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Abstract—Bone marrow found within the porous structure
of trabecular bone provides a specialized environment for
numerous cell types, including mesenchymal stem cells
(MSCs). Studies have sought to characterize the mechanical
environment imposed on MSCs, however, a particular
challenge is that marrow displays the characteristics of a
fluid, while surrounded by bone that is subject to deforma-
tion, and previous experimental and computational studies
have been unable to fully capture the resulting complex
mechanical environment. The objective of this study was to
develop a fluid structure interaction (FSI) model of trabec-
ular bone and marrow to predict the mechanical environment
of MSCs in vivo and to examine how this environment
changes during osteoporosis. An idealized repeating unit was
used to compare FSI techniques to a computational fluid
dynamics only approach. These techniques were used to
determine the effect of lower bone mass and different
marrow viscosities, representative of osteoporosis, on the
shear stress generated within bone marrow. Results report
that shear stresses generated within bone marrow under
physiological loading conditions are within the range known
to stimulate a mechanobiological response in MSCs in vitro.
Additionally, lower bone mass leads to an increase in the
shear stress generated within the marrow, while a decrease in
bone marrow viscosity reduces this generated shear stress.
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INTRODUCTION

Mesenchymal stem cells (MSCs) are multi-potent
cells capable of forming tissues such as bone, cartilage

and fat. This makes them attractive candidates for
tissue engineering applications. The unique native
micro-environment in which MSCs reside within the
bone marrow of trabecular bone is known as a stem
cell niche for MSCs. While the stem cell niche was first
identified for hematopoietic stem cells within bone
marrow, it also contains and supports MSCs.27

Schofield identified a niche as having three main
functions: (1) maintaining MSC quiescence, (2) pro-
moting cell number and (3) directing differentiation.45

Although studies have mainly sought to understand
the role of paracrine signalling from cells within the
niche3,18,50 MSCs are known to be mechano-sensitive
and there is increasing evidence that the mechanical
environment imposed within the niche also plays an
important role in the functions of the niche.10,17,22,38

Furthermore, mechanical loading has been used to
direct MSCs to differentiate in vitro1,9 and as such the
mechanical stimulus to cells has important implica-
tions for bone tissue engineering and regeneration
applications. However to date the precise mechanical
environment of bone marrow MSCs in vivo remains
unclear and an improved understanding is needed to
fully determine the role of mechanical signals on MSC
differentiation.

Trabecular bone is a porous structure located at the
end of long bones, in irregular shaped bones such as
the sternum, the skull and in the vertebral bodies of the
spine. The red bone marrow found within the pores
acts as a home for a host of different cells including
hematopoietic progenitors and their progeny including
blood cells, immune cells, and osteoclasts, and MSCs
and their progeny including fibroblasts, endothelial
cells, adipocytes and osteoblasts.27 These cells and the
extracellular matrix they produce make up the com-
position of marrow. The mechanical environment of
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trabecular bone marrow remains poorly character-
ized.23 Previous studies have focused on the possible
role for bone marrow in the hydraulic stiffening of
bone.7,35,36 However, there has been little insight into
the mechanical environment of the marrow and how
this alters during physiological loading, or with dis-
eases such as osteoporosis, which is critical in
understanding the loading experienced by MSCs
in vivo. Investigations into the mechanical properties of
bone marrow have revealed it to be a highly viscous
fluid5 while also displaying viscoelastic solid proper-
ties.56 Experimental studies have shown that loading of
bone induces pressure gradients within the marrow,
known as the intramedullary pressure.15,39,41 Such
pressure gradients likely cause flow of the marrow,
generating shear stresses, thus providing a possible
stimulus for the osteogenic differentiation of MSCs
in vivo.23

The composition of bone marrow varies greatly
with age and location, and in particular the bone
marrow becomes increasingly fatty with age.30,49 A
high fat content in bone marrow is also associated with
diseases such as osteoporosis43,54; this change in mar-
row composition is accompanied by the decrease in
bone mass, characteristic of the disease. Furthermore,
a decrease in osteogenic differentiation of MSCs is
coupled with an increase in adipogenic differentiation
of MSCs, which might suggest that stem cell differen-
tiation plays a crucial role in osteoporosis.13,43 As the
changes in marrow composition (i.e. higher fat con-
tent) and decrease in bone mass alter the mechanical
environment, it is possible that such changes will
directly influence the mechanical stimulation experienced
by MSCs in vivo. Moreover, it is also possible that the
increased adipocyte content of the marrow contributes to
the pathogenesis of the bone11 due to marrow adipocytes
actively recruiting osteoclasts.51 However the role of
changes in marrow composition and bone mass on the
mechanical environment experienced by MSCs in the
bone marrow have never been investigated.

The objective of this study is to examine the com-
plex multiphysics mechanical environment of bone
marrow using computational models that capture the
interaction of the bone and marrow during typical
loading. A novel fluid structure interaction (FSI)
approach is used to predict the mechanical environ-
ment of the stem cell niche and how this environment
alters during osteoporosis. These FSI models extend
the results from previous approaches which have
modelled the bone as rigid,12,37,47 the marrow as a soft
solid55 or used a continuum approach to describe
marrow shear stress coupled to bone deformation.14 A
3D periodic unit cell approach is used to generate
models of trabecular bone and marrow, with an ide-
alized trabecular geometry. In a first step, to validate

the idealized model geometry approach, models are
used to predict trabecular bone permeability and are
compared to experimental data. Following on from
this, the most appropriate boundary conditions are
determined for FSI simulations using the periodic unit
cell approach and results are compared to a compu-
tational fluid dynamics (CFD) only approach. Subse-
quently, the models are used to determine how a
decreasing bone mass and a change in viscosity can
influence the in vivo mechanical stimulation of MSCs.
In this way the study generates insight into how the
mechanical environment of MSCs changes during
osteoporosis.

MATERIALS AND METHODS

Validation Study: Predicting Permeability

An idealized structure of trabecular bone was used
(Fig. 1a) representing a number of individual trabec-
ulae. A unit size of 1.25 mm was selected in order to
provide a pore size of in the scale of 1 mm based on
representative values for trabecular bone.26 The mar-
row (fluid) structure was established as the exact
inverse of the bone shape (Fig. 1b). The solid structure
was created in Abaqus Explicit (version 6.11) with the
fluid domain created in Abaqus CFD (version 6.11).
To validate the approach for modelling trabecular
bone marrow, CFD models were generated to predict
the permeability of trabecular bone for comparison to
experimental measurements of trabecular bone per-
meability. The aim of this validation was to demon-
strate that the model framework can generate
experimentally accurate permeabilities indicating the
suitability of the idealized geometries. Specifically,
based on prescribed inlet velocities, ranging from 0.1 to
5 mm/s, flow through the structure was simulated and
the pressure differential was obtained from the output

FIGURE 1. Idealized repeating unit of (a) bone and (b) mar-
row, based on previously used geometries,19,55 where the
marrow structure is the inverse of the bone. Dimensions are
taken in order to provide a pore size of approximately 1 mm.26

Bone struts are increased or decreased to achieve different
BV/TV percentages while retaining the same overall unit size
of 1.25 mm.
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to determine the permeability of the structure through
the use of Darcy’s law (Eq. (1)),

UD ¼
Q

AS
¼ k

l

� �
PU � PD

LS
ð1Þ

where UD is the Darcy’s velocity, Q is the volume flow
rate, AS is the cross-sectional area of the model, k is the
permeability, l is the viscosity (viscosity of water
1 mPa s), PU is the upstream pressure, PD is the
downstream pressure (Fig. 2) and LS is the length of
the bone unit in the region of interest (Fig. 1,
1.25 mm). The models were formulated to be repre-
sentative of the experimental conditions reported in
Nauman et al.,33 with the bone modelled as rigid for
these permeability studies and the flow modelled as
incompressible. The boundary between the solid and
the fluid was defined as a no slip boundary where the
velocity of the fluid at the boundary is equal to the
velocity of the solid.

FSI Model Formulation

In order to model the uni-axial compression of a
repeating unit of idealized trabecular bone, symmetry
boundary conditions must be used ensuring all sides
remain orthogonal before and after loading.32 It is
important to note that due to the material and loading
directions symmetries in these analyses, the general
periodic boundary conditions that normally apply for
periodic unit cell analyses reduce to the simpler sym-
metry boundary conditions as implemented here.4 To
achieve this repeating unit approach within the fluid
domain during FSI analyses a combination of different
boundary conditions were analysed and compared as
described below.

Four different cases were considered to derive the
most appropriate fluid boundary conditions, as the
movement of fluid through bone marrow cavities of
bone is not well understood. In the first case a CFD-
only analysis consisting of a velocity driven marrow
flow past rigid bone was modelled (CFD-only,
Fig. 3a). This inlet velocity, Vi = 0.00375 mm/s was
equivalent to a strain rate of 3000 le/s and was applied
using a smooth ramp of an amplitude between 0 and 1
at 1 Hz for 3 cycles. Flow was modelled as symmetric
in the X and Z directions by preventing velocity nor-
mal to the respective boundaries and a zero pressure
outlet was applied on the bottom surface.

In the second case, a marrow flow, driven by the
elastic compression of the bone was introduced (FSI-P,
Fig. 3b). A displacement representing 3000 le com-
pressive strain (applied using a smooth ramp of an
amplitude between 0 and 1 at 1 Hz for 3 cycles) was
applied through the use of a ‘‘soft cap’’ (Young’s

modulus (E) of 15 MPa), connected to the bone
(E = 15 GPa). This ‘‘soft cap’’ was necessary in order
to implement the required boundary conditions due to
restrictions in coupling nodes between the fluid and
solid meshes within Abaqus. The prescribed displace-
ment was applied to a master node and all other nodes
on the inside/bottom surface of the cap were con-
strained to move together with the master node in the
y-direction, using an equation constraint. No con-
straint was applied to these nodes in the X and Z
directions. These boundary conditions, combined with
the fact that the cap was of negligible stiffness relative
to the bone, ensured that the marrow and bone
domains moved as one without constraining the bone
struts on the top surface in the X and Z directions.
Fluid velocity was again prevented out of plane in the
X and Z directions on the respective boundaries with a
zero pressure condition on the bottom surface. Sym-
metry deformation constraints were applied to the
solid bone struts on the X and Z surfaces, again using
an equation constraint. This coupled the displacements
of all nodes on the given strut faces to a master node,
for displacement components in the direction normal
to the respective face. This ensured the sides of the
solid bone remain orthogonal during loading, but
could displace in the X and Z directions.

In the third case the solid boundary conditions
remained the same as FSI-P but the fluid velocity was
set to zero normal to the plane of the bottom boundary
(FSI-Y, Fig. 3c). This allowed for symmetric fluid flow
conditions on all planes, ensuring the fluid remained
within the volume when compressed, while allowing
the displacement of the fluid domain boundaries which
caused the fluid itself to displace accordingly.

While cases FSI-P and FSI-Y implement symmetry
of fluid velocity on the boundaries they do not imple-
ment symmetry deformation conditions to the fluid

FIGURE 2. Idealized trabecular bone in marrow displaying
elongated inlet and outlet for permeability study and Darcy’s
Law parameters representing the experimental study by
Nauman et al.,33 (a) iso-view and (b) plane view.
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domain mesh. This was achieved in the final analysis,
FSI-S, which used the same fluid conditions as FSI-Y
but a soft (E = 15 MPa) outer shell was also included.
This explicitly constrained the unit cell boundary, both
fluid and solid, to remain cuboidal during deforma-
tion, and therefore is a full implementation of sym-
metry boundary conditions. The constraint was
achieved by coupling the displacements, in the direc-
tion normal to the respective faces, of all nodes to a
master node on the inside surface (FSI-S, Fig. 3d).

Marrow was modelled as an incompressible, Newto-
nian fluid using the experimental results of Bryant et al.5

with a viscosity of 0.4 Pa s. For the FSI analyses bone
was modelled as a linear elastic material (E = 15 GPa,
m = 0.3).26 A no slip boundary was applied at the inter-
face between the marrow and the bone.

The solid and fluid analyses were fully coupled using
the Abaqus co-simulation engine (Gauss–Seidel cou-
pling algorithm), allowing for a two-way coupled
FSI.16 The equations for the solid and fluid models are
solved separately, and loads and boundary conditions
are exchanged at the interface region. Fluid flow is
modelled in an Eulerian domain employing the Arbi-
trary Lagrangian–Eulerian (ALE) method which is

used when the boundaries of the Eulerian domain are
moving due to FSI.16

This ALE formulation allows for mesh deformation
of the fluid domain, therefore, it was deemed that FSI-
S is the most appropriate approach to simulate in vivo
loading conditions, using a periodic unit cell approach.
This approach, which ensures that the fluid domain
sides remain orthogonal during loading (matching the
solid deformation conditions), is used in the sub-
sequent analyses in this study.

The Mechanical Environment of Bone Marrow During
Osteoporosis

Different bone masses or BV/TV (Bone Volume/
Tissue Volume) percentages of 11.06, 15.10, 18.02,
25.60 and 29.40% were examined to determine the
effect of bone mass on the velocity and shear stress
generated within the marrow due to mechanical load-
ing. Different BV/TV percentages were achieved in the
solid model by creating parts with different bone strut
widths while maintaining the overall unit size of
1.25 mm. A Boolean cut was then performed using the
solid part to create the fluid part. Percentages were

FIGURE 3. (a) CFD-only, velocity driven flow of the marrow past a rigid bone, flow was modelled as symmetric in the X and Z
directions with a zero pressure outlet. (b) FSI-P, marrow flow driven by the elastic compression of the bone (achieved with a soft
cap) with symmetry fluid flow conditions on the X and Z planes and a zero pressure outlet. Symmetry deformation constraints were
applied to the bone struts on the X and Z surfaces, which coupled the displacements, in the direction normal to the respective
faces, of all nodes on the respective strut faces to a master node, for displacement components in the direction normal to that face.
(c) FSI-Y, same as FSI-P except flow was prevented out of plane on the bottom surface. (d) FSI-S, symmetry deformation con-
straints were applied to the boundaries of the fluid domain through the use of a soft outer shell; this is used to explicitly constrain
the unit cell boundary both fluid and solid to remain cuboidal during deformation, by coupling the displacements, in the direction
normal to the respective faces, of all nodes to a master node on the inside surface.
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selected as a range of BV/TV from osteoporotic
(11.06%) to healthy bone (29.40%).24 A force con-
trolled compression of 3 N (which generates strains
typical of physiological loading in the 29.40% model6)
and a displacement controlled compression of 3000 le
were examined for each BV/TV. Boundary conditions
were maintained as shown in Fig. 3d, as already
mentioned this is a full implementation of symmetry
boundary conditions and was deemed most appropri-
ate following the initial FSI model formulation study.
Different marrow viscosities were also examined as
osteoporotic bone is usually accompanied by a fattier
marrow, which impacts on the marrow viscosity.43

Within Abaqus CFD version 6.11 shear stresses are
not outputted directly. To determine the stresses within
the current analyses the following approach was used.
Firstly, D is the strain rate tensor, equal to
1
2 ðruþ ðruÞ

TÞ; where ru is the velocity gradient
tensor. From this, the scalar shear rate ð _cÞwas calcu-
lated as 2trðDDÞð Þ

1
2; which can be explicitly written as

follows:

_c ¼ 2
@u

@x

� �2

þ @v

@y

� �2

þ @w

@z

� �( )
þ @u

@y
þ @v
@x
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"

þ @u

@z
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@x

� �2
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@y

� �2
#1

2

ð2Þ

where u, v and w are the velocities in the x, y and z
directions respectively. For a viscous fluid, the energy
dissipated in flow is given by the viscous-dissipation
function F.52

U ¼ l _c2 ð3Þ

where l is the viscosity of the marrow. In the present
work a shear stress s is calculated using the basic
Newtonian viscous flow law s ¼ l _c: The rate of work
done per unit volume by this stress, s _c: equals the
viscous dissipation, through Eq. (4). s is then used to
characterize the shear stress state in the marrow. This
was implemented using a Python script which inputted
the velocities and co-ordinates at each node from
Abaqus output file.

For the models in the FSI formulation study and the
subsequent osteoporosis studies, the solid bone
domain consisted of 8-node brick elements (C3D8R),
with element numbers in the range of 63,348 to 76,656.
The fluid domain consisted of 8-node brick fluid
elements (FC3D8), with element numbers in the range
of 93,000–116,407. These mesh densities were arrived
at as a result of a mesh convergence study for the
different BV/TV percentages examined, as these
necessitate a change in the model geometry, resulting

in a square element length of approximately 0.025 mm
in all analyses. Material properties in the different BV/
TV models were maintained as outlined in the FSI
model formulation methods. A value of 0.4 Pa s for
the marrow viscosity was taken for the majority of this
study in accordance with the study by Bryant et al.,5

Values of 1 Pa s and 0.1 Pa s were also examined as
these represent the upper and lower values reported
from experiments.23,56

The Reynolds number (Re) was calculated for all
analyses to determine the relative influence of viscous
and inertial forces (Eq. (2)).

Re ¼ qVd
l

ð4Þ

In this equation the trabecular spacing was used as
the characteristic dimension (d), the density (q) was
taken from White et al.,53 with a value of 1.06 kg m23,
the viscosity (l) was taken from Bryant et al.5 as pre-
viously stated and the average velocity (V) was deter-
mined at the peak point of the cycle. For Reynolds
numbers of less than 1, viscous forces dominate, and
the flow is laminar.

RESULTS

Validation Study: Predicting Permeability

The permeability simulations were performed for the
above mentioned range of BV/TV percentages (11.06,
15.10, 18.02, 25.60 and 29.40%) and Darcy’s Law was
used to extract the permeabilities. They varied between
6.82 9 10210 m2 to 1.95 9 1029 m2 decreasing with
greater bone volume fraction as expected (Fig. 4a).
Values found were within reported values of perme-
ability for trabecular bone for experimental21,33 and
computational studies12,47 (Fig. 4b). This result gives
confidence that assumed idealized geometry is suffi-
ciently representative to study themechanics of the bone
and marrow interaction at this size scale.

FSI Model Formulation

The simulations were run for 3 cycles, however
changes from cycle to cycle were negligible, showing
that transient effects could be ignored. Based on this,
the results presented below are for the first cycle. The
velocity profile within the marrow was found to differ
greatly between velocity driven flow of the CFD-only
analysis and the marrow flow driven by bone
compression achieved with the application of a FSI
interaction (Fig. 5a vs. Figs. 5b–5d). The Reynolds
numbers for all analyses were much less than 1 showing
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that the viscous forces are dominating these analyses
and that the assumption of laminar flow is appropri-
ate, see Fig. 5.

Velocities and shear stresses in the fluid were
examined at the peak overall velocity point of the
cycle, i.e. at 0.5 s, while the displacements and stresses
in the solid were examined at the peak overall dis-
placement point, i.e. at 1 s. The statistical distribution
of velocity within the marrow (Fig. 5e) reveals that the
maximum velocities in the CFD-only analysis were
over twice as large as those of the FSI analyses
(0.0191 mm/s compared to 0.0072 mm/s for the FSI-P,
0.0072 for the FSI-Y and 0.00771 mm/s for the FSI-S).
Similarly high values were found for the 90th percentile
demonstrating that 10% of the nodal velocity values
are much higher in the CFD-only analysis compared to
the FSI analyses. When the 70th percentile of the
velocity was examined in the marrow the four different
boundary conditions were found to be much more
comparable. While this demonstrates that 70% of the
nodal velocities in all the analyses are within a small
range, the CFD-only analysis still predicts high peak
velocity values relative to the other cases. The FSI-Y
analysis predicted on average the lowest velocities.
The FSI analysis with symmetry conditions (FSI-S)

predicted the most homogenous distribution of veloc-
ity within the marrow.

Examining the stresses and strains generated in the
bone for the different fluid boundary conditions in the
FSI analyses (see Table 1) reveals that the introduction
of a soft outer cap/case in order to apply symmetry
boundary conditions to the fluid domain does not
interfere with the bone deformation and motion while
it does alter the shear stress generated within the
marrow.

The Mechanical Environment of Bone Marrow During
Osteoporosis

The influence of different bone volume fractions was
examined by employing both force and displacement
controlled compression. With an applied force of 3 N
it was found that a lower BV/TV percentage resulted in
an increased velocity within the marrow as evident
when the velocity distributions are examined using a
histogram (see Fig. 6a). The majority of the nodal
velocities (70%) predicted for the 11.06% BV/TV were
found to be greater than 0.01 mm/s whereas for the
other bone volumes examined (15.10, 18.02, 25.60 and
29.40%) the majority of the nodal velocities were in the
range of 0–0.001 mm/s. The velocity profile for the
11.06% BV/TV can be seen in Fig. 6b. The maximum
and 90th percentile shear stresses, calculated as de-
scribed above, were found to decrease by a factor of 10
from the lowest (11.06%) and the highest BV/TV
(29.40%) examined here (Fig. 6c). The shear stress
generated within the marrow due a 3 N load is shown
in Fig. 6d for a BV/TV of 11.06%. In contrast, when
the velocity distribution was examined for a strain
controlled compression (3000 le) no difference in the
average velocities was observed for any of the different
bone volume fractions investigated (Fig. 7).

The influence of the different viscosities can be seen
by examining the shear stresses generated within the
marrow (Fig. 8a), however changing the viscosity of the
bone marrow was found to have no significant effect on
the average velocity within the bone marrow (Fig. 8b).
Figure 8c reveals that the relationship between shear
stress and BV/TV is not completely linear for any of the
viscosities examined (R2 = 0.831 for 0.1 Pa s,
R2 = 0.844 for 0.4 Pa s and R2 = 0.867 for 1.0 Pa s).
Figure 8d illustrates the proportional relationship
between shear stress and viscosity for two of the BV/TV
percentages examined (15.10 and 25.60%).

DISCUSSION

In this study a novel FSI approach has been used to
predict the mechanical environment (marrow velocity

FIGURE 4. (a) Values of ermeability calculated for BV/TV
percentages of 11.06, 15.10, 18.02, 25.60 and 29.40% and (b)
comparison of permeability results for the current study,
experimental studies21,33 and computational studies.12,47
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and shear stress) experienced within trabecular bone
marrow under physiological loading conditions.
Velocities generated within the marrow were found
to depend on the boundary conditions applied to
the fluid, indicating the significance of the correct

boundary selection for FSI investigations. However,
the greatest difference was found between the CFD
only analysis and the FSI analyses demonstrating the
importance of the deformation and motion of the solid
bone on marrow movement during compression.

In terms of BV/TV dependence, it was observed
here that a decreasing bone volume, representing
osteoporotic bone, leads to increasing velocities and
shear stresses within the marrow. Additionally it was
found that changing marrow viscosities, also repre-
sentative of osteoporosis, had little influence on the
fluid velocity, although, an increasing viscosity
increased the shear stress linearly. These findings have
important implications for tissue engineering as
researchers try to understand or mimic the natural
environment of MSCs for studies in vitro and for
investigating the mechanisms behind bone loss during
the disease of osteoporosis.

The application of FSI techniques to study bone
marrow is an advancement over previous approaches

FIGURE 5. Velocity profiles generated within the marrow for (a) velocity only analysis of flow past a rigid bone (V) with a Reynolds
number of 0.0032, (b) compression driven marrow flow achieved with the introduction of FSI (FSI-P) with a Reynolds number of
0.0028, (c) FSI compression driven marrow flow with flow constrained within the marrow domain (FSI-Y) with a Reynolds number of
0.0020 and (d) FSI compression driven marrow flow with flow constrained within the marrow domain and symmetry boundary
conditions applied to the marrow domain with the use of a soft outer case (FSI-S) with a Reynolds number of 0.0022. Units 5 mm/s.
(e) Statistical distribution of velocity generated within the marrow for the four boundary conditions examined at peak velocity point
in cycle (0.5 s). Where the 70th and 90th percentiles are the values of velocity below which 70 and 90% (respectively) of the nodal
values fall.

TABLE 1. Stress and strain generated within the bone for a
displacement representing 3000 le compressive strain, and
resulting shear stress generated within the marrow, examin-
ing the influence of the different boundary conditions on the

fluid domain during the FSI analyses.

FSI-P FSI-Y FSI-S

Von mises stress (MPa)

Maximum 69.31 69.31 72.09

Average 18.42 18.42 18.34

Max principal strain (le)
Maximum 2996.24 2996.24 2990.18

Average 566.00 566.00 562.95

Shear stress (mPa)

Maximum 66.63 65.35 62.15

Average 6.61 7.94 7.55
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where the bone was modelled as rigid with the marrow
flowing past it37,47 or with the bone marrow modelled
as a soft solid.55 The CFD-only analysis here was
found to produce large peaks in velocities compared to
FSI analyses indicating that a CFD-only analysis
overestimated the movement of the marrow and as
such overestimated the mechanical stimuli experienced
by the cells within the marrow. The FSI analysis with
the symmetry conditions on the fluid domain (FSI-S)
was the most logically representative of the periodic
unit cell approach and hence used to examine different
BV/TV percentages.

The velocity generated within the marrow was found
to be directly dependent on bone volume for a force
controlled compression, with the velocity within the
marrowdecreasing for an increasingBV/TVpercentage.

This was as expected as with a decreasing bone volume
there is an increasing marrow volume and as such the
marrow is experiencing more of the applied load. For a
strain controlled compression, where all BV/TV frac-
tions were subjected to the same strain, no difference in
marrow velocities was found between the different bone
volumes. Again this was as expected as the velocity
generated would be the same for the each BV/TV as the
displacement is the same.

In vitro, shear stress has been shown to be a regu-
lator of cell differentiation capable of inducing the cell
down a osteogenic differentiation pathway.1,2,9 A
study by Sharpe et al.46 showed an up regulation of
osteoblastic genes such as collagen, osteopontin, oste-
ocalcin and bone sialoprotein in MSCs exposed to fluid
shear stress. While the exact method by which cells

FIGURE 6. (a) Histogram of the velocities within the bone marrow at the peak time of the cycle 0.5 s for the five different bone BV/
TV values examined: 11.06, 15.10, 18.02, 25.60 and 29.40%. Velocity values between 0 and 0.01 mm/s are distributed into bins with
intervals of 0.001 mm/s to ascertain the statistical distribution of the velocity within the marrow of different bone volume per-
centages. (b) A velocity contour plot displaying the profile through the marrow of the 11.06% BV/TV sample for a cut through the
middle of the marrow in the XY plane (units mm/s). (c) The maximum and 90th percentile value of the shear stress found at the peak
time of the cycle for the different bone volume percentages. (d) A shear stress contour plot for the marrow of the 11.06% BV/TV for
a cut through the middle of the marrow in the XY plane (units Pa). The 90th percentile is the value of shear stress below which 90%
of the element values fall.
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convert mechanical stimulation to a biochemical
response remains unclear,42 mechanoreceptors in the
cell surface, such as specific integrins, cadherins, and

calcium channels, play a vital role in the transmission
of the mechanical signal into the cell nucleus. This in
turn regulates gene expression.29 Additionally, as a
result of shear stress, cells can release signalling mol-
ecules, such as nitric oxide and prostaglandins, to
stimulate neighbouring cells.48 Results from the cur-
rent study can help inform boundary conditions for
further computational studies where the focus is on
delivering a mechanical stimulation to single cell
models31 to aid in the understanding of the mechano-
transduction process in cells.

The maximum shear stress generated within the
marrow (for a viscosity of 0.4 Pa s) for a force con-
trolled compression for the different bone volumes ran-
ged from 0.02 Pa (29.40%) to 0.26 Pa (11.06%). For 2D
parallel plate flow chamber experiments shear stress
values of 0.1 Pa to 1 Pa have previously been shown to
stimulate osteogenic responses in MSCs and pre-osteo-
blastic cells in vitro.1,2,9 This suggests that the compu-
tational results are predicting shear stresses which are in
the lower range of what is needed to stimulate an oste-
ogenic response. However, a separate study which

FIGURE 7. Average velocity within the marrow due to a
displacement controlled compression of 3000 le (applied
using a smooth ramp of an amplitude between 0 and 1 at 1 Hz
for 3 cycles) for the five different bone volume percentages
examined 11.06, 15.10, 18.02, 25.60 and 29.40%. Values above
the bars indicate the results of normalisation of the values to
the 11.06% BV/TV result.

FIGURE 8. (a) The 90th percentile and maximum of the shear stress within the marrow, where the 90th percentile value is
represented by a pattern on the maximum solid bar. (b) The average velocity within the marrow at the peak point of the cycle 0.5 s
for 3 different viscosities 0.1, 0.4 and 1.0 Pa s, examined within the five BV/TV (Bone Volume/Tissue Volume) percentages. The 90th
percentile is the value of shear stress below which 90% of the element values fall. (c) The average shear stress as a function of BV/
TV percentage for each viscosity examined and (d) the average shear stress for two of the BV/TV percentages examined as a
functions of viscosity. This displays the proportionality of shear stress to viscosity.
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examined the effect of applying a 0.06 Pa and 0.6 Pa
shear stress found an increased cell proliferation, ALP
activity and calcium deposition compared to static
controls with no significant differences between the two
shear stress values.34 Moreover, Sandino et al., examined
the shear stress generated in 3D scaffolds, subjected to a
combination of perfusion flow and compression. Values
of shear stress were found to range between 0.037 and
0.046 Pa,44 which is lower than within a 2D flow
chamber. An experimental study by Cartmell et al.,8

with equivalent inlet velocities and geometries to San-
dino et al.,44 was also found to stimulate the osteogenic
differentiation of pre-osteoblastic cells. Taken together,
this suggests that in a 3D environment the required shear
stress to induce osteogenic differentiation could be lower
than what is observed in 2D flow chambers. This implies
that 2D studies may not be sufficiently representative of
the in vivo 3D mechanical environment.

Based on these previous experimental and compu-
tational studies, computational results from this
investigation indicate that the compression of bone due
to physiological loading could generate sufficient shear
stress to stimulate the osteogenic differentiation of
MSCs with increasing shear stress generated as the BV/
TV decreases. However the computational models
predict that the 90th percentile shear stress values
range from 0.006 Pa (29.40%) to 0.066 Pa (11.06%)
indicating that it is only a small percentage of the
marrow which experiences sufficient shear stress to
stimulate the osteogenic differentiation of MSCs. As
such the location of MSCs within the marrow relative
to the areas of high shear stress could be crucial in
determining osteogenic differentiation in response to
bone loading. This would be particularly true in the
analysis of realistic geometries where peaks in shear
stress may be determined by the geometries and the
pores size of the trabecular bone.

Porter et al.,37 discussed the difficulties in compar-
ing the response seen in cells exposed to shear stress
stimuli in a 2D flow chamber to the response seen in
3D scaffolds.37 The same questions arise when trying
to compare a computational model of the in vivo
structure to in vitro experiments. Nonetheless, based
on current knowledge, the results of the present study
demonstrate that the physiological compression driven
flow of the marrow causes sufficiently large shear stress
to stimulate osteogenic differentiation of MSCs.
Moreover, the results provide shear stress values which
could help to interpret and design 3D bone tissue
engineering scaffolds which aim to mimic the natural
mechanical environment of MSCs.

When the effect of decreasing BV/TV was examined
the largest shear stress values were found in the mar-
row of lower BV/TV percentages. These findings may
indicate that MSCs in a lower BV/TV environment

(characteristic of osteoporosis) would experience a
greater mechanical stimuli, that would in turn initiate
an osteogenic response, than MSCs in a higher BV/TV
environment. However, a decreasing BV/TV with
osteoporosis is coupled with an increase in the fat
content of marrow and as such the viscosity of the
marrow might decrease.5,56 As shown in Fig. 8 this
decrease in viscosity greatly lowers the magnitude of
the shear stress experienced in the lower BV/TV
models representative of osteoporotic bone. This is in
agreement with a previous analytical study by Dick-
erson et al.,14 which found the viscosity of bone mar-
row to be a crucial factor in determining the shear
stresses generated within the marrow.

These results suggest that the physiological com-
pression of bone could enhance the osteogenic differ-
entiation of MSCs within individuals with lower BV/
TV percentages. However, the accompanying decrease
in bone marrow viscosity54,56 may limit the shear stress
experienced by the MSCs. Therefore the viscosity and
the BV/TV percentage are linked and to fully deter-
mine the relative weight of either parameter a greater
knowledge of the relationship between BV/TV and
marrow viscosity is required. Moreover, it is likely that
the number of undifferentiated MSCs within the
marrow would decrease due to the increasing fat con-
tent.43 This could perhaps explain why a higher fat
content in bone marrow is thought to be a cause of the
pathogenesis of bone in osteoporosis11,51 as the shear
stress within the marrow is decreasing with decreasing
viscosity.

To the authors knowledge this is the first time FSI
techniques have been used to examine the movement of
marrow within trabecular bone, however, there are
limitations to this study that should be considered.
There exists very little information on the properties of
bone marrow and for this reason a Newtonian,
incompressible, homogenous fluid was assumed here.
A value of 0.4 Pa s5 was assumed for the majority of
the study however the sensitivity of the models to the
viscosity can be seen in Fig. 8 indicating the need for
further experimental characterisation. Moreover, the
cellular composition of marrow suggests it is hetero-
geneous in nature and therefore behaves as a non-
Newtonian fluid similar to blood.5,56 In addition, bone
is known to be anisotropic and viscoelastic, whereas
this study assumes a linear elastic material which could
affect the strain generated within the bone and hence
the stimuli experienced within the marrow. Results
here show no stiffening effect due to the presence of
marrow or the implementation of the different fluid
boundary conditions (Table 1). Previous studies have
focused on the hydraulic stiffening effects of marrow
within the trabecular bone compartments of whole
bones with marrow providing additional stiffness to
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the overall bone.35,36 This effect is not observed in this
study due to the micro-mechanical modelling
approach. Here the influence of the solid cortical shell
is ignored as the structure is idealized as a repeating
unit cell of trabecular bone.

While the focus here was on the marrow in trabec-
ular region, where MSCs predominantly reside, the
modelling techniques could be adapted to a larger scale
model or multiscale model of a long bone structure to
determine how loading influences marrow within the
diaphyseal regions. Moreover, the modelling tech-
niques could help determine the deformation of bone
marrow in cortical bone regions observed in post-
menopausal osteopenic women.20 Additionally, the
models could be adapted to investigate the effect of
frequency and loading rate on the shear stress gener-
ated within the marrow. Due to the nature of bone
marrow and the nonlinear material properties of bone
it is likely that frequency and loading rate are a crucial
factor in determining the response. For example, the
intramedullary pressure fluctuations caused by muscle
stimulation25,28,40 could be modelled to determine
whether regions of high shear stress within the model
correspond to areas of new bone formation.

While the use of idealized geometries is a limitation,
this geometry has been found to be suitable in previous
studies to give insights into the mechanical behaviour
of trabecular bone during loading.19,55 The permeabil-
ity of the idealized structure (for different BV/TV
fractions) was found to fall within reported experi-
mental ranges33 indicating the suitability of these ide-
alized structures. Although the permeability study used
a CFD-only boundary condition, which models the
bone as rigid, the bone deformation due to flow is
thought to be negligible and won’t contribute to the
overall pressure differential in the fluid which is used to
determine the permeability during steady state flow.
Due to the symmetry employed in the unit of bone and
marrow, the same quantitative results would be
obtained for loading in either the X, Y or Z directions
for the present models. However, the influence of shear
in the XY plane, for example, could be modelled using
such idealized geometry employed here and would be of
interest for future study. Moreover, loading direction
would be an important factor to consider in the mod-
elling of anisotropic unit cells or realistic geometries.

In this study FSI techniques were used to investigate
the mechanical environment of trabecular bone mar-
row, providing a new insight into the mechanical
stimuli which MSCs are exposed to in vivo due to the
physiological compression of bone. Computational
results from this investigation indicate that the com-
pression of bone due to physiological loading could
generate sufficient shear stress to stimulate the osteo-
genic differentiation of MSCs. These results can help

inform tissue engineering studies which aim to utilize
the mechano-sensitivity of MSCs for improved bone
tissue engineering applications by providing realistic
shear stress values which MSCs experience in vivo.
Moreover, these results inform how osteoporosis
affects the native mechanical environment of MSCs
with increasing shear stress generated as the BV/TV
decreases. However, with a decreasing viscosity,
thought to be representative of a fattier bone marrow
(associated with osteoporosis), the shear stress gener-
ated within the osteoporotic marrow decreases.
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4Böhm, H. J. A short introduction to continuum microme-
chanics. In: Mechanics of Microstructured Materials, edi-
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