
Knee Surg Sports Traumatol Arthrosc (2016) 24:2550–2559
DOI 10.1007/s00167-015-3630-8

1 3

KNEE

All‑polyethylene tibial components generate higher stress 
and micromotions than metal‑backed tibial components in total 
knee arthroplasty

Jean Brihault1 · Alessandro Navacchia2,3 · Silvia Pianigiani4 · Luc Labey5,6 · 
Ronny De Corte5 · Valerio Pascale4 · Bernardo Innocenti5,7 

Received: 9 September 2014 / Accepted: 29 April 2015 / Published online: 10 May 2015 
© European Society of Sports Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2015

distributions in the cancellous bone under the baseplate 
(peak difference: +128.4 %) and fivefold increased micro-
motions (p < 0.001). Performance of both implant designs 
worsened with poorer bone quality with peaks in stress and 
micromotion variations of +40.8 and +54.0 %, respec-
tively (p < 0.001). Performance improvements when the 
stem was cemented were not statistically significant (n.s.).
Conclusion The metal-backed design showed better bio-
mechanical performance during a squat activity at 120° 
of flexion compared to the all-polyethylene design. These 
results should be considered when selecting the appropriate 
tibial component for a patient, especially in the presence of 
osteoporotic bone or if intense physical activity is foreseen.

Keywords TKA · All-polyethylene · Metal-backed · 
Tibial stresses · Implant micromotions

Introduction

Total knee arthroplasty (TKA) is a successful procedure 
with more than 600,000 surgeries performed in the USA 
each year [21]. Two types of tibial implants can be used 
today during TKA: a metal-backed modular device or an 
all-poly tibial implant. Both systems have their advantages 
and disadvantages. The all-poly solution presents three main 
benefits in comparison with the metal-backed. First, it elim-
inates the insert-metal interface and may therefore reduce 
backside wear and, consequently, risk of osteolysis [30, 32, 
34]. Second, the use of an all-poly component reduces the 
cost of TKA surgeries by 20–50 % [5–8, 11, 25, 26]. Third, 
the implant can be used when patient is allergic to metal (in 
combination with ceramic femoral components [17]).

Metal-backed implants present different advantages: 
modularity, use of porous-coated implant, constrained or 
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mobile liner stems or tibial augments, the possibility to 
replace only the insert during revision surgery, and, finally, 
easier removal of posteriorly extruded cement. Studies that 
have focused on biomechanical performance have stated 
that metal-backed components reduce the compressive 
stresses in cancellous bone underneath the tibial baseplate 
and distribute the load more uniformly over a larger area of 
the proximal tibia [2, 22, 36].

Metal-backed and all-poly components can be implanted 
with different thicknesses of cement penetration in tibial 
cancellous bone, which could alter the interactions at the 
implant–bone interface. Differences in stress and strain 
distributions in the tibial bone could lead to pain, subsid-
ence or loosening [2]. Similarly, large micromotions at the 
bone–baseplate interface can increase the risk of loosening 
and failure of the implant [37]. While prior studies have 
assessed the clinical impact and patient outcomes compar-
ing all-poly and metal-backed designs, they have not char-
acterized differences in the stress distributions in the tibia 
and the interface micromotions.

For this reason, the aim of this study was to evaluate and 
compare the biomechanical performance of metal-backed 
and all-poly tibial components implanted in the same bone 
geometry during a high-flexion motor task using finite ele-
ment analysis (FEA). Stresses and strains in the tibia and 
micromotion at the implant–bone interface were evaluated. 
A variety of cementing techniques and bone quality repre-
senting physiological, osteopenic and osteoporotic material 
properties were evaluated.

The objective of the current study was to address the fol-
lowing questions:

1. What are the differences between metal-backed and 
all-poly tibial components in terms of mechanical 
effects (stress, strain and micromotion) on the bone 
during a high-demand motor task?

2. How is the mechanical behaviour of the two implants 
influenced by different cementing techniques (thick-
ness of the cement penetration and presence of cement 
around the stem)?

3. How are mechanical effects of the two implants on the 
bone influenced by the condition of bone?

Materials and methods

Finite element analysis enables detailed biomechanical 
investigations with potential to detect effects of the two 
implants on the bone that cannot be investigated in vivo or 
by means of clinical studies [16, 35]. Therefore, finite ele-
ment models were developed to investigate the stress and 
strain distributions in the tibial bone in which an all-poly 
or a metal-backed tibial component was implanted. These 

models were analysed at the maximum flexion angle of a 
deep knee squat and with different surgical and patient con-
ditions in terms of cementing techniques and bone quality. 
Stress and micromotion were calculated and compared for 
a variety of conditions. The main features of the models are 
described in the following paragraphs.

Geometry

Computed tomography (CT) images of a left mechanical 
equivalent tibial Sawbone (fourth-generation left composite 
tibia, Pacific Research Laboratories, WA, USA), including 
cortical bone, cancellous bone and intramedullary canal, 
were used to obtain the bone geometry [1, 12, 16]. The 
implant design used in this study (for both metal-backed 
and all-poly) was the GENESIS II Total Knee System 
(Smith & Nephew, Memphis, TN, USA). Virtual cuts were 
performed on the model of the tibia, following the surgi-
cal procedures for this implant design. Size 4 was chosen 
for both the implant solutions according to the medial–lat-
eral (M–L) and anterior–posterior (A–P) dimensions of the 
proximal tibial surface after the cut. This choice was con-
firmed by experimental implantation tests in a mechanical 
equivalent synthetic tibia.

The following implant conditions were modelled:

1. Three different cement penetration thicknesses (2, 
3 and 4 mm) in the tibial cancellous bone under the 
baseplate were selected, according to reported values 
of penetration [39]. Cement penetration of 2–3 mm is 
required to engage at least one level of trabeculae and 
sufficient bends in the vertical channels [43]. Thermal 
damage is likely to occur with a cement penetration of 
more than 5 mm [13]; therefore, a penetration depth 
between 2 and 5 mm seems to be ideal.

2. The presence or absence of a 1-mm cement layer 
around the stem of the implant was also evaluated. 
Tibial trays with cement around the stem have under-
gone biomechanical analysis showing proximal stress 
shielding, distal cortical load transfer and improved 
fixation stability [18]. In order to model this condition, 
a larger 13-mm-diameter hole, instead of the traditional 
11 mm, was created in the tibial cancellous bone and 
the space between the bone and stem was filled with 
cement.

3. Three different bone conditions were selected in order 
to represent variability in bone quality: physiological, 
osteopenic and osteoporotic bone. TKA is often per-
formed on older patients, whose bones may present a 
decrease in bone mass and density and a degradation of 
bony structure. This was represented in a FE model by 
weaker mechanical properties of the material. In par-
ticular, the Young’s moduli of the physiological corti-



2552 Knee Surg Sports Traumatol Arthrosc (2016) 24:2550–2559

1 3

cal and cancellous bone (that were found in the litera-
ture [33]) were reduced by 32 and 66 %, respectively, 
to represent the osteoporotic bone, and by 16 and 33 % 
to represent the osteopenic bone [23].

A total of 36 configurations were obtained between all 
of the above conditions.

Material models and properties

Although cortical and cancellous bones show viscoelas-
tic properties, the assumption of linear elasticity is ade-
quate for most studies [12, 14, 16, 38]. Cortical bone was 
assumed to be linear elastic and orthotropic, while cancel-
lous bone was assumed to be linear elastic and isotropic 
[14, 33, 38]. Isotropic linear elastic homogeneous models 
were used also for UHMWPE, titanium alloy (Ti6Al4V), 
cement (PMMA) and cobalt–chromium alloy (CoCrMo) 
[19, 29, 42]. Material properties are shown in Table 1.

Mechanical properties of the bone (physiological, osteo-
penic and osteoporotic conditions) were chosen according 
to the literature (Table 2) [23, 33]. Appropriate friction 

coefficients at the interfaces were also chosen according to 
the literature (Table 3) [4, 9, 18, 28, 44].

Simulated motor task

A numerically validated musculoskeletal model (LifeMOD/
KneeSIM 2007.5.0, LifeModeler Inc., San Clemente, CA) 
[15, 31] was used to simulate a squat motor task up to 120° 
flexion of a knee with a GENESIS II TKA design. A con-
stant vertical hip load of 200 N was applied during the motor 
task [15, 31, 40, 41]. According to the Grood and Suntay 
convention [10], internal rotation and adduction at the maxi-
mum flexion angle (120.0°) were, respectively, 1.3° and 
3.2°. The contact forces between the femoral component and 
the polyethylene insert at this orientation were evaluated in 
two regions. One region consisted of the loads exchanged 
between the insert plateau and the lateral and medial con-
dyles of the femoral component, and the other region con-
sisted of the loads exchanged by the post of the insert and the 
cam of the femoral component. The quadriceps load, which 
was applied to the tibial bone through the patellar tendon at 
the tibial tuberosity, was also calculated (Table 4).

The femoral component was coupled with each of the 
tibial components in the relative position identified by the 
previously validated musculoskeletal model. The same rel-
ative position between the two components and the loads 
previously identified were applied to all 36 models.

In all simulations, the tibial bone model was cut and 
fixed at the distal end.

Finite element analysis

Each model was meshed with tetrahedral elements with 
an average edge length of approximately 5 mm. A refine-
ment of the mesh was performed in the region of the bone 
in contact with the implant. Each model was composed 
of approximately 55,000 elements. The region of interest, 
where stresses and strains in the bone were analysed, was 
the 10-mm proximal region under the baseplate of the tibial 
component (Fig. 1).

Development of the models and all the finite element 
simulations were performed using Abaqus/Standard 6.11-1 
(Dassault Systèmes, Vélizy-Villacoublay, France). The 
extracted outputs were (1) von Mises stress distribution at 
the tibial proximal cut, (2) mean compressive stress in the 
bone and (3) micromotion at the bone–baseplate interface, 
which was calculated as M–L and A–P relative displace-
ments between the prosthesis and bone.

Table 1  Material properties for implants and bone cement used in 
this study

Material Young’s modulus (MPa) Poisson’s ratio

CoCrMo E = 248,000 v = 0.3

UHMWPE E = 667 v = 0.46

Ti6Al4V E = 110,000 v = 0.3

PMMA E = 3000 v = 0.37

Table 2  Material properties for varying bone quality: physiological, 
osteopenic and osteoporotic; the third axis was taken parallel with the 
axis of the bone

Material Physiological Osteopenic Osteoporotic

Cortical bone

E1 (MPa) 11,500 9660 7820

E2 (MPa) 11,500 9660 7820

E3 (MPa) 17,000 14,280 11,560

v12 0.51 0.51 0.51

v13 0.31 0.31 0.31

v23 0.31 0.31 0.31

Cancellous bone

E (MPa) 2130 1427 724

v 0.3 0.3 0.3

Table 3  Friction coefficients between the different interface couples

Materials CoCrMo–UHMWPE Ti6Al4V–PMMA UHMPWE–PMMA Ti6Al4V–UHMPWE PMMA–bone

µ 0.05 0.25 0.3 0.2 No relative motion
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Statistical analysis

Statistical difference between sets of results was checked 
by performing independent two-sample Student’s t tests. 
Significance was set at p < 0.001.

Results

Qualitative comparison of the von Mises stress at the 
bone–implant interface

Comparing the von Mises stress distribution at the implant–
bone interface, the results show that the metal-backed 
design distributes the stress more uniformly throughout 

the bone compared to the all-poly solution (Fig. 2). The 
all-poly solution resulted in stress concentrated in smaller 
regions beneath the two loads applied by the femoral con-
dyles. Conversely, the metal-backed solution presented a 
more uniform distribution beneath the baseplate. This find-
ing was expected due to the higher stiffness of the metal-
backed component compared to the stiffness of the all-poly 
component.

Stress analysis in the bone: effect of cement penetration 
thickness under the baseplate

When the thickness of the cement penetration under the 
baseplate changed from 2 to 4 mm in the different configu-
rations, an average compressive stress variation of +8 % 
was calculated in the region of interest of the bone (Fig. 3). 
The maximum stress variation observed was +15.9 %. 
Stress variation obtained by changing the cement thickness 
was not consistent and not statistically significant (n.s.). 
For this reason, the differences in the stress values due to 
the change of the cement thickness were ignored in the fol-
lowing comparisons.

Stress analysis in the bone: effect of implant design

Comparing the mechanical effects in the bone between 
metal-backed and all-poly implants, the following results 
were obtained: in cortical bone, no significant compres-
sive stress variations were measured (1.6 % mean variation, 
n.s.); in cancellous bone, the compressive stress variation 
ranged from a minimum of +74.7 % to a maximum of 
+128.4 % and statistical difference was found (p < 0.001). 
The mean variation in stress obtained for the all-poly com-
pared to metal-backed design was +75.5 % without cement 
around the stem, and +114.4 % with cement around the 
stem (Fig. 4).

Stress analysis in the bone: effect of cement layer 
around the stem

When the mechanical effects obtained with and without 
the cement layer around the stem were compared, the 
following results were obtained: for the metal-backed 
analysis, the presence of the cement layer reduced aver-
age stresses both in the cancellous bone (−4.6 % of aver-
age) and in the cortical bone (−2.0 % of average), but 
these changes were not statistically significant (n.s.). 
For the all-poly analysis, the cement increased signifi-
cantly stresses in the cancellous bone (+16.5 % on aver-
age, p < 0.001), but decreased stresses in cortical bone 
(−2.5 % on average) but without statistical difference 
(n.s.). Figure 5 shows the variations, in terms of average 
von Mises stress at the tibial proximal cut, while Fig. 6 

Table 4  Loads transferred between the two components and quadri-
ceps load applied to the patellar tendon attachment

Location Direction Magnitude (N)

Lateral plateau Medial/lateral (+/−) −16

Anterior/posterior (+/−) −220

Superior/inferior (+/−) −1096

Medial plateau Medial/lateral (+/−) −102

Anterior/posterior (+/−) −221

Superior/inferior (+/−) −1157

Post-cam Medial/lateral (+/−) −99

Anterior/posterior (+/−) 1569

Superior/inferior (+/−) 0

Patellar tendon Medial/lateral (+/−) −30

Anterior/posterior (+/−) 57

Superior/inferior (+/−) 473

Fig. 1  Ten-millimetre region of interest created in the tibial bone 
under the baseplate in order to analyse compressive stress values
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shows the compressive stress results in the region of inter-
est of the bone.

Stress analysis in the bone: effect of varying bone 
quality

Evaluating the differences in bone quality, a statistical dif-
ference (p < 0.001) in the stress variation in the cortical 
bone was found: in particular, the mean stress variation in 
the cortical bone between physiological and osteoporotic 
bone was +38.1 %, while the maximum variation observed 
was 40.8 % (Fig. 5). In cancellous bone, the variation was 
less significant (n.s.) with an average of +10.2 %. The von 
Mises stress variations at the tibial proximal cut can be 
seen in Fig. 7.

Micromotion analysis: effect of cement penetration 
thickness under the baseplate

The micromotion results followed similar trends: when 
the cement penetration thickness under the baseplate is 
changed from 2 to 4 mm, micromotion variation is slightly 
higher than stress variation. In fact, the micromotion vari-
ation in the A–P direction is the most relevant consider-
ing the boundary conditions applied to the models and 
increases from 1.3 to 24.7 %. The mean A–P micromo-
tion variation obtained by changing the cement penetration 
thickness was +11.0 %, but again it was not consistent and 
there was no statistical difference (n.s.). An example of the 
effects on micromotion obtained when the cement penetra-
tion was changed is shown in Fig. 8.

In the M–L direction, the percentage variation analysis 
could be misleading because, especially for metal-backed, 
the values are so small that a small variation causes a 
large percentage difference. In fact, as most of the load 
was applied to the model along the A–P direction, the 
most meaningful results from these analyses are those 
that refer to the A–P direction. However, since differ-
ences in the A–P micromotion variation were not consist-
ent and thereby not meaningful, the differences obtained 
by changing the thickness of the cement penetration were 
ignored in the following comparisons, as well as for the 
stress analysis.

Micromotion analysis: effect of implant design

The comparison between all-poly and metal-backed 
implant designs showed a marked difference: micromo-
tion with all-poly was far larger than with metal-backed. In 

Fig. 2  von Mises stress distribution: comparison between all-poly and metal-back with different cement penetration layers

Fig. 3  Compressive stress values in simulations without cement 
around the stem and with physiological bone conditions. When 
changing the cement penetration layer, the stress variation was not 
meaningful. Note: MB metal-backed, AP all-poly, cement penetration 
of 2, 3 and 4 mm in cancellous bone



2555Knee Surg Sports Traumatol Arthrosc (2016) 24:2550–2559 

1 3

particular, the average A–P micromotion variation obtained 
by changing the implant solution from metal-backed to all-
poly was 2.5 times higher (+258.7 %, p < 0.001), reaching 
a peak of 5 times higher (+502 %) in one of the analysed 
configurations (Fig. 9).

Micromotion analysis: effect of cement layer 
around the stem

When the cement layer around the stem was added, the 
micromotion in the A–P direction decreased for all of the 

Fig. 4  Compressive stress 
values: comparison between dif-
ferent prosthesis designs. Note: 
MB metal-backed, AP all-poly, 
wi and wo means with and with-
out cement around the stem

Fig. 5  von Mises stress distribution: comparison between models with and without cement around the stem

Fig. 6  Compressive stress val-
ues: comparison between mod-
els with and without cement 
around the stem for varying 
bone quality. AP all-poly, MB 
metal-backed, Physio physi-
ologic, Penic osteopenic, Osteo 
osteoporotic, wi with cement, 
wo without cement
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configurations. The mean micromotion decreased by 5.5 % 
in the A–P direction when the cement layer around the 
stem was added and a maximum variation of −13.8 % was 
measured (Fig. 10), but these variations were not statisti-
cally significant (n.s.).

Micromotion analysis: effect of varying bone quality

When the bone properties were changed from physiological 
to osteoporotic, the mean A–P micromotion variation was 
+34.2 %, with a peak variation of +54.0 % in one analy-
sis (Figs. 9, 10). This variation was statistically significant 
(p < 0.001) for both all-poly and metal-backed designs.

Discussion

The most important finding of the present study was that 
all-poly components resulted in higher and less uniform 
stress distributions, especially in the cancellous bone, and 
increased micromotion up to 5 times at the interface com-
pared to the metal-backed component. Moreover, the per-
formance of both implant designs worsened with poorer 
bone quality, and performance improvements are shown to 
be not statistically significant when the stem was cemented. 
More in details, the all-poly design resulted in concentrated 
stresses in regions near the applied condylar loads. In addi-
tion, compressive stress values in the cancellous bone were 
clearly higher with the all-poly solution. This confirms the 
results from previous studies that compared all-poly and 

Fig. 7  von Mises stress distribution: comparison between models with different bone conditions

Fig. 8  Micromotion values in simulations without cement around the 
stem and with physiological bone condition. Changing the cement 
penetration layer, the micromotion variation was not meaningful. 
Note: MB metal-backed, AP all-poly
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metal-backed performances [2, 36]. These findings were 
predictable, since the stiffness of the metal component is 
much higher than the stiffness of polyethylene. With the 
metal-backed design, the loads were transferred from the 
polyethylene insert to the metal, which carried the bulk 
of the load and generated lower peak stress in the cement 
layer beneath the tibial component. Although exact corre-
lations with clinical outcomes are unknown, these effects 
on tibial bone could lead to an increase of pain and risk of 
implant loosening [2, 3]. What was observed in the current 
study was also observed by Taylor et al. [36] on cement-
less TKA tibial component: higher cancellous bone stresses 
are correlated with migration and survivorship data, with 
the implant generating the highest cancellous bone stresses, 
migrating the most and having the poorest survival rates at 
5 years. The progressive failure of cancellous bone seems 
to be a shared mechanism of implant migration, regardless 
of the method of fixation and the implantation site.

Micromotions with all-poly were higher than those 
with metal-backed. Although the friction coefficient 

between polyethylene and cement is higher than the 
friction coefficient between titanium and cement, the 
deformability of polyethylene caused far greater micro-
motion with all-poly because of the higher strains in the 
polyethylene component. High micromotions increase 
risk of loosening and consequent failure [37]. This result 
contradicts a previous study performed by means of a 
radiostereophotometric analysis (RSA), which showed 
that all-poly components’ migration is equal or lower 
than that in the case of metal-backed components [27]. 
This difference could be motivated by the fact that the 
current study analyses the behaviour of the two implants 
during a high-flexion motor task, while the cited work 
performed a comparison with older patients with a mean 
age of 69 years, who would unlikely perform activities 
such as a full squat. Moreover, the current study focused 
on the determination of micromotion due to the applica-
tion of a single loading condition, while RSA measures 
migration that is a long-term effect influenced by many 
loading cycles at the joint.

Fig. 9  Micromotion values: 
comparison between different 
prosthesis designs for varying 
bone quality. Note: MB metal-
backed, AP all-poly, wi and wo 
means with and without cement 
around the stem. Physio physi-
ologic, Penic osteopenic, Osteo 
osteoporotic

Fig. 10  Micromotion values: 
comparison between models 
with and without cement around 
the stem and considering 
varying bone quality. Note: MB 
metal-backed, AP all-poly, wi 
and wo means with and without 
cement around the stem.  Physio 
physiologic, Penic osteopenic, 
Osteo osteoporotic
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Changing the thickness of the cement penetration under 
the baseplate did not result in significant variations in terms 
of stress and micromotion. This could be explained con-
sidering that a minimum level of penetration (2–3 mm) is 
required to engage at least one level of transverse trabecu-
lae [43] and a maximum value (5 mm) is necessary in order 
to avoid thermal injury [13]. Therefore, a penetration depth 
between 2 and 5 mm is ideal, and within this range, there is 
little performance variation.

The use of cement around the stem in metal-backed 
tibial components in primary TKA has been shown in pre-
vious studies to increase fixation stability [18]. The results 
of this study confirmed better fixation, showing a reduction 
of micromotion at the bone–baseplate interface. However, 
they confirmed a stress decrease in cancellous bone only 
with metal-backed. In the case of the all-poly design, the 
presence of the additional cement layer caused increased 
compressive stress values in cancellous bone. In particular, 
the cement reduced stresses in the anterior part of the bone, 
where most of the cement is situated, but increased stresses 
at the wedge–bone interface, where there is no cement. 
This difference could be caused only by the greater cement 
Young’s modulus compared to the cancellous bone that 
may increase stress values but not strain values.

When the bone properties are changed from physi-
ological to osteoporotic, most of the stress increase was 
observed in the cortical bone with both all-poly and metal-
backed. The same increasing trends were identified when 
micromotion variation was evaluated. These results show 
that the performances of both implant designs worsen when 
bone quality is reduced.

The current analysis presents some limitations. First, the 
results pertain to a high-flexion squat and may not extend 
to other activities. This activity was chosen because of the 
necessity to evaluate implant performance during high-
demand motor tasks. This necessity was driven by the 
anticipated demand for primary TKA since current trend 
in patients’ lifestyle shows increased activity in medium- 
and high-impact sports [20, 24]. Second, direct validation 
of the results obtained in this study was not performed. If 
the absolute values of stress and micromotion had been the 
main results of this study, a more rigorous validation would 
have been necessary; however, this was a comparative anal-
ysis of the stress and micromotion ratios between all-poly 
and metal-backed implants. Moreover, the boundary condi-
tions used in this study were previously validated [15, 31].

Clinically, the results of this study should be considered 
in addition to the already known advantages and disadvan-
tages of the two implant designs when selecting the appro-
priate tibial baseplate option for a patient, especially in the 
presence of osteoporotic bone or if intense physical activity 
is anticipated.

Conclusion

In conclusion, even if metal-back and all-poly should be 
viewed as complementary approach, the all-poly compo-
nents resulted in higher and less uniform stress distribu-
tions in the bone and increased micromotion up to 5 times 
at the interface compared to the metal-backed component. 
The all-poly design shows larger mechanical effects on the 
bone that could potentially lead to an increase of pain and 
risk of failure of the implant. Moreover, the performances 
of both the implant designs worsened when the bone qual-
ity was reduced; however, they both improved with a 
cemented stem.
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