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ABSTRACT

Fully degradable poly-lactic acid (PLA) is reinforced with 2D-braided magnesium alloy wires (Mg wires
or MAWs) for bone fixation devices. The relationship between the mechanical/degradation properties of
the composite and microstructural features such as braiding angle, volume fraction, and interface
properties is investigated. The biaxial mechanical properties of the composite can be tailored by the
microstructure. When the braiding angle is 45°, the composite has the highest shear and impact strength
and increasing the volume fraction simultaneously improves the tensile, bending, shear, and impact
strength. Results obtained by the finite element method show that the screw hole undermines the safety
factor of the composite under micro-strain. Acidic degradation of pure PLA can be mitigated by the
corporation of MAWSs and a degradation model is proposed to predict the mechanical properties of the
composite during immersion. Our results reveal a relationship between the bending strength, molecular
weight, and immersion time.

Mechanical properties

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Plates and screws as the internal fixation devices play significant
roles in restoring and reconstructing the normal activity of frac-
tured bones. Originally, these devices are made of metals such as
stainless steels and titanium alloys [1], but metals typically have
moduli 5 to 10 times larger than that of cortical bone [2,3] thus
producing the well-known stress-shielding effect [4]. Hence,
polymer-based composites having low stiffness and high fatigue
strength have been proposed as alternatives for internal bone fix-
ation devices [5,6].

With the regards to the revolution of implant materials, two
characteristics are desired for the polymer based composite besides
compatibility. One is the composite could fully degrade and the
strength loss could match the strength increase of the surround
tissues during the implantation. Previously, most reported com-
posites are non- [7,8] or partially- [9] degradable. As a result, sec-
ondary injure occasionally occurs during the removal of the
implants after the bone healing. The other desired characteristic for
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the composite is that the biaxial mechanical properties could be
optimized to bode different bone fixation. For instance, the com-
posite would be anisotropic for weight-bearing bones, while be
isotropic for craniofacial and maxillofacial bones. In this respect,
textile reinforcement includes two-dimensional (2D) or three-
dimensional (3D) fiber reinforcement attracts huge interests,
comparing to unidirectional reinforcement. It has been shown that
the composites reinforced with textile reinforcements have high
impact damage resistance and fracture tolerance under multiple
loads and are suitable for bone fixation devices [7,8]. For instance,
polyetheretherketone (PEEK) based composites reinforced with
braided carbon fibers (CF) have been used as bone plates in femur
or tibia fixation [7,8].

Previously, we noticed the feasibility of degradable magnesium
alloy wires (MAWSs) for the reinforcing of degradable poly-lactic
acid (PLA) [10,11]. Then, in this work, 2D-braided MAWSs (2D-
MAWSs) were employed to prepare fully degradable composites.
Since the mechanical properties of the composites are related to the
structure, it is important to investigate the influence of the various
microstructural features. Moreover, micro-strain is necessary for
bone growth during healing [12,13], the sensitivity of the braided
composite to screw holes under micro-strain is then studied by the
finite element method (FEM). Additionally, the degradation
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behavior of the composite is addressed quantitatively and the
relationship between the bending strength, PLA molecular weight,
and immersion time in simulated body fluids (SBF) is evaluated.

2. Materials and methods
2.1. Materials preparation

Magnesium alloy wires (MAWSs) with a diameter of 0.3 mm
(AZ31: 96% Mg, 3% Al and 1% Zn by weight) were used as re-
inforcements and PLA (PLA: Natureworks LLC) with density of
1.24 g/cm® was used as the matrix. The fabrication process of the
braided composite is illustrated in Fig. 1. The first step involved
nailing tacks on a thin polytetrafluoroethylene plate at a distance
determined by the unit rhombic cell of the two-dimensional (2D)
braided MAWSs. The 2D braided MAWSs were fabricated manually.
The MAWSs were braided by a 1/1 interlocking form in which a wire
bundle passed over and under a wire yarn at a braiding angle (), as
shown by the upper right picture in Fig. 1. The interlocking angle
between the fill and warp yarn was twice the braiding angle.
Thereafter, the PLA/chloroform solution was poured onto the
braided MAWSs. After evaporating the PLA/chloroform solution, the
tacks were plucked and the polytetrafluoroethylene plate was
removed to obtain the pre-impregnating braided composite lam-
ina. Afterwards, three pre-impregnating braided composite lam-
inas and four pure-PLA laminas were alternatively stacked and
heat-compressed at 165 °C and 2.6 MPa. Braided composites with
four different braiding angles 15°, 30°, 45°, 60° and the same vol-
ume fraction and those with four different volume fractions of 5%,
7%, 10%, 12% of MAWSs but the same braiding angle were prepared.
The pure PLA samples were prepared under the same conditions.
The specimen dimensions were 120 mm x 12 mm x 2.5 mm.

2.2. Mechanical tests

Tensile tests along the longitudinal direction (ASTMD790-2010),
three-point bending tests (ASTM D638-03), and shear tests [10]
along the transverse section were conducted at room tempera-
ture and 5, 2, 5 mm/min cross-head speed, respectively, on the
CMT4503 electronic universal testing machine. The Charpy impact
test was performed on the unnotched samples along the transverse
section on the ZBC impact testing machine.

2.3. Micro arc oxidization

Micro-arc oxidization (MAO) is the common method to improve
the degradation properties of magnesium alloys. Moreover, it could
introduce coarse and porous surface coating on magnesium alloys
which may enhance the adhesion between MAWs and PLA. The
details of MAO process can be found in the previous paper [14].

2.4. Finite element analysis

The isotropic properties and mechanical sensitivity of the
composite to holing were assessed by the finite element method
(FEM) using the Ansys software. The braiding angle of the com-
posite model in FEM was 45°. The material parameters of PLA and
MAW:s for FEM can be found in previous paper [10]. The interface
between the MAWSs and PLA was theoretically treated as complete
bonding.

The model and hole parameters are shown in Fig. 2. Two holes
were modeled: one breaking the continuity of braided MAWSs
(denoted as breaking-hole form) and the other not breaking the
continuity by adjusting the braiding form (denoted as no-breaking-
hole form) as shown in Fig. 2(c) and (d). The corresponding braided

Fig. 1. Schematic illustration of the fabrication process and micro-structural features of the braided MAWs/PLA composite.
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Fig. 2. Illustration of the braided composite model in FEM: (a) PLA matrix with a hole; (b) braided MAWSs with no hole; (c) breaking-hole form; (d) no-breaking-hole form.

composites were denoted as BC-composite and C-composite. To
simplify the calculation, half of the plate (length of plate = 60 mm
for bending tests) with a hole was modeled. The thickness and
width of the model were 2.5 mm and 12 mm, respectively. In order
to provide sufficient protection on the MAWSs, the width of PLA
matrix (12 mm) was larger than that of braided MAWSs (11 mm).

2.5. Immersion tests

The composites with dimensions of 60 mm x 12 mm x 2.5 mm
used in the immersion tests were reinforced by MAO-treated
MAWSs (denoted as MAO-composite). The individual samples
were placed in 50 ml screw-top plastic bottles and fully immersed
in simulated body fluids (SBF) [15] at 37 °C. The solution was
changed daily and the bending properties of the wet specimens
were determined after immersion for 7, 14, 28, and 56 days. After
the bending tests, the samples were dried and the viscosity average
molecular weight (M,) of the pure PLA and PLA matrix was calcu-
lated by the Mark-Houwink-Sakurada formula [16]. In the pH tests,
the pH was recorded periodically during immersion. The experi-
mental data was presented by the average of three measurements
for each test.

2.6. Microstructural characterization

The fracture morphology was examined by scanning electron
microscopy (SEM, Philips XL30 FEG) at an accelerating voltage of
20 kV. Before the investigation, the composite and MAWs were
sputter-deposited with a thin gold layers to reduce charging.

3. Results
3.1. Micro-structural features

The impregnated braided composite lamina is constructed by
repetitive unit rhombic cells, as shown in the upper right picture of
Fig. 1. The parameters of the cell include the braiding angle (4),
rhombic length (a), and distance between MAW yarns (d). d and
volume fraction (V;;;) of the MAWSs in the unit cell can be calculated
as follows:
d = a*sin(180—260)/2 and (1)
Vin = 4*a*1*0.15%/(0.6*a*d) = 4*7*0.15%/(0.6*d). (2)

The micro-structural parameters of the unit cell for the braided

Table 1
Micro-structural parameters of the unit cell of the braided composites.
Braiding angle (°) d (mm) a (mm) Vin (%)
15 2.35 9.4 10
30 4.7 10.86 5
3.36 7.75 7
2.35 543 10
1.96 4.52 12
45 2.35 4.7 10
60 2.35 543 10

composites are calculated and presented in Table 1. The biaxial
mechanical characteristics of the composite are evaluated by FEM.
The braiding angle and theoretical volume fraction of the MAWSs in
the composite model are 45° and 10 vol%, respectively. It should be
mentioned that the real volume fraction of the MAWSs in the model
is only 6 vol%, because the width and thickness of the composite are
larger than the theoretical values based on the unit cell as shown in
Fig. 2(b). The Young's modulus along the longitudinal and trans-
verse directions of the braided composites are, respectively,
4.49 GPa and 4.71 GPa and they are 6.46 GPa and 4.23 GPa for the
6 vol% unidirectional composite calculated by the mixture rule [17].
The braided composite at # of 45° exhibits the isotropic charac-
teristics (see Table 2).

3.2. Micro-structural effects on mechanical properties

3.2.1. Braiding angle effects

The relationship between the mechanical properties and
braiding angles for 10 vol% is shown in Fig. 3. The tensile strength
(S¢) and bending strength (Sp) decrease proportionally with 6. Ac-
cording to curve fitting, S; and Sy, of the composite reinforced with
the unidirectional MAWSs (UD-composite) are approximately
78.7 MPa and 119 MPa, respectively. For a § of 60°, S; and S, are,
respectively, 48.4 MPa and 75.8 MPa and about 61.5% and 63.6% of
those of the UD-composite. Furthermore, they are 0.5 and 0.45

Table 2
Biaxial Yong's modulus of the braided composite (45°, 10 vol%) derived by FEM and
unidirectional composite (6 vol%) by the mixture rule.

Composite form Yong's modulus (GPa)

Longitudinal direction Transverse direction

Braided composite 4.49 471
Unidirectional composite 6.46 423
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Fig. 3. Mechanical properties of the braided composites for different braiding angles at 10 vol%: (a) tensile strength; (b) bending strength; (c) shear strength; (d) impact strength.

times lower than those at 15° and S, decreases faster than S; with 6.
The shear strength (S;) and impact strength (S;) increase initially
and decrease with § being 75.6 MPa and 54.1 kJ/m?, respectively,
when 6 is 45°. For comparison, Sg and S; for § of 60° are only
50.2 MPa and 25 kj/m? and approximately equal to those for 15°.

3.2.2. Volume fraction effects

The mechanical properties of the braided composites for
different volume fractions and # of 30° are shown in Fig. 4. S; in-
creases proportionally with V;; and is 68 MPa for 12 vol% but
smaller than that for 10 vol% and # of 15°, indicating that S; can be
further enhanced by decreasing the braiding angle. The relation-
ship between the measured S, and V;,; is shown in Fig. 4(b). The
composite shows a parabolic increase in Sp with V;;; and for 12 vol%,
Spis 120 MPa and nearly 1.7 times that of pure-PLA. Similarly, Ss and
S; of the composite increase with V;; from 46 MPa and 17 k]/m? for
pure-PLA to 80 MPa and 46 kj/m? at 12 vol%.

3.2.3. Interface effects

The interface influences the mechanical properties of the com-
posite. Here, MAO is performed to modify the MAWSs and S; and S of
the composite for # of 30° after modification are shown in Fig. 5. S;
and S increase after MAO and the interface strengthening effect of

St is more apparent at large V. For instance, for Vi, of 12 vol%, the
increase in Sy after MAO is about 20% and about 13% for V;;, of 5 vol%.
However, with regard to Ss, the increase rate is only 3% for V;; of
12 vol% and smaller than that for V;;, of 5 vol%. The morphologies at
the fractured section of the composite after tensile and shear tests
are shown in Fig. 6. The pristine MAW is pulled out from the matrix
whereas the MAO-MAW adheres to the matrix after tensile tests as
respectively shown in Fig. 6(a) and (b). In the shear test, the PLA
matrix near the pristine MAW breaks but the interface between the
MAO-MAW and PLA matrix remains integrated after the test as
respectively shown in Fig. 6(c) and (d) furnishing experimental
verification of interfacial strengthening by MAO.

3.2.4. Hole effects under micro-strain

In clinical practice, screw holes are drilled into the composite
plates. The holes change the continuity of the reinforcements
affecting the properties of the composite. Here, two types of holes
are studied including breaking and non-breaking ones. A safety
factor (SF), calculated by dividing the real stress with the ultimate
tensile strength is adopted to evaluate the mechanical sensitivity of
the composite to the hole under a micro-strain of 0.1%.

The results are shown in Fig. 7. The symmetrical section is fixed
during the calculation resulting in a small SF of the local PLA matrix.
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Fig. 4. Mechanical properties of the braided composites for different volume fractions and 6 of 30°: (a) tensile strength; (b) bending strength; (c) shear strength; (d) impact
strength.

Fig. 5. S; (a) and Ss (b) of the braided composite for # of 30° before and after interface modification by MAO.

For pure PLA, the hole decreases the SF of the matrix from 7.8 to larger than 7.8. Meanwhile, the MAWs in the composite have non-
about 3.11 indicative of deteriorating safety. With regard to the uniform SF, and the SF is smaller at the bent locating implying that
composite without a hole, SF of the PLA matrix is about 8.78 and the stress distributes non-uniformly along the wire and is
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Fig. 6. Morphologies of the fractured section of the braided composite after tensile and shear tests: (a) braided composite with pristine MAWSs after the tensile test; (b) braided
composite with MAO-MAWs after the tensile test; (c) braided composite with pristine MAWSs after the shear test; (d) braided composite with MAO-MAWSs after the shear test.

concentrated at the bent locations. After the hole is drilled, the SF of
the PLA matrix near the hole decreases significantly. The smaller
SFs of the matrix near the hole are about 2.83 and 2.78, respectively,
for BC-composite and C-composite. The smaller SF of the latter may
indicate that the PLA matrix near the hole can sustain a larger load
in the case of the non-breaking hole under the same micro-strain.
Moreover, in the C-composite, the MAWSs around the hole have
smaller SF than the other MAWS, indicating worse safety during
fixation. The fixed support loads for 0.1% strain of the composite
with no hole, BC-composite, are C-composite are respectively
134.74 N, 130.04 N, and 132.24 N.

3.3. Degradation of the braided composite

The pH change of the fluid during immersion is displayed in
Fig. 8 (a). For pure-PLA, the pH decreases gradually with immersion
time denoting acidic degradation. For the braided composites, the
pH decreases in the first 3 days and afterwards, it increases slightly
and then decreases. For § of 30°, the pH of the immersion fluid for
12 vol% is higher than that for 7 vol%. Similarly, for 10 vol%, the pH
of the fluid for 6 of 45° is higher than that for § of 15°. With regard to
the composite at # of 30° and 7 vol% [denoted as composite (30°,
7 vol%)], the pH of the fluid is appropriate compared to that for § of
15° and 10 vol%.

The Sp changes in the composite (30°, 7 vol%) and pure-PLA are
shown in Fig. 8 (b). After immersion for 56 days, Sy is 56 MPa and
56.3% of the initial value. For comparison, Sp, of pure-PLA is 31 MPa
and about 44% of its initial value. The braided composite has better
strength retaining ability. The molecular weight changes of the PLA
during immersion are shown in Fig. 8 (c). M, of pure PLA decreases
more quickly than that of the PLA matrix. After immersion for 56
days, M, of pure PLA is about 3 x 10* g/mol and that of the com-
posite (30°, 7 vol%) is 4 x 10% g/mol.

After dissolving PLA matrix by chloroform solution, The surface

morphologies changes of MAWSs in the composite (30°, 7 vol%))
during immersion are investigated, as shown in Fig. 9. The initial
surface of MAO is porous as shown in Fig. 9(a). After 1 week im-
mersion, local pore size increases denoting the degradation of MAO
coating, as shown in Fig. 9 (b). As the immersion proceeded, the
porous characteristics disappeared and the coarse surface exposed,
suggesting the breakage and fully degradation of MAO coating as
shown in Fig. 9(c), (d) and (e).

4. Discussion
4.1. Mechanical characteristics

Plates and screws are widely used in bone fixation surgery. In
order to overcome the “stress-shielding effects”, composite-based
plates have been investigated as possible replacements for
metallic plates but most of these efforts have focused on unidi-
rectionally (UD) laminates and discontinuous short fibers as the
reinforcements. Our previously reported UD fiber composite [10]
offers high strength and stiffness along the fiber direction, but
suffers from low strength in the direction perpendicular to the fi-
bers, while composites with discontinuous short fibers have low
strength. Therefore, compared to these materials, the composite
investigated here would represent balanced mechanical properties
along the transverse and longitudinal direction. Although the
studied composite has lower strength than that with carbon fibers
[9] due to the small Vi, in the reinforcements and low M, in the
matrix, the fully degradable characteristic of the composite bodes
well for craniofacial and maxillofacial bones whose tensile and
bending strengths are low and about 70 MPa [18] and 120 MPa [19],
respectively. Moreover, as shown by our results, the mechanical
properties can be tailored by the braiding angle, volume fraction,
and interface modification.

In practice, screw holes are produced in the plates and they
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Fig. 7. Safety factor of pure PLA and braided composites under a micro-stain of 0.1%: (a) pure-PLA without a hole; (b) pure-PLA with a hole; (¢) PLA matrix in the braided composite
without a hole; (d) MAWs in the braided composite without a hole; (e) PLA matrix in the BC-composite; (f) MAWSs in the BC-composite; (g) PLA matrix in the C-composite; (h)

MAWsS in the C-composite.

Fig. 8. Degradation behaviors evolution of pure PLA and the braided composite during immersion: (a) pH changes in the fluid; (b) S, changes; (c) M, changes.

normally adversely affect the mechanical properties of the com-
posite. In order to reduce the influence, the reinforcements are
commonly braided bypassing the hole to retain the fiber continuity
[7]. This type of non-breaking holes enhances the safety compared
to the breaking ones under the same load. However, when a con-
stant strain is applied, the non-breaking reduces the safety factor of
the reinforcement. This effect should be considered in the design of
the materials and fixation devices.

4.2. Degradation kinetics

It is well known that degradation of PLA would release acidic
products and decrease the pH, which may induce the inflammation.

In this work, degradation of MAWSs releases alkaline products to
counteract the pH decrease forming a compensating relationship
between the PLA and MAW. The process also depends on the
braiding angle and volume fraction. During braiding, the MAWSs
and coating experience large plastic deformation at the bent loca-
tions, which may possibly lead to the partial breakage of the
coating. This breakage would be more apparent while increasing
the strain and immersion time [20]. Hence, the solution has a larger
pH for the composite with a larger braiding angle for the same
volume fraction after immersion for 28 days.

Moreover, MAWs fillers reduce the decrease of M, of the PLA
matrix and S of the composite. An approximately linear relation-
ship between the reciprocal of the polymer molecular weight and
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Fig. 9. Surface morphology changes of MAWSs in the composite (30°, 7 vol%) versus immersion time: (a) initial; (b) 1 week; (c) 2 weeks; (d) 4 weeks; (e) 8 weeks.

degradation time is observed from the pure-PLA and composite
(30°, 7 vol%) and the trend is consistent with the hydrolytic
degradation theory of PLA [21], as shown in Fig. 10(a). The decrease
in M, can be evaluated as follows:

In M, = A—kt, 3)

where A is a constant value and k is the hydrolysis rate. Curve fitting
yields A and k of 10.77 and 0.0091, respectively, for pure-PLA and
10.85 and 0.0056 for the PLA matrix in the composite. The hydro-
lysis rate constant k of pure PLA is 0.63 times larger than that of PLA
in the composite, suggesting that pure PLA degrades faster than the
PLA matrix in the composite.

During the implantation, the composite is expected to have
suitable mechanical properties with the tissues and so it is signif-
icant to know Sp, of the composite for a given immersion time or
given M,. A relationship between the fracture strength ¢ and
number average molecular weight M, of a polymer has been pro-
posed as follows [22]:

G = Oo—B/Mp, (4)

where 7, is the fracture strength for a finite molecular weight and
B is a constant value. In our study, we notice S of pure PLA and the

composite also exhibits a linear relationship with 1/M,, as shown in
Fig. 10(b) as follows:

Pure-PLA: Sp = 125.28—2.74 x 105/M,, (5)
Composite (30°, 7 vol%): Sy = 206.77—5.96 x 10%/M,. (6)

Dividing Eq. (4) by Egs. (5) and (6), respectively, produces the
relationship of Sp with time as follows:

Pure-PLA: Sy = 125.28—2.74 x 10° x exp(0.0091 x t-10.77), (7)

Composite (30°, 7 vol%):
Sp = 206.77—5.96 x 10° x exp(0.0056 x t—10.85). (8)

Fig. 10(c) shows the simulated curves based on Egs. (7) and (8) in
the predetermined immersion period as well as the experimental
results. The simulated results agree well with the experimental
ones, suggesting that the degradation model for bending strength is
valid.

4.3. Feedback to the braided composite

In this work, the main objective is to introduce a fully degrad-
able composite to different bone fixation devices and formulate a

Fig. 10. Degradation properties of pure PLA and the braided composite during immersion: (a) In M, versus immersion time; (b) S, versus 1/M,; (c) simulated curves of S, of pure PLA

and the braided composite (30°, 7 vol%) versus immersion time.
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quantitative model to predict the mechanical properties of the
composite during immersion. According to the results, the me-
chanical properties could be significantly improved by increasing
V. Thus, a high V,;, is needed for high strength. However, owing to
the relatively large diameter of the MAWSs (0.3 mm compared to
about 7 pm of a carbon fiber), a higher V;;; may suggest a thicker
plate. Therefore, more efforts need to be devoted to the preparation
of smaller diameter MAWSs. Moreover, biaxial mechanical proper-
ties of the composite could be minutely tailored by the braiding
angle to meet the different requirements on biaxial mechanical
properties and # of 45° is preferred for high shear or impact
resistance. Additionally, the mechanical properties of PLA depend
on the molecular weight. In this work, they are smaller than those
in clinical use, suggesting that the properties and strength reten-
tion ability can be further improved by using PLA with a larger
molecular weight.

It should be mentioned that the proposed model on Sj is not
applicable to immersion for a very long time because as immersion
proceeds, the degradation kinetic of PLA may deviate from the first-
order kinetics [23]. Nevertheless, this equation is useful to quan-
titative analysis of the micromechanical environment between the
implants and fractured bones during healing, as the first-order
reaction is valid for a long time (about 250 days in phosphate
buffered saline (PBS) at 37 °C [24] and longer than the normal
healing time of about 3 months).

5. Conclusion

Fully degradable PLA-based composites reinforced with 2D-
braided magnesium alloy wires are produced for orthopedic bio-
applications. The biaxial mechanical properties of the composite
can be tailored by the braiding angle, volume fraction, and interface
modification. Holes drilled into the devices decrease the safety
factor of the composite and in vitro tests reveal the compensatory
relationship between PLA and MAWSs pertaining to the degradation
behavior of the composite. A degradation model is proposed to
predict the bending strength of the composite with immersion time
and reveals a well-defined relationship between the bending
strength, molecular weight, and immersion time.
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