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a b s t r a c t

Aseptic loosening of the tibial component in cemented total knee arthroplasty remains a major concern. We
hypothesize that micromotion between the cement and trabeculae leads to increased circulation of inter-
stitial fluid which in turn causes fluid-induced resorption of the trabeculae. Another mechanism for implant
loosening is trabecular strain shielding. Using a newly developed experimental setup and digital image
correlation (DIC) methods we were able to measure micromotion and strains in lab-prepared cement-tra-
beculae interface specimens (n¼4). Finite element (FE) models of these specimens were developed to
determine whether differences in micromotion and strain in morphologically varying specimens could be
simulated accurately. Results showed that the measured micromotion and strains correlated well with FE
model predictions (r2¼0.59–0.85; r2¼0.66–0.90). Global specimen strains measured axially matched well
with the FE model strains (r2¼0.87). FE model cement strains showed an increasing trend with distance
from the cement border. The influence of loss of trabecular connectivity at the specimen edges was studied
using our FE model results. Micromotion values at the outer edge of the specimens were higher than the
specimen interior when considering a very thin outer edge (0.1 mm). When the outer edge thickness was
increased to about one trabecular length (0.8 mm), there was a drop in the median and peak values. Using
the experimental and modelling approach outlined in this study, we can further study the mechanisms that
lead to loss of interlock between cement and trabeculae at the tibial interface.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In cemented knee arthroplasty, aseptic loosening is a major
cause of (early) revision surgery (Furnes et al., 2007). Although
aseptic loosening has been studied extensively in terms of arthro-
plasty survival rates, the underlying mechanisms behind this
commonly occurring complication are still incompletely under-
stood. In particular, early aseptic loosening of tibial components
remains an unexplained phenomenon, as PE particle wear debris
leading to osteolysis is more of a long-term effect (Fisher
et al., 2010). Some studies have reported tibial component
debonding contributing to early aseptic loosening (Cheng et al.,
2006; Arsoy et al., 2013). There has also been considerable research
into osteolysis induced by fluid flow, fluid pressure and fluid shear

stress as an additional stimulus for bone resorption (Johansson et
al., 2009; Fahlgren et al., 2010; Mann and Miller, 2014). These two
factors may also be affected by implant design (Bertin, 2007; Foran
et al., 2011). Given the sharp rise in the projected number of knee
arthroplasties in the near future (Kurtz et al., 2009), it is crucial to
better understand the mechanisms leading to aseptic loosening as
this would provide valuable insights into measures to improve the
initial fixation of knee arthroplasties.

One hypothesis for early aseptic loosening is that micromotion
between bone cement and trabeculae leads to increased circulation
of interstitial fluid which causes fluid-induced resorption of the tra-
beculae. Moreover, strain shielding of the trabecular bone below the
tibial plateau could also cause bone resorption. The complex micro-
mechanics occurring at the tibial cement-bone interface have only
been minimally assessed. Interactions in bone-cement composite
specimens have been studied using micro-finite element (FE) models
in the case of vertebroplasty (Kinzl et al., 2011; Helgason et al., 2013).
FE models of the cement-bone interface have also been used to study
the stress-displacement behaviour of the interface and also crack
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formation in the cement layer (Waanders et al., 2009; Waanders
et al., 2010). From a computational modelling perspective, it is very
challenging to create a model of the interlocked bone-cement
interface that is both geometrically accurate as well as capable of
correctly predicting the contact mechanism. In this study, we present
an experimental setup to measure micromotion and strain at the
tibial cement-bone interface using Digital image correlation (DIC).
Using FE models of the same specimens we compared DIC mea-
surements at the specimen surface with corresponding simulated
values. In clinical practice, cement penetration depth can vary
depending on the cementation technique used, as well as on the
bone quality (Cawley et al., 2013). Here, we selected bone-cement
interface specimens that were representative of these variations and
aimed to develop finite element models that were able to accurately
simulate interface behaviour irrespective of these specimen differ-
ences. We further studied whether surface micromotion is repre-
sentative of the internal behaviour of the entire cement-bone inter-
face. Our main research questions were therefore: (1) Can finite
element models of lab prepared cement-bone specimens accurately
predict micromotion and strain at the cement-trabeculae interface as
measured experimentally? (2) Are differences in global experimental
results obtained from morphologically varying specimens also
reflected in the finite element model results?

2. Materials and methods

Micromotion and strain along the cement-trabeculae interface were measured
using DIC in lab-prepared specimens of interdigitated tibial bone and cement.
Finite element (FE) models of these specimens were subsequently validated using
the DIC measurements of micromotion and strain. A total of 4 specimens with
varying cement interdigitation depths and bone volume fraction were obtained
from 2 donor tibias.

2.1. Specimen preparation

Two fresh-frozen tibias were obtained from the SUNY Upstate Anatomical Gift
Program (1 male, age 86 years; 1 female, age 43 years). Two donors were selected
to account for differences in the bone quality. Soft tissue was removed from both
donor bones. The tibial plateaus of both bones were resected and cleaned with
pulse lavage. Tibias were warmed to 37 °C in calcium-buffered saline with a bac-
teriostatic agent (Race, 2005) prior to the application of cement. Radiolucent sur-
gical bone cement (Radiolucent Simplex P, Stryker Orthopedics, Mawah, NJ) was
vacuum mixed. After the cement reached a state of “does not stick to glove”,
cement was applied to the proximal tibia and pressurized with a cement mixing

spatula. To account for varying amounts of cement interdigitation depth on the
results, one half of the each tibia received approximately double the amount of
cement than the other half of the tibia. Cemented tibias were then soaked in the
calcium buffered saline solution with bacteriostatic agent for 3 days at room
temperature. A previously described method (Mann, 2008) was used to section the
tibias into cement-bone interface specimens that were nominally 4�4 mm in
cross-section and about 15 mm in axial length. From each donor, two specimens
were created and the cement interdigitation depth varied between 1.1 and 5.2 mm.

2.2. Experimental apparatus and mechanical testing

Each specimen was positioned between a rigid, vertical fixture and a load cell
mounted on a screw-driven loading stage. The long ends of the specimens were
bonded to the test fixture using dental cement. The specimens were non-
destructively loaded in compression to the equivalent of approximately 1 body
weight (BW) which equated to 1 MPa (Fig. 1a). Axial load was applied to the spe-
cimens by a screw-driven motor with a displacement rate of 1.5 mm/min.

During testing, images of the top face of the cement-bone interface were captured
at 0 and 1 MPa for image analysis. The images were captured with a digital camera
(Diagnostic Instruments, Sterling Heights, MI) attached to a microscope (Nikon, Toyko,
Japan). The image resolution was 0.5 mm/pixel, with a field of view equal to
0.8�0.6 mm (Fig. 1b). Since the field of view was too small to capture the whole
specimen, the loading apparatus was mounted on a 3-dimensional CNC vertical mill
stage (Intelitek, Manchester, NH). After each loading and unloading cycle, the loading
apparatus was moved via the CNC stage to a new region of the cement-trabeculae
interface. This protocol was repeated until the entire interface was imaged.

Each specimen was also imaged at a lower resolution of 3 mm/pixel in order to
obtain global displacements and strains in different regions of the specimen. Dis-
placements at different locations within the cement layer and supporting bone
were determined and used to obtain global strains in the loading direction (Fig. 2).

2.3. Digital image correlation analysis

Micromotion between cement and trabeculae was quantified using digital
image correlation (DIC) analysis on the high resolution images (0.5 mm/pixel).
Graphite was lightly distributed on the top surface of the specimen to provide
suitable texture for the DIC software. Measurements in the interdigitated region
were spaced at 250 mm increments along the cement-trabeculae interfaces (Fig. 3).
To measure micromotion, DIC software (MatchID 2D, Catholic University College
Ghent, Ghent, Belgium) was used to quantify the relative displacement between
pairs of discrete DIC sample boxes (30�30 pixels, 0.0002 mm2) across the cement-
bone interface (Fig. 1b). Based on preliminary error analysis of the DIC system, Root
Mean Square Error (RMSE) in displacement measurements at 0.5 mm/pixel and
3 mm/pixel resolution were 0.06 mm and 0.08 mm, respectively.

2.4. Finite element model generation

The four cement-bone interface specimens were scanned at 12 mm isotropic
resolution using a micro-CT scanner (Scanco Inc. Media, PA, USA) prior to loading.

Fig. 1. (a) Schematic of experimental set-up showing specimen under compression loading in a CNC loading stage; a DIC camera captures motion at the region of interest
(black square). (b) High resolution image (field of view 0.8�0.6 mm) captured by DIC camera showing detailed bone-cement interface and sample boxes used to measure
displacement under load.
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