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Abstract

Introduction: Adult human skeletal system consists of 206 bones and this system gives the human body
its shape, supports it, and helps in movements. These bones are made of living bones tissues which
replenish throughout the lifetime of an individual. There are different bone diseases associated to these
bone tissues like osteoporosis, low bone density, osteogenesis imperfecta, and Paget’s disease of bones
which happen when these bone tissues synthesis is not normal, and can cause fracture. The most common
bone disease is osteoporosis which causes bones to become less dense and more fragile. It affects the
entire skeletal system and causes fracture in hips, wrists, ankles, and spine commonly.

Methodology: CT Scanning

Three calcaneus bone samples were scanned using micro CT (SkyScan 1172, Aarteslaar, Belgium) at the
voxel size of 17.41 um, rotating at increments of 0.7° for 180°, and the data was stored in numbered 16bit
high resolution grayscale images.

Results: The analysis of bone properties has not been limited to mechanical testing only. With the
development of computer tomography techniques and finite element modelling software, the researchers
have started using simulations to study bone morphology and properties. The previous studies indicate
that not much has been done to study the fracture mechanism of calcaneal trabeculae. So, this study was
designed to conduct compression test on sections of calcaneal trabeculae and compare it with the
available results.

Conclusion: The study focuses on the mechanical properties of trabecular bone incompression. The main
purpose of the study is investigating the factors which could influence the mechanical properties of the
trabecular bone.

Summary: The human skeletal system suffers from number of diseases like osteoporosis, osteoarthritis,
and Paget’s disease which impair its function and cause discomfort and fracture to patients. The study of
bone properties have helped in treating a variety of bone diseases. This study involved non-destructive
finite element analysis of calcaneal trabecular bone specimens under compressive loading. Three
calcaneal trabecular bone specimens were scanned using micro CT and 3D models were reconstructed
using the image data. The reconstructed models were assigned material heterogeneous properties based
on grayscale values from the images. These models were converted to FE models with a variety of mesh
coarseness and analysed, and the best models were used for further finite element analysis. The results
were compared with previous studies and matched subject to certain errors. It was concluded that mesh
parameters affect the quality of finite element simulation and the heterogeneous bone material properties
caused non-uniform deformation in the trabeculae structure.

Keywords: Osteoporosis, calcaneum, CT scan, model

Introduction

Background

Adult human skeletal system consists of 206 bones and this system gives the human body its
shape, supports it, and helps in movements. These bones are made of living bones tissues
which replenish throughout the lifetime of an individual. There are different bone diseases
associated to these bone tissues like osteoporosis, low bone density, osteogenesis imperfecta,
and Paget’s disease of bones which happen when these bone tissues synthesis is not normal,
and can cause fracture. The most common bone disease is osteoporosis which causes bones to
become less dense and more fragile. It affects the entire skeletal system and causes fracture in
hips, wrists, ankles, and spine commonly.
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According to NHS, it is caused due to various factors which
include age, genetics, gender, diet, lack of exercise, hormonal
disorder, heavy drinking or smoking, and parental history.
The fractures caused by bone diseases like osteoporosis
affects around 1.5 million people annually ™. In 2010, 22
million women and 5.5 million men were estimated to have
osteoporosis in the EU; and 3.5 million new fragility fractures
were sustained, comprising 620,000 hip fractures, 520,000
vertebral fractures, 560,000 forearm fractures and 1,800,000
other fractures 2. In USA, aging of population is expected to
increase the cases of osteoporosis among individual over the
age of 50 from 10 million cases in 2002 to 12 million in 2010,
and to nearly 14 million cases by 2020 I, Researches show
that different morphological properties correspond to the
mechanical properties of the bones and this helps us deal with
disease like osteoporosis which affects the morphometric
properties of the bones and weaken them. But, different types
of bones have different morphological and mechanical
properties and bones adapt to their mechanical environment
according to Wolff’s Law [, So, it is essential to study bone
tissue samples from different parts of the body as these tissues
have different mechanical and morphometric properties.

Osteoporosis

Healthy bone Osteoporosis

Fig 1: Trabeculae of healthy bone and osteoporotic bone [5]

Aims and objectives

This project aimed at studying the different mechanical and
morphological properties of three different specimens of
calcaneus bones by non-destructive analysis using micro CT,
and Finite Element modelling.

Fig 2: R711 Fig 3 R715

Fig 4 R737
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The above three different calcaneus bone samples were
scanned using micro CT. The different stacks of images
obtained for the three different samples were imported into
Scan IP software. The stacks of images were then converted
into 3D models using segmentation tools and various filters.
The 3D models were converted into FE models and exported
into ABAQUS. The models were then simulated under
compressional loading and various mechanical parameters
were measured, and the results were compared to previous
findings.

The following were the objectives to achieve the aim

= To obtain background information regarding the project
and understand the context and importance of this study
in dealing with bone diseases.

= To learn about microstructure of different bone tissues
from different parts of the body and analyse the
differences between them.

= To obtain and segment micro CT images, and generate
FE modulus.

= To familiarise using Scan IP and ABAQUS and import
and create 3D models of the bone samples provided and
perform mechanical tests using ABAQUS.

= To analyse the results obtained from finite element
analysis.

= To investigate how microstructure in bone tissues affect
the mechanical properties of bone specimen.

Literature review

Introduction

The mechanical properties of human trabeculae, the relation
between bone volume and large strain compressive behaviour
of trabeculae, the alignment of trabeculae along the direction
of continuous strain also known as Wolff’s law, and the use of
computer tomography and finite element technology have
been widely researched and documented.

Calcaneus bone is the heel bone in human skeletal system and
part of tarsus constituting the heel. This is the largest bone
among the tarsals and also the largest bone of the foot.

Calcaneus

Fig 5: Calcenus bone (6)

Fractures in calcaneus bone can be caused in high energy
event, like a car crash, or a fall from a height landing on the
heels. This causes it to widen or shorten. Due to mostly being
caused by fall from a height, this fracture came to be known
as Lover’s fracture and Don Juan’s fracture after the sixteenth
century fictional libertine womanizer.

Review of previous studies
Research on calcaneal fractures and treatments
Yoganandan et al. [l designed a study to derive probability
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distribution to represent human calcaneal tolerances under
impact loading like in a vehicle collision or fall from a height.
The calcaneal specimens were dynamically loaded in plantar
surface once using mini-sled pendulum equipment. There
were 14 cases of no fracture and 12 cases of calcaneal
fracture. The mean fracture force was 7802 N while the
probability of calcaneal fracture showed that 6.2 kN force
corresponded to 50% probability of calcaneal fracture. In
another similar study conducted by Gallenberger et al. [€], 60
pendulum impacts to the plantar surface of 15 lower limb
PMHS specimens were conducted to study the difference
between fracture forces of dorsiflexed specimen and neutral
specimen. 19 impacts were conducted with specimen
positioned initially at 20° of dorsiflexion while the rest were
conducted at neutral positioning. The results indicated that
dorsiflexed specimen had 50% injury probability at 7900 N
which was higher than that of neutral specimen at 6800 N.
Further studies were conducted for the treatment of calcaneal
fractures. In a study conducted by Zhang et al. [, the
minimally-invasive lateral approach for displaced intra-
articular calcaneal fracture treatment and the conventional
sinus tarsi approach were studied and compared. The results
indicated  minimally-invasive  approach  had  lower
postoperative complications than the sinus tarsi approach and
had similar functional outcomes. Schuberth et al. [
conducted a study involving 24 cases of minimally invasive,
open reduction, and internal fixation of intra-articular
calcaneal fractures. The results showed that minimally
invasively approach improved radiographic parameters and
had minimal wound complications. There were no soft-tissue
complications and none of the 18 patients progressed to
subtalar fusion for over a year.

Arbenz et al. I, the effects of smoothing on the finite
element solution were studied. The models were analysed
every time after applying a smoothing step till 28 steps. The
results indicated that smoothing resulted in large subjective
improvement of visualisation and that the conditions of
stiffness matrix don’t vary too much as long as the model is
not distorted too severely. Increased smoothing led to longer
simulation time as the stiffness matrix must be computed for
each individual element and smoothing increased the number
of elements. In a lecture delivered by Wang [*°, the different
types of filters in ScanlP were analysed. The differences
between Mean, Median, and Recursive Gaussian filter were
mentioned.

Use of finite element modelling

Finite element analysis has been proven to accurately simulate
fracture mechanisms. With the advent of technology and
improvement in finite element analysis software, this
technique of non-destructive analysis is becoming very
popular for research studies. In a study conducted by
Chevalier et al. 11, reconstructions of micro-CT and finite
element analysis of trabeculae was combined with physical
measurement of volume fraction, and mechanical tests for
appropriate validation of the method. The results indicated
that the results of mechanical tests matched the finite element
predictions. Huang et al. [l studied the mechanism of
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calcaneal fracture by establishing 3D finite element models of
calcaneus. They scanned the calcaneus of a normal person and
converted the images into a 3D finite element model with
1,496 elements which was loaded axially with 500 N in
neutral position and 20° dorsiflexion. The results showed that
the fracture line passed through the facet of talocalcaneal joint
from lateral to post medial side in neutral position, and
through the calcaneus body to post spinula joint in
dorsiflexion. However, this study was limited due to
technological constraints.

In a recent study by Wong et al. 18, the influence of foot
impact on the risk of calcaneus fracture was assessed via
finite element modelling. A 3D finite element model of foot
and ankle was constructed from MRI images of a female aged
28, and loaded with 7kg passive impact through foot plate.
The impact velocities simulated were from 2.0 to 7.0 ms™*
with 1.0 ms? interval. The results showed that at 5 ms*
impact velocity, the maximum Von Mises stress and Tresca
stress for calcaneus were 3.21 MPa and 3.46MPa
respectively, and the peak stresses were distributed around
talocalcaneal articulation which corresponds to the common
fracture sites.

Conclusion

The analysis of bone properties has not been limited to
mechanical testing only. With the development of computer
tomography techniques and finite element modelling
software, the researchers have started using simulations to
study bone morphology and properties. The previous studies
indicate that not much has been done to study the fracture
mechanism of calcaneal trabeculae. So, this study was
designed to conduct compression test on sections of calcaneal
trabeculae and compare it with the available results €1, Also,
careful reconstruction of micro CT images was done to have
the best possible simulation for compression test. This test
also accounts for the fact that trabeculae properties are
heterotrophic and anisotropic as found by the studies
conducted by Boyde et al. 24,

Methodology

CT Scanning

Three calcaneus bone samples were scanned using microCT
(SkyScan 1172, Aarteslaar, Belgium) at the voxel size of
17.41 pm, rotating at increments of 0.7° for 180°, and the data
was stored in numbered 16bit high resolution grayscale
images.

Image reconstruction in Scan IP

Reconstruction of R711

The first stack of images was R711. Five different models

were created using different approaches and the best model

was selected for FE modelling.

= Model 1 - The images 151 to 440 were imported into the
ScanlP software so that the height of the stack was
~5mm. A section of 10mm X 10mm was taken near the
centre of the images. To remove noise, 2 pixels are
skipped on all three orientations.
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Fig 7: Custom Pixel skipping

Model 2: The second model was created using the same
set of steps as the first model, but smoothing was done
using only ‘Binarisation’ filter.

Model 3: Same set of steps were used for generating
Model 3, but smoothing was done using ‘Median’ filter,
first on the background with 1 pixel as neighbourhood
radius on all three orientations and then on the mask.
Model 4: The same stack of images were used to
generate model 4, with the same dimensions. However,
the default pixel skipping setting for Scan IP software
was used which skipped only 1 pixel in all orientations.

The trabeculae were segmented from the background using "
‘Threshold’ tool with lower limit set at 20512 and the upper
limit at 50921.
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Fig 8: Thresholding

Smoothing was done using ‘Recursive Gaussian’ filter with
‘Binarisation’ and Gaussian sigma value of 0.6 in all
directions. Further noise and unwanted islands were removed
using ‘Island Removal’ tool with 250 voxels as island

threshold size.
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Target wolume: [l Mask 1

Island sice theesbald [weaels]:

Crap and resample

Crap Pinel rescaiing

Lowerboundary  Upper boundery

Background type | 16-kit unsigred inkeges

X 0000} 2000 (2000000

- 0{0000mm] 2000 [2000.000mm) il 1

= . G 30 2000
& 0 ther
Pl zkip
Humber of pisels to skip 00 | 1
Humber of pinels te skip 1) | 1

Number of pisels 2o skip () | 1

Memory usage estimation:  221232M8

Previca

oK Cance’

Fig 10: Default pixel skipping

The trabeculae were segmented from the background using
‘Threshold’ tool with lower limit set at 20512 and the upper
limit at 50921. Smoothing was done using the ‘Median’ filter,
first on the background with 3 pixels as neighbourhood

Apply

radius.

Fig 9: Island removal

~ 655~

radius, and then on the mask with pixel as neighbourhood


http://www.orthopaper.com/

International Journal of Orthopaedics Sciences

Viedoan fEwr | Wieden Wear x
Target volume: il Stack Target volume: [l Mask 1

Apply.. Apply..

® _.on active background

.on active background

) —on active mask @ _on active mask

Neighbournood radius Neighbourhoed radius

X (piawki): X (plawk):

3
¥ (pivek): 3 2 ¥ (piseh):
[>

Z (pinels): 3 2 (pinels):

1 Cubic values ] Cubic values

[ somy [ Apply

Fig 11: Median filter

Model 5: The images 1151 to 1440 were imported and the
other steps were kept same as that used to generate model 4.
However, further smoothing was done using ‘Recursive
Gaussian’ with ‘Binarisation’ and low Gaussian sigma value
of 1.2 pixels in all three orientations to minimise feature loss
from high Gaussian sigma values. This model was chosen for
FE model generation.
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Fig 12: Recursive Gaussian filter.

Result

Image reconstruction in scan IP

Reconstruction of R711

=  Model 1: The model generated was very smooth and had
no noise, however a lot of the original features were
removed due to excessive smoothing (recursive
Gaussian) and skipping 2 pixels when importing images.
The model had 2,481,600 triangles and was 34.17 MB
large.

Fig 21: R711 Model 1

= Model 2: The model generated was coarser compared to
model 1 and had a bit of noise because only
‘Binarisation’ was used for smoothing, however a lot of

Www.orthopaper.com

the original features were removed due to skipping 2
pixels when importing images. The model had 2,607,816
triangles and was 34.17 MB large.

Fig 22: R711 Model 2

Model 3: The model generated was closer to real
structure of trabeculae, coarser than 1 and 2 as only
‘Median’ filter was used for smoothing. This model still
removed a lot of the features due to skipping 2 pixels
when importing images. The model had 2,152,280
triangles and was 34.17MB large.

Fig 23: R711 Model 3

Model 4: The model generated is closer to real structure
of trabeculae and has preserved the original features due
to default pixel settings. The model is fairly smooth due
to use of ‘Median’ filter, and has a bit of noise due to no
‘Binarisation’. The model has 9,976,004 triangles and is
273.37 MB large.

~ 656~

Fig 24: R711 Model 4

Model 5: The model generated is very smooth due to
added ‘Recursive Gaussian’ filter, has no noise, and has
preserved most of its features due to low Gaussian sigma
value, and is the best model to use for simulation. The
model has 12,679,944 triangles and is 273.37 MB large.
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Boxrern

Fig 25: R711 Model 5

Reconstruction of R715

= Model 1: The model generated used the steps used for
generating Model 4 of R711 and has preserved the
original features due to default pixel settings. The model
is fairly smooth due to use of ‘Median’ filter, and has a
bit of noise due to no ‘Binarisation’. The model has
9,930,280 triangles and is 273.37 MB large.

Fig 26: R715 Model 1
= Model 2: The model generated has 14,379,520 triangles
and is 273.37 MB large. It has more number of triangles

due to added ‘Recursive Gaussian’ filter and is the model
used to generate FE model for R715.

Fig 27: R715 Model 2

Reconstruction of R737

= Model 1: The model generated used the steps used for
generating Model 4 of R711 and is fairly smooth due to
use of ‘Median’ filter, and has a bit of noise due to no
‘Binarisation’.

www.orthopaper.com

= The trabeculae density is the highest in this stack of
images. Hence, the model has 28,103,924 triangles and is
273.37 MB large.

Hlcoxren

T i e

Fig 28: R737 Model 1

Model 2: The model generated has 23,337,824 triangles and
is 273.37 MB large. This model is used to generate FE model
for R737 because it is smoother than Model 1 and has no
noise.

Fig 30: Mesh Quality R737

The generated mesh was of very high quality, with no errors,
and less than 1% distorted elements for each model apart from
R737:

R711: For the first model, the number of distorted elements
was 9,218 which were 0.59% of total elements. For the
second model, the number of distorted elements was 7,747
which were 0.39% of total elements. There were 2
unconnected regions in both models.
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= R715: There were 12,021 distorted elements which were regions.
0.74% of total elements. The model had 31 unconnected
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Fig 32: R715 - number of distorted elements

R737 — There were 367,298 distorted elements which were regions.
7.91% of total elements. The model had 3 unconnected
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Fig 33: R737 number of distorted elements
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R711
= Model 1 — The first model had a maximum value of VVon
Mises stress of 4.12 MPa.

Fig 34: R711 Model 1 - Von Mises stress distribution

The peak stresses were distributed around the nodes which
had the material properties of least Young’s modulus. These
nodes had the least mass density as well.

Fig 37: Animation - Time History

=  Model 2 — The second model had a maximum value of
Von Mises stress of 3.48 MPa.

Fig 35: R711 Model 1 - Enlarged Von Mises

. . . Fig 38: R711 Model 2 - Von Mises stress distribution
The maximum deformation occurred along the nodes with g

high stress distribution. Like the first model, the peak stresses were distributed around

the nodes which had the material properties of least Young’s
modulus. These nodes had the least mass density as well.
Also, the maximum deformation occurred at the nodes with
high stress distribution.

Figure 36: R711 Model 1 — Deformation

The ‘Animation’ tool showed the deformation of the model Fig 39: R711 Model 2 - Deformation
over the extent of compression test.
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R715
The maximum value of Von Mises stress was 5.53 MPa.

Discussion

Finite Element Modelling

Image reconstruction in Scan IP

Two general approaches were used to generate masks for
R711 in Scan IP. The first one involved using pixel skipping
to reduce the size of generated mask while the other approach
did not skip pixel. It was observed that pixel skipping reduced
the number of elements in the mask and hence the size of the
generated model. However, visual examination showed that
skipping pixel also got rid of the features of the model. The
smaller models would have taken lesser time to analyse due to
the delicate nature of trabeculae analysis, it was necessary to
preserve as much of the original features as possible.

Another important step was to reduce noise in the model as
much as possible. Noise filtering, if done incorrectly, would
have resulted in a higher percentage of distorted elements and
unconnected region in the generated mesh. So, a combination
of filters was used to reduce the noise. Each model used for
generating mesh had a combination of median filter used both
in the background and the mask, island removal filter, and
recursive Gaussian filter with low Gaussian sigma value. The
median filter used in the background helped in removing
excessive noise which helped in reducing the time taken by
island removal tool. If used alone island removal tool took
longer to remove the excessive noise. The low Gaussian
sigma value insured preservation of model features along with
high quality smoothing.

Limitations and future work

The study conducted non-destructive analysis of calcaneal
bone samples. There was no physical test conducted. So,
mechanical testing of bone samples need to be conducted
along with FE analysis to better study the properties of bone
tissues.

Also, there were software constraints which allowed only
static analysis of the model. So, in future dynamic analysis
with impact loading should be conducted while finite element
simulation.

Conclusion

The study focuses on the mechanical properties of trabecular
bone in compression. The main purpose of the study is
investigating the factors which could influence the
mechanical properties of the trabecular bone. Before the
mechanical test, twelve cylindrical bone samples were
prepared by cutting and drilling the left medial femur condyle
of an 18-month-old cow. Then, these bone samples were
embedded in the PMMA resin with the assisting of a new
design sample holder. Some problems were met during the
calibrating process, but had been solved by changing the
mounting method of the sample holder. The unconfined
compression test was performed on 12 cylindrical bone
samples by an electrical-dynamic test instrument. The
engineering stress-strain curves were plotted and analysed.
For the finite element analysis, a human proximal femur was
scanned by the pCT scanner to obtain the high resolution CT
imagines. Then, thousands of CT imagines were segmented
and generated to 3D FE model. To obtain the most reasonable
mesh density, a mesh independent study was performed
before the formal simulation. Then, a same simulation was
repeated for several times with different tissue modulus to
find out the relationship between the Young’s modulus of the
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bone model and the modulus of bone tissue. Two different
settings of boundary conditions were also applied in the FE
analysis, and the results of the two boundary conditions were
generated and compared. All experiment and simulation
results were shown in the form of figures and table, especially
some comparison figure were made elaborately. The three
basic conditions of misalignment was diagrammatized and
introduced, the mechanical properties of trabecular bone and
porous materials were compared, the influences caused by the
different boundary conditions for the FE model were
analysed, the collapse process of trabecular was discussed and
the reliability of FE analysis was verified by comparing the
results from the previous studies. The study concluded that
the misaligned sample with better mechanical behaviour, the
mechanical properties of trabecular bone is similar with that
of porous materials, apparent Young’s modulus is
proportional to the tissue modulus and the simulation results
are sensitive to the boundary conditions.
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