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40-160 µm i udziale masowym od 1,6% do 3,1%, 

 

 

 

Przeprowadzono badania procesu polimeryzacji 

cementu niemodyfikowanego oraz modyfikowanego 

-

promieniami RTG w warunkach takich, jak w czasie 

-

cyklowego cement na osnowie PMMA modyfikowany 

-

 

-

 

mikroskopowych preparatów histologicznych pobra-

-

-

fizyczna cementu chirurgicznego poprzez zasto-
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This paper focuses on the issue of modification  

of PMMA-based surgical cement with glassy carbon 

in the form of powder with 40-160 µm granulation, 

in the amount of 1.6-3.1 w/w %, originally in order 

to lower the polymerization temperature, and then 

to increase the durability of cement in the organism 

environment and to improve biological properties of 

the cement-bone interphase boundary. Examinations 

were conducted of the polymerization of both unmodi-

fied and modified cement. Simulating a load of cement 

when the human gait, as well as the impact of the 

environment of the body, low cycle fatigue tests were 

carried, using the unmodified and modified cement 

samples in the initial state, aged in Ringer’s solution 

and after irradiation with X-RAY. Cement doped with 

glassy carbon was implanted into femoral bone of 

experimental animals (rabbits).

Under low-cycle fatigue conditions the PMMA-ba-

sed cement modified with a glassy carbon additive 

showed a lower cyclic creep rate compared to cement 

with no additive. After ageing in Ringer’s solution 

and X-ray exposure the cement modified with glassy 

carbon retained its viscoelastic properties to a larger 

degree than the cement with no additive. Therefore, 

the glassy carbon additive limited the progress of the 

ageing process of surgical cement. The results of 

microscopic examinations of histological specimens 

extracted from laboratory rabbits implanted with ce-

ment modified with glassy carbon did not reveal any 

properties which would indicate increased intensity 

of pathological processes. A physical modification 

of bone cement by using a glassy carbon additive 

caused a decrease in the maximum temperature  

of polymerizing system.

Keywords: surgical cement; glassy carbon; low cycle 

fatigue; polymerization temperature
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kompozytem polimerowym, jest nadal podstawowym ma-

 

w Wielkiej Brytanii, Szwajcarii, Niemczech i USA [1,2]. 

Wytwarzanych jest wiele gatunków cementów, z których 

formowane w czasie operacji z mieszaniny sproszkowanego 

metylu (MMA), a niekiedy jego mieszanina z innymi mo-

nomerami akrylowymi. Cement kostny, jako kompozyt 

-

Cementom akrylowym stosowanym w ortopedii sta-

 

-

-

 

-

-

-

-

 

-

 

-

-

 

Based on an analysis of the results of laboratory and clini-

cal studies in the area of biomaterials used in orthopaedics 

it can be stated that bone cement, which is a polymeric 

-

doprostheses, especially in elderly patients. Bone cement 

is produced by various companies, among others from the 

United Kingdom, Switzerland, Germany and USA [1,2]. 

Numerous cement grades are produced, most of which are 

self-polymerizing acrylic masses formed during a surgery 

from a mixture of a powdered polymer and liquid monomer. 

The polymer ingredient is usually polymethyl methacrylate 

(PMMA). The liquid monomer constituent is usually methyl 

methacrylate (MMA) and sometimes its mixture with other 

acrylic monomers. Bone cement, as a polymer composite, 

contains in its chemical composition additives which perform 

modify its properties. The properties of cements are deter-

mined by their chemical composition, types of base materi-

als, the method of forming and the course of polymerization 

which takes place in the osseous bed [1-8]. 

Requirements to be met by acrylic cements applied in 

orthopaedics include: elasticity similar to bone elasticity, high 

fatigue strength, resistance to cracking, vibration damping 

capacity, abrasive resistance and biotolerance; they should 

ensure compliance with appropriate biofunctionality require-

ments set to an implant in the human organism. Cements 

applied in bone surgery do not meet these requirements 

of endoprosthesis stems cemented into the marrow cavity 

is explained by low fatigue strength of the cement, its low 

cracking resistance and high brittleness [9]. At the point of 

contact of the endoprosthesis stem – cement – bone sys-

tem micromovements occur which lead to the formation of 

micro-spall cement particles [10], which in turn may cause 

bone osteolysis and wear of polyethylene acetabular cups. 

If cement particles formed due to spalling or erosion get 

between friction surfaces of a joint, its severe wear may oc-

compatibility, susceptibility to degradation and high curing 

temperature which causes thermal damage to tissues.  

Cement polymerization occurs along with volume contrac-

tion resulting from the difference between the density of the 

polymer and the monomer. High curing temperature also 

causes the formation of monomer vapours in the vesicle 

mass and an increase in the volume of the air vesicles 

trapped in that mass during the mixing of ingredients. These 

factors cause polymerization shrinkage of the material  

(1-5%) and its porosity (1-10%), which may lead to loosen-

ing the contact between the cement and the bone, thereby 

The directions of improvement of the functional proper-

ties of surgical cements come down to changes in their 

physicochemical and mechanical properties through  

to improve biotolerance, cements are being developed 

with a decreased percentage fraction of the methyl meth-

acrylate (MMA) monomer compared to standard ones. 

Attempts are also being made to replace it with poly(ethyl 

methacrylate). For example, a lower setting temperature 

of the new Boneloc cement, compared to the setting tem-

perature of the Palacos cement, was obtained in this way, 

however at the expense of lower strength properties [13].  
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polimerowym, jak np. cement fosforanowy [14], czy wapnio-

-

akrylowego poprzez wprowadzanie do niego domieszek, 

i aramidowe, stalowe i tytanowe lub proszek apatytowy  

i tworzywo szklano-ceramiczne (witroceram) [6,7,11,16,17]. 

-

zastosowania klinicznego [17]. 

-

PMMA, stosowanych w charakterze cementu w chirurgii 

-

-

-

-

nego na drodze pirolizy i karbonizacji do 1200oC (1473 K). 

 

-

substancji bezpostaciowych, szklistych, jednak niektóre jego 

-

-

 

 

-

 

z czasem i jest najbardziej intensywne w obszarach kontaktu 

reakcji tkankowych nie zaobserwowano [19,20].

-

chirurgicznego na bazie PMMA.

Research is conducted all around the world, including 

Poland, to develop a new type of cement which would not 

be a polymer composite, e.g. phosphate cement [14] or 

calcium-phosphate cement [15]. However, because of their 

low strength properties, such cements can be used only for 

defects. Yet, the most frequent attempts to improve the 

strength properties of acrylic cement involve the introduc-

tion of additives, such as: carbon, polyurethane, polyeth-

and a glass-ceramic (vitroceramic) material [6,7,11,16,17].  

(PMMA) caused the lengthening of the polymerization time 

to almost an hour and for this reason such cement has not 

found any clinical application [17]. 

In view of previous achievements presented in the litera-

ture, it should be noted that the selection of the directions 

of improvement of functional properties of PMMA-based 

composites used as cement in bone surgery is still a prob-

lem which is open to different solutions. At the same time, 

carbon biomaterials hold real promise for surgery. This is 

the directions of cognitive research and clinical observations 

of this type of biomaterials. According to the literature [3], 

application of implantable carbon materials in reconstructive 

surgery are positive. The state-of-the-art technology enables 

modifying the structure of carbon materials, beginning from 

a crystalline structure (graphite), through a transitory struc-

ture (turbostratic carbon), and ending with an amorphous 

structure (glassy carbon) [3,4]. 

Glassy carbon is obtained from an organic material 

through pyrolysis and carbonization to 1200oC (1473 K). 

Resin, pitch or cross-linked polymers can be the precursors 

here. Glassy carbon is characterized by a vitreous fracture 

and is easy to polish. It conducts heat and electricity and 

is resistant to high temperatures. Although its structure 

is different than the typical structure of amorphous and 

vitreous substances, some of its properties, such as brit-

tleness or the lack of open porosity, the presence of closed 

micropores and gas impermeability, are similar to those of 

vitreous substances [4,18]. Glassy carbon is characterized 

by excellent biocompliance. A porous form of glassy carbon 

functions as a frame for bones to grow into. Its mechani-

cal properties are appropriate for glassy carbon to act as  

a structural substitute of the bone in regions where compres-

sive stresses occur. The studies focused on bone growing 

into pores of a glassy carbon implant in laboratory rabbits, 

described in papers [19,20], revealed a newly formed bone 

in the pores as early as 3 weeks later. After 12 weeks the 

amount of the bone tissue reached a maximum: 45% of the 

total volume of pores contained osseous tissue. The growing 

of bone into a carbon implant increases over time and it is 

at its most intense in the areas of contact with the cortical 

bone or trabeculae of the spongy bone. Simultaneously, 

the density of the bone increases. No unfavourable tissue 

reactions were observed [19,20].

Taking into account all characteristics of glassy carbon, 

advantageous to both the organism and the mechanism 

of load transmission from an implant to the bone [21],  

an attempt was undertaken in papers [22,25-30] to use 

cement.



15-

-

niu stawowym. Po implantacji endoprotezy ulega zmianie 

 

-

-

 

 

w przypadku cementowego kotwiczenia komponentów endo-

-

-

-

biomechanicznego w porównaniu ze zjawiskami dekohezji w 

do szczególnie wnikliwej analizy i interpretacji ich wyników.

-

-

doby u typowego pacjenta ze sztucznym stawem biodrowym 

jako jednego z jego komponentów. Zjawisko niszczenia 

-

niskocyklowego [7,8,11,16,22,25-30]. Cement akrylowy, 

 

-

-

The main problem connected with the structure of the 

endoprosthesis is the load transmission mechanism in  

a joint. After implantation of an endoprosthesis the spatial 

distribution of load changes. Because of this, the distribution 

of stresses in the femoral bone and pelvis is different than the 

natural one. In the case of endoprosthesoplasty which uses 

cement, the reason for the occurrence of stress distribution 

is caused by the properties of the bone cement and metal.  

The metal used, among others, for the production of endo-

prosthesis stems to be anchored by means of cement does 

not match the biological and elastic properties of bones 

because it is characterized by too high elasticity modulus. 

Elastic properties of cement play an important role in load 

transmission from the endoprosthesis stem to the bone. 

Young’s modulus for bone cement is a few times lower than 

that of the cortical bone. Therefore, bone cement is the weak-

est link in the endoprosthesis-cement-bone biomechanical 

system. After curing bone cement made of polymethyl meth-

acrylate is a hard and brittle material, susceptible to cracking 

under tensile stresses, which occur mainly in the proximal 

area of the bone-prosthesis system [7,8,21,24]. 

cement anchoring of endoprosthesis components, depends 

to a large extent on rheological processes, in particular creep 

and relaxation. Surgical cement, being a polymer compo-

sition, in a model approach represents a classic example  

of a viscoelastic body. The bone can be also be considered  

a viscoelastic material. The physicochemical and mechani-

cal properties of such materials change over time. In con-

nection with the rheological properties of bonds made of 

materials which anchor the endoprosthesis in the femoral 

evaluation is complex. It should also be emphasized that the 

spread of the scale of differences and the occurrence range 

of the destruction phenomena of the biomechanical bonding, 

when compared to decohesion phenomena in technical ma-

terials, is so large that the adaptation of methods applicable 

the researchers to conduct a particularly thorough analysis 

and interpretation of their results.

-

ence the durability of endoprosthesoplasty, the most impor-

which directly depend on the cyclic load imposed, both in  

a short- and a long-term period. This is because in a 24-hour 

period, there are periods of both physical activity and rest in 

with variable characteristics of load imposed on a joint and 

cement inside it, the latter being one of the components  

of the joint. The phenomenon of cement degradation during 

a person’s movement takes place under the action of cyclic 

high probability as fatigue in the range of a small number of 

hip joint was evaluated by applying the low-cycle fatigue 

testing method [7,8,11,16,22,25-30]. Acrylic cement used 

for anchoring complete hip endoprostheses creeps under 

dynamic and static load conditions. As a result the endo-

prosthesis stem settles and constituents of stress in cement 

decrease. This setting of a prosthesis also depends on fric-

tion at an interphase boundary and thus, to a large degree,  

on the prosthesis porosity and cement structure [23,24].

This paper focuses on the issue of modification  

of PMMA-based surgical cement with glassy carbon parti-

cles, originally in order to lower the polymerization tempera-

ture, and then to increase the durability of cement in the 

organism environment and to improve biological properties 

of the cement-bone interphase boundary. 
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Badania prowadzono na cementach kostnych o nazwach 

Plus, przeznaczonych do kotwiczenia endoprotez stawów 

 

w TABELI 1. 

F-110 w temperaturze 1100oC (1373 K), przy zachowaniu 

-

polimerowego cementu kostnego (RYS. 1 i 2). 

The research was conducted on bone cements with the 

manufacturers’ names Palacos R and Palamed and then on 

Biomet Plus, intended for anchoring joint endoprostheses 

into bones. The chemical composition of these cements did 

in TABLE 1. 

Glassy carbon in the form of powder with 40-160 µm 

granulation was added to cement. Glassy carbon was ob-

tained via carbonization of the F-110 phenol-formaldehyde 

resin at a temperature of 1100oC (1373 K) while maintaining 

carbon was obtained from resin which had been divided 

into pieces. After carbonisation these pieces were ground 

to powder in an impact-blade mill (FIG. 1). The size of glass 

carbon particles was selected so that it was comparable to 

the size of the grain of the bone cement polymer powder 

(FIGs. 1 and 2). 

Nazwa cementu
Cement name

Producent
Manufacturer

The chemical composition

Proszek
Powder Liquid

Biomet Plus
Biomet Orthopaedics
Switzerland GmbH

poly(methyl methacrylate) - 38.3 g
zirconium dioxide - 5.3 g
benzoyl peroxide - 0.4 g

methyl methacrylate - 18.4 g
N,N-dimethyl-p-toluidine - 0.4 g
chlorophyllin VIII, hydroquinone

-

 

-

-

-

 

 

-

-

-

1

2

100 µm

100 µm

10 µm

10 µm



17Z cementów kostnych niemodyfikowanych oraz mo-

-

no do modyfikacji cementu po uprzednim wysuszeniu go  

w temperaturze 70oC (343 K) przez okres 24 godzin.

1 g oraz 2 g na opakowanie 40 g proszku, co odpowiada 

1,6% mas. oraz 3,1% mas. 

 

-

tów na charakterystyki mechaniczne, przeprowadzono 

1. Starzeniu w roztworze Ringera o temperaturze organizmu 

(37oC) przez okres 10 tygodni;

2. 

-

-

 

 

-

-

cementów w ortopedii. 

-

zrealizowanych na modelach laboratoryjnych sztucznego 

-

 

-

 

-

-

bowiem (1,5-3,0)x10-6 K-1

którego wynosi 60x10-6 K-1 [31,32]. 

Przeprowadzono badania procesu polimeryzacji cementu 

-

-

-

-

-

-

 

Samples for mechanical tests were prepared from non-

cement polymer powder and then the powder was mixed 

cement which had been dried at a temperature of 70oC  

(343 K) for 24 hours.

carbon per a 40 g package of powder, which corresponds 

to 1.6% w/w, and 3.1% w/w.

In order to check how the environment of the organism 

and patients’ check-up X-rays affect mechanical character-

istics, additional tests were performed on specimens which 

underwent the following processes:

1. Ageing in Ringer’s solution at human body temperature 

(37oC) for a period of 10 weeks.

2. Exposure to X-rays in conditions corresponding to pa-

tients’ X-rays after total hip arthroplasty. Samples were 

-

tervals (a total of 20 exposures for each specimen) from 

a distance of 1 m. The following doses were applied: 

10 times 75 kV / 25 mAs and 10 times 77 kV / 32 mAs. 

Between the exposed specimens and an X-ray tube there 

was a 3 cm layer of water in a plastic bag which imitated 

the absorption of X-rays by human tissues.

The obtained test results were to be the basis for the 

evaluation of durability of polymer cements in the organism, 

cements in orthopaedics.

The results of theoretical calculations of temperature 

distributions variable over time in the polymerization process 

conditions and the results of earlier experimental examina-

 

a conclusion that it is possible to reduce shrinkage and the 

maximum temperature of a polymerizable system by modify-

ing cement with glassy carbon [7,11,16]. A powdered glassy 

carbon addition to a PMMA-based cement enhances the 

-

bon, while its value for PMMA is 0.19 W/mK. Glassy carbon 

particles receive some heat during MMA polymerization. 

An addition of such material can also hinder the shrinkage 

of the cement bulk in the polymerization process. This is 

carbon is (1.5-3.0)x10-6 K-1, which is lower than for PMMA 

(60x10-6 K-1) [31,32]. 

Examinations were conducted of the polymerization 

The examinations were carried out using two methods. 

polymerization temperature as a function of time un-

der conditions included in the ISO 5833 standard [33].  

Polymerizable cement was placed in a closed mould 

made of high-molecular-weight polyethylene (UHMWPE) 

with the following internal dimensions: 60 mm diameter 

and a height of 6 mm. The polymerization temperature 

was measured with a K type thermocouple (NiCr – NiAl).  
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-

przeprowadzono w temperaturze pokojowej 23oC (293 K). 

polimeryzacji tych samych cementów w probówkach zanu-

rzonych w wodzie podgrzanej do temperatury 37oC (310 K). 

 

-

Do rejestracji wyników zastosowano komputer z opro-

gramowaniem Catman 3.1 wraz ze wzmacniaczem pomia-

od czasu [25,26]. 

-

runki jego implantacji do organizmu, zbudowano model 

ESTROMAL 14LM-01. Przy zapewnieniu wszystkich pa-

 

cementu chirurgicznego Palacos R. 

 

-

 

-

-

-

-

 

3 -
3 [31,34,35]. Wykresy uzyskanych 

od czasu przedstawiono na RYS. 3 i 4. 

A thermocouple with a 0.5 mm diameter was inserted into 

the mould to a height of 3 mm through an opening in its bot-

tom. Polymerization temperature in the mould was examined  

at room temperature (23o

of the organism’s environment on the cement polymerization 

process, examinations were conducted of the polymeriza-

tion of the same cements in test tubes submerged in water 

heated to a temperature of 37oC (310 K). The diameter of 

test tubes was 10 mm and a thermocouple was placed in 

the middle of the cement bulk. The shape and volume of 

the cement bulk in a test tube was similar to that of the ce-

ment bulk below the end of the endoprosthesis stem in the 

femoral bone. 

A computer with the Catman 3.1 software and an instru-

dependence of the polymerization temperature on time was 

determined [25,26]. 

endoprosthesis was built in order to examine the surgical ce-

ment polymerization in conditions simulating its implantation 

in an organism. A model of the femoral bone with a suitable 

channel for gluing in an endoprosthesis was made of the 

ESTROMAL 14LM-01 polyester resin. With all parameters 

of the technique of anchoring an endoprosthesis in a bone 

ensured, as if during a surgery, Weller endoprosthesis was 

implanted in the channel of the bone model using the Pala-

cos R surgical cement. 

Three holes with a 1 mm diameter were previously 

bored in the bone model, into which K type thermocouples 

(NiCr-NiAl) with 0.25 mm diameter wires were inserted. 

Thermocouples were located in a way that made it possible 

to record polymerizable cement temperature at the boundary 

endoprosthesis stem, its middle and at the bottom, below the 

stem end. Resin was used as the bone modelling material 

because its thermal properties are similar to those of the 

3

3 [31,34,35]. Diagrams of the obtained 

cement polymerization temperature values as a function of 

time are shown in FIGs 3 and 4. 



19Na podstawie wyników wszystkich przeprowadzonych 

-

-

do cementu niemodyfikowanego (RYS. 3 i 4). Oznacza to 

-

-

przeprowadzania zabiegu implantacji stawu biodrowego. 

-

-

 

-

-

 

zjawiska cyklicznej relaksacji, charakterystycznej dla kom-

 

-

-

Podstawowym zjawiskiem reologicznym w cemencie, 

-

-

-

warzyszy osiadanie trzpienia endoprotezy, a generowanie 

-

-

-

maszynie serwohydraulicznej MTS-810. Maszyna wypo-

 

-

 

Based on the results of the conducted examinations of 

the dependence of the cement polymerization temperature 

on time, it was concluded that after glassy carbon had 

been added to bone cement, the maximum polymerization 

temperature decreased. A shift in the direction of the shorter 

observed (FIG. 3 and FIG. 4). This means that the cement 

curing time shortens after adding glassy carbon.

it is necessary to increase the speed at which this cement 

is inserted into the femoral bone channel during implanta-

tion of a hip joint.

The phenomenon of cement degradation during  

a person’s movement takes place under the action of cyclic 

high probability as fatigue in the range of a small number of 

cycles. It is recommended for viscoelastic materials to induce 

in mind, in the performed low-cycle fatigue tests, a method 

was established of loading surgical cement specimens which 

consists in dislocation control and, in further tests, in defor-

mation control. Such a method of carrying out fatigue tests 

enabled the modelling of the cyclic relaxation phenomenon, 

characteristic of polymer composites which include the inves-

tigated surgical cement. Tendency to cyclic relaxation during 

loading of surgical cement and its return to the initial state 

after unloading is very important for the biofunctionality of an 

with the same values in the beginning of the entire process 

can be reapplied to cement. These cement properties cause 

physical activity, during which cement relaxed [7,30].

The main rheological phenomenon in cement (which is  

a viscoelastic material) is an increase in deformations in 

creep conditions. Deformations accumulating during the 

patient’s activity tend to return to the initial state during a rest 

period. This phenomenon is repeated until cement changes 

in a way which makes functioning of the implant impossible. 

Cement deformation caused by creep is accompanied by the 

subsidence of the endoprosthesis stem, while the genera-

tion of radial and circumferential stresses in the surrounding 

cortical bone causes bone remodelling. This in turn may 

cause more intense cement creep and the subsiding of the 

prosthesis stem. The estimation of the value of cement de-

formation and prosthesis subsiding during operation is very 

important for the clinical practice. This is because the total 

extent of prosthesis subsidence in cement after many years 

in use affects the durability of the endoprosthesoplasty [36].

The phenomenon of cyclic creep of cement was modelled 

by performing low-cycle fatigue tests with load control.

Low-cycle fatigue tests were conducted on an MTS-810 

servo-hydraulic machine. The machine is equipped with a 

digital control system, Test STAR II. In order to ensure precise 

measurements of values of force and deformation, the tests 

were carried out using the TestWARE SX software. A change 

in load was modelled with a triangular cycle with a frequency 

of 0.25 Hz (FIG. 5). An extensometer with a 25 mm base 

was used in the tests. Cyclic loading of specimens in the 

range of action of tensile stresses was adopted for the tests.  

The action of tensile stresses in bone cement usually causes 

cement cracking in the proximal area of the bone-stem 

system [7,21]. The following maximum tensile stress values 

were assumed: 17 MPa, which corresponds to approximately 

50% of tensile strength, and 26 MPa, which corresponds to 

c. 80% of bone cement tensile strength [7,25,26]. 
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-

 

-

-

-

-

-

wano zarówno dla cementu kostnego niemodyfikowanego, 

-

   = 6·10-8 1/s 

do    = 4·10-8 -

-

 

po starzeniu w roztworze Ringera o temperaturze 37oC 

-

max = 17 MPa oraz 

max = 26 MPa.

-

pochylenia wraz ze wzrostem liczby cykli. Cement kostny 

-

cementem bez domieszki (RYS. 10). Cement modyfikowany 

Diagrams in the stress-deformation system were made 

based on the performed fatigue tests for a various number 

of cycles. They had a shape of a hysteresis loop, which is 

explained by the nature of the viscoelastic behaviour of bone 

cement. A phenomenon of the dislocation of hysteresis loops 

and a decrease in their inclination angle along with an increase 

in the number of cycles were observed. The phenomenon of 

inclination of a hysteresis loop is described with a change of 

the dynamic elasticity modulus along with an increase in the 

number of cycles. Values of the dynamic elasticity modulus 

were determined based on secants plotted by hysteresis loops. 

The phenomenon of dislocation of a hysteresis loop was 

-

rence of the cyclic creep phenomenon in this material. It was 

concluded that the addition of glassy carbon limits the ten-

dency of cement to cyclic creep (FIGs. 6, 7, 8 and 9). This was 

-

ues of cement deformation for a hysteresis loop with a rising 

number of cycles and thus increasing time t (FIG. 9). Accord-

glassy carbon decreased from    = 6·10-8 1/s to    = 4·10-8 1/s.  

Values of the dynamic modulus of elasticity determined for 

the Biomet Plus cement with a glassy carbon additive were 

subjected to smaller changes along with the number of cycles 

[16,22,25,26]. 

Low-cycle fatigue tests were also carried out on speci-

with glassy carbon with a 1.6% w/w fraction after ageing for 

10 weeks in Ringer’s solution at a temperature of 37oC. This 

in the human organism, i.e. the organism’s temperature and 

performed with the same parameters as for specimens in the 

max max = 26 MPa.

All materials soaked in Ringer’s solution and subjected to 

fatigue stresses retained viscoelastic properties. Curves ob-

tained from low-cycle fatigue tests in the stress-deformation 

system had a shape of a hysteresis loop. A phenomenon of 

the hysteresis loop dislocation and a decrease in the inclina-

tion angle along with an increase in cycle number were also 

observed. After soaking in Ringer’s solution the Biomet Plus 

bone cement doped with glassy carbon (1.6% w/w) dem-

onstrates a higher value of the dynamic elasticity modulus 

in Ringer’s solution retained the susceptibility to creep 

comparable to that of cement in the initial state (FIG. 11).  

This indicates that a glassy carbon additive in bone cement 

limited the progress of the ageing process. 
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-

-

 

-

przy takich samych parametrach jak dla próbek w stanie wyj-

 

-

-

-

-

 

-

-

-

-

-

-

 

Low-cycle fatigue tests were also carried out on speci-

with glassy carbon with a 1.6% w/w fraction and exposed 

endoprostheses to X-rays during check-up examinations 

of patients. Fatigue tests were performed with the same 

parameters as in the case of specimens in the initial state 

and after ageing in Ringer’s solution. Bone cement exposed 

to X-rays retained its character as a viscoelastic material. 

Curves obtained from low-cycle fatigue tests in the stress-

deformation system also had a shape of a hysteresis loop. 

A phenomenon of the hysteresis loop dislocation and  

a decrease in the inclination angle along with an increase 

in the number of cycles were also observed. X-ray radiation 

to a wet environment in which bone cement is more sus-

ceptible to creep.

-

strates a higher value of the dynamic elasticity modulus 

released during the decomposition of the polymer chain 

evaporated without any plasticization effect.

Based on cyclic creep curves constructed for the ex-

amined cements (FIG. 13) it can be concluded that the 

Biomet Plus cement doped with glassy carbon retained 

better viscoelastic properties after exposure to X-rays than 

non-doped cement. It follows that a glassy carbon additive 

-

ence of X-ray radiation.

 

-

-

-

 

-

-
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-

reologiczny standardowy. Obliczenia przeprowadzono przy 

(1)

   

(2)

gdzie:

o 

EI, E1 

t - czas,

1 = /E1

Równaniu (2) odpowiada model mechaniczny przedsta-

wiony na RYS. 14. 

-

0

(3)

gdzie:

a  

max = 1640 

N (Fmin  

a = /2 = 12,9 MPa,

 = 0,5

t (s) – czas,

 do 

 = 25,8 MPa.

The phenomenon of the cyclic creep of bone cement 

was observed during low-cycle fatigue tests and described 

mathematically by using the standard rheological model. 

-

ematical programme. This is the continuation of the issue 

discussed earlier in the paper [7]. 

The general equation describing the standard model 

looks like follows [38]:

(1)

Assuming that n = 1, equation (1) adopts the following 

form:

(2)

where:

o - stress,

EI, E1 - elastic modulus,

t - time,

1 = /E1

The mechanical model shown in FIG. 14 corresponds 

to equation (2). 

In order to build the mathematical model of the cyclic 

creep phenomenon suitable time-dependent values of 

stresses and the modulus were introduced in formula (2). 

Therefore, the following equation, which models the stress 

0.

(3)

where:

a = 12.9 MPa – stress amplitude for a specimen with 

diameter d = 9 mm and adopted force Fmax = 1640 N  

(Fmin = 0), stress  = 25.8 MPa, thus a = /2 = 

12.9 MPa,

 = 0.5  (1/s) – value adopted in low-cycle fatigue 

tests,

t (s) – time,

A = 0.641 - constant adjusting values  to adopted 

value  = 25.8 MPa.

Diagram modelled using equation (3) of the stress cycle 

is shown in FIG. 15.
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1 -

d

(4)

I dane Ed dla pierwsze-

 

EI = 4165 MPa, a dla cementu Biomet Plus modyfikowanego 

I = 4502 MPa. Za Ed

Ed(t) zgodnie z RYS. 16. Dla cementu, jak dla polimeru  

 = 1010 MPa·s. 

chirurgicznego niemodyfikowanego oraz modyfikowanego 

Opracowany model matematyczny zjawiska cyklicznego 

-

niowych w przedziale czasu t do 4·105 -

 

 

-

 

z mniejszym osiadaniem trzpienia. 

In equation (2) E1 was adopted as dynamic elasticity 

modulus Ed(t). The equation (4) models the cyclic bone 

cement creep phenomenon [7]:

(4)

In equation (4) Ed

adopted as EI. EI = 4165 MPa was adopted for the Biomet 

Plus cement, and EI 

with glassy carbon. In accordance with FIG. 16, function 

Ed(t) was adopted as Ed(t);  = 1010 MPa·s was adopted for 

cement, just like for solid polymer. 

 

obtained in accordance with equation (4), are shown in  

FIG. 17. These diagrams illustrate the phenomenon of the 

The developed mathematical model of the cyclic creep 

phenomenon in cement describes well the results of fatigues 

tests in time interval t to 4·105 s [7], which corresponds to the 

scope of low-cycle fatigue tests. In the case of high t values 

the applied dependences lose their physical meaning.

on creep in cement was found based on calculation results. 

Glassy carbon decreases deformation growth over time by 

limiting material creep. Therefore, improvement of durability 

medical point of view, for smaller deformations of cement 

during the creep process mean reduced subsidence of the 

endoprosthesis stem. 

/)(}]/)(exp[1)){(/)((/)()( 0100 tttEttEtEtt
dI

/)(}]/)(exp[1)){(/)((/)()( 0100 tttEttEtEtt
dI

-

 

 

-

 

a) b)
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-

wych na bazie cementu chirurgicznego do zastosowania  

badania reakcji organizmu na wszczepy z cementu zmody-

Na badania eksperymentalne uzyskano zezwolenie Lo-

-

Uniwersytetu Medycznego w Katowicach. 

na trzy równoliczne grupy, takie jak:

I - Grupa kontrolna 5 sztuk – implantacja cementu nie 

poddano eutanazji i w warunkach badania sekcyjnego po-

-

nych (mikroskopia skaningowa i badania histopatologiczne). 

specjalistycznej firmy celem utylizacji.

 

Opis zmian biologicznych na podstawie badania histopato-

logicznego badanych tkanek

Badanie zmian histopatologicznych tkanek pobranych 

-

 

 

-

Pobrane fragmenty tkankowe utrwalono w sposób stan-

dardowy w zbuforowanym 10% roztworze formaliny. Wycinki 

pobierano z miejsca wszczepienia cementu. W pierwszej ko-

odwapnienia w preparacie De-

calcifier II firmy Surgipeth (EDTA 

+ Hydrochloric acid). Proces 

-

dzin. Po odwapnieniu preparaty 

dalszej obróbce w mikroproce-

sorze tkankowym ASP300 firmy 

Leica. Po obróbce pobrane tkanki 

zatopiono w bloczki parafinowe. 

-

tomie rotacyjnym firmy Leica. 

Wykonane preparaty barwiono 

-

sób standardowy i po nakryciu 

poddano ocenie w mikroskopie 

histologicznych przeprowadzo-

 

(RYS. 19-22) [26].

The usefulness of the developed polymer composites 

based on surgical cement to be used in orthopaedics was 

Experimental tests were permitted by the Local Ethics 

Commission for Experiments on Animals. Tests were carried 

out on 15 New Zealand white rabbits in animal rooms and 

the operating theatre of the Experimental Medicine Centre 

of the Medical University of Silesia in Katowice. 

Pure cement and cement doped with glassy carbon were 

implanted into femoral bones of rabbits. An implant had  

a 3 mm diameter, while its length, and at the same time the 

insertion depth, was 8 mm.

The examined animal population (15 specimens) was 

divided into the following three equinumerous groups:

implantation – observation time: 6 months;

implantation – observation time: 3 months;

implantation – observation time: 6 months;

After the experimental observations had been completed, 

the animals were euthanized and the material (femoral 

bone) was extracted during autopsy for further laboratory 

examinations (scanning microscopy and histopathological 

the animal remains were transferred to a specialist company 

for disposal.

 

Description of biological changes based on the 

histopathological examination of the investigated tissues

The examination of histopathological changes in tissues 

extracted from laboratory animals (FIG. 18) was performed 

were performed on tissues of all the examined rabbits using 

the same laboratory procedure.

The extracted tissue fragments were preserved in  

a standard way in a 10% formalin buffered solution. The 

segments were extracted from the cement implantation area. 

Soft tissues from the vicinity of the implant area were excised 

middle of the implant length; a half of the implant was left for 

further tests. The extracted bone fragments were subjected 

-

the Surgipeth company (EDTA + 

Hydrochloric acid). The process 

lasted from 48 to 72 hours. After 

-

tions and soft tissues underwent 

further processing in a Leica 

tissue processor, ASP300. After 

processing the extracted tissues 

were submerged in paraffin 

blocks and next, cut on a rotary 

microtome produced by Leica. 

The obtained preparations were 

dyed with haematoxylin and 

eosin in a standard manner and 

were evaluated, after covering, in 

a light microscope. Histological 

preparations were described by 

dividing them into two groups: 

soft tissues and bones tissue 

(FIGs. 19-22) [26].

-
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-

-

Femoral bones of New Zealand white rabbits were used 

in the experiment because of the similarity of their structure 

to human bone tissue. In spite of differences, such as the 

macroscopic size, different vascularisation type and faster 

metabolism, according to the literature changes in the rabbit 

factors can be, with certain approximation, interpolated into 

conditions in human organisms [39].

-

-

 

-

-

 

-

 

-

-

 

-
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roku przez szwedzkiego badacza prof. Brånemarka [40], 

jest zjawisko osteointegracji, definiowane jako strukturalne  

polepszeniem jego funkcji, w tym osteointegracji. Opisywane 

-

-

nawet po roku od ich implantacji do tkanki kostnej królika, 

miejscowej reakcji tkankowej w badaniu histopatologicznym 

krwi [44].

-

najnowszych wszczepów dentystycznych – Trabecular 

-

procesów patologicznych (niewielkie odczyny zapalne opi-

oraz grupy kontrolnej zaobserwowano podobne obrazy 

-

Badania mikroskopowe preparatów tkanki kostnej z wszcze-

 

Badania prowadzono przy pomocy mikroskopu elektro-

Dokonywano obserwacji obrazów preparatów na grani-

królika.

-

-

stem Six), zbadano rozmieszczenie pierwiastków C, P, Ca  

na powierzchni przekrojów preparatów [26].

-

-

[26,45].

 

The osseointegration phenomenon, which was discov-

ered and described in 1950 by a Swedish researcher, profes-

a structural and functional connection between a live bone 

tissue and the surface of an implant. The use of a glassy 

carbon additive in order to modify mechanical properties of 

surgical cement is an important direction of research into 

the improvement of its functions, including osseointegration. 

Research into the application of carbon materials which are 

positive improvement of its properties. Carbon additives 

-

gration of applied implants [20,41,42]. Tissue reactions to 

implants which contain glassy carbon even after a year from 

their implantation into the rabbit bone tissue were minor 

when evaluated under a light microscope [43]. This shows 

that this material may be used as a component of implants 

intended for long-term functioning in an organism. The use of 

glassy carbon as an implant in soft tissues (the eye socket) 

does not cause a local tissue reaction in a histopathological 

examination of animal specimens either, but, importantly,  

it does not affect blood parameters [44].

Glassy carbon properties proved to be so useful that it is 

used to cover surfaces of the newest dental implants (Tra-

becular Metal-Dental Implants), which imitate the structure 

and properties of the spongy bone [42].

The results of microscopic examinations of histopatho-

logical preparations on a light microscope did not reveal 

any properties that indicate an increased severity of patho-

described in the literature [20]). Similar histological images 

were observed in soft tissue preparations and in the bone 

tissue of both the examined groups and the control group.  

The only differences concerned the presence of a dye from 

the implanted glassy carbon in groups I and III. The presence 

of bone tissue with an increased quantity and thickening of 

bone trabeculae, which are characteristic for wound heal-

ing processes, was found in each of the examined groups  

(the control and experimental ones). 

Microscopic examination of bone tissue specimens with 

Specimens of bone with cement were excised for micro-

scopic examination from the extracted rabbit femoral bones. 

The specimens were dried and sputtered with gold.

The examination was performed on a HITACHI S-4200 

accelerating voltage of 15 kV. 

Images of the specimens were observed on the bone-

cement boundary after 3 and 6 months from implantation  

-

ganism.

The arrangement of C, P and Ca elements on the surface 

of specimen sections was examined using a Noran EDS 

(energy-dispersive X-ray spectroscopy) System Six [26].

Microscopic images of the surface of the interphase 

glassy carbon after 3 and 6 months from the implantation 

particles into the bone or a growth of the bone tissue into 

carbon pores (a broad interphase boundary area), as shown 

in FIGs. 23-25 [26,45].

additive in cement on its biological properties.
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-

-

-

-

-

-
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-

czeniowego niskocyklowego cement na osnowie PMMA 

cementu bez domieszki.

-

protezy.

2 -

-

starzenia cementu chirurgicznego.

-

-

-

-

-

 

i w tkance kostnej obu grup badanych oraz grupy kontrolnej 

-

 

i pogrubieniem beleczek kostnych, charakterystycznych dla 

. Modyfikacja fizyczna cementu kostnego poprzez zasto-

-

biodrowego.

Nr N N518 383837.

. The low-cycle fatigue examination method can be ap-

joint endoprostheses because of the fatigue-like nature of 

the interactions in that material during a person’s movement. 

Under low-cycle fatigue conditions the PMMA-based cement 

creep rate compared to cement with no additive.

Therefore, enhanced durability of the hip joint endopros-

since smaller deformations of cement during the creep pro-

cess mean reduced subsidence of the endoprosthesis stem.

2. After ageing in Ringer’s solution and X-ray exposure 

-

lastic properties to a larger degree than the cement with no 

additive. Therefore, the glassy carbon additive limited the 

progress of the ageing process of surgical cement.

. Microscopic images of the surface of the interphase 

glassy carbon after 3 and 6 months from the implantation of 

into the bone or a growth of the bone tissue into carbon pores 

(a broad interphase boundary area). This demonstrates the 

its biological properties.

. The results of microscopic examinations of histologi-

cal specimens extracted from laboratory rabbits implanted 

properties which would indicate increased intensity of patho-

logical processes. Similar histological images were observed 

in both the soft tissue preparations and in the bone tissue of 

the examined groups, as well as in the control group. The 

presence of bone tissue with an increased quantity and 

thickening of bone trabeculae, which are characteristic for 

wound healing processes, was found in each of the exam-

ined groups (the control and experimental ones). 

 

a glassy carbon additive caused a decrease in the maximum 

polymerization temperature. However, a glassy carbon  

-

ment. This means that it is necessary to increase the speed 

at which bone cement is inserted into the femoral bone 

channel during the hip joint implantation procedure.

Research was performed under the research project 

funded by the Minister of Science and Higher Education 

No N N518 383837.
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