the	same	body	purposely	adapt	to	such	three	
orders	magnitude	difference	in	mechanical	force?	

This	 study	 explores	 that	 soft	 connective	 fibrous	
tissues,	 such	 as	 periosteum,	 endosteum	 and	 periodontal	
ligament	(PDL),	on	internal	and	external	surfaces	of	bone	
play	an	important	role	in	sensing	“transverse”	tension	and	
compression	 in	 a	 way	 different	 from	 longitudinal	
stimulation	 in	 intracortical	 tissue,	 thereby	 driving	 the	
bone’s	 lateral	 surface	 to	 remodel.	 Finite	 element	 (FE)	
based	 modeling	 and	 remodeling	 procedures	 are	
developed	 here	 to	 simulate	 how	 the	 connective	 soft	
tissue	plays	a	role	in	affecting	bone’s	remodelling.	 	

	
2. MATERIALS	AND	METHODS	

We	 used	 the	 CT/MRI	 based	 finite	 element	 (FE)	
modelling	 technique	 to	 create	 3D	 patient-specific	model	
for	 quantifying	biomechanical	 responses	 in	 soft	 tissue	 to	
mechanical	 forces.	 ScanIP	 (Simpleware)	 is	 adopted	 to	
covert	 clinical	 CT/MRI	 images	 to	 FE	 model.	 Abaqus	
program	 is	 employed	 to	 conduct	 finite	 element	 analysis	
(FEA).	Two	phases	of	study	are	adopted	 in	this	study:	 (1)	
static	 FEA	 is	 used	 to	 quantify	 the	 stress/strain	
distributions	 in	 the	 bone	 and	 soft	 tissue	 for	 a	 particular	
moment;	 (2)	 dynamic	 FEA	 is	 developed	 to	 simulate	 a	
time-dependent	 process	 of	 bone	 remodelling	 under	 the	
transverse	 force	 application.	 The	 former	 conducts	 FEA	
once,	 whilst	 the	 latter	 runs	 FEA	 iteratively	 for	 capturing	
variations	of	bone’s	internal	(namely	internal	remodelling)	
and/or	surface	 (namely	surface	remodelling)	morphology	
as	a	result	of	force	application.	

	

3. RESULTS	AND	DISCUSSION	 	
Three	different	 cases	 in	dental	 orthopaedics	were	

investigated	 in	this	study:	 (1)	 the	role	of	mucosa	 in	bone	
resorption	induced	by	different	denture	treatments	(Fig.	1)	
[3,4];	 (2)	 the	 role	 of	 soft	 tissue	 dental	 follicles	 in	 tooth	
eruption	 and	 jaw	 development	 [5];	 (3)	 the	 role	 of	
periodontal	 ligament	 (PDL)	 in	 orthodontic	 tooth	
movement	 [2].	 Each	 of	 these	 modelling	 cases	 was	
correlated	to	long	term	clinical	results.	

 
Figure	1:	Correlation	of	mucosa	hydrostatic	stress	and	

bone	resorption	via	CT-based	measurement	 	
	

Through	 these	 three	 cases,	 it	 is	 found	 that	
hydrostatic	stress	could	be	a	common	and	key	measure	to	
abovementioned	biomechanical	role.	As	shown	in	Fig.	1,	a	
good	 agreement	 of	 hydrostatic	 stress	 contour	 with	
measurement	of	two	year	bone	resorption	induced	by	the	
implant-retained	denture	was	obtained	[2].	 If	hydrostatic	
stress	 is	 higher	 than	 systolic	 pressure,	 bone	 resorption	
could	take	place	and	delivery	of	nutrients	and	transport	of	
metabolites	may	be	jeopardised,	thereby	affecting	bone’s	
turnover	and	lead	to	resorption	in	the	compression	area.	

	
4. CONCLUSIONS	

This	study	addressed	a	key	biomechanical	 issue	of	
how	 soft	 tissue	 affects	 the	 bone	 remodelling	 under	
application	 of	 transverse	 force.	 The	 three	 case	 studies	
revealed	 that	 hydrostatic	 stress	 in	 the	 connective	 soft	
tissues	 could	 be	 a	 trigger	 for	 interfering	 local	 circulation	
and	may	be	of	critical	importance	to	bone	remodelling.	
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INTRODUCTION	

Painful	disorders	involving	the	temporomandibular	
joint	 (TMJ),	 including	 osteoarthritis	 have	 a	 prevalence	
ranging	 from	16-59%[1].	 TMJ	 replacement	 surgery	 is	 the	
established	 treatment	 for	 end-stage	 TMJ	 osteoarthritis;	
however,	 current	 TMJ	 prosthetic	 implant	 designs	 face	 a	
range	 of	 problems	 including	 fracture,	 screw	 loosening,	
and	mandibular	nerve	damage.	The	aim	of	this	study	was	
to	 develop,	 test	 and	 implant	 a	 personalised	 prosthetic	
TMJ	 into	 a	 patient	 with	 end-stage	 osteoarthritis	 of	 the	
TMJ.	This	joint	replacement	is	an	improvement	on	existing	
‘off-the-shelf’	 components,	 since	 it	 was	 designed	 to	
conform	to	the	anatomy	of	the	patient’s	mandible,	while	
avoiding	 the	mandibular	 nerve.	 A	 secondary	 aim	was	 to	
use	 musculoskeletal	 modelling	 to	 assess	 functional	
performance	 of	 the	 joint	 replacement	 by	 comparing	 the	
modelling	 results	 to	 that	 of	 the	 Biomet	 Microfixation	
prosthetic	TMJ	implanted	in	the	same	patient.	
	
METHODS	

A	 female	 subject	 (age:	58	yrs,	weight:	69	kg)	with	
symptomatic	 and	 radiographic	 osteoarthritis	 of	 the	 left	
TMJ	was	recruited.	Computed	Tomography	(CT)	images	of	
the	 patient’s	 skull	 and	 jaw	 were	 obtained	 and	 digitally	
segmented	 to	 reconstruct	 3-D	 surfaces	 of	 the	 skull,	
mandible,	 glenoid	 fossa	 and	 articular	 discs.	 The	 major	
muscles	 of	 mastication	 –	 the	 masseter,	 temporalis	
(anterior	 and	 posterior),	 lateral	 and	medial	 pterygoids	 –	
were	also	digitally	reconstructed	(Fig	1).	Using	the	muscle	
architecture	 data,	 a	 rigid-body	musculoskeletal	model	 of	
the	patient’s	 jaw	and	masticatory	 system	was	developed	
in	 OpenSim.	 Muscles	 were	 represented	 as	 Hill-type	
muscle	 tendon	 units	 with	 muscle-tendon	 parameters	
defined	previously	 [2].	Muscle	 forces	were	calculated	 for	
a	 worst-case	 bi-lateral	 bite	 force	 of	 800N	 positioned	 at	
the	second	molar.	The	calculated	muscle	forces	were	then	
used	as	boundary	conditions	in	a	finite	element	model	of	
the	 patient’s	 jaw,	 created	 from	 the	 CT	 dataset.	 A	
personalised	prosthetic	TMJ	system	was	designed	for	the	
patient	 and	 implanted	 into	 the	 jaw	 model	 via	 virtual	
surgery.	The	muscle	forces	calculated	with	the	rigid-body	
model	 were	 applied	 to	 the	 finite	 element	 model,	 and	
implant	 stresses	 and	 strains	 were	 computed.	 The	
customised	 implant	 was	 then	 replaced	 with	 the	 Biomet	
Microfixation	 TMJ,	 and	 the	 simulations	 repeated.	 The	
customised	prosthetic	 TMJ	was	3D-printed	 in	plastic	 and	
implanted	in	a	cadaver,	and	a	passive	range	of	motion	test	
performed	 to	 assess	 post-operative	 joint	 stability.	 The	
customised	TMJ	was	 then	3D-printed	 in	Titanium-64	and	

implanted	 into	 the	 subject	 at	 Epworth	 Healthcare,	 and	
jaw	function	evaluated	3-months	post-operatively.	

RESULTS	AND	DISCUSSION	
The	 maximum	 von	 Mises	 stress	 at	 the	 condyle	 in	 the	
personalised	 and	 Biomet	 prosthetic	 TMJ	was	 126.9	MPa	
and	 173.1	MPa,	 respectively.	 The	 largest	 screw	 stress	 in	
the	personalised	prosthetic	TMJ	was	318.2	N,	which	was	
below	the	yield	strength	of	the	titanium	material	in	which	
the	 implant	 was	made	 (880	MPa).	 After	 implantation	 of	
the	 customised	 prosthetic	 TMJ	 into	 the	 subject,	 passive,	
forceful	 range	 of	 motion	 tests	 demonstrated	 that	
dislocation	 of	 the	 prosthetic	 TMJ	 was	 not	 possible.	
Post-operatively,	 the	 customised	 prosthetic	 TMJ	
increased	jaw	opening	distance	by	14mm.	 	

	
	
	
	

	
	
	
	
	
	

	
	

	

Figure	 1:	 (A)	 finite	 element	model	 of	 TMJ	 prosthesis	 (B)	
post-operative	radiograph	of	prosthesis	recipient	 	

CONCLUSIONS	
This	 study	 describes	 the	 development,	 testing	 and	
implantation	 of	 a	 personalised	 TMJ	 for	 a	 patient	 with	
end-stage	 osteoarthritis	 of	 the	 jaw.	 Multi-body	
musculoskeletal	 modelling	 indicated	 that	 the	 largest	
implant	 stresses	 were	 well	 below	 the	 material	 yield.	
Cadaveric	 testing	 indicated	 high	 joint	 stability	 and	 range	
of	 motion	 of	 the	 prosthetic	 TMJ,	 and	 a	 3-month	
post-operative	 review	 indicated	 improved	 jaw	 opening	
distance	 and	 reduced	 pain	 for	 the	 recipient.	 Since	 the	
personalised	 prosthetic	 TMJ	 developed	 conforms	 to	 the	
anatomy	of	the	patient,	avoids	the	mandibular	nerve	and	
has	 fewer	 fixation	 screws,	 it	may	 represent	 an	 improved	
joint	 replacement	 system	 over	 current	 off-the-shelf	
devices.	
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INTRODUCTION 
Coronary artery disease (CAD), a major cause of human 
death in the world, is often associated with some forms of 
abnormal blood flow in the blocked coronary arteries. To 
deal with the pathogenesis of coronary diseases, various 
practical ways to treat the CAD including drug delivery, 
stent replacement and coronary artery bypass grafting 
(CABG) have been developed through a number of in-vivo 
and vitro experiments. Figure 1 shows the stereo-
lithography of the system of coronary arteries with bypass 
grafting. Due to the high rate of stent and graft failures, 
development of vascular drug delivery which is one of the 
key rubrics of targeted therapeutics and nanodevices [1] is 
important. Recently, several drug delivery approaches are 
undergoing clinical testing and medical industry 
development. 

 
Figure 1: The CABG 
stereolithography. 

Due to the difficulty and 
limitation in determining the 
critical flow conditions for 
both in-vivo and vitro 
experiments, the exact 
mechanisms involving these 
treatments are not well 
understood. Mathematical 
modelling and numerical 
simulation are thus chosen 
to be a better way to analyse 
the problem[2].  

METHODS 
In this study, we extend our previous works [3] to study the 
unsteady fluid-particle phase flow in the system of 
coronary arteries with stenosis at the proximal part of the 
left anterior descending artery (LAD). The pulsatile effect 
due to the heart pump is considered.  The fluid-solid 
interaction in our computational domain is modelled by 
using two coordinate systems, i.e., an Eulerian frame Ω(X; 
Y; Z) and a Lagrangian frame ΩL(x; y; z). Blood is assumed 
to be an incompressible non-Newtonian fluid. The 
governing equations of the fluid flow include the Navier-
Stokes equations and the continuity equation. Movement 
of a discrete phase particle is described by Newton second 
law of motion with the Stokes’s viscous drag force, the 
Saffman’s lift force, the Magnus lift force and rotation drag 
force due to particle-particle contact and particle-wall 
contact. The transient flow of the fluid phase and the 
particle phase in the coronary system are simulated by 
hybrid method based on the Arbitrary Lagrangian Eulerian 
approach. ANSYS software version 17.1 is used for this 

simulation. The flow pattern of fluid-particle phase, 
pressure distribution and wall shear stress are analysed.  
 
RESULTS AND DISCUSSION 
The result as shown in Figure 2 illustrates how the particles 
flow with fluid during a cardiac cycle.  The flow circulation 
occurs nearby the connection between the left coronary 
artery and base of the aorta. This allows more particles to 
pass through the stenotic artery where blood pressure 
drops significantly at the restricted area as shown in Figure 
3(a). In addition, flow of these discrete particles increases 
magnitude of wall shear stress as shown in Figure 3(b). 

 
Figure 2: Blood velocity (m/s) and particle velocity (m/s) at 
t=1.5s. 

 
(a)                 (b) 

Figure 3. Pressure (mmHg) and Wall shear stress (PA) at 
t=1.5s 

 

CONCLUSIONS 
Our mathematical model can capture the particle 
movement in the arterial flow in the system of coronary 
arteries with stenosis. The results obtained from this study  
give basic understanding of drug particle movement in the 
arterial flow for the design of vascular drug delivery. 
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INTRODUCTION 
Finite element models (FEM) derived from qCT-scans were 
developed as a clinical tool to evaluate vertebral strength. 
However, the high dose, time and cost of qCT-scanner are 
limitations for routine osteoporotic diagnosis. A new 
approach considers using bi-planar dual energy (BP2E) X-
rays absorptiometry to build vertebral FEM using 
synchronized sagittal and frontal plane radiographs [1]. 
The purpose of this study was to compare the performance 
of the areal bone mineral density (aBMD) measured from 
DXA, qCT-based FEM and BP2E-based FEM in predicting 
experimental vertebral strength.  
 
METHODS 
11 lumbar spines were scanned on a qCT machine (120 kV, 
1489 mA/s, voxel size: 0.39×0.39×0.33 mm) along with a 
calibration phantom (ESP) to map grey scale values. Low 
dose BP2E X-rays were acquired for all spine segments 
using a dual energy prototype of the EOS® system (EOS 
imaging, Paris, France) which can simultaneously take a 
pair of X-rays in the sagittal and frontal planes in upright 
position [2], allowing for 3D reconstruction of the spine [3]. 
Two levels of energy scans were used to compute the 
projected aBMD images of the vertebrae, similar to DXA 
images [1]. DXA measurements were performed with each 
spine positioned in a 15 cm water bath and scanned in 
Anterior-Posterior. The 28 vertebrae (8 L1, 11 L2 and 9 L3) 
were then cleaned from all soft tissue and prepared for 
destructive anterior compressive tests [4]. FEM were built 
based on qCT and BP2E images for each vertebra. Subject-
specific FEM were built based on 1) the BP2E images using 
3D reconstruction and volumetric BMD distribution 
estimation and 2) the qCT scans using slice by slice 
segmentation and voxel based calibration. Linear 
regression analysis was performed to find the best 
predictor for experimental vertebral strength (Fexpe); aBMD 
from DXA, modelled vertebral strength (F) and vertebral 
stiffness (K) from qCT and BP2E models. 

 
RESULTS AND DISCUSSION 
ABMD from DXA was moderately correlated with Fexpe (R2 
= 0.68). FEM calculations of vertebral strength were highly 
to strongly correlated with Fexpe (R2 = 0.80, p<0.001 for 
BP2E model and R2 = 0.91, p<0.001) for qCT model. 
Statistical error in qCT-based model vertebral strength 
estimation was 78 N ± 381 compared to Fexpe with a Root 
Mean Square Error (RMSE) of 12 % (382 N) and a Standard 
Error of the Estimate (SEE) of 11 % (333 N). Statistical error 
for FBP2E estimation was 112 N ± 629 compared to Fexpe 
with a RMSE of 20 % (628 N) and a SEE of 20 % (617 N). 
 

CONCLUSIONS 
This in vitro study of lumbar vertebral bodies showed that 
vertebral strength determined from FE models are strong 
predictors of experimental failure load, highlighting the 
capability of BP2E X-ray absorptiometry based FE models 
to predict vertebral body strength. BP2E X-ray 
absorptiometry allows for fast, low-radiation and minimal 
cost patient-specific 3D FE model as accurate as qCT-based 
FE models, currently the gold standard for vertebral 
strength prediction. These findings support further 
exploration of the clinical application of BP2E based FE 
models in vertebral fracture prediction.  
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Table 1: Linear regression analysis between the Fexpe and the aBMD, FqCT, KqCT, FBP2E, KBP2E and Kexpe (K for stiffness). 

*P<0.001 aBMD (mg/cm2) FqCT (N) FBP2E (N) Kexpe (kN/mm) KqCT (kN/mm) KBP2E (kN/mm) 

R2 0.68* 0.91* 0.80* 0.90* 0.86* 0.81* 

Slope 7.44 1.13 0.97 0.77 0.35 0.31 

Intercept -2244 -313 199 -1062 -597 -268 

SEE % (N) 25 (783) 11 (333) 20 (617) 19 (588) 14 (450) 23 (720) 
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INTRODUCTION	

Anterior	 cruciate	 ligament	 (ACL)	 reconstruction	
remains	 a	 challenging	 clinical	 situation	 for	 the	
orthopaedic	surgeon.	Incorrect	placement	of	graft	tunnels	
is	 a	 common	 cause	 of	 technical	 failure	 in	 primary	 ACL	
reconstruction	 [1],	 with	 consequences	 including	 graft	
notching	 or	 stretching	 [2]	 and	 altered	 biomechanics	 of	
other	soft	tissue	structures.	Where	suboptimal	outcomes	
are	 reported	 or	 the	 reconstruction	 is	 suspected	 to	 have	
failed	 a	 review	 of	 tunnel	 placement	 is	 undertaken	 with	
2-dimensional	imaging	such	as	computer	tomography	(CT)	
or	magnetic	resonance	imaging	(MRI).	

Previous	studies	have	observed	 improved	 intra	and	
inter-rater	 reliability	 using	 3-dimensional	 visualisation	
methods	from	CT	 images	for	bone	tunnel	placement	and	
ACL	footprint	 location	[3].	However,	visualisation	of	graft	
tunnels	 with	 MRI	 imparts	 no	 ionising	 radiation	 to	 the	
patient	 and	 can	 be	 integrated	 with	 other	 soft	 tissue	
characteristics	which	may	shape	the	treatment	plan,	such	
as	cartilage	and	menisci	status	[4]	or	graft	integration	[5].	
This	study	aims	to	quantify	the	accuracy	of	MRI-based	3D	
models	compared	to	CT-based	3D	models	of	 the	knee	 to	
measure	the	placement	of	femoral	and	tibial	bone	tunnels	
using	 arthroscopic	 in-vivo	 digitisation	 as	 the	 reference	
standard	in	revision	ACL	reconstructed	knees.	 	 	
	
METHODS	

The	study	will	examine	a	single	group	of	participants	
(N=25)	 who	 require	 a	 revision	 ACL	 reconstruction. Each	
participant	 will	 undergo	 pre-operative	 MRI	 and	 CT	
imaging	 to	 form	 3D	 knee	 models	 and	 intraoperative	
arthroscopic	 evaluation	 during	 their	 revision	 ACL	
reconstruction.	 Intraoperative	 optoelectronic	 motion	
capture	 tracked	 retro-reflective	 markers	 mounted	 on	 a	
probe	 as	 the	 surgeon	 outlined	 the	 existing	 tunnel	
apertures.	 The	 two	 image	 models	 will	 be	 aligned	 and	
compared	to	the	intraoperative	3D	point	cloud	(figure	1),	
which	 is	 the	 reference	 standard	 to	 establish	 the	 error	
(one-way	ANOVA)	of	each	imaging	modality.	 	

	
RESULTS	AND	DISCUSSION	

Pilot	 testing	 of	 the	 motion	 capture	 setup	 using	 a	
cube	with	an	8	mm	tunnel	diameter	and	40	mm	length	as	
the	 test	 rig	 traced	 the	 motion	 of	 the	 retro-reflective	
markers	 within	 0.2	 mm,	 which	 is	 the	 reported	 camera	
system	 error	 when	 manoeuvring	 the	 probe	 around	 the	
tunnel.	 Preliminary	 results	 of	 recruited	 participants	
(N=16)	 provide	 initial	 indications	 that	 MRI	 is	 a	 suitable	
alternative	to	CT	imaging	to	evaluate	tunnel	placement	of	
ACL	 reconstructed	 knees,	 where	 the	 error	 between	MRI	
and	arthroscopic	digitisation	was	within	1	mm	which	was	

	
	 	 	 	 	 	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	1:	Calculation	of	image	modality	accuracy	using	3D	
MRI	 and	 CT	 based	models	 against	 intraoperative	 in-vivo	
digitisation	(3D	point	cloud)	as	the	reference	standard.	
	

	
similarly	 observed	with	 CT.	While	 no	 previous	 study	 has	
validated	 the	 accuracy	 of	 MRI-based	 3D	 models	 to	
measure	 the	 placement	 of	 bone	 tunnels	 using	 in-vivo	
digitisation,	 a	 recent	 in-vitro	 study	 using	 3D	 surface	
scanning	of	 femoral	 long	bones	 found	MRI	derived	bone	
models	are	comparable	to	CT	bone	models	[6].	
	
CONCLUSIONS	

Early	 results	 suggest	 that	 MRI	 is	 a	 suitable	
alternative	to	CT	imaging,	with	ongoing	analysis	underway	
to	confirm	these	findings.	This	study	provides	the	basis	for	
MRI	to	be	used	as	an	alternative	routine	imaging	modality	
instead	 of	 CT	 to	 quantitatively	 assess	 the	 position	 of	
tunnel	placement	in	ACL	reconstructed	knees.	 	
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INTRODUCTION 
The  red  blood  cell  (RBC)  is  composed  of  a  membrane 
which  surrounds  haemoglobin‐rich  fluid.  The membrane 
controls  cellular  deformability  as  well  as  the  typical 
biconcave  disc  shape  when  at  rest.  It  consists  of  a 
spectrin‐based  cytoskeleton,  responsible  for  stretch 
deformation  through  the  unfolding  of  spectrin  proteins 
within a triangulated lattice structure, tethered beneath a 
lipid  bilayer  that  provides  bending  resistance  and 
maintains constant surface area [1]. 

In  atomic  force microscopy  (AFM),  a  cantilevered 
probe applies indentation force to single cells while depth 
is measured. To date,  the Hertz model has been applied 
to  force‐indentation  curves  to  extract  an  estimate  for 
Young’s modulus of  the membrane  [2]. This  single value 
for elasticity  is an  issue  for RBC numerical models which 
rely on separating stretch and bending properties [3]. This 
study focuses on a new experimental indentation method 
and  its  suitability  to  a  numerical  model  capable  of 
extracting both stretch and bending elastic moduli. 
 
METHODS 

Standard  RBC  units  were  obtained  from  the 
Australian  Red  Cross  Blood  Service.  RBCs  were 
immobilised  on  a  poly‐D‐lysine  coated  substrate  and 
lightly  fixed with glutaraldehyde  to  stop  them  spreading 
on  the  substrate  and  rupturing  [4].  A  5  µm  spherical 
probe was used to image the surface using contact mode 
scanning  for  size  and  shape measurements.  Indentation 
was  then  performed,  first  indenting  the  substrate  for 
calibration, and then the RBC surface  in a grid pattern to 
observe  the  local  elasticity  variations.  Indentation depth 
was  kept  small  to  minimise  the  substrate’s  effect  and 
membrane  reorganisation,  so  only  elastic  behaviour  of 
the  membrane  was  observed  [5].  The  resulting 
force‐indentation  curves will  be  used  for  validation  and 
extraction of elastic moduli within the numerical model. 

The model  is  based  on  a  coarse‐grained  particle 
method where the membrane  is composed of a series of 
particles  (each  representing  a  small  membrane  region) 
connected by springs that relate the regions together. As 
shown in Figure 1a, grey linear springs model the spectrin 
cytoskeleton’s stretch capacity (and area incompressibility 
due  to  the  model’s  two‐dimensionality)  while  black 
bending  springs  account  for  bending  resistance  of  the 
bilayer.  At  rest,  the  membrane  experiences  negligible 
stress and is thus regarded as the minimum energy shape 
[6].  By minimising  energy  stored  in  the  spring  network, 
preferred RBC  shapes can be predicted numerically. This 
approach has been used in several previous studies [3]. 

In order to replicate AFM testing conditions  in the 
model, attraction energy between  the cell and  substrate 

is applied as a  function of  separation distance. The AFM 
probe  is  modelled  as  a  series  of  particles  to  which 
downward  force  is  applied.  The membrane  is  forced  to 
conform  to  the probe’s  shape as  it  indents. By adjusting 
the model’s stretch and elastic moduli,  force‐indentation 
behaviour can be matched to the experimental results. 

 
RESULTS AND DISCUSSION 
Figure  1c  and  1d  show  an  example  surface  image  and 
force‐indentation curve from AFM. Preliminary modelling 
results show that the RBC membrane is compressed when 
the  probe  is  applied  (Figure  1b).  Qualitatively, 
force‐indentation  behaviour  follows  experimental 
observations.  However,  further  work  is  required  for 
quantitative estimates of the elastic and bending moduli.   
 

     

                 
Figure 1: (a) spring network model, (b) indentation by 
spherical probe with numerical model, (c) AFM image of 
RBC surface, (d) experimental force‐deformation curve   
 
CONCLUSIONS 
AFM  indentation  produces  force‐indentation  curves 
suitable for extracting stretch and bending elastic moduli 
using  a  numerical  model.  Preliminary  numerical  results 
show  similar  trends  to  experimental  results,  and  further 
work is underway for obtaining quantitative estimates.   
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INTRODUCTION 
Patellar dislocation is characterised by a complete loss of 
contact between the articular surface of the femoral 
trochlea and that of the patella, with the direction of 
displacement generally to the lateral side. Patellar 
dislocation is a relatively common injury in the skeletally 
immature population, with an estimated incidence rate of 
43 per 100,000 [1] individuals in children and a prevalence 
of six to 77 per 100,000 [2] in adolescents. Moreover, 
children and adolescents are likely to experience recurrent 
patellar instability after acute first-time dislocation, with a 
recurrence rate ranging from 38.4% to 91% [3]. Patellar 
dislocation is collectively described as an abnormal 
interplay of lower limb alignment, bony geometry of the 
trochlea and the patella, passive restraints of ligaments 
and retinaculum and the action of the quadriceps. 
Nevertheless, the interplay of risk factors that predispose 
individuals to recurrent patellar dislocation remains poorly 
understood.  

The aim of this study is to develop a workflow to 
create lower limb musculoskeletal (MSK) models that 
incorporate subject specific bony geometry, bony 
alignment, soft tissue restraints and subject specific 
motion to identify major risk factors for recurrent patellar 
dislocation in children and adolescents. 

 
METHODS 
Typically developing participants and patients who present 
with recurrent patellofemoral instability are currently 
being recruited through the Lady Cilento Children’s 
Hospital (LCCH) in Brisbane. Medical imaging (MRI) and 3D 
gait analysis are being collected at LCCH and at the 
Queensland Children’s Motion Analysis Service. MRI 
acquisitions consist of full lower limb (1.5T, modified 3D PD 
SPACE) and knee (3.0T, T2WI 3D TSE) scans. For each 
participant, 3D lower limb bones, knee ligamentous 
structures (patellar tendon, ACL, PCL and MCL) and 
articular knee cartilage are reconstructed using Mimics 
(Materialise, Leuven).  

Knee joint mechanism: The passive motion of the 
tibiofemoral joint (TFJ) and patellofemoral joint (PFJ) was 
modelled as a 5 rigid links parallel mechanism and a hinge 
joint, respectively, with surface contact conditions and 
ligament length constancy [4]. MRI-measured parameters 
were adjusted by using two optimization algorithms that 
avoid mechanism singularities and best match kinematic 
patterns from published experimental studies [5]. This 
initial model will be improved by introducing deformable 
ligaments with a minimal length variation [6] to reproduce 
the knee kinematics more physiologically. The model will 

be then validated against experimental TFJ and PFJ passive 
kinematics at different TFJ flexion angles. Finally, the 
kinematic results from this computational model will be 
incorporated into a subject-specific full lower limb 
OpenSim MSK model to allow further analyses. 

 
RESULTS AND DISCUSSION 
Preliminary results from the rigid kinematic model were 
obtained for a recurrent patellar dislocator (female, age: 
9yrs) and a control participant (female, age: 11yrs). The 
patellar dislocator exhibited higher external patellar 
rotation and lateral patellar displacement through TFJ 
flexion range of motion (Figure 1). These results confirm 
the presence of lateral patellar tilt in the patellar 
dislocator, which has commonly been associated with 
lateral patellar instability [7].  

     
Figure 1: Examples of orientation and position of the 
patella with respect to the femur. 
 
CONCLUSIONS 
This research has the potential to improve surgical 
planning by identifying individualized risk factors that 
predispose children and adolescents to PFJ instability. 
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INTRODUCTION 
For an athlete to be able to improve performance  it is 
vital to have accurate information key technique variables. 
Providing coaches with immediate access to this vital 
information enables more effecitve feedback processes [1]. 
Recentlty there has been a large forcus on the 
development of devices that accuratly measure athletic 
performance and allow immediate feedback within the 
training and competition environment. One such device 
being used increasingly to provide ‘in field’ motion anlysis 
are inertial measurement units (IMUs) [2]. 

IMUs typically contain gyroscopes and 
accelerometers that measure angular velocities and linear 
accelerations respectively. Systems that consist of multiple 
IMUs can also be used to measure angles between 
segments and relative positions of one segements. 
 The purpose of this study is to assess the validity of 
segment data attined from an IMU system for a throwing 
activity. Specifically, discus throw thorax-pelvis separation 
(TPS) angle data attained from a system consisting of three 
IMUs  will be compared with a reference motion capture 
system. Discus throw was chosen as the spoting activity as 
previous work has highlighted the importance of TPS angle 
within the discus throw [3]. 
 
METHODS 
Six discus throwers with experience throwing discus at 
local club level competition participated in this study. Each 
thrower had 11 retro-reflective markers positioned on 
landmarks of the thorax, pelvis, and right wrist. Three IMUs 
(I Measure U, Auckland, NZ) were positioned on the 
spinous process of T3 vertebra, midpoint between 
posterior superior iliac spines, and dorsal aspect of the 
right wrist. IMUs consisted of accelerometers, gyroscopes, 
and magnetometers. 

Participants completed 10 discus throws. Marker 
positional data and IMU data were collected 
simultaneously for each throw. Marker positional data 
were collected with a 10 infra-red camera system (Oxford 
Metrics, Oxford, UK) sampling at 250Hz. 9 axis IMU data 
were logged to on-board SD cards at 500Hz.    

Marker positional data and modelling functions 
within Vicon Nexus (Oxford Metrics, Oxford, UK) were used 
to determine reference TPS angle data. Global position of 
each IMU was calculated using a sensor fusion algorithm 
[4]. Once IMU global positions were determined, they were 
used to calculate IMU TPS angle by comparing relative 

global position of the thorax and pelvis mounted IMUs. 
Data sets were synchronised using a time sync protocol 
that utilised the wrist IMU and markers. 

Comparison of discrete TPS angle data points, 
specifically comparison of the magnitudes of maxima and 
minima in the data, will be undertaken. Bland-Altman plots 
will be used to assess the level of agreement [5]. 

 
RESULTS AND DISCUSSION 
Preliminary data suggests the IMU system is capable of 
detecting events such as release. Exploratory analyses of 
the TPS angle traces of the two systems indicate the IMU 
TPS angle follows a similar waveform to the reference 
system data (Figure 1). Differences are, however, evident 
in the detail of the traces. The may be due to a number of 
factors including IMU positioning, differences in filtering 
and signal processing methods utilised. 

 
Figure 1: IMU and reference TPS angle data of a throw. 
 
CONCLUSIONS 
Initial findings suggest this system may be capable of 
detecting events in a throw such a release but refinement 
of sensor placement and sensor fusion algorithm may be 
required. Further analyses are required to assess whether 
this IMU protocol is capable of measuring accurate data. 
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DEVELOPMENT OF A MARKERLESS OPTICAL MOTION CAPTURE SYSTEM FOR DAILY USE OF TRAINING IN SWIMMING 

Ferryanto Ferryanto1,2, Motomu Nakashima3 
1 Department of Mechanical and Control Engineering, Tokyo Institute of Technology, Japan 
2 Faculty of Mechanical and Aerospace Engineering, Institut Teknologi Bandung, Indonesia 

3 Department of System and Control Engineering, Tokyo Institute of Technology, Japan 
 

INTRODUCTION 
In swimming, body motion is very important since it 
influences the propulsive and drag forces acting on the 
body. The body motion can be measured by the markerless 
optical motion capture system which can also overcome 
marker-based system’s limitation, i.e. the influence of 
attached markers on the subject’s movement [1]. There is 
a small number of research in markerless optical motion 
capture system to date. One of them is markerless analysis 
of front crawl swimming which used six cameras [2]. 
However, the cost and placement of large number of 
cameras make the system difficult to use in daily traning 
and coaching.   

As an alternative, a more affordable quantitative 
markerless optical motion capture system for swimming 
was developed in the present study. The system uses one 
camera so its set up is simple and time efficient for daily 
training. In addition, the present system can cooperate 
with swimming human simulation model SWUM 
developed by Nakashima et al. [3] to quantify and visualize 
the fluid forces. The butterfly stroke was taken as the 
targeted stroke in the present study since it is basically a 
bilaterally-symmetric motion.   
 
METHODS 
The development was initiated with acquisition of the 
butterfly stroke motion on the sagittal plane by a 60 fps 
camera. The body of the subject is segmented so that the 
subject’s movement for each frame can be estimated by 
image matching algorithm. Variable thresholding to solve 
non-uniformity illumination of captured image frames was 
applied in the present study. The threshold value of the 
image regions was obtained by Otsu Method.  

Prior to matching process, the human body was 
modelled to nine segments, i.e. head, trunk, hip, thigh, 
shank, foot, upper arm, forearm, and hand to provide 
subject’s morphology and kinematics information. The 
joint positions were decided by looking for the centroid of 
intersection between the two body segments. 

The model then was mapped so that it aligned with 
the silhouettes, which were investigated by similarity of 
intensity value. Particle Swarm Optimization was used to 
obtain all transformation parameters of model, i.e. 
rotation and translation parameter for trunk and rotation 
parameter for other body segments. To constrain the 

searching space of optimization, the available joint motion 
in SWUM was used as a priori information of kinematics 
data for swimming motion.  
 
RESULTS AND DISCUSSION 
As a reference for evaluating matching result, the model 
was transformed manually so that the whole segments 
matched perfectly with the silhouettes. Table 1 presents 
the accuracy of developed system for each segment in 
terms of correlation coefficient R of rotation angle 
between references and matching result. Generally, Table 
1 implies promising result of the developed markerless 
optical motion capture system. 

The rotation angle of each segment, the joint 
position of the trunk, and velocity of center of mass were 
used to conduct a dynamic analysis of butterfly stroke by 
SWUM. Since the rotation angle in this study was in sagittal 
plane, the rotation angle of upper limb in the transverse 
and frontal planes are imported from 3D joint motion of 
the butterfly strokes available on the SWUM website. One 
of the simulation result is presented in Figure 1 with lines 
representing the fluid forces on that segment. 

  

 
Figure 1: One of simulation result by SWUM 
 

CONCLUSIONS 
The developed markerless optical motion capture system 
could track and estimate the poses of subject’s silhouettes 
in the butterfly strokes of swimming with promising result. 
The system is also useful for daily training and coaching 
since its set up is quite simple and time efficient.  
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Table 1: Summary of correlation coefficients between the result and reference 

Body 
Segment 

Head Trunk Hip Thigh Shank Foot 
Upper 
arm 

Forearm Hand 

R 0.789 0.929 0.784 0.974 0.942 0.784 0.984 0.985 0.950 
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INTRODUCTION 
With increasing frequency of hard tissue replacement and 
fracture treatment, novel materials are required to 
provide long term solution. As a result, carbon-based 
biomaterials are becoming a source of significant 
potential for orthopaedic applications [1]. Current 
biomaterials do not contain the necessary bio absorption 
nature in using material such as poly-l/d-lactide 70/30 
[1-2]. 

Due to the in vivo bio-compatibility of carbon, it is 
paramount that we investigate new methods and 
techniques to develop biointerfacing carbon scaffolds. In 
particular, diamond is an ideal material for advanced 
biomedical applications due to its outstanding 
biocompatibility, biochemical stability, chemical inertness 
and mechanical stability [2]. In addition, nanodiamonds 
(ND) are becoming increasingly prevalent in biomedical 
settings in areas such as biomarking, drug delivery and 
cellular applications [3].  

The ultimate goal for mechanically stable 
biomaterials is to form highly complex structures to 
facilitate bone ingrowth. Diamond is an ideal 
bio-interfacing material as it provides a platform for 
bioactivity and demonstrates osseo integrative nature. 
This would ideally advance the clinical performance of 
implanted materials.  

Here we report new avenues in bulk and ND 
composite materials suitable for biomedical applications.  
 
METHODS 
To understand the new material, a comprehensive 
material’s assessment has been undertaken. Additively 
manufactured titanium samples were first developed 
using selective laser sintering to form a three-dimensional 
substrate. The titanium substrate was seeded with 120 
nm ND by dip coating in a ND/methanol solution under 
sonication. Samples were dried and annealed at 1200°C. 
Alternate samples were fabricated using nanotitanium 
(NT) as well as ND prior to annealing. 
 Diamond hybrid samples were fabricated and 
analysed using x-ray photoelectron spectroscopy, contact  
angle and scanning electron microscopy to map diamond 
incorporation. The bioactivity of the samples was 
determined by the detection of apatite formation from 
simulated body fluid using Kokubo’s bioactivity 
assessment as detailed by Fox et al [2]. Finally, 

preliminary in vitro cell assays were undertaken to test 
biocompatibility of the new scaffolds. 
 
RESULTS AND DISCUSSION 
Figure 1 shows a representative image of the hybrid 
titanium-diamond sample. Figure 1a shows Ti sample 
coated with ND. It is clear that after annealing this 
displayed crystal formations as shown in Figure 1b. By 
varying the seeding density of the nanodiamond as well as 
adding (NT) powder, we can show that the bioactivity, 
surface roughness and surface chemistry of the new 
hybrid materials change. 

            (a)                    (b) 
Fig. 1 Optical image of the sample with 120 nm ND: (a) 
before annealing; (b) after annealing.   
 

CONCLUSIONS 
ND incorporation into and onto additively manufactured 
titanium is reported here for the first time. Using key 
surface science techniques such as XPS and SEM, we show 
that the ND is formed into the underlying titanium 
substrate. Through the addition of ND to the samples, we 
have modified the surface and hydrophobicity, aiming at 
developing a superior bio-interfacial implant material.  
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Selective	 laser	 melting	 (SLM)	 is	 an	 additive	
manufacturing	 process	 that	 creates	 parts	 by	 scanning	
powdered	 materials	 using	 the	 thermal	 energy	 supplied	
by	a	focused	and	computer	controlled	laser	beam	based	
on	 CAD	 Files.	 SLM	 is	 a	 layer-	 wise	 material	 addition	
technique	 that	 allows	 the	 generation	 of	 complex	 3D	
parts	 by	 selectively	 melting	 successive	 layers	 of	 metal	
powder	 on	 top	 of	 each	 other.	 This	 paper	 illustrates	
the	 use	 of	 Selective	 Laser	 Melting	 (SLM)	 for	
biomedical	 applications.	 SLM	 process	 is	 suitable	 for	
applying	 in	 orthopaedic	 and	 dental	 applications	
because	 of	 patient	 specific	 design,	 complex	 geometry	
and	high	aggregate	price.	Moreover,	the	manufacturing	
of	 multiple	 unique	 parts	 in	 a	 single	 production	 run	
enables	 mass	 customization.	 	 	 	 This	 process	 has	
produced	 some	 remarkable	 structures	 in	 a	 fairly	 wide	
range	of	materials	 such	 as	 steels,	 titanium-,	 aluminum-	
and	nickel-based	alloys.	Among	them	titanium	is	widely	
used	for	dental	 and	 orthopaedic	 implant	 because	 of	 its	
excellent	 biocompatibility	 and	 mechanical	 properties.	
There	 are	 some	important	parameters	which	need	to	be	
fulfilled	 for	 implants	 in	 biomedical	 application	 and	

surface	 roughn	ess	 is	 such	 type	 of	 parameter.	 Reports	
indicated	 a	 link	 between	 increased	 implant	 surface	
roughness	 and	 improved	 cell	 adhesion	 and	
proliferation	findings.	Osseo-integration	of	 implants	has	
a	 clear	 link	 with	 the	 surface	 roughness.	 It	 was	 	 found	
that	 the	 initial	 adhesion	 of	 osteoblast-like	 MC3T3-E1	
cells	on	ground	Ti6Al4V	alloy	 is	better	on	 the	smoother	
surface	 (Ra:	 0.30	 μm)	 than	 the	 rougher	 surfaces	 (Ra:	
0.42	 and	 0.61	μm).	 It	 was	 reported	 that	 osteoblastic	
MG-63	 cells	 show	 an	 increased	 spreading	 on	 Ti	
surfaces	 with	 lower	 roughness.	 The	 smoother	 the	
Ti6Al4V	 surface	 is,	 the	 more	 the	 MC3T3	 osteoblasts	
proliferate	and	appear	spread	out	on	the	specimens.	An	
in	 vitro	 study	 has	 suggested	 that	 osteoblasts	 show	 a	
preference	 for	 surfaces	 with	 a	 high	 degree	 of	 micro-
roughness	 (mean	 roughness	 of	 approximately	 0.5	 µm).	
The	 laser-melted	 parts	 have	 to	 meet	 strict	 material	
requirements	 regarding	 mechanical	 and	 chemical	
properties	 and	 the	 process	 must	 guarantee	 high	
accuracy	 and	 appropriate	 surface	 roughness.	 	 This	
research	 quantifies	 effect	 of	 implant	 geometry	 on	
surface	roughness,	textures	types	for	SLM.	

Keywords:	Digital	Manufacture,	Additive	Manufacture,	Optimization,	Surface	Roughness,	Selective	Laser	Melting.	
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INTRODUCTION 
In tenpin bowling, the aim of each game is to knock down 
all ten pins using a bowling ball. If achieved with a single 
delivery it is termed a strike. If not achieved, a second ball 
may be used to knock down the remaining pins and if 
successful this results in a spare. It is generally accepted the 
best way to achieve a strike is for the ball to contact the ten 
pins at an area known as the pocket (Figure 1).  

 
Figure 1: Pocket for a right handed bowler. 
 

Skilled bowlers generally deliver the ball by sliding 
towards the foul line while swinging the ball close to the 
slide foot [1]. The slide foot is typically contra-lateral to the 
bowling arm (left foot for right handed bowlers). During 
the delivery phase, the minimum distance between the ball 
and slide foot malleolus in the frontal plane is referred to 
as spread. Whilst it is generally accepted spread should be 
minimised, spread has not been investigated. In addition, 
no previous studies have investigated ball positioning 
relative to the slide foot within the sagittal plane during 
delivery. 

The aim of this investigative study was to assess 
spread during the delivery phase and sagittal plane ball 
positioning upon release, for bowlers of various skill level.  

  
METHODS 
23 right handed tenpin bowlers (16 male and 7 female) 
participated. Each bowler was allocated to a group based 
on their bowling average (Advanced, Intermediate or 
Novice). Participants were recorded performing 30 trials, 
with the first 5 deemed familiarisation. All video data were 
recorded and analysed using the Vicon Motus software 
suite (Oxford Metrics, Oxford, UK). 

The first five trials where the bowler struck the pocket 
were identified for analysis. Hitting the pocket was chosen 
as the criterion for success as this is one of the selection 

criteria for the Australian National Training Squad [2]. 
Within the five selected trials position of the ball and slide 
foot malleolus, during delivery, was determined via 
digitising. 

For each trial, the spread during the delivery phase 
was calculated. Vertical and horizontal distances between 
the ball and slide foot malleolus in the sagittal plane at ball 
release were also calculated. Mean values of all three 
variables were determined for each of the three bowling 
groups. A one-way ANOVA was conducted to investigate if 
ball positioning differed between the groups. 
 
RESULTS AND DISCUSSION 
No differences were observed between the groups with 
respect to sagittal plane ball positioning at release (Table 
1). Spread for the Novice group was significantly larger 
than the Advanced (Figure 2) and Intermediate groups 
(Table 1). Bowlers in the Advanced group tended to swing 
the ball closer to the ankle during delivery. 

 
Figure 2: Spread of an (a) Advanced, and (b) Novice 
bowler. 
 

CONCLUSIONS 
The findings of this study indicate highly skilled bowlers 
swing the ball closer to the ankle during the delivery phase. 
This is in line with the suggestion put forward by coaches 
that spread should be minimised during delivery [2]. 
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Table 1. Average (SD) distances between ball and slide foot malleolus. 

 Advanced Intermediate Novice 

Horizontal distance (m) 0.354 (0.180) 0.366 (0.163) 0.202 (0.182) 

Vertical distance (m) 0.045 (0.052) 0.096 (0.063) 0.093 (0.098) 

Spread (m) 0.134 (0.025)a 0.150 (0.053)b 0.234 (0.070) 

Significant (p < 0.05) differences between: a Advanced and Novice, b Intermediate and Novice. 
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INTRODUCTION	
Foot	biomechanics	is	considered	to	be	a	major	contributor		
to	 the	 development	 of	 plantar	 foot	 ulcerations	 in	 people	
with	diabetes,	with	high	plantar	pressures	the	factor	most	
commonly	cited	risk	factor.	Plantar	ulcers	typically	occur	in	
locations	 of	 high	 plantar	 pressures,	 particularly	 in	 the	
forefoot	region	of	people	with	diabetic	polyneuropathy	[1].		
	
Limited	joint	mobility	and	reduced	toe	strength	have	been	
attributed	to	increased	plantar	pressures	[2,	3].	Both	these	
factors	 have	 been	 linked	 with	 an	 increase	 in	 plantar	
pressures.	However,	 there	has	not	been	a	 comprehensive	
study	that	looks	at	these	factors	and	their	effect	on	plantar	
pressures.	

	
Therefore	 the	 aim	 of	 this	 study	 is	 to	 determine	 the	
relationship	between	muscle	 strength,	 range	of	motion	of	
the	 foot	 and	 ankle	 and	 plantar	 pressures	 in	 people	 with	
diabetic	neuropathy.		
	
METHODS	
Fifty	men	and	women	diagnosed	with	diabetic	neuropathy	
over	the	age	of	50	will	be	included	in	this	study.	Toe	flexor	
strength	 was	 assessed	 while	 each	 subject	 stood	 on	 an	
emed	 X	 pressure	 platform	 (Novelgmbh).	 During	 each	 trial	
participants	 were	 instructed	 to	 push	 down	 as	 hard	 as	
possible	onto	 the	platform	under	 two	conditions:	 i)	using	
their	 lesser	 toes,	 or	 ii)	 using	 only	 their	 hallux.	Maximum	
force	(N)	under	the	hallux	and	lesser	toes	were	calculated	
and	then	normalised	to	body	mass	(%BW).		
	

	The	 participants	 then	 walked	 across	 the	 pressure	
platform	(100	Hz)	using	the	second-step	method.	Pressure	
data	were	analysed	using	Novel	Projects	by	dividing	each	
footprint	 into	 10	 regions	 using	 the	 Novel	mask	 set.	 Peak	
plantar	pressures,	pressure-time	 integrals	 (PTI)	and	force-
time	 integrals	 (FTI)	 were	 calculated	 for	 the	 metatarsal	
(MTH)	 and	 toe	 regions	 and	 correlated	 with	 hallux	 and	
lesser	toe	strength	using	SPSS.		

	

	
	

	
	Range	of	motion	will	be	recorded	both	statically	and	

dynamically.	Static	range	of	motion	will	require	the	use	of	
a	 goniometer	 to	 assess	 the	 participant’s	 maximum	
dorsiflexion	range	of	motion	at	the	first	metatarsal	and	at	
the	 ankle.	 Dynamically	 will	 be	 done	 using	 gait	 analysis	
software	 (visual	 3D)	 again	 the	 ankle	 and	 first	 metatarsal	
will	be	the	joints	targeted.	

		
Hand-held	dynamometer	will	be	utilised	to	measure	

ankle	 strength.	 This	 will	 involve	 an	 examiner	 holding	 the	
hand-held	 dynamometer	 stationary	 while	 the	 participant	
exerts	 maximal	 force	 against	 it,	 the	 maximum	 force	
produced	 over	 three	 trials	 will	 be	 recorded.	 The	
participants	 will	 be	 asked	 to	 do	 the	 following	 four	
movements;	 dorsiflexion,	 plantarflexion,	 inversion	 and	
eversion.	 Positioning	 the	 ankle	 in	 a	 neutral	 position,	 the	
dynamometer	 will	 be	 placed	 over	 the	 dorsal	 and	 the	
plantar	 surfaces	 of	 the	 mid	 foot	 for	 dorsiflexion	 and	
plantar	flexion.	
	
CONCLUSIONS	
Findings	from	this	study	aim	to	identify	factors	that	can	
reduce	the	risk	of	foot	ulceration,	and	then	there	may	be	
potential	to	develop	treatments	and	interventions	that	may	
be	able	to	improve	the	quality	of	life	for	those	living	with	
diabetes	and	diabetic	neuropathy.	
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INTRODUCTION	  
Arm	   swing	   is	   an	   asymmetrical	   pattern	   for	   hemiplegic	  
population	   and	   an	   effective	   parameter,	   which	   alters	  
kinematics,	   kinetics	   and	   foot-‐pressure	   behaviour	   on	  
walking.	   Although,	   generally,	   lower	   extremities	   are	  
targeted	   for	   improving	   walking	   parameters	   in	   physical	  
therapy	   and	   orthopaedics,	   restricted	   upper	   extremity	  
swing	   motion	   can	   be	   a	   part	   of	   the	   foot	   pressure	  
abnormalities	   for	   these	   patients	   (1).	   Interestingly,	   no	  
study,	   that	   we	   aware,	   has	   investigated	   the	   effects	   of	  
restricted	   arm	   swing	   in	   able-‐bodies,	   on	   foot	   pressure	   in	  
different	  walking	  speeds.	  Therefore,	  the	  aim	  of	  this	  study	  
was	   to	   investigate	   the	   alterations	   of	   plantar	   pressure	  
behaviour	  due	   to	   the	  asymmetrical	  arm	  swing	   in	  healthy	  
volunteers.	  
 

METHODS	   	  
Nine	   healthy	   volunteers	   included	   the	   study	   (Av.	   Age:	  
21.8±1.28y.o.).	   For	   the	   foot	   pressure	   analysis,	   the	  
Mat-‐Scan	   system	   (Tekscan	   Inc.	   Mass.	   USA)	   was	   utilized.	  
The	  foot	  pressure	  was	  analysed	   in	  3	  different	  conditions;	  
1-‐	  both	  arms	  freely	  swing	  (FS),	  2-‐the	  dominant	  arm	  swing	  
was	   restricted	   by	   elastic	   band	   at	   the	   level	   of	   umbilicus	  
(RS)	  to	  reduce	  the	  swing	  range,	  and	  3-‐dominant	  arm	  was	  
held	   by	   an	   arm	   sling,	   which	   keeps	   the	   arm	   across	   the	  
opposite	  shoulder	  (H).	  Video	  recording	  was	  performed,	  in	  
order	  to	  check	  the	  arm	  condition	  and	  the	  cadence	  for	  
all	   volunteers	   while	   they	   were	   walking	   in	   three	  
different	   cadences	   (self-‐selected,	   70	   bpm	   (slow	  
walking),	   110	   bpm	   (fast	   walking))	   by	   using	  
metronome.	  The	  first	  and	  the	  second	  peak	  forces	  (F1,	  
F2(kg/cm

2),	   the	   time	   of	   these	   forces(t1,t2(sec))	   and	  
impulse	   of	   force	   applied	   to	   the	   corresponding	   foot	  
(under	   the	   force-‐time	   curve)	   were	   the	   interested	  
parameters.	   Paired	   T-‐test	   was	   used	   for	   the	  
comparison	  (p<0.05)	  (2).	  
 
RESULTS	  AND	  DISCUSSION	  
In	   self-‐selected	   speed;	   No	   difference	   was	   found	  
between	   any	   of	   the	   interested	   parameter	   at	   the	  
restricted/held	   side.	   Although,	   t2	   was	   significantly	  
lower	   at	   the	   held/restricted	   side	   than	   the	   free	   side	   at	  
every	  condition	  (FS:	  p<0.001,	  RS:	  p<0.001,	  H: p<0.001).	   In	  
slow	   walking;	   by	   comparison	   of	   free	   side,	   F1	   reduced	  
significantly	   in	   RS	   and	   H	   condition	   (RS;	   p:0,007,	   H;	  
p:0,007).	   F1	   dropped	   on	   restricted/held	   side	   relative	   to	  
the	   free	   side	   in	   RS	   and	   H	   conditions	   (RS;	   p:0.004,	   H;	  
p:0.04).	   In	   fast	  walking;	  by	  comparing	   free	  side,	  F1	   found	  
significantly	   increased	   in	  RS	  and	  H	   (RS;	  p:0.02,	  H;	  p:0.03)	  
and	  impulse	  increased	  only	   	   in	  RS(p:0.03).	  Reduction	  was	  

found	  in	  F1	   in	  FS	  condition,	  and	  t1	  and	  t2	   in	  all	  conditions	  
in	  restricted/held	  side	  relative	  to	  the	  free	  side.	  Increasing	  
was	   found	   in	   F2	   in	   FS	   and	   RS	   conditions	   (Table1).	   These	  
results	   showed	   that	   in	   slow	   walking,	   in	   RS;	   the	   F1	  
significantly	  reduced,	  F2	  near	  significantly	  reduced,	  and	  t1	  
near	   significantly	   increased	   as	   it	  was	   revealed	   for	   stroke	  
survivors	  in	  literature	  (2).	  In	  H;	  only	  the	  peak	  forces	  (F1,F2)	  
reduced.	  In	  fast	  walking,	  for	  RS	  and	  H,	  F1	  increased	  at	  the	  
Restricted/held	  side,	  which	  is	  different	  than	  literature	  (2).	  
Individuals	  with	  hemiplegia	  walk	  slower	  than	  their	  peers,	  
which	   are	   represented	   by	   the	   slow	  walking	   condition	   in	  
the	   present	   study.	   Therefore,	   asymmetrical	   arm	   swing	  
influences	   the	   foot	  pressure	  as	  we	  have	  seen	   in	  patients	  
with	   hemiplegics	   in	   slow	   walking	   pattern	   by	   decreasing	  
peak	  forces	  and	  by	  increasing	  time	  of	  the	  first	  peak	  forces.	  
	  
CONCLUSIONS	  
For	  healthy	   individuals,	   asymmetric	   arm	   swing	  alters	   the	  
foot	   pressure	   behaviour.	   For	   patients	   with	   arm	   swing	  
asymmetries	  such	  as	  hemiplegics,	  in	  order	  to	  improve	  the	  
foot	   pressure	   behaviour	   and	   related	   gait	   abnormalities,	  
orthopaedic	   interventions	   and/or	   physical	   therapy	  
programs	   should	   also	   consider	   gaining	   arm	   swing	  
symmetry	  together	  with	  treating	  lower	  extremity.	  
	  
Table	   1:	   Demonstration	   of	   interested	   foot	   pressure	   analyses	  
parameters	  for	  effected	  side	  in	  every	  condition.	   	  

(FS:	   freely	   swing,	   RS:	   restricted	   swing,	   H:	   held	   swing)	   *:	  
Description	   of	   significant	   difference	   between	   FS	   and	   RS	  
condition,	   p<.01,	   †:	   Description	   of	   significant	   difference	  
between	   FS	   and	   H	   condition,	   p<.01.	   Cad:	   Cadence,	   Co:	  
Condition,	  bpm:	  beat	  per	  minute	  
REFERENCES	  
	   [1]	  Friedman	  PJ.	  Gait	  recovery	  after	  hemiplegic	  stroke.	  Int.	  
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Cad	   Co

n	  

F1(kg/cm2)	   F2(kg/cm2)	   T1(sec)	   T2(sec)	   Area	  (cm2)	   	  

Se
lf	  
se
l	  
	  

FS	   74.2±15.3	   73.7±15.2	   1.8±0.1	   2.1±0.1	   39.7±8.7	  

RS	   76.5±18.7	   72.7±18.4	   1.8±0.1	   2.1±0.1	   39.8±9.1	  

H	   74.7±16.3	   73.8±17.1	   1.8±0.1	   2.1±0.1	   39.6±8.8	  

70
	  b
pm

	  

	  

FS	   71.5±16.2	   71.2±15.6	   2.0±0.8	   2.3±0.8	   54.9±12	  

RS	   66.9±14.1*	   68.7±15.6	   2.6±0.4	   2.9±0.4	   52.4±11.5	  

H	   68.4±14.8†	   69.0±15.3	   2.4±0.3	   2.7±0.3	   54.6±10.6	  

11
0b
pm

	  

	  

FS	   74.5±15.8	   76.3±16.9	   1.6±0.2	   1.9±0.2	   36.6±8.2	  

RS	   77.4±16.6*	   77.9±20.3	   1.6±0.07	   1.9±0.1	   37.8±8.9*	  

H	   79.4±20.6†	   75.1±19.7	   1.6±0.1	   1.9±0.1	   37.0±9.4	  
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INTRODUCTION 
Deviations from symmetrical gait have historically been 
considered signs of pathological conditions, but recent 
research has revealed asymmetry in healthy adult 
populations across a variety of spatiotemporal, kinematic, 
and kinetic parameters [1]. Paediatric gait is considered 
much more variable, with an average 8-10% difference in 
right and left limb kinematic variables, across an age 
range of 3-18 years [2].  
Previous research has shown that obese children walk 
differently than non-obese children [3]. Differences in 
joint kinematics indicate a gait strategy to maximize 
balance and compensate for increased instability but 
could potentially exacerbate gait asymmetry in obese 
children. Yet, gait research has consistently treated this 
cohort as an able-bodied population and biomechanical 
parameters that are assessed unilaterally are often 
reported as a single variable that combines both sides. 
The purpose of this study was to investigate the extent 
of kinematic asymmetry in the able-bodied gait of obese 
and non-obese children. 
METHODS 
Forty able-bodied children, aged 8-12 years, were 
classified as obese (N=20) or non-obese (N=20). However, 
11 children (5 obese, 6 non-obese) were excluded due to 
a lack of bilateral data within the same trial.  
Three-dimensional kinematic data were collected in 29 
(N=15 obese) participants walking at their self-selected 
speed. Bilateral joint angular displacement in the sagittal 
plane for the hip, knee and ankle, as well as the frontal 
plane for the hip, was normalized to a gait cycle and 
exported for further analysis. The normalized gait cycle 
was further stratified into sub-phases: loading response 
(1-10%), mid-stance (11-30%), terminal stance (31-50%), 
pre-swing (51-60%), early swing (61-73%), mid-swing 
(74-87%) and terminal swing (88-101%). 
To understand differences between the right and left limb 
within each group, mixed linear models were employed 
during each sub-phase of gait. Side and group were 
considered main effects and time was a nested variable 

within side. Data were analysed using SAS 9.4, with a 
significance level set at P < 0.05. 
RESULTS AND DISCUSSION 
Asymmetries were found in both groups; however, 
absolute differences between right and left angular 
displacement were small at all joints, regardless of plane. 
When asymmetry was compared to overall total range of 
motion, the relative magnitude of asymmetry increased 
for the ankle (sagittal plane) and hip (frontal plane).  
The magnitude of asymmetry was not significantly 
different between groups, but the timing of the 
asymmetries differed greatly between obese and 
non-obese children (Figure 1). Obese children often 
experienced asymmetry at each joint during loading 
response, with further asymmetry occurring in mid-stance 
through pre-swing. These particular phases are associated 
with specific roles of the joint to absorb or generate 
power and the asymmetry could be a result of increased 
requirement for changes in momentum. Non-obese 
children were more likely to be asymmetrical during 
swing phase, with sagittal plane knee and frontal plane 
hip asymmetry also occurring at the end of stance phase. 
These findings could be a result of a greater ability to 
adapt movements based on changing task demands (i.e. 
intrinsic variability in the system). 
CONCLUSIONS 
Asymmetry patterns in non-obese children were similar to 
those found in adult gait, while obese children continue to 
display strategies consistent with improving balance and 
stability. Although asymmetries were observed in 
able-bodied children, the small relative differences in 
sagittal plane hip and knee motion indicate that data 
could be represented unilaterally within the research. 
However, larger relative asymmetries in sagittal plane 
ankle and frontal plane hip motion suggest that both 
limbs should be investigated independently. 
REFERENCES 
[1] Sadeghi et al. Gait Posture, 12: 34-45, 2000. 
[2] Wheelwright et al. Dev Med Child Neurol, 35: 102-113, 

1993. 
[3] Shultz et al. Int J Pediatr Obes, 6: 332-341, 2011.

 
Figure 1. Asymmetry across the gait cycle. The bars represent statistically significant differences (P < 0.05) in angular 
displacement (degrees) between right and left sagittal plane motion of the A) ankle, B) knee, and C) hip, as well as D) frontal 
plane motion of the hip. The non-obese group is represented by blue bars, while the obese group is represented by red bars.  
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INTRODUCTION	
The	equipment	carried	by	soldiers	offers	them	protection,	
communication,	and	supplies	for	sustained	activity.	While	
operationally	essential,	carried	load	may	contribute	to	the	
large	musculoskeletal	overuse	injury	burden	in	the	armed	
forces.	 In	 addition	 to	 the	 significant	 outpatient	 costs	 for	
rehabilitation,	 military	 organisations	 pay	 to	 re-train	 new	
soliders	to	replace	those	injured.	Thus,	reducing	the	risk	of	
injury	 due	 to	 carried	 load	 is	 a	 significant	 priority	 for	 the	
armed	forces.	

Numerous	 studies	 have	 identified	 the	 kinematic,	
ground	 reaction	 force,	 and	 metabolic	 responses	 to	
increasing	 carried	 load	 [1].	 However,	 only	 recently	 have	
researchers	 applied	 innovative	 biomechanical	 modeling	
methods	to	examine	how	carried	load	affects	internal	joint	
loading	[2].	None,	however,	have	explored	if	changing	the	
distribution	of	carried	load	can	reduce	internal	loading	at	
commonly	injured	sites,	such	as	the	knee.	

Quantifying	 the	 external	 and	 internal	 mechanical	
loads	acting	on	the	common	sites	of	injury	(e.g.,	knee,tibia)	
during	 load	 carriage	 could,	 in	 conjunction	 with	
characterising	the	effects	of	these	forces	on	cell	and	tissue	
biology,	 further	 the	understanding	of	 the	mechanisms	of	
lower-limb	 overuse	 injuries.	 These	 results	 could	 then	
inform	 the	prescription	of	exercise	 training	 interventions	
to	reduce	the	risk	of	injury	in	not	only	military	populations,	
but	 any	 population	 undertaking	 activities	with	 repetitive	
loading	of	the	lower-limbs.	

The	aim	of	this	project	is	to	determine	the	effect	of	
redistributing	 body-borne	 load	 on	 lower-limb	 joint	
moments	and	knee	joint	contact	forces.	

	
METHODS	
Twenty-one	Australian	Army	Reserve	soldiers	(age:	29.5	±	
7.1	yrs,	experience:	5.5	±	3.7	years	of	service)	participated	
in	the	study.	Using	a	repeated	measures	design,	a	total	of	
12	body	armour	variations	were	tested:	six	armour	types	x	
two	load	magnitudes	(15	or	30	kg).	The	body	armour	types	
were	one	standard-issue	body	armour	and	five	prototype	
designs,	all	of	which	claim	to	re-distribute	carried	load	from	
the	 shoulders	 to	 the	 hips.	 All	 participants	 completed	
testing	with	the	12	armour	variations	and	one	no-armour	
baseline	 condition	 over	 four	 testing	 sessions	 with	 each	
session	separated	by	at	least	two	days.	

While	wearing	the	body	armour,	participants	walked	
on	 a	 force-plate	 instrumented	 treadmill	 (AMTI,	
Watertown,	 US)	 at	 both	 moderate	 (1.53	 m⋅s-1)	 and	 fast	
(1.81	m⋅s-1)	walking	speeds	for	10	minutes	at	each	speed,	
while	an	11-camera	motion	capture	system	(Vicon,	Oxford,	
UK)	 collected	 whole-body	 three-dimensional	 marker	
kinematics.	Additionally,	nine	muscles	on	the	right	lower-
limb	 were	 instrumented	 with	 surface	 EMG	 (Noraxon,	

Scottsdale,	 US)	 to	 record	muscle	 activity	 consistent	with	
SENIAM	guidelines.	Thirty	seconds	of	data	were	collected	
from	the	final	minute	for	each	walking	speed.	

A	full-body	OpenSim	[3]	musculoskeletal	model	will	
be	scaled	uniformly	using	a	static	trial.	OpenSim’s	inverse	
kinematics	and	inverse	dynamics	tools	will	then	be	used	to	
determine	the	lower-limb	joint	angles	and	joint	moments	
across	 the	 gait	 cycle,	 respectively.	 The	 scaled	 model,	
experimental	 joint	angles,	 joint	moments,	and	processed	
EMG	data	will	serve	as	inputs	to	CEINMS	[4],	an	OpenSim	
plug-in	 that	 enables	 EMG-informed	 calculation	 of	 joint	
moments	and	muscle	forces.	CEINMS	will	be	calibrated	to	
minimise	 error	 between	 model	 predicted	 and	
experimental	 joint	moments.	Using	the	muscle	 force	and	
joint	moment	 outputs,	 OpenSim’s	 joint	 reaction	 analysis	
will	 be	 used	 to	 compute	 the	 lower-limb	 joint	 contact	
forces.	

Knee	 contact	 forces	 and	 joint	 moments	 will	 be	
compared	between	speeds,	armour	types,	and	carried	load	
magnitudes	using	three-way	repeated	measures	ANOVAs.	
If	 a	 significant	 main	 effect	 or	 interaction	 exists,	 then	
comparisons	between	speeds,	individual	armour	systems,	
and	 carried	 loads	 will	 be	 performed	 using	 Bonferroni	
corrected	post-hoc	analyses.	

	

RESULTS	AND	DISCUSSION	

	
Figure	 1:	 Right	 axial	 knee	 joint	 contact	 forces	 for	 two	
armour	systems	during	the	stance	phase	of	gait.	
	
CONCLUSIONS	
The	primary	outcome	of	this	research	has	the	potential	to	
inform	 the	 design	 of	 load	 carriage	 equipment	 to	 reduce	
lower-limb	 joint	 loading,	 which	 may	 reduce	 the	 risk	 of	
sustaining	overuse	injuries.	
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Estimation	 of	 body	 segment	 parameters	 including	 mass,	
moment	 of	 inertia,	 and	 so	 on,	 is	 a	 requirement	 for	 the	
analysis	 of	 biomechanical	 measurement	 and	 simulation.	
Accuracy			is		 required			for		 subject-specific			 modelling,			as	
errors		 in		 segment		 parameters			propagate		 to		 calculated	
joint	moments	and	muscle	forces	[1].		

Historically,	 cadaver-based	 studies	 were	 used	 to	
estimate	 	 body	 	 segment	 	 parameters,	 	 with	 	 known	
limitations			 of		 small			subject			sizes			and			limited			subject	
variance	in	terms	of	age	and	ethnicity	[e.g., 2].		

Regression	 models	 have	 also	 been	 used	 with	 greater	
success,	 but	 are	 still	 limited	 by	 the	 population	 of	 subjects	
used;	 as	 a	 result,	 models	 focussing	 on	 specific	 populations	
continue		 to		 be		 published			[e.g., 3,4].			The		 simplest		 and	
most				 commonly-used					models				 for				 estimating				 body	
segment		 mass		 are		 based		 on		percentage		 of		 total		 mass;	
these			 have			 been			 generated			 with			 various			 techniques	
including	cadaveric,	CT	scan,	and	visual	body	scan	[e.g., 5].		
											This		 work		 focussed		 on		establishing		 a		database		 of	
published	 body	 segment	 parameter	 models	 to	 aid	
researchers	 	 in	 biomechanics	 	 in	 choosing	 	 appropriate	
models		 for		 their		 work,		 and		 to		 provide		 the		 means		 for	
further	analysing	new	body	segment	parameter	models.		
		
METHODS		
Body	 segment	 mass	 parameters	 were	 collated	 from	 the	
literature,	 ranging	 from	 Harless	 [2]	 to	 Ma	 et	 al.	 [3].	 While	
many			of		 these			models			only			included			mass			averages,	
others		 also		 contained		 standard		 deviations		 or		centroids.	
Values	were	normalised	to	100%	for	each	model.		
											Notably,		 the		 comprehensive		 regression		 models		 of	
Zatsiorski	 [4]	 and	 Shan	 and	 Bohn	 [5],	 each	 containing	
hundreds	 of	 regression	 coefficients	 and	 also	 covering	
moments		of	 inertia,		have	 been	 carefully		transcribed		 and	
presented	in	a	standard	form.		
											Tables	 of	 data	 in	 plain	 text	 format	 plus	 examples	 of	
Matlab		code	 demonstrating		 their		use	 are	 available		 from	
http://wspr.io/body-segment-param.		
		
RESULTS	AND	DISCUSSION		
An		 example		 of		 the		 data		 included		 in		 the		 repository			is	
shown	 in	 Figure	 1.	 Fifteen	 full-body	 segment	 mass	 models	
were		 included		 for		this		comparison;		 entire		 trunk		masses	
were	 calculated	 from	 various	 combinations	 of	 upper-body	
segments						 (shoulder,						 thoracic,						abdominal,						pelvic)	
according	to	the	data	provided	by	each	model.		
											Certain	 segments	 (leg,	 head/neck)	 	have	 a	 low	 mass	
variance		 despite		 a		relatively		 low		contribution		 to		overall	
mass.	Others	vary	considerably	between	models.		

Future	 work	 will	 involve	 collecting	 raw	 data	 from	
further	 studies,	 and	 adding	 code	 for	 calculating	 geometric	
body	segment	parameter	models	such	as	Yeadon’s	[6].		

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure		1:		Body		segment		mass		differences		by		segment		for		
15	models	from	the	literature.				
	
CONCLUSIONS		
A	 survey	 of	 body	 segment	 parameter	 models	 shows	 an	
expected			and		 substantial			 variance			 in		 results			between	
studies.	 The	 models	 have	 been	 collated	 in	 an	 online	
repository	 for	 further	 use	 and	 reuse	 by	 the	 biomechanics	
community.	Further	data	will	be	added	over	time.		
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INTRODUCTION 
Markerless acquisition of skeletal kinematics from 
uncalibrated images remains an open problem due to 
scene illumination and background clutter and weak 
appearance support that is hampered by fore-shortening, , 
deformation or rotation, and severe occlusions caused by 
the motion of the articulated body [1]. 

Discriminative approaches to pose estimation 
establish a mapping from image observation space to a 
set of pose parameters space, from which the kinematics 
can be extracted [2]. Pictorial structures is an efficient and 
generic discriminative approach, which uses probabilistic 
graphical model to model both appearance and body part 
configuration [3]. However, since the search space of 
highly articulated models is very large, the standard 
approach cannot caputre all the variability in the data. 

In this work, we exploit an extension to the 
pictorial structures approach [4] to estimate skeletal 
kinematics. To demonstrate its feasibility, we apply our 
approach to the estimation of cyclists’ pose in the sagittal 
plane from challenging images in the natural environment 
that contain severe occlusions. Given a monocular image 
with one or more persons, our technique simultaneously 
detects and estimates the person’s pose characterised by 
the joints' spatial locations and limbs' orientations.  
 
METHODS 
Our approach requires an offline supervised learning 
framework for learning a model that recovers pose 
estimates from observable image metrics. We use a 
tree-structured graphical model to model the human, 
which leads to an efficient inference of parts’ spatial 
location and orientation. We represent a sagittal plane 
human model using 26 nodes comprised of 14 keypoint 
nodes representing joints and 8 secondary mid-limb 
nodes with the base of the neck at joint C7 as its root, and 
the four limbs and head as its extremities. 

We exploit the approach of [4] to learn disparate 
local part mixtures that capture spatial relations between 
parts and local appearance and geometry models from 
manually annotated training data. To train our model, we 
use structured Support Vector Machines (SVM) to learn 
body part detectors based on histogram of oriented 
gradients patch filters centered at the joints (Figure 1 a,b).  

In inference, we produce candidate pose proposals 
by using a sliding window detection scheme over an 
image pyramid, and apply non maxima suppression to 
prune overlapping proposals. We select the optimal 
match of a model to an image to be the candiate, which 
minimises an energy function that is comprised of a unary 

term measuring the discrepancy for each body part and a 
pairwise deformation cost for each pair of connected 
body parts. 
 
RESULTS AND DISCUSSION 
To evaluate the performance of our approach, we focus 
our experiments on challenging task-specific test images 
captured in natural environment and a variety of 
resolutions. We apply our method to a dataset of 144 side 
view pose-annotated images of cyclists, which includes a 
standard train and test split. 
 Quantitative evaluation results of our approach with 
loss prediction functions achieves scores of 71.0 and 68.2 
on the mean Probability of Correct Keypoint (PCK) and the 
mean Average Precision of Keypoints (APK) performance 
measures [4], respectively, which are comparable with 
state-of-the-art. We present qualitative results in Figure 1. 
 Notably, our approach makes no assumptions in 
relation to the anthropometric proportions of the human 
model, does not impose kinematic constraints on pose 
proposals, nor the appearance or the scene. Using such 
constraints is likely to significantly imporove the 
performance of the approach. 
 

 
Figure 1: Example training set input images with part 
appearance (a), and spatial geometry (b) annotations, and 
qualitative examples of output pose estimation (c-f). 
 

CONCLUSIONS 
We present a supervised learning approach for markerless 
pose estimation from uncalibrated monocular images. 
Our method simultaneously yields detection and pose 
estimation, from which skeletal kinematics are extracted.  
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INTRODUCTION 
As an application of the additive manufacturing 
technology to the medical field, organ models for surgical 
simulation have been introduced into clinical practice. 
Although anatomically precise organ models have become 
reproducible using high-resolution magnetic resonance 
imaging (MRI) data, the reproduction of organ textures, 
such as softness, is often insufficient. To date, the 
measurement of basic mechanical properties, such as the 
visco-elasticity of organs in live human bodies, has been 
difficult.Recently, a handy device for measuring softness, 
which determines Young's modulus using 
indentation-imitating palpation against the organ surface, 
was developed and reported to make presice diagnoses in 
the consultation room. This device is convenient and can 
be used anywhere. 

In the present report, we measured the 
visco-elasticity of brain tumor tissue using this handy 
device by imitating palpation immediately after en-bloc 
resection. 

 
MATERIALS AND METHODS 
During the surgical removal of parenchymal brain tumors 
in two cases, we performed measurements of the gray 
matter and white matter in the tumor tissue using the 
handy device by imitating palpation (YAWASA 
MSES-0512-1, Tec Gihan CO., Ltd., Kyoto, Japan) 
immediately after en-bloc resection [1].  

For the measurement of elasticity, three 
consecutive indentation tests were performed with a 
maximum load of 0.1 N at the push speed of 1.0 mm/s per 
position, and the average value obtained was defined as 
the elasticity of that position. Visco-elasticity was 
measured with a maximum load of 0.1 N and with a 
change in the push speed from 1.0 mm/s to 5.0 mm/s and 
then to 10.0 mm/s in case 1 . 

 
RESULTS AND DISCUSSION 
In this study, the measured elasticity of the brain tumor 
was several kilopascals, and the gray matter showed a 
lower elasticity than the white matter (Table 1). These 
results are consistent with those of previous reports [2,3].  

We also performed a measurement of 
visco-elasticity in case 1. Visco-elasticity was observed in 
the white matter but not in the gray matter. During 
surgery, light stickiness was felt when the neurosurgeon 
proceeded toward the white matter from the cortical 
incision. Our results are consistent in this sense. 

The fact that a pathological change in the organ 
modifies its mechanical properties, such as elasticity, is 
attracting attention with regard to not only brain tumors 
but also numerous diseases. From an ethical point of view, 
we measured tumor tissues resected from a living brain, 
and there is a possibility that the elasticity measurements 
of vital organs during surgery may be conveniently and 
safely performed with this instrument. 

 

 
Figure 1. Appearance of the Measurement Device and 
Measurement of Gray Matter . 
 

CONCLUSIONS 
By measuring the softness of brain tumor tissue using the 
handy device by imitating palpation, we were able to 
confirm the differences in the elasticity and 
visco-elasticity of gray and white matter. This method is 
also applicable for the measurement of elasticity in living 
organs during surgery. 
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Table 1: Elasticity of Brain Tumor Tissue in the Gray Matter and White Matter 

 Gray matter (kPa) White matter (kPa) 

Case 1 (60-year-old female, right parietal glioma) 2.7  0.6 5.3  1.5 

Case 2 (40-year-old male, right frontomedial glioma) 1.5  0.7 2.9  1.6 
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