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Abstract. Total knee arthroplasty has become quite widegprespecially among patients of 70+ years.
Unfortunately, failure of this surgery is not sccommon. As a result, a revision surgery is somatimezded,
resulting in a great ordeal for patients. One oé ttlmajor causes of this failure is the aseptic lodisg of either
the tibial or the femoral component, with that bé ttibial component being more common. Our godbis
evaluate the performance of metallic knee implased in total knee arthroplasty. More specificathg aim is
to identify critical areas of failure and the prdeat failure mechanisms due to fatigue. A probabdianalysis
will follow, in order to calculate the probabilityf failure as a function of walking cycles and leazh the knee
joint.In the end, it will become possible to pradite likelihood of implant failure in the coursé @ patient’s
lifetime. It will also be possible to determine frebability of failure depending on the patientiabits and, as
a result, how much the patient is allowed to striss joint after the surgery depending on his/h&ight.
Similarly, the calculations will offer decision qugrt on how much, if any, weight he/she should iosder to
lessen the probability of failure to an acceptalaieel. Ultimately, rehabilitation becomes more patispecific
and, therefore, likely much easier and less timesaming.

1 INTRODUCTION

Total knee arthroplasty has become quite widespthezlighout the years. One of the reasons for this
increasing popularity is the ever increasing lifepectancy, leading to aging of the world populdtion
Unfortunately, failure of knee implants has occdrie quite a few cases. Result of such a failuthésneed for
a revision surgery, which leads to a great ordeapétients.

One of the most common causes of failure is asdptisening of the tibial componelfit & Bl 14 151
Hazelwood et & report early aseptic loosening of the tibial compundue to cement-implant interface de-
bonding, occurring at 0.36% of the Total Knee Repfaents (TKRs) studied from May 2005 to December
2010. This percentage is remarkably low compareattier reports. Piedade etateport a failure percentage of
2.33% due to aseptic loosening (between March B@8BAugust 2002), while in earlier years (1974-)9%Yto
26% of the knee replacement surgeries studied hitgom et dt' showed signs of loosening within 3 years after
the operation. Although these reports indicatergageimprovement in the efficiency of knee arthesy over
the years, it is clear that the problem still remsai

Part of the uncertainty that characterizes thelprlfays in the scatter of the properties of bom@ent, that
is, the adhesive material that stabilizes the imipia the bone. The causes of failure have nothgsn
completely understood. Fatigue of the cement maistlene of the main suspe®t&, there is controversy
though on whether the failure initiates at the cetane interface, the cement-implant interfacevithin the
cement mantle itself. Hazelwood efaleport early failure at the cement-implant integfawhile van de Groes
et al¥! find that the cement-bone interface is weaker gretefore, more likely to fail.

Aim of this study is to identify the critical area$failure and the prevalent failure mechanismsheftibial
component and assess its fatigue life.
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2 MATERIALSAND METHODS

The first step in this study was to calculate theds on a knee joint during a full gait cycle. ApeRSinf”’
lower extremity model, developed by Lerner &falwas used for this purpose. The resulting loatbties were
subsequently used as excitation in an OperiSermdel of a tibial component, in order to calculegsulting
stresses at the bone cement. These were thenrusethiigue analysis aiming to assess the fatijaeof the
modeled implant. An ultimate limit state analysiasaalso performed. For this last part (ultimatatlstate and
fatigue analysis) a specifically developed MATLABcode was employed.

2.1 OpenSim Model

OpensSinf! is free software for musculoskeletal simulatiosirlg it, loads on the knee can be predicted with
relative accuracy, taking into account not only subdject’'s weight, but also muscle forces and th&tpn of
the ligaments. The model developed by Lerner® &Fig. 1) was considered to be the most appropfiatéhe
purposes of this study because it simulates thecuhaskeletal system of the lower extremity and aBows
subject-specific simulation of tibiofemoral alignmieand geometry of the knee joint. The model wadestand
the appropriate analyses were run using the alrezidying data, which correspond to an adult mélé206kg,
walking at a self-selected speed. In the end, mtReaction” analysis was run, in order to calcilatads on the
knee joint during a gait cycle of the specific ®dbj Thus, load time histories of forces and joiments were
calculated in all three directions during a fulteyaycle.

Figure 1. OpenSifi model by Lerner et &l

2.2 OpenSees Modél

An effort was been made to use a simple model dduced computational loads. Thus, a simplified 2-D
model of a tibial component was created in Operf8éassing elastic materials. A typical geometry dftdal
component appears in Fig. while the corresponding OpenSees model repregeatimedium-sized implant is
shown in Fig.3. The Young’s modulus of the tibial component \wasumed to be equal to 210000MPa and that
of the bone cement 2200MPh The cement-implant interface, the cement mamttethe cement-bone interface
were simulated with elastic uniaxial springs pladedseries to generate compound spring element© Tw
independent compound springs were placed every 2long the implant-bone boundary, in order to actéam
both normal and shear stresses at the interfacsfdce stiffness values were taken from litegitirand can
be seen in Table 1. Spring stiffness was calculbiechultiplying every interface stiffness value kwithe area
corresponding to each spring. Said area is diffemrthe tibial plate (horizontal part) and stevertical part) of
the implant, due to the difference in geometryhef two parts. Resulting stiffness values can be se€able 2.

The model was subsequently subjected to the lomd tistories that were estimated from the OpenSim
“JointReaction” analysis. This analysis calculdtesds in all three directions, though only thosdngcon the
plane of the model (coronal plane) were insertedhm OpenSees analysis (Fig. 3). After the analysis
OpenSees was run, the individual spring force thigories were obtained. Since each spring reptesen
fraction of a surface, the area of which is predeileed, these forces were easily converted to spoeding
stresses, which were then used in the fatigue Himdate state analyses.
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Figure 2. Typical geometry of a tibial compartment Figure 3. Schematic picture of the tibial implant
(AMPLITUDE ANATOMIC®) model (dimensions in mm)
Stiffness in tension Stiffness in compression Shear Stiffness
MPa/mm MPa/mm MPa/mm
Implant-cemen 57.3 5730.0 151.4
interface
Cement-bone 37.4 3740.0 38.4
interface

Table 1 : Interface stiffness values

Stiffness in tension Stiffness in compression Shear Stiffness

kN/mm kN/mm kN/mm
Plate
Imp_lant-cemenl 6.42 641.76 16.96
interface
Cgment—bone 4.19 418.88 4.30
interface
Stem
Imp_lant-cemenl 270 270.02 3.23
interface
Cgment-bone 176 176.24 1.81
interface

Table 2 : Spring stiffness values

2.3 Ultimate State and Fatigue Analysis

The ultimate state and fatigue analyses were pedgdrby means of a specifically developed MATLAB
code. The first part of the code was to convertrémilting OpenSees spring forces into their cpoeding
stresses. Thus, both a normal and a shear stretesyhivas obtained for each area fraction simulatéd a
spring element. These stresses were then useltefeubsequent analyses.

As far as the ultimate state analysis is concerogly,the cement-bone interface was initially exaai as it
is considered to be weaker than both the cemertaimjinterface and the cement mafitleNormal and shear
strength values were obtained from the literdttlf. Specifically, the strength values provided fomeet-
cancellous bone interface were used (tensikelS39 + 0.82 MPa, shear;§3.85+ 1.87 MPa, compressive
S=70MPa). Tensile and shear strengths are the miggtat and can vary considerably. Therefore, itswa
considered more realistic to assume a random ¢easitl shear strength for each surface fractiorh thie
aforementioned corresponding mean and standardti®vi Both variables (Sand ) were assumed to be
normally distributed, while a lower and upper limiere also incorporated to truncate the tails ab tlegative or
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excessively hicj;h values are removed. These lim#sevestimated taking into account experimental thgta
Mann et df} ™ and can be seen in Table 3.

S (MPa) S (MPa)
Lower limit 0.25 0.5
Upper limit 3.0 5.0

Table 3 : Strength Limits

Subsequently, an ultimate state analysis was peedrseparately for each element, employing the-Hghi
failure criterion, which is simplified significantin this case (Eqgs. (1) and ( 2Y:

2 2

c>20—> %-‘r?_l (1)
o

c<0—> §+§_1 (2)

wheres stands for normal andfor shear stress. The selection of this particatderion was due to its more
realistic results in comparison with other critgpimposed in literature. A linear or a Hoffmanrueé criterion,
which are used in other studfés'®, tended to produce too conservative results i shidy (even immediate
failure) and therefore were judged to be unrealisti

As far as the fatigue analysis is concerned, oméyrtormal stress time history for each element taksn
into account, because there is insufficient datanoitiaxial fatigue properties of bone cement. @gc\) and
amplitudes Ao) were counted by means of the rainflow algoritlemploying an already existing MATLAB
code developed by A. Niestoh§). Finding an appropriate and realistic S-N curveider to proceed with the
calculation of cycles to failuré\f) was quite taxing because of the scatter in fatidata. Few studies have been
produced on fatigue of the various bone cementstyeffers et &, Murphy and Prenderg&$t, Sheaff?,
Tanner et &%) and fewer still on fatigue of the implant-cemanid cement-bone interfaces (Kim €t'§l A
normalization of some of the proposed curves wasrgtted in order to take into account the actuahgth of
the interfaces, but with no realistic results. Tisisttributed to the tremendous scatter of expemial fatigue
data and also to the fact that most of these cuwere developed by testing bone cement speciments, n
interfaces. As a result, again the curve produtirgmost realistic results was employed. Said c{iee (3))
was proposed by Murphy and Prender¢fisor vacuum-mixed cement.

o =—286log(N, )+ 3306 3)

After calculating the cycles to failur&j for each given stress amplitud&sf, the damage accumulatioB)(
was calculated using the Palmgren-Miner rule:

—Z

wheren stands for the number of different amplitudes Itegyfrom rainflow counting. Number of cyclég for

each stress level occurred under the assumptionhigatient walks for half an hour per day onrage. When
D =1, it is assumed that the corresponding elemastfailed and, subsequently, its fatigue life ibasted.
When an element failed, the OpenSees analysis wasgain, with that particular element having 1%itsf
original stiffness. The same procedure was repaatétall elements had failed. In the end, thaldatigue life
of the implant was calculated.

3 RESULTS

Forces acting on the right tibia during a gait eyelere obtained from the OpenSim “JointReactiorglysis
and can be seen in Figures 4 to 6. Only forcesigatn the plane of the OpenSees model are shoumcliear
that the resulting force on the joint can easilgcrea value equal to three times the patient’'s begight. This
leads to high values of compressive stress ataheent mantle. Peak observed value of compressiesssivas
o.= 20.6MPa around the middle of the tibial plateg(F), peak tensile stress= 0.65MPa at the lateral side of
the tibial plate (Fig. 8) and peak shear stres®.46MPa at the proximal end of the stem (Fig.T®ese values
correspond to the time before the beginning of lacgl fatigue failure, while the cement mantle til ;tact.
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Results of the failure analysis can be seen in Eiy. Assuming a moderate walking activity patteon the
patient, failure of the first element occurs inY years after surgery and recovery, while totdufai of the
implant occurs in 9.1 years. The most critical atbat is, the area of failure initiation) appetrsbe located
near the middle of the tibial plate. Fatigue se&ise the main cause of this failure. The area @/peiak tensile
stress occurs is also critical, since it tendsatbifnmediately if its tensile strength is beloweazge.

150 T T T T T
100

50

-50

-100 : L

-500 A~

-1500

-30
0

0 02 04 06 08 1 12 14
Time (sec)
Figure 4. k during a gait cycle

0 02 04 06 08 1 12 14
Time (sec)
Figure 5. F during a gait cycle

02 04 06 08 1 12 14

Time (sec)

Figure 6. M during a gait cycle
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Figure 10. Cement area loss at the implant-bonedeny as a function of time

4  DISCUSSION

Each spring element used in this study incorporditesement-implant interface, cement mantle anaecg-
bone interface. Which of those fails first is a lidr@ge to predict and depends greatly on cemernqrties at
each point. Interfaces are generally more susdeptibfailure and, according to current literafti¥e”, bone-
cement interface seems to be weaker than cemeidsitripterface. Therefore it should be the firgtttfails, but
in vivo de-bonding seems to happen mostly at tmeec#-implant interface. An explanation of this ghma may
be provided by the fact that, since the bone ctmsi$ living tissue, it may be capable of mendimg t
microcracks occurring at the bone-cement interiauger loads of everyday Iff¥). This implies that cement-
bone interface may not be the most critical toufal On the other hand, the critical area of failunitiation is
clearly located near the middle of the tibial platich is where the highest compressive stressegabccur.
Due to the sensitivity of bone cement and interdacetensile stresses, the lateral side of thaltjiliate is also
susceptible to failure if the tensile strengthhet point is relatively low, since the tensile str&alues occurring
at this area are relatively high.

As far as fatigue life is concerned, early failafetibial implants is unlikely to happen if there mo pre-
existing flaw in the cement mantle. Still, thefielispan depends on many parameters, such as ftaasein the
cement mantle or differentiation of its strengthheTpatient’s lifestyle is also important, sinceaffects the
expected loads on the knee joint. Moreover, unceytaf fatigue properties of bone cement is alsocissue,
more so because, apart from the scatter that dearss fatigue data of all materials, they alspedel on the
mixing method, viscosity, penetration, amount déidigitation in the bone-cement interface etc. iYét clear
that the loads acting on the knee joint duringptigent’s everyday life result to high stress valaethe cement,
often reaching an important fraction of its stréngkhis is consistent with other studies (van dee3ret &)
and can lead to reduced fatigue life. Moreovesegms that it takes almost 2 years from the iratiadf failure
until the implant becomes completely loose. Newadetss, it is likely that, at some point, enoughbdeding has
occurred to allow mediolateral movement of the mmp| which would exacerbate and accelerate loogenin

In conclusion, results of this study can be usedafoinitial estimation of the expected life spdrsoch an
implant, though there is definitely potential ofgrmvement in accuracy if more accurate implant getoyrand
cement fatigue and strength data are provided.thetpossibilities are infinite, since this methadpl can
provide patient-specific treatment and rehabiltatdata, fully adapting to the gait, weight anédt/le of the
subject.
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