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Abstract The stabilization of osteoporotic vertebrae with
acrylic bone cement, called vertebroplasty, is a common
procedure in modern surgery. However, the thermo-
mechanical-chemically coupled material behaviour of cur-
ing bone cements makes the application even for
experienced surgeons difficult and can lead to potential
complications like heat necrosis, leaking bone cement,
embolisms and postoperative load shifting. In order to reduce
these potential complications, to minimize the risks and to
better understand the occurring effects, the thermophysical
properties of a commercial acrylic bone cement were
investigated in detail using differential scanning calorime-
try, volumetric dilatometry and temperature controlled rhe-
ometry. More specifically, the reaction kinetics, the specific
heat, the thermal conductivity, the thermal expansion, the
chemical shrinkage as well as the mechanical behaviour was
studied during the reaction process of the bone cement.
Furthermore, the explored material behaviour is described
by a customized material model that takes into account all
observed effects. With the aid of this model the inhomoge-
neous chemical, thermal and mechanical states that appear
during the application and curing of acrylic bone cements,
can be studied by finite element treatment.

Keywords Acrylic bone cement - Differential scanning
calorimetry - Rheometry - Volumetric dilatometry

S. Kolmeder (<)) - A. Lion

Institute of Mechanics, Faculty of Aerospace Engineering,
University of the Federal Armed Forces, Neubiberg, Germany
e-mail: sebastian.kolmeder@unibw.de

R. Landgraf - J. Ihlemann

Institute of Mechanics and Thermodynamics, Faculty of
Mechanical Engineering, Chemnitz University of Technology,
Chemnitz, Germany

Introduction

Acrylic bone cements are widely used to reinforce affected
vertebrae that have come down with osteoporosis and even
maybe fractured. A polymer powder and a monomer liquid
are mixed together to form the actual bone cement, which
has initially the consistency of a dough. This dough is filled
into a syringe and connected to a biopsy needle by a
flexible tube. Preliminary to the mixing, the biopsy needle
is inserted into the affected vertebra via the patient’s back
and the pedicle of the vertebral arch. Owing to a swelling
process and the starting radical polymerisation the viscos-
ity of the cement rises. Having the right consistency the
cement is injected into the vertebra, penetrates it and fills
out the cavities. An X-ray apparatus enables the surgeon to
monitor the radio-opaque cement-flow inside the vertebral
body. The bone cement hardens throughout the proceeding
exothermal polymerisation process and stabilizes the trea-
ted vertebra within the spinal column. Chemical shrinkage,
thermal expansion as well as an increase of the viscosity
and stiffness accompanies the polymerisation reaction. The
coupling of these effects complicate a correct and effective
operation procedure. Potential side effects are, among
others, heat necrosis caused by excessive heat generation, a
leakage of bone cement into surrounding tissue and the risk
of embolisms due to toxic monomer. Moreover, the treated
vertebra provokes a load shift within the spinal column.
That means that adjacent vertebrae are exposed to major
and different loadings, because of the increased stiffness of
the bone-cement-filled vertebra. It is likely that this load
shifting leads to further fractures in these vertebral bodies.
In order to get a clear understanding of the processes going
on during a vertebroplastic procedure as well as to mini-
mize the risks of a failed surgery and to avoid postoperative
complications, a finite element analysis of the surgery
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process can provide valuable information. For this purpose
several models were developed in literature, that describe
the thermochemical and thermomechanical behaviour of
bone cements. Mazzullo et al. [1] present a thermochemi-
cal model for polymerizing acrylic cements, that accounts
for uncomplete curing. Maffezzoli et al. [2] also consider
the induction time, the time between mixing the two
cement ingredients and the onset of polymerisation, in their
kinetic model. In a further article Lingois et al. [3] expand
a thermochemical model, similar to the kinetic models
mentioned above, by an isothermal viscoelastic mechanical
approach. Furthermore, this model is able to predict
chemical shrinkage. Similar approaches are given by
Briscoe and New [4] and Perez et al. [5]. Both couple the
mechanical behaviour of bone cement to the thermo-
chemical properties. A completely different aspect of
modelling is focused by Beaudoin [6] and others [7-11].
The viscous flow of cements, used in vertebroplasty, is
simulated by means of a power law, that describes the
rising viscosity with proceeding time. Meng [12] presents
in his work a technique for the patient-specific simulation
of a vertebroplastic procedure. Besides the bone modelling
based on CT-Data, the same power law is applied for the
mechanical properties of the cement in [12]. However,
thermal properties are neglected in this work. There are
several studies, that deal with the postoperative behaviour
of acrylic bone cements. In contrast to Baroud et al. [13]
and Rohlmann et al. [14], which perform their computa-
tions on a pure elastic constitutive law, Lion et al. [15]
present a viscoelastic approach to describe the frequency
dependent material behaviour of bone cement.

In the this article, a material model is introduced, that is
able to represent the thermomechanical-chemically cou-
pled material behaviour of acrylic bone cement in-depth.
Especially the temperature- and cure-dependent thermal
properties as well as the thermoviscoelastic behaviour are
included. Based on a model for curing adhesives, originally
developed by Lion and Hofer [16], minor modifications
were made to adopt it for the bone cement material. A
detailed experimental database of the bone cement,
including the reaction kinetics, the specific heat and
released heat, the chemical shrinkage and the thermal
expansion as well as the mechanical behaviour, was the
foundation for parametrising the model.

Material

As mentioned above, acrylic bone cements are mixed of
two components, a polymer powder and a liquid monomer.
The powder consists of spherical Polymethylmethacrylate
(PMMA) and co-polymerised Methylmethacrylate (MMA)
with a typical particle size of 50 um. To trigger the radical
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polymerisation, the powder contains dibenzoyl peroxide
(BPO) as an initiator and the liquid contains dimethyl-para-
toluidine (DMpT) as an activator, that form free radicals
when getting in contact with each other. For X-ray visi-
bility zirconium dioxide is added to the powder as well as
antibiotics and a dye for colouring. The liquid is mainly
composed of Methylmethacrylate. Other ingredients are the
activator DMpT, also a dye and small amounts of hydro-
quinone to avoid polymerisation of the liquid while stored.

When both components get in contact with each other, a
dissolution process starts. The initiator BPO and the acti-
vator DMpT form free radicals, that are tied by the
inhibitor hydroquinone first. After the complete amount of
hydroquinone is consumed, MMA molecules start to
adsorb to free radicals and build up polymer chains. The
chain growth stops whenever two growing ends of chains
meet. Osteopal V, a common bone cement applied in
vertebroplasty and manufactured by Heraeus Medical,
Germany, has been examined and characterised in this
study.

Experimental characterisation
Reaction kinetics

The thermophysical material properties of curing bone
cement depend primarily on the degree of cure i.e., on the
progress of the polymerisation, and on temperature.
Therefore, it is reasonable to investigate the curing reaction
at first. This was done by differential scanning calorimetry
(DSC), using sample weights from 5-8 mg in pierced
aluminium pans. A general view on the physical processes
taking place in a DSC-apparatus is given in [17]. Isother-
mal curing experiments of 1 h duration were performed on
a DSC 204 F1 Phoenix, manufactured by Netzsch, to
explore the reaction characteristics in the temperature
range from 15 °C to 65 °C. Figure 1 shows the specific
heat power of the specimens at different temperatures. It is
obvious, that higher temperatures accelerate the rate of
reaction.

During the experiments, an incomplete curing was
detected. This is due to the glass transition of the fully
cured material at approximately 105 °C, which is far above
the typical application temperature. For comparison the
glass transition temperature of the liquid cement is about
—50 °C and thus below the prescribed curing temperature.
The reaction comes to a stop i.e., the material vitrifies,
as soon as the glass transition temperature of the curing
bone cement rises above the constant curing temperature
[18-20]. To analyse this uncompleted curing, the sample
was cooled down by 15 °C, heated up to 150 °C and cooled
down to 20 °C three times, according to the temperature
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Fig. 2 Temperature profile of DSC experiments

profile in Fig. 2. Therewith it is possible to detect the
remaining heat of reaction that is not set free during the
isothermal phase. Figure 3 exemplary shows the DSC-
signal of the heating ramps in the non-isothermal part of
the calorimetric experiments (see also Fig. 2). Since the
second and third ramp are identical, the polymerisation is
finished after the first heating ramp. The remaining heat of
reaction can thus be interpreted as the area between the first
and the second heating ramp, assuming that the change of
the specific heat with respect to the degree of cure is
negligible. With the aid of this experimental data the
temperature-dependent reaction kinetics as well as the
enthalpy of reaction, including the phenomena of vitrifi-
cation, can be quantified. The interested reader is referred
to Kolmeder and Lion [21] for further details.

Specific heat

For thermomechanical finite element calculations the spe-
cific heat is an important material parameter. In general,
the specific heat depends on temperature, degree of cure
and on pressure, whereas the dependency on pressure is
neglected in this study and therefore the specific heat under
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Fig. 3 DSC-signal for heating ramps in the non-isothermal part of
the calorimetric measurements

constant pressure c,, is investigated. Differential scanning
calorimetry was used to determine the specific heat in
dependence on temperature for the uncured and the fully
cured state.

Before measuring the sample at least three baselines
were recorded to get accurate values. The DSC-signal of
the bone cement specimen were evaluated and compared to
sapphire standard measurements (see [22] for further
details). In order to get a non curing mixture of bone
cement and to measure the specific heat in the uncured
state, a monomer without activator was used. Figure 4
shows the experimental results of the specific heat capacity
measurements. In both cases, the specific heat capacity
rises almost linearly with increasing temperature and
shows nearly the same slope. The values for the cured state
show clearly a glass transition in the region around 105 °C,
which is conform with pure Polymethylmethacrylate.
Moreover, Fig. 4 displays a slightly higher specific heat
capacity for the uncured state compared to the cured state.
A measurement beyond 80 °C in the uncured state was not
possible, because polymerisation was thermally activated,
although a monomer without an activator was used.

The results shown above give information about the
initial and the final state of polymerising bone cement.
However, no information about the behaviour of the spe-
cific heat during the polymerisation process can be gath-
ered out of these experiments. Therefore, the temperature
modulated differential scanning calorimetry (TMDSC)
technique was used to investigate characteristics of the
specific heat during curing. This technique allows for
separating the heat power due to reversible and non-
reversible processes by superposing a harmonic tempera-
ture load to the usual temperature program. The interested
reader is referred to [23—-26] for further details.

TMDSC-Experiments were performed at 15 °C and
20 °C with a superposed harmonic temperature load during
the curing process. At higher temperatures the speed of the
reaction is that fast, that the requirement for accurate
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Fig. 4 Specific heat capacity of acrylic bone cement for the uncured
and the fully cured state
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Fig. 5 Specific heat capacity of acrylic bone cement during curing at
15 °C and 20 °C

evaluation of TMDSC experiments could not be achieved
any more. This requirement states, that the change in the
degree of cure is small within one period of the superposed
harmonic temperature load. An amplitude of 1 °C and a
period of 50s were found to be appropriate parameters for
the superposed harmonic temperature oscillation.

In Fig. 5 the course of the specific heat capacity is
shown for isothermal curing at 15 °C and 20 °C. Com-
paring it with the reaction kinetics in Fig. 1, one can
conclude that the specific heat capacity decreases with
proceeding polymerisation. Furthermore, the temperature
dependence of the reaction kinetics is visible in Fig. 5.
Owing to the increasing mean chain length the overall
mobility of the chains is handicapped. This phenomenon is
directly linked to the decreasing specific heat capacity and
thus to vitrification [2, 23].

Thermal conductivity
In addition to the specific heat capacity, thermomechanical

coupled material models also contain the thermal conduc-
tivity as a material parameter. Within this study the thermal
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Fig. 6 Thermal conductivity of fully cured acrylic bone cement

conductivity of fully cured bone cement was analysed by
means of a Netzsch LFA 427 Laser Flash apparatus in a
temperature range from 20 °C to 120 °C. Usually, the
thermal diffusivity is determined with the laser flash
technique. Thermal conductivity 1 and thermal diffusivity
a are connected via the following relation:

A= pcpa (1)

where p is the density (see Chemical shrinkage and thermal
expansion) and ¢, is the specific heat. For further details on
the laser flash method see [27]. Figure 6 displays the
results of the thermal conductivity measurement. In the
region from 20 °C to 80 °C the thermal conductivity
decreases almost linearly with increasing temperature. The
relative change in this temperature interval is less than
10%. The stronger decrease from 80 °C to 100 °C and the
increase above 100 °C can be explained by the glass
transition of the thermal diffusivity and the specific heat,
respectively. According to Risen and Schawe [28-30], the
determination of the glass transition temperature by dif-
ferent thermal analysis techniques leads to different values,
because the glass transition is a rate-dependent thermovi-
scoelastic phenomena [31].

So far no measurements were successful to determine
the thermal diffusivity in the uncured state or during the
curing process, because these techniques always base on a
heat input into the material and therefore influence the
reaction kinetics, which itself produces heat [32, 33].

Chemical shrinkage and thermal expansion

Like most curing polymers, acrylic bone cement shows
also a chemical shrinkage. This physical property as well
as the thermal expansion were measured using a self-built-
up volumetric dilatometer. A precision balance ME235P
from Sartorius was mounted over a Lauda cooling ther-
mostat RE207 as shown in Fig. 7 and both devices were
controlled by a computer routine. Using Archimedes
principle the volume and the density can be measured in a
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Fig. 8 Density of acrylic bone cement in the uncured and the fully
cured state

temperature range from 5 °C to 120 °C. For further infor-
mation on the device, sample preparation and measuring
principle the interested reader is referred to [21]. At first,
the thermal expansion behaviour of bone cement was
investigated in the uncured and the fully cured state. Again,
for the measurement in the uncured state, a monomer liquid
without an activator was used. Two important things can be
recognised in Fig. 8. First, the density in the fully cured
state is approximately 10% above the density in the
uncured state. That means the polymerisation process
effects a chemical shrinkage of about 10%. Second, the
thermal expansion i.e., the slope of the curves, is twice as
high for the uncured state compared to the cured state. In
addition, the density was also recorded for isothermal
curing processes at temperatures from 12 °C to 62 °C with
a step size of 5 °C. Figure 9 presents the density over time
during the above mentioned experiments. At the very
beginning i.e., up to 4 min, thermal expansion and chem-
ical shrinkage are superposed, because the specimen was
prepared at room temperature and the cooling thermostat
was preconditioned at the test temperature. Nevertheless, it
can be seen clearly that the shrinkage in volume follows the
characteristics of the reaction kinetics. The density distri-
bution at the end of the experiment is not only caused by
the thermal expansion at different temperatures, but also
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Fig. 9 Density of acrylic bone cement during isothermal curing
processes at different temperatures

due to different degrees of cure due to incomplete poly-
merisation. On closer examination of Fig. 9 it can be seen,
that the density is still rising after the material has been
vitrified and the reaction is already diffusion controlled.
The interested reader is refered to [21], where chemical
shrinkage is compared with reaction kinetics of the
examined material. For a deeper understanding of this
delay of the shrinkage on the chemical conversion on
basis of a kind of viscoelastic creep recovery response
Maffezzoli and Terzi [34] as well as to Micelli and
Maffezzoli [35] discuss these effects in detail.

Mechanical behaviour

A major challenge is the determination of the thermome-
chanical material behaviour, because acrylic bone cements
undergo a phase transition from a viscoelastic fluid to a
solid during polymerisation. That means that the mechan-
ical material parameters vary within several orders of
magnitude. In order to characterize the thermomechanical
behaviour of curing materials, rheometers and especially
rotational rtheometers have turned out to be most appro-
priate [36, 37].

In this study a temperature controlled AR G2 Rheometer
from TA Instruments, equipped with parallel plates of
8 mm in diameter, was used to investigate the thermovi-
scoelastic behaviour. The bone cement was brought in
between the two plates, whereas the bottom plate is fixed
and a harmonic torsional load was applied to the top plate.
The torque response of the material is also harmonic but
phase shifted with respect to the excitation. A distance of
1 mm between both plates was adjusted at the beginning of
the experiment. But since the bone cement shrinks with
proceeding polymerisation, the distance also decreases.
Knowing the geometry as well as the loading and the
response, the complex shear modulus, as well as its real
part, the storage modulus, and its imaginary part, the loss
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Fig. 11 Loss modulus of curing bone cement at a frequency of 1 Hz
at different temperatures

modulus, can be calculated. For further details the inter-
ested reader is referred to [38]. Experiments were per-
formed in a temperature range from 15 °C to 40 °C, in a
frequency band from 1 Hz to 40 Hz and with a shear
amplitude of 0.1%. The upper limit of the temperature
range was 40 °C, because the sample started to polymerize
during the preparation on the preconditioned plates at
higher temperatures. The frequency band was limited by
not getting enough data points at low frequencies (one data
point per period only) and by the moment of inertia of the
rheometer at high frequencies. Moreover, the shear
amplitude was limited by the maximum detectable torque
of the rheometer.

Figures 10 and 11 show exemplary the curves of storage
and loss modulus during isothermal curing experiments at a
frequency of 1 Hz and at different temperatures. Again, in
both diagrams the influence of the temperature-dependent
reaction kinetics is evident. Higher temperatures provoke a
higher final storage modulus. This leads to the conclusion
that the major degree of cure at higher temperatures has a
greater influence than the softening due to higher
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temperatures. The maxima in the loss modulus curves
indicate the transition into the glassy state.

Material modelling

On the basis of the gathered thermophysical material
properties in Experimental characterisation a material
model is presented in this section, that is able to represent
the thermomechanical-chemical coupling. This model was
originally developed by Lion and Hofer [16] to describe the
material behaviour of curing resins. Some minor modifi-
cations were made to the model to adapt it to acrylic bone
cement material. Implemented in a finite element code the
model is capable to solve for inhomogeneous temperature,
degree of cure and stress fields, whereas the thermal,
chemical and mechanical problem are mutually coupled.

These three different phenomena, that interact with each
other, are pictured in Fig. 12. Since the polymerisation is a
kind of driving force for all the other material parameters,
it is reasonable to model the reaction kinetics first.

Reaction kinetics

For curing polymers it is common to define the degree of
cure ¢(?) as the relation of the cumulative released heat of
the polymerisation H(f) with respect to the total reaction
enthalpy H,,.

I’g:) with H(r) = / (%)df 2)

0

q(t) =

% is the heat power of the reaction at time 7. An
appropriate model to describe the progress of polymer-
isation of bone cement is the single step evolution equation
introduced by Kamal and Sourour [39, 40]. The calculation
of an induction time, as proposed by Maffezzoli an others
[2, 41, 42], was neglected, since bone cements, that are

designed especially for vertebroplasty, show a very
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spontaneous reaction behaviour and, hence, most of the
induction time is consumed by the sample preparation time.
To account for incomplete curing i.e., the vitrification, due
to diffusion control, it is necessary to extend the original
evolution equation by a diffusion coefficient fp, which was
proposed by Fournier [43].

dq

7 (K1 + K> - ") (1 - 9)'fo(q) 3)

with

2
= |—F=—1 4
fD(q) |:1 + exp(qumd) :| ( )
K, and K, are temperature-dependent material parameters
that show an Arrhenius behaviour:

—-E\ .
K; = Kjpexp (ﬁ) i=1,2 (5)

The parameters Ko, K>9, E1 and E; in Eq. 5 have to be
fitted to the experimental data in Reaction Kkinetics.
R = 8.314 J/molK is the universal gas constant. o, 5 and
b in Egs. 3 and 4 are further material parameters and g.,,; is
the maximum degree of cure that can be attained at a
certain curing temperature. Some studies (see for example
[2, 3, 41, 42]) omit the parameter K;. However, they have
to prescribe ¢ # 0 as an initial condition. The dependence
of the maximum degree of cure on the curing temperature
is calculated with means of a modified DiBenedetto
equation (see [2, 18, 20]), which is only valid in the
application temperature range of acrylic bone cements i.e.,
15 °C to 80 °C:

Tg(‘l) —Tgo _

Kqg+ & 6
T T "4 (6)

T,(g) is the glass transition temperature at a degree of
cure g, Ty is the glass transition temperature at a degree
of cure ¢ = 0 and T, is the glass transition temperature at
a degree of cure ¢ = 1 in Eq. 6. x and ¢ are further material
parameters. Rearranging of Eq. 6 leads to:

f(1) =¢

Gend = e (7)
with
and
Ty(Gena) = Tiso + AT )

For isothermal polymerisation below the maximal
attainable glass transition temperature T, ; of the fully
cured bone cement, a glass transition temperature of
To(gena) is reached. This glass transition temperature

Poc
L p
\_F/

Fig. 13 Multiplicative split of the deformation gradient in a
mechanical and thermochemical part

To(gena) is approximately AT = 20°C higher than the
isothermal curing temperature T, [18, 20]. For further
information the interested reader is referred to [21].

Decomposition of the deformation gradient and the free
energy

The basic idea of the material model is to distinguish
between pure mechanical-induced strains i.e., caused by
external forces, surface forces or body forces, and strains
that are induced only by thermal expansion or chemical
shrinkage. Therefore, the deformation gradient is split into
a mechanical and a thermochemical part, according to
Fig. 13 and Eq. 10.

F =FyFyc (10)

The free energy is chosen as thermodynamic potential
and is additively split into a mechanical and a thermo-
chemical part.

Y=Yyt (11)

Enthalpy of reaction and specific heat

For representing the thermochemical properties of curing
materials usually the enthalpy is taken as a thermodynamic
potential, because calorimetric measurements are usually
performed at constant pressure. In general, the enthalpy of
a curing material is a function of stress T, temperature 0
and degree of cure g

h = h(T,0,q) (12)

In the following, the dependence of the enthalpy on stress
will be neglected i.e., at first only states under constant
stress (T = 0) and therefore only the thermochemical part
of the enthalpy will be considered. The complete material
model accounts for this dependence in the mechanical part
of the free energy ,, (see Equation of heat conduction).
These considerations yield for the rate of enthalpy

Oh. Oh,

This rate of enthalpy can be registered by differential
scanning calorimetry. The experiments in Reaction kinetics
and Specific heat suggest to model the enthalpy linearly
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dependent on the degree of cure and quadratically on
temperature:

h(0.q) = hp(0)(1 — q) + hs(0)q (14)
he (0) = hro + ar (0 — o) +%bp(6— 00)? (15)
hs(0) = hso + a5(0 — ) + 3 bs(0 — 0o (16)

Herein Ay is the enthalpy of the uncured and hg the
enthalpy of the fully cured material. hgo, hso, ar, as, br
and bg are material parameters to be identified. Therewith
the enthalpy of reaction of a completely proceeded
polymerisation is:

Ah(0) = hs(0) — hr(0) = hso — hro + (as — ar)(0 — Oo)
+%(bg—bF>(9_QO)2 (17)

The difference hgy — hpg can be determined from
calorimetric measurements, if the degree of cure is
known. For identifying the other material parameters the
measurements of the specific heat are more appropriate
(see Specific heat). The specific heat at constant pressure
(T = 0) is defined as:

oh
Cp I:@ (18)

Using the Eqgs. 14, 15 and 16 the specific heat adds up
to:

oh oh

cp(&q):a—g(l —q)+6—;q (19)
=ch(0)(1—q) +c3(0)q
oh

ch(0) = a_()F = ap + bp(0 — 0p) (20)
oh

cS(0) :a—gzangbS(@—Go) (1)

Equations 17 and 19 show that a dependence of the
specific heat on the degree of cure (i.e., cj, # c,) involves a
dependence of the enthalpy of reaction on temperature.

Thermal conductivity

The experiments in Thermal conductivity propose a line-
arly dependent modelling of the thermal conductivity A
within the temperature range from 20 °C to 80 °C

2(0) = 2o + ¢;(0 — o) (22)

Whereas Jg and c; are material parameters to be
identified. The modelling of the thermal conductivity can
be extended similar to the characterisation of the specific
heat in Eq. 19 when the influence of the degree of cure on
the thermal conductivity is known.
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Chemical shrinkage and thermal expansion

Acrylic bone cement is an isotropic material. Therefore, the
following function is chosen for the thermochemical part of
the deformation gradient:

Foc = ¢(0,9)'°1 (23)

The function ¢ describes the volumetric strains with
respect to temperature and degree of cure. The results from
Chemical shrinkage and thermal expansion motivate a linear
dependence of density on degree of cure and temperature. In
addition, the coefficient of linear thermal expansion should
also change with proceeding polymerisation. For simplicity,
the phenomen of volume relaxation recovery (see [34, 35]
has been neglected. This leads to the following equation for
the description of thermal and chemical strains:

@(0,9) =1+ ({+ Alg(1))(0 — Oo) + £q(1) (24)

Herein ( is the coefficient of linear thermal expansion in
the uncured state, A{ is the change of the coefficient of
linear thermal expansion from the uncured to the fully
cured state and ¢ is the chemical shrinkage. These
coefficients have to be adapted to experimental data.

Mechanical behaviour

The basis for modelling the mechanical material behaviour
is the mechanical deformation gradient F,, that can be
derived by combining Eqgs. 10 and 23 as:

1
Fy=—F (25)

1/3
0(0,9)"
In a first approach bone cement is modelled
mechanically incompressible in this study. Hence, the
determinant of the deformation gradient reads as:

detFy =1 (26)
and the Cauchy stresstensor T is given by:
T=-pl1+S (27)

S is the deviatoric stress that has to be evaluated by
means of constitutive relations, and —p1 is the resulting
volumetric stress, because of incompressibility. As the
rheologic experiments indicated a viscoelastic material
behaviour, a constitutive relation of finite viscoelasticity is
used for the deviatoric stress part. The rheological
behaviour of a Maxwell element is the basis for the
constitutive law. In order to represent the actual material
behaviour more accurately, not only one Maxwell is used
but a chain of parallel connected elements according to
Fig. 14.

Hence, the constitutive relation between stress and strain
reads as
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Fig. 14 Chain of Maxwell elements
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S=—>"8 (28)
?i=

v 1

Sk = 2priy Dy — aSk (29)

Whereas pr is the density of the reference
configuration, y;, are the elastic parameters and 7; the
element-specific relaxation times that have to be
determined from the experimental data in Mechanical
behaviour. Usually, the viscosity n; = T is introduced to
replace the relaxation times t;,. The mechanical strain rate
tensor D, is defined as:

1,. .
Dy =5 (FuF, +Fy 'Fy) (30)

v
The expression Sy corresponds to a covariant Oldroyd
derivative (see [44-46]) of the deviatoric stress and is
calculated with the definition of the velocity gradient L,,

(Ly = FyF;}) as follows:
v .
Sk = Sk — LySi — SiLj, (31)

To take into account the temperature and degree of cure
dependence of the material behaviour a non linear temperature
and degree of cure-dependent viscosity function is introduced:

e = (0, 9) (32)

Equation of heat conduction

The equation of heat conduction is an essential part in the
presented model. For inhomogeneous problems mechanical
dissipation as well as exothermal reaction lead to temper-
ature increase. Furthermore, mechanical properties and the
reaction kinetics are highly temperature sensitive.

Since the free energy is used as thermodynamic poten-
tial for the material model, but in the thermochemical part
of the model only the enthalpy is present, a conjunction has

to be established for these thermodynamic properties.
Therefore the first law of thermodynamics is evaluated to
derive the equation of heat conduction.

pré = —divq + T -E + pgr (33)

pr is the mass density of the reference configuration, é is
the rate of internal energy, q is the heat flux vector and
r volumetric distributed heat sources or sinks. The stress
power T-E, the scalar product of the second Piola
Kirchhoff stresstensor T and the time derivative of the
Green straintensor E (see [44, 45]) can be calculated from
the constitutive material functions in Eqs. 10 and 27.
Volumetric distributed heat sources are not present in the
observed curing reaction (r = 0). To calculate the heat flux
vector Fourier’s law of heat conduction is used:

q = —/grad 0 (34)

Under consideration of Eq. 11 and the Legendre
transformation e = y + 0 s (see also [47, 48]) as well as
the split of the entropy in a mechanical and a thermochemical
part s = sy + Sp ¢, the rate of the internal energy é is given
by:

¢ = (ay + Yoc + Osar + Osoc + Osu + 05oc) (35)
Furthermore, for the entropy s is valid:
oy
=—=5 36
20 (36)

and therefore the rate of thermochemical entropy soc reads
as

azlﬂec 0— azlﬁecq-
00* 000q

§oc = — (37)

with sgpc = soc(6,g) and the rate of the thermochemical
free energy l'ﬁgc reads as

Wy i+ alﬁoc@

l//9C - aq 00

(38)

with ¥y = Yyc(0,g) and under consideration of Egs. 36,
37 and 38, the rate of internal energy is given by

S — (1 : MYge, O AW
é= Yy +0Osy+6sy)—0 60g09+aq<¢9(j_0 agc)q

(39)

Equation 39 can be further summarized if the relation
h=1yy c— 0 sy ¢ (h=hyc) (see also [47, 48]) and the
definition (18) are considered and reads as

. ) .o
é= (Yuy + Osy + Osy) —c,,0+a—qq (40)

The mechanical part of the free energy can be calculated
directly from the relaxation functions (see [49, 50])

@ Springer
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Z N d 1 T T T T T
=— exp % — tr(ey)ds 41
Y / ;uk p % rr(ew) (41)
—00 -

Whereas #r(e,,) is the trace of the mechanical part of the % —15°C
Piola strain tensor. Therewith, all physical variables to 5 :§§ 8
solve the equation of heat conduction, are known. < —gg g

[ —_— o)
e —40°C
—45°C
. . . 50°C
Parameter identification 55°C
60°C
. . . . . 65 OC
The developed material functions in Material modelling 0 0 20 2 n o 50

were adapted to the experimental data sets presented in
Experimental characterisation by deterministic methods
that are available in the program package MATLAB. In
particular, the non linear least square algorithm “Isqnon-
lin” was used.

Reaction kinetics

As the degree of cure acts as an internal variable in the
material model, the evolution Eq. 3 has to be identified
first. The results of the identification of the evolution
equation can be seen in Table 1 and Fig. 15.

Enthalpy and specific heat

In chapter 4.3, it was shown that the dependence of the
specific heat on the degree of cure has a direct impact on
the dependence of the reaction enthalpy on temperature.
The parameters ar, as, br- and bg (see Egs. 20 and 21) could
be determined very accurately from measurements of the
specific heat in the uncured and the fully cured state (see
Fig. 4). The reference temperature 6, was chosen to be the
body temperature of 37 °C. Table 2 shows the identified
parameters.

Table 1 Identified material parameters of the kinetic evolution
equation

Parameter Identified value

K 2.5021

& 1.3592

Teo —50 °C

T, 105 °C

Ko 1.792 x 10"

Ko 3.234 x 10°

E, 7.964 x 10* J/mol
E, 4.571 x 10* J/mol
o 2.05

B 0.95

b 0.1917

@ Springer

Curing time/min

Fig. 15 Adaptation of the progress of the degree of cure of acrylic
bone cements; Measurement(—) and simulation (- -) with identified
parameters

Table 2 Identified material parameters of the constitutive equations
for enthalpy of reaction and specific heat

Parameter Identified value
ag 1.226 J/gK

b 0.003288 J/gK>
as 1.112 J/gK

bs 0.003011 J/gK>
hso — hro —100 J/g

The comparison between measurement and simulation
with the identified material parameters for isothermal
polymerisation, using the example of specific heat and heat
release, is shown in Figs. 16 and 17, respectively.

Thermal conductivity

According to Eq. 22, the temperature dependent thermal
conductivity has been adapted to experimental data in the
relevant temperature interval from 20 °C to 80 °C. Table 3
displays the identified parameters for a reference temper-
ature of 37 °C.

Chemical shrinkage and thermal expansion

In order to determine the material parameters of Eq. 24, that
describes thermal strains due to chemical shrinkage and
thermal expansion, measurements of density in the uncured
state (see Fig. 8) and shrinkage measurements during iso-
thermal polymerisation (see Fig. 9) were used. Because
isothermal curing measurements showed a temperature
compensation during the first 4 min, these values were not
considered for parameter identification. Table 4 shows the
identified parameters. Figure 18 compares measurement
and simulation of thermochemical strains during isothermal
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Specific heat capacity/J g’1 K
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Curing time/min

Fig. 16 Comparison between measurement and simulation of spe-
cific heat capacity for isothermal polymerisation; measurement (—)
and simulation (- -) with identified parameters

1
kN
o

Heat release/J g_1
|
3

-80

~100 i i i i i
0 10 20 30 40 50 60

Time/min

Fig. 17 Comparison between measurement and simulation of
released heat for isothermal polymerisation; measurement (—) and
simulation (- -) with identified parameters

Table 3 Identified material parameters of the constitutive equation
for thermal conductivity

Parameter Identified value
o 0.2788 W/mK
s —0.000423 W/mK?

Table 4 Identified material parameters of the constitutive equation
for chemical shrinkage and thermal expansion

Parameter Identified value
{ 0.000928 1/°C
AL —0.000367 1/°C
g —0.090602

polymerisation. The results of the parameter identification
evidence that the thermochemical material behaviour can be
well described by using the degree of cure as an internal
variable.

0.02

-0.02

-0.04

Volumetric strain

-0.06

-0.08

Time/min

Fig. 18 Comparison between measurement and simulation of ther-
mochemical strains during isothermal polymerisation; measurement
(—) and simulation (- -) with identified parameters

Table 5 Identified material parameters for thermomechanical evo-
lution equations

Parameter Identified value

Mo 1.0129 x 10" m%s®
120 1.1654 x 10" m?%s’
3.0 5.8647 x 10'7 m%/s®
4.0 8.7731 x 10'® m%s?
1150 3.4562 x 10" m%/s®
16.0 8.7150 x 10" m%s*
170 2.1076 x 103 m%/s®
18,0 8.5948 x 10'? m%s*
9.0 3.7677 x 10'? m%/s®
10,0 1.4080 x 10'* m%s?
Mio 3.1222 x 10" m%s®
M2.0 1.6082 x 10" m?%s*
N30 5.8926 x 107 m%/s*
Mao 32149 x 10° m%/s*
M50 2.6234 x 10° m%/s*
W 157.0083 m?*/s?

s 260.4786 m?/s?

U3 432.1372 m?%s?

a 716.9209 m?/s?

Us 1.1894 x 10° m%s?
e 1.9732 x 10° m%s?
17 3.2736 x 10° m%/s>
s 5.4309 x 10° m?/s*
o 9.0099 x 10° m?/s*
o 1.4948 x 10* m%s?
Mt 24798 x 10* m%/s?
U2 4.1140 x 10* m%s?
U3 6.8252 x 10* m%/s?
s 1.1323 x 10° m?/s*
Ui 1.8785 x 10° m%/s?
a, 0.00944 1/°C>

b, 0.5184 1/°C

a, 0.029 1/°C

b, 0.4943

Co 14.49

@ Springer
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—15°C
—20°C
—25°C
_300C._.
35°C
37°C
40°C

o
5 10 15 20 25 30 35 40 45 50 55 60

Curing time/min

Storage modulus/Pa

Fig. 19 Comparison between measurement and simulation of storage
modulus during isothermal curing at different temperatures and at a
frequency of 1 Hz; measurement (—) and simulation (- -) with
identified parameters

Thermomechanical behaviour

An appropriate linearisation of the constitutive material
functions (see [15]) leads to explicit Eqs. 43 and 44 for
storage G’ and loss modulus G of the complex shear
modulus G* = G’ + iG” for mono frequent harmonic loads
with a frequency of f = 2no.

=G (w,q,0)Ay (42)

o = LN PO/ )" (3
- 2
P i= (om /)" +1

o — LN Pt/ ) (44)

= 2
i (on /)" +1

The viscosities 7, are dependent on the degree of cure
and temperature, as indicated in Eq. 32:

M = Mioq"’10" (45)
Herein v and 1 are functions of temperature

0(0) = a,(0 — 09)” + b,(0 — 0p) + ¢, (46)

1(0) = a,(0 — 0p) + b, (47)

The constitutive Eqgs. 43, 45, 46 and 47 were identified
for a number of k = 15 Maxwell elements, using the
experimental data from Fig. 10. Table 5 displays the
identified material parameters. Figure 19 and 20 show
that the thermomechanical material behaviour during
polymerisation can be represented well by the presented
model. As only the storage modulus is considered in the
least square function, the deviation between measurement
and simulation of the loss modulus is quite high. An
increase in the number of Maxwell elements probably leads
to an improvement of the adaptation.

@ Springer

Loss modulus/Pa
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5 10 15 20 25 30 35 40 45 50 55 60
Curing time/min

Fig. 20 Comparison between measurement and simulation of loss
modulus during isothermal curing at different temperatures and at a
frequency of 1 Hz; measurement (—) and simulation (- -) with
identified parameters

Conclusions

A detailed experimental characterisation of the thermo-
physical properties of a curing commercial acrylic bone
cement was performed within the temperature range rele-
vant for application. On the basis of this experimental data
pool a three dimensional model for curing resins was
adapted and the material parameters were identified. The
model is able to represent all observed thermochemical and
thermomechanical effects. Especially the incomplete cur-
ing due to diffusion control and the chemical shrinkage
during the polymerisation is taken into account. Moreover,
the mechanical behaviour is modelled viscoelastic and the
thermodynamic properties specific heat capacity and
enthalpy are modelled to depend on both, temperature and
degree of cure. However, the thermal conductivity needs to
be measured in the uncured state and during polymerisation
to calculate accurate temperature distributions. Aside, the
representation of the loss modulus in the thermomechanical
behaviour can be improved.

Further steps are the implementation of the presented
model into a finite element code to calculate temperature
distributions, inhomogeneous field of degree of cure and
mechanical stresses. Moreover, the model should be cali-
brated on example problems, where both, experimental and
numerical results, are compared. The goal is to apply the
model on complex geometries like they appear during the
thermal setting of acrylic bone cements in the vertebro-
plastic process. In combination with a parameter study
these simulations can help to avoid failure and potential
risks that are always associated with such a minimal
invasive surgery. In addition, a deeper understanding of the
processes itself, that takes place within the human vertebra
during vertebroplasty, can be attained.
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