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Motivation

A Ageing population 1 fractures and
mortality, implant suitability

A Bone structure/behaviour of interest to
pharmaceutical industry

A Implants need to last longer
A Patients expect to remain active

A Potential to replace expensive clinical
trials




Modelling T Information required

A Geometry: subdivided into elements 1
1/2/3D

A Boundary conditions and interactions

A Material properties: linear/nonlinear,
Isotropic/anisotropic, time dependent/
iIndependent

A Loads: static/dynamic




Boundary conditions



Constrained at thacraliac joints

fixed boundary
conditions

pubic ligaments
and disc
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Muscles

Acetabulum

Posterior view Lateral view Anterior view

1. Gluteus maximus; 2. Gluteus medius; 3. Gluteus minimus; 4. Psoas (not shown); 5. Iliacus; 6. Rectus femoris
(straight head); 7. Rectus femorus (reflected head); 8. Tensor fasciae latae; 9. Sartorius; 10. Pectineus;
11. Semitendinosus; 12. Semimembranosus; 13. Biceps femoris (long head); 14. Adductor magnus; 15. Adductor
longus; 16. Adductor brevis; 17. Gracilis; 18. Piriformis; 19. Gemellus superior; 20. Gemellus inferior:
21. Quadratus femoris




Anterior view

6. Iliolumbar; 7. Inguinal; 8. Superior pubic; 9. Arcuate pubic

Posterior view

1. Anterior sacroliliac; 2. Interosseus sacroiliac (hidden); 3. Posterior sacroliliac; 4. Sacrospinous; 5. Sacrotuberous;

Ligaments
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Boundary conditions - constrained
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von Mises stress in the trabecular bone for the constrained BC model




Boundary conditionsi muscles
and ligaments
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von Mises stress in the trabecular bone for the ML BC model
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Bone microstructure



Microarchitecture of the femoral head




Morphometrical Parameters

A BVITV

A Trabecular thickness (Tr. Th.)

A Structural model thickness (SMI)
i Degree of anisotropy (DA)




Results

Thin cortex :
Radially
orientated

Physeal trabeculae in

transition epiphysis

Low density
Strong column In
of trabeculae inferomedial
from calcar to head

physeal scar




Hip Fracture Fixation

b Hip screw




Femoral Scans

Plane 1




3D: BV:TV (Density)
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Trabecular Thickness (Tbh. Th.)
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Material properties:
Elasticity



Material properties

A Variations I inhomogeneity

A Linear elastic I Isotropic or transtropic or
orthotropic or anisotropic

A Time dependent 1 e.g. viscoelasticity

A Inelasticity T e.g. plasticity

A Etc




Cortical bone data




Cortical bone

Periosteal

Female Female Female
20yearold 61-yearold 84yearold




Cortical bone 1 elastic properties with
patient-specific parameters

A 1 CT scans of cortices from the anterior
femoral midshaft, (Melbourne Femur
Collection)

A 27 females, 50 males
A 71 m isotropic scanning resolution

A Scanning and micro-architecture analysis 1
Cooper et al. 2007

A This study 1 variation of mechanical
properties with micro -architecture




Cortical bone i elastic properties
with patient -specific parameters

A Select sub-samples




Cortical bone i elastic properties
with patient -specific parameters

A Label solid/void




Cortical bone i elastic properties
with patient -specific parameters

A Generate triangular
surface. Approx.
20,000 triangles per
surface




Cortical bone 1 elastic properties
with patient -specific parameters

Periosteal

Female Female Female
20yearold 61-yearold 84yearold




Cortical bone i elastic properties
with patient -specific parameters

A  Generate mesh
A Approx 250k elements




Cortical bone i elastic properties
with patient -specific parameters

A Constructed 3D image and mesh




Cortical bone i elastic properties
with patient -specific parameters

A SIX numerical strain states computationally
applied
A Full elasticity tensor evaluated

A Tensor reoriented to best fit orthotropy
assumption




Cortical bone i elastic properties
with patient -specific parameters

Q1: Is cortical bone in femoral midshaft
orthotropic?

Al: Yes

ErrorORT = maJe_ eomu
e 0 Heﬂ

Periosteal: 0.16% median, 3.86% max
Endosteal: 2.16% median, 11.48% max




Cortical bone i elastic properties
with patient -specific parameters

Q2: Which indices of micro-architecture
correlate best with elastic constants?

A2: Ca.VITV

We also considered Ca.S/TV, Ca.Dm/TV,
DA
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ResultsT
periosteal-endosteal variation
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Conclusions

A It providess all orthotropic constants

A Ca.MTV is best (and only required)
predictor

A All constants reduce with increasing
pOrosity

Donaldson et al., 20MechEH




Trabecular boneT elastic properties

A 1 CT scans of trabecular bone from the
femoral head (Tissue Bank of the Scottish
National Blood Transfusion service
A 10 female, 2 male (age 71.3 = 7.6 years)

A 6 OA and 6 OP




A 5mm cubic regions extracted from 10 locations for
each head
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Methodology - 1 CT scan data

A 10 scans for each of head = 120 scans
Medial




Methodology

age and mesh
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Resultsi regression analysis

Q2: Which indices of micro-architecture
correlate best with elastic constants?

A2: Porosity

We also considered Ca.S/TV, Ca.Dm/TV,
DA .

n RZ =0.80

+ linear

R? =0.81 | |

power law

82 0.5 0.6 0.7 0.8 0.9 1
Porosity




Resultsi Anisotropy

Em)/Ermn at the medial plane

Ema)/Emin at the central plane
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Variation of E_max/E_min
vs location

A

A

A

Large range on both
planes :

A 3.52 on central plane
A 2.75 on medial plane

Mean = 1.87

Wider range at medial
plane

Mean OP = 1.95
Mean OA =1.80




Trabecular bone and snow
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Trabecular bone and snow
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Material properties:
Time -dependent



Motivation

A Trabecular bone exhibits time-dependent
behaviour

A Time dependent nature needs to be
explored to predict

A Orthopaedic implant loosening

A The response to traumatic events -
sudden dynamic loads

A Age related non-traumatic fractures




How to measure time-dependent behaviour
| viscoelasticity?

A Creep/Relaxation/Dynamic
A Need inter-conversion methods . °

A Creep may contain irrecoverable S
strains ‘

A Need loading and unloading
experiments : =




Creep-recovery experiments
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Creepr ecovery
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20 cylindrical bovine samples (5 from trochanter, 15 from femoral
head) with marrow

Force for 200 sec; recovery for 600 sec for each cycle
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Creep-recovery curves
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Results: Dense sample, BVTV=35%

—e—Experime.ntaI total strain at 4.09 MPa
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Results

Paramete Value
0 3.00E+0!

| 3.50E01
1 3.00E01
Q  A.77E+O
Q 7.99E+0!
'Q  8.48E+0

6.62E+0
= 2.85E03

A Total strain is composed of viscoelastic and viscoplastic strains « .

A Coupled viscoelasiiscoplastic model predicted strains accuratel
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Conclusions

A Time-dependent response varies
nonlinearly with stress levels and
comprises recoverable (viscoelastic) and
Irrecoverable (viscoplastic) strains

A Nonlinear VEVP model predicts the
behaviour well at apparent level




Material properties:
Strain -based plasticity



Material properties i post-elastic modelling

A Stress based criteria require too many
parameters

A Bone yield anisotropic in stress space
Isotropic In strain space

A Experimental evidence to suggest that
yielding of bone Is based on strain rather
than stress




Material properties T post-elastic modelling

Strairbased criterion concept




Material properties I post-elastic modelling

Straidbased criterion concept
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Material properties I post-elastic modelling

Straidbased criterion concept
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Material properties:

Plasticity 1 nonlinear homogenisation



Motivation

A Use FE to evaluate vyield behaviour of trabecular
bone T nonlinear homogenisation

A Assess how properties translate from microscale to
macroscale when using different constitutive laws
for the bone tissue

A To relate apparent level yield surfaces to micro-
architectural indices




Methods

- A Two sample with very different
» morphologies, scanned at 17 um on a
’ g HCT system

' ‘ A Binary segmentation using Gomez et al.
approach*

A Coordinate axes of the stack of images
were aligned to MIL axes

A Scans transformed to voxelised FE
meshes through an in-house developed
Message Passing Interface (MPI) script

A The dense and porous models have 29M
and 13M degrees of freedom,
respectively.

A 5 mm cubes used
A Used the approach with 20 samples

G "./r‘




| oad cases

A Elastic homogenisation requires 6 uniaxial loading cases
A Nonlinear homogeni sation requires fdinfinit
A 171 load cases applied to each sample with linear boundary displacements.

A Same ratios

0 3 uniaxial normal tension

3 uniaxial normal compression
12 biaxial normal

8 triaxial normal

3 uniaxial shear

3 biaxial shear

1 triaxial shear

18 biaxial normal-shear

O OO0 o oo

@]

A Different ratios

0 24 biaxial normal

48 triaxial normal

6 biaxial shear

6 triaxial shear

36 biaxial normal-shear

O OO0 O
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