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Abstract Damage accumulation and failure in the cement

polymethylmethacrylate (PMMA) is the most prominent

scenario in a cemented total hip arthroplasty (THA) leading

to eventual implant loosening. In this study, a three-

dimensional finite element method (FEM) is used to analyse

by computing the stress intensity factor (SIF) along the

crack tip, the behaviour of a rectangular crack emanating

from bone inclusion and an elliptical crack in the cement

mantle of hip stem. To predict the location of crack initia-

tion, stress distribution around the bone inclusion under

body load is computed. From stress results, it has been

found that the bone inclusion located in the proximal zone

of the prosthesis is subjected to the higher stress field. Stress

intensity factors for crack emanating from bone inclusion

are higher than those for the elliptical crack; therefore, the

risk of crack propagation by opening mode in the proximal

zone is more significant than distal and medial ones.

Keywords THA � Bone cement � Bone inclusion � Crack �
SIF � FEM

1 Introduction

The PMMA is commonly used for fixing prosthesis inside

the bone in cemented arthroplasty [1]. Loosening of fem-

oral prostheses is one of the most important modes of

failure in cemented total hip Arthroplasty [2]. However,

there was no agreement on the main causes for implant

loosening [3]. Fracture of the cement mantle of a total hip

replacement is often considered as a precursor for eventual

clinical loosening of the implant [1]. Among the problems

encountered in cemented arthroplasty is the presence of

defects in the cement mantle (PMMA). These defects can

create a local region of stress concentrations, leading to the

fracture of cement and, consequently, the failure of the

bone/implant junction. In general, there are three kinds of

defects that may exist in the cement: porosities, inclusions

and cracks [4]. In the cement, the crack can be initiated at

the proximal, distal and medial region of the cement

mantle. In addition, there are other discontinuities such as,

bone inclusion, blood entrapment and interface irregulari-

ties. Any of them could act as sites of crack initiation [5].

Several authors examined the effects of the microdefects in

the orthopaedic cement on mechanical behaviour of total

hip Arthroplasty [6–10]. Griffith suggested that for a linear

elastic material, brittle fracture is initiated through tensile

stress concentrations at the tips of small, thin cracks ran-

domly distributed within an otherwise isotropic material.

Particle disease is a result of polyethylene wear; you will

not always see evident findings of polyethylene wear in the

acetabular cup [11]. Large focal defects may be seen while

the prosthesis is still stable. Particle disease is relentlessly

progressive with loosening, fracture and destruction of

bone. Sometimes revision of a stable THA is needed

because more bone loss would make revision surgery

impossible. Due to the high rigidity of the bone compared
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to the cement, bone debris in the cement can, particularly if

they have sharp edges, present regions of stress concen-

tration and consequently zones of crack initiation. Crack

propagation leads to sudden fracture and, subsequently,

leads to the loosening of the prosthesis [12]. Numerical

simulation of crack initiation and propagation has been

used by a number of researchers. Ingraffea [13], Kemeny

and Cook [14] and Dyskin et al. [15] used the linear elastic

fracture mechanics (LEFM) to model crack stability and

propagation trajectories by incorporating a stress intensity

factor into the numerical formulation to dictate whether

crack propagation would occur or not. The geometrical

shape of the crack has a significant effect on the crack

propagation rate and consequently on the lifespan of the

cemented hip prosthesis [16]. In this study, the 3D finite

element analysis is used for analysing the behaviour of two

types of cracks: an elliptical crack and rectangular crack

emanation. These shapes of the crack are important

because of their sharp edges. The stress intensity factor

(SIF) at the crack tip was chosen as fracture criteria. The

determination of SIF at the crack tip allows the estimation

of the fatigue life of cemented hip prosthesis. Indeed, this

factor characterises the crack propagation rate and can give

an estimation of the loosening conditions of the cement

mantle in the total hip prosthesis. The mechanical loosen-

ing remains the most common indication for revision.

2 Finite element analysis

A three-dimensional finite element model was developed

to determine the stress distribution and stress intensity

factors of a rectangular crack emanating from bone

inclusion and an elliptical crack in the cement mantle.

Finite element analyses of cracked reconstruction were

performed and the stress intensity factor Kb was calcu-

lated for each crack:

Kb ¼
rij

ffiffiffiffiffiffi

pa
p

f
b
ij bð Þ

; ð1Þ

for b = 1, the mode I stress intensity factor (opening

mode), for b = 2, the mode II stress intensity factor

(sliding mode), for b = 3, the mode III stress intensity

factor (tearing mode).

In our study, the mode I stress intensity factor is cal-

culated (b = 1) because the opening mode of the crack

propagation is the most dangerous mode, a is the length of

the crack, rij are the stress distribution near the crack tip

and fij is a dimensionless quantity that depends on the load

and geometry [17].

The following assumptions were introduced to realise

the finite element model:

• The materials of the stem and the cement are elastic and

isotropic

• The bone material is elastic and orthotropic

• The bone inclusion has a pyramidal shape.

The geometry and loading model of the idealised

cylindrical hip stem surrounded by cement mantle and

bone, as shown in the Fig. 1, are similar to Nuño model

[18]. Due to the geometric symmetry, only one-half of the

model had been simulated. Finite element mesh was

generated using tetrahedron elements with four nodes for

the stem and for the cement, and hexahedral element with

Fig. 1 3D finite element model: mesh of the cemented hip stem (all dimensions are in mm)
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four nodes for the bone with a total number of 60,000

elements.

Assuming the entire body weight to be applied on one

hip only, a 600 N of transverse load was applied to the

whole model, on the stem lateral side at 4 mm to the left of

the proximal end (Fig. 1). The femur is primarily loaded in

bending [19].

The length and width of the rectangular crack are,

respectively, 0.5 mm and 0.2 mm. The crack is emanating

from a square pyramidal-shaped bone inclusion with sharp

angles, which create stress concentrations in the cement

around the micro-defect (Fig. 2). The bone inclusion has

the following dimensions 0.2 mm 9 0.2 mm 9 0.2 mm.

The displacement at the interface between the bone

inclusion and cement is considered as continuous (fully

bonded contact). One supposes the existing of these defects

(the first is a crack emanating from bone inclusion and the

second is an elliptical crack) in the cement mantle for

different positions: proximal, medial and distal of the

cemented femoral stem. The dimension of the elliptical

crack (Fig. 3) is 0.5 mm 9 0.2 mm. The bone inclusion

and the cracks are assumed to be within the cement mantle

of the cemented femoral stem.

3 Results

The crack stability is affected by the crack geometry. For

example, the crack growth depends on the crack separating

distance and the loading conditions [16]. The stress

intensity factor of the crack emanating from the bone

inclusion and elliptical crack in the cement mantle for

different positions: proximal, medial and distal of the

cemented femoral stem has been calculated.

To predict the location of crack initiation, it is necessary

to analyse the stress distribution around the bone inclusion

without a crack before calculating the stress intensity fac-

tors along the crack tip. It was considered useful to

determine the distribution of Von Mises about normal and

shear stresses in the cement around the bone inclusion. The

stress distribution in the orthopaedic cement around the

microdefects has been analysed by many researchers [6, 7].

In this study, a three-dimensional finite element method

was used to analyse the fracture behaviour of the cement,

by computing the stress intensity factors along the crack

front. The mechanical properties of materials are reported

in the Table 1.

3.1 Von Mises stresses

Von Mises stress distribution in the cement mantle and the

cortical bone, around the bone inclusion, for different

positions (proximal, medial and distal zones), is illustrated

in Fig. 4. In all positions of the prosthesis, it can be seen

that the stress distribution around the inclusion is not

uniformly distributed. Furthermore, the tension stress in

the cement, in the three zones of the inclusion, is not

uniformly distributed; thus, the presence of bone inclusion

Fig. 2 Finite element mesh. a Prosthesis model, b rectangular crack emanating from bone inclusion and near the crack tip, c bone inclusion
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in different regions can provoke the fracture of the cement

mantle, and consequently lead to the loosening of THA. It

is known, generally, that the cement does not resist well-

tensile loadings (tensile strength: 25 MPa, compressive

strength: 80 MPa and shearing strength: 40 MPa) [20, 21].

The maximum stress values around the bone debris at the

different positions are located next to the square base of

the bone debris. These high stresses can lead to the ini-

tiation of cracks in the cement and thus, to the prosthesis

loosening.

Table 2 illustrates the comparison of stress distribution.

The highest principal stresses in the cement mantle

occurred around the bone inclusion in the proximal part;

the level of stresses can reach 19.4 MPa in the cement

mantle (Fig. 4a) and 45.7 MPa in the inclusion (Fig. 4a).

This phenomenon can be explained by the existence of an

interaction between the microdefect and the edge effect at

the neck of the femoral stem. Therefore, both effects

contribute to increase the stresses around the bone inclu-

sion. For the distal part, one can see high stresses around

the bone inclusion and the maximum value is about

9.2 MPa in the cement mantle (Fig. 4c) and 27.7 MPa in

the bone debris (Fig. 4c). The stem tip action on the distal

part of the cement increases the stresses.

Finally, the stress values around bone inclusion, in the

medial part, are the lowest (Fig. 4b). Thus, the presence of

the bone inclusion in this position presents the least risk

case.

Normal stress in the direction X (rxx), in the cement

mantle around the square base of the bone inclusion for the

three zones (proximal, medial and distal), is shown in the

Fig. 5. Stress concentration in the cement structure at the

mating surface can be readily seen, especially at the tips of

the square base of the bone inclusion. The high stress level

due to the existence of the microdefects at this site could

cause crack formation. The maximum normal stress in the

cement mantle occurred around the bone debris in the

proximal part and the stress level can reach 10.6 MPa;

therefore, the risk of the crack initiation is significant with

the presence of the bone inclusion in this region. Con-

cerning the distal region, the cement mantle around the

inclusion is subjected to compression loading in the

direction X; the maximum compressive stress value is

about 7 MPa. Because the cement, in general, has a good

resistance to compressive loading, the risk of fracture in

this region is less important. In the medial zone, the

stresses around the bone inclusion are the least; the maxi-

mum stress value is about 1.5 MPa (see Table 3). We can

note that, in the direction X for the medial region, the

failure risk of the cement mantle is less important.

3.2 Normal stresses (ryy)

Figure 6 presents the normal stress distribution, in the

direction Y(ryy) and around the square base of bone

inclusion, for the three positions case. One notices that

normal stresses in the direction Y (ryy) are more important

than the stresses in the direction X (rxx). Thus, the risk of

the fracture of the cement mantle is very significant in the

direction Y. High stress in the cement mantle, around the

Table 1 Material properties used in the finite element model

Materials Young’s modulus

E (MPa)

Poisson ratio m

Stem (alloy of titanium

Ti-6Al4V)

110,000 0.30

Cortical bone EX = EY = 11,500;

EZ = 17,000

txz = tyz = 0.31

GXY = 3,600;

GXZ = GYZ = 3,300

txy = 0.51

Cement (PMMA) 2,700 0.35

Fig. 3 Finite element mesh of the elliptical crack and near the crack tip
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bone inclusion, is observed at proximal region of the

prosthesis; the maximum value is about 12.9 MPa (see

Table 3). In the distal region, the normal stresses in the

direction Y are in the range -2 to 7 MPa; in the medial

region stresses are in the range 1.2–4.4 MPa.

3.3 Shear stresses (sxy)

Figure 7 shows the distribution of shear stresses (sxy)

around the bone debris for different zones; proximal,

medial and distal. High values of shear stress in the cement

mantle around the bone inclusion are observed. At the

proximal region of the prosthesis, the maximum stress

value is about 10 MPa (see Table 3); in this case, the crack

risk initiation is significant by shearing mode. Besides, the

values of the shear stress lie between 3.3 and 4.2 MPa for

distal region and between 0.6 and 1.2 MPa for medial

region. For these regions, the risk of the crack initiation by

shearing mode is less important.

3.4 The behaviour of a crack emanating from bone

inclusion

Figure 8 shows Mode I stress intensity factors (KI) along

the crack front emanating from bone debris for different

zones; proximal, medial and distal. The KI varies by

Fig. 4 Von Mises stresses in the cement mantle and the cortical bone around the bone fragment for different positions: a proximal part, b medial

part, c distal part
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decreasing and increasing along the front crack for all

cases. In proximal part, it can be noted that the opening SIF

is relatively high; at this position the value of KI is the

highest and hence, crack presents the most dangerous case.

It is known that the crack opening stress is the most dan-

gerous mode. The SIF values lie between 0.12 and

0.51 MPa m1/2; this causes the tendency of crack propa-

gation to increase significantly in the acrylic cement. It can

lead to the damage of cement layer and the loss of stem

stability. In the distal zone, the risk of propagation by

opening mode is important, due to the high values of KI,

which vary from 0.01 to 0.3 MPa m1/2. In the medial zone,

the mode I stress intensity factors are weak; hence, the risk

of the cement failure in this zone is less important com-

pared to the other zones of the prosthesis (see Table 4).

3.5 The behaviour of an elliptical crack

Figure 9 reveals the evolution of stress intensity factors in

mode I (KI) at the elliptical crack tip, in the three zones of

the hip prosthesis (proximal, medial and distal). The values

of stress intensity factors for rectangular crack emanating

Table 2 Comparison of maximum Von Mises stresses between dif-

ferent positions of the bone inclusion (proximal, medial and distal)

Maximum Von Mises stress (MPa)

In the cement In the bone

Proximal position 19.42 45.7193

Medial position 5.20 11.8198

Distal position 9.20 27.7137

Fig. 5 Distribution of normal stresses (rxx) in the cement mantle

around the square base of the bone fragment for different zones

(proximal, medial and distal)

Table 3 Comparison of maximum stresses (rxx, ryy and sxy) in the

different positions of bone debris (proximal, medial and distal)

Maximum

normal stress

rxx (MPa)

Maximum

normal stress

ryy (MPa)

Maximum

shear stress

sxy (MPa)

Proximal position 10.8860 12.9032 10.1651

Medial position 1.4483 4.3957 1.1673

Distal position -6.9632 7.0804 4.2562

Fig. 6 Distribution of normal stresses (ryy) in the cement mantle

around the square base of the bone fragment for different zones

(proximal, medial and distal)

Fig. 7 Distribution of shear stresses (sxy) in the cement mantle

around the square base of the bone fragment for different zones

(proximal, medial and distal)
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from bone inclusion are higher than those for the elliptical

crack. The greater values of opening mode (KI) are noted in

the case of an elliptical crack located in the proximal zone;

therefore, the risk of propagation is definitely higher.

Moreover, the distal part gives high SIF values at the crack

tip. The maximum KI value is about 0.28 MPa m1/2.

Finally, in the medial part, the KI values are lower than

those in the two other regions. Thus, the presence of the

crack in this position presents the least dangerous case (see

Table 4).

4 Discussion

Microcracking may lead to PMMA particle release, which

can induce local inflammation and osteolysis [22, 23]. The

relative position, the geometry and size of any cracks have

a significant effect on the crack propagation. Similar results

have been described by other authors. McCormack and

Prendergast [24] found that cracks, which initiate early on

in the loading history, occur at locations of high stress

levels in the cement mantle. Gravius et al. [25] found that

the crack length in the cement mantle, in the different types

of the femoral prostheses, lies between 0.5 and 0.7 mm.

Kim et al. [26] found that the SIF values decrease from 0.2

to 0.37 MPa m1/2, which suggests that the propensity of

crack propagation will decrease as the crack grows in the

cement mantle. Ries et al. [27] found that the critical stress

intensity factor (KIC) lies between 0.96 and 1.76 MPa m1/2.

Because the values of KI in proximal part are the

highest, a comparison of stress intensity factors KI of

rectangular and elliptical cracks in this part will be per-

formed and discussed. Table 4 shows the comparison

between the variation of stress intensity factors KI of an

elliptical crack and a rectangular crack emanating from

bone inclusion. We can see that, the rectangular crack leads

to the highest values of SIF, especially for the two-tip of

crack line in the proximal and the distal zones; unlike the

medial one, the elliptical crack values of KI present the

dangerous case.

In general, cracks can inhibit or promote propagation of

adjacent cracks depending on their relative position, size,

Fig. 8 Distribution of mode I SIF (KI) along the rectangular crack

front for different zones (proximal, medial and distal)

Table 4 Comparison of maximum Von Mises stresses in the differ-

ent positions of the bone inclusion (proximal, medial and distal)

Maximum mode I SIF

(rectangular crack)

(MPa m1/2)

Maximum mode I SIF

(elliptical crack)

(MPa m1/2)

Proximal position 0.51514 0.31813

Medial position 0.20425 0.21725

Distal position 0.3082 0.28999

Fig. 9 Distribution of mode I

SIF (KI) along the elliptical

crack front for different zones

(proximal, medial and distal)
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shape and the degree of interaction between the induced

crack tip concentrations. The results of this analysis enable

us to provide solutions to stop the crack propagation in the

bone cement, such as: using a grid in the cement mantle to

reinforce cement in the crack path, or using nanotechnol-

ogy to create area with higher mechanical properties.

5 Conclusion

The aim of this study was to analyse the behaviour of crack

emanating from bone debris. The obtained results lead to

the following conclusion:

• The bone inclusion situated in the proximal part

presents the highest risk of crack initiation in ortho-

paedic cement; the interaction between the edge effect

of the femoral stem and the microdefect induces this

behaviour.

• The inclusion located in the distal part of the cement

also presents a high risk of crack initiation in the

cement mantle; the interaction effect of the implant tip

on the cement increases the stresses.

• The inclusion situated in the medial part is subjected to

a weak stresses; therefore, the risk of the rupture is not

considerable.

• For the crack emanating from the bone debris in

proximal and distal positions, the risk of propagation by

opening mode increases as the values of KI increase;

therefore, the crack located in the medial zone is more

significant.

• Rectangular cracks in proximal and distal zones present

higher risk of damage comparing to elliptical ones; on

the other hand, elliptical cracks are more dangerous in

medial part.
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