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Abstract: Tibial fractures are common injuries in people. The proper treatment of these fractures is
important in order to recover complete mobility. The aim of this work was to investigate if screw
positioning in plates for proximal tibial fractures can affect the stability of the system, and if it can
consequently influence the patient healing time. In fact, a more stable construct could allow the
reduction of the non-weight-bearing period and consequently speed up the healing process. For that
purpose, virtual models of fractured bone/plate assemblies were created, and numerical simulations
were performed to evaluate the reaction forces and the maximum value of the contact pressure
at the screw/bone interface. A Schatzker type I tibial fracture was considered, and four different
screw configurations were investigated. The obtained results demonstrated that, for this specific case
study, screw orientation affected the pressure distribution at the screw/bone interface. The proposed
approach could be used effectively to investigate different fracture types in order to give orthopaedists
useful guidelines for the treatment of proximal tibial fractures.
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1. Introduction

Tibial plateau fracture treatment remains a difficult surgical problem, even though important
advances have been made in the care of intra-articular fractures [1,2]. This surgical challenge is
mostly related to the complex anatomy of the articular surface of the proximal tibia, which includes
large cartilaginous surfaces, insertions of ligaments, meniscal structures and a high level of force
transmission on the tibial joint in axial loading [3]. The treatment goal is anatomic reduction and
stable fixation leading to an early mobilization and a minimization of the surgical trauma [1,2]. So far,
no single treatment method has been widely established as gold standard for all types of tibial
fractures [4,5]. The most common surgical treatments include interlocking intramedullary nailing [4,6],
locking compression plates [7,8] and external fixation systems [9]. Treatment failures are common
and generally related to residual pain, stiffness, deformity, instability and a decrease in range of
motion [1,8]. Moreover, residual articular incongruity, axial malalignment and instability often result
in post-traumatic osteoarthritis [1,3,10]. The full understanding of these fractures is the key element in
the decision-making process when choosing the best possible treatment [11].

Open reduction and internal fixation with a locking compression plate (LCP), as shown in
Figure 1 [12], is currently one of the most common methods of treatment.
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Figure 1. A common tibial locking compression plate (LCP) [13].

Recently, fixation methods and expected outcomes for tibial plateau fractures have become a
topic of great interest [3,11]. A great deal of work has been done in developing modern locking plate
systems that provide fracture fixation based on completely different mechanical principles than those
of conventional plate systems [14,15]. It is not an overstatement to say that the introduction of the
locking plate was a revolution in tibial plateau fracture treatment [16]. State-of-the-art locking plates
provide an increased angular stability and an improved design, matching the periarticular bone surface.
Furthermore, these plates are compatible with minimally invasive percutaneous osteosynthesis [12].
Unlike conventional plates, locking plates allow secondary bone healing (the strain is kept between 2%
and 10%) and the enhancement of fracture fixation—even in unfavourable configurations or poor bone
quality [14]—since they operate as fixed-angle devices. By using this type of locking, it is possible
to obtain:

1.  Maintenance of the primary reduction, as the implant blocks the bone segments in their respective
positions regardless of the reduction degree;

2. Stability under load which entails a lower risk of a secondary loss of the intraoperative reduction;

3. Greater blood supply to the cortical bone.

In recent years, many studies have examined the finite element method (FEM) analysis of locking
plates in order to better understand which parameters can affect the performance of this type of fixation
system. They typically investigate how number, length, type, or shape of the screws and the shape of
the plates affect the implant stability [4,8,17-21]. Some authors [22] have demonstrated the influence
of the screw configuration on the stability of tibial tubercle osteotomy (without plates), but as far as we
know, the influence of the screw configuration on the stability of tibial locking plates has not yet been
adequately analysed. Therefore, in our study, attention is focused on investigating the influence of the
screw orientation on LCP stability. In order to do that, FEM analyses have been performed on the 3D
assembly of a locking plate and fractured tibia in four different geometrical configurations.

2. Materials and Methods

The medical literature reports several classifications of plateau tibial fractures. Currently the
classification of Schatzker [1] is the one most adopted. This classification is based on a two-dimensional
representation of the fracture, and divides tibial plateau fractures into six different groups according to
pure shearing, pure compression and their combination (Figure 2) [1,2]. Other aspects considered are
the age of the patient, the bone quality, the morphologic architecture of the fracture and the energy
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of the trauma. The first three groups (Types I, II, III) are fractures of the lateral tibial plateau and are
generally associated with a low-energy mechanism and no fracture comminution. Types IV to VI are
high-energy injuries associated with knee joint instability. Ranging from subluxation to dislocation,
these types of fracture are therefore more serious and related to considerable damage of the soft tissue.

Figure 2. Schatzker classification for tibial plateau fractures [2].

In this work, we decided to study the Schatzker type I fracture (Figure 2), which is a cleavage
fracture of the lateral column. This kind of fracture is quite common in younger people [5], who have a
denser cancellous bone that better withstands impact. In particular, we studied a fractured right tibia
equipped with a plate fixed to the bone with locking screws.

The research activity was articulated into three main steps. The first step consisted of the 3D
acquisition and CAD modelling of the tibial bone and the locking plate. In the second step, all the 3D
reconstructed models were imported and assembled through a CAD system and a common fracture of
the tibia was virtually simulated. Finally, FEM analyses were performed to evaluate the stability of the
system at different fixing screw orientations.

2.1. 3D Acquisition and CAD Modelling

A classic reverse-engineering approach [23-25] was used to digitalize the locking plate and the
tibia. The length and thickness of the plate were 237 mm and 3.5 mm, respectively. The diameter
of screws was 3.5mm and their length ranged from 30 to 65 mm. The plate and the screws were
digitally acquired (Figure 3) through a triangulation-based 3D laser scanner by Hexagon metrology
(Hexagon Manufacturing Intelligence, Cobham, Great Britain). This scanner has a high level of accuracy
(0.013 mm) which allows it to acquire point clouds at high speed (150,000 points/second). The acquired
plate and screw point clouds were post-processed and converted into NURBS surfaces using Polyworks
2015 software (InnovMetric, Québec, Canada, 2015). Finally, the NURBS surfaces were converted into
CAD solid models (Figure 3). The reconstructed CAD models differ by less than 0.035 mm from the
point clouds.
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Figure 3. Hexagon metrology 3D laser scanner HP-L-20.8 (left) and reconstructed CAD model of the
plate (right).

The CAD model of the tibia, in contrast, was reconstructed from DICOM images of a medium-sized
1.76-m-tall man. To simulate the fracture on the 3D model, reference was made to similar clinical cases.
All parts were assembled using 3D parametric CAD software (Figure 4).

Figure 4. The exploded view of bone, plate and screws.

To better understand if the screw positioning affects the stability of proximal tibial fractures treated
with LCP, the orientation of four screws was changed, keeping the remaining ones fixed. Four different
configurations were investigated by modifying the angle of screws 4-7 (Figure 5).
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Figure 5. CAD model of the superior part of the plate and numbering of the screw holes.

After analysing some commercial tibial plates, it emerged that the angle of the screws mainly
varied from about —7° to 10°. For this reason, the authors decided to study different configurations
by varying the angle of the screws from —5° to 10°. Considering that the main goal of the study was
to investigate if the screw orientation affects the implant stability, this assumption did not affect the
reliability of the results. Figure 6 shows the values of the angles for each configuration analysed.

Configuration n.1
All screws at 0°

Configuration n.2
Red screws at 5°

Black screws at 0°

Configuration n.3 Configuration n.4
Black screws at 0° Black screws at 0°
Red screws at 5° Red screws at -5°

Blue screws at 10° Blue screws at -10°

Figure 6. Schemes of the different configurations analysed (the screw angle is measured).
2.2. FEM Analyses

Finite element method analysis is an important assisting tool used largely to evaluate the behaviour
of orthopaedic implants [4,8,9,26]. Such analyses can be used to estimate the displacement and load
distribution of bones and implants [8,26,27]. Moreover, it has been shown that FE models can be used
to predict fracture healing [26,28,29]. For these reasons, in this work, an FEM-based approach was
used and virtual simulations [30,31] performed using the commercial software Ansys Workbench R.18
(Ansys Inc., Canonsburg, PA, USA, 2018). All finite element analyses were performed using a Dell
Precision T7810 workstation with a 24-core Intel Xeon E5-2670 processor and 128 GB of RAM.
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Regarding the mechanical properties of the materials, the bone was considered as an orthotropic
material, with the principal direction aligned along the long axis of the bone [32], while both screws and
plate (Ti6Al4V alloy) were considered as isotropic. The bone and the titanium alloy were considered as
elastic linear hardening materials.

Tables 1 and 2 report, respectively, the mechanical properties of the bone and of the titanium
alloy Ti6Al4V. In Table 1, Eq, E;, E3, G12, G13, G23, 12, ni3 and ny3 respectively represent the Young's
moduli (E;), the shear moduli (Gjj) and the Poisson ratios (n;j) along the radial (1), transverse (2) and
longitudinal (3) directions of the cortical bone [32]. In Table 2, E and n represent the Young’s modulus
and the Poisson’s ratio of the titanium alloy.

Table 1. Main mechanical properties of the cortical bone.

E1 (GPa) E; (GPa) E3(GPa) G2 (GPa) Gi3(GPa) Gp3 (GPa) nip ni3 np3
6.91 8.51 18.4 241 3.56 491 0.49 0.12 0.14

Table 2. Main mechanical properties of the titanium alloy Ti6Al4V.

Material E (GPa) n
Ti6Al4V 115 0.33

To avoid unrealistic high stress concentrations due to sharp discontinuities, mid-side node
elements were used to model the curved boundaries. Moreover, to ensure a high accuracy of the results,
aspect ratios were also checked during meshing to maintain all elements within acceptable distortion
limits. Ten-node tetrahedral elements were used to mesh the implant-bone assembly, and eight-node
surface-to-surface contact elements were used to mesh the bone/bone and bone/plate interfaces
(Figure 7). A preliminary convergence analysis (convergence threshold value: 5%) [33] was performed
to set the most suitable element dimension. The final mesh consisted of about 405,000 elements and
600,000 nodes.

Figure 7. Particulars of the mesh of the proximal tibia.

According to previous studies [17,34,35], a bonded contact was imposed at the screw/bone interface
and a frictional surface-to-surface contact was used at the bone/plate and bone/bone interfaces. The friction
coefficients of the bone/bone and bone/plate interfaces were 0.45 and 0.3 respectively [17,34,35]. As for the
contact algorithm, the augmented Lagrangian method was used [36]. According to similar studies on
the stability of fixation implants [34,37], the following boundary conditions were imposed to the FEM
models: the tibia was locked at its lower end, and a displacement along its main longitudinal axle was
imposed on top of the fractured part of the tibia (Figure 8). In particular, a 0.5 mm displacement was
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imposed. This value represents a threshold beyond which the implant may no longer be considered
stable [37,38].

A: Configurazione 2
Displacement
Time: Ls

[ Displacement
Components: 0,-0,50, mm

100,00 (mm) 0,00 100,00 200,00 (mm)
50,00 150,00

Figure 8. Boundary conditions: imposed displacement (left) and fully constrained surface (right).

3. Results

The reaction force (F) at the lower end of the tibia and the maximum value of pressure (pmax) at
the screwy/tibia interfaces were calculated for each configuration in order to evaluate the stability of the
locking system. The reaction force (F) and the maximum pressure (pmax) at the bone/screw interface
can in fact give useful information on implant stability. The greater the force required to cause the
0.5 mm displacement of the fractured fragment, the higher the reaction force at the distal tibia, thereby
ensuring a high stability of the fixation system. As for the pressure at the screw/tibia interface, values
that are too high can lead to bone damage and, consequently, to screw-loosening and therefore implant
instability. Accordingly, it can be deduced that the configuration (Figure 9) with a higher value of the
reaction force (F) is more stable, and the one with a lower pressure (pmax) ensures reduced damage of
the bone and, consequently, a higher stability of the implant.

Figure 9. Scheme of the reaction force F.
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To obtain highly reliable numerical models, we set up the FEM models following a largely validated
protocol [19,37,39]. Table 3 summarizes the main results obtained for each configuration analysed.

Table 3. FEM results.

Configuration Number Reaction Force F (N) Pressure Max pmax (MPa)
1 1214.6 535.61
2 1208.9 384.05
3 1194.4 412.48
4 1203.3 563.48

Figure 10 reports, for each screw configuration, the calculated values of the reaction force (F).

CONFIGURATION N.2

F=1208.9 N

CONFIGURATION N.1
F=1214.6 N

CONFIGURATION N.4

F=1203.3 N

CONFIGURATION N.3

F=1194.4 N

Figure 10. Calculated reaction forces (F) at the distal tibia for the analysed configurations.

The difference between the highest and lowest force reaction values, in the first and third
configurations respectively, is quite small. This small difference indicates, for the analysed
configurations, a limited influence of the screw orientation on the calculated reaction force.

Figure 11 shows the pressure maps at the screw/tibia interfaces.

In this case, for the configurations analysed, it can be seen that the difference between the highest
value of pmax (563.48 MPa for configuration N.4) and the lowest value (384.05 MPa for configuration
N.2) is about 180 MPa, showing a remarkable influence of the screw orientation. Moreover, it can be
seen that the maximum value always occurs at the interface between the fragmented part of the bone
(yellow area in Figure 12) and screw n.7. This may be attributed to the position of screw n.7, which is
subjected to a greater load given that it is the last screw that keeps the fragmented part in contact with
the remaining bone.
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Pmax=384.05 MPa

pPuax=535.61 MPa

0 i B S0 s o 0 28 o
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Figure 11. FEM analysis results: pressure maps at the screw/tibia interfaces.

Screw n.7

Figure 12. Position of screw n.7.

4. Discussion

Fractures of the tibia are common injuries of the lower extremities occurring both in young
and old age people. In particular, proximal fractures are approximately 11% of all fractures of the
tibia [40] and, among these, plateau fractures are the most common representing about 9% of all tibial
fractures [4,41]. If these fractures are not suitably treated to restore the articular surface or the limb
alignment, and to allow early knee motion, both a marked decrease in the range of motion and joint
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instability can occur [8]. To avoid the above-mentioned complications, a surgical approach is needed
to reduce the fracture, restore joint anatomy and mobility, as well as axial alignment of the limb and to
allow early mobilization [42-44]. Thus far, the clinical treatment of complex tibial plateau fractures is
still a challenge. Regarding Schatzker type I fractures, one of the most common surgical approaches
is plate fixation with locking screws to achieve a very stable construct [2], thereby ensuring a good
osteosynthesis. Locking compression plates in fact minimize local damage to soft tissue and blood
supply of the periosteum, and show a low incidence of non-union and infection, hence giving very good
results in terms of functional rehabilitation and clinical therapeutic effects [41,45,46]. Unfortunately,
this kind of fixation technique requires, post-operatively, a non-weight-bearing period of up to eight
weeks [2]. This long period of inactivity can impair the patient’s functionality and can also affect the
articular cartilage [27]. For this reason, it would be very interesting to understand how various design
parameters (e.g., screw orientation, plate positioning, etc.) affect the stability of the construct. A more
stable fixation system could in fact allow reduction of the non-weight-bearing time, thus reducing the
negative effects on a patient’s functionality and speeding up the healing process. Several studies have
been performed on this topic, focusing mainly on how the stability of the construct is influenced by the
type and number of screws [17,47], or by the shape or positioning of the plate [8,18,39,48,49].

This study investigates how the position of the screws affects the stability of proximal tibial
fractures treated with locking compression plates. A numerical approach was used and four different
screw configurations were analysed. The stability of the different configurations was measured in terms
of the reaction force, which is directly proportional to the force necessary to cause the mobilization
of the fractured bone fragment, and to the maximum value of pressure at the screw/tibia interfaces
which can cause bone damage and consequently screw-loosening and implant instability. Therefore,
more stable configurations can be characterised as having a high reaction force and a low pressure at
the screw/tibia interface. From the analysis of the obtained results it emerged that the orientation of
the screws does not affect the reaction force. As a matter of fact, the reaction force variation was almost
negligible for all configurations.

Instead, when it comes to the maximum contact pressure at the screw/bone interfaces (Figure 13),
a remarkable influence of the orientation of the screws was detected. Configuration N.2 has the lowest
value, equal to 384.05 MPa, which is about 38% less than the highest value (563.48 MPa) calculated
for configuration N.4. This means that for the specific type of fracture analysed (Schatzker type I),
configuration N.2, among those analysed, ensures the highest level of stability of the construct.

Max pressure (MPa) at the screw/bone interface

563,48

535,61

384,05

B Configuration N. 1 ®Configuration N, 2 8 Configuration N. 3 Configuration N. 4

Figure 13. Calculated max pressure values for all configurations.

Of course, even if the obtained result is valid only for the specific case analysed, the adopted
approach can be used to study other different types of fractures in order to find the best configuration
on a case-by-case basis. Moreover, the proposed methodology could be effectively used to plan a
personalized surgical approach, depending on the individual characteristics of each patient, and using
optimization methods. Additionally, taking future developments into account, in order to reduce
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the computational cost and processing time, a large number of case studies could be preventively
investigated and collected to create a database. Surgeons could use such a database, comparing specific
cases under examination with those already analysed to obtain useful information and guidelines.

5. Conclusions

Many studies have demonstrated that several parameters can affect the construct stability
and healing time of different fixation systems used for the treatment of proximal tibial fractures.
As far as is known, there is not a large amount of information about the influence of screw orientation
on tibial locking plate stability. In this study, a numerical approach was developed in order to
investigate whether different screw configurations can affect the stability of a specific type of tibial
plateau fracture treated with a locking compression plate. The obtained results demonstrate that
the screw orientation affects the pressure distribution at the bone/screw interface. The proposed
approach can be effectively used, coupled with an optimization module, to investigate any type of
fracture-and-fixation system to obtain useful surgical guidelines. Moreover, by using the proposed
methodology, personalized treatments could be planned before surgery for each patient, depending on
the specific type of fracture and bone characteristics.
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