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ABSTRACT

Micromotion-induced interstitial fluid flow at the bone-implant interface has been proposed to
play an important role in aseptic loosening of cementless implants. High fluid velocities are thought
to promote aseptic loosening through activation of osteoclasts, shear stress induced control of
mesenchymal stem cells differentiation, or transport of molecules. In this study, our objectives were to
characterize and quantify micromotion-induced fluid flow around a cementless femoral stem using
finite element modeling. With a 2D model of the bone-implant interface and full-factorial design, we
first evaluated the relative influence of material properties, and bone-implant micromotion and gap
on fluid velocity. Transverse sections around a femoral stem were built from computed tomography
images, while boundary conditions were obtained from experimental measurements on the same
femur. In a second step, a 3D model was built from the same data-set to estimate the shear stress
experienced by cells hosted in the peri-implant tissues. The full-factorial design analysis showed
that local micromotion had the most influence on peak fluid velocity at the interface. Remarkable
variations in fluid velocity were observed in the macrostructures at the surface of the implant in the
2D transverse sections of the stem. The 3D model predicted peak fluid velocities extending up to
2.2 mm/s in the granulation tissue and to 3.9 mm/s in the trabecular bone. Peak shear stresses on the
cells hosted in these tissues ranged from 0.1 to 12.5 Pa. These results offer insight into mechanical
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stimuli encountered at the bone-implant interface.

Introduction

During the past two decades, the number of cementless
hip replacements has increased significantly (Wyatt et al.
2014). With the rising number of young patients under-
going hip replacement, improving the long-term success
of cementless femoral stems has become a crucial issue
in the field of total hip replacement. Aseptic loosening
is the main cause for revision of cementless hip stems,
accounting for 54% of all causes for revision (Wyatt et al.
2014). It is characterized by the formation of a fibrous
tissue at the bone-implant interface and areas of osteolysis
around the implant.

Aseptic loosening is a complex process, usually due
to a combination of mechanical and biological factors,
but is largely related to the initial phases of peri-implant
healing (Kérrholm et al. 1994; Mjoberg 1994). Shortly
after implantation, a soft and porous tissue saturated
with interstitial fluid fills the gap between the bone and
the implant. This granulation tissue hosts mesenchymal
stem cells (MSCs) that have the ability to differentiate into

osteoblasts leading to bone formation. The fate of MSCs
is directly linked to mechanical and biochemical stimuli
in their environment.

Among the factors that are known to play a role in
implant loosening, primary stability of the implant is criti-
cal. Primary stability corresponds to the initial mechanical
fixation of the implant, and is characterized by relative
bone-implant micromotion at the interface. Excessive
bone-implant micromotion indicates a poor implant
primary stability and has been shown to promote the
formation of interfacial fibrous tissue, leading to aseptic
loosening (Engh et al. 1992; Seballe et al. 1992).

Fluid flow has also been shown to play an important
role in promoting aseptic loosening. High fluid veloci-
ties (Fahlgren et al. 2010) and pressures (Van der Vis
et al. 1998) have been reported to cause osteolysis, inde-
pendently from the presence of wear particles. Fluid shear
stress is also known to play a role in controlling MSCs
osteoblastic differentiation (Kreke et al. 2005; Arnsdorf
et al. 2009, 2009; Yourek et al. 2010).

CONTACT Dominique P. Pioletti €) dominique.pioletti@epfl.ch

@ Supplemental data for this article can be accessed at http:/dx.doi.org/10.1080/10255842.2017.1296954

© 2017 Informa UK Limited, trading as Taylor & Francis Group


http:/dx.doi.org/10.1080/10255842.2017.1296954
http://www.tandfonline.com

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING . 731

It has been suggested that micromotion and fluid
flow at the bone-implant interface could be intimately
related (Prendergast et al. 1997). Implant micromotion
deforms the surrounding bone and granulation tissue,
hereby pumping interstitial fluid and generating fluid
flow. Micromotion-induced fluid flow would thus have
the potential to affect the outcome of peri-implant heal-
ing, through stimulation of the MSCs hosted in the bone
and the granulation tissue, activation of the osteoclasts,
or transport of morphogens, nutrients, oxygen or wear
particles.

For this reason, there has been a growing interest
to quantify micromotion-induced fluid flow around
implants, in order to help study its effects on peri-
implant healing and osseointegration. Various studies
in the recent years tried to characterize micromotion-
induced fluid flow (Conroy et al. 2006; Alidousti et al.
2011; Mann & Miller 2014). Most of these studies
considered simplified bone and implant geometries,
unidirectional homogeneous micromotion, or were lim-
ited to 2D fluid velocities. However, the heterogeneous
local micromechanical environment is known to play
an important role in peri-implant healing (Simmons
et al. 2001, 2006). Moreover, the material properties of
the granulation tissue are ill-defined. Different values for
Young’s modulus, porosity and permeability have been
proposed - depending on where and when the tissue was
collected - and the commonly used value for Poisson’s
ratio (0.167) is based on a value measured in cartilage
(Jurvelin et al. 1997; Isaksson et al. 2009). The nature
of the interstitial fluid is also unclear, and its viscosity
remains unknown.

The aim of this study is to characterize and quantify
micromotion-induced fluid flow at the bone-implant
interface of a cementless femoral stem, using finite ele-
ment (FE) modeling with accurate geometries and
boundary conditions. The study is divided into two spe-
cific objectives: (i) to determine the relative influence of
material properties of granulation tissue, micromotion,
and geometry on fluid velocities at the bone-implant
interface, using design of experiments (DOE) and an
idealized 2D model of the bone-implant interface, and
(ii) to quantify micromotion-induced 3D fluid velocities
around the whole bone-implant interface of a cementless
femoral stem, and the resulting shear stress on cells hosted
in peri-implant tissues.

Materials and methods
2D parametric model of the bone-implant interface

A 2D poroelastic finite element (FE) model of the
bone-implant interface was created and combined with
a design of experiments (DOE) approach, to explore the

effects of implant micromotion, gap size, and material
properties of the granulation tissue and interstitial fluid
on peak fluid velocity in peri-implant tissues.

FE Model’s geometry

The model was composed of three concentric rings: the
most central one represented the granulation tissue, which
was surrounded by a ring of trabecular bone and a ring
of cortical bone (Figure 1). The most central boundary
represented an implant with a diameter of 1 cm. The
implant was considered completely rigid and impermea-
ble compared to the surrounding tissues. The cortical and
trabecular thicknesses were both 5 mm. The gap between
the implant and trabecular bone was considered as fully
filled with granulation tissue.

Material properties, boundary, and initial conditions
Granulation tissue, trabecular and cortical bones were
modeled as poroelastic and saturated with interstitial
fluid (Table 1). The poroelastic properties of trabecular
and cortical bone were obtained from the literature. Some
studies have focused on characterizing the poroelastic
properties of the fibrous tissue that forms ultimately at
the bone-implant interface of loosened implants, and we
assumed that granulation tissue had similar properties.
The Biot-Willis effective stress coeflicient, which relates
the volume of fluid expelled or sucked into a porous
material element with the volumetric change of the same
element, was unknown for trabecular bone and granula-
tion tissue. Because of inhibition of pore compression, a
stiff porous matrix has a Biot-Willis coefficient close to its
porosity, and a soft porous matrix has a Biot-Willis coeffi-
cient close to 1 (Podichetty & Madihally 2014). Therefore,
we assumed Biot-Willis coeflicients of 0.8 for trabecular
bone and 1 for granulation tissue. The properties of the
interstitial fluid were those of water.

The external boundary of the cortical bone was fully
constrained. Micromotion of the implant was imposed
by a sinusoidal displacement in the x-direction, at a

Cortical bone

Figure 1. Geometry of the idealized model - r, designates
boundaries of the model.
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frequency of 1 Hz. We introduced a phase shift of - to
enable a gradual initial ramping of micromotion and help
convergence. The implant boundary was impermeable to
fluid and the external boundary of cortical bone was open
boundary to fluid flow. For the initial conditions, the sys-
tem was considered to be at rest, with a fluid pore pressure
at 1 atm in all tissues.

Finite element analysis

The model was meshed with solid triangular elements
(Table S1) and implemented in COMSOL (COMSOL
Multiphysics® 5.2a, www.comsol.com, COMSOL AB,
Stockholm, Sweden) using the poroelasticity interface.
The time-dependent partial differential equations were
solved with a fully-coupled approach using the Newton-
Raphson iteration method and a direct MUMPS solver.
Time steps sizes were determined automatically using
backward differentiation formula. Outcome measures of
the model were peak fluid velocity in the trabecular bone
and in the granulation tissue.

Design of experiments approach
A full factorial design with two levels was chosen to study
the relative impact of boundary conditions and material
properties on peak fluid velocity in the trabecular bone
and in the granulation tissue. The factors included in the
design were bone-implant gap size, implant micromotion,
granulation tissue’s Young’s modulus, Poisson’s ratio, per-
meability and porosity, and interstitial fluid’s viscosity.
The choice of local gap size and micromotion levels was
made so as to span the variety of results measured experi-
mentally in a previous study (Malfroy Camine et al. 2016).

Table 1. Sensitivity study: full-factorial design factors and levels.

To study the effects of variations in material properties of
the granulation tissue, the levels of each material property
were chosen to span a range of proposed values in the
literature. Finally, water and bone marrow were chosen to
span the possible viscosity values for the interstitial fluid.

With two levels and seven factors, the design resulted
in 128 (27) conditions (Table 2).

The full factorial design was generated and analyzed in
Minitab (Minitab 17 Statistical Software, www.minitab.
com, Minitab, Inc., State College, PA, USA) using ANOVA.
Only main effects and 2-way interactions were considered.

3D fluid flow around a cementless femoral stem

A 3D poroelastic FE model of the same femur where
micromotion were measured experimentally was built,
based on the geometry obtained from CT data. The field
of micromotion measured experimentally was used as
boundary condition.

FE Model’s geometry

Two CT-scans were performed after broaching of the bone
cavity and after implantation respectively. The geometry
of the bone-implant interface was reconstructed from the
post-broaching CT-scan. Cortical and trabecular bone
were segmented manually in the Amira software (Amira
v6.0.1, FEI, Hillsboro, OR,USA) and the bone surfaces
were reconstructed in Geomagic (Geomagic Studio 2014,
3D Systems, Rock Hill, SC, USA). The bone surfaces were
aligned to the post-implantation CT-scan and a simpli-
fied version of the implant surface, without macrostruc-
tures, was subtracted in Solidworks (Solidworks 2015,

Factors Low level High level References

Gap size 0.5 mm 5mm (Malfroy Camine et al. 2016)

Micromotion 5um 250 um (Malfroy Camine et al. 2016)

Young's modulus of granulation tissue 0.5 MPa 1.5 MPa (Leong & Morgan 2008)*, (Kraaij et al. 2014; Moerman et al. 2016)**
Poisson’s ratio of granulation tissue 0.1 03 (Jurvelin et al. 1997)***, (Kiviranta et al. 2006)***

Porosity of granulation tissue 0.7 0.9 (Diamond 1999)t

Permeability of granulation tissue le-"m? 5e 1% m? (Diamond 1999)1, (Fahlgren et al. 2012)*

Interstitial fluid’s viscosity 0.001 Pa.s 0.1Pa.s (Gurkan & Akkus 2008)tt

*Measured in granulation tissue; **Measured in the bone-implant interface tissue of loosened implants;

***Measured in cartilage; tMeasured in blood clots
ttMeasured in bone marrow.

Table 2. Poroelastic material properties used in the model.

Young's Biot-Willis

Material Density modulus Poisson’s ratio Porosity Permeability coefficient Viscosity
Cortical bone 1875 kg/m? (Ashman  15.75 GPa (Smit 0.325 (Smitetal.  0.05 (Smit et al. 1.5e72m? (John- 0.14 (Cowin

etal. 1984) etal. 2002) 2002) 2002) son et al. 1982) 1999)
Trabecularbone 1875 kg/m?® (Ashman 1 GPa (Kohles & 0.25 (Sebaaetal. 0.8 (Kohles & 4.7e7"m? (Kohles 0.8

etal. 1984) Roberts 2002) 2006) Roberts 2002) & Roberts 2002)
Granulation 1100 kg/m? (Nahirn- 0.99 MPa (Leong  0.167 (Isaksson et 0.8 (Diamond 3e¥m? (Fahlgren  0.95

tissue yak et al. 2006) & Morgan 2008) al. 2009) 1999) etal. 2012)

Interstitial fluid 1000 kg/m? le7Pas
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Figure 2. Assembly of geometry for the 3D model -The modelis built from the cortical bone (yellow), trabecular bone (green), granulation

tissue (red) and simplified implant surfaces (blue).

Solidworks Corp., Dassault Systemes, Waltham, MA,
USA) (Figure 2).

Material properties, boundary, and initial conditions
The material properties (Table 1), were identical to those
of the 2D model. The initial and boundary conditions were
similar, except for the amplitude and direction of micro-
motion, which were defined according to the interpolation
function of 3D bone-implant micromotion around the
stem, measured locally using a micro-CT based exper-
imental technique (Figure S1) (Malfroy Camine et al.
2016).

Finite element analysis

The model was meshed with tetrahedral elements (Table
S1) and solved in COMSOL, similar to what was described
above. Outcome measures of the model included average
and peak fluid velocity in each tissue, and the peak shear
stress on cells located in trabecular bone and granulation
tissue. The peak shear stress on cells was estimated assum-
ing spherical cells embedded in a porous matrix (Wang
& Tarbell 2000):

3 uv
T==—
n \/;
where 7 is the peak shear stress on cells, 4 is the interstitial

fluid viscosity, v is the peak fluid’s velocity in the tissue and
k is the permeability.

Results
2D parametric model of the bone-implant interface

Peak fluid velocity in the tissues of the bone-implant inter-
face reached two maxima over one micromotion cycle due
to inflow and outflow, at approximately 25 and 75% of the

Table 3. ANOVA for the full factorial design. Degrees of freedom
(DOF) and percentages of the total sum of squares (%TSS) are list-
ed. Only significant effects are displayed.

Source DOF  %TSS (%)  p-value

Linear 7 89.5 <0.001
Gap size 1 2.6 <0.001
Micromotion 1 84.2 <0.001
Granulation tissue’s permeability 1 0.1 0.003
Interstitial fluid’s viscosity 1 26 <0.001

2-Way Interactions 21 7.9 <0.001
Gap size X Micromotion 1 2.6 <0.001
Gap size x Interstitial fluid’s viscosity 1 0.9 <0.001
Micromotion x Granulation tissue’s 1 0.9 0.004
permeability
Micromotion X Interstitial fluid’s 1 26 <0.001
viscosity
Granulation tissue’s permeability x 1 0.9 0.017
Interstitial fluid’s viscosity

Residuals 99 2.6

load cycle. The maximal fluid velocity was encountered
in the trabecular bone. Peak fluid velocity ranged from
5 to 1277 um/s, depending on the levels of parameters
included in the full factorial design.

The analysis of the full factorial design of experiments
showed that gap size, micromotion, tissue’s permeability
and interstitial fluid viscosity had a significant (p < 0.05)
effect on peak fluid velocity at the bone-implant interface
(Table 3). Micromotion was the parameter that influenced
the most the peak fluid velocity, with higher micromotion
resulting in higher fluid velocity. The mean fluid velocity
for all low micromotion conditions was 18 um/s, versus
1062 pm/s for all high micromotion conditions. Low gap
size resulted in significantly higher fluid velocity and
low fluid viscosity induced lower peak fluid velocity, but
they both contributed to less than 3% of the total sum of
squares. Additionally, several 2-way interactions were also
significant, including the interaction between gap size and
micromotion that contributed to 2.6% of the total sum
of squares.
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Figure 3. Distribution of micromotion-induced interstitial fluid velocities in the granulation tissue and trabecular bone around a
simplified cementless femoral stem (gray) in compression and torsion at t = 0.25 s.

3D fluid flow around a simplified cementless femoral
stem

The average fluid velocity in the granulation tissue was
9 um/s in compression and 15 um/s in torsion. In the tra-
becular bone, the average fluid velocity was much higher,
with 21 pm/s in compression and 128 pm/s in torsion.

The peak fluid velocity in the granulation tissue was
maximal close to the distal end of the stem for both
loading cases, reaching 412 pum/s in compression and
2273 pm/s in torsion (Figure 3). In the trabecular bone,
peak fluid velocities occurred distally in compression
with 1804 pum/s and on the middle and distal diaphysis
in torsion with a maximum at 3913 um/s. The interstitial
fluid velocities in cortical bone were much lower than in
other tissues, and the highest fluid velocities recorded (up
to 5.5 um/s) were at the distal end of the stem for both
loading cases. The most important component of the 3D
fluid velocity was in the longitudinal direction.

Peak shear stress in granulation tissue was 2.3 and
12.5 Pa for compression and torsion respectively. In tra-
becular bone, shear stress on cells reached 0.1 and 0.2 Pa
for compression and torsion.

Discussion

Micromotion-induced fluid flow at the bone-implant
interface is believed to play an important role in the
initial phases of peri-implant healing, through stimula-
tion of cells hosted in the surrounding tissues. However,

quantification of micromotion-induced fluid veloci-
ties around accurate geometries and based on the local
mechanical environment of the prosthesis was missing. In
this study, our objective was to use FE modeling to char-
acterize and quantify micromotion-induced fluid veloc-
ity at the bone-implant interface of a cementless femoral
stem using accurate geometries and experimentally meas-
ured local micromotion. Using design of experiments and
an idealized 2D model of the bone-implant interface, we
observed that micromotion was the most influential
parameter on peak fluid velocity at the interface. The
geometry of the interface, represented by the gap size, as
well as the interactions between gap size and micromo-
tion, played also a significant role, underlining the need
for accurate geometries and local micromotion measure-
ments when estimating micromotion-induced fluid flow.
Then, using a 3D model of the bone-implant interface,
we obtained a range of fluid velocities extending up to
2200 pum/s in the granulation tissue and to 3900 pm/s in
the trabecular bone for a torsional loading case.

The main strength of the model developed as part of
this work is that it captures the wide range of combined
gap and micromotion conditions around the stem, thanks
to full-field measurements. The exact sequence of events
that links micromotion-induced fluid flow to aseptic loos-
ening remains unknown. Nevertheless, the model pre-
sented in this study could be appropriate to test some of
the hypotheses around the mechanisms behind aseptic
loosening.



COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING . 735

Previous researches already reported the important
effect of surface geometries (Simmons et al. 2001, 2006)
and micromotion (Engh et al. 1992; Seballe et al. 1992)
on peri-implant healing. Our findings are consistent with
these studies, as we found that gap size and micromotion
influenced peak fluid velocities to a greater extent
than material properties. Other models that estimated
micromotion-induced fluid flow at the bone-implant
interface reported fluid velocities similar to what we
estimated. The micromotion-induced peak fluid velocity at
the bone-cement interface of retrieved transverse sections
of cemented femoral stems varied from 270 to 15700 um/s
(Mann & Miller 2014). In another model of capsular
pressure and micromotion-induced fluid flow around a
cementless femoral stem, fluid velocities extending up
to 3000 um/s were observed (Alidousti et al. 2011). In a
magnetic resonance imaging study, micromotion-induced
fluid velocity in the gap around a canine bone implant
model reached 14000 um/s (Conroy et al. 2006). Fahlgren
et al. (2010) observed osteolysis for fluid velocities over
20000 um/s, while our range of values was in the order
of hundreds of pm/s. Finally, flow chamber experiments
showed that fluid shear stress in the order of 0.4 to 2.2 Pa
could induce the osteogenic differentiation of MSCs,
which relates well with the range of shear stresses in
granulation tissue that we estimated.

The present study has several limitations, and the most
important one is that results for only one specimen are
reported. Future works will require several samples to
confirm the results obtained with this model and account
for patient’s variability. The geometries were reconstructed
from a CT-scan with a resolution of 0.5 mm, meaning
that gaps smaller than the resolution were not modeled.
Furthermore, the implant macrostructures were not
included in the 3D model to reduce mesh size and compu-
tation time. The material properties of granulation tissue
are not well characterized, and the measured poroelastic
properties for trabecular and cortical bone span a wide
range of values. Additionally, the material properties of the
interface are likely to be anisotropic and evolve as healing
progresses. Nevertheless, we evaluated the sensitivity of
peak fluid velocities to the material properties of granu-
lation tissue using design of experiments techniques, and
found that despite some properties like the permeability
of the tissue or the viscosity of the fluid influenced sig-
nificantly the results, their role was minimal compared to
the effects of gap size or micromotion. We also assumed
that the mechanical behavior of the granulation tissue was
linear elastic. However, small gaps and high micromotion
could easily result in large strains, for which the linear
elastic representation would no longer be valid. The hyper-
elastic properties of the interfacial fibrous tissue around
loosened cementless stem were recently characterized

(Kraaij et al. 2014; Moerman et al. 2016). Further stud-
ies should evaluate the repercussions of the hyperelastic
modeling of interfacial tissue on micromotion-induced
fluid flow predictions. Fluid-flow at the interface results
from both implant micromotion and bone deformation
following implant loading, however, our measurements
of implant micromotion reports the relative displacement
between the implant and bone and does not integrate bone
strains. It is thus possible that our range of fluid veloci-
ties is slightly underestimated. Finally, Darcy’s law is only
valid for low Reynolds number Re < 10 (Hassanizadeh &
Gray 1987). Using a characteristic pore length of 1 pm
for granulation tissue and 1 mm for trabecular bone, we
estimated Reynolds numbers of 0.001 and 1 for each tissue
respectively. Therefore, in this study, Darcy’s flow was a
reasonable assumption. However, higher fluid velocities
arising with higher implant micromotion could lead to
non-Darcy’s flows.

This study provided a first estimation of local micro-
motion-induced fluid flow around a cementless fem-
oral stem in the initial stages of peri-implant healing.
Though the mechanisms that link fluid flow at the initial
bone-implant interface and peri-implant healing remain
insufficiently understood, much research in the recent
years focused on the influence of fluid flow on bone and
mesenchymal stem cells. The range of fluid velocities and
shear stresses estimated in this study is of great interest
to relate with results from mechanobiology experiments
with mechanical stimuli encountered at the bone-implant
interface. Furthermore, micromotion-induced fluid flow
has been proposed to disturb the transport of morphogens
in the peri-implant tissues, hereby affecting the osteogenic
differentiation of mesenchymal stem cells (Gortchacow
et al. 2013). In the future, a model of morphogens trans-
port in the granulation tissue could be combined with
the model developed in this study, to test this hypothesis.
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