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Abstract. Bone plates are often applied on the treatment of long bones diaphyseal fractures and, for that, high mechan-
ical, fatigue and corrosion resistances are expected, so, it is very important to have a reliable projection of its mechan -
ical and biological behaviour. In this work, some available AISI 316L and Ti-6A1-4V ELI straight bone plates were
picked and submitted to static and fatigue bending tests according to ASTM F382 standard, in order to be compared.
After that, using computer modelling and numerical simulation, stress states acting over an implanted bone plate were
calculated. The main conclusion of this work is that tests according to ASTM F382 present important evaluation of
bone plates, but a critical analysis of the results based on finite element method is essential to diagnose if they are ade-
quate to the biomechanical scenario to which they are exposed.

Key words: bone plate, bending test, fatigue, finite element analysis.
1. INTRODUCTION

Although tibial fractures may be also associated to children's and teenagers' commonplace physical activities (Santili
et al, 2010) or elderly people's falls (Court-Brow, McBirnie, 1995), traffic incidents like motorcycle, automobile and
bicycle accidents, besides running overs, are the major cause of this kind of injury (Grecco et al, 2002). Intramedullary
stems have been considered the gold-standard in the treatment of shaft fractures, but straight plates and screws remain
being widely applied, as they are more appropriate to several clinical cases and show lower complication index than any
other surgical procedure (Grandi, Elias, Skaf, 2007). In case of high energy fractures, plates are reported to provide
lower mean consolidation time due to their higher stability especially on complex and comminuted fractures (Labronici
et al, 2007).

The role of the bone plate is to sustain the fractured bone segments in position, holding on critical compressive
stresses in order to accelerate healing (Benli ez a/, 2008). Some complications that may be associated with plate fixation
are loosening of screws, local vascular problems and stress shielding (Ganesh, Ramakrishna and Ghista, 2005).
However, the main problem to be avoided is the failure of the plate before complete healing of the bone fracture. In this
respect the required design of the plates with several holes and limited thickness to attend the clinical demands is a
natural drawback regarding mechanical performance as the holes acting as stress concentrators and the limited thickness
impose high loads to the plate. Therefore, a careful evaluation of the safety factors prevailing in commercial plates is of
clinical interest.

In this work, some commercial AISI 316L and Ti-6Al1-4V ELI straight bone plates were submitted to static and
fatigue bending test according to ASTM F382 standard and the biomechanical stresses of an implanted plate were
calculated using computer modeling and numerical simulation through the finite elements method for two different
situations: just after the surgery and twelve weeks after that. Finally, we evaluated if the mechanical tests results
presented consistent requirements for these parts in comparison to numerical simulation results.

2. MATERIALS AND METHODS

Eight different straight bone plates, from two different manufacturers (purposely omitted for confidentiality
reasons), labeled as shown in Tab (1), were chosen among the several available models on the market. Three of them are
made of 316L stainless steel, and five of Ti-6Al-4V ELI titanium alloy. Bone plate materials meet minimum
requirements for yield strength (YS), ultimate tensile strength (US) and percent eclongation (PE) besides other
specifications set by current standards ASTM F138 and ASTM F136.

Static and dynamic four-point bending tests based on ASTM F382 standard (ASTM, 2015), were held on the Center
for Materials Characterization and Development of the Federal University of Sdo Carlos (CCDM/UFSCar) using
respectively EMIC DL-10000 and Instron 8872 testing machines. Figure (1) exhibits configuration for both static and
dynamic tests.

Five specimens of each bone plate sample were submitted to static bending test in order to measure their bending
strength (M,y), that is the bending moment necessary to produce a 0.2 % offset displacement in the plate, analogous to
yield strength conception. It is calculated by Eq. (1), in which "Py" is the proof load for that offset displacement, and



"x 2 .*' ENEBI 2018 — 6° Encontro Nacional de Engenharia Biomecanica

;q, (- ENEBI 2018 8 e 11 de maio de 2018, Aguas de Lindéia - SP

ENCONTRO NACIONAL DE
ENGENHARIA BIOMECANICA

"h" is the loading span distance (Fig (1)). Considering the thickness of each bone plate (t) and its approximate cross
sectional moment of inertia (I), maximum yield bending stress (c,y) may be estimated using Eq. (2). This number refers
to the approximate maximum bending stress found on the plate for 0.2 % offset displacement.

Table 1. Specifications of the bone plates analyzed in this work.

Sample Manufacturer Material Label
01 I AISI316L  F138 1
02 I AISI316L  F138 2

03 I AISI316L  FI38 3
Loadine 04 I Ti-6Al-4V ELI F136 4
05 11 Ti-6Al-4V ELI F136 5

06 II Ti-6Al-4V ELI F136 6 ;

Support Ro 07 II Ti-6Al-4V ELI F136 7 b@i

0 Ti-6Al-4V ELI F136 8

TIERE T T
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Figure 1. Four-point bending test configuration (ASTM, 2015).

My, = (P, h)/2 (1)

Oby = [t/(21)] My, (1

Considering bending strengths measured in static tests, six to eight specimens of each bone plate sample were
submitted to dynamic bending test in order to achieve their fatigue strength (M), that is the maximum moment at the
one million loading cycles runout limit. For this purpose, sine load was applied on 5 Hz frequency, keeping on 0.1 the
ratio (R) between minimum and maximum moments. Similarly to Eq. (2), maximum fatigue bending stress can be
estimated by Eq. (3). This number refers to the approximate maximum bending stress found on the plate for the fatigue
runout load.

o= [1/(2 )]My (1)

A basic bone plate was modeled using SolidWorks® Education Edition 2012-2013 based on dimensional similarities
among the specimens submitted to bend testing. The elastic mechanical properties adopted for stainless steel (1-3) were,

[T}

Young modulus, E, equals to 190 GPa and Poisson’s ratio, “v”, equals to 0,29. For titanium alloy (4-8) samples, these
properties were 114GPa and 0,34, respectively (Ratner et al., 1996).

Starting from a solid model found in an open parts database (Ardatov, 2011), a composite model regarding both
medullar and cortical tibia was created, based on Seebeck ef al (2004)., also using SolidWorks®. Medullar bone may be
considered isotropous, like the stainless steel and the titanium alloy used in the plates, but cortical bone exhibits very
different mechanical properties depending on the direction of load application. That way, cortical tibia is considered
orthotropic, so presenting distinguished Young modulus on antero-posterior, medio-lateral and proximo-distal directions
(Eap, Emi and Ejq), besides particular Poisson's ratio between antero-posterior and medio-lateral (vapm), medio-lateral and
proximo-distal (Vmpa), and proximo-distal and antero-posterior (Vpap) directions, as shown in Tab.(4).

Table 2. Elastic mechanical properties for medullar and cortical tibia.

medullar tibia (Linde, Hvid, Pongsoipetch, 1989 E (GPa) N
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apud Keaveny, 1998) 0.39 0.30
cortical tibia E., (GPa) E,,(GPa) E,;(GPa) vVim Vips Vpda
(Ashman et al. , 1984 apud Currey, 1998) 13.4 12.0 20.0 0.38 0.35 0.37

Numerical simulations by the finite element method were held using the SolidWorks® simulation suite. Distal end
of the tibia was fixed in all directions and a compressive load was imposed on the cortical bone at its proximal end.
Plate holes were fixed in the bone as they were attached using bone screws (Perren, 2002).

Two different biomechanical conditions were simulated, based on Kim, Chang and Jung (2010), considering
compressive load for two levels, 70 and 100 kg, of body weight (BW), and integrity of the tibia:

. the first one considers 10% of BW loading, with a 1 mm thickness gap between upper and lower parts of the
fractured tibia in order to simulate the relative fixation method, which is known to be very effective for simple long-
bone fractures (see Figure 2 (a)), just after the surgical operation.

+  the last one considers 300 % of BW loading, referring to a normal walk twelve weeks after the surgery,
regarding a perfectly recovered bone (Figure 2 (b)).

£
f 0% BW

Figure 2(a). Biomechanical conditions simulated for just after the surgery.

'y
f (300% BW

Figure 2(b). Twelve weeks after the surgery.

Considering both yield and fatigue strength of each bone plate sample, and the stress states calculated by the finite
element analysis, safety factor for static loading (S), or just safety factor, and for dynamic loading (Sf), also known as
fatigue safety factor, may be respectively calculated by Equations 4 and 5, where "SZmax" is the maximum bending
stress found on the bone plate by numerical simulation.

S = oby / SZmax 4)
Sf = obf / SZmax (5)

3. RESULTS AND DISCUSSION

Figure (3) presents mechanical testing results for both static and dynamic bending test. Mean value for maximum
yield bending stress (black bar) and maximum fatigue bending stress (gray bar) are plotted for each bone plate sample.
These results are an indication of the bending stress level each plate model can stand without undergoing plastic
deformation or fatigue crack, respectively. Standard deviation around mean yield stress is omitted on purpose not to
confuse the chart.
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Figure 3. Bending tests results

It can be seen that yield strength data spreads from 135 MPa (F136_6 sample) to 1375 MPa (F136_4 sample). That
means the last bone plate can resist to loads more than ten times higher than the first one without permanent damage.
Considering the same two samples, fatigue data band goes from 95 to 415 MPa, that is more than four times higher re-
sistance to cyclic loading.

Bone plate models evaluated on bending tests clearly present very different static and dynamic strengths. Now, using
biomechanical numerical simulation, it is time to see if mechanical testing results presents consistent requirements for
this application.

Meshes were made using parabolic tetrahedral solid elements, with curvature based sizing, Jacobian check of the de-
gree of distortion and h-adaptive method adjusted on 98% accuracy for the strain energy. That means more than 570,000
nodes and near 380,000 elements.

Results of the biomechanical simulations, for both stainless steel and titanium alloy bone plates, are shown in Fig (4)
(a) and (b), regarding the condition just after the surgery, for 70 kg and 100 kg BW, and Fig (4) (c¢) and (d), for twelve
weeks after that, for 70 kg and 100 kg BW respectively. The bending stress on the bone plate, which acts in its proximo-
distal direction, is plotted, reaching 110 MPa in the worse condition, that is just after the surgery (Figure 4 (b)) consider-
ing a 100 kg BW.
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Figure 4. Results of biomechanical simulations considering just after the surgery for (a) 70 kg and (b) 100 kg BW and
twelve weeks after that for (c) 70 kg and (d) 100 kg BW.

(d)

Figure (5) presents the calculated safety factors for each bone plate sample regarding both static (S) and dynamic
(Sf) loading, for SZmax = 110 MPa. As the Young modulus of stainless steel and titanium alloy are both quite higher
than cortical bone’s, there is no considerable difference between stress distribution. For every plate, maximum stress
can be considered the same.

As it can be seen, "S" goes from 1.22 (F136_6) to 12.49 (F136_4) and "S{" from 0.86 to 3,76.
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Figure 5. Safety factor

Considering that both security factor and fatigue safety factor should reach at least 2.0, only three of the tested sam-
ples seem to be suitable for tibial diaphyseal reconstruction, as safety factors calculated are above this number: F138 3,
F136 4 and F136 5, that is, one made of 316L stainless steel and two made of Ti-6Al1-4V ELI titanium alloy.

Then, among our samples, we found six bone plates — two stainless steel plates, and four titanium plates — whose
usefulness is questionable, as they present fatigue safety factors below 2.0, regarding the mechanical tests they passed
through and the results of the biomechanical simulation using finite element analysis. That result is close to what was
found in the literature about osseointegrated prostheses fixations.

4. CONCLUSIONS

Considering the three stainless steel bone plates and the five titanium alloy bone plates studied in this paper, only
one stainless steel and two titanium samples were considered good enough for their use, comparing mechanical testing
results and biomechanical numerical simulation results.

Although ASTM F382 standard present important evaluation of bone plates, a critical analysis of the results based
on finite element method, as it was done in this work, is essential to diagnose if they are suitable to the application they
were projected to handle.
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