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FUNDAMENTAL INTRICACY OF BIOMATERIALS DESIGN:

¢ must be stiff enough to provide the required load carrying-capacity

¢ must blend in physiological environment

¢ and facilitate biological processes, granted by
= sufficient porosity, allowing for distribution of biological factors

= sufficient ,,softness", allowing for adequate mechanical stimulation of
biological processes
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ULTIMATE GOAL OF RELATED RESEARCH AT IMWS:

¢ development of mathematical models allowing for prediction of the
mechanical properties of biological tissues and biomaterials

¢ taking into account the materials’ composition and the available
microstructural information

¢ utilizable for both material design and assessment
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¢ Adequate computation of the

mechanical properties on the
macroscopic scale requires
thorough, reasonable, and
efficient integration of
relevant information available
on lower observation scales

Large-scale numerical simulations
require enormous CPU time,
and yet lack lower scale-
information

Efficient and physically
coherent alternative method:
continuum micromechanics-
based homogenization methods



MICROMECHANICAL REPRESENTATION OF BONE
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PREDICTION OF BONE STIFFNESS

Fritsch and Hellmich (2007), Journal of Theoretical Biology 244: 597-620
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Required input: stiffness of ,,basic building blocks"
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PREDICTION OF BONE STIFFNESS

Required input: stiffness of ,,basic building blocks"

= stiffnesses of hydroxyapatite, water, and collagen are provided by experimental
studies (in terms of bulk and shear moduli, and stiffness tensor components)

Katz and Ukraincik (1971), Journal of Biomechanics 4:221-227; Cusack and Miller (1979), Journal of Molecular Biology 135:39-51

Five-step homogenization scheme for ,,scaling” the stiffness tensors from
the collagen level up to the extravascular level:

based on...

* aforementioned component-specific stiffnesses

* volume fractions of the components quantifying the composition of the
bone tissue

* phase shapes and morphologies (taken into account through Hill
tensors)

Fritsch and Hellmich (2007), Journal of Theoretical Biology 244: 597-620



PREDICTION OF BONE STIFFNESS

Model validation based on comparison with independent experimental data:

Fritsch and Hellmich (2007), Journal of Theoretical Biology 244: 597-620;Vuong and Hellmich (201 1), Journal of Theoretical Biology 287: 115-130



PREDICTION OF BONE STIFFNESS

Model validation based on comparison with independent experimental data:

on the extracellular level
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Model validation based on comparison with independent experimental data:
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70

60

(o))
o

experimental stiffness [GPa]
w TN
o o

20

10

IO NN S N P
____________________________________ Aok
................................. ST
_________ SV
_____ @O»«
10 2I0 3;0 410 5;0 6i0 7I0

model-predicted stiffness [GPa]

predicted stiffness [GPa]

on the extravascular level

I T | [ |
© longitudinal M90 (cort.) ;O
o transversal MO0 (cort). : : :
50 -1 ® longitudinal A88 (trab.) | ---.- ————— PO C—— LT -
a0k S H— TIPS N S ]
o Ogg°o§
: : o ‘0
30_ ............... ................ .............. gooo ................................ -
: : o :
Pty
ot ) T e ................ D GO .............................................. _
10 L e e ................................. ................................................. -
O 1 1 l 1 1
0 10 20 30 40 50 60

experimental stiffness [GPa]

Fritsch and Hellmich (2007), Journal of Theoretical Biology 244: 597-620;Vuong and Hellmich (201 1), Journal of Theoretical Biology 287: 115-130



PREDICTION OF FURTHER BONE PROPERTIES



PREDICTION OF FURTHER BONE PROPERTIES

Bone strength:
through definition of failure criteria
for collagen and hydroxyapatite
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Bone viscoelasticity:
through definition of viscoelastic
behavior of hydroxyapatite

3.5

: : —— Experiment | |
0.5 v | DT MOfiel

0 2 4 6 8 10
t [s] x 104
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SIMULATION OF BONE STRUCTURES

Elastic deformations of human mandible:

Starting point:

CT image = spatial
distribution of voxel-
specific grey levels
(proportional to
attenuation behavior)

Hellmich et al. (2008), Annals of Biomedical Engineering 36: 108-122
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SIMULATION OF BONE STRUCTURES

Elastic deformations of human mandible:

Starting point: Development of method
CT image = spatial for conversion of grey
distribution of voxel- levels into corresponding
specific grey levels voxel composition (i.e.
(proportional to volume fractions of pore
attenuation behavior) space and bone matrix)

= |link between CT data and
micromechanical models

Structural simulations reveal that
prescribing more realistic bone inhomogenous
stiffness leads to substantially
changed strain and stress
distributions

(b)

Hellmich et al. (2008), Annals of Biomedical Engineering 36: 108-122



SIMULATION OF BONE STRUCTURES

Elastic deformations of mouse femur:

Representation of the body weight (BW)

* bone composition considered based on CT
data-to-volume fractions conversion
technique

* micromechanics provides then map of bone
stiffness distribution

* the effects of various (physiological)
load cases can be easily studied

Blanchard et al. (2013), Journal of Biomechanics 46:2710-2721
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Fritsch et al. (2010), Philosophical Malasoma et al. (2008), Advances Fritsch et al. (2013), Journal of
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DEFINITION OF THE STUDIED MATERIAL

Images on distinct scales: Micromechanical representation
Hierarchical level I1I: macro-porous scaffold material, subjected to bone regeneration
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HOMOGENIZED BULK MODULUS OF SCAFFOLD
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Simulations with:
* varying globule radii

* varying resorption rate
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HOMOGENIZED SHEAR MODULUS OF SCAFFOLD
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TIME FOR A SHORT REFLECTION

Micromechanics models allow to compute mechanical
properties based on the constituent volume fractions...

Q|: But what drives the development of these volume
fractions in physiological conditions!?

A: Cells and other biological factors; they respond to specific
biochemical and mechanical stimuli

Q?2: s it possible to relate the mechanical properties of
bone/biomaterials to the underlying biological and
mechanical boundary conditions?

A: Yes! By means of adequate SYSTEMS BIOLOGY MODELS




BONE REMODELING: PROBLEM DEFINITION
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BONE REMODELING: PROBLEM DEFINITION

cross light micrograph of SEM image of
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BONE REMODELING: PROBLEM DEFINITION
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radiograph of human femur
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SPECIFIC AIMS:!

* Development of a multiscale systems biology model;
* Taking into account the major biochemical regulatory mechanisms; and

* Fed by a multiscale poromicromechanics model, providing an adequate
mechanoregulatory stimulus; for

* Simulation of bone remodeling-related bone composition changes due to
mechanical and pathological driving forces



BONE REMODELING SIMULATION: STRATEGY

“BONE CELL POPULATION MODEL”:

OB,
@OBu @
“-~ >~
OB, 0C,
apoptosis fQ%OCa apoptosis
@OBP Yoc,
_., 0C,
. PTH
~ Obm ( by cort)
...... COPG ‘
Obm (2 cort ) h
ﬁ ! ! h

Lmemm——— bone matrix

* Considers osteoblasts and osteoclasts in terms of cell concentrations;
* Takes into account specific developmental stages of these cells;

* Cell development through differentiation, proliferation, and apoptosis processes;

* Biochemical factors (RANK-RANKL-OPG, PTH, TGF-) influence the cell
development in terms of activation and repression.

Lemaire et al. (2004), Journal of Theoretical Biology 229: 293-309; Pivonka et al. (2008), Bone 43: 249-3 1 6; Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196
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Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196 ; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online; Pastrama et al., manuscript in preparation
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Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196 ; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online; Pastrama et al., manuscript in preparation
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Mechanical stimulus: ¢ SED experienced by the extravascular bone matrix

* estimated by means of continuum poromicromechanics

Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196 ; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online; Pastrama et al., manuscript in preparation
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Mechanical stimulus: < hydrostatic pressures experienced by bone cells

* estimated by means of continuum poromicromechanics

Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196 ; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online; Pastrama et al., manuscript in preparation



BONE REMODELING SIMULATION: SUMMARY
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Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196 ; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online; Pastrama et al., manuscript in preparation



BONE REMODELING SIMULATION: SUMMARY
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Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196 ; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online; Pastrama et al., manuscript in preparation
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Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196 ; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online; Pastrama et al., manuscript in preparation



SIMULATION OF MECHANICAL DISUSE

Temporary prescription of decreased 0.25 . |
macroscopic loading: | | disuse steady state
— 02
"0 0 0 ] > :
norm 8 0.15
cort =— [ 0 0 0 MPa g |
0O 0 30 - |
- - & 0.1
5 I
_ - 2 |
O 0 O g 008 |
Egéilgse =— [0 0 O MPa disuse | ,hormal“ loading
< >«
0O 0 25 0 | | | |
B N 0 1000 2000 3000 4000 5000
time [days]

v Resulting bone loss rate (0.6 1 %/month) agrees well with clinical data
Vico et al. (1992), Journal of Bone and Mineral Research 7:445-447; Vico et al. (2000), Lancet 355: 1607-161 |

v According to clinical studies, bone loss varies between different species,
calling for species-specific model calibration

Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196; Pastrama et al., manuscript in preparation



SIMULATION OF MECHANICAL OVERUSE
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v Bone gain depends on magnitude of overuse: higher magnitudes lead to
faster and more significant bone gain

v The multiscale systems biology approach implies that bone gain is limited

Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196; Pastrama et al., manuscript in preparation



SIMULATION OF OSTEOPOROSIS
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v onset of PMO leads to a catabolic bone remodeling regime
v adequate bone turnover kinetics

v the related porosity increase agrees well with clinical results

v drug intervention can be modeled through consideration of
adequate pharmacokinetics models

Scheiner et al. (2014), International Journal of Numerical Methods in Biomedical Engineering 30: |-27; Pastrama et al., manuscript in preparation



MODELING: SUMMARY

Adequate prediction of various mechanical properties of bone
tissue and of specific biomaterials

Structural simulations of bone organs, using micromechanics-
derived material properties as input

Conversion of CT data to voxel-specific constituent volume
fractions

Estimation of bone remodeling-modulating mechanical stimuli
through rigorous multiscale poromicromechanical modeling

Adequate simulation of bone remodeling (on the material level)
mechanical and biological load cases



EXPERIMENTS@QIMWS

microCT imaging ultrasonics testing

Uniaxial loading-
unloading tests micropillar tests

...plus classical macroscopic mechanical testing, nano- and pico-indentation, atomic
force microscopy, scanning probe microscopy

Luczynski et al. (2012), CMES-Computer Modeling in Engineering & Sciences 87: 505-528; Luczynski et al. (2013), Journal of Biomedical Materials Research Part A 101A: 138-144; Hum et al. (2013), Strain 49: 431-439,
Luczynski et al. (2015), Journal of the Mechanical Behavior of Biomedical Materials, available online
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