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Simulating bone adaptation and fracture 
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Third metacarpal bone (MCIII) fracture has
a massive welfare and economic impact on
horse racing, representing 45% of all fatal
lower limb fractures, which in themselves
represent more than 80% of reasons for
death or euthanasia on racetracks.

The simulated crack path is in good agreement with 
fractures observed on radiographs.

A 3D finite element finite element analysis of
bone remodelling for equine MCIII revealed
increased bone density on the articular
surface (B) and the cortical shaft (A).

Simulated density evolution over time.

Motivation

Results
The results of this study could be of benefit to high
performance equine athletes and patients with
other bone degenerative issues, such as bone loss
by astronauts in microgravity. In the future, models
to determine improved training strategies could be
developed to prevent fatal injuries. Moreover, with
the extensive validation it is possible to extend the
model for more complex problems.
Simulation of crack propagation in heterogeneous
materials can be also of interest in industrial
applications.

Crack propagation in 
critical structures in power 
plants 

Stress shielding after
total hip replacement
surgery.

High density gradient

A computational model of MCIII bone was
generated by processing CT-scan images.
Density was incorporated in the model using a
dipotassium phosphate (K2HPO4) phantoms.

Finite element model used for bone remodelling
and fracture analyses.

10 node tetrahedral mesh

Boundary conditions
Fixed 
end
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The crack front position is determined implicitly by
equilibrium condition. Subsequently mesh nodes are
moved to resolve the new crack geometry.

The bone remodelling/adaptation is simulated with
phenomenological model proposed by Ellen Kuhl and
Paul Steinmann (2003). Conservation of momentum:
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Conservation of mass:

Balance equations

Constitutive equation:

R0 = c
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The numerical analysis of crack propagation in
heterogeneous materials is studied within the
framework of configurational mechanics.

The goal of this study is to explore the
potential of advanced computational models
to predict bone density and subsequently
estimate bone’s propensity for fracture.

Reference domain Material domain Spatial domain

Crack propagation Deformation

Extensive 
repetitive loading

Crack evolution direction:

2nd Law of thermodynamics

D = �Ẇ ·A@� � 0
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Criterion for crack growth (Griffith):

�(G) = G ·A@� � gc/2  0
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Configurational (driving) force:

G = lim
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Material resistance:
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Crack front equilibrium:

1st Law of thermodynamics

W · (�A�G) = 0
<latexit sha1_base64="GSjiW7mRR9iXXVlDJ/N8hBlT998=">AAACGXicbZDLSsNAFIYnXmu9RV26GSxCXVgSEXQjVF3osoK9QBPKZDJph84kYWYilJDXcOOruHGhiEtd+TZO2hS09YeBj/+cw5zzezGjUlnWt7GwuLS8slpaK69vbG5tmzu7LRklApMmjlgkOh6ShNGQNBVVjHRiQRD3GGl7w+u83n4gQtIovFejmLgc9UMaUIyUtnqm5XCkBl6QtjPoYD9SVaePOEdw6l9mx1O8yY4urJ5ZsWrWWHAe7AIqoFCjZ346foQTTkKFGZKya1uxclMkFMWMZGUnkSRGeIj6pKsxRJxINx1flsFD7fgwiIR+oYJj9/dEiriUI+7pznxJOVvLzf9q3UQF525KwzhRJMSTj4KEQRXBPCboU0GwYiMNCAuqd4V4gATCSodZ1iHYsyfPQ+ukZls1++60Ur8q4iiBfXAAqsAGZ6AObkEDNAEGj+AZvII348l4Md6Nj0nrglHM7IE/Mr5+ABDboEw=</latexit><latexit sha1_base64="GSjiW7mRR9iXXVlDJ/N8hBlT998=">AAACGXicbZDLSsNAFIYnXmu9RV26GSxCXVgSEXQjVF3osoK9QBPKZDJph84kYWYilJDXcOOruHGhiEtd+TZO2hS09YeBj/+cw5zzezGjUlnWt7GwuLS8slpaK69vbG5tmzu7LRklApMmjlgkOh6ShNGQNBVVjHRiQRD3GGl7w+u83n4gQtIovFejmLgc9UMaUIyUtnqm5XCkBl6QtjPoYD9SVaePOEdw6l9mx1O8yY4urJ5ZsWrWWHAe7AIqoFCjZ346foQTTkKFGZKya1uxclMkFMWMZGUnkSRGeIj6pKsxRJxINx1flsFD7fgwiIR+oYJj9/dEiriUI+7pznxJOVvLzf9q3UQF525KwzhRJMSTj4KEQRXBPCboU0GwYiMNCAuqd4V4gATCSodZ1iHYsyfPQ+ukZls1++60Ur8q4iiBfXAAqsAGZ6AObkEDNAEGj+AZvII348l4Md6Nj0nrglHM7IE/Mr5+ABDboEw=</latexit><latexit sha1_base64="GSjiW7mRR9iXXVlDJ/N8hBlT998=">AAACGXicbZDLSsNAFIYnXmu9RV26GSxCXVgSEXQjVF3osoK9QBPKZDJph84kYWYilJDXcOOruHGhiEtd+TZO2hS09YeBj/+cw5zzezGjUlnWt7GwuLS8slpaK69vbG5tmzu7LRklApMmjlgkOh6ShNGQNBVVjHRiQRD3GGl7w+u83n4gQtIovFejmLgc9UMaUIyUtnqm5XCkBl6QtjPoYD9SVaePOEdw6l9mx1O8yY4urJ5ZsWrWWHAe7AIqoFCjZ346foQTTkKFGZKya1uxclMkFMWMZGUnkSRGeIj6pKsxRJxINx1flsFD7fgwiIR+oYJj9/dEiriUI+7pznxJOVvLzf9q3UQF525KwzhRJMSTj4KEQRXBPCboU0GwYiMNCAuqd4V4gATCSodZ1iHYsyfPQ+ukZls1++60Ur8q4iiBfXAAqsAGZ6AObkEDNAEGj+AZvII348l4Md6Nj0nrglHM7IE/Mr5+ABDboEw=</latexit><latexit sha1_base64="GSjiW7mRR9iXXVlDJ/N8hBlT998=">AAACGXicbZDLSsNAFIYnXmu9RV26GSxCXVgSEXQjVF3osoK9QBPKZDJph84kYWYilJDXcOOruHGhiEtd+TZO2hS09YeBj/+cw5zzezGjUlnWt7GwuLS8slpaK69vbG5tmzu7LRklApMmjlgkOh6ShNGQNBVVjHRiQRD3GGl7w+u83n4gQtIovFejmLgc9UMaUIyUtnqm5XCkBl6QtjPoYD9SVaePOEdw6l9mx1O8yY4urJ5ZsWrWWHAe7AIqoFCjZ346foQTTkKFGZKya1uxclMkFMWMZGUnkSRGeIj6pKsxRJxINx1flsFD7fgwiIR+oYJj9/dEiriUI+7pznxJOVvLzf9q3UQF525KwzhRJMSTj4KEQRXBPCboU0GwYiMNCAuqd4V4gATCSodZ1iHYsyfPQ+ukZls1++60Ur8q4iiBfXAAqsAGZ6AObkEDNAEGj+AZvII348l4Md6Nj0nrglHM7IE/Mr5+ABDboEw=</latexit>

0 5 10 15 20
0

1

2

3

4

5

6

Crack surfaces

Density from CT Deformation Crack path

DiscussionCrack propagation with CT-scan projected data
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On the previous results from remodelling analysis
crack propagation simulation has been performed
using density distributions at different time steps.

The differences in load factors between time steps
indicate increase in fracture propensity over time
due to applied loading (training regime).


