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Stress distribution around a TKR implant:
are lab results consistent with observational studies?
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Malalignment of Total Knee Replacement prosthesis has been reported to limit the implant survival time. We hypothesized that this may
be secondary to excessive stress occurring at the bone–implant interface, resulting from abnormal load transfer across the knee joint.

In this study, we conducted Finite Element Analysis of a geometrical model of the knee joint after Total Knee Replacement with dif-
ferent axial alignments. The calculated stresses and displacements were significantly higher with varus knee malalignment than with the
valgus one. The stresses are not high enough to pose a serious risk of a crack or a fracture but might be responsible for chronic pain
reported by some patients. In cases where optimal implant positioning is not possible, slight valgus malalignment might produce better
results than varus.
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1. Introduction

Degenerative joint disease has become a major
medical and social problem. It accounts for up to 60%
of all chronic medical conditions affecting people
aged over 60 years and is one of the most common
causes of disability (secondary only to cardiovascular
disorders) [1]–[3].

Advanced osteoarthritis (OA) of major load-bearing
joints such as the knee results in substantial deteriora-
tion of functional ability and life quality. There are
many treatment options for knee OA, but the only
management that relieves pain and enables functional
recovery and return to previous activities is Total
Knee Replacement (TKR) surgery.

Unfortunately, a growing number of the TKR sur-
geries performed have been followed by an increased
need for revision procedures, which underlines the

need for the good understanding of mechanisms respon-
sible for treatment failure, so that any of predisposing
factors could be eliminated or controlled [4]–[8].

One of the most important modes of failure after
TKR is implant loosening. There are reports indi-
cating that knee misalignment during TKR proce-
dure is associated with reduced implant survival:
implantation within 4° of the correct mechanical
axis yields 90% survival ratio in the 10-year period
of follow-up, whereas in cases where misalignment
exceeds 4°, the survival ratio is reduced to 70% [4],
[7], [9]–[11].

The reason for the decreased implant survival has
not been clearly elucidated. We assumed that exces-
sive stress occurring at the bone–implant interface,
resulting from abnormal load transfer across the knee
joint, might be the factor responsible for treatment
failure. In order to verify our hypothesis, we con-
ducted Finite Element Analysis of the geometrical
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model of the knee joint after TKR procedure with
different axial alignments [5], [6], [12], [13].

The aim of this study was to determine the distri-
bution of stresses and displacements within osseous
elements of the knee joint after the implantation of
total knee prosthesis in different axial alignments.

2. Material and methods

Due to ethical considerations, in vivo analysis of
stresses and displacements within the knee joint after
TKR procedure was not feasible. Therefore, we cre-
ated a geometrical model of femur and tibia after im-
plantation of knee prosthesis and performed computer
Finite Element Analysis to calculate stresses and dis-
placements.

2.1. Geometrical model
for finite element analysis

A mathematical model of normal tibia and femur
was downloaded from the University of Nevada
server [14]. Both bones were divided into cortical
and cancellous parts and shaped in a way that resem-
bles surgical resection of bone ends (e.g., the articu-
lar surface of tibia was “removed” with a “cut” in
a horizontal plane). Subsequently, a model of PFC ®
Sigma™ total knee prosthesis, (DePuy Orthopaedics,
Inc., Warsaw, IN, USA) obtained by 3D scanning of
the actual prosthesis, was combined with the relevant
bony structures using surface sharing technique. The
model of tibia was merged with the model of a knee
prosthesis, assuming that the implant plateau is sup-
ported by cortical bone and implant keel penetrates
cortical bone.

In order to apply boundary conditions and perform
calculations, the model was meshed with the use of
tetrahedral, 10-node elements. The assumed charac-
teristics of the model materials (Young modulus and
Poisson’s ratio) were respectively: cortical (compact)
bone: 16000 MPa, 0.28; cancellous bone: 60 MPa,
0.46; tibial implant (Ti6Al4V alloy): 108000 MPa,
0.30; femoral implant (CoCrMo alloy): 210000 MPa,
0.30 and polyethylene insert: 1300 MPa, 0.30. To
shorten the time needed for calculations the model
was limited to the prosthesis and the proximal end of
tibia. The model was then fixed in space by assigning
zero degrees of freedom to the inferior aspect of the
proximal tibia (figure 1).

Fig. 1. Model of tibia, inferior aspect.
Arrows indicate surfaces with 0 degrees of freedom

2.2. Calculations

Calculations were performed with ANSYS™ soft-
ware package (ANSYS Inc., Canonsburg, Pennsylva-
nia, USA). Due to the high level of complication of
our model, exceeding computational power of the
available computer, calculations were performed sepa-
rately for the femoral and tibial parts as well as for the
polyethylene insert. The calculations for prosthetic
insert were made for different assumed width to re-
flect polyethylene wear. In this paper, only the results
pertaining the tibial part are given.

In order to simplify calculations, we disregarded
the properties of bone cement (the cement mantle is
thin and very hard, so it might be assumed that its
influence on stress distribution within bone could be
neglected). Loads acting at a knee endoprosthesis
were divided into medial and lateral components ap-
plied at the points of contact with femoral part of the
prosthesis. The load was simulated by concentrated
forces applied at nodes. In the calculations, we as-
sumed a net force of 4000 N, which was found to be
the maximum load transferred across the knee joint
during stance phase (single limb support) of gait in
a person with body mass of 85 kilograms [15].

The calculations were performed for equal loading
of the medial and lateral knee compartments (as in
cases of anatomical knee alignment) and unequal
loading (as with valgus or varus malalignment). Com-
ponent forces were applied at 20 selected nodes, rep-
resenting the area of contact with femoral part of the
knee prosthesis. The values of component forces were
determined by dividing the value of net forces acting,
respectively, at the medial or lateral knee compart-
ment by the number of the nodes (twenty) at which
the forces were applied. The calculated values of net
forces are given in table 1. We performed calculations
for knee alignment ranging from 3° of valgus to 3° of
varus, because such an alignment of endoprosthesis is
most common following TKR surgery.
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Table 1. Assumed distribution
of forces acting across joint surfaces

Alignment
Force applied

on medial part
of endoprosthesis (N)

Force applied
on medial part

of endoprosthesis (N)
3° of varus 2870 1130
2° of varus 2580 1420
1° of varus 2300 1700
Correct (neutral)
position

2000 2000

1° of valgus 1700 2300
2° of valgus 1420 2580
3° of valgus 1130 2870

3. Results

3.1. Normal knee alignment

For neutral alignment, we assumed an equal
loading of the medial and lateral knee compartments.

Fig. 2. Maps of stress distribution within tibia
(normal alignment)

The maximum values of stresses, displacements and
strain were calculated and are, respectively, as fol-
lows: implant: 104.93 MPa, 0.09 mm, 0.001; cortical
bone: 59.43 MPa, 0.083 mm, 0.0037; cancellous
bone: 1.04 MPa, 0.084 mm, 0.017. Maps of stress
distribution are shown in figure 2. It should be kept
in mind that the maximum stress would appear at the
nodes, where force was applied.

The results calculated for bone should be most
carefully analyzed, as the pathologic changes within
bone may lead to pain or even to implant loosening. In
the cancellous bone, the maximum reduced stresses
(calculated according to Huber and von Misses the-
ory) occur at the interface between bone and implant
keel. In the cortical bone, the maximum stress occurs
at the bone–implant interface, as well as at the junc-
tion between a tibial condyle and shaft. Distribution of
displacements follows the same pattern – the greatest
net displacements occur in the medial condyle area. It
is noteworthy that despite equal loading of both com-
partments, the distribution of stresses and displace-
ments is not uniform.

3.2. Varus knee alignment

With varus alignment, there is an increased load
across the medial knee compartment. The calculations
of stresses, displacements and strain were performed
for 1°, 2° and 3° of varus alignment, and their maxi-
mum values are given in table 2. Maps of stress distri-
bution are shown in figure 3. It should be kept in mind
that the maximum stress would appear at the nodes,
where force was applied.

Table 2. Maximum stresses, displacements
and strain within implant

and bone calculated for varus knee alignment

Knee alignment Stress
(MPa)

Displacement
(mm) Strain

1°  of varus
Implant 120.0 0.11 0.0012
Cortical bone 67.83 0.099 0.0042
Cancellous bone 1.11 0.099 0.018

2°  of varus
Implant 134.8 0.127 0.0013
Cortical bone 75.7 0.115 0.0047
Cancellous bone 1.17 0.113 0.019

3°  of varus
Implant 149.79 0.15 0.0015
Cortical bone 83.85 0.13 0.0052
Cancellous bone 1.23 0.13 0.02
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In the cancellous bone, the maximum reduced
stresses (calculated according to Huber and von Mises
theory) occur at the interface between bone and im-
plant keel. Uneven joint loading resulting from varus
misalignment is associated with accumulation of
stresses at the medial tibial condyle. Likewise, in the
cortical bone the stresses are greater at the bone–im-
plant interface at the medial aspect of tibia. Stress
accumulation (more pronounced at the medial side)
occurs also at the shaft–condyle junction. The distri-
bution of displacements follows the same pattern – the
greatest net displacements occur in the medial con-
dyle.

3.3. Valgus knee alignment

With valgus alignment, there is an increased load
across the lateral knee compartment. The calculations
of stresses, displacements and strain were performed
for 1°, 2° and 3° of valgus alignment, and their maxi-
mum values are given in table 3. Maps of stress distri-
bution are shown in figure 4. It should be kept in mind
that the maximum stress would appear at the nodes,
where force was applied.

In the cancellous bone, the maximum reduced
stresses (calculated according to Huber and von

Fig. 3. Maps of stress distribution within tibia (varus alignment)

Fig. 4. Maps of stress distribution within tibia (valgus alignment)



Stress distribution around a TKR implant: are lab results consistent with observational studies? 25

Misses theory) occur at the interface between bone
and implant keel. Uneven joint loading resulting from
valgus misalignment is associated with an accumula-
tion of stresses in the lateral tibial condyle. Likewise,
in the cortical bone the stresses are greater at the
bone–implant interface at the lateral aspect of tibia.
Stress accumulation (more pronounced at the lateral
side) occurs also at the shaft–condyle junction. The
distribution of displacements follows the same pattern
– the greatest net displacements occur in the lateral
condyle.

Table 3. Maximum stresses, displacements and strain within implant
and bone calculated for valgus knee alignment

Knee alignment Stress
(MPa)

Displacement
(mm) Strain

1°  of valgus
Implant 119.7 0.074 0.0014
Cortical bone 54.8 0.068 0.0034
Cancellous bone 0.979 0.07 0.016

2°  of valgus
Implant 134.3 0.075 0.0016
Cortical bone 61.6 0.067 0.0038
Cancellous bone 0.92 0.074 0.015

3°  of valgus
Implant 149.5 0.082 0.0018
Cortical bone 68.5 0.074 0.0043
Cancellous bone 0.875 0.08 0.0146

4. Discussion

Due to increasing life expectancy, knee osteoar-
thritis is becoming both medical and social problem.
The costs associated with treatment of this condition
might be decreased by improving survival time of
TKR implants.

Correct implant alignment and restoration of normal
limb axis are major factors enhancing the TKR survival.
There are reports that link increased implant loosening
with failure to restore correct limb axis [6], [7], [10],
[16]. The results of our study show that the stresses gen-
erated both in implant and bone are not high enough to
pose a risk of inducing a crack or a fracture. However,
one should carefully analyze the results calculated for
bone, as the pathologic changes within bone may lead to
pain or even to implant loosening [4], [6], [7].

The analysis of our results strongly suggests that
the varus implant malalignment is much worse than
the valgus malalignment. The values of stresses,
displacements and strain within medial compartment
of a knee in varus position are much higher than the
respective values within lateral compartment of a knee

in valgus position. Therefore, in our view, surgical
resection of the medial tibial condyle during TKR
surgery should be as conservative as possible or even
the condyle should be reconstructed with grafts.
When the height of the medial tibial condyle is re-
stored, it facilitates correction of limb axis [17]. We
also suggest that in cases where one cannot achieve
optimal implant positioning, implantation of knee
prosthesis in valgus is preferable to varus alignment.
The stress accumulation at the junction between shaft
and tibial condyles is not significant enough to pose
a risk of a fracture; however, it might be responsible
for persistent pain at this site, reported by some pa-
tients [4], [6], [7], [18].

Most of the patients undergoing TKR are women
over 60 years of age. In that population, obesity and
osteoporosis are quite frequent. Obesity is one of the
risk factors predisposing for knee OA, but it is not the
sole cause responsible for development of this condi-
tion [19]. Nevertheless, it might increase loading of
the tibial condyles in a malaligned artificial knee joint
[4], [7]. Fortunately, in this age group the females
with mild obesity may expect more than 10 years of
implant survival [20].

There are contradictory reports on whether obese
patients have worse outcomes of treatment for OA with
TKR. It is believed that neither clinical and radiological
outcomes of TKR nor the incidence of aseptic implant
loosening are affected by mild obesity [21]–[23]. On
the other hand, it is associated with patellofemoral
complaints, decreased joint range of movements and
increased incidence of contralateral knee replacement
[10], [19]. An increased body weight has a detrimental
effect on the survival of polyethylene liner. Especially,
obesity with knee misalignment (when limb axis was
not adequately corrected during the surgery) leads to
rapid and asymmetrical polyethylene wear [5], [8],
[18], [22]–[24]. Therefore, indications for Total Knee
Replacement have to be considered very carefully in
obese patients.

5. Conclusions

1. The stresses calculated in both implant and bone
are not high enough to pose a serious risk of a crack or
a fracture.

2. Varus knee malalignment results in higher val-
ues of stresses and displacements than the valgus one.
Therefore, when a correct implant positioning during
surgery is not possible it might be better to choose
a slight valgus malalignment than the varus one.
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3. Stresses are accumulated at the diaphyseal–me-
taphyseal junction. The cumulated values are not very
high, but might be responsible for chronic pain re-
ported by some patients after TKR surgery.
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