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Abstract. Numerical modeling by finite element method offers valuable information and 
details on the mechanical behavior of the prosthesis in terms of stress and strain distribution, 
load transfer, stress intensity factors, etc. An explicit analysis conducted on the behavior of 
microcavity and cracking in PMMA surgical cement (polymethyl methacrylate) used for a 
total hip prosthesis (THP) is of great importance in collecting information about the nature of 
the loosening phenomenon of the cement application. The rupture of orthopedic cement is 
practically the main cause of this loosening. Understanding the different failure mechanisms 
provides a significant advance in the cemented total prostheses. To do this, a numerical 
analysis by 3D finite element method (FEM) model of the total hip prosthesis was carried out 
in order to evaluate the stress levels in the different components. We focused on the effect of 
the microcavity rotation and the semi-elliptical crack position on the stress distribution in 
THP elements and on the orthopedic cement, which represents the weakest link of the 
prosthesis. We concluded that the two mechanical defects (Microcavity, semi-elliptical crack) 
exhibit more intense stresses in the THP components and record a very intense stress level 
and stress intensity factor KI. These mechanical defects causing damage to the PMMA around 
the tip of the bone debris increase the loosening state of the total hip prosthesis. 
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Abbreviation: 
(THP): total hip prosthesis, (FEM): finite element method, (SIF): stress intensity factors, 
(THR): Total hip replacement, (THA): total hip arthroplasty, (PMMA): polymethyl-
methacrylate, PEEK: Polyether Ether Ketone, (TKA): total knee artificial, (UHMWPE): Ultra 
High Molecular Weight Polyethylene, coxal-bone (pelvis).  
 
1. Introductıon  
Total hip replacement is an intervention of a biological articulation with a prosthesis; her 
effectiveness depends on the quality of reconstruction, architecture, the mechanics of the hip, 
integrity, and equilibrium, for those used as medical implants for orthopaedic and dental 
surgery (80,000 hip replacements and 30,000 knee prostheses are implanted annually 
worldwide). According to the Swedish register of total hip replacement over a period of 
19 years, 7.1% of patients who underwent cement less total hip arthroplasty will need a 
second surgery for replacing the first; this number is 13% for patients who underwent cement 
less (THA). The main reason for revisions (THA) is aseptic loosening in 71% of cases, 
followed by infection in 7.5% (Herberts and Malchau, 2000 [1]).   

During a total hip arthroplasty, the surgeon replaces the two surfaces of the natural joint 
produced by the interlocking of the femoral head in the acetabulum of the hip iliac bone with 
two prosthetic components [1-5], Fig. 1:  

• The cup is placed in the acetabulum after removal of the cartilage: this is the fixed 
part of the joint.  

• The femoral implant is anchored in the medullary canal after resection (surgical 
removal) of the femoral neck and partial recess of the canal: this is the mobile part. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Fig. 1. Schematic diagram of prostheses and polymethyl-methacrylate (PMMA), bone cement 

in an acetabular socket and femur [6] 
 

Operation of total hip replacement shows the increasing numbers and be successful. The 
cemented system is most widely used in total hip replacement. Reliability of the THR is 
important to the patient, orthopedics, and surgeons. Therefore, improved design, technology, 
and materials for inserting hip replacements are highly needed. This also includes whether the 
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design of the THR is cemented or uncemented. Bone cement is widely used to affix hip 
implants to the bone during total hip arthroplasty; therefore, many studies have been 
performed to investigate the reliability of cement mantle in a total hip replacement [7-8]. 

Sir John Charnley et al. used a cold-curing acrylic resin, surgical-grade polymethyl-
methacrylate, for the fixation of prostheses in the supporting bone, that the long term stability 
of metal implants was achieved. PMMA is the only material currently used for anchoring 
prostheses in bone during cemented arthroplasties [9]. 

Fisher et al. observed the effect of the cement mantle thickness on strains on total hip 
replacement experimentally on stem components. The study was conducted on two stem 
components by varying the thickness of the cement mantle. Strain gauges were embedded in 
the cement mantle, and then the stem components were subjected to an axial load in walking 
and standing conditions.  

The results showed that an increase in cement mantle thickness from 2.4 to 3.7 mm can 
decrease the strain on the cement mantle by about 40%-49%, so they concluded that by 
increasing cement mantle thickness the fatigue life of an implant may be increased [10]. 

Jamari et al. studied and analyzed an additional layer of cement mantle hip joints to 
reduce cracks [11]. A previous study showed that adding a metallic layer between the liner 
and the acetabulum could reduce the stress at the contact surface of the cement mantle. 
Several material properties of the layer were simulated using finite element analysis for 
maximum performance. Static contact analysis was used to simulate the stresses at the contact 
surface of the cement mantle. The results show that an additional layer of cobalt-chromium 
produced the best performance. 

Ajay Kumar et al. studied and analyzed the effects of interfacial crack and implant 
material on mixed-mode stress intensity factor and prediction of interface failure of the 
cemented acetabular cup. A three-dimensional (3D) finite element (FE) model of implanted 
pelvic bone was developed based on the computed tomography (CT) scan data. Combinations 
of four materials were considered for implant material. The results show that the material 
properties of the implant play a vital role in interface failure. The values of KI and KII 
decrease as the implant material changes from UHMWPE-CoCrMo to the ceramic–ceramic 
material combination. This result suggested that the ceramic–ceramic material combination 
will perform better than other combinations [12]. 

Abdel-Wahab and Silberschmidt experimentally and numerically studied the dynamic 
behavior of a fracturing impact in the cortical bone tissue, using X-FEM [13]. Another study 
by Milena Babić et al. studied the fatigue life of a loosened total hip prosthesis femoral 
component cemented into bone and was investigated assuming loads specified by the standard 
ISO 7206-4. The total hip prosthesis CAD model was developed by implementing a 3D 
scanning procedure. Based on the created CAD model, the FE model was developed. A linear 
elastic analysis was carried out for the created FE model of the prosthesis. The analysis 
showed that high tensile stresses occur on the distal region of the femoral component shaft on 
the anterior lateral side, where fatigue cracks occur in real cases. This procedure can be 
implemented in other components where the geometry needs to be reconstructed by 3D 
scanning [14].  

Ramos et al. experimentally observed that the position of an implant in the femur and 
assemblage with the femoral canal were two important issues in the formation mechanism of 
cracks between the two surfaces (bone-cement, cement-implant) [15].  

Griza et al. analysed with FEM the stress distribution of the acetabular part in the (THP) 
using screw fixation. The analysis showed that it took a large amount of computational force 
to predict screw fracture in the case of the unbounded metal-backed and bone interface [16]. 

Latham Krista et al. Modelling of femur fracture using finite element procedures [17].  
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Najafi et al. simulated the cortical bone with the presence of micro-cracks. They showed 
that cracks propagation was strongly influenced by bone density, thus, suggesting that bone 
fracture toughness should be provided, at least in part, in such a manner that bone density 
could be quantified [18].  

Milena Babić et al. studied and analyzed a fracture by the finite element of a loosened 
femoral component shaft of the total hip prosthesis damaged with a crack was performed 
assuming loading and boundary conditions given by the standard ISO 7206-4. In the femoral 
component shaft, a damaged crack was modelled, where several crack depths were 
considered. Mode I stress intensity factor KI values were calculated for nodes along the crack 
front for each of the considered crack depths. It was demonstrated that for the given loading 
conditions a critical crack size associated with fracture onset could be estimated [19]. Several 
experimental procedures have been carried out on the cement, showing the existence of cracks 
emanating from cavities within the body (McCormack and Prendergast, 1999). These cracks 
are mainly responsible for the loosening of the total hip prostheses [20]. 

EkoSaputra et al. investigated the effect of the layer variation between the liner and the 
cement mantle on the reduction of hip joint cracks in polymethyl-methacrylate material. 
Failure of cement mantle, and bond loosening between liner and cement mantle are important 
issues in total hip replacement. Two factors that are common because of cement mantle 
failure are initial crack and stress. A solution for reducing stress on the cement mantle 
consists to insert the material between the liner and cement mantle. Nevertheless, further 
study is needed to optimize the proposed solution. A potential option is to vary the insertion 
material thickness. If the polymethyl-methacrylate material thickness is constant, the insert 
thickness variation will be followed by the liner thickness variation. Consequently, the stress 
value in the liner will follow the liner thickness variation. Results revealed that stress 
magnitude and deflection decreased in the cement mantle and the liner with insert material 
thickness increased [21]. 

Lennert de Ruiter et al. studied and determined the quality of the implant-cement 
interface of a PEEK femoral TKA component and compare it to a CoCr implant. Implants 
were subjected to clinically relevant loading and motions for up to 10 million cycles (MC) in 
a knee simulator and a method was developed to assess the bonding between the implant and 
cement and the integrity of the cement mantle. It was hypothesized that, due to the difference 
in thermal conductivity and modulus of the implant materials, the bonding at the cement-
implant interface and the cracking of the cement would differ between implant materials and 
that PEEK would show more debonding and cracks in the cement mantle than CoCr. This was 
a preliminary study to establish a method to evaluate the implant-cement interface and as such 
was carried out with small sample size. The results show poor initial bonding of the PEEK-
cement interface; however, after 10 MC simulations, the bonding of the implant remained 
similar to that of the controls. For CoCr implants, good fixation was measured for the gait 
control samples, but, after 10 MC, substantial implant–cement interface debonding occurred. 
After 10 MC, there was no significant difference in implant–cement debonding for the 
femoral component materials investigated, nor were there significant differences in 
macroscopic damage of the cement mantle. Further investigations either using a more 
physiologically relevant simulation system or through either animal studies or a clinical trial 
may be necessary to confirm these findings [22]. 

Aleksandar Sedmak et al. studied and analysed fatigue crack growth in hip implants by 
the extended finite element method. Toward, the three-dimensional finite element model is 
created and used in ABAQUS and Morfeo/crack add-in for ABAQUS to simulate fatigue 
crack growth from initial value up to the critical point. Initial crack dimensions are assumed 
according to the experience with failures of hip implants, whereas the final, critical value was 
estimated using data for fracture toughness obtained by experimental testing of hip implants 
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made of Ti-6Al-4V alloy. Results for the equivalent stress intensity factor and number of 
cycles in each of 40 steps of fatigue crack growth are presented and analysed, indicating the 
point of unstable crack growth [23]. 

SaitKocak et al. investigated the strength effect of both implant-cement and cement-
bone interfaces in a cemented implant. The effects of different implant materials, blasting 
sand particle size and cement mantle thickness on strength impact were investigated. The 
results show that surface roughness values of implant materials increased as larger blasting 
sand particles were applied. On the other hand, interfacial strength impact increase with 
surface roughness increase. The cement-bone interface strength was higher than the implant-
cement interface. The optimum mantle thickness in terms of impact strength was found to be 
2 mm under impact force, failure will occur at the implant-bone cement interface [24]. 

Cherfi et al. studied the effect of inclusion in some cement zones where loading 
conditions can lead to crack opening leading to their propagation and consequently aseptic 
THR loosening. The fracture behavior of bone cement includes a strange body (bone remains) 
from which crack onset is supposed. The loading conditions effect, geometry, presence of 
both crack and inclusion on stress distribution, and fracture behavior of the cement. The 
results obtained by the authors indicated that the highest stresses are located around the sharp 
tip of bony inclusion. Most critical cracks are located in the middle of the cement mantle 
when they are subjected to one leg standing state loading during walking [25]. 

Ali Benouis et al. studied the cracks behavior, initiated in the cement connecting the 
femoral stem with the bone, using FEM analysis. Their study is focused on stress intensity 
factor variation in modes I, II, and III. This rupture criterion is used according to crack nature, 
orientation, and location in the orthopedic cement. First, the von Mises stress level and 
distribution are analyzed, induced in the medial, proximal, and distal parts of the bone 
cement. Then, the behavior of different geometric forms of an elliptical crack is evaluated 
which are located and initiated within the body of these three parts [26]. 

Among the problems encountered by experts in cemented arthroplasty is the occurrence 
of defects in the cement. These defects can locally generate stress concentration zones 
producing potential cement rupture. In general, there are three defect types: porosities, 
inclusions, and cracks [26]. It is well known that cracks are the most dangerous defects due to 
high induced stress intensity. Three types of cracks can be identified in orthopedic 
cement [27]: 

• Cracks initiated on voids (cavities during shrinkage).  
• Cracks initiated during cement polymerization, when it has not yet hardened.  
• Cracks initiated in the cement due to internal stresses. 

Crack propagation can lead to abrupt rupture, and then prosthesis loosening. The 
concept of linear elastic fracture mechanics, such as stress intensity factors, the rate of energy 
release, etc., accurately describes crack behavior in brittle materials according to geometry 
and loading conditions. 

The use of these concepts can be an effective tool to analyze orthopedic cement fracture 
behavior, which provides a predictive tool for an effective assessment of pre/post-cemented 
acetabular reconstruction operations. Despite numerous studies on cement fatigue [28] and 
developed finite element models of damage increase in the cement mantle [29], crack 
propagation has not yet been addressed using appropriate fracture mechanics techniques [30]. 

1-The aim of this study is to carry out a numerical study on the effect of femoral stem 
position on stress distribution in the orthopedic cement without defects. Next, we will present 
a detailed analysis of the microcavity position effect in the cement in order to locate stress 
concentration areas that represent potential sites of damage and microcracks initiation. 

246 Samir Zahaf, Mouloud Dahmane, Azzeddine Belaziz, Ismail Bouri, Nasreddine Afane



2- Crack behavior analysis in the reconstructed acetabular cement by stress intensity 
factor and J-integral assessment along the crack front. The finite element method is used to 
achieve this goal. The effects of both crack positions have been highlighted. 
 
2. Three-dimensional numerical model 
Geometrical model and boundary conditions. The three-dimensional geometrical model of 
the hip prosthesis is shown in Fig. 2 and Fig. 3. A polyethylene cup with an outside diameter 
of 54 mm had been sealed to an acetabulum of diameter 56 mm. The normal weight of a man 
with this acetabulum diameter is around 80 kg [29]. The cement layer thickness is 3 mm 
while the cup's internal diameter is 28 mm [30]. 

Figure 2 (a) and (b) show the reconstructed acetabulum geometrical model. This model 
has the advantage of getting closer to the real structure. The total hip prosthesis components 
are hip bone, cement, implant, and cup are clearly defined. The reliability of obtained results 
requires a very refined mesh, especially at the cement level considered as a determining 
prosthesis element. 

The boundary conditions used in our case are: 
1. A fixed embedment (Ux = Uy = Uz = Rx = Ry = Rz = 0) on the pubis and on the iliac 

bone wing (see Fig. 4 (b)). 
2. A concentrated load of 2400N was applied to the implant (see Fig. 4 (b)) [31]. 
3. We considered continuous rigid contact at the bone-cement and cup cement interfaces 

and a frictionless and non-interpenetrable interaction at the implant-cup interface 
(these conditions made by the code Ansys Workbench). 

 
 
 
 
 
 
 
 
 
Fig. 2. 3D model of the total hip prosthesis by software SolidWorks, (a): exploded view of the 

THP, (b): cross-sectional view, (d): assembled view 
 

 
 
 
 
 
 
 
 
   

 
 

Fig. 3. Geometric model of the total hip prosthesis by the code AnsysWorkbench,  
(a): exploded view, (b): isometric view 
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This model permits the reproduction of all movement phases by just changing the 
applied force direction [32]. The loading cases analyzed in this study correspond to α = 64° 
(femoral head is in contact with one end of the cup). A large area of the cement's left part is 
under tension. It is generally known that cement does not well withstand tensile loading. The 
cement tensile, compressive, and shear strength are 25 MPa, 80 MPa, and 40 MPa 
respectively [33]. 

Finite Element Model. Numerical methods such as the finite element method are 
widely accepted in orthopedic biomechanics as an important tool used to design and analyze 
prosthesis mechanical behavior [34]. Several authors have used this method to analyze hip 
prosthesis mechanical behavior, Colombi [35-40]. 

The contribution in this area is based on crack behavior analysis in the cement layer 
which connects the acetabular cup to the adjacent bone, by evaluating the stress intensity 
factor along the crack front. This was done using the commercial finite element 
AnsysWorkbench [41-46]. A three-dimensional finite element model of the reconstructed 
acetabulum is studied, Fig. 4 (a). A 10-node tetrahedral element is used to mesh the hip bone 
and all other prosthesis components (Fig. 4 (a)). An appropriate refined mesh is performed in 
the cement, cup, and femoral stem to improve accurate results, Fig. 4 (a). 

 
 
 
 

 
 
 

 
 
 
 
 
 

Fig. 4. (a): Total hip prosthesis mesh, (b): boundary conditions 
 

3. Material Properties 
Several types of materials were used for prosthesis components in this simulation. These 
materials are summarized in Table 1. All previous studies have assumed that the coxal-bone 
(pelvis) is divided into two components (cortical and cancellous) and each component takes 
on an elastic and isotropic behavior. Consequently, knowledge of the stress intensities and 
their distribution in the cement fixing the cup is of great importance for understanding the 
condition of the prosthesis in service and its loosening. On the other hand, for the boundary 
conditions, i.e. a fixed embedding at the level of the pelvis plus a force F is applied to the 
center of the femoral head, the interfaces between the cement, the pelvic bone, the plastic cup 
are perfectly glued (completely bonded). However, in this study, we propose that the coxal 
bone contains a single solid element called the cortical bone, which takes on an elastic and 
isotropic behavior. According to Anderson et al. [47], Fadela Allaoua et al. [48], and 
Ouinas et al. [49], the coxal bone has an elasticity modulus of 20000 MPa and Poisson's ratio 
of 0.25. Material for the cement mantle is adopted from Fadela Allaoua et al. [48], Ouinas et 
al. [49], and Azari Fahimeh et al. [50] with Young's modulus ranging from 2000 to 2300 MPa 
and Poisson's ratio of 0.3. Cement properties are: tensile strength 25 MPa, compressive 
strength 80 MPa (Rodriquez et al. [51]), shear strength 40 MPa (Merckx, [52]) and fatigue 

(a) 

(b) 
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(108 cycles) 14 MPa (Pilliar et al. [53], Solt´esz. [54]). Ries et al. [55] found that the critical 
stress intensity factors KIC are between 0.96 MPa√m to 1.76 MPa√m. The plastic cup has an 
elasticity modulus of 750 MPa and Poisson's ratio of 0.25. The cement, plastic cup, and 
femoral head are considered linear isotropic elastic materials. 
 
 
Table 1. Elastic properties of materials 

Materials Young's modulus E [MPa] Poisson coefficient ν 
Plastic cup 750 0.25 

Cement (PMMA) 2000 0.25 
coxal bone 20000 0.25 

femoral head 210000 0.3 
 

Effect of implant position. The analysis of the stress distribution in the different 
cavities of the orthopedic cement of the acetabular part requires different types of loading, 
characterized by the position of the neck of the implant with respect to the cup axis (Fig. 5). 
We have opted for three defined orientations of 0°, 10°, 20°, 30°, and 40° respectively which 
reflect human body postures.  

The distribution and the level of stress in the orthopedic cement of the THP, according 
to these orientations were carried out by the finite element method. 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5. Implant position with respect to the cup axis (a): α = 0°, (b): α = 10° (c): α = 20° and 

(d): α = 30°, (e): α = 40° 
 

4. Results and Discussions  
Distribution of von Mises stress in the hip bone-prosthesis structure. We analyzed 
distribution and stress level for the first implant position (alignment of the implant neck on 
the cup axis, characterized by an orientation angle α = 0°) Fig. 5 (a). 

The latter shows that von Mises equivalent stress distribution is not homogeneous 
throughout the coxal bone-THP junction. High stresses of 44.453 MPa value are located in the 
femoral stem (outline in red). This results from the application of the concentrated load on a 
small area of the femoral neck. This stress will be transmitted from the implant neck to other 
prosthesis components. In the pelvis, maximal stresses are in the pelvis bone (approximately 
19.48 MPa) see Fig. 7(a). 

The second implant position corresponds to a neck implant orientation of 10° with 
respect to the cup axis. Results showed the equivalent stress distribution in the entire coxal 
bone junction. THP reaches a von Mises stress of 44.06 MPa due to the contribution of THP 
system components. The third position of the implant corresponds to a 20° orientation of the 
implant neck relative to the axis of the cup. Such an orientation favors the increased stresses 
by the embedding Fig. 6 (c). We find that compared to an alignment of the implant on the axis 

(a) (b) (c) (d) (e) 
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of the cup, the stress intensity can reach too high a level (around 121.12 MPa) greatly 
exceeding the actual values.  

This results from the application of the concentrated load on a small area of the femoral 
neck. This stress will be transmitted from the neck of the implant to the other components of 
the prosthesis. At the level of the right hip bone, the greatest stresses are located in the hip 
joint (approximately 36.64 MPa). The four-position of the implant is characterized by a strong 
orientation (30°) of the implant relative to the cup. Under this effect, the implant abuts the 
upper part of the cup (Fig. 6 (d)). This area is highly stressed; such behavior leads to a 
degradation of the equivalent stress. 

The greatest stress, on the order of (48.55 MPa), is exerted on the complete structure of 
the coxal bone-THP. The remaining part of the structure is subjected to relatively low 
equivalent stress (less than 18.187 MPa). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6. Implant orientation effect on equivalent stress distribution in hip bone-prosthesis 
structure 

(a) : Position α =0° 
 

(b) : Position α =10° 
 

(c) : Position α =20° 
 

(e) : Position α =40° 
 

(d) : Position α =30° 
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The fifth position of the implant corresponds to an orientation of 40° of the neck of the 
implant with respect to the axis of the cup showing that the distribution of the von Mises 
equivalent stress throughout the coxal bone-THP junction is 50.01 MPa by the contribution of 
the other components of the THP system. This stress will be transmitted from the neck of the 
implant to the other components of the prosthesis. At the level of the pelvis, the strongest 
stresses are located in the coxal bone (approximately 12.44 MPa) see Fig. 7 (e). 

Distribution of von Mises stresses in the coxal bone (pelvis). 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 7. Effect of implant orientation on the distribution of equivalent stress in the coxal 
bone (pelvis) 

(b) : Position α =10° (c) : Position α =20° (a) : Position α =0° 

(d): Position α =30° (e) : Position α =40° 
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(e) : Position α =40° 
 

(d) : Position α =30° 

Distribution of stress von Mises in cement (PMMA). Cement is a very determining 
element of THP. Its analysis is of great importance for the life of the prosthesis. Therefore, we 
have studied the distribution and intensity of stresses in cement (Fig. 8). In the case of 
alignment of the implant on the axis of the cup, an area of the cement is under high stress; is 
in the direction of the load application. It is in this region that the stresses are greatest and are 
intensively localized at the cement-bone interface. In the rest of this structure, the stresses 
remain very low (Fig. 8 (a)). In 0° position, the stress is equal to 4.69 MPa. 

 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Effect of implant orientation on the distribution of equivalent stress in the cement 

(c) : Position α =20° (a) : Position α =0° (b) : Position α =10° 
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An increase in the orientations of this implant (10°, 20°) generates the most significant 
stress, located in the region subjected to mechanical loading with a greater amplitude than that 
resulting from the first stress and its effect is less extensive. The upper part of cement is the 
site of stress concentration, due to both the compressive stress field between the cup and the 
implant. It is in this part of the cement and near the interface with the coxal bone that the 
equivalent stress is strongly localized (Fig. 8 (b,c)). In this case, the stresses of von Mises are 
equal to (5.08MPa, 5.42MPa). 

The equivalent stress is intensively localized in the convex part of the cement located in 
the direction of this inclination and more particularly at the cement-cup interface in its close 
vicinity (Fig. 8). At this level, a significant reduction in the von Mises stress compared to the 
first and second loading was noticed. This can be justified by the fact that the implant is 
almost along the axis consisting of the pubis and the iliac wing, eliminating the damping 
effect seen in the first case. The maximum stress is 3.79MPa, and 3.71MPa. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9. Effect of implant orientation on the distribution of equivalent stress in the femoral 

stem 

(d): α =30° 
 

(b): α =10° 
 

(c): α =20° 
 

(a): α =0° 
 

(e): α =40° 
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Distribution of stress von Mises in femoral stem. The results obtained for the analysis 
of the von Mises equivalent stress distribution in the implant are shown in Fig. 9. We find that 
the implant-cup axis alignment of (0°, 10°) results in a very small variation of the equivalent 
stress in the neck of the implant and in its extension in the femoral head (Fig. 9 (a,b)).  

The stress is weakly concentrated on the sharp edges between the neck and the head of 
the implant. Orientation of the implant at 20° results in a very strong variation of the 
equivalent stress in the neck of the implant and in its extension in the femoral head which is 
equal to 121.12 MPa (Fig. 9 (c)). 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10. Distribution of the equivalent stress in the plastic cup 

 

(a) : Position α =0° (b) : Position α =10° (c) : Position α =20° 

(d) : Position α =30° 
 

(e) : Position α =40° 
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For the two orientations 30° and 40°, the von Mises stresses are stable and concentrated 
on the sharp edges between the neck and the head of the implant (see Fig. 9 (d,e)). Orientation 
of the implant at 30° and 40° (Fig. 5 (d,e)) does not cause any variation in this constraint 
regardless of the degree of inclination. This behavior is explained by the fact that the loading 
in this area has not changed. 

Distribution of the equivalent stress in the plastic cup. In this section, an analysis of 
the stress distribution in the cup made of very high molecular weight polyethylene 
(UHMWPE: Ultra High Molecular Weight Polyethylene) as a function of the position of the 
implant with respect to the axis of the cup has been carried out. The results of this analysis 
show that the equivalent stress is more significant are located near the contact area with the 
femoral head (Fig. 10). 

This behavior is due to the effects of the compressive stresses generated by the head of 
the implant on one side, and tensile stresses resulting from the fixation of the pubis on the 
other hand. Noting that the intensity of this stress remains low and does not constitute any 
danger for the patient. 

The influence of the orientation of the implant on the distribution and the equivalent 
stress intensity in the cup was illustrated in Fig. 10. Compared to the first and the second 
mechanical solicitation (Fig. 10 (a)) and (Fig. 10 (b)), the third loading (Fig. 10 (c)) generates 
intensity and distribution stress constant (3.74MPa, 3.7MPa, 3.7MPa). However, the contact 
area with the implant head is subjected to compressive stresses. The high values recorded in 
this part are due to the contact effect. 

The traction of the cup with the bone in the lower area of the cup is responsible for the 
increase in equivalent stress. In its upper part, the cup is more stressed. A strong orientation of 
the implant (Fig. 10 (d)) results in the intensification of the stresses which are located almost 
on the upper surface of the cup near the cup-head interface of the implant. It is of less 
intensity compared to those induced by the first and second orientation. The position of high-
stress concentration is located in the area of application of the contact force of the cup with 
the head of the implant. 

Effect of micro-cavities. 
Effect of cavity location on stress distribution. Polymethyl-methacrylate (PMMA) is the 

only material currently used for fixing prostheses in bone during cementing arthroplasty; this 
connection is carried out via a mechanical coupling of cement overlay to bone surface defects 
(anchor). Roughness is a determining parameter for fastening the bone-cement-implant 
system; it can lead to a more secure cement attachment [56], but can also be a source of crack 
initiation due to the notch effect in cement, which can lead to loosening [57]. 

Cement is the weakest link of the chain transfer load implant-bone-cement, its damage 
is responsible for loosening the interface at the cement-implant where micro-cracks over time 
fatigue develop greater extent and take more significant sizes. These cracks lead to both 
cement destruction and implant mobility within the bone. Such behaviour results in a pelvic 
fracture in the patient [58] with intolerable pain. 

Several types of research were dedicated to the analysis of cement damage, which is 
largely responsible for total hip prosthesis loosening.  

Other numerical work [59-60] showed that the existence of microcavity promotes the 
initiation and propagation of cracks in the cup of cement. The stress intensity factor is 
strongly influenced by the nature of the bone-cement interface, cement-implant. Propagation 
mode is dependent on the priming site of the cracks initiated micro-cavities. 

The study and analysis of the intensity and distribution of von Mises stresses are made 
according to the position of the microcavity in the cement. Our interest, in this case, relates to 
the von Mises stress in a spherical frame of coordinate (r, θ, φ), (Fig. 11). 
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In this part, we proposed five microcavity defects in different positions on the cement 
cut plane analyzed by the Ansys workbench code. 

In order to demonstrate the effect of the presence of micro-cavities in orthopedic cement 
on the stress distribution, five different positions of 1mm diameter spherical cavities were 
tested (Fig. 11). These cavities were oriented at different angles θ = {30°, 60°, 90°, 120°, and 
160°} with respect to an axis OZ in a vertical plane contained in a zone under stress.  

The effect of the previously discussed implant angle φ posture (φ = 0°) was also 
examined in combination with the different positions of the cavities. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Fig. 11. Position of the microcavity in a spherical frame of reference (r, θ, φ) 
 

Study of convergence of the mesh in the orthopedic cement. Once the meshing method 
was chosen, the size controls of the mesh were analysed. The main parameters of size control 
were modified to obtain different meshes with different mesh densities. The mesh density is 
especially related to the number of nodes and number of elements, and it determines the 
validity of the results. The results obtained in Table 2 using a mesh with a low number of 
nodes could be right, but if a mesh with a high number of nodes is used, then the computation 
time to develop the analysis could be excessively high and the results are not correct. For this 
reason, a study of convergence of the results should be carried out, in order to ensure that the 
proper mesh density is chosen and to validate the results. To develop the study of 
convergence of the results, the analysis of the von Mises stress in the cement was carried out 
with different mesh densities. 

The various analyzes were carried out by increasing the number of nodes, that is to say 
by increasing the density of nodes in the mesh. The results of Table 2 are transferred to 
Fig. 12 and Fig. 13 in order to analyze the convergence of the von Mises stress results in the 
orthopedic cement. 

 
 

θ = 30° θ= 60° 

θ= 90° 

θ= 120° 

θ= 160° 

r 

φ = 0° 

Plan containing the 
different sections of the 
microcavity in different 
positions 

256 Samir Zahaf, Mouloud Dahmane, Azzeddine Belaziz, Ismail Bouri, Nasreddine Afane



0

0,5

1

1,5

2

2,5

3

0

500000

1000000

1500000

2000000

2500000

1 2 3 4 5 6

Convergence of results  

Number of nodes Stress Von Mises

Table. 2. Convergence of von Mises stress results in bone cement for different element sizes 
Element Size Number of elements Number of nodes Stress von Mises (MPa) 

2 mm 840046 1204720 1.98 MPa 
1.75 mm 847494 1217278 2.03 MPa 
1.5 mm 867355 1247675 2.04 MPa 
1 mm 990809 1432502 2.1 MPa 

0.75 mm 1220417 1766613 2.2 MPa 
0.5 mm 2163511 3104955 2.78 MPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

Fig. 12. Convergence of von Mises stress results in orthopedic cement 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Fig. 13. Convergence of results 
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We note in Table 2, for the three element sizes (1.5 mm, 1.75 mm, 2 mm), the von 
Mises stresses in the orthopedic cement are (2.04 MPa, 2.03 MPa, 1.98 MPa) i.e. the von 
Mises stress convergence stabilizes in all three element sizes (see Fig. 12 and Fig. 13). On the 
other hand, we notice for a size of elements between 1 mm up to 0.5 mm, the von Mises 
stresses increase progressively (2.1 Mpa, 2.78 MPa). 

It is noted that when an increases the number of nodes, the variation of the results 
obtained increases. In Fig. 13, we can observe that when the number of nodes is less than 
870.000 nodes, a convergence in the results can be observed. On the contrary, when the 
number of nodes is greater than 870.000, there is a dispersion in the results obtained, i.e. the 
von Mises stress increases progressively (see Fig. 13). 

Figure 14 presents the von Mises stress distribution for different positions of the cavity 
for an orientation of the implant φ = 0°. We can notice that for the angles θ = 30°, θ = 60° and 
θ = 90° belonging to the first quadrant, the intensity of the von Mises stresses in the cement 
increase considerably. For an angle of θ = 30°, the stresses of von Mises equal 1.98MPa, 
θ = 60°, θ = 90°, the scale of the stresses of von Mises equal to (2.2MPa, 2.97MPa) by the 
contribution of the other components of THP system.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 14. Different meshes used for different positions of the cavities, (a): θ = 30°, (b): θ = 60° 
 

We can notice that for a microcavity angle θ = 120° belonging to the first quadrant, the 
equivalent stresses decrease considerably to a value equal to 2.74MPa (outline in red). 
Furthermore, for θ = 160°, the stress variations in the cement are very small (1.78MPa) and 
this is due to their position far from the point of application of the maximum load. 

Noting that, all the von Mises stresses obtained for the different positions are tensile 
stresses varying from σmin = 0.041MPa to σmax = 2.2MPa which do not present any danger for 
the orthopedic cement in comparison with the breaking strength of the latter which is around 
25 MPa. The value σmax = 2.2MPa clearly shows that the presence of micro-cavities within the 
cement contributes to a significant increase in the stresses in the latter since the maximum 
stress without cavity was approximately 5.0841MPa (See in Fig. 8). 

(a): θ = 30° 
 

(b): θ = 60° 
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Figure 14 represents the variations of the von Mises stress in the orthopedic cement for 
the positions of micro-cavities (θ = 30°, θ = 60°, θ = 90°) depending on the angular position 
of the implant φ = 0°. The results show that the important values of the von Mises stress in the 
cavities are equal to (1.98MPa, 2.2MPa, 2.97MPa). Noting that the maximum value is 
2.97MPa (in the case where θ = 90°), while the minimum value is 1.78MPa (in the case where 
θ = 160°). 

Figure 15 illustrates the distribution of the von Mises stresses placed along the contour of 
the cavity at (θ = 30°, θ = 60°, θ = 90°, θ = 120°, θ = 160°) according to the angular position 
of the implant φ = 0°. Note that the maximum value (σmax = 2.97MPa) is obtained for an 
inclination angle of the cavity θ = 90°. It should also be noted that the cavity oriented at 
θ = 120° is subjected in the position of the implant φ = 0° to von Mises stresses, which are 
relatively low (2.74MPa). In addition, we can observe that the two positions (θ = 30°, 
θ = 160°) generate the smallest variation in stress which is equal to (1.98 MPa, 1.78MPa).  
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 15. Different meshes used for different positions of the cavities, (c): θ = 90°,  
(d): θ = 120°, (e): θ = 160  

(d): θ = 120° 
 

(e): θ = 160° 
 

(c): θ = 90° 
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Fig. 16. Comparison of von Mises stresses along the contour for different cavity positions in 
the case of an implant orientation Φ = 0° 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 17. Distribution of the equivalent stress in the cement, φ = 0° and θ = 0° 
 

Noting that, all the stresses obtained for the different positions of the micro-cavities are 
tensile stresses, which are equal to (1.98MPa, 2.2MPa, 2.97MPa, 2.74MPa, 1.78MPa) which 
do not present any danger for the orthopedic cement in comparison with the breaking strength 
of the latter, which is of the order of 25 MPa. The value σmax = 2.97MPa clearly shows that 
the presence of micro-cavities within the cement contributes to a significant increase in the 
stresses in the latter given that the maximum stress without cavity was around 1.47MPa this 
mentioned in Fig. 16 and Fig. 17. 

 
Effect of semi-elliptical cracks  
Effect of the position of semi-elliptical cracks on the distribution of stresses. It is 

considered that semi-elliptical cracks exist in four positions of the cement A, B, C, and D as 
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illustrated in Fig. 18. An elliptical crack of major 2c = 4mm and minor axis 2a = 1.2mm is 
assumed to be located on the left hand of the PMMA and perpendicular to x-axis (Fig. 19). 
The choice of this zone is due to high stress concentration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 

 
 

Fig. 18. Model of the mesh and position of semi-elliptical cracks 
 
 
 
 
 
 
 
 
 
 

 
Fig. 19. Location of semi-elliptical cracks in orthopedic cement 

 
Determination of stress intensity factors of orthopedic cement. Finite element analyzes 

of the cracked reconstruction were performed and stress intensity factor Kb was calculated for 
each crack point: 

( )
ij

b b
ij

a
K

f b
σ π

= , (1) 

where b  = 1 corresponds to the mode I stress intensity factor (opening mode), b  = 2, mode II 
stress intensity factor (sliding mode), and b  = 3, the mode III stress intensity factor (tearing 
mode). 

Toughness is part of the material property in the same way as its elasticity modulus or 
elastic limit. 
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.b cK aa σ π∞= , (2) 

where ca  is the critical crack length for the stress applied. The objective of this study is to 
analyze the micro-crack effect on the cement part under high stresses. 

Figure 20 presents the stress intensity factors KI (in mode I) along the crack front for 
four crack positions (A, B, C, and D). It is clear that KI is relatively higher for two crack 
positions. The crack position B, and C in the x-axis direction has a relatively higher KI 
compared to positions A and D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 20. Distribution of KI along the crack front for different crack positions 

 
We note in Fig. 20, that a change of semi-elliptical crack position on the orthopedic 

cement affects the variation of the KI stress intensity factor and J integral. The crack positions 
(B, C) on the cement orthopedics indicate KI and J maximum which values are equal to 
(0.62MPa.mm0.5, 0.0001836mJ / mm²) and (0.63MPa.mm0.5, 0.0001880mJ / mm²) with 
respect to other positions (A, D) (see Fig. 23 and 24).  

It is noted that semi-elliptical crack size (length/depth ratio: c/a = 3.33> 1) considerably 
affects the distribution of KI and J levels. For crack positions (A, B, C, D), we see in Fig. 20 
and 25 that the highest values of KI and J are located in the middle of the crack i.e. crack 
propagation will initiate from that middle. 

Figure 21 shows the stress intensity factor KII (in mode II) along the crack front for 
four crack positions (A, B, C, D). For a semi-elliptical crack of length 2mm and depth 0.6mm, 
KII is practically negligible. The crack shear effect is therefore non-existent for these 
positions. 

Figure 22 shows the stress intensity factor KIII (in mode III) along the crack front for 
four crack positions (A, B, C, D). The KIII value is very low; this is due to the fact that the 
distribution of the loading is essentially in the xy plane. 
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Fig. 21. Distribution of KII along the crack front for different cracks positions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 22. Distribution of KIII along the crack front for different cracks positions 
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Fig. 23. Distribution of stress intensity factors for different cracks positions 
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Determinatıon of J-ıntegral (JINT). 
 
 
 
 
 
 
 

 
 
 
 
 
 

Fig. 24. Distribution of J-integral (JINT) along the crack front for different cracks positions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 25. Distribution of J-integral (JINT) along the crack front for different cracks positions 
 

Figure 26 shows the distribution of von Mises stresses in the coxal-bone, cement, and 
plastic cup for different positions of the fissures. It can be noticed that the two positions of the 
semi-elliptical cracks (B, C) indicate maximum stresses at basin levels which are equal to 
(18.163MPa) respectively are greater than the two positions (A, D). 

Figure 26 represents the legend of the von Mises stress in the orthopedic cement for 
different positions of semi-elliptical cracks. The results show that the important values of the 
von Mises stress in the cement are obtained for the two positions (B, C), while the lowest 
values are obtained for the two positions (A, D).In this case, we also noticed that the von 
Mises stress are symmetric between them. 
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On the other hand, the two positions of the crack (A, D) show maximum von Mises 
stresses with respect to the two positions (B, C). Noting that the maximum value is 4.24 MPa, 
while the minimum value is 3.86 MPa. 
 

 
 
  
 
 
  
 
 
 
 
 
 
 
   
  
 
 
 
 
 
 
 
 
 
 
 
   
  
  
 
 

 
 

  
 

Fig. 26. Distribution of stress intensity factors for different crack positions 
 

5. Conclusıon  
In orthopedic surgery and more particularly in total hip arthroplasty, the fixing of the implants 
is generally carried out by means of a surgical cement called (PMMA). This cement must 
ensure good adhesion between the constituents of the THP on the one hand and others to 
ensure a good transfer of the load, this element as if fragile, the stress gradient directly 
influences the functionality of the latter, which promotes the appearance of fractures. The first 
part of this work studied and analyzed the von Mises stress distribution in orthopedic cement 
around a spherical microcavity. The second part of this work studied the effect of four 
positions of the semi-elliptical cracks of length (c=1mm) and depth (a=0.6) located in the 

Position : (A) Position : (B) Position : (C) Position : (D) 
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cement of the reconstructed acetabulum by calculating the factors of stress intensity (KI, KII, 
KIII) and the J-integral along the crack front by the finite element method. We note in this 
work that the stress values were high when the implant is oriented with respect to the axis of 
the cup with orientation angles α = 60° and α = 120°. For the implant position α = 0, the 
maximum stresses are recorded respectively for the cavities oriented at θ = 60° and θ = 120°, 
and the minimum stresses are recorded for θ = 30°, θ = 90°, and θ = 160° corresponds to the 
position of the implant α = 0. On the other hand, we notice in this study a considerable 
increase in the von Mises stresses of about 29.73% was observed under the effect of the 
presence of a cavity in the orthopedic cement. The risk is greater when the microcavity is 
located in orientation of θ = 60° and θ = 120° (high-stress field). For the loading conditions 
applied, the ends of the cement part are stressed to resist the tensile forces. This can pose a 
significant risk of crack initiation, as the cement does not resist traction well. It is clear that 
KI is relatively higher for the two crack positions (B and C) compared to the other positions 
(A and D). We concluded that the two mechanical defects (microcavity, semi-elliptical crack) 
show more intense stresses in the THP components and record a very intense level of stress 
and stress intensity factor KI. These mechanical defects cause damage to the PMMA around 
the tip of the bone debris, which favors the state of loosening of the total hip prosthesis. 
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