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Abstract
In orthopedic surgery and particularly in total hip arthroplasty, 
fixation of femoral implant is generally made by the surgical 
cement. Bone–cement interface has long been implicated in 
failure of cemented total hip replacement (THA), it is actually 
a critical site that affect the long-term stability and survival 
of prosthetic implants after implantation. The main purpose 
of this study is to investigate the effect of cement penetration 
into the bone on damage scenario at the interface. Previously 
most researchers have been performed to study damage accu-
mulation in the cement mantle for different amount of cement 
penetration. In this work, bone–cement interface integrity has 
been studied for different mechanical properties. Cohesive trac-
tion separation law is used to detect contact damage between 
cement and bone. Results showed that a larger debonded area 
was predicted proximally and distally. Adhesion between bone 
and cement is affected mainly by cement penetration into the 
bone. Higher cement penetration into the bone leads to a good 
load transfer. A lower strength of the bone–cement interface due 
to a lower mechanical property results in faster interface dam-
age. So we advise surgeons to well perpetrate the bone for long-
term durability of cemented THA.

Keywords
total hip replacement, finite element analysis, biomaterials, 
bone-cement interface, damage

1 Introduction
The use of total hip replacement (THR) prosthesis has 

become the second most performed surgical procedure every 
year, it aims to replace the defective natural articulation [1]. 
The main reason to proceed to this operation is to attenuate the 
hip pain. Fig. 1 shows a representation of the total hip prosthe-
sis where the stem is fixed to the bone with orthopedic cement. 
Implants in (THR) can be fixed by either cement or cementless 
methods in the patient's bones. In both procedures, the stability 
of the prosthesis in the hosted bone plays an important role in 
the long-term durability of the operation [2, 3].

Fig. 1 Total hip prosthesis

Femoral component loosening of cemented hip replacements 
is still the most frequent cause of revision arthroplasty. In fact, 
the failure of the prosthesis in the absence of infection is the 
most recognized cause of the long term loosening of the prosthe-
sis. When subjected to external loads, the cement becomes the 
weakest part of the prosthesis due to its lower mechanical prop-
erties and brittle behavior [4]. So, a deeper understanding of the 
factors determining the damage process in acrylic bone cement 
is required and the mechanical integrity of the cement must be 
maintained for as long as possible to reduce loosening rate. It is 
widely considered that the long-term stability of cemented hip 
implants critically depends on three elements (bone, cement, 
and femoral stem) and their two corresponding interfaces (the 
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stem–cement and bone–cement). Autopsy of retrieved hip pros-
theses have shown that stem–cement debonding and cement 
cracking are an important events in the failure process of the 
femoral side. These two events are the first steps of damage [5].

However, in cemented prosthetic replacement, deterioration 
of the bonded interfaces between bone cement, femur, and stem 
has known as the most immediate cause for loosening failure of 
artificial hip joints. Consequently, it is clear to see that estab-
lishing the best possible interface between cement and bone 
should be a primary concern in (THR). Several researchers have 
shown that the long-term stability of cemented THR depends on 
the bond between bone and cement [6]. Early cement damage 
around the femoral stem has also been found to lead to implant 
loosening [7]. In the other hand fatigue failure of the cement 
mantle has been also identified as a possible loosening mech-
anism of the femoral prosthesis. A small cement fractures were 
found proximally in the cement mantle in the region adjacent to 
the bone–cement interface [8, 9]. The role of these fractures that 
emanate from bone is poorly understood since a lot of research 
efforts have focused on the fracture process from voids or from 
the stem–cement interface. Improved cementing techniques have 
been developed to significantly reduce cement failure. They aim 
to improve mechanical interlocking between the bone and the 
cement [10, 11]. In this sense, most methods have focused on 
sustained pressurization, reduced viscosity of cement and correct 
timing of prosthesis insertion [12]. Great effort has been made to 
investigate the factors influencing the bond strength at the bone–
cement interface, such as interposition of hydroxyapatite gran-
ulates at the interface [10]. In addition, many researchers have 
shown the effect of vacuum mixing of the cement and prepa-
ration of the femoral canal [13, 14]. Several studies have con-
firmed that the higher pressure applied to the cement, the greater 
the penetration of cement into the bone, which mean improving 
the strength of the bone–cement interface [15].

Therefore, the main goal of this study is to analyze using 
finite element method the influence of mechanical interlock-
ing, between bone and cement, on damage at the interface. A 
comparison of stress distribution at the interface for different 

amounts of cement penetration was also analyzed. We have 
shown the effect of different amounts of interdigitated bone 
within the cement on damage and stress distribution. The 
obtained results from this study can help surgeons to predict 
whether or not an early THR loosening may occur.

2 Materials and methods
2.1 Numerical Model

The model is composed of four regions, which are respec-
tively: implant, cement, spongious bone and cortical bone as rep-
resented in Fig. 2 with the assembled model [16]. The cemented 
hip implant was modeled using FE code ABAQUS 6.13. A 
3D tetrahedral element was used to mesh all components and 
include 801015 elements. The material properties of the total hip 
prosthesis components are given in Table 1 [17, 18].

Table 1 Material properties used in the finite element model

Materials
Young Modulus

E (MPa)
Poisson ratio ν

Cortical bone 17000 0.30

Spongious bone 2000 0.30

Bone Cement 2300 0.33

Metallic implant 210000 0.30

2.2 Loading model
Forces acting on the stems head are varied in magnitude with 

time during the gait period and can be referred to a dynamic 
loading as reported by Bounoua et al. [19]. Using an instru-
mented prosthesis Bergman [20] found that the maximum force 
acting on the stem’s head is about 300% of the human body 
weight. Saikko measured the load history by hip joint simu-
lator and announced that the maximum force is 3.5 kN [19]. 
Therefore, the load of 3.5 KN value is used in this work. The 
femur was fully encastred at its distal end in the knee joint 
[21, 22] as shown in Fig. 3. Contact between cement and stem 
is considered as fully bounded. Surface to surface contact with 
small sliding and cohesive behavior was considered for the 
bone–cement interface property.

Fig. 2 Three dimensional model: 1 implant, 2, 3 cement ((A) anterior, (P) posterior, (L) lateral, (M) medial), 
4 spongious bone, 5 cortical bone and 6 assembled model
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Fig. 3 Loading and boundary conditions

2.3 Interface damage modeling
Abaqus assumes initially linear elastic behavior followed 

by initiation and evolution of damage for traction-separation 
model. An elastic constitutive matrix Eq. (1) that relates the 
normal and shear stresses to the normal and shear separations 
across the interface is written in terms of the elastic behavior 
components.
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Damage modeling allows simulation of degradation and 
eventual failure of two surfaces initially fully bonded. Failure 
consists of two parts: a damage initiation criterion and a damage 
evolution law. Damage herein is considered only under normal 
and shear tractions, never under compression. Fig. 4 represent a 
traction-separation response with a failure mechanism.

Damage initiation refers to the beginning of degradation at a 
contact point. Degradation begins when contact stresses related 
to contact separations satisfy damage initiation criteria. Several 
damage initiation’s criteria are available in abaqus library. In 
this study we used the Maximum separation criterion, which 
assumed that damage initiates when the maximum separation 
ratio reaches a value of one as defined in Eq. (2)
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Fig. 4 Traction-separation response

The symbol  used to signify that a purely compressive 
displacement does not initiate damage. δ δ δn s t

0 0 0
, and  repre-

sent the peak values of the contact separation.
Damage evolution law expresses the rate at which the stiff-

ness is degraded once initiation criterion is reached, and is 
defined by the energy that is dissipated as a result of the dam-
age process, i.e. the fracture energy. This energy is equal to the 
area under the traction-separation curve (Fig. 4). Evolution of 
the damage variable, D, that abaqus uses is:
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where δ δ δm m
f

m
0
,  and  refers respectively to the values of sepa-

ration at damage initiation, complete failure and the calculated 
separation during the analysis [23]. In this study, cement pene-
tration means the microinterlock between cement and bone as 
shown in Fig. 5. Improving cement penetration leads to high 
interface mechanical properties. Three amounts of cement pen-
etration (QCP) were considered from the experimental study of 
Mann et al. [12]. The computed mechanical properties in shear 
and normal directions are shown in Table 2.

Fig. 5 Cement penetration into bone

Table 2 Different amounts of cement penetration (QCP) with apparent strength (t), maximum relative displacement in the linear region (δ), stiffness (K) and 
fracture energy (G); in shear and normal directions for the bone–cement interface. Mann et al. [22]

QCP (mg/cc mm) t (MPa) δ (mm) K (MPa/ mm) G (N/mm)

100
Shear

Normal
1.3046
1.0634

0.082
0.070

15.91
15.19

0.4459
0.2218

263.4
Shear

Normal
2.1111
1.4758

0.082
0.070

25.75
21.08

1.0698
0.4796

478.5
Shear

Normal
3.1728
2.0187

0.082
0.070

38.69
28.83

1.8913
0.8190

(1)

(2)

(3)
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Contact status (CSTATUS) is the variable that we can eval-
uate damage with it. The color of interface is red if there are 
no contact separations, green when there are separations but 
0 < δ < δ0 and blue if δ reaches δ f.

3 Results and Discussions
Analysis of contact between cement and bone after load 

application has a great importance for knowing stability of 
cemented hip implants. The bone-cement interface plays a sig-
nificant role, which may lead to implant loosening.

In the following sections we analyzed shear stresses and con-
tact pressure at the bone-cement interface. Then, the effect of 
mechanical interlocking on contact opening and contact status 
(damaged or not) are also analyzed. This analysis allows us pre-
dicting the quality of mechanical cohesion of the interface and 
recognize the effect of cement penetration on damage process.

3.1 Horizontal shear contact stress distribution
Fig. 6 illustrates contact shear stress distribution and its mag-

nitude for different studied cases with respect to amounts of 
cement penetration (interdigitation) into the bone. In Fig. 6.a, 
shear stress concentration found in regions where cement came 
into direct contact with the cortical bone. The remain regions 
were less exposed with uniform distribution which increased 
gradually from the proximal to distal region. Also, for different 
studied cases, the high stress area became small when cement 
penetration increased and its magnitude can reach 2.3 MPa. So, 
as cement penetration increases, stiffness also increases and 
causes stress concentration in some regions at the interface. 
One notices that the higher the penetration is, the greater the 
stress become uniform at the interface. In addition, the THR 
loads transfer via shear across the material’s interfaces mainly 
at the proximal and a little bit at the distal regions.

3.2 Vertical shear contact stress distribution
Distribution and magnitude of shear stress at the bone-ce-

ment interface is shown in Fig. 7. The same distribution as 
the first one is found for the vertical shear. Regions with high 

stress were always localized proximally, the maximum stress 
(2.3 MPa) corresponds to a good cement penetration. Karrholm 
et al. [24] have found that shear damage to the bone-cement 
interface could be an important contributor to loosening of 
cemented femoral components. So, shear stress present a dan-
gerous risk for failure at the interface. Shear strength at the 
bone-cement interface has been reported in the range of 2-12 
MPa. So the highest stress found in this study (2.3 MPa) can 
represent a risk of fracture and fatigue can affect the long-term 
stability of the system.

3.3 Contact pressure distribution
Fig. 8 shows contact pressure distribution for different 

amounts of cement penetration. For the first case QCP = 100 mg/
cc mm, the majority of the interface is in tension (gray region in 
Fig. 8.a') except some regions that appear proximally and dis-
tally at the lateral and medial side respectively with low com-
pression (less than 1.5 MPa). In the last two cases QCP = 263.4 
and 463.5 mg/cc.mm, Fig. 8.b' and Fig. 8.c', it is clear that areas 
in compression increase, and tension is in specific location with 
very important level. As a result, if cement penetration increases 
then adhesion becomes great. In the other hand, when cement 
penetration is high, it causes a stress concentration.

Fig. 6 Horizontal shear contact stress distribution for different amounts of cement penetration: (a) QCP =100, (b) 263.4 and (c) 478.5 mg/cc mm

Fig. 7 Vertical shear contact stress distribution for different amounts of 
cement penetration: (a) QCP =100 and (c) 478.5 mg/cc mm
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3.4 Interface opening distribution
Fig. 9 shows contact opening distribution and its magnitude 

at the interface for different amounts of cement penetration. 
In Fig. 9.a we notice two extend regions with high contact 
opening, one proximally and the other distally at the lateral 
and medial side, respectively. As cement penetration increases, 
we notice localized regions with high contact opening and can 
reach 0.05 MPa as on the top at the proximal zone.

3.5 Interface status distribution
Damage of the bone-cement interface for different amounts 

of cement penetration into the bone has been represented in 
Fig. 10. Interface mechanical properties depend on the amount 
of cement penetration into the bone as Pérez [25] noticed. In 
the beginning of the simulation, the bone-cement interface was 
perfectly intact and bonded. For the first case (QCP =100 mg/
cc mm), damage occurred proximally and at the lateral side. 
Important damaged region also appeared distally and at the 
medial side (Fig. 10.a). One can notice that when cement is not 
well penetrated into the bone, highest concentration of damage 
appeared at the interface. Consequently, this leads to the loos-
ening of the implant. Contrary results are observed with highest 
mechanical properties (strengths) at the interface. This results 
are supported by the finding of the Pérez et al. [15] about bone–
cement interface strength in which almost no debonding was 
predicted for high strength. Damage is clearly non uniform and 
it has the lowest rate for highest amount of cement penetration.

Fig. 9 Contact opening distribution for different amounts of cement 
penetration: (a) QCP=100, and (b) 478.5 mg/cc mm

Fig. 10 Contact status distribution for different amounts of cement 
penetration: (a) QCP=100, (b) 263.4 and (c) 478.5 mg/cc mm

Fig. 8 Contact pressure distribution for different amounts of cement penetration: (a) QCP=100, (b) 263.4 and (c) 478.5 mg/cc mm; 
in figure (a', b', c') gray regions are in traction
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4 Conclusion
The presented study aimed to investigate damage behavior at 

the bone-cement interface through finite element simulation. The 
key issues in this study are related to the modeling of the interfa-
cial characteristics associated with surface damage criteria. The 
following conclusions could be deduced from this work:

•	 The orthopedic cement is highly stressed at regions 
where it comes in direct contact with the cortical bone.

•	 Interface shear stresses are high and can represent a risk 
of damage.

•	 Proximal and distal regions are the most exposed to damage.
•	 A high strength of the bone–cement interface due to a 

high amount of interdigitated bone resulted in low rate 
of damage.

•	 Preparation of the bone surface enhance the bone-cement 
interface’s mechanical properties.
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