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Materials

AbstrAct

Purpose: The article presents the results of simulations and material-related investigations for bone cement used 
for alloplasty of hip joint. Mechanical properties of bone cements are of key importance for a successful surgery 
and further use of the joint as well as its behaviour during complex load which appears during patient’s walk.
Design/methodology/approach: One of the methods of thermal analysis for polymeric materials has been 
used for investigations. DMTA method is based on the analysis of the signal (reaction) from the deformed 
material under particular conditions, at the changeable ambient temperature as well as frequency and amplitude 
of vibrations. DMTA thermograms give information on change in storage modulus E’ and the mechanical loss 
factor tgδ, which is responsible for dissipation of energy during deformation.
Findings: During simulation investigations ADINA engineering environment has been used; it enabled, at the 
assumed boundary and initial conditions, to assess the stress which appears in individual cross-sections of the 
analysed bone and the implant fixed by means of bone cement. During the analysis the cross-sections have been 
presented and the values of the stress which appears in individual zones have been determined.
Research limitations/implications: Due to high complexity, only the results of simulation software have been 
used, clinic trials will be possible not before thorough check and analysis of the obtained results.
Practical implications: Practical application of the results of the investigations described in this paper will be 
possible after long and comprehensive clinical trials.
Originality/value: Original value of this paper are the results of tests since such an analysis has never been 
conducted by scientific environment working on this subject.
Keywords: Biomaterials; Mechanical properties; Numerical techniques; DMTA method

1. Introduction 

Polymethylmethacrylate (PMMA) bone cement has been 
widely used for prosthetic fixation in orthopaedic surgery. Among 
the zones that include prosthesis-bone cement-bone, the interface 
between bone and PMMA bone cement is known as one of the 
weak-link zones, because conventional PMMA bone cement is 
unable to bond to living bone [1]. Though immediate fixation of the 

prosthesis is an advantage in this method, shrinkage of the cement 
during polymerisation could influence loosening of the prosthesis. 
Minimizing gaps between the hard tissues and the prosthesis is 
important for long-term fixation of the prosthesis [2]. The long-term 
stability of cemented implants is affected by the inherent stability of 
the cement mantle, the bond strength between cement and bone as 
well as by the stability of the PMMA-metal interface [3,4]. The 
inherent strength of PMMA cements has been increased by the 
improvement of the mixing and application technology (vacuum 
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mixing, cement pistol) [5], as well as by a compression of the 
cement paste after filling the femur [6]. The Young's modulus of the 
prosthesis material is a critical design variable because, for a given 
stem geometry design, it largely determines how the load is 
transferred, via the cement, to the bone [7]. The finite element 
stress analysis technique can be used to optimise both design and 
materials selection in many load-bearing components. Three-
dimensional finite element models for a femur implanted with a 
cemented prosthesis were constructed with a representative 
physiological loading condition. The effect of prosthesis Young’s 
modulus and cement Young’s modulus on stresses in the 
prosthesis stems and cement layer was studied [8]. 

2. Material and methods
CEMEX RX acrylic cement by Tecres Spa has been used for 

investigations. The specimens were prepared according to the 
manufacturer’s suggestions, with appropriate proportions between 
polymers and monomers. The preparation process was carried out 
under the same conditions of polymerisation, storage and strength 
tests [9]. Cubicoid samples with dimensions of 3x3x50 [mm], 
were then tested in order to determine the dynamic properties by 
means of DMTA method, thus to determine the storage modulus 
E’ and the mechanical loss factor tg , responsible for dispersion 
of mechanical energy. 

Tests were carried out within the range of temperature from -
50°C to 120°C, with the frequency of sinusoidal vibrations of 1 
and 20 Hz, amplitude of 120um and the heating rate equal 
2°C/min. The investigations were performed by means of DMA 
242C device by NETZSCH.  

F, Fx, Fy, F 

F

Fig. 1. Femoral bone load chart a) variability of the value of 
strength during the phase of walk, b) putting strength by the 
displacement during the phase of walk, c) resultant of strength 
[15-17] 

The investigations were conducted in order to assess the 
changeability of the storage modulus as a function of 
temperature and vibration frequency and to determine the 
changeability of mechanical loss factor as a factor which 
impacts vibrations damping and thus as a variable which 
describes dissipation of energy during load. 

During numerical calculations, the bone cement was modelled 
as a linear-elastic element with isotropic strength properties. 
Thickness of the layer of cement which binds the femoral bone 
with the prosthesis changed according to the previous 
assumptions [10, 11]. For the part close to the bone, the layer of 
cement was 3÷5 [mm], in the farther part, in the area of the stem 
tip 2÷3 [mm] [12]. Discrete model of bone-cement-implant 
arrangement was made of 84435 elements with cubicoid shape of 
3D Solid type, determined on the basis of 81171 nodes, whereas 
PMMA was determined on the basis of 16640 elements. For the 
bone cement the mechanical properties were assumed according 
to the results of empirical investigations in Fig. 1. 

Numerical tests have been conducted on the basis of ADINA 
System 8.1 [14] software using finite elements method [15]. 
Model of load for the femoral bone was assumed according to the 
active load model with consideration of human walk profile in the 
Fig. 1 [16-22]. 

3. Results of DMTA methods research 
As a result of the investigations by means of DMTA method, 

the profiles of storage modulus E’ and mechanical loss factor 
have been determined for the tested material. Figure 2 presents 
the results in form of thermograms of the changes in these values 
as a function of temperature. 

Fig. 2. DMTA thermogram for CEMEX RX 

For the analysed cement it can be found that E’ value 
decreases with the increase in temperature, whereas higher values 
of the storage modulus were obtained for higher values of the 
frequency. At the temperature of cement application (37-41°C) 
the E’ value amounts ca. 3700 MPa, whereas the value of 
tg damping factor fluctuates around 0.12. Not before exceeding 
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80°C the sharp increase in damping factor can be found and for 
low frequencies at the temperature of 100°C it reaches even 0,5.  

4. Simulation tests results

On the basis of the numerical analysis it can be found that a 
change in strength parameters of the bone cement has little effect 
on the change in femoral bone load after total alloplasty of the hip 
joint. Fig. 3 presents the nature and the value of the reduced 
stresses in femoral bone with the load according to first phase of 
walk at the moment of leg touching the ground. For such a bone-
cement-implant arrangement the value of strength parameters has 
been assumed according to Chart 1 for the temperature of 37°C. 

Fig. 3. Load of femoral bone at the PMMA strength parameters at 
the temperature of  37°C. 

Change in PMMA strength parameters at the local change in 
the temperature up to 410C shows insignificant change in femoral 
bone stress, which is presented in the Fig. 4. For the first analysed 
zone a 5% drop in stress has been found, whereas for the second 
and third zones the values of stress decrease by 2% and 1.5%, 
relatively. Such a slight decrease in femoral bone load after 
alloplasty, which results from the change in cement strength 
parameters, should not affect bone remodelling.  

More alarming seems to be significant increase in bone 
cement stress, which can cause the PMMA microcracks and, 
consequently, to crumbling and destruction. Maximal value of 
reduced cement stress during work at 37°C amounted to 7,521 
[MPa] Fig. 5, whereas change in temperature up to 41°C causes 
the increase in reduced stress by over 25% up to the value of 
9,427 [MPa] Fig. 6. 

Fig. 4. Femoral bone load with the PMMA strength parameters at 
the temperature of 41°C.

Fig. 5. Value of effective stress for bone cement at the temperature 
of 37°C

5. Conclusions 
On the basis of the investigations it can be found that the local 

increase in temperature of acrylic cement can significantly cause 
the destruction of cement layer and loss of stability of the stem in 
bone. The increase in temperature causes politicisation of the 
bone cement and local increase in bone cement load as well as 
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insignificant drop in bone stress. For the PMMA composition 
given by the manufacturer, a value of E’ changes insignificantly 
by ca. 250 MPa (from 3750 to 3500 MPa), whereas damping 
factor for this work range for the cement shows little increase for 
the frequency of 20Hz. 

Fig. 6. Value of effective stress for bone cement at the temperature 
of 41°C
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