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Tibial tubercle osteotomy (TTO) is commonly performed in cases of complicated juxta-articular trauma or
revision total knee arthroplasty. However, strategies for firmly fixing the resulting osteotomy bone frag-
ment are not sufficiently understood. This study aims to investigate the effect of the location of the gap
between the fragment and the tibia and with various fixed screw configurations on TTO stability, contact
force on the fragment, and bone stress by using the finite element method. A TTO model with a 1-mm
gap, either above or below the fragment, was developed. Furthermore, five screw configurations, includ-
ing two parallel horizontal screws placed at 20- and 30-mm intervals, two parallel downward screws, two
trapezoid screws, and two divergent screws, were used. A vertically upward 1600-N force was applied on
the tibial tubercle to mimic a worst-case condition. Placing the fragment close to the superior cutting
plane (above the gap) yielded greater stability and less stress on the bone than did placing it close to the
inferior cutting plane. The superior cutting plane of the tibia generated the largest contact force on the
superior plane of the fragment for static balance under loading. Additionally, among all screw configura-
tions, the configuration involving two parallel downward screws resulted in the highest stability but also
the greatest stress on the cortical bone. The fragment obtains a solid barrier and support from the tibia
immediately after surgery to against the patellar tension force when the fragment is close to the superior
cutting plane of the tibia.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

[1-11]. The strengths of TTO are its predictable recovery through
bone healing and its feasible outcomes [12-16]. However, a rela-

Tibial tubercle osteotomy (TTO) is commonly performed to ex-
pand the surgical exposure and field, create negligible soft tissue
violation, and protect the patellar tendon in cases of complicated
juxta-articular trauma or revision total knee arthroplasty (RTKR)
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tively high rate of complications, such as nonunion, fracture, tu-
bercle fragment displacement, and tibial metaphyseal fracture, has
been reported [10]. Most complications following TTO are gener-
ally related to the fixation of the osteotomy. Nevertheless, there
is little understanding of how to firmly fix the osteotomy tubercle
fragment back to the tibia after osteotomy. A few academic studies
have been conducted to investigate mechanical stability; however,
the internal mechanical responses, including the stress and contact
force on the TTO bone fragment, are still unclear.

Previous research has suggested that TTO fixation may be
achieved by means of a step cut above the insertion site of the
patellar tendon at the proximal tibia and screw fixation has
been suggested for TTO fixation [9,10,16-18]. In clinical practice,
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Fig. 1. TTO models (a) and (b), screw configurations (c) and boundary condition (d) used in this study.

however, the cut bone fragment is slightly shorter than the slot
of the tibia because of the thickness of the saw, which causes a
gap between the osteotomized bone fragment and the tibia when
the bone fragment is fixed back to the tibia. How to deal with the
gap, either by placing the fragment close to the superior cutting
plane and above the gap or by placing the fragment close to the
inferior cutting plane and below the gap, has not been mentioned
in the literature. Moreover, only configurations involving two
parallel horizontal screws have been used in mechanical studies
[17,18] and the other screw configurations, such as trapezoid and
parallel downward, have not been employed. The surgeon must
adjust the trajectory of the screw due to poor bone condition
or to avoid the artificial joint component in revision surgery,
but no mechanical study has reported on stability with various
screw configurations. From a mechanical perspective, the screw
configuration and fragment-tibia gap are critical for the stability
of the TTO bone fragment. Enabling contact between the fragment
and the tibial bone when loading is applied on the fragment can
share the loading on the fragment with the tibial bone, thereby
increasing the stability of the fragment.

In addition to stability, the internal mechanical status, including
the stress and contact forces on the bone fragment after static bal-
ance, remains unknown. Furthermore, complications due to frac-
tures of bone fragments—particularly near the junction of the bone
and metallic screws—are a primary concern in clinical applications
[12,19-21]. The stress on the bone, particularly near the screw
holes, is critical to the bone fragment because high stress is a po-
tential factor causing bone failure. However, bone stress is diffi-
cult to detect because no sensor is sufficiently small to be placed
into a sample without disturbance. By contrast, the finite ele-
ment (FE) method is a numerical method for calculating the in-
ternal stress and strain of a model without destroying the model
[22-24]. Therefore, the aim of this study was to investigate the
effect of the location of the gap between the fragment and the
tibia and with various fixed screw configurations on TTO stability,
internal contact force on the fragment, and bone stress by using
the FE method. Stability was evaluated by fragment displacement
and the deformation of the gap between the fragment and the
tibia.

2. Methods

To investigate the effect of the location of the fragment and
the location of the gap between the fragment and the tibia on the
biomechanical responses of TTO with various screw configurations,
an FE model was developed; the model comprised a tibia with TTO
fixed with various screw configurations. The stability of TTO was
evaluated by examining the displacement of the fragment and the
deformation of the gap between the fragment and the tibia. More-
over, the maximum principal stress of the bone and the contact
forces on the fragment were demonstrated.

2.1. Solid model

An intact solid tibia model was created based on computed to-
mography (CT) images provided by the US National Institutes of
Health in its Visible Human Project. The images were taken with 1-
mm intervals, and the contours of the cortical bone were retrieved
according to their gray values by using Avizo Version 6 software
(VSG SAS, Bordeaux, France). The cancellous bone was created by
shrinking 2 mm of the cortical bone [25] because of the blurry
boundary between the cortical and cancellous bone at the proxi-
mal tibia. The solid bone model was then imported into the CAD
software SolidWorks 2012 (Dassault Systemes SolidWorks Corp.,
Waltham, MA, USA) to create the osteotomy and implant screws.
The tibial tubercle was isolated from the tibia, and a 1-mm-thick
bone sheet was resected from the top of the fragment to simulate
bone loss from a saw blade. The bone fragment was 85 mm long
and 15 mm thick [9,10,14,17,18]. The bone fragment was kept at the
original position with a 1-mm gap above the fragment between
the fragment and the tibia (type A; Fig. 1(a)) or moved upward
close to the superior cutting plane with a gap below the fragment
(type B; Fig. 1(b)). The cut fragment was fixed to the tibia with two
cortical screws (outer diameter, 4.5 mm; Synthes, PA, USA). The
length of the horizontal screws was 54 mm (VA401.054), whereas
that of the other screws was 76 mm (VA401.076). Two intervals,
namely 20 and 30 mm, were considered between the two parallel
horizontal screws [17], whereas the interval between the two par-
allel downward screws was 15 mm. The angles between the two
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Fig. 2. Comparison of the tubercle stiffness (N/mm) in the present study with that of Paul (a). Comparison of the contact force (N) on the superior cutting plane of the bone
fragment (b) and the maximum principle stress (MPa) of the tibia near the screw hole (c) in 582,751 and 1,624,302 nodes.

screws were 45° and 90° in the trapezoid and divergent configura-
tions, respectively. In total, five feasible types of screw configura-
tions were used in the simulation, including two parallel horizon-
tal screws with intervals of 20 and 30 mm, two parallel downward
screws, two trapezoid screws, and two divergent screws (Fig. 1(c)).

2.2. FE model

The constructed solid models were imported into ANSYS
WORKBENCH V17 (Swanson Analysis, Houston, PA, USA) to mesh
and achieve the simulation. A quadratic element (solid 187) was
used to mesh all model parts. The mesh density of the screws,
bone fragment, and thread areas in the tibia was increased by lo-
cal refinement in ANSYS WORKBENCH V17. In total, 556,572 nodes
and 380,715 elements were used in the model with the horizon-
tal screw configuration. Each FE model with various screw config-
urations was meshed with uniform mesh settings. The contact be-
haviors between the cutting planes of the tubercle fragment and
the cutting planes of the tibia and between the thread surfaces of
the screws and the surrounding bone were defined for frictional
surface-to-surface contact (contact 174 and target 170, ANSYS). The
frictional coefficients of bone-to-bone and bone-to-metal (screw)
contact were set to 0.45 and 0.3, respectively [24].

2.3. Material property and boundary condition

The elastic modulus values of the cortical and cancellous bones
were set to 12.6 GPa and 457 MPa [26,27], respectively, and the
Poisson ratios were both set to 0.3. Because the screw used in the
present study was titanium, the elastic modulus and Poisson ratios
were set to 110 GPa and 0.3, respectively [28]. A vertically upward
1600-N force, divided into 12 equal forces on 12 points, based on
an experimental study was applied on the tibial tubercle at the
insertion site of the patellar tendon to simulate the pulling force
from the quadriceps muscle [17,18]. The purpose of this application
was to mimic a worst-case condition in which the tubercle sus-
tained a high tension force from the patellar tendon, such as the
force sustained from initially standing or stepping up, when the
bilateral end of the tibia was constrained by the ankle and knee
joint. The magnitude of the force was defined based on the failure
load in the cadaveric TTO tibia. The entire superior surface of the
tibia was set to compression-only support, which meant the sur-
face could bear only normal force instead of tension force, to sim-
ulate resistance from the distal femoral condyle. The distal surface
of the tibia was totally fixed (Fig. 1(d)).

2.4. Validation and convergence

To confirm the reality of the present model, the results of
the TTO model with two horizontal screws and without the
compression-only support were compared with Caldwell’s et al.
study [18] for validation. The difference of tubercle stiffness be-
tween Caldwell’s study and the present study was 16% (Fig. 2(a)).
Furthermore, a mesh convergence test was conducted by globally
increasing the numbers of nodes and elements. The differences,
between the 582,751 and 1,624,302 nodes, in the contact force on
the superior surface of the bone fragment and maximum principal
stress near the screw hole of the tibia shift were 2.8% and 1.9%, re-
spectively (Fig. 2(b) and (c)). Finally, the same element size setting
with that used in the model comprising 582,751 nodes was used
in the simulation.

3. Results

The type B fragment resulted in greater stability with less frag-
ment displacement than the type A (Fig. 3). Among all screw
configurations, the configuration involving two parallel down-
ward screws resulted in the smallest bone fragment displace-
ment, whereas the horizontal screw configuration resulted in the
largest displacement. Furthermore, the type B fragment resulted
in a smaller difference in fragment displacement between the
screw configurations (0.236-0.333 mm), compared with the type
A (0.375-0.977 mm). Additionally, the type B fragment resulted in
a more stable structure with a smaller gap deformation between
the fragment and the vertical and inferior cutting planes than the
type A (Table 1). The configuration involving two parallel down-
ward screws facilitated the smallest gap deformation. Among the
other configurations, the trapezoid and divergent configurations fa-
cilitated a smaller gap deformation than did the configuration in-
volving two parallel horizontal screws.

In the type B fragment, the superior cutting plane of the tibia
generated the largest contact force on the fragment for static bal-
ance after a load was added. The peak contact force values were
1397 and 893 N in the two parallel horizontal and downward
screw configurations, respectively (Table 2). Although the contact
force on the fragment in the two downward configuration was
smaller than that in the two horizontal configuration, the maxi-
mum difference in the contact force between the screw and supe-
rior cutting plane of the tibia was smaller in the downward (292-
839 N) than in the horizontal (74-1397 N) configuration. The two
parallel screw configurations (horizontal and downward) resulted
in a smaller difference in screw contact force between the two
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Fig. 3. Total displacement of the fragment close to the superior (top row; type B) and inferior (bottom row; type A) cutting planes of the tibia and with various screw
configurations.

Table 1
Maximum gap deformation (mm) between the fragment and the tibia.
Horizontal Horizontal Trapezoid  Diverge = Downward
D20 mm D30 mm
Fragment close to the superior cutting plane and above the gap
Between superior cutting plane and fragment 0 0 0 0 0
Between vertical cutting plane and fragment 0.16 0.11 0.04 0.06 0.03
Between inferior cutting plane and fragment 0.48 0.35 0.29 0.28 0.28
Fragment close to the inferior cutting plane and below the gap
Between superior cutting plane and fragment  0.83 0.83 0.37 0.54 0.29
Between vertical cutting plane and fragment 0.48 0.22 0.03 0.07 0.02
Between inferior cutting plane and fragment 0.74 0.46 0.15 0.12 0.12

Two parallel horizontal screws with intervals of 20 (horizontal D20 mm) and 30 mm (horizontal D30 mm).
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Table 2
Contact force (N) on the fragment.
Horizontal Horizontal Trapezoid  Diverge = Downward
D20 mm D30 mm
Fragment close to the superior cutting plane above the gap
Contact force on the superior cutting plane 1397 1387 1008 1013 893
Contact force on the vertical cutting plane 22 19 37 17 45
Contact force on the inferior cutting plane 0 0 0 0 0
Superior screw contact force 74 80 60 57 292
Inferior screw contact force 126 132 510 526 382
Fragment close to the inferior cutting plane and below the gap
Contact force on the superior cutting plane 0 0 0 0 0
Contact force on the vertical cutting plane 226 180 222 80 299
Contact force on the inferior cutting plane 0 0 0 0 0
Superior screw contact force 678 702 221 420 626
Inferior screw contact force 712 733 1164 1106 682

Two parallel horizontal screws with intervals of 20 (horizontal D20 mm) and 30 mm (horizontal D30 mm).
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Fig. 4. Maximum principal stress in the cortical bone of the bone fragment close to the superior (top row; type B) and inferior (bottom row; type A) cutting planes of the

tibia and with various screw configurations.

screws than did the two trapezoid and divergent configurations in
an identical configuration. Although the contact force from the ver-
tical cutting plane was increased with the type A fragment com-
pared with the type B, the contact force remained much smaller
than the screw contact forces.

Type B fragment resulted in a lower maximum principal stress
in the tubercle fragment and the tibia than type A (Figs. 4-6). The
maximum principal stress in the type A fragment increased up to
2.6 times (61.7-161 MPa, Fig. 4), 3.63 times (9.95-36.1 MPa, Fig. 5),
and 4.79 times (8.02-38.4 MPa, Fig. 6) in the fragment cortex, frag-

ment cancellous, and tibia, respectively, compared with the type B
fragment in the horizontal screw configuration with an interval of
20 mm.

4. Discussion

TTO has become an increasingly popular procedure, particularly
during RTKR, and its rising frequency is mirrored by the number of
total knee arthroplasties performed currently. In this study, various
managements of the gap between the fragment and the tibia in
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Fig. 5. Maximum principal stress in the cancellous bone of the bone fragment close to the superior (top row; type B) and inferior (bottom row; type A) cutting planes of

the tibia and with various screw configurations.

TTO during the surgical procedure and the corresponding mechan-
ical responses, including stability, internal stress, and force distri-
bution of the tibia with various screw configurations, were demon-
strated by FE models. The present results indicate that placing the
fragment close to the superior cutting plane and above the gap
(the type B fragment) increased TTO stability and decreased the
stress in the bone and loading on the screws. By contrast, plac-
ing the fragment close to the inferior cutting plane and below the
gap (the type A fragment) obviously decreased TTO stability and
increased the stress in the bone and loading on the screws. Among
all screw configurations, the configuration involving two parallel
downward screws resulted in the highest stability with the least
fragment displacement, in addition to leading to the highest stress
in the bone fragment in the identical fragment location. The re-
sults provide a mechanical reference for surgeons to make a deci-
sion when applying the TTO technique in cases with complex and
difficult situations in clinical practice.

The location of the gap between the fragment and the tibia
affects TTO stability. In the type B fragment, no space exists be-
tween the superior cutting plane (loading site) of the tibia and
fragment. The fragment obtains a solid barrier from the tibia with
support immediately under a patellar tension force. The solid bar-
rier prevents the fragment from moving upward and facilitates less
displacement of the fragment, therefore resulting in less gap de-
formation between the vertical and inferior cutting planes of the

tibia and fragment. By contrast, a 1-mm-wide space could exist
between the fragment and the tibia before loading in the type A
fragment. The screws must stop the fragment from migrating when
the load begins to increase and they undertake almost all the load
on the fragment. Although the vertical cutting plane provides the
frictional force for the stability of the fragment, its contribution is
much smaller than that of the screws.

Among the screw configurations, the configuration involving
two parallel downward screws resulted in the most stable TTO
structure. The maximum difference in fragment displacement be-
tween the screw configurations decreased in the type B fragment
compared with the type A; this is because the loading on the frag-
ment was distributed on the superior cutting plane and screws
when the fragment was close to this plane. By contrast, the screws
shouldered almost all the load when the fragment was close to the
inferior cutting plane. Therefore, the effect of screw configuration
on stability increases with the loading increased on the screws.

In clinical practice, the type B fragment is suggested because
the force on the tubercle is shared by the superior cutting plane of
the tibia and the two screws and it bypasses the tibia through the
screws and bone instead of just the screws in the type A fragment.
Furthermore, the contact force among bones, the tubercle frag-
ment, and the tibia is helpful for promoting bone healing [29,30].
Surgeons may also adjust the force magnitude on the superior
cutting plane with various screw configurations. In addition, the
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Fig. 6. Maximum principal stress in the cancellous bone of the vertical cutting plane of the tibia with fragment close to the superior (top row; type B) and inferior (bottom

row; type A) cutting planes of the tibia and with various screw configurations.

type B fragment was observed to lead to lower stress in the bone
fragment near the screw holes than the type A under identical
screw configurations; this difference in stress is a result of the
loading on the fragment being shared with the tibia bone through
the superior cutting plane, thus decreasing the loading on the
screws. Stress is a risk factor for bone failure, and low stress is
recommended to avoid fragment rupture.

The configuration involving two parallel downward screws is
an option, in addition to the current two parallel horizontal con-
figuration, to increase TTO stability in cases involving severe bone
loss and in situations in which the surgeon is unable to attach the
fragment to the superior cutting plane of the tibia. Although the
gap deformation and fragment displacement in the current config-
uration involving two parallel horizontal screws were larger than
those in the trapezoid and divergent screw configurations, the dif-
ference in the screw contact forces between the two screws was
smaller in the two parallel configuration than in the trapezoid and
divergent configurations. Hence, force concentrated on one screw
is not recommended in clinical practice because it increases the
risk of bone failure.

The present study has some limitations. First, this model is
based on a single tibia from the data in the NIH visible human
project. The variation between subjects is not considered in the
present simulation. Second, to clearly confirm the effects of frag-
ment location in TTO, the tibial component of knee prostheses
while revision were excluded in this study. Third, the cortex shell
at the proximal tibia was set to a uniform thickness in the present

mode, which might override the stiffness of the proximal tibia.
The cutting plane in the present model was completely smooth; in
clinical practice, small irregularities are unavoidable. Fourth, only
a 1600-N patellar tendon force was considered. That force from
quadriceps contraction was the major force on the tibia tubercle.
The other constraint forces from the other muscles and the sur-
rounding soft tissue, such as the ligament and joint capsule, were
neglected. Besides, the proximal surface of the tibia was set to
compression-only support, instead of restricting from the distal fe-
mur condyle. Fifth, the material properties were set to homoge-
neous and liner elastic; the nonlinear effect was not considered.

5. Conclusion

According to the results of this study, contact between the os-
teotomized tubercle fragment and the superior cutting plane of the
tibia is critical for increasing the stability of TTO fragments be-
cause it provides a major contact force to resist the applied load
on the bone fragment. Therefore, in TTO fixation with screws, this
study recommends firmly placing the osteotomized tubercle frag-
ment close to the superior cutting plane of the tibia to transfer the
applied loading to the tibia, thus achieving high stability and low
stress of the bone. Additionally, the configuration involving two
parallel downward screws is an option for increasing TTO stabil-
ity for cases involving severe bone loss and situations in which the
surgeon is unable to attach the fragment to the superior cutting
plane of the tibia. However, it must be considered carefully based
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on the subject’s bone quality because of the higher stress to the
cortical bone.
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