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Abstract

Little is known about the impact behavior of composite fixation plate used in the fracture
healing of long bones diaphysis. Hence, this study examined polypropylene composite fixation
plates using different glass fibers and measured their biomechanical responses under axial
impact loading experimentally and numerically. Short randomly oriented, long unidirectional
prepregs and fiber yarn of glass were considered as reinforcements, and fixation plates were
fabricated through two different heat-compressing and 3D printing processes. Furthermore,
assessing the fixation plate structures impact behavior was carried out using in vitro impact test
and finite element analysis (FEA). Impact damping behavior, damage mechanisms, and stress
and strain pattern of the composite fixation plate structures were obtained under various bone
fractures and impact energies. The impact load-time responses and the failure mechanisms
demonstrated that fixation plate structures with more plastic behavior and lower stiffness could
act as an initial shock absorber and dampen the transmission of axial impact load by distributing

the impact energy over time. Therefore, considering the ability of stress shielding and adequate
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interfragmentary movement which amplifies bone ossification, the proposed Glass Fiber/PP
(GF/PP) composite fixation plates could serve as a proper alternative in orthopedics.
Keywords: Fixation plate, Glass Fiber/PP composites, 3D printing, Impact behavior, In vitro

biomechanical test, Finite element analysis.

1. Introduction

Rigid stainless steel or titanium alloy fixations were introduced more than 100 years ago.
Although some of their shortcomings, such as corrosion and wear, have been eliminated [1],
other major issues, like hardware failure, plate pull-off, and delayed union, were more
persistently problematic. Recently, fixations with fracture healing accelerating abilities have
been developed. The most critical problem is the mismatch of the metallic fixation plate and
the human bone elastic moduli, which leads to the stress-shielding effect. This effect prevents
the generation and development of healed bone at the fracture site and may cause some severe
osteoporosis and bone re-fracturing problems during the healing period. Furthermore, it has
been widely accepted that both insufficient and extra fracture movement, which is due to the
stiffness of the fracture fixation structure, can prevent the formation of callus in the fracture
zone [1]. Decreasing the fixation plate rigidity produces a more reasonable load sharing
between the plate and the bone, while good primary fixation is still kept. A low-stiffness plate
also allows some micro-motion at the fracture zone, helping callus formation and better bone
healing.

Due to the high strength to weight ratio, biomechanical compatibility, radiolucency, and low
stiffness, composite materials have been introduced to address the drawbacks of metallic
fixation plate. These materials show linear elastic behavior under normal daily activities and
have a high energy absorption capability. In addition, it has been reported that polymeric

composite materials have higher fatigue resistance than stainless steel, which provides



sustainable cyclic loading during daily activities [2]. Random short and long fibers,
unidirectional fiber laminates, and textile fabric laminates are different reinforcements for
polymer-based fiber composites. Fiber-reinforced composites have many advantages because
of their material properties, and their noncorrosive nature. Different types of fibers, including
carbon fiber (CF), glass fiber (GF), silk, and flax, have been widely used to fabricate the
composite implant in thermoset and thermoplastic matrices, including epoxy, polylactic acid
(PLA), poly-L-lactic acid (PLLA), and lactic acid-co-glycolic acid (PLGA) [2]. By changing
the fibers volume fraction and arrangements, the composite implants mechanical properties
could more closely resemble the human bone.

The fixation plates are usually designed to tolerate different loading conditions in daily
activities, such as standing, walking, running, and climbing stairs; however, incidents involving
falls or traffic accidents are not uncommon. Therefore, the load conditions should include
impact loadings as well. Various phenomena such as stress waves transfer and impact damping
resistance could occur in structures during impact loading because of the physical and
mechanical properties of the materials, structural geometry, speed, angle of impact loading,
and complexity of the structures impact behavior.

Due to the difficulties of performing in vitro/in vivo biomechanical tests, most studies on
composite fixation plates have been carried out numerically [3-5]. However, a few studies have
conducted impact loading analysis on the conventional metallic plates. Coates et al. [6]
conducted three-point impact bending tests on cadaveric ulnas with and without mid-shaft
dynamic compression plates using the finite element (FE) method to predict bone damage.
Capanni et al. [7] compared axial impact damping of three types of fixation methods, including
standard locking plate system, dynamic locking plate system, and Ilizarov ring fixator under
drop incident. Their results indicated that the dynamic locking plate decreased the maximum
force applied to the bone during impact loading and also decreased the structural stiffness.
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It seems that no study has investigated the experimental-numerical analysis of impact loading
on the composite fixation plate structure (i.e., the assembly of the fixation plate to the bone
with screws). Hence, this study evaluated the biomechanical performance of newly internal
fracture fixation plates made of glass fiber reinforced polypropylene (Glass Fiber/PP), which
have enough strength and low elastic modulus to replace with traditional metallic plates.
Additionally, three-dimensional finite element models have been analyzed using ANSYS
software, and the accuracy of the FE models was validated with experimental tests. The main
goal of this research is to analyze biomechanical parameters such as impact damping behavior
(transmitted peak force to the fixation plate structures and impact duration), stress and strain
of the fixation plates, and damage mechanisms of them in the various types of bone fractures

and impact energies.

2. Materials and experimental methods

2.1. Composite fixation plates preparation

Due to the possible toxicity and the lack of reshaping ability during surgery, thermoset
composites are not proper choices to be used in internal fixation devices [2]. Furthermore, at
room temperature (30°C), the water content in the polypropylene and the degradation rate of
the bending stiffness and flexural strength are very low, and also the glass fibers can reduce
the water absorption rate [8]. Also, GF/PP composites are biocompatible [2]. Thus, it can be
concluded that the GF/PP composites are good candidates for a long-term orthopedic implant
in the human body. Hence, to investigate the most appropriate mechanical properties,
reinforced polypropylene using PP/Short Chopped Glass Fiber (PPSCGF), PP/Long Glass
Fiber (PPLGF), and PP/Long Glass Fiber Yarn (PPLGFY) were fabricated in this study.

It has been reported that the location of the screws near the fracture site plays a significant role

in the fixation plate structure stiffness. It is also suggested that at least three screws should be



used on each side of the bone fragment [9]. Hence, the standard model for the tibia mid-shaft
fixation plate was generated at 110 mm length, 25 mm width, and 5.5 mm thickness with six
screws (Figure 1-a).

The PPSCGF granules with a density of 1.04 g/cm3and a volume fraction of 15%, and 20
prepregs layers of unidirectional fiber orientation of the PPLGF with a density of 1.27 g/cm3
and a volume fraction of 30% were used to manufacture two types of fixation plates. The
stainless-steel mold die with six pins was put into a hot-press machine and it was heated to
230°C for 10 min to avoid relaxation of the reinforcing polymer fibers. During compression
molding, the materials were kept at a constant pressure of 3 MPa for 20 min and then slowly
cooled in the mold in order to allow high crystallinity to form in the matrix structure (Figure
1-b) [10]. When the mold temperature reached 40°C, the composite fixation plate was removed
from the press.

The usage of three-dimensional (3D) printing technique for bone implants production rapidly
grows in tissue engineering [11, 12]. Hence, the PPLGFY composite fixation plate was
fabricated using this technique in the present study. The opportunity to implement advanced
manufacturing methods (additive manufacturing technique) to produce the composite fixation
plate with higher fiber and matrix bonding strength was investigated. In-melt continuous glass
fiber yarn embedding was applied as a reliable and consistent method for simultaneous
impregnation to produce continuous fiber-reinforced thermoplastic composites in the fused
deposition modeling process [13]. The plate model was prepared as a G-code file using slic3r
V/1.3.0 software for 3D printing. The PP filament with a diameter of 1.75 mm was initially
placed in a heating jacket to heat up 220°C, then extruded through the nozzle with an inner
diameter of 0.4 mm [10]. As illustrated in figure 1-c, the input E-glass fiber yarn was held by
a pulley, and then it was released into the nozzle and embedded into a molten area. The nozzle

and the bed temperatures were set at 220°C and 80°C, respectively. The thickness of each
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constructed layer was 0.22 mm. To ensure smooth printing, the print speed was configured at

5 mm/sec. E-glass fiber yarn was used with a mass per length of about 0.1 g/m, 15% volume

fraction, and its nominal strength was 1000 MPa.
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Figure 1. (a) Specimen geometry of the composite fixation plate (All dimensions in mm). (b)
Manufacturing specimens by thermoforming hot press method [10]. (c) 3D printing technique
manufacturing [10].

The sharp edges were removed after the completion of the production process in both methods.

The fabricated composite fixation plates are shown in figure 2.



Figure 2. Fabricated composite fixation plates, (a) PPSCGF, (b) PPLGF, and (c) PPLGFY
[10].

2.2.  Mechanical characterization
Mechanical property tests including density (ASTM D792), tensile (ASTM D3039),
compression (1SO844), four-point bending (ASTM D7264), shear (ASTM D3518), and Charpy
impact resistance (ASTM D6110) were performed at room temperature on all three GF/PP
composite specimens, and the required parameters of the numerical simulations were extracted
from the results of the tests [10]. To evaluate the effect of glass fibers on the properties of these
composites, neat PP samples were also made for comparison tests.
To obtain an accurate strain field, the digital image correlation (DIC) technique has been used
in the tensile, compression, and shear tests [10].
The obtained mechanical properties and manufacturing process parameters of each specimen
are shown in table 1. In order to investigate the reliability of the results, each test was replicated
with six samples and the mean values and the standard deviations (SD) were calculated. Table
1 illustrates various mechanical properties including density (p), Young's modulus (E;, E3, E3),
tensile (o, o, ol3) and compressive (o554, 05,, 0f3) strength, shear modulus (G5, G13, Go3)
and strength (t,,, 7,3, T23), P0isson's ratio (v, V13, V,3), flexural modulus (Ej), strength (o),

and impact resistance (IR) of the tested samples.
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Table 1.Manufacturing methods and obtained values of mechanical properties (1, 2, and 3 are
the principal directions) [10].

Specimen PPSCGF PPLGF PPLGFY Neat PP
Mar:rt:;‘?ﬁgaring Hot-press Hot-press 3D print Hot-press
p(kg/m?) 1040 £ 10 1270 £ 10 490 + 10 946 £+ 5
E,(GPa) 20.10 £ 2 7.87 £ 0.5
E,(GPa) 2.3540.15 420+ 0.3 1.00 + 0.2 0.77 £ 0.1
E;(GPa) 4.20+0.3 1.00 £ 0.2
of (MPa) 400 + 30 150 + 20
of,(MPa) 30+5 20+ 2 10+1 205
ol3(MPa) 20+ 2 10+1
o5,(MPa) 7045 20+5
o5, (MPa) 4545 50+5 15+5 305
o53(MPa) 50+5 15+5
G12(GPa) 142+ 0.2 1.15+0.2
G,3(GPa) 0.8+0.1 1.33+£0.2 1.140.2 0.35+ 0.1
G,3(GPa) 1.33+£0.2 1.140.2
712(MPa) 40 + 2 20 + 2
7,3(MPa) 20t5 30 £ 2 10 £ 2 10+5
T,3(MPa) 30 +2 10 + 2
Vio 0.15 £ 0.05 0.25 £+ 0.05
Vi3 0.35 + 0.05 0.10 £ 0.05 0.15+ 0.05 | 0.45+ 0.05
Vo3 0.10 £+ 0.05 0.15 £ 0.05
Ez(GPa) 2140.2 16.2+ 0.2 23+0.2 0.9+0.2
oZ(MPa) 275 185+ 5 44 + 5 35+5
IR(k]J /m?) 2245 162+ 5 68 + 5 -

The written values are the mean value and the standard deviation (SD) of the obtained measurements from the
properties tests.

2.3. Invitro experimental procedure

Due to the similarities between bovine and human tibia with respect to their geometries and
mechanical properties [14], the bovine tibia was used in this research. The fresh bovine tibia
bones immediately after slaughter were thawed, and the surrounding soft tissues were removed.

They were kept according to the corresponding protocols [14].
8



Due to orthopedic technical drawbacks, such as plate over bending and the fracture
configuration, variable amounts of the gap at the fracture site happen. To prepare fractured
bone specimens, the specimens were cut in half with a saw. The fixation plate structures were
placed in Imm (stable fracture) and 10 mm (unstable fracture) gap to simulate the stable and
unstable fracture types. Then, the bones were drilled to accommodate six 3-mm metallic
cortical screws. Non-contact fixation plate system (i.e., the fixation plate and screws) using an
automatic screwdriver was mounted on both stable and unstable fractures bone according to
Ahmad et al. [15] suggestion (Figure 3). Alignment, drilling, and placing the screws were
conducted based on the corresponding standards [14]. Finally, the distal end of the fixation
plate structure was fully fixed in a designed fixture using PMMA cement, and the pot was fixed

in all directions.

(a) (b)

Figure 3. Types of fractures, (a) stable fracture (1 mm gap), and (b) unstable fracture (10 mm
gap).

The drop weight apparatus with a 40 kg striker was employed to accomplish the experimental
procedure. The experiment was designed to apply 70 J energy, which simulates the fall of a 70

kg person on one foot from 10 cm height (Figure 4).
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Figure 4. Drop weight test setup.
To assess the deformation and strain field of fixation plate systems, a 2D digital image
correlation system was used. For this purpose, fixation plate systems had been sprayed with
speckle pattern according to the standard protocols [16]. A high-speed charge-coupled device
(CCD) camera (FASTCAM MH4-10K) with a frame rate of 1000 fps was used in this test. The
fixation plates deformation and strain field were calculated using the GOM software (ZEISS
Corp., Germany). Moreover, a piezoelectric accelerometer with the ability to record 96,000
data per second was used to record global acceleration during the test. Outputs were filtered
using Channel Frequency Class (CFC), and impact load value was obtained directly from the
force-time curve calculated by Newton second motion law. Impact damping behavior and
fracture load value were obtained directly from the force-time curve. The precision and
accuracy of these measurement systems have been reported in various studies [17-19]. Worth
noting is that five specimens for each fixation plate structures were tested to obtain reliable

results.
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3. Finite element analysis

Since 1972 finite element method (FEM) was used in orthopedic biomechanics to evaluate
stresses in bones, bone-prosthesis structures, and fracture fixation devices [20]. Moreover, it
has been employed to assess new configurations, materials, and shapes of implants without the
necessity of using experimental tests. In this study, the finite element software ANSYS
Workbench 19.0 (ANSYS Inc., Canonsburg, PA, USA) was used for the explicit analysis. To
the best of the author’s knowledge, no study has developed a three-dimensional finite element

model to evaluate impact loading effects on composite fixation plate structures.

3.1.  Modeling of fixation plate structures

The three-dimensional bone model was obtained from computed tomography (CT) scans of the
bovine tibia. The digital imaging and communications in medicine (DICOM) files were
converted to STL files to design bovine tibia using CAD software (SolidWorks, Dassault
Systems SolidWorks Corp., Inc., USA). The porosity of bone can be divided into the cortical
bone (5-15% porosity) and the trabecular bone (30-90%). Bone is an anisotropic material
owing to its direction-dependent properties. In the modeling, both cortical and trabecular parts
of the bone were considered (Figure 5). The three-dimensional geometry of the fixation plate
system and fracture gap was constructed in SolidWorks software and assembled according to
the experimental model. The screws were modeled as 3-mm cortical screws without threads.
The transverse distance of 1 mm and 10 mm between bone fragments was applied to represent
the stable and unstable fractures, respectively (Figures 6-a and 6-b). Finally, the fixation plate
structure was imported into the ANSYS Workbench as Parasolid files. In experiments, distal

PMMA cement was used to fix the specimen, which was modeled in simulations.
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Figure 6. (a) Stable, (b) unstable bone fracture, (c) mesh generation of the fixation plate

structure, and (d) applied impact loading and boundary conditions in finite element analysis.
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3.2.  Material properties assignment and damage theory

Due to the strain rate effect, the material properties are slightly different in the impact loading.
The effect of strain rate on the GF/PP and neat PP mechanical properties at different fiber
percentages and angles was obtained by Schofig et al. [21]. They found that the mechanical
properties of GF/PP and neat PP increase 1.5 times in a high strain rate. Hence, the update
values according to the reported ones in table 1 were used in the finite element simulation.
There is no method to determine the criterion for element removal; thus, the required
parameters must be determined by trial and error in comparison with laboratory results [22].
Many algorithms have been suggested for damage prediction of structures in high strain rate
loading conditions in recent years [22]. As for combined loading, including tension,
compression, and bending was influential in the model, the use of maximum principal stress
theory is suitable for predicting damage mechanism and the load capacity of the fixation plate
system [22]. In this theory, the stress amplitude increases until damage initiated in one of the
elements according to the failure criterion. The element will immediately be removed whenever
the material response of each element exceeds the defined value.

The major challenge was the implementation of the realistic bovine tibia bone material
behavior in the computational models. Various studies [23, 24] used Hopkinson test at different
strain rates to obtain different parts of bovine tibia bone properties. According to their results,
increasing the strain rate results in about 20% and 40% rise in bovine tibia elastic modulus and
strength, respectively. The applied mechanical properties of trabecular and cortical bovine tibia

bone are summarized in table 2.
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Table 2. Mechanical properties of bovine tibia [23, 24] (1, 2 and 3 are the principal

directions).
Properties Cortical Trabecular
p(kg/m?) 2000 1100
E;(GPa) 25.7
E,;(GPa) 20.4 21
E;(GPa) 18.1
G1,(GPa) 3.7
G13(GPa) 2.8 0.8
G,3(GPa) 2.8
Vi2 0.25
Vi3 0.17 0.25
Va3 0.17

In the modeling procedure, 316 L medical grade stainless steel screws were considered linear

isotropic elastic with elastic modulus and Poisson’s ratio of 191 GPa and 0.3, respectively [3].

3.3.  Meshing and interface conditions

The finite element mesh generation module of ANSY'S Workbench was used to create a mesh
of areas and volumes. Bone and PMMA cement were meshed using SOLID72 elements, and
the fixation plate system (plate and screws) were meshed by quadratic SOLID95 elements from
the ANSYS Workbench element library (Figure 6-c). These solid elements have a translation
in the x, y, and z directions, and they can also be assigned anisotropic material properties.
Preliminary model solutions were used to identify areas with high discretization errors. It was
apparent that the most critical area for mesh refinement was in the region surrounding the screw
holes. Approximately 125,000 elements with refinement around screw holes were used in the
model. Using fine meshes around the screw holes cause adequate stress transfer between plate
and screws and more accurate results.

A bonded connection was used at the trabecular interface to cortical bone, cement to the bone,

and screws head to plate. Direct contact between the bone and plate was not needed based on
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the experimental model, but non-linear frictional sliding contacts were applied at the screws-
bone interface to simulate a more realistic interfacial condition. Since modeling the interaction
between the bone and screw is challenging, it was tackled differently in various studies. For
the friction coefficient, a standard Coulomb friction coefficient of 0.4 was employed based on
some recent studies for the non-locking screw system [3, 4]. All contacts were modeled using

surface-to-surface contact elements with penalty contact behavior.

3.4.  Boundary conditions and applying impact loading

A rigid impactor with 70 kg weight was dropped to the top layer of the upper bone segment.
Falling heights were set 5, 10, and 20 cm to simulate the different falling energies for human
with 70 kg weight. In order to reduce the runtime, the initial velocities (1, 1.41, and 2m/s)
were applied in the x-direction, and the impactor was fully constrained except in the direction
along which the velocity was defined (It was constrained in the y and z directions). Fixed
support (ux, uy, uz = 0) condition was applied to the lower rigid fixture block. Based on the
effect of screw tightening [25], the screw tensile pre-load of 50 N was applied to the interface
of bone with six orthopedic screws (Figure 6-d). Finally, the hourglass control (under axial
loading, the hourglass energy was found to be within 5% of internal energy) and element
deletion options were activated. The damage criterion was chosen to automatically decrease
the mechanical properties of elements as a function of damage intensity during the impact
loading. Mass scaling was not applied, but by setting the maximum time step to 1000, 5.5 x
10~ '2sec, stable time increment was achieved in simulations.

It should be noted that different factors, such as the effect of muscle forces and knee joint
movement, which could potentially lead to increase bone fixation load-bearing and decrease

plate stress, were not considered in this study. It can also be said; the FEA method can be
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refined and applied to a model based on human CT data in the future. This will permit the FE

model to be used to simulate realistic loading under clinical conditions.

3.5.  Convergence test and model verification

The convergence test was conducted to verify the numerical model and illustrate that no further
mesh refinement was required. The strain energy and maximum equivalent VVon-Mises stress
values of the fixation plate were investigated for convergence. Convergence was achieved by
increasing the number of elements from 50,000 to 200,000 in five steps. Both the strain energy
and the equivalent maximum Von-Mises stress show convergence to 2% at 125,000 elements.
Also, the elements quality was close to 1, while aspect and Jacobian ratios of the elements were
from 0 to 20 and 0 to 1, respectively. To prevent low-quality solution, the aspect ratio values
greater than 10 should not be used [26], which was well respected in our numerical model. The
Jacobian ratio criterion should be greater than 0.25; however, a few elements (less than 5%)
had less Jacobian ratio value than that in this study. According to all of the mentioned criteria,

acceptable quality can be considered for the selected elements in this analysis.

4. Validation

The computational models need to be validated by in vitro/in vivo experimental tests.
Therefore, a comparison of the experimental and numerical impact load-time curves of all
fixation plate structures for 70 J impact energy in the stable and unstable bone fractures are
shown in figure 7. The computational models overestimated the stiffness of the experimental
models. This could be due to some factors, such as over-estimation of material or interaction
properties. The discrepancy between the numerical results and the experimental data can also
be attributed to the simplified modeling of the FE analysis cortical/trabecular bone interface.
Force values obtained from the model exceeded the experimental ones in the fracture test,

which is unsurprising due to its inability to represent the energy lost due to fracture.
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Figure 7. Comparison of the experimental and numerical impact load-time response of (1)

PPSCGF, (2) PPLGF, (3) PPLGFY, (4) neat PP fixation plate systems for 70 J impact energy
in (a) stable and (b) unstable bone fracture. (The values are the mean value, and the standard
deviation (SD) is 5% on average.)
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In the impact FE simulation, the predicted load-time value has some errors with the
experimental values ranging between 20-30% that could increase up to 30—40% [26]. Hence,
there is an acceptable correlation between numerical and experimental results.

In general, several factors such as simplification in modeling (geometry and mechanical
properties), errors of the measurement system (accelerometer), and environmental conditions
could be the causes of mismatches between numerical and experimental results. However, due
to the little difference between numerical and experimental results, it can be concluded that the
process of solving in the software has been done correctly and the output results of the software

can be trusted.

5. Results

The transmitted maximum forces resulted from the finite element simulation for different
fracture gaps (i.e., 1, 5, and 10 mm), and the various projectile impact energies (i.e., 35, 70,
and 140 J) are illustrated in table 3. The effects of the fixation plate mechanical properties
through the axial direction and the length of the fracture site can be observed in transmitted
peak force values. The maximum force increased nonlinearly by the increase of the impact
energy level. Based on the trend of all four materials, it can be concluded that the stiffer
structure (PPLGF) has the highest maximum force at each energy level, which reduces the
damping effect of the structure.

Table 3. Comparison of transmitted peak force (kN) to different fixation plate systems in
various impact energies and fracture gaps.

1 mm 5 mm 10 mm

35J | 70J | 140J | 351 70J | 140J | 357 70J | 1401

PPSCGF 187 | 289 | 379 | 199 | 282 | 36.0 | 172 | 26.7 | 352
PPLGF 192 | 277 | 377 | 196 | 282 | 364 | 199 | 291 | 355
PPLGFY 192 | 27.7 | 376 | 19.2 282 | 371 | 190 | 29.1 | 343
Neat PP 192 | 279 | 371 | 191 | 283 | 366 | 164 | 241 | 346
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To evaluate the results more accurately, the impact duration of different fixation plate systems
in various impact energies and fracture gaps are shown in table 4. Although each structure
impact duration varied at different energies, a constant trend was observed at the two lower
energy levels, which can be related to the lack of the diffusion cracks in the plate and complete
failure of the fixation plates. However, due to the FE process of removing elements in the
fixation plates, which reduces the structures stiffness, the impact duration is slightly irregular
for higher energy.

Table 4. Comparison of different fixation plate systems impact duration (ms) in various
impact energies and fracture gaps.

1 mm 5 mm 10 mm

35J | 70J | 140J | 351 70J | 140J | 351 70J | 14017

PPSCGF 7.7 7.8 8 8.4 9 8.5 8 8.7 8.7
PPLGF 7.8 8 7.8 7.75 | 8.75 8.5 8.91 8.1 9.5

PPLGFY 7.8 8 7.8 8.25 8.5 8.5 8.25 8.4 10.8
Neat PP 7.8 7.8 8 8 9.25 8.5 9.57 9.3 8.5

It should be noted that strain gauges installed on a human leg recorded the impact duration of
40 to 170 milliseconds [27, 28]. This discrepancy can be attributed to the lack of damping
effects due to muscle mass and soft tissue in the current study. The research results [27, 28]
showed that soft tissues energy absorption plays a vital role in reducing the applied impact
load.

Due to the rapid occurrence of plate failure in unstable bone fracture, the recorded images
cannot be applicable for investigating the fixation plate systems strain patterns. The equivalent
Von-Mises strain fields of the fixation plate systems for stable bone fracture during impact
loading are shown in figure 8. Equivalent Von-Mises strain was chosen because it represents

an accurate state of strain in each node of the plate and is always positive.
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Figure 8. DIC full-field images of equivalent Von-Mises strain of different fixation plate
systems for 70 J impact energy in stable bone fracture during loading and unloading; (2)
.PPSCGF, (b) PPLGF, (c) PPLGFY, and (d) neat PP.
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To further investigate the impact-induced strain of the fixation plate systems, the equivalent
VVon-Mises strain values of each fixation plate system's central element (see figure 6-c) for 70

J impact energy in stable bone fracture during loading and unloading are shown in figure 9.
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Figure 9. Comparison of equivalent VVon-Mises strain of different fixation plate systems
center element for 70 J impact energy in stable bone fracture during loading and unloading.

The FE analysis provides a good vision into the stress distribution of fixation plates, which is
needed to evaluate composites use as fixation plate materials. Longitudinal and flexural stress
and the stress concentration reduce the mechanical plate capabilities during the impact loading.
The Von-Mises stress distribution of all fixation plates at peak force for 35, 70, and 140 J
impact energies are shown in figures 10-12. Moreover, the effects of the fracture gap values on
the predicted VVon-Mises stresses are shown in figures 10-12. The insertion and direction of
loading and the assembly complexity cause a non-uniform and asymmetric stress distribution

in plates.
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Figure 10. Comparison of equivalent VVon-Mises stress of the fixation plate at peak force
for 35 J impact energy in various fracture gaps (1, 5, and 10 mm); (a) PPSCGF, (b) PPLGF,
(c) PPLGFY, and (d) Neat PP.
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Figure 11. Comparison of equivalent Von-Mises stress of the fixation plate at peak force
for 70 J impact energy in various fracture gaps (1, 5, and 10 mm); (a) PPSCGF, (b) PPLGF,
(c) PPLGFY, and (d) Neat PP.

A
e
v

24



1 mm 5mm 10 mm

(@)

(b)

(©)

(d)

Figure 12. Comparison of equivalent Von-Mises stress of the fixation plate at peak force
for 140 J impact energy in various fracture gaps (1, 5, and 10 mm); (a) PPSCGF, (b) PPLGF,
(c) PPLGFY, and (d) Neat PP.

For the more detailed investigation, tables 5-7 show the mean values of equivalent VVon-Mises

stress for fractured bone, plate, and screws at peak force in various impact energies and fracture

gaps.
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Table 5. Comparison of equivalent VVon-Mises stress mean values (MPa) of the fractured
bone at peak force in various impact energies and fracture gaps.

1 mm 5 mm 10 mm
351 70J | 140J | 351 70J) | 140J | 351 70 140)
PPSCGF 146 218 286 146 211 277 148 219 283
PPLGF 140 213 286 136 212 275 121 202 268
PPLGFY 142 215 287 145 212 275 146 210 260
Neat PP 144 216 284 142 210 277 125 181 263

Table 6. Comparison of equivalent Von-Mises stress mean values (MPa) of the plate at

peak force in various impact energies and fracture gaps.

1 mm 5 mm 10 mm
351 70J) | 140J | 351 70J) | 140J | 351 707 140)
PPSCGF 49 58 64 77 88 86 105 92 85
PPLGF 221 235 290 200 218 290 212 167 157
PPLGFY 114 137 197 123 157 197 217 176 143
Neat PP 45 54 51 45 52 59 50 55 56

Table 7. Comparison of equivalent Von-Mises stress mean values (MPa) of the screws at

peak force in various impact energies and fracture gaps.

1 mm 5mm 10 mm
351 70J) | 140J | 351 70J) | 140J | 351 70 140)
PPSCGF 99 157 218 105 165 233 115 191 270
PPLGF 95 166 260 109 183 244 178 180 235
PPLGFY 95 167 233 107 173 242 127 191 266
Neat PP 128 188 238 222 237 282 222 264 341

The failure modes of the fixation plate systems in stable and unstable bone fractures for 70 J

impact energy are illustrated in figures 13 and 14. The projectile impact on the bone created

compressive and tensile stress waves, which propagated and reached the fixation plate system.

Due to the different speeds of the wave propagation, when the waves reach the plates free or

clamp surfaces, different movements of compressive and tensile stress waves occur. If these
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waves reach the tensile and compressive strength of the fixation plate material, cracks will

initiate along the screw holes, and the plate will fail due to the strain concentration.

(a)

(Experimental) (Numerical)
(b)

(Experimental) (Numerical)
(©)

(Experimental) (Numerical)
Figure 13. Comparison of predicted failure mechanisms in numerical method with
experimental cases in stable bone fracture for 70 J impact energy; (a) PPSCGF, (b) PPLGF,
and (c) PPLGFY.
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Figure 14. Comparison of predicted failure mechanisms in numerical method with
experimental cases in unstable bone fracture for 70 J impact energy; (a) PPSCGF, (b)
PPLGF, and (c) PPLGFY.
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6. Discussion

6.1. Load-time response of fixation plate structures

Generally, as can be seen in figure 7 and tables 3 and 4, the neat PP shows less transmitted

peak force and more impact duration due to its low modulus and plastic behavior. In other
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words, owing to the reduction of transmitted peak force by the distribution of impact energy
over a longer period, the material with more plastic and low rigid property can act as a shock
absorber. The low-rigidity plate system mentioned advantages provide the possibility of
sufficient interfragmentary movement at the fracture site [10]. Since the existence of the callus
zone adequate interfragmentary movement is essential in the healing process, the low-rigidity
plate systems may cause a faster healing process. This is one of the most important reasons for
modifying stiffer plates to replace low-rigidity composite plates. Therefore, a low-rigidity plate
system reduces impact loads and can lead to sufficient interfragmentary motion for bone
fracture healing [10]. It can also overcome the high failure rate of bone fractures in clinical
applications with an increase of their resistance to loosening; however, this system has low
stiffness in bending and twisting compared to conventional plates. Low torsional stiffness can
lead to excessive shear movement in the fracture site, delaying the healing process [29].
Therefore, to design a proper composite fixation plate system, the results of their static and
quasi-static loading must be carefully evaluated in addition to the impact loading effects on
them. An axial quasi-static compression test was conducted on fixation plate structures to
determine the fixation plate systems' overall stiffness and failure load. The distal cylindrical
pot was fixed in all directions while the compressive force was applied with a speed of 2
mm/sec, and force was kept until failure occurred. Figure 15 shows a comparative diagram of
the fixation plate structures overall stiffness in the stable and unstable fracture under axial
compression loading.

There is a two-phase stiffness pattern (initial and second phase) in quasi-static loading. The
second phase stiffness is the stiffness that happens after the fractured ends come into contact.
Since the second-phase stiffness does not represent an actual structural stability measure, the
initial phase is usually analyzed and compared. In the stable bone fracture, the stiffness of
PPLGF, PPLGFY, and PPSCGF fixation plate structures are 3.23 £ 0.1 kN/ mm, 1.39 £ 0.1
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kN/ mm, and 0.85 + 0.1 kN/ mm, respectively. Evident is that the stiffness of PPLGFY and
PPSCGF is 57% and 74% lower than PPLGF. The plate mechanical behavior in the stable
fracture under axial compression loading followed a predictable trend. No significant
difference was found between the stiffness of the fixation plate structures in the unstable bone
fracture. However, alternative fixation methods such as parallel plate construction or changing
screws position might be better options for unstable bone fracture. Generally, the presented
axial stiffness (in both stable and unstable bone fracture) of the proposed GF/PP composites
are within the reported range in previous studies of metallic [30-32] and composite [33, 34]
fixation plates.

PPLGF fixation plate structure has the highest axial stiffness in both types of bone fractures.
The degradation of the fixation plate mechanical properties causes the overall stiffness
reduction in the fracture fixation structure. PPSCGF has lower flexural stiffness, modulus, and
strength values, making it less stiff than other composite plates. Generally, based on the
achievements (see table 1), the highest reported flexural modulus value is still below the
flexural modulus of the cortical bone (12-17 GPa [35]). This means that these plates can
provide better behavior in bending than metallic plates, although they have provided the desired
stiffness in compression for the initial healing phase to stabilize the fracture site concurrently.
In addition, they cause the interfragmentary strain of about 2 to 10% in the second phase of
healing (indirect healing) at the callus zone, which can promote the healing process. Hence,
PPLGF and PPLGFY could be used in fracture fixation plates, which would reduce the stress
shielding effect and allow required micro interfragmentary movement for callus formation.
Furthermore, they can provide adequate initial fixation immediately after surgery, and they are
capable of absorbing high energy vibration, which is occurred between the plate and fractured

bone when the patient is walking.
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Besides, neat PP has changed behavior due to its utterly plastic behavior and densification. It
has low stiffness in an unstable bone fracture, which leads the plate not to have the properties
necessary for an orthopedic plate, but it can be used in hybrid composite fixation plate systems
such as elastic screw holes fixation [7]. The hybrid composite fixation plate system reduces the
induced primary shock of impact load, and by concentrating the stress at the screw-bone and

screw-plate interfaces, it prevents structural damage of bone and fixation plate.

4
@ Stable fracture
35 3.23
T @ Unstable fracture
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25

Stiffness(KN/mm)
N
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PPSCGF PPLGFY Neat PP

Figure 15. Comparison of fixation plate structures overall stiffness in stable and unstable
bone fractures.

Patients often use crutches after surgery; thus, during the fracture healing, one-tenth of body
weight is imposed by muscles at the end of the tibia for 1-8 weeks of post-surgery. The load
increases up to twice of body weight after week 8 until week 12. After that, the body weight
increases gradually every week and reaches up to the bodyweight treble in 16 weeks after the

surgery [36]. According to the results shown in figure 16, all three PP/Glass composite fixation
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plates can bear almost twice of body weight of an average weight person (70 kg) during fracture
healing. Therefore, the proposed composite fixation plates can be recommended as proper
candidates for orthopedic applications. There will, however, need to conduct some additional

in vitro and in vivo studies with larger sample sizes to reach definitive conclusions.
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Figure 16. Comparison of composite fixation plate structures failure load in unstable bone
fracture.

6.2.  Strain pattern of fixation plate systems

In the case of low impact velocity, damage or breakage of the structural components in the
early stages of the applied impact load does not occur, and the wave of compressive strain
emerges in the fixation plate system. This wave in the fixation plate structures with a 1 mm
fracture gap and 70 J impact energy is visible in figure 8. This wave is neutralized before the

global bending and shear strain waves move to the fixation plate structures sideways.
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Therefore, there are two stages during the striking of the fixation plate structures: propagation
of longitudinal strain wave and the structure and propagation of transverse strain wave.

It is illustrated in figure 8 that the strain on the screws and plate increases during dynamic
loading. Due to plastic behavior, impact energy absorption, and high Poisson’s ratio of the neat
PP, the pure plastic fixation plate showed a higher level of strain in the stable bone fracture.
This fixation plate system absorbed the impact strains, which, in turn, less damage occurred in
the bone. However, the focus of this study is on the comparison of three composite plates
behavior. At the first stage, they endured compression load and raised localized plastic strain
in the screws-plate interface. Then, the crack growing and the fixation plate system failure
happened in the screws-plate interface. The final fracture pattern combines progressive
compression, bending, and shear strains that causes yield strain at the screws-plate interface.
The results confirm that the elastic-plastic behavior and toughness of materials play significant
roles in the impact resistance of fixation plate systems.

Due to the plastic behavior and Young’s modulus of the plates, the amount of created strains
can be justified differently. In other words, the plates with the higher modulus (PPLGF and
PPLGFY) have a lower strain for the PPSCGF plate (Figure 9). In addition, the orthotropic
materials (PPLGF and PPLGFY) show more irregular strain wave behavior than isotropic
material (PPSCGF). Due to the lower stiffness and invariant mechanical behavior through
different directions, the strain behavior of PPSCGF was more stable than the other two
materials. It can be concluded that less strain occurred during impact loading on a plate with a
higher modulus and lower Poisson’s ratio (Figure 9).

In general, a fixation plate that can reduce the level of transmitted peak force to bone or bone
strain concentration in the screws-bone interface during impact loading would be

recommended as a choice in orthopedic fixation plate applications. It should be noted that this
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reduction can be provided by absorbing plastic energy (neat PP) or by absorbing fracture

energy (PPLGF, PPLGFY, and PPSCGF)).
6.3.  Stress analysis of fixation plate structures

Generally, the stress on the plate was higher in the unstable situation compared to the stable
fixation. Due to bending and compression of the plates during impact loading, the maximum
Von-Mises stress was found in the fracture site's vicinity at the middle segment of the plates.
However, the next highest stress in the plates was around the inner screw holes. The crack
growing and the failure of the fixation plate system happened in the screws-plate interface. The
maximum Von-Mises stress of PPSCGF was lower than the one induced in PPLGF and
PPLGFY fixation plates (Figures 10-12). Due to the higher flexural modulus of the PPLGF,
high stress occurred in its critical area. Since PPLGFY and PPSCGF have almost the same
flexural modulus but different behavior, bending behavior is not the only reason for the stress
distribution in the fixation plates. The difference of the tensile modulus and Poisson's
coefficient of the materials also can be the reason for stress distribution changes. The behavior
of neat PP was utterly different from the other three plates due to its plastic behavior. In other
words, due to the plastic behavior, the middle segment of the plates was plasticized in the
bending, and its Von-Mises stress changes were reduced.

Von-Mises mean stress was selected to be a parameter to assess the stress pattern changes.
Mean stresses were smaller than the maximal stresses. Moreover, the bone stress was inversely
proportional to the plate stress. The mean stress on the fractured bone, plate, and screws for all
composite plates rapidly increased as the increase of impact energy level in both the fracture
gap sizes of 1 and 5 mm. However, due to plate failure in the fracture gap of 10 mm, the mean
stress decreased by increasing the impact energy level for all composite plates (Tables 5-7).
Bone needs adequate stress to continue growing and healing, but enough amount will be the

challenging question. The stress-induced in the bone with PPSCGF fixation plate was higher
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than the one with PPLGF and PPLGFY fixation plates (Tables 5-7). The highest Von-Mises
stress level was especially located in the fractured bone surrounding the screw holes and
beyond the ultimate compressive of cortical and trabecular bovine bone in high strain rate (250-
400 MPa) [23, 24]. Since the mass loss due to bone resorption in bone with PPSCGF plate is
reduced compared to the bone with PPLGF and PPLGFY plates, it shows higher density. This
is due to the higher rate of bone regeneration and remodeling during the healing process under
high-stress conditions, as per Wolf’s law [2]. It has been observed that the fixation plate with
low-stiffness material offers less stress-shielding to the bone and provides higher stress to
induce accelerated healing. These results demonstrate that higher stress can be induced in the
bone, incredibly close to the fractured region where a higher rate of bone remodeling is desired
by adopting the proposed composite plates.

The stress analysis showed the screws almost presented a higher stress magnitude than the bone
and plate, which was evident as the metallic screws had more Young’s modulus (Table 5-7).
The screws are in direct contact with the bone, which allow the direct load transfer from the
plate to the bone. The mean stress at the screw head may reach 341 MPa due to contact with
its corresponding hole (Table 7). The closest screws to the stress concentrated areas on the
plate experienced a higher amount of stress. In all materials considered in this study, the highest
stress concentration occurred at the screw neck. In neat PP, since the plate did not break and

deformed plastically, more stress was applied to the screws than the composite plates.

6.4.  Failure modes of fixation plate structures

The amount of damage and failure modes depends on the plate mechanical strength
(compressive, tensile, and shear strength). Moreover, the selected failure criterion (the principal
maximum stress) plays an essential role in the numerical failure prediction. With the spread of
the destruction mode, the material elements are damaged in all directions, and there is no

capacity to bear the load. The same failure modes were obtained from numerical and
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experimental procedures, confirming that the principal maximum stress criterion has been able
to predict the damage modes of the fixation plate systems.

In the stable fracture, local plastic deformation and crack growth in PPSCGF (Figure 13-a) and
matrix cracking and fiber tearing in PPLGF, and PPLGFY fixation plate systems (Figures 13-
b and 13-c) occurred along the screw holes.

In the unstable bone fracture, the failure modes were caused by intense compression, and shear
stresses beneath the screw holes, where the stress was concentrated. In PPSCGF, crack
initiation occurred at the closest screw holes to the fracture site on the proximal tibia fragment,
and finally, catastrophic fracture happened in a brittle manner. Longitudinal fractures beneath
the screw holes were the main failure modes of PPSCGF (Figure 14-a). During the failure of
PPLGF and PPLGFY fixation plate systems, matrix cracking, fiber tearing, and edge
delaminating or long splitting in their glass fibers occurred. The cracks grow beneath the screw
holes near the bone distal end and near the failed area in the entry point of the proximal screw
holes (Figures 14-b and 14-c). Due to fiber interlayer damage and matrix crack growing, the
deterioration trigger mechanism was the major fracture mechanism in PPLGFY and PPLGF
fixation plate systems, and ultimate fracture occurred in the form of fiber breakage (Figures
14-b and 14-c).

It should be noted that the neat PP fixation plate system with low rigidity and entirely plastic
behavior did not fail after applying impact force, and in both bone fracture types, plastic

deformation occurred.

7. Conclusion

GF/PP composite fixation plates with three different glass fibers were fabricated by heat-
compressing and 3D printing processes to address the metallic biomaterial drawbacks. The

mechanical properties, as well as impact behavior of samples, were studied experimentally and
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numerically. A significant agreement between experimental and computational models was
demonstrated. The parameters such as impact damping behavior, damage mechanisms, and
stress and strain pattern of the different fixation plate systems in stable and unstable bone
fractures at different impact energies were determined. The impact load-time responses and the
failure mechanisms revealed that fixation plate systems with more plastic behavior and lower
stiffness could act as initial shock absorbers and dampen the transmission of axial impact load
by distributing the impact energy over time. Since all three composite fixation plate systems
have a close mechanical property to the bone and their transmitted peak forces and impact
durations are close to each other, they can replace traditional metallic plates for bone fractures.
Based on static and quasi-static behavior, PPLGF and PPLGFY fixation plate systems are more
appropriate for this purpose. Furthermore, the bone fracture incident would not occur during
impact loading, which is one of the main advantages of composite plates over their metallic
counterparts. Hence, to overcome the high failure rate of bone fractures and increase the
resistance to loosening, such composites plates are proposed. However, to make a definite

conclusion, additional in vitro and in vivo studies with larger sample sizes are needed.
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