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Abstract Objective: The present study compared the difference in load and pressure distribu-
tion behavior of the blade plate and locked plate for varus osteotomy of the proximal
femur per the finite element method.

Methods: Modeling was performed by scanning a medium-sized left femur with
medial valgus deformity made of polyurethane.

Results: The stiffness of the locked plate is higher compared with that of the blade
plate. However, this difference was not significant. In addition, the locked plate has
proximal locking screws to ensure that the bending moments on the screws are smaller

Keywords during loading.
= orthopedics Conclusion: Insummary, both plates are well-established and effective. However, the
= traumatology study using the finite element method plays a fundamental role in understanding the
= femur load and pressure distribution of the implant. Moreover, it opens up new possibilities
= bone plates for further studies, including surgical proposals and customized implant materials.
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Resumo

Palavras-chave
= ortopedia

= traumatologia
= fémur

Objetivo: Testar a diferenca do comportamento de distribuicdo de cargas e pressoes
da placa lamina comparativamente com a placa bloqueada para osteotomia varizante
do fémur proximal através do método de elementos finitos.

Métodos: A modelagem foi realizada através do escaneamento de um fémur
esquerdo com deformidade medial em valgo fabricado em poliuretano de tamanho
médio.

Resultados: Como resultados, pode-se inferir que a rigidez da placa bloqueada é
maior do que a da placa lamina. No entanto, essa diferenca ndo foi significativa e, além
disso, a placa bloqueada possui parafusos de travamento proximal para garantir que os
momentos de flexdo que agem nos parafusos sejam ainda menores durante o
carregamento.

Conclusao: Em sintese, ambos os materiais sdo consagrados e eficazes para serem
utilizados, porém o estudo pelo método de elementos finitos apresenta papel
importante para compreendermos a situacdo de distribuicdo de cargas e pressdes
do implante e abre novas possibilidades para novos estudos, como, por exemplo, o
estudo da proposta cirtirgica e materiais a serem implantados de forma individual e

Y

placas 6sseas personalizada.

Introduction

Varus osteotomies of the proximal femur are pediatric
reconstructive surgeries widely performed in patients with
neurological abnormalities, congenital hip diseases, sequel-
ae, and acquired conditions."? Fixation of these osteotomies
may use several implants, including blade plates, dynamic
compression plates (DCP), locked plates for the proximal
femur, unilateral and circular external fixators, Kirschner
wires, and screws.' The surgical complexity of these pro-
cedures resulted in advanced synthesis materials to facilitate
surgery and improve outcomes.'-%*

The most used materials in varus osteotomy of the proxi-
mal femur include locked and blade plates.”™ Clinically,
blade and locked plates have no statistical difference in the
risk of failure (breakage),3 which is the worst complication
related to the choice of implant. Biomechanical tests with
load application in experimental models show that locked
plates with a support screw have higher axial resistance,
lower resistance to torsion, and irreversible equivalent strain
to deforming cycles compared with blade plates.*

The finite element method (FEM) is a mathematical tool
used to solve problems in engineering because it explores the
effects of load application on the bone and its biomechanical
behavior. One of its main advantages is its potential use in
solids with irregular geometry presenting heterogeneous
material properties. The introduction of FEM in orthopedic
biomechanics occurred in the 1970s; since then, the number
of publications on load analysis in bones, arthroplasty, and
osteosynthesis has been increasing.”

The present study aims to analyze, using FEM, the load
and pressure distribution behavior when implanting blade
or locked plates for varus osteotomy of the proximal
femur.
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Methods

Model Generation

Modeling was based on a computed tomography scanning of
a left femur made from medium-sized polyurethane (Nacio-
nal Ossos, Brazil, reference number 2025 DMVL) and pre-
senting a medial valgus deformity. The software used for
plate scanning and modeling was SolidWorks (Dassault
Systems SolidWorks Corp., Waltham, MA, USA) (~Fig. 1a).
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Fig. 1 Valgus femur from Nacional Ossos for scanning. (A) Simplified
femur and (B) varus osteotomy. Source: Data constructed by the
authors using SolidWorks software.
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Fig. 2 Locked plate fixed to the femur with screws (A). Blade plate fixed to the femur with screws (B). Source: Data constructed by the authors

using SolidWorks software.

For femur simplification, we sectioned the diaphysis and
discarded the distal part since it would not be studied. A
varus osteotomy was performed for 20° correction. This
simplification provided a gain in calculation processing by
FEM without result distortion.® The environment (femur)
was the same for both studies, not distorting or favoring any
data (~Fig. 1b).

Fixation of the first femur employed a locked plate for the
proximal femur with a 10-mm step, 100°, and three holes
(Techimport, Rio Claro, SP, Brazil, reference number
TI030.1003.100). Proximal fragment fixation used 3.5 x 50-
mm diameter locked screws in two holes and a 3.5 x 40-mm
locked screw in the third hole. Distal fragment fixation used
1 3.5 x 30-mm and 2 3.5 x 30-mm locked screws (~Fig. 2a).
Fixation of the second femur employed a blade plate for the
proximal femur with a 10-mm step, 100°, 3 holes, 50-mm
blade (Techimport, Rio Claro, SP, Brazil, reference number ref.
TI030.1010.350). The proximal hole received 3.5 x 50 mm-
diameter locked screws, while the distal non-locked plate
holes received two 3.5 x 30-mm non-locked compression
screws and a 3.5 x 30-mm locked screw for distal fixation
(~Fig. 2b).

Plate and screw assembly through visual positioning used
the SolidWorks software (Dassault Systems SolidWorks
Corp., Waltham, MA, USA). We created a 27-mm distance

restriction between the proximal axis of the locked plate
screw and the central axis of the blade plate and a 71-mm
distance restriction between the medial face of the proximal
femur and the inner face of the plates. These restrictions
standardized the flexor moment generated by applying the
axial force and the displacement stress assessment (=~Fig. 2).

Material Properties

Plates, screws, cortical, and cancellous bone models were
homogeneous, linear, elastic, and isotropic, based on the
properties described in the literature (=Table 1). The yield
stress was set at 795 MPa, the limit stress of the elastic region
of the titanium alloy.”-8

Simulation Parameters (Load, Mesh, and Contact
Conditions)
~Fig. 2 shows the applied forces of 450, 500, 550, and 600 N
considered a normal loading position, which assumes that
the load vector has an angle of 8° of adduction with the hip
longitudinal axis in the plane.®*"'7 In a clinical situation,
both values are greater than those produced by touch
support with crutches and should provide sufficient postop-
erative stability.'%

The force application frequency was 1Hz, considering
walking 1 step per second.’™'? Since this is a temporary
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Table 1 Elastic modulus, Poisson ratio, and number of fatigue cycles for all materials (data from Maurer et al., 1999° and Janecek

et al., 2015°)

Materials Elastic modulus (E) [MPa]

Poisson ratio Yield stress at 10° cycles [MPa]

Cortical bone 8,700 0.33 200
Cancellous bone 500 0.30 125
Titanium alloy 110,000 0.34 540

Source: Data obtained by the authors.
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Fig. 3 Mesh applied to three-dimensional locked plate models (A).
Mesh applied to the three-dimensional blade plate models (B). Source:
Data constructed by the authors using SolidWorks software.

fixation device, the plate must withstand at least 10° cycles,
equivalent to ~ 1 year, with this frequency.'® We constrained
the transverse face of the femoral shaft in all
translational degrees of freedom (~Fig. 2).

We merged the mesh models with three-dimensional
quadratic tetrahedral elements in SolidWorks software of
1 mm for plates, 0.5 mm for screws, and 5mm for bone.™
Bonding contact occurred between bone tissue and implants,
except for osteotomy interfaces (~Fig. 3).
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Fig. 4 Locked and blade plate displacement versus applied forces.
Source: Data constructed by the authors using SolidWorks software.

Plate and screw contact surfaces had a friction coefficient
of 0.34.">17 The screw and plate contacted at the surface of
the screw head and the surface of the countersunk in the
plate holes, all with a restriction to not allow penetration
between them. As for the contacts, locked screws in plate
holes were deemed connected and fixed.'”

Results

Von Mises stress and displacement for the blade plate were
higher compared with the locked plate (~Tables 2 to 5).
~Fig. 4 demonstrates the displacement, in millimeters, of
locked and blade plates after applying 450, 500, 550, and
600N forces. =Fig. 5 shows the von Mises stress in MPa of
locked and blade plates after applying 450, 500, 550, and
600N forces. =Fig. 6 shows the von Mises stress in MPa on
the bone fixed with locked or blade plates after applying 450,
500, 550, and 600N forces.

Table 2 von Mises stress and strain for each plate and bone at a 450N force

Variable Group Number of nodes (mesh) | Maximum value | Minimum value | Applied
force [N]
Total displacement [mm] Locked plate | 473,114 5.6797 0 450
Blade plate 325,578 6.1151 0
Plate and screw stress [MPa] | Locked plate | 473,114 492.1 73.58
Blade plate 325,578 510.12 93.222
Bone stress [MPa] Locked plate | 473,114 245.86 40.469
Blade plate 325,578 339.41 66.558

Source: Data obtained by the authors.
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Table 3 von Mises stress and strain for each plate and bone at a 500N force

Variable Group Number of nodes (mesh) | Maximum value | Minimum value | Applied
force [N]
Total displacement [mm)] Locked plate | 473,114 6.4123 0 500
Blade plate 325,578 6.9125 0
Plate and screw stress [MPa] | Locked plate | 473,114 552.04 82.515
Blade plate 325,578 580.26 103.87
Bone stress [MPa] Locked plate | 473,114 270.61 45.442
Blade plate 325,578 365.99 73.925

Source: Data obtained by the authors.

Table 4 von Mises stress and strain for each plate and bone at a 550N force

Variable Group Number of nodes (mesh) | Maximum value | Minimum value | Applied
force [N]
Total displacement [mm)] Locked plate | 473,114 7.1602 0 550
Blade plate 325,578 7.7405 0
Plate and screw stress [MPa] | Locked plate | 473,114 628.5 91.55
Blade plate 325,578 647.06 114.58
Bone stress [MPa] Locked plate | 473,114 314.46 50.454
Blade plate 325,578 405.72 81.292

Source: Data obtained by the authors.

Table 5 von Mises stress and strain for each plate and bone at a 600N force

Variable Group Number of nodes (mesh) | Maximum value | Minimum value | Applied
force [N]
Total displacement [mm)] Locked plate | 473,114 7.942 0 600
Blade plate 325,578 8.6027 0
Plate and screw stress [MPa] | Locked plate | 473,114 657.72 100.69
Blade plate 325,578 716.19 125.35
Bone stress [MPa] Locked plate | 473,114 345.65 55.504
Blade plate 325,578 445.55 88.664

Source: Data obtained by the authors.
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Fig.5 Locked and blade plate von Mises stress versus applied forces. Fig. 6 Von Mises stress in the bone versus applied forces. Source:

Source: Data constructed by the authors using SolidWorks software.  Data constructed by the authors using SolidWorks software.
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The blade plate caused the highest displacement
(=Table 2). The highest displacement site for locked and
blade plates was at the point of vertical force application at
the femoral head (=Fig. 7). The blade plate had the highest

Total Deformation

Unit: mm

5,6797 Max
50486

L] 44175

] 3,7865

] 3.1554
2,5243
1,8932
1,2622
0,63108

0 Min

Total Deformation

Unit: mm

6,4123 Max
56998

C

von Mises stress (=Table 2). For the locked plate, the
highest stress concentration was in the locking area be-
tween the proximal screw and the plate. For the blade
plate, the region with the highest stress concentration was

Total Deformation

Unit: mm

6,1151 Max
54356

Total Deformation

Unit: mm

6,9125 Max
6,1444

1.5361
0.76805
0 Min

D

Fig. 7 Locked plate total displacement, F =450 N (A), blade plate total displacement, F =450 N (B), locked plate total displacement, F=500N
(C), blade plate total displacement, F=500N (D), locked plate total displacement, F=550N (E), blade plate total displacement, F=550N
(F), locked plate total displacement, F=600N (G), blade plate total displacement, F=600N (H). Source: Data constructed by the

authors using SolidWorks software.
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Total Deformation

Unit: mm

7,1602 Max

6,3646

= 5,569

u 4,7735
39779

31823

Total Deformation

Unit: mm

7,942 Max
7.0596

L 61771
L] 52947

L] 44122
3,5298
26473
1,7649
088245

0 Min

G

Fig. 7 (Continued).

at the beginning of the advancement, at the osteotomy
level (~Fig. 8).

The bone fixed with the blade plate showed the highest von
Mises stress (=Table 2). The region with the highest bone stress
concentration was the osteotomy, in the corner of the proximal
part with the spongy bone surface in the distal part. The stress
occurred at the same regions for all applied forces (~Fig. 9).

Total Deformation

Unit: mm

Total Deformation

Unit: mm

8,6027 Max
7.6469

Fixation with the locked plate withstand more cycles
compared with the blade plate for loads of 450, 500, 550,
and 600N in a 1Hz frequency (~Table 6).

=Fig. 10 shows the number of cycles for locked and blade
plates under 450, 500, 550, and 600 N loads. Furthermore, it
demonstrates that after applying a load > 600 N, locked and
blade plates tend to fail in the first cycle.
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Discussion

Conduction of clinical investigations on the forces required to
stimulate bone healing is complex. The finite element meth-
od is widely used in the medical and orthopedic field because
it provides a comprehensive view of vector dissolution in

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

492,1 Max
437,42

382,74

328,07

273,39

21871

164,03

109,36

54,68
0,0034397 Min

A

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

552,04 Max
490,7

429,36

368,03

306,69

245,35

184,01

4 122,68

61,341
0,0037879 Min

C

undermined structures and allows for accurate failure detec-
tion. Moreover, it may avoid unnecessary costs when failure
is identifiable only after structural design or manufacturing.
The finite element method also reduces the time from
the first conceptual design to production, as the creation of
a large number of experimental specimens becomes

Equivalent Stress

Type: Equivalent (von-Mises) Stres:

Unit: MPa

510,12 Max
453,44

0,0027598 Min

Equivalent Stress
Type: Equivalent (von-Mises) Stres:
Unit: MPa

580,26 Max
51579

0,0030458 Min

D

Fig. 8 Von Mises stress for the locked plate, F=450N (A), von Mises stress for the blade plate, F=450N (B), von Mises stress for the
locked plate, F =500 N (C), von Mises stress for the blade plate, F =500 N (D), von Mises stress for the locked plate, F =550 N (E), von Mises stress
for the blade plate, F=550N (F), von Mises stress for the locked plate, F=600N (G), von Mises stress for the blade plate, F=600N (H).

Source: Data constructed by the authors using SolidWorks software.
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Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

628,5 Max
558,67

0,0040941 Min

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

657,72 Max
584,64

0,0044759 Min

G

Fig. 8 (Continued).

unnecessary. Finite element method analysis provides access
to information difficult to obtain under laboratory condi-
tions, such as predicted stress distribution and material
strength, which are fundamental to assessing fatigue
strength.'®

In the present comparative biomechanical study, we
investigated the flexural stiffness of the locked and blade
plates for proximal femoral varus osteotomy. Our data sug-
gest the locked plate presents higher stiffness compared with

Equivalent Stress
Type: Equivalent {von-Mises) Stresd
Unit: MPa

647,06 Max
575:17

0,0034125 Min

Equivalent Stress
Type: Equivalent (von-Mises) Stres:
Unit: MPa

716,19 Max

636,62

= 557.04

o 477.46
397,89

318,31

0,0037319 Min

the blade plate. However, this difference was not significant
(=Tables 2 to 5). In addition, the locked plate has proximal
locking screws to ensure that the bending moments acting
on screws are lower during loading.

Locked plate failure occurs with significantly higher forces
compared with the blade plate. The locked plate has signifi-
cantly higher stiffness and load to failure values due to the
nature of its design. At 19 mm, the locked plate is 8 mm wider
in the proximal area, thus withstanding more stress than the

Rev Bras Ortop  Vol. 59 No. 1/2024 © 2024. The Author(s).
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Type: Equivalent (von-Mises) Stress
Unit: MPa

245,86 Max
218,54
191,23
16391
136,6
109,28
81,967
—{ 54,652
o 27,337
0,021382 Min

A

Type: Equivalent (von-Mises) Stress
Unit: MPa

339,41 Max
3017

0,026533 Min

Fig. 9 Von Mises stress for locked plate, F=450N (A), von Mises stress for blade plate, F=450N (B). Source: Data constructed by the authors

using SolidWorks software.

Table 6 Number of cycles for locked and blade plates at a 1 Hz frequency

Applied force [N] Group Number of cycles
450 Locked plate > 1,000,000
Blade plate > 1,000,000
500 Locked plate 617,680
Blade plate 207,710
550 Locked plate 49,944
Blade plate 32,371
600 Locked plate 25,362
Blade plate 5,271

Source: Data obtained by the authors.

blade plate. Both plates have approximately the same thick-
ness of 3 mm. This results in a higher moment of inertia on
the locked plate, which reflects in the proximal force results.

Consistent with our data, a comparative analysis by
Radtke et al.'® found mean values of 554N for locked plates
and 399N for blade plates. These authors used synthetic
bone and plates. Forward et al.?% reported mean values of
620N for locked plates and 450N for blade plates in a study
performed with cadavers.

Femoral stress distribution was consistent with a study by
Sim et al.?! reporting a higher stress concentration between
the proximal and distal parts at the point of separation
osteotomy.

Rev Bras Ortop  Vol. 59 No. 1/2024 © 2024. The Author(s).

Absolute displacement values were higher for the blade
plate, which had two areas of load application with higher
variation (femur head). However, there is a biomechanical
advantage associated with the stress areas of the system. In
locked plates, the stress area of the joint between the plate
and the bone is at the proximal screw. On the other hand, in
blade plates, this area is at the blade advance region. Thus, in
blade plates, all the stress concentrates in the osteotomy
region, which usually constitutes an obstacle to bone con-
solidation resulting from the Wolff law.?? The success of
biological bone healing depends on a favorable mechanical
environment. In addition, the Wolff law and the Perren strain
theory allow using several osteosynthesis systems to
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Fig. 10 Number of cycles versus applied forces. Source: Data con-
structed by the authors using SolidWorks software.

promote adequate stabilization and the differentiation of
various cell types at the bone healing site.22:23

The relative stability indicated for comminuted diaphyse-
al or extra-articular fractures allows for some controlled
mobility at the fracture site and exuberant formation of bone
callus, which characterizes an indirect or endochondral
ossification. Direct or intramembranous ossification is rec-
ommended to avoid developing bulky bone calluses in joint
fractures, following absolute fixation with greater rigidity.?*

The locked plate system also presents a larger stress area
at the osteotomy region but produced lower absolute values
than the blade plate. Thus, we inferred that locked plates
create a more favorable biomechanical situation for bone
consolidation.

Our study has limitations regarding FEM, which considers
structures as a gathering of small particles of finite quantity, the
so-called finite elements, connected to a finite number of points,
the nodes, or nodal points. These particles represent the ap-
proximate result of every discretized system.?> The finite ele-
ment method allows the evaluation of the approximate stress
distributionin a structure, observing the element strain through
visualization and image interpretation on a color chart.’

The present study demonstrated that the blade plate
resisted fewer cycles when the loading forces were lower.
However, locked and blade plates tend to fail under the
highest applied force. Thus, despite being exposed to con-
trolled load situations, the locked plate was more resistant to
implant failure. In exacerbated load situations, locked and
blade plates tend to fail.

Both osteosynthesis implants are consecrated and effec-
tive. Nevertheless, our study using FEM shows a fundamental
role in understanding the biomechanical situation of the
implant. It also opens up new possibilities for further studies,
including surgical proposals and customized implant mate-
rials. Therefore, our study corroborates a hypothesis raised
by common sense, that is, the superiority of the locked plate
compared with blade plates for varus osteotomy of the
proximal femur. Still, there is no unanimity in the literature,
especially regarding clinical outcomes.

Our study may yield future models with laboratory bio-
mechanical tests to prove the differences between locked
and blade plate fixation systems.

Conclusion

Both osteosynthesis implants are well-established and effec-
tive in clinical practice. However, our study applying FEM
demonstrated the biomechanical superiority of the locked
plate compared with the blade plate for proximal femoral
varus osteotomy in the proposed model.
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