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Introduction 
Total Knee Arthroplasty (TKA), first introduced in 1968, has 

become one of the most prevalent surgeries in all of medicine. 
An estimated 966,000 TKAs were performed in the United Sates 
in 2017, with a projected significant continued increase [1]. The 
American Academy of Orthopedic Surgeons (AAOS) predicts a 189 
percent growth in TKAs by 2030 and 382 percent by 2060, to 1.28 
million and 2.60 million procedures annually, respectively [2]. The 
most common reason for TKA is knee pain due to end stage osteo-
arthritis causing degenerative destruction of articular cartilage that 
functions to protect and lubricate the joint surface. During a TKA, 
the damaged cartilage and bony end surfaces of the distal femur 
and proximal tibia are resected. Appropriately sized metal implants 
with a polyethylene spacer are then placed to recreate the joint sur-
face [3]. 

 
TKA survivorship is reported to be > 90% at 10 to 15-years. How-
ever, aseptic loosening remains the most common cause for re 
vision TKA (RTKA), accounting for an estimated 31% of revisions, 
followed by infection (27.4%), instability (7.4%), and periprosthet-
ic fractures (4.7%) [4,5]. Aseptic loosening is theorized to occur 
due to excess wear particle formation causing an inflammatory 
response leading to osteolysis and ultimately prosthetic loosening 
[6]. This wear can be attributed to various patient host factors in 
addition to surgical and prosthetic elements such as but not limited 
to fixation technique and implant material [7]. The immense pro-
jected increase in annual TKAs will therefore carry an associated 
significant increase in RTKAs, creating an economic burden for the 
United States healthcare system [4]. Several studies have investi-
gated how prosthesis design affects the conditions within the tibia 
which could lead to aseptic loosening [7-9]. One important criteri-
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on is stress shielding from the TKA implants due to their relatively 
higher modulus of elasticity, leading to a decrease in bone loading 
and resultant bone resorption. We sought to investigate how differ-
ent designs of tibial TKA components impact stress shielding and 
most closely replicate the conditions of a native, normal tibia.

Existing Studies 

Prior studies have explored the effects of TKA implants on 
surrounding bone through modeling. This work has provided in-
sight on both the inadequacies and advantages of each analytical 
approach. Completo, et al. [7]. utilized a finite element model to 
confirm the prevalence of stress shielding in longer tibial stems. 
However, they limited their work to a hybrid fixation, in which 
cement is applied beneath the tibial baseplate, and a 40/60 axial 
loading distribution between each tibial condyle [7]. They showed 
that short stems exhibit minimal stress shielding, while long stems 
induce stress shielding up to half of the stem length. They also 
demonstrated that at the stem tip, stress concentrations can reach 
up to 4.5 times higher in short stems, and 7 times higher in long 
stems compared to the intact tibia. However, they identified that an 
ideal stem length is guided both by mechanical characteristics in 
addition to patient factors such as bone quality and quantity Chong, 
et al. [7]. studied the long-term bone resorption effects of fully 
cemented, hybrid cemented, and cement less fixation techniques 
with three levels of integration between the bone and stem [8]. The 
levels of integration were intended to represent the extremes of 
clinical circumstances and were simulated using different friction-
al conditions. They found greater bone density at the stem tip in 
the hybrid model compared to the fully cemented model, and that 
bone resorption in lower integration (lower friction) occurred at 
almost half the rate of those in higher integration (higher friction). 
Full cementation may provide better initial stability but can have 
detrimental long-term effects on bone quality. They concluded that 
a hybrid cement technique, resulting in partial ingrowth, may allow 
for greater preservation of bone stock. Eidel, et al. [9]. Examined the 
result of modifying bone-stem interface conditions [9]. By varying 
the fixation technique and the friction conditions in the bone-stem 
interface, they confirmed the presence of stress shielding in models 
with “stiffer” friction conditions. The “stiffness” of each model was 
ranked in a decreasing order: full cement, surface cement with os-
seointegration, and surface cement with a 0.2 and 0.0 coefficient of 
friction. The results showed that stress shielding can be greatly re-
duced despite a large mismatch in implant and bone stiffness if the 
interface is compliant in sliding friction conditions. Another study 
by Completo, et al. [7]. Investigates the load sharing and stability of 
various fixation techniques. Similar loading conditions were used 
to account for a 60 and 40 percent distribution of axial body force 
between the medial and lateral sides of the tibial baseplate, respec-
tively. The model also included an anterior-posterior load, an inter-
nal-external moment, and a patellar-ligament force. The study con-

firmed that short, cement stems produce tray stability equivalent to 
that of long press-fit stems [10]. 

Materials and Methods
The primary objective of this study was to investigate how fix-

ation technique, tibial stem geometry, cement stiffness, and inter-
face conditions affect stress shielding within the tibia, and to find 
an optimal combination of designs that produce the least amount of 
stress shielding. This was pursued as outlined below:

i.	 To accurately compare the designs, finite element analysis was 
used to model both the pre- and post-TKA tibia and compare 
the stresses. A CT scan three-dimensional model of a tibia was 
used as the baseline and further modified in order to accom-
modate TKA designs. The tibia, tibial stem, and tibial tray were 
considered in the model as the remaining femoral component 
and spacer in the TKA are represented as a load on the tibia. 

ii.	 The tibia was modeled as a single material and loading on the 
tibial plate was represented as axial loading at the medial and 
lateral regions in order to accurately simulate the forces with-
in the knee joint. Varying stem lengths (short, medium long), 
fixation techniques (fully cementation, hybrid cementation), 
cement stiffnesses, and interface conditions were used to gen-
erate multiple models. 

iii.	 After the feasibility of models for the pre-TKA tibia and post-
TKA tibias were verified, the stresses at specific locations 
along the tibia were compared in order to compute the mag-
nitude of stress shielding present in each design. This revealed 
the optimal combination of designs for a TKA. 

In order to build a TKA model, a provided three-dimensional 
reformatting of a CT scan of the tibia was prepared in SolidWorks 
and MeshLab. The prostheses were then modeled in SolidWorks 
and the assemblies were generated for each configuration. A total 
of 15 assemblies were created for the different combinations of 
stem geometry, fixation technique, cement material, and interface 
condition. These assemblies were imported into Abaqus for analy-
sis and evaluation of results.

Model Preparation

The “Standardized Tibia” – a 3D model derived from a CT scan 
of a synthetic human tibia – was selected for this study. The model 
was provided by Pacific Research Labs in a public domain as a STL 
file. MeshLab was used to repair and reduce the mesh from 55,000 
to 33,750 faces. The model was then imported into SolidWorks to 
create a 10-millimeter resection from the proximal tibia, which was 
determine based on the existing dimensions of the tibial condyles, 
and a mid-diaphyseal cut for a constraint, as shown in Figure 1 [11]. 
Material was then removed at the resectioned surface to accommo-
date different implant configurations. 
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Figure 1: Tibia model before (left) and after (right) preparation.

Tibial stem and cement techniques were modeled in Solid-
Works and combined to form several TKA configurations, as shown 
in Table 1. The hybrid cementation fixates the resected face of the 
tibia and bottom surface of the baseplate, while the full cementa-
tion additionally includes cementation of the stem. A 60-millimeter 

stem has versatile applications and therefore more configurations 
were used with that length [12]. Implant dimensions were selected 
based on the Stryker Triathlon Total Knee System [13] with an add-
ed 2-millimeter thickness for the cement mantle. The models were 
imported into Abaqus for FEA. 

Table 1: Combination of design parameters for different TKA configurations (HY - Hybrid, F - Full, PF – Press fit, L – low, M – medium, H – high, B – 
bonded).

Stem length Fixation method Cement stiffness Cement-bone interface friction coefficient Bone-implant interface friction coefficient

25 HY M B B

  F M B B

60

PF - - B

HY

L B B

M B

0

0.3

B

H B B

F

L B B

M

0.3 B

0.5 B

B B

H B B

100 PF - - B

  HY M B B
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Finite Element Model

The assigned material properties shown in Table 2 were as-
sumed to be homogeneous, isotropic, and linearly elastic. The 

young’s modulus of the bone and cement were selected based on 
reported values in existing studies. The different values for cement 
stiffness were selected to encompass low to high stiffnesses.

Table 2: Material properties of components in TKA.

Component Material Young’s Modulus [GPa] Poisson’s Ratio

Prosthesis Titanium 110 0.3

Bone - 14.2 0.3

Cement PMMA

1.131

0.352.261

3.392

To simulate contact between the different components of the 
TKA, a general surface-to-surface contact formulation was used. 
As highlighted in Table 1, the cement-bone interface was assigned 
bonded and coefficients of friction μ = 0.3, 0.5, while the bone-im-
plant interface was assigned bonded and coefficients of friction μ 
= 0, 0.3. 

In order to simulate forces on the joint, a non-uniform load-
ing was assigned to the medial and lateral condyles. A 60% medial 
and 40% lateral distribution of 1588 N and 1059 N was assigned 
respectively, to account for a 90-kilogram human and dynamic 
loading factor of 3. The loads did not account for the forces from 

ligaments, muscles, and tendons. The bottom face at the cut distal 
region was assigned a fixed constraint. 

The assembly was meshed in Abaqus using 10-node tetrahedral 
elements (C3D10) and mesh convergence was determined at a seed 
size of 1.5 mm. An Abaqus based mesh verification [14] ensured 
that the percentage of element distortion for all models did not ex-
ceed 0.22%. In post-processing, the cross section of the tibia was 
divided into four regions: medial, lateral, posterior, and anterior. 
The stresses were analyzed for each region at increments of 10 mm 
for areas at which the stem is present in order to more accurately 
capture the stress shielding along the length of the tibia.

Figure 2: Assembly loading, boundary condition, and mesh.

Results

Stress Shielding and Intact Tibial Stresses

In order to quantify stress shielding, the stresses within the in-
tact tibia had to first be obtained. Similar to the approach taken in 
the studies of Completo, et. al [5] and Bautista [15], the minimum 
principal stress was used to compute stress shielding. According to 
Completo, et. al. stress shielding is defined by the following equa-
tion,

0

0

.100σ ση
σ
−

=

where η is the stress shielding, σ_o is the intact tibial stress, and 
σ is the post-TKA stress. Stress shielding is represented as a per-
centage, where a negative value indicates that the post-TKA tibial 
stresses have decreased relative to the intact tibia and stress shield-
ing is present. (Figure 3) locates where the stress in the z-direction 
is zero – otherwise known as the neutral plane – for the intact tibia. 
The neutral plane provides an indication of the bending behavior 
of the tibia and its location is determined by geometry and loading. 
As seen on the plot, the tibia is predominately in a state of compres-
sion. The posterior and medial tibia is in compression while a small 
region of the anterior side is in tension.
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Figure 3: Neutral plane (left) and average minimum principal stress along tibia.

Stem Length and Fixation Technique

Since there is a correlation between the stem length and fix-
ation technique, those parameters were varied while the cement 
stiffness and interface condition were kept constant. Stress shield-
ing was present along the stem in all models. As shown in Figure 

4, the stress shielding beneath the tibial baseplate was found to be 
high in all models and decreased overall approaching the stem tip. 
In the 60- and 100-millimeter models, there was a local decrease in 
stress shielding around the 10 to 20-millimeter range before sub-
sequently increasing then decreasing back to physiological levels 
near the stem tip, where the stress shielding was close to 0%.

Figure 4: Stress shielding along tibia in the medial and lateral regions for varied stem lengths and fixation techniques.

Past the stem tip, the stresses were consistently maintained 
near physiological level in all models. Long stems demonstrated 
significantly greater overall stress shielding compared to short 
stems, independent of the fixation method. The press-fit config-
uration experienced the least amount of stress shielding beneath 
the baseplate compared to hybrid and full cement configurations. 

The fully cemented models however, showed the lowest stress con-
centrations near the stem tip. Moreover, all of the stems contained 
much larger compressive stresses compared to the surrounding 
bone, as shown in the contour plots in (Figure 5 & 6) locates the 
neutral planes of configurations with varying stem lengths and fix-
ation techniques. 
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Figure 5: Stress contour plots in the frontal plane for varied stem lengths and fixation techniques.

Figure 6: Left: Neutral plane of the intact tibia (red), 25mm (yellow), 60mm (blue), and 100mm (purple) stemmed tibias. Right: Neutral plane of 
the intact tibia (red), 60mm hybrid cement (blue) and 60mm full cement (yellow) tibias

Cement Stiffness

Overall, the cement with the lowest stiffness induced the great-
est amount of stress shielding in the hybrid cement configuration 
and the least amount in the full cement configuration. As shown 
in Figure 7, the stress shielding beneath the baseplate increased 
slightly with a decrease in cement stiffness for both configurations. 
This was the only noticeable difference within the hybrid cement 
models. Moving distally along the stem, the stress shielding in the 

hybrid cement models quickly converged and remained at the same 
level throughout the tibia. However, the full cement models had 
relatively larger differences in stress shielding for varying cement 
stiffnesses, specifically in the 20 to 50-millimeter region. As shown 
in Figure 8, the stresses at the stem tip were much higher in the hy-
brid cement configuration than in in the full cement configuration. 
Additionally, the least stiff cement induced the lowest stresses at 
the stem tip among the full cement models.
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Figure 7: Stress shielding along tibia in the medial and lateral regions for varied cement stiffnesses.

Interface Conditions

The bonded interface consistently exhibited more stress shield-
ing throughout the tibia, whereas the sliding friction condition 
(unbonded) exhibited lower but nearly identical levels of stress 
shielding. As shown in (Figures 9 & 10), there was an up to 20% 

difference in stress shielding between the bonded and sliding inter-
face conditions in the 20 to 50-millmeter region. The stress shield-
ing at the stem tip was higher for the bonded cases, whereas the 
bending stresses within the stem were lower for the sliding friction 
cases. 

Figure 8: Stress contour plots of tibia viewed in frontal plane for increasing cement stiffness (left to right) for hybrid (left 3) and full cement (right 
3) models.

Figure 9: Stress shielding along tibia in the medial and lateral regions for varied stem-cement interface conditions.
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Figure 10: Stress shielding along tibia in the medial and lateral regions for varied stem-bone interface conditions.

Figure 11: Stress contour plots of tibia viewed in frontal plane for varied stem-cement interfaces (1-3) and stem-bone interfaces (4-6). 1-3 (left to 
right): bonded, μ =0, μ =0.3. 4-6 (left to right): bonded, μ =0.3, μ =0.5.

Discussion

Stem Length and Fixation Technique

The stress shielding trends observed in the medial and lateral 
regions for all models are mostly consistent with expectations, ac-
cording FEA studies conducted by Bautista [15] and Completo, et 
al. [7]. All models demonstrated a large amount of stress shield-
ing beneath the baseplate and distally along the tibia. However, a 
study conducted by Completo et, al. [7] observed stress shielding 
to be present only up to half of the length of the stem, which was 
not consistent with our results. Stress shielding was found to be 
present along the entire stem, which alters the load transfer mech-
anism and deflection. The effects on the load transfer mechanism 
play a much larger role in influencing the stresses than the deflec-
tion. However, it is still important to note that the implantation of 
a stiff stem changes the deflection in the post-TKA tibia compared 
to an intact tibia.

In the plot of the neutral plane, the region “behind” the plane, 
or in the posterior direction, is in compression while the anterior 
side is in tension. The figure shows that the neutral plane translates 
and rotates in the direction of the origin with the implantation of 
the stem. The longer the stem, the more the neutral plane trans-
lates and rotates towards the medial region, inducing more tension 

in the anterior and lateral regions. Contrastingly, the neutral plane 
only intersects a portion of the lateral region. This explains why the 
stress shielding in the lateral region is noticeably greater than that 
in the medial region, especially with longer stems. It is important 
to note that the shift in neutral axis occurs only along and slightly 
past the length of the stem. Further distally in the tibia, the neutral 
planes realign with that of the intact tibia, which partially explains 
why the stress shielding approaches zero beyond the stem. The be-
havior of the tibia is comparable to that of a composite beam but 
more complex due to the asymmetry of the tibia and the non-uni-
form loading condition. 

The effects on the load transfer mechanism are most notable 
beneath the baseplate and at the stem tip. The region beneath the 
tibial baseplate is where some of the highest levels of stress shield-
ing occur. As theorized by Eidel et, al. [9], the forces applied to the 
tibia can be decomposed between the baseplate and the stem. Due 
to the bond between the stem and the bone, the stem will trans-
mit a majority of the total load applied via shear stresses and axial 
loads to the bone. Consequently, the tibial plate will see a reduction 
in force transmission and thus induce stress shielding beneath the 
plate. Despite this, the 60- and 100-millimeter stems still demon-
strated a localized decrease in stress shielding in the 10 to 20-mil-
limeter range due to the compressive loads induced by the tapering 
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region of the stem. The hybrid cemented models induced the great-
est amount of stress shielding beneath the tibial plate, followed by 
the full cement and press-fit models. This can be attributed to the 
thin layer of cement that is applied beneath the plate in both the 
hybrid and full cement models. Due to its relatively lower mod-
ulus, the cement is less effective in transmitting load to the bone 
compared to a Titanium-bone interface. This same reasoning along 
with the fact that cement helps distribute stresses explains why the 
full-cemented stems see a reduction in stress concentrations at the 
stem tip.

While Completo, et al. [7] determined stress concentrations at 
the stem tip of up to 800% of the intact tibia stresses, our results 
were much lower. The apparent lack of stress concentration at the 
stem tips are due to the fact that the stresses are averaged across 
the entire region – not just the interface – which results in an over-
all lower average stress. When looking at the stress contour plots, 
stress concentrations are in fact present at the stem tips of every 
model. The 100-millimeter stems induce large stress concentra-
tions, whereas the 25-millimeter stems do not. According to Robalo 
[16], localized increase of stresses at the stem tip are attributed to 
the fulcrum effect. This occurs when the condylar forces generate 
a bending moment along the stem and “pushes” the stem tip into 
the bone. The longer the stem, the greater the moment, and thus a 
greater force seen at the tip. This bending moment can be visual-
ized on the contour plots of the stems.

Cement Stiffness

Changes in cement stiffness also appear to affect the load 
transfer mechanism and the deflection. Noticeable effects on the 
stress shielding are seen below the baseplate and at the stem tip. 
As previously mentioned, this is due to the effect that the modulus 
has on the ability to transfer load, resulting in lower stress in the 
low stiffness cement and vice versa. The contour plots in figure 44 
show a considerable reduction in stress shielding at the stem tips 
from the highest to lowest cement stiffness. Beneath the baseplate, 
stress shielding was more sensitive in the hybrid cement than the 
full cement configuration. At a maximum, an increase of the cement 
modulus by 200% yields a reduction in stress shielding beneath the 
baseplate by about 5% in the hybrid cement model and 3% in the 
full cement model. This relatively small effect can be attributed to 
the fact that the modulus of the cement is magnitudes lower than 
those of its surrounding materials. 

The lower stress shielding – specifically in the 20 to 50-milli-
meter region – of the full cement models can be attributed to the 
behavior of the bending due to changes in cement stiffness. The full 
cement model introduces a layer of cement at the region where the 
bone would be present in the hybrid cement. As shown in Figure 4 
& 5, which compares the neutral planes of the hybrid and full ce-
ment configuration with that of the intact tibia, replacement of a 
high modulus bone with a relatively low modulus cement allows 

the tibia to undergo more deflection and shifts the neutral plane 
closer that of the intact tibia (in the 20 to 50-millimeter region), 
increasing the compressive loads throughout. At a maximum, stress 
shielding in the full cement models see a difference of about 20% 
between the lowest and highest stiffness cement in the lateral re-
gion. Darwish, et al . [17] conducted one of the only studies that 
investigates the effects of cement stiffness on TKA stresses. Using a 
hybrid model, Darwish et. al concluded that increasing the stiffness 
by a maximum of 50% from fairly high levels of 2500 to 3750 MPa 
would yield optimal stresses in the TKA. Any stiffness beyond that 
margin would produce undesirable results. The only criteria used 
to draw this conclusion were the Von-Mises stresses with no refer-
ence to the physiological stresses. In contrast to Darwish, et al. [17]. 
the results found in this study recommend increasing the stiffness 
of cement in the hybrid cement configurations while decreasing the 
cement stiffness in full cement configurations. However, further re-
search should be conducted on the effect of reducing stress shield-
ing below the tibial plate for full cemented models due to the stress 
shielding trade-off between the region beneath the baseplate and 
the region along the stem and stem tip.

Interface Conditions

With changes in the interface condition, the load transfer 
mechanism and bending of the tibia are affected. The load trans-
fer mechanism is influenced by the interface’s ability to sustain 
shear stresses. The higher the coefficient of friction, the more shear 
stresses develop at the interface. During loading, the condylar forc-
es are primarily transmitted via shear stresses axially at the distal 
region, thus reducing the stress and increasing the stress shielding 
in the proximal region. This explains why the bonded interfaces 
consistently exhibit higher stress shielding and greater stresses at 
the stem tip. With a sliding friction interface, there is more force 
transmission through the baseplate, which reduces stress shield-
ing in the proximal regions along the stem. The tibial bending is 
also influenced by the presence of shear stresses at the interface. 
Sliding friction conditions allow movement between the contacting 
surfaces whereas the bonded condition does not. By allowing rel-
ative displacement, the bone is able to undergo a deflection closer 
to that of the intact tibia. The neutral plane of the tibia with sliding 
friction conditions would shift closer to that of the intact tibia and 
induce more compressive stresses throughout, reducing the overall 
amount of stress shielding.

These results partially agree with finite element studies con-
ducted by Eidel, et al. [9] and Chong, et al. [8], which investigated 
the effects of interface conditions on stress shielding. It is with-
out question that sliding frictional interfaces are preferred when 
it comes to reducing stress shielding in the tibia. However, these 
results show that stress shielding cannot be avoided even with 
sliding friction interface conditions, contrary to the claims by Ei-
del, et al [9]. As long as there is implant material within the tibia 
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with largely mismatched stiffnesses, stress shielding will always be 
present. When considering that the purpose of cement is to provide 
initial fixation stability in full cement models, it appears difficult to 
achieve with sliding frictional surfaces. Additionally, the choice of 
fixation is often governed by the conditions of the tibia. Thus, slid-
ing frictional interfaces can be beneficial for both models in terms 
of reducing stress shielding, but more studies should be conducted 
on the trade-off between interface conditions and implant longevi-
ty for full cement fixation.

Conclusion
Based on the results of this study, an ideal TKA configuration 

that yields the least stress shielding would include a short stem 
with either a hybrid cement with high stiffness cement, or a full ce-
ment with a low stiffness cement. The addition of sliding friction 
conditions demonstrates immediate reduced stress shielding but 
long-term sustainability is unknown. While this study provided 
useful insight on the effects of modifying TKA parameters on tibi-
al stress shielding, future research should include more accurately 
simulating the conditions within the tibia. This study assumed a 
linear, isotropic, homogeneous material for the bone with a simpli-
fied loading condition. In reality, the bone is composed of different 
material properties and the loading is additionally composed of 
forces from muscles, ligaments, and tendons. Tibial geometry can 
differ from patient to patient, which could alter stress distributions. 
In this study, we used a synthetic model of a tibia, but cadaveric 
tibias can also be considered for future studies. Also, the material 
properties of the tibia used in this model correspond to a specific 
bone condition. In realty, there is a wide range of patients at dif-
ferent ages with differing tibial bone quality, and so the tibia may 
have varying material properties. Additionally, when taking Wolff’s 
law into account, the material of the bone surrounding the implant 
may become stiffer or weaker over time. This adaptive property of 
bone should also be included for more accurate results. Consider-
ing these details may yield similar overall trends since the average 
values of stress were used to compute stress shielding in this study. 
However, this would guarantee a more accurate modeling of the tib-
ia which would greatly benefit in assessing the detailed locations at 
which the stress shielding occurs.

Additional studies should also consider stress shielding for 
different implant designs. Even though stem length is the primary 
factor correlated to stress shielding, this study has shown how 
stress distributions along the stem may be unique to each design. 
This study selected one of many implants. Specific comparisons of 
stress distributions should be compared for various implants to 
determine favorable design features. Lastly, future studies should 
also focus on the mitigation of stress shielding with cement. Existing 
literature has claimed one fixation technique or a specific cement 
stiffness value to be ideal, when in fact that is not necessarily the 

case. This study has proven hybrid cements to work well with high 
stiffness cements and full cements to work well with low stiffness 
cements. Further studies should be conducted on modifying 
cements to reduce stress shielding. Perhaps using cements with 
different stiffnesses at select regions of the implant could prove 
beneficial.
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