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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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From bone organ to 
extracellular (or -lacunar) 

bone matrix…

…and from extracellular bone 
matrix to collagen molecules

see e.g. Hellmich and Ulm (2002), Journal of Engineering Mechanics (ASCE) 128: 898-908; Fritsch and Hellmich (2007), Journal of Theoretical Biology 244: 597-620; Vuong and Hellmich (2011), Journal of Theoretical 
Biology 287: 115-130; Morin and Hellmich (2015), Ultrasonics 54: 1251-1269; Scheiner et al., Biomechanics and Modeling in Mechanobiology, available online
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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:

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

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)
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PREDICTION OF BONE STIFFNESS

Model validation based on comparison with independent experimental data:

on the extracellular level on the extravascular level

Fritsch and Hellmich (2007), Journal of Theoretical Biology 244: 597-620; Vuong and Hellmich (2011), Journal of Theoretical Biology 287: 115-130
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PREDICTION OF FURTHER BONE PROPERTIES

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

Fritsch et al. (2009), Journal of Theoretical Biology 260:230-252

Bone viscoelasticity:  
through definition of viscoelastic 
behavior of hydroxyapatite 

Eberhardsteiner et al. (2014), Computer Methods in Biomechanics and Biomedical 
Engineering 17: 48-63
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Elastic deformations of human mandible:

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

Development of method 
for conversion of grey 
levels into corresponding 
voxel composition (i.e. 
volume fractions of pore 
space and bone matrix)

➡ link between CT data and 
micromechanical models

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

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



SIMULATION OF BONE STRUCTURES

Elastic deformations of mouse femur:

• 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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Applied Mechanics 80: 020905

Malasoma et al. (2008), Advances 
in Applied Ceramics 107: 277-286

Fritsch et al. (2010), Philosophical 
Transactions A 80: 020905

➡ good agreement between model 
predictions and experimental data

➡ the CT data-to-composition 
conversion method is applicable

Scheiner et al. (2009), Biomaterials 30: 2411-2419
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HOMOGENIZED BULK MODULUS OF SCAFFOLD
Scheiner et al. Tissue engineering scaffold stiffness estimation
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Figure 10. Development of the bulk modulus of the macroscopic scaffold material, kSCS
scaff, during 30 weeks of bone ingrowth (at a constant rate

kgrowth = 7µm/w), according to Eq. (54), for different globule radii, rglob = {300, 500, 1000}µm, and different scaffold resorption rates, kres =
{0, 0.008, 0.016}w�1, compare Eq. (55)
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Figure 11. Development of the shear modulus of the macroscopic scaffold material, µSCS
scaff, during 30 weeks of bone ingrowth (at a constant rate

kgrowth = 7µm/w), according to Eq. (54), for different globule radii, rglob = {300, 500, 1000}µm, and different scaffold resorption rates, kres =
{0, 0.008, 0.016}w�1, compare Eq. (55)
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Figure 11. Development of the shear modulus of the macroscopic scaffold material, µSCS
scaff, during 30 weeks of bone ingrowth (at a constant rate

kgrowth = 7µm/w), according to Eq. (54), for different globule radii, rglob = {300, 500, 1000}µm, and different scaffold resorption rates, kres =
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• varying globule radii
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Simulations with:

Figure legend:

Scheiner et al., manuscript in preparation



HOMOGENIZED SHEAR MODULUS OF SCAFFOLD
Scheiner et al. Tissue engineering scaffold stiffness estimation
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Figure 11. Development of the shear modulus of the macroscopic scaffold material, µSCS
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Figure 11. Development of the shear modulus of the macroscopic scaffold material, µSCS
scaff, during 30 weeks of bone ingrowth (at a constant rate

kgrowth = 7µm/w), according to Eq. (54), for different globule radii, rglob = {300, 500, 1000}µm, and different scaffold resorption rates, kres =
{0, 0.008, 0.016}w�1, compare Eq. (55)

Frontiers 31

Scheiner et al. Tissue engineering scaffold stiffness estimation

(a) rglob = 300 µm,
no resorption

(b) rglob = 300 µm,
kres = 0.008w�1

(c) rglob = 300 µm,
kres = 0.016w�1

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

(c) rglob = 500 µm,
no resorption

(d) rglob = 500 µm,
kres = 0.008w�1

(e) rglob = 500 µm,
kres = 0.016w�1

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

(g) rglob = 1000 µm,
no resorption

(h) rglob = 1000 µm,
kres = 0.008w�1

(i) rglob = 1000 µm,
kres = 0.016w�1

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

0

6

12

18

0 10 20 30
t [w]

µ

SC
S

sc
af

f
[G

Pa
]

/

/

/

/

fmap = 0.4, e = 0 (drained/undrained)
fmap = 0.4, e = 10 (drained/undrained)

fmap = 0.5, e = 0 (drained/undrained)
fmap = 0.5, e = 10 (drained/undrained)

Figure 11. Development of the shear modulus of the macroscopic scaffold material, µSCS
scaff, during 30 weeks of bone ingrowth (at a constant rate

kgrowth = 7µm/w), according to Eq. (54), for different globule radii, rglob = {300, 500, 1000}µm, and different scaffold resorption rates, kres =
{0, 0.008, 0.016}w�1, compare Eq. (55)
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Micromechanics models allow to compute mechanical 
properties based on the constituent volume fractions…

TIME FOR A SHORT REFLECTION

Q1: 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

Q2: Is 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
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BONE REMODELING: 
Interaction of osteoblasts, osteoclasts, 
and osteocytes, driven by biological 
factors and the mechanical loading 

• 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

SPECIFIC AIMS:

BONE REMODELING: PROBLEM DEFINITION



BONE REMODELING SIMULATION: STRATEGY

“BONE CELL POPULATION MODEL”:

Lemaire et al. (2004), Journal of  Theoretical Biology 229: 293-309; Pivonka et al. (2008), Bone 43: 249-316; Scheiner et al. (2013), Computer Methods in Applied Mechanics and Engineering 254: 181-196
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• 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-β) influence the cell 
development in terms of activation and repression.



INFLUENCE OF MECHANICAL LOADING

OSTEOBLAST PROLIFERATION:

Mechanical strain in osteoblast-like cells: D.B. Jones et al. 

between four and six replicates in each treatment group 
except where stated in the text. The Wilcoxon test (non- 
parametric) was used to test for significant difference from 
control. The error bars shown in the Figures are 1 standard 
deviation. 

RESULTS 

Effect of strain amplitude on mitosis 

Strains of 300, 3000 and 10 OOOpstrains (30 cycles, 
1  Hz/d) were applied to periostal- and haversian-derived 
osteoblasts (Per and Hav) and to skin fibroblasts on either 
glass or polycarbonate substrates over a period of 8 d 
(polycarbonate was used exclusively at 10 000 pstrains). 
No cell type showed any response to 300pstrains. The 
periostal and haversian osteoblasts appeared to be identical 
with respect to a osteoblast-like phenotype in that both types 
produced mainly type I collagen, no detectable type III, 
synthesized osteocalcin and BSP-I, possessed heat-sensitive 
alkaline phosphatase and had the ability to form bony 
nodules when injected intradermally into nu/nu micez4. 
However, as shown in Figure 4, only Per cells responded to 
3000pstrains. Both skin fibroblasts and Hav cells were 
stimulated by strains of 10 000,~strains. No difference in 
response of cells grown on glass or polycarbonate was 
noticed in the Per cell cultures. 

The effect of frequency and duty cycle 

Fibroblasts, Hav and Per cells were strained at different 
strain rates and numbers of duty cycles between 0.5 Hz 
(strain rate 3000~strains/s) and 3 Hz (strain rate 
9000pstrains/s) and for a different number of cycles of 
between 1 and 300/d. Again, only Per cells showed any 
significant response. The minimum duty cycle at the strain 
rate (1 cycle, 0.5 Hz) gave the same response in terms of cell 
number and total protein. Figure 5 shows some of these 
results with respect to cell number. When the amount of 
protein per cell was calculated, it was seen that the protein 
synthesis per cell did not increase but rather the protein 
increased because the number of cells increased due to 
strain stimulation. The amount of protein synthesized was 
therefore directly relatable to cell number in these experi- 
ments. It has been reported that prostaglandins play a role in 

300 3000 10000 
pstra1n.9 

Figure 4 The effect of strain amplitude on cell division. Periostal-derived 
m, haversian-derived m, OBs and human skin fibroblasts [24 were 
strained at 300,300O and 10 000 pstrains. The results are shown as percent 
change over control to allow direct comparison of cell types with different 
intrinsic division rates. Only periostal-derived osteoblasts responded signifi- 
cantly to 3000 pstrains (P <O.Ol). All cell types responded significantly to 
10 000 flstrains (P CO.0 I). 
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Figure 5 The effect of strain frequency and duty cycle on cell division. 
Periostal osteoblasts were strained at 3000 pstrains at different frequencies 
for different periods of time (strain cycles). Cant, control; A. 0.5 Hz, 30 cycles; 
6, 1 Hz, 30 cycles; C, 1 Hz 15 cycles; D, 2 Hz, 30 cycles; E, 3 Hz. 30 cycles; 
F, 0.5 Hz, 1 cycle; G. control H7 (PKC inhibitor); H, 1 Hz 30 cycles H7. B-F 
are significantly different from controls (P < 0.0 I). There is no significant 
difference between G and H. 

mediating the mechanical strain effect’“. Flurbiprofen 
(5 FM), a cycle-oxygenase inhibitor, was added 5 min before 
each strain cycle and washed out immediately afterwards. 
Although cell division and protein synthesis of the controls 
were also inhibited, no effect of strain in terms of mitosis and 
protein synthesis was observed. We have previously 
suggested that PKC might also be involved in mediating the 
strain effectlg, the PKC inhibitor H7 was also added under 
the same conditions as above at a concentration of 5 pM. H 7 
also prevented a strain response (see Figure 5 legend for 
more details). 

Collagen synthesis 

Figure 6 shows that Per cells strained at 3000,ustrains 
increased collagen synthesis significantly by the same 
amount whether strained once per day or 30 times (1 Hz). 
Again H7 blocked the strain response. Hav and skin 
fibroblasts did not respond. If the amount of collagen per cell 
is determined, it can be seen that the amount of collagen 
synthesis per cell was slightly stimulated. Relative to the 
control, Per cell type control Hav cells synthesized 1.6 times 
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Figure 6 The effect of strain on collagen synthesis. Periostal cells were 
strained at 3OOOpstrains at 1 Hz for the indicated number of cycles/d. 
Collagen cells were analysed by the method of Peterkofsky and Diegelmannz8 
on the 6th day of culture. A set of control and experimental cells exposed to 
the PKC inhibitor H7 for 5 min/d, during the strain period (H 7C-control PKC 
inhibitor and H7str-experimental with PKC inhibitor). In the set of experi- 
ments shown cell division was stimulated 2. l-fold above control (n = 2, 
three experiments). 
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Pitsillides et al. (1995), FASEB J 9: 1614-1622; Xiong et al. (2011), Nat Mater 17: 1235-1241; Henriksen 
et al. (2003), J Biol Chem 278: 48745-48753, Wang et al. (2004), Endocrinology 145: 2148-2156 
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osteocytes residing in the lacunar pores which are uniformly dis-
tributed throughout the extravascular bone matrix. The biochemi-
cal activity of the latter is again linked to mechanical straining of
the extravascular bone matrix, in at least three different ways: (i)
the osteocytes are directly strained, (ii) they are subjected to
hydrostatic pressure, and (iii) the fluid around them starts to flow.
All three effects have been shown to affect the biochemical behav-
ior of the osteocytes: Cyclic hydraulic pressure has been shown to
decrease the RANKL/OPG ratio expressed by osteocytes [45]. Direct
straining in the physiological range of thousand microstrains,2 as
well as exposure to pulsating fluid flow, promote nitric oxide (NO)
production by the osteocytes [49,50], and NO is known to decrease
the RANKL/OPG ratio expressed on bone marrow stromal cells
[51,52]. This overall inhibition of RANKL through bone matrix strains
is considered here by means of the RANKL dosage term PRANKL, enter-
ing Eq. (A.7) and thus regulating pRANKL

act;OCp
through Eqs. (A.5) and (A.6).

In our model, PRANKL is chosen to be of the form

PRANKL ¼ PRANKL;ebm ¼ j 1"Wbm

!Wbm

! "
; ð5Þ

with a (non-zero) inhibition parameter j if Wbm < !Wbm, and
total inhibition related to j ¼ 0 if Wbm P !Wbm, see Fig. 2(b). Eq.

(5) expresses mathematically that any straining restricts ‘‘external’’
RANKL production by osteocytes and bone marrow stromal cells
[53], and the latter is totally stopped once the aforementioned crit-
ical (threshold) value !Wbm of the SED is reached. Experiment-based
determination of the exact value of j is difficult (if not impossible),
due to the involved uncertainties and the discrepancies between
realizable experimental models and the physiology of human bone.
However, experimental studies [54] allow us to infer that RANKL
doses, for physiologically relevant disuse scenarios, relating to j
varying between 103 and 105 pM/day, are able to facilitate the
activity of osteoclasts. Numerical studies on mechanoregulation
during a disuse scenario (see Section 5) showed that setting
j ¼ 105 pM/day gives rise to a model-predicted porosity evolution
which agrees with physiological observations.

We note in passing that Eqs. (2) and (5) may be replaced by
appropriate Hill-type (logistic) functions, if deemed favorable. As
mentioned before, Wbm is accessible from a micromechanical rep-
resentation of cortical bone, which is presented next.

3. Microstructure-based scaling of elasticity and strains in
cortical bone

As basis for the following developments, we adopt the micro-
mechanical representation of bone proposed by Hellmich et al.
[30], see Section 3.1 for details. As an original contribution of the
present work, we couple the volume fractions entering the afore-
mentioned micromechanical model, to the osteoblastic and osteo-
clastic cell populations (see Section 3.2), and we use the
micromechanical model not only for homogenization from the
sub-millimeter to the millimeter scale, but also for concentration
from the millimeter scale down to the scale of extravascular bone
matrix, as described in Sections 3.3 and 3.4.

3.1. Representative volume element and micromechanical
representation of cortical bone

In order to establish the relation between the ‘‘macroscopic’’
strains acting on a piece of cortical bone and the ‘‘microscopic’’
strains in the extravascular matrix (the latter strains stimulating,
through different mechanisms including fluid flow, the osteocytes
embedded in this matrix), we employ the concept of continuum
micromechanics [55–58], where a material is understood as a
macro-homogeneous, but micro-heterogeneous body filling a rep-
resentative volume element (RVE) with characteristic length
‘RVE; ‘RVE % dRVE; dRVE representing the characteristic length of inho-
mogeneities within the RVE, see Fig. 1(b), and ‘RVE & fL;Pg;L rep-
resenting the characteristic length of the geometry and P
representing the characteristic length of the loading of a structure
built up by the material defined on the RVE. In general, the micro-
structure within one RVE is so complicated that it cannot be de-
scribed in complete detail. Therefore, quasi-homogeneous
subdomains with known physical properties are reasonably cho-
sen. They are called material phases. The homogenized (upscaled)
elastic behavior of the material on the observation scale of the RVE,
i.e. the relation between homogeneous deformations acting on the
boundary of the RVE and resulting macroscopic (average) stresses,
can then be estimated from the elastic behavior of the material
phases, their volume fractions within the RVE, their characteristic
shapes, and their interactions.

We choose the characteristic length of the RVE such that corti-
cal bone is reasonably represented as two-phase composite mate-
rial [30]: Fluid-filled, vascular pore space is morphologically
approximated by cylindrical inclusions in the extravascular (solid)
bone matrix, see Fig. 1(b). The overall constitutive behavior is
anisotropic, stemming, on the one hand, from (i) the anisotropic
orientation of the pore space [21,59,60], and, on the other hand,

(a)

(b)

Fig. 2. Model implementation of mechanoregulation: (a) mechanical proliferation
activator function Pmech

act;OBp
, defined by Eq. (2), plotted for three different anabolic

strength parameters k; k1 < k2 < k3; and (b) mechanically regulated dosage of
RANKL, PRANKL;ebm , defined by Eq. (5), plotted for three different inhibition param-
eters j;j1 < j2 < j3.

2 Note that physiological strains defined at the level of extravascular bone matrix
are increased by a factor of around three when reaching the local osteocyte level
[46,47], and also strain amplification mechanisms for fluid drag-induced movements
have been proposed [48].

184 S. Scheiner et al. / Comput. Methods Appl. Mech. Engrg. 254 (2013) 181–196

INFLUENCE OF MECHANICAL LOADING

OSTEOBLAST PROLIFERATION:

Jones et al. (1991), Biomaterials 12: 101-110

proliferation increase by up to 100%

Pitsillides et al. (1995), FASEB J 9: 1614-1622; Xiong et al. (2011), Nat Mater 17: 1235-1241; Henriksen 
et al. (2003), J Biol Chem 278: 48745-48753, Wang et al. (2004), Endocrinology 145: 2148-2156 

Straining of bone matrix leads to increased 
NO-concentration, which is indicative for 

restricted RANKL-production

RANKL PRODUCTION:

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



osteocytes residing in the lacunar pores which are uniformly dis-
tributed throughout the extravascular bone matrix. The biochemi-
cal activity of the latter is again linked to mechanical straining of
the extravascular bone matrix, in at least three different ways: (i)
the osteocytes are directly strained, (ii) they are subjected to
hydrostatic pressure, and (iii) the fluid around them starts to flow.
All three effects have been shown to affect the biochemical behav-
ior of the osteocytes: Cyclic hydraulic pressure has been shown to
decrease the RANKL/OPG ratio expressed by osteocytes [45]. Direct
straining in the physiological range of thousand microstrains,2 as
well as exposure to pulsating fluid flow, promote nitric oxide (NO)
production by the osteocytes [49,50], and NO is known to decrease
the RANKL/OPG ratio expressed on bone marrow stromal cells
[51,52]. This overall inhibition of RANKL through bone matrix strains
is considered here by means of the RANKL dosage term PRANKL, enter-
ing Eq. (A.7) and thus regulating pRANKL

act;OCp
through Eqs. (A.5) and (A.6).

In our model, PRANKL is chosen to be of the form

PRANKL ¼ PRANKL;ebm ¼ j 1"Wbm

!Wbm

! "
; ð5Þ

with a (non-zero) inhibition parameter j if Wbm < !Wbm, and
total inhibition related to j ¼ 0 if Wbm P !Wbm, see Fig. 2(b). Eq.

(5) expresses mathematically that any straining restricts ‘‘external’’
RANKL production by osteocytes and bone marrow stromal cells
[53], and the latter is totally stopped once the aforementioned crit-
ical (threshold) value !Wbm of the SED is reached. Experiment-based
determination of the exact value of j is difficult (if not impossible),
due to the involved uncertainties and the discrepancies between
realizable experimental models and the physiology of human bone.
However, experimental studies [54] allow us to infer that RANKL
doses, for physiologically relevant disuse scenarios, relating to j
varying between 103 and 105 pM/day, are able to facilitate the
activity of osteoclasts. Numerical studies on mechanoregulation
during a disuse scenario (see Section 5) showed that setting
j ¼ 105 pM/day gives rise to a model-predicted porosity evolution
which agrees with physiological observations.

We note in passing that Eqs. (2) and (5) may be replaced by
appropriate Hill-type (logistic) functions, if deemed favorable. As
mentioned before, Wbm is accessible from a micromechanical rep-
resentation of cortical bone, which is presented next.

3. Microstructure-based scaling of elasticity and strains in
cortical bone

As basis for the following developments, we adopt the micro-
mechanical representation of bone proposed by Hellmich et al.
[30], see Section 3.1 for details. As an original contribution of the
present work, we couple the volume fractions entering the afore-
mentioned micromechanical model, to the osteoblastic and osteo-
clastic cell populations (see Section 3.2), and we use the
micromechanical model not only for homogenization from the
sub-millimeter to the millimeter scale, but also for concentration
from the millimeter scale down to the scale of extravascular bone
matrix, as described in Sections 3.3 and 3.4.

3.1. Representative volume element and micromechanical
representation of cortical bone

In order to establish the relation between the ‘‘macroscopic’’
strains acting on a piece of cortical bone and the ‘‘microscopic’’
strains in the extravascular matrix (the latter strains stimulating,
through different mechanisms including fluid flow, the osteocytes
embedded in this matrix), we employ the concept of continuum
micromechanics [55–58], where a material is understood as a
macro-homogeneous, but micro-heterogeneous body filling a rep-
resentative volume element (RVE) with characteristic length
‘RVE; ‘RVE % dRVE; dRVE representing the characteristic length of inho-
mogeneities within the RVE, see Fig. 1(b), and ‘RVE & fL;Pg;L rep-
resenting the characteristic length of the geometry and P
representing the characteristic length of the loading of a structure
built up by the material defined on the RVE. In general, the micro-
structure within one RVE is so complicated that it cannot be de-
scribed in complete detail. Therefore, quasi-homogeneous
subdomains with known physical properties are reasonably cho-
sen. They are called material phases. The homogenized (upscaled)
elastic behavior of the material on the observation scale of the RVE,
i.e. the relation between homogeneous deformations acting on the
boundary of the RVE and resulting macroscopic (average) stresses,
can then be estimated from the elastic behavior of the material
phases, their volume fractions within the RVE, their characteristic
shapes, and their interactions.

We choose the characteristic length of the RVE such that corti-
cal bone is reasonably represented as two-phase composite mate-
rial [30]: Fluid-filled, vascular pore space is morphologically
approximated by cylindrical inclusions in the extravascular (solid)
bone matrix, see Fig. 1(b). The overall constitutive behavior is
anisotropic, stemming, on the one hand, from (i) the anisotropic
orientation of the pore space [21,59,60], and, on the other hand,
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Fig. 2. Model implementation of mechanoregulation: (a) mechanical proliferation
activator function Pmech

act;OBp
, defined by Eq. (2), plotted for three different anabolic

strength parameters k; k1 < k2 < k3; and (b) mechanically regulated dosage of
RANKL, PRANKL;ebm , defined by Eq. (5), plotted for three different inhibition param-
eters j;j1 < j2 < j3.

2 Note that physiological strains defined at the level of extravascular bone matrix
are increased by a factor of around three when reaching the local osteocyte level
[46,47], and also strain amplification mechanisms for fluid drag-induced movements
have been proposed [48].
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osteocytes residing in the lacunar pores which are uniformly dis-
tributed throughout the extravascular bone matrix. The biochemi-
cal activity of the latter is again linked to mechanical straining of
the extravascular bone matrix, in at least three different ways: (i)
the osteocytes are directly strained, (ii) they are subjected to
hydrostatic pressure, and (iii) the fluid around them starts to flow.
All three effects have been shown to affect the biochemical behav-
ior of the osteocytes: Cyclic hydraulic pressure has been shown to
decrease the RANKL/OPG ratio expressed by osteocytes [45]. Direct
straining in the physiological range of thousand microstrains,2 as
well as exposure to pulsating fluid flow, promote nitric oxide (NO)
production by the osteocytes [49,50], and NO is known to decrease
the RANKL/OPG ratio expressed on bone marrow stromal cells
[51,52]. This overall inhibition of RANKL through bone matrix strains
is considered here by means of the RANKL dosage term PRANKL, enter-
ing Eq. (A.7) and thus regulating pRANKL

act;OCp
through Eqs. (A.5) and (A.6).

In our model, PRANKL is chosen to be of the form

PRANKL ¼ PRANKL;ebm ¼ j 1"Wbm

!Wbm

! "
; ð5Þ

with a (non-zero) inhibition parameter j if Wbm < !Wbm, and
total inhibition related to j ¼ 0 if Wbm P !Wbm, see Fig. 2(b). Eq.

(5) expresses mathematically that any straining restricts ‘‘external’’
RANKL production by osteocytes and bone marrow stromal cells
[53], and the latter is totally stopped once the aforementioned crit-
ical (threshold) value !Wbm of the SED is reached. Experiment-based
determination of the exact value of j is difficult (if not impossible),
due to the involved uncertainties and the discrepancies between
realizable experimental models and the physiology of human bone.
However, experimental studies [54] allow us to infer that RANKL
doses, for physiologically relevant disuse scenarios, relating to j
varying between 103 and 105 pM/day, are able to facilitate the
activity of osteoclasts. Numerical studies on mechanoregulation
during a disuse scenario (see Section 5) showed that setting
j ¼ 105 pM/day gives rise to a model-predicted porosity evolution
which agrees with physiological observations.

We note in passing that Eqs. (2) and (5) may be replaced by
appropriate Hill-type (logistic) functions, if deemed favorable. As
mentioned before, Wbm is accessible from a micromechanical rep-
resentation of cortical bone, which is presented next.

3. Microstructure-based scaling of elasticity and strains in
cortical bone

As basis for the following developments, we adopt the micro-
mechanical representation of bone proposed by Hellmich et al.
[30], see Section 3.1 for details. As an original contribution of the
present work, we couple the volume fractions entering the afore-
mentioned micromechanical model, to the osteoblastic and osteo-
clastic cell populations (see Section 3.2), and we use the
micromechanical model not only for homogenization from the
sub-millimeter to the millimeter scale, but also for concentration
from the millimeter scale down to the scale of extravascular bone
matrix, as described in Sections 3.3 and 3.4.

3.1. Representative volume element and micromechanical
representation of cortical bone

In order to establish the relation between the ‘‘macroscopic’’
strains acting on a piece of cortical bone and the ‘‘microscopic’’
strains in the extravascular matrix (the latter strains stimulating,
through different mechanisms including fluid flow, the osteocytes
embedded in this matrix), we employ the concept of continuum
micromechanics [55–58], where a material is understood as a
macro-homogeneous, but micro-heterogeneous body filling a rep-
resentative volume element (RVE) with characteristic length
‘RVE; ‘RVE % dRVE; dRVE representing the characteristic length of inho-
mogeneities within the RVE, see Fig. 1(b), and ‘RVE & fL;Pg;L rep-
resenting the characteristic length of the geometry and P
representing the characteristic length of the loading of a structure
built up by the material defined on the RVE. In general, the micro-
structure within one RVE is so complicated that it cannot be de-
scribed in complete detail. Therefore, quasi-homogeneous
subdomains with known physical properties are reasonably cho-
sen. They are called material phases. The homogenized (upscaled)
elastic behavior of the material on the observation scale of the RVE,
i.e. the relation between homogeneous deformations acting on the
boundary of the RVE and resulting macroscopic (average) stresses,
can then be estimated from the elastic behavior of the material
phases, their volume fractions within the RVE, their characteristic
shapes, and their interactions.

We choose the characteristic length of the RVE such that corti-
cal bone is reasonably represented as two-phase composite mate-
rial [30]: Fluid-filled, vascular pore space is morphologically
approximated by cylindrical inclusions in the extravascular (solid)
bone matrix, see Fig. 1(b). The overall constitutive behavior is
anisotropic, stemming, on the one hand, from (i) the anisotropic
orientation of the pore space [21,59,60], and, on the other hand,

(a)

(b)

Fig. 2. Model implementation of mechanoregulation: (a) mechanical proliferation
activator function Pmech

act;OBp
, defined by Eq. (2), plotted for three different anabolic

strength parameters k; k1 < k2 < k3; and (b) mechanically regulated dosage of
RANKL, PRANKL;ebm , defined by Eq. (5), plotted for three different inhibition param-
eters j;j1 < j2 < j3.

2 Note that physiological strains defined at the level of extravascular bone matrix
are increased by a factor of around three when reaching the local osteocyte level
[46,47], and also strain amplification mechanisms for fluid drag-induced movements
have been proposed [48].
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INFLUENCE OF MECHANICAL LOADING

OSTEOBLAST PROLIFERATION:

Jones et al. (1991), Biomaterials 12: 101-110

proliferation increase by up to 100%

Pitsillides et al. (1995), FASEB J 9: 1614-1622; Xiong et al. (2011), Nat Mater 17: 1235-1241; Henriksen 
et al. (2003), J Biol Chem 278: 48745-48753, Wang et al. (2004), Endocrinology 145: 2148-2156 

Straining of bone matrix leads to increased 
NO-concentration, which is indicative for 

restricted RANKL-production

RANKL PRODUCTION:

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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Set of 3 coupled ODEs
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SIMULATION OF MECHANICAL DISUSE

✓ Resulting bone loss rate (0.61%/month) agrees well with clinical data   

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

Vico et al. (1992), Journal of Bone and Mineral Research 7: 445-447;  Vico et al. (2000), Lancet 355: 1607-1611
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SIMULATION OF MECHANICAL OVERUSE

✓ Bone gain depends on magnitude of overuse: higher magnitudes lead to 
faster and more significant bone gain 

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

Prescription of increased macroscopic 
loading:
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✓ onset of PMO leads to a catabolic bone remodeling regime 

✓ adequate bone turnover kinetics 

✓ the related porosity increase agrees well with clinical results

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

Scheiner et al. (2014), International Journal of Numerical Methods in Biomedical Engineering 30: 1-27; Pastrama et al., manuscript in preparation

SIMULATION OF OSTEOPOROSIS

Prescription of disease-related, 
temporary increase of RANKL and 
osteocyte apoptosis
Manolagas (2000), Endocr Rev 21: 115-137; Hofbauer and Schoppet 
(2004), J Am Med Assoc 292: 490-495; Tomkinson et al. (1998),  J Bone 
Miner Res 13: 1243-1250
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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@IMWS
microCT imaging ultrasonics testing

Uniaxial loading- 
unloading tests micropillar tests

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

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