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Critical analysis on dynamic-mechanical performance of spongy
bone: the effect of acrylic cement

Abstract

Introduction
Over the past years, in order to anchor
a prosthetic component to bone,
different cements based on selfpolymerizing
poly
(methyl
methacrylate) (PMMA) have been
widely used as commercial synthetic
biomaterials. The aim of this study
was to evaluate the influence of a
PMMA-based bone cement (Palamed®
G40) on the viscoelastic behaviour of
spongy bone from proximal human
tibial epiphyses, and the assessment
of the dynamic-mechanical properties
of the natural tissue.
Materials and methods
The effect of acrylic bone cement on
the dynamic-mechanical performance
of spongy bone was assessed by
means of dynamic three-point
bending tests. All the tests were
performed in physiological solution at
37±0.5°C, scanning the frequency
from 0.01 to 30 Hz. Samples from
proximal human tibial epiphyses were
cut along the medial-lateral and
anterior-posterior
directions
considering different regions of the
subchondral tibial plate. The dynamicmechanical properties of specimens
infiltrated the PMMA-based bone
cement were evaluated in the
frequency range investigated.
Results
The results have highlighted that the
viscoelastic properties of spongy bone
vary with direction and region, and
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the PMMA-based bone cement
increases the storage modulus (E’) of
spongy bone of about 100%. However,
for bone-cement system, the values of
loss factor (tan d) are close to those of
the natural structure. Moreover,
micro-computed tomography (μCT)
has allowed to study the architecture
of bone and its interface with the
cement.
Conclusion
The present study has evidenced that
bone infiltration allows to enhance the
mechanical performances of spongy
bone. Furthermore, taking into
account the analysis of the viscoelastic
properties of the natural structure,
future trends will be focused on the
possibility to design a prosthetic
implant,
which
emulates
the
biomechanical behaviour of the
natural tissues, or a suitable cement,
which improves the mechanical
properties of spongy bone.

Introduction

As for any total joint replacement, the
primary goal for a total knee
arthroplasty (TKA) is to restore
normal joint function as long as
possible. Therefore, the prosthetic
joint must be able to provide the
motions and to transmit functional
loads that occur in a normal knee and
to ensure a long life. In other words, it
needs to avoid disruption of the
interface between implant and bone
and also to minimize articulating
surface damage. In the last 25 years,
considerable progress has been made
and total knee prosthesis has proven
to be an efficacious procedure to
relieve pain due to arthritis and to
restore the stability and the mobility
of a damaged knee1. The knee is the
largest and most complex human
joints, whose purpose is to accept and
transfer loads among the femur, tibia
and patella, to dissipate loads

generated at the end of the long
mechanical lever arms of the femur and
tibia2. The distal femur and the
proximal tibia consist of cancellous
bone and an outer cortical shell. In the
distal femur, the load is transmitted
from the dense subchondral bone to the
cortical bone of the diaphysis over a
short metaphyseal region. In the tibia,
the load is gradually transmitted from
the subchondral cancellous bone to the
cortical cone of the diaphysis.
Therefore, the structural stiffness of
cancellous bone gradually decreases in
the proximal-distal direction, whereas
the structural stiffness and thickness of
the outer shell increase in the same
direction3.
Bone is a dynamic, living composite
tissue and its extracellular matrix
mainly consists of hydroxyapatite
crystals (the mineral phase), type I
collagen (90% of the organic phase)
and water4,5. The high stiffness of bone
is due to the mineral phase, while its
viscoelastic behaviour is mainly related
to the collagen macromolecular
arrangement. On the other hand, water
which is bonded on crystal surfaces for
ion exchange stabilizes the collagen
triple helix by realizing hydrogen bonds
and it strongly affects viscoelastic
properties5,6,7,8,9,10,11.
Differently from cortical bone, spongy
bone (also called trabecular or
cancellous bone) is like a network of
small needle-like pieces of bone that
form
an
apparently
irregular
latticework called trabeculae and the
porosity is filled with marrow12.
The viscoelastic properties of bone
result important in the case of
fractures, which are generally related to
dynamic loads and high-energy impacts
such as a fall in a high-speed event4.
Research focused on the evaluation of
the
mechanical
properties
of
mineralised connective tissues (hard
tissues) has been extremely active
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especially over the last half a century,
it is still a basic research field
motivated by at least three
considerations: the first is to achieve a
greater knowledge of the relationship
between
tissue
structure
and
mechanical properties in order to
develop diagnostic tools; the second is
the need to improve the design of
prosthetic devices used as hard tissue
substitutes; the third is to improve the
relationship between prosthetic joints
and cortical or trabecular bone. The
reliability and the significance of
mechanical measurements of hard
tissues are mainly dependent on
anisotropy, time, sex, age, organ, site
and adaptation in relation to the
experienced loads, diseases or
traumas.
The implant of a total joint
prosthesis may induce altered stress
distribution pattern, thus according to
“Wolff’s Law” bone adjusts its density
and structure to the current
mechanical demands. Many studies
using
finite
element
analysis
demonstrated altered mechanical
loading
in
the
bones
after
implantation of a total joint
prosthesis13. After uncemented TKA, a
significant and progressive decrease
of bone density below the tibial
component, reaching 22% at 3 years
follow-up, has been reported. In
rheumatoid arthritis, quantitative
measures of bone remodelling of the
proximal tibia following TKA with a
cemented non-metal backed tibial
component found an average decrease
in bone density of 32% after 2 years14.
There is a significant diminishing of
quality of bone beneath the tibial
component after knee arthroplasty
that is greater than would be expected
with normal aging and it is well
known that the failure of total knee
arthroplasty may be related to
changes in the quality of bone.
Fixation of total knee components
with bone cement is considered the
current “gold standard”. Many studies
have reported excellent long term
results with cemented total arthroplasty and loosening of cemented
components is a rare complication in
most large clinical series15,16. Cements
based
on
self-polymerizing

poly(methyl methacrylate) (PMMA)
are the most used commercial
synthetic biomaterials for anchoring a
prosthetic component to bone.
They consist of a solid powder phase
made of PMMA and/or copolymers
and a liquid monomer phase.
Additionally, the powder contains
dibenzoyl peroxide (BPO) as initiator
for
radical
polymerization,
a
radiopaque medium and sometimes
an antibiotic. The main components of
the liquid phase are MMA and, in some
bone cements, other esters of acrylic
acid or methacrylic acid, one or more
amines (i.e. activators/co-initiators
for the formation of radicals), a
stabilizer and, possibly, a colorant17,18.
Thus, in order to optimize the
developing of prosthetic implants and
new diagnostic techniques, the
knowledge
of
the
structuremechanical
property-function
relationships is crucial.
Mechanical properties of spongy
bone have been evaluated according
to different techniques.
The ultrasonic approach is often
preferred since the simplicity of the
specimen geometry and also because
it easily allows to distinguish the
mechanical anisotropy in the elastic
properties of bone19. However, this
method uses high frequencies, thus it
is unable to measure viscoelastic
properties related to normal dynamic
condition of bone. The combination
between shear and bending waves
represents a further problem which
leads to erroneous measurement and
interpretation of moduli, though20.
The nanoindentation technique is
another interesting method to locally
evaluate the mechanical properties of
soft and hard tissues, using an atomic
force microscope or a nanoindenter.
The main drawback is that the
reduced modulus (i.e. a combined
modulus) obtained from nanoindentation measurements is related
to the Young’s moduli of tip and
sample, and to the their Poisson’s
ratios. The tip properties are usually
known, thus the Young’s modulus of a
material can be evaluated from the
reduced modulus if the Poisson’s ratio
of the sample material is known.
Consequently, when the Poisson’s

ratio of the sample is not known, a
plane strain modulus is usually
reported21.
In addition, several nanoindentation
methods have been also exploring to
assess the viscoelastic properties of
materials, and many nanoindenters
present a dynamic testing option,
where a sinusoidal excitation can be
applied to evaluate storage and loss
moduli as a function of frequency. In
this context, the viscoelastic properties
of different tissues, including bone,
demineralized dentin, arteries and skin,
have been investigated22,23,24,25,26,27.
For example, a new technique using a
combination of an atomic force
microscope and a force-displacement
transducer has been used to
simultaneously investigate the surface
topography and to map the mechanical
properties of hard tissues such as
human teeth.
In particular, this new modulus
mapping method has allowed the
evaluation of both storage and loss
moduli for small areas of calcified
tissues with high spatial resolution,
providing
the
first
quantitative
determinations about the variations of
the dynamic moduli at the dentin–
enamel junction and peritubular–
intertubular
dentin
junction28.
However, many problems could arise
from the plastic deformation of the area
that may drastically alter the storage
and loss moduli. Therefore, the classical
mechanical approach seems to be an
effective method to investigate the
viscoelastic properties of hard tissues
such as spongy bone.
The aim of this study was to evaluate
the dynamic-mechanical properties of
spongy bone from proximal human
tibial epiphyses, and the effect of a
PMMA-based bone cement on the
viscoelastic behaviour of this tissue.

Materials and methods

The protocol of this study has been
approved by the relevant ethical
committee related to our institution in
which it was performed.
Samples 3.7 mm thick, 14 mm wide
and 45 mm long from six proximal
human tibial epiphyses (62±10 years)
were cut along the medial-lateral and
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anterior-posterior directions from
different regions of subchondral tibial
plate using a water-cooled low-speed
diamond saw (Figure 1a, Figure 1b
and Figure 1c).
Specimens obtained from the same
region and orientation were divided
in two groups, group A and group B.
Group B specimens were infiltrated
with Palamed® G40 (Biomet-Merck,
Germany) bone cement which
contains gentamicin sulphate.
The cement was hand mixed for 120
s hence applied on the upper and
lower surfaces of each specimen
previously washed and hence dried
with gauze, just as occurs during
surgery. A constant pressure was
applied during the cement setting.
Dynamic-mechanical tests were then
carried out on group A and group B
specimens.
The dynamic-mechanical tests in
bending
were
performed
in
physiological solution at 37 ± 0.5°C by
using an EnduraTEC ELF 3200 Series
Bose. The three-point bending
configuration with a support span of
42 mm was selected (Figure 1d). In
order to evaluate storage modulus
(E'), viscous or loss modulus (E'') and
loss factor (tan δ), a sinusoidal strain
characterized by a dynamic amplitude
of 0.5 % was imposed. The frequency
was scanned from 0.01 to 30 Hz.
The storage modulus and the viscous
modulus are related to the energy
stored in the material and to the
energy dissipated during the loading
process, respectively.
Stress and strain amplitudes (σ0 and
ε0, respectively), storage modulus
(E'), viscous (or loss) modulus (E'')
and loss factor (tan δ) were evaluated
according to the ASTM D 790
standard:
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where D0 is the applied middle span
deflection amplitude, P0 is the
monitored load amplitude, L is the
span between supports, b and d are
the sample width and depth,

Figure 1: (a) Schematic representation of human tibial epiphysis; (b) Anatomic
region and directions; (c) An image of human tibial section from the epiphysis;
(d) Mechanical testing set-up.

Figure 2: (a) Storage modulus as function of frequency for group A specimens cut
along the medial-lateral direction from anterior zone (◊), posterior zone (□) and
central zone of the medial aspect (○); (b) Loss factor as function of frequency for group
A specimens cut along the medial-lateral direction from anterior zone (◊), posterior
zone (□) and central zone of the medial aspect (○).

respectively. In order to investigate
the architecture of bone and its
interface with the cement, a microcomputed tomography (μCT) was also
performed at a resolution of 5.8 μm
through a SkyScan 1072 (Aartselaar,
Belgium) system using a rotational
step was 0.9° over an angle of 180°.

Results
Dynamic-mechanical measurements
performed on spongy bone specimens
have shown a storage modulus E'
which increases with frequency for
specimens provided from all the
anatomic regions, indicating that the
structure becomes stiffer as the strain

rate increases (Figure 2a). In particular,
specimens from the central zone of the
medial aspect show that E' varies from
230.6 to 270.0 MPa (Figure 2a), whilst
samples from the other positions have
shown smaller values ranging from
42.8 to 66.7 MPa and from 65.1 to 87.0
MPa (Figure 2a) for the anterior zone
and posterior zone, respectively. The
great difference in the storage moduli
can be due to a different degree of
porosity and to a different water
content. Also, the viscous modulus
generally increases with frequency. E''
values range from 50.3 to 62.4 MPa for
specimens from the central zone of the
medial aspect, which are higher than
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the values obtained for the anterior
and posterior positions. These values
span from 7.9 to 11.3 MPa and from
9.0 to 13.3 MPa, respectively.
Interestingly, the trends and values
of loss factor (tan δ) seems to be
independent from the region. Similar
values are found especially for
specimens from central and anterior
zones; tan δ values of specimens from
the posterior position result slightly
smaller than those from the other two
anatomic sites (Figure 2b). In every
region, tan δ values are smaller than
0.3 (δ<45°), suggesting that spongy
bone dynamic-mechanical behaviour
in flexure is predominantly elastic
since the viscous component (E'')
results smaller than the elastic one
(E').
Similar to medial-lateral direction,
differences due to the position have
also been found for the anteriorposterior
direction,
in
which
specimens from intercondilar zone
have shown E' values (from 36.7 to
43.7 MPa) smaller than those from
medial zone (from 245.7 to 271.8
MPa) (Figure 3a).
Dynamic-mechanical analysis on
group B specimens also suggests that
even if bone cement increases the
storage modulus (E') of spongy bone
of about 100% for all the specimens
from the several regions (Figure 3a),
tan δ values are close to those of the
natural structure, though (Figure 3b).
Furthermore, mCT analysis (Figure
4) clearly shows that the bond
between cement and spongy bone is
mainly
micro-mechanical.
Accordingly, cement sprouts reaches
depth higher than 0.5 mm, however a
lack of interface between the cement
and bone is evident already at a depth
of 0.2 mm.

Discussion

The components of primary total knee
prostheses are designed to cap the cut
surfaces of the femur, tibia and
patella; in other words, they are
“surface replacements” and do not
rely on long intramedullary stems for
fixation. Hence, joint loads are
transferred
directly
from
the
cancellous bone of the distal femur to

Figure 3: (a) Storage modulus as function of frequency for group A specimens cut
along the anterior-posterior direction from intercondilar zone (□) and medial zone (∆),
storage modulus as function of frequency for group B specimens cut along the
anterior-posterior direction from intercondilar zone (■) and medial zone (▲); (b) Loss
factor modulus as function of frequency for group A specimens cut along the anteriorposterior direction from intercondilar zone (□) and medial zone (∆), loss factor as
function of frequency for group B specimens cut along the anterior-posterior direction
from intercondilar zone (■) and medial zone (▲).

the proximal tibia as it occurs in
normal knee. The most common
mechanical cause of long-term failure
is the loss of component fixation to
bone. More commonly, loosening
occurs in the tibial component and can
result from failure of the trabecular
bone. Several studies have measured
the migration of proximal tibial
component
in
total
knee
arthroplasty29.
This migration, which has been
thought to predict the incidence of
aseptic loosening, may be a
mechanical process rather than a
biological one, and, in particular, the
mechanism of migration could be due
to a fatigue failure of the supporting
cancellous bone30. This fatigue failure
would occur at stress levels above one
third of the ultimate compressive
strength14.
Previous studies assumed high
ultimate compressive strengths for
tibial cancellous bone31, but for
osteoarthritic
and
rheumatoid
cancellous
bone,
the
ultimate
compressive strength of resected
tibial surface was found to be lower.
Consequently,
the
mechanical
behaviour of tibial spongy bone is
crucial for long-term stability of the
restored joint. Bone cement can
improve the properties of this tissue
creating a stronger structure32, and
this is especially important in the case
of osteoarthritic, osteoporotic or
rheumatoid joints.

Spongy bone highlights a viscoelastic
behaviour although it has been usually
modelled as a linear elastic material33.
Time-dependent properties of tibial
trabecular bone have been mainly
measured through compression tests
by varying the strain rate34,35.
Because spongy bone may be
considered as a two phase porous
structure, it is well documented that the
flow of bone marrow influences its
mechanical properties, and the strain
rate becomes the dominant factor
controlling its behaviour.
In vivo, spongy bone is confined by
cortical bone and marrow acts as an
incompressible
fluid
which
redistributes the stress to the
trabecular network.
In vitro tests are generally performed
in unconfined conditions and thus
marrow can flow through the pores
exiting outside the specimen34.
Dynamic-mechanical analysis is a
technique frequently used in materials
science to evaluate the viscoelastic
properties of materials. In a earlier
study viscoelastic properties of spongy
bone have already been measured by
nondestructive
dynamic-mechanical
tests in compression, focusing the
attention on the end boundary
conditions and specimen geometry36.
However, in the present study dynamicmechanical tests using a three-point
bending configuration have been
considered to assess the viscoelastic
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Figure 4: Figure 4. Results obtained from μCT analysis: (a) 3D reconstruction of
bone-cement system; (b) images of several bone-cement interfaces at increasing
depth.

result may be ascribed to the fact that
in bending the stress reaches
maximum values in the outer regions
of the specimen mainly contributing
to the stiffness, and in the case of
bone-cement samples these layers are
directly infiltrated by the cement.
Since frequency affects the viscous
character of materials, frequency
influences tan δ, which slightly
increases with frequency.
Values of tan δ suggest that at body
temperature the bone-cement system
shows an ability to dissipate energy
that results similar to the natural
structure.
PMMA-based cements fill the free
space between the prosthesis and
bone allowing the stress transfer
between the synthetic device and the
hosting tissue. The bond between
cement and spongy bone is mainly
micro-mechanical,
therefore,
the
porosity of bone and the infiltration of
the cement into the spongiosa are
important prerequisites for the
endurance
of
the
synthetic
restoration.
Furthermore,
mCT
imaging plays an important role to
detect the bone architecture and the
state of the bone-cement interface.
The gap between the two materials
could be partially due to the cement
shrinkage during the polymerisation
process. Despite this lack of interface
an improvement of mechanical
properties of bone has been observed
through
dynamic-mechanical
measurements (Figure 3a).
Anyway, it is worth noting that even
though many progresses have been

made in cementing techniques and
bone cement formulations, nowadays
most of research has also been focused
on the design of advanced polymerbased scaffolds for bone tissue
engineering38,39,40,41,42,43,44,45,46,47.

Conclusion

Dynamic-mechanical analysis plays an
important role to quantify the damping,
which is the ability of the natural
structure to dissipate mechanical
energy. Accordingly, the dynamicmechanical measurements have shown
that the viscoelastic properties of
spongy bone vary with direction and
region. Moreover, dynamic-mechanical
analysis and mCT imaging are a
powerful tool to achieve a greater
knowledge of the structure-mechanical
property-function relationships and,
therefore, to improve bone cement
injection into the trabecular network.
Our results confirm that bone cement
infiltration allows to create a stronger
structure enhancing the mechanical
performance of spongy bone.
However, the present study has also
evidenced the possibility of mapping
the viscoelastic properties of the
natural structure; thus, the future
would be drawn toward this direction
in order to design a prosthetic implant,
which emulates the biomechanical
behaviour of the natural tissues, or a
suitable cement, which improves the
mechanical properties of spongy bone,
preserving the surrounding hosting
tissues.
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behaviour of spongy bone and bonecement system.
It is well known that a three-point
bending test is different from a
compressive test. The latter gives the
possibility to test the specimen along
the axis of trabeculae since the stress
is uniformly distributed in the
orthogonal resistant sections with
respect to the applied load, while in
the bending the stress varies from
negative values (compression) to
positive values (tension), reaching
maximum values of tension and
compression in the external regions of
the specimens.
In
addition,
the
proposed
configuration (Figure 1d) for testing
bone samples has allowed to increase
twice the sensitivity of the set-up if
compared to a traditional three-point
bending test configuration. Moreover,
mechanical preconditioning by a
stress relaxation18 or creep is not
required. This study has evidenced the
time-dependent behaviour of the
natural structure and of the bonecement system through a dynamic
three-point bending test.
Figures 2a and 3a clearly show the
dependence of the storage moduli on
the anatomic site. Accordingly, higher
values are measured in the central
zone of the medial aspect. This is
consistent with previous studies
suggesting the highest density of
spongy bone in the tibial plateau
located in the medial and lateral
regions underneath the medial and
lateral
femoral
condyles,
respectively37.
The dependence of the storage
modulus on the frequency can be also
detected in figure 2a. The slight
increase of the storage modulus can
be probably due to the marrow and
water flow during the loading process.
Conversely, for group B specimens a
significant increase of the storage
modulus is observed as the frequency
increases. Such difference can be
related to the frequency-dependent
behaviour of bone cement18.
By comparing the storage moduli for
bone specimens with those infiltrated
with cement, the latter have shown E’
values greater than the respective
bone specimens without cement. This
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