
Acta Biomaterialia 64 (2017) 269–278
Contents lists available at ScienceDirect

Acta Biomaterialia

journal homepage: www.elsevier .com/locate /actabiomat
Full length article
Influence of dynamic compressive loading on the in vitro degradation
behavior of pure PLA and Mg/PLA composite
https://doi.org/10.1016/j.actbio.2017.08.004
1742-7061/� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

⇑ Corresponding authors at: School of Materials Science and Engineering,
Southeast University, Nanjing 211189, China (C. Chu).

E-mail addresses: clchu@seu.edu.cn (C. Chu), paul.chu@cityu.edu.hk (P.K. Chu).
Xuan Li a,b,c, Chenxi Qi a,b, Linyuan Han a,b, Chenglin Chu a,b,⇑, Jing Bai a,b, Chao Guo a,b, Feng Xue a,b,
Baolong Shen a,b, Paul K. Chu c,⇑
a School of Materials Science and Engineering, Southeast University, Nanjing 211189, China
b Jiangsu Key Laboratory for Advanced Metallic Materials, Southeast University, Nanjing 211189, China
cDepartment of Physics and Materials Science, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong, China
a r t i c l e i n f o

Article history:
Received 20 April 2017
Received in revised form 18 July 2017
Accepted 3 August 2017
Available online 4 August 2017

Keywords:
Dynamic compressive loading
Mg/PLA
Internal fixation implants
Load frequency
Degradation kinetics
a b s t r a c t

The effects of dynamic compressive loading on the in vitro degradation behavior of pure poly-lactic acid
(PLA) and PLA-based composite unidirectionally reinforced with micro-arc oxidized magnesium alloy
wires (Mg/PLA) are investigated. Dynamic compressive loading is shown to accelerate degradation of
pure PLA and Mg/PLA. As the applied stress is increased from 0.1 MPa to 0.9 MPa or frequency from
0.5 Hz to 2.5 Hz, the overall degradation rate goes up. After immersion for 21 days at 0.9 MPa and
2.5 Hz, the bending strength retention of the composite and pure PLA is 60.1% and 50%, respectively.
Dynamic loading enhances diffusion of small acidic molecules resulting in significant pH decrease in
the immersion solution. The synergistic reaction between magnesium alloy wires and PLA in the compos-
ite is further clarified by electrochemical tests. The degradation behavior of the pure PLA and PLA matrix
in the composite under dynamic conditions obey the first order degradation kinetics and a numerical
model is postulated to elucidate the relationship of the bending strength, stress, frequency, and immer-
sion time under dynamic conditions.

Statement of significance

We systematically study the influence of dynamic loading on the degradation behavior of pure PLA and
Mg/PLA. Dynamic compressive loading is shown to accelerate degradation of pure PLA and Mg/PLA. The
synergistic reaction between magnesium alloy wires and PLA in the composite is firstly clarified by elec-
trochemical tests. The degradation behavior of the pure PLA and PLA matrix in the composite under
dynamic conditions obey the first order degradation kinetics. Then, a numerical model is postulated to
elucidate the relationship of the bending strength, stress, frequency, and immersion time under dynamic
conditions.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Bone fracture fixation devices are widely used to assist bone
regeneration in patients [1,2]. The obvious technique is rigid fixa-
tion [2,3] in which the fracture is totally stabilized to avoid move-
ment but it has been shown that it may result in implant loosening
of the implant and healing delay [4,5]. On the other hand, flexible
internal fixation in which some mobility at the fracture gap is
allowed [6,7] can enhance the formation of callus that bridges frac-
tured bones and consequently promote bone healing [6,7]. In fact,
the healing efficacy is strongly related to the fracture gap and a
wide gap may adversely affect healing [8,9]. Therefore, the external
compressive load applied to the implants during motion cannot be
very large.

Internal fixation implants such as screws and plates can be
removed after fracture healing and so biodegradable implants are
being developed to obviate the need for a second operation to
remove the implants. Poly-lactic acid (PLA) is quite biocompatible
and used in biodegradable implants [10,11]. Commercial PLA-
based materials have been currently used as fixation-devices such
as screws [12], pins [13] and darts [14] in reconstructive surgeries
for anterior cruciate ligament reconstruction, soft tissue fixation,
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hyaline cartilage fixation, and pediatric craniotomy fixation [15].
However, the mechanical properties of PLA are still inferior and
the acidic degradation products may induce inflammation
[16,17]. In opposition to PLA, magnesium alloys emerge higher
mechanical strength, stiffness and the beneficial role promoting
osteogenesis [18]. However, the rapid degradation and the pH
increase associated with the degradation limit the bioapplications
of Mg alloys. Therefore, many efforts [18] are devoted to slow
down the degradation rate of Mg alloys in vivo including surface
treatments, alloying and amorphization.

Previously, the composite composed of poly (a-hydroxy acids)
and Mg alloys is proposed to overcome the aforementioned draw-
backs [19–22]. In this kind composite, Mg alloy based fillers (Mg
fillers) such as Mg particles [21,22] or Mg alloy fibers [23] are
incorporated into biodegradable polymers and the composite
shows the following advantages [20–23]: (i) the mechanical prop-
erties of polymer matrix could be improved with the reinforcing of
Mg fillers; (ii) the degradation of Mg fillers could be mitigated with
the protection of the polymer matrix; (iii) pH value of the surround
environment could be stabilized during immersion; (iv) addition of
Mg fillers may promote the biomineralization and cell adhesion.
Very recently, we used micro-arc oxidized magnesium alloy wires
(MAWs) as the fillers to reinforce PLA [24,25]. Our studies show the
composite has desirable mechanical and degradation properties
[26,27]. This kind composite is promising for bone fixation
implants. In vivo, the mechanical properties of implants are desired
to match those of the surround tissues. Since the implants often
experience compression loading in service which may significantly
influence the mechanical behaviors of the implants, it is crucial to
understand the effects of compression loading on their degradation
behavior. In fact, it has been demonstrated that bone growth and
healing are related to the mechanical loads [28–30]. Normally,
dynamic loading promotes bone formation which can be further
improved by increasing the loading magnitude and frequency
[31,32]. In this study, the effects of these two factors and degrada-
tion behavior of pure PLA and Mg/PLA composite under dynamic
compressive loading are investigated.

2. Materials and methods

2.1. Materials

The PLA particles (density: 1.24 g/cm3, glass transition tempera-
ture: 65 �C, melting temperature: 168 �C, crystallinity: 38%) were
purchased fromNatureworks LLC. Magnesium alloys wires (MAWs)
with a diameter of 0.3 mm (AZ31: 96% Mg, 3% Al and 1% Zn by
weight) were fabricated by continuous smelting, casting, hot extru-
sion, wet drawing, and annealing. The MAWs were micro-arc oxi-
dized on the WHD-30 type MAO equipment [33]. The pure PLA and
Mg/PLA plates were prepared using a stack-heat-compressing pro-
cess [27] and the volume fraction of MAWs in the composite was
10 vol%. After the fabrication, the crystallinity of pure PLA and PLA
matrix in the composite respectively increased to about 49% and
52%, while the melting temperature slightly increased to 171 �C.
The viscosity average molecular weight of pure PLA and PLA matrix
in the composite is controlled to between 72,000 and 74,000 g/mol.
This slight difference may suggest the presence of MAWs does not
significantly influence the crystallinity and viscosity averagemolec-
ularweightof thePLAmatrix, agreeingwith the reported results that
Mg particles do not induce crystal nucleation of PLLA during cooling
from the melt [22].

2.2. Dynamic immersion tests

The apparatus used in the dynamic immersion tests is shown in
Fig. 1 and the dynamic compressive load was applied through a
double-acting air cylinder. The loading magnitude was regulated
by the pressure of the gas flow and the frequency was modified
by a switch-on clock. The sample was put in honeycombed polyte-
trafluoroethylene connected to the bottom of a polytetrafluo-
roethylene plate through threaded joints. The dimensions of the
specimen were 50 mm � 12 mm � 2 mm. The Kirkland’s biocorro-
sion media (KBM) [34] with a pH 7.4 at 37 �C was used as the
immersion fluid and the volume was 500 ml. The fluid was chan-
ged every day and prior to changing, the pH was measured. Nor-
mally, the strain of bones under different activities is about
400 � 10�6–2000 � 10�6 [35] and the dynamic frequency is 1–
3 Hz [36]. After the surgical procedure, the fracture tissues are
restricted from applying large loadings and the applied strain
should be very small. It is reported that intramembranous bone
formation was found for small hydrostatic pressure (<0.15 MPa),
while hydrostatic pressure more than 0.15 MPa could stimulate
endochondral ossification [37]. Then, the stress loads applied to
the samples were predetermined to be 0 MPa (static), 0.1 MPa,
0.3 MPa, and 0.9 MPa at frequencies of 0.5 Hz, 1 Hz, and 2.5 Hz.
The immersion durations were 7 days, 10 days, 15 days, and
21 days.

The viscosity average molecular weight (Mv) of PLA was calcu-
lated by the Mark-Houwink-Sakurada formula [38]. The mass loss
ratio (x) was calculated using the following equation:

x ¼ ððm0 �mtÞ=m0Þ � 100%; ð1Þ
where m0 is the initial mass and mt is the final mass of the sample
after immersion after drying for 48 h in an oven at 37 �C.

2.3. Electrochemical tests

Electrochemical impedance spectroscopy (EIS) was conducted
under static conditions using a CHI604 potentiostat workstation
(Shanghai Chenhua Instrument, China). The frequencies were
scanned from 100 kHz to 0.1 Hz and the amplitude was 10 mV.
Prior to the tests, one end of the sample was dissolved in chloro-
form and the exposed MAW was connected to a wire. During the
test, the other end of the composite with a length of 30 mm was
immersed in the KBM solution at 37 �C. Two MAWs in the compos-
ite at different locations were measured: one near the surface of
the composite (the outer MAW) and the other is in the middle of
the composite (the inner MAW). The reference and counter elec-
trodes were, respectively, a saturated calomel electrode (SCE)
and Pt electrode and the MAW was the working electrode.

2.4. Mechanical tests and microstructural characterization

The three-point bending tests were conducted according to the
standard ASTMD790-2010 on the CMT4503 electronic universal
testing machine at room temperature at a crosshead speed of
2 mm/min. The bending span was 32 mm. Scanning electron
microscopy (SEM) was performed on the Philips XL30 FEG at an
accelerating voltage of 20–25 kV and the elemental composition
was determined by energy-dispersive X-ray spectrometry (EDS).
The specimens were mounted on a stub and sputter-deposited
with a thin platinum layer in argon.

2.5. Statistical analysis

The data was statistically analyzed and presented as averages of
three measurements together with standard deviations and least-
square fits were applied to the curves when possible. The coeffi-
cient of determination (R2) was used to evaluate the fitting results.
The statistical software Origin (OriginLab Corporation, Northamp-
ton, USA) was used in the data analysis.



Fig. 1. Schematic illustration of the apparatus used in the dynamic test.
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3. Results

3.1. Degradation behavior of pure PLA under dynamic conditions

The pH changes in the solutions during the immersion of pure
PLA under static condition (no load) and dynamic conditions at
1 Hz at different magnitudes are displayed in Fig. 2(a). The pH val-
ues decrease significantly under dynamic conditions compared to
static condition. During the first 7 days, the pH gradually decreases
with increasing stress level. At 0.9 MPa, an apparent pH decrease is
observed after 15 days as shown in Fig. 2(a). The x changes are
Fig. 2. Degradation behavior of pure PLA under static and dynamic conditions at 1 Hz an
Mv variation; (d) Sb variation.
shown in Fig. 2(b). x increases with increasing loads and is about
1% at 0.9 MPa after 21 days. The Mv changes in the PLA are pre-
sented in Fig. 2(c). Mv decreases with immersion time and a higher
stress level reduces Mv more. Sb also changes during immersion as
shown in Fig. 2(d). The original Sb of pure PLA is about 110 MPa and
after immersion for 21 days, it decreases to about 90 MPa, 82 MPa,
74 MPa and 66 MPa at 0 MPa (static), 0.1 MPa, 0.3 MPa, and
0.9 MPa, respectively.

Fig. 3 shows the degradation behavior of pure PLA at 0.9 MPa at
different loading frequencies. The pH values at 1 Hz and 2.5 Hz are
less than those at 0.5 Hz during immersion, as shown in Fig. 3(a).
d different stress levels versus immersion time: (a) pH variation; (b) x variation; (c)
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Significant pH decrease is observed after 7 and 15 days at 2.5 Hz
and 1 Hz. x increases but Mv and Sb decrease with increasing load
frequencies. After immersion for 21 days,Mv of PLA is 49%, 44% and
37% of the initial value, whereas Sb exhibits 0.27, 0.4 and 0.5 times
reduction at 0.5 Hz, 1 Hz, and 2.5 Hz, respectively. A large loading
frequency is observed to enhance degradation of pure PLA.
3.2. Degradation behavior of Mg/PLA under dynamic conditions

The degradation behavior of Mg/PLA under static and dynamic
conditions at 1 Hz and different stress levels are shown in Fig. 4.
The pH values decrease under dynamic conditions. As the stress
increases, x increases and a value of 1.9% is observed at 0.9 MPa
after 21 days and it is larger than that of the pure PLA. Similar to
pure PLA, Mv and Sb decrease with stress. After 21 days, Sb is
112 MPa, 99 MPa, 95 MPa, and 91 MPa at 0 MPa (static), 0.1 MPa,
0.3 MPa, and 0.9 MPa, respectively.

Fig. 5 shows the effects of the load frequency on the degradation
behavior of Mg/PLA. The pH at 1 Hz and 2.5 Hz is smaller than that
at 0.5 Hz. After 21 days, x at 2.5 Hz is 2.8% that is nearly 2.5 times
that at 0.5 Hz. A larger frequency also decreases Mv and Sb. After
21 days, Mv is about 4.29�104 g/mol, 3.66�104 g/mol, and
3.34�104 g/mol and Sb is 104 MPa, 90 MPa, and 82 MPa at 0.5 Hz,
1 Hz, and 2.5 Hz, respectively.
3.3. Surface morphology

Fig. 6 shows the surface morphology of the MAWs in the com-
posite after dissolving the PLAmatrix in chloroform and immersion
for 21 days immersion at 0.9 MPa and different load frequencies. At
0.5 Hz, the surface coating is integrated but micro cracks are
observed. However, at 1 Hz and 2.5 Hz, the coatings exhibit critical
Fig. 3. Degradation behavior of pure PLA at 0.9 MPa and different frequencies versus im
breakage and white precipitate appears. EDS shows that the pre-
cipitation formed at 2.5 Hz contains Ca and P indicating that a large
loading frequency promotes precipitation of the Ca-P phase on the
surface of the MAWs in the composite.
3.4. Electrochemical tests

Electrochemical tests are conducted to determine the degrada-
tion behavior of MAWs in the composite. Fig. 7(a) and (b) show the
Nyquist plots of the outer and inner MAWs in the composite after
4 days. The inner MAW shows a larger capacitance loop than the
outer one. The spectra are fitted with the equivalent circuit model
in Fig. 7(c) and a constant phase element (CPE) instead of an ideal
capacitor is used to compensate for the surface inhomogeneity
[39]. Rsol is the resistance of the solution and the evolution of
polarization resistance (Rp) of the two MAWs versus immersion
time is shown in Fig. 7(d). After 1 day, Rp of the inner MAW
(Rp-inner) is larger than that of the outer MAW (Rp-outer), indicating
that a thicker PLA matrix surrounds the inner MAW. After 5 days,
Rp-inner is about 1300X cm2 whereas it is only about 80 X�cm2

for Rp-outer. As the immersion time is increased to 7 days, Rp-inner

decreases to 400 X�cm2 and Rp-outer is constant at about 80 X�cm2.
Thereafter, Rp-outer increases gradually versus immersion time,
whereas Rp-inner increases initially and then decreases gradually.
4. Discussion

4.1. Degradation characteristics of pure PLA and Mg/PLA

The bending strength is an important property of biomedical
implants. The Sb retention observed from the samples under static
and dynamic conditions after immersion for 21 days is shown in
mersion time: (a) pH variation; (b) x variation; (c) Mv variation; (d) Sb variation.



Fig. 4. Degradation behavior of Mg/PLA under static and dynamic conditions at 1 Hz and different stress levels versus immersion time: (a) pH variation; (b)x variation; (c)Mv

variation; (d) Sb variation.

Fig. 5. Degradation behaviors of Mg/PLA at 0.9 MPa at different frequencies versus immersion time: (a) pH variation; (b) x variation; (c) Mv variation; (d) Sb variation.
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Fig. 6. Surface morphology of the MAWs in Mg/PLA after immersion for 21 days at 0.9 MPa and different loading frequencies: (a) 0.5 Hz; (b) EDS spectrum for 0.5 Hz; (c) 1 Hz;
(d) EDS spectrum for 1 Hz; (e) 2.5 Hz; (f) EDS spectrum for 2.5 Hz.
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Table 1. Overall, Mg/PLA has better strength retention ability than
pure PLA under dynamic conditions, especially at high frequencies.
Decomposition of Mg release Mg ions which neutralize acidic
products derived from the degradation of PLA [23,40] as confirmed
by the maintained pH during the immersion of the Mg/PLA under
the static condition. However, neutralization is not apparent under
dynamic conditions for the composite, although the PLA matrix in
the composite has a smaller degradation rate than pure PLA.
According to the evolution of Rp of the inner MAW and the pH
change in the solution, initial degradation of the composite proba-
bly comprises into four stages as shown in Fig. 7(d):

a) The first stage is diffusion of water molecules and degrada-
tion of the outer MAWs. In this stage, MgO or Mg2+ reacts
with carboxylic acid from the PLA [26,41,42] resulting in
reduction in the solubility of PLA, retardation of degradation
of PLA, and apparent Rp-inner increase.

b) The second stage is accumulation of acidic ions inside the
composite (or pure PLA) reducing Rp-inner. This process is cor-
roborated by the pH decrease for pure PLA and the compos-
ite under dynamic conditions. Dynamic loading enhances
the fluid flow in and out of the sample to promote migration
of the small acidic molecules to the solution [43]. In the
composite, the interface between the MAWs and matrix pro-
vides an additional diffusion pathway.

c) The third stage involves neutralization. The acidic environ-
ment in the composite accelerates degradation of the inner
MAWs. In this process, acidic ions are consumed and
Rp-inner increases.

d) The fourth stage involves the reaction of the degradation
products from the MAWs and PLA. Acidic degradation of
PLA promotes degradation of MAWs, mitigates pH decrease,
and leads to gradual degradation of the composite.

4.2. Effects of dynamic loading

Compression loads such as those expected for bone healing can
alter the mechanical properties of the implants [44,45]. Our previ-
ous experiments show that Sb retention of the unstressed pure PLA
and Mg/PLA after immersion for 30 days is 74% and 78% and



Fig. 7. Electrochemical behavior of the MAWs in the composite during immersion: (a) Nyquist plots of the outer MAW after immersion for 4 days; (b) Nyquist plots of the
inner MAW after 4 days; (c) Equivalent circuit model; (d) Evolution of Rp of MAWs in the composite versus immersion time.

Table 1
Molecular weight and bending strength retention of the samples under dynamic conditions after immersion for 21 days immersion.

Load parameter Mv (104 g/mol) Sb retention (%)

Frequency Magnitude Pure PLA Mg/PLA Pure PLA Mg/PLA

Static (no load) 4.31(±0.25) 5.32(±0.3) 82 83.3
0.5 Hz 0.9 MPa 3.61(±0.17) 4.29(±0.27) 72.7 76.3
1 Hz 0.1 MPa 3.77(±0.13) 4.46(±0.11) 74.5 72.3

0.3 MPa 3.40(±0.14) 3.91(±0.03) 67.5 69.7
0.9 MPa 3.19(±0.14) 3.66(±0.15) 60 66.1

2.5 Hz 0.9 MPa 2.73(±0.01) 3.34(±0.13) 50 60.1
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decreases to 61% and 66% at static compression stress at 1 MPa,
respectively [26]. The values are similar to those under dynamic
loading at 1 Hz and 0.9 MPa after 21 days. A faster strength loss
under the dynamic conditions indicates that dynamic loading
accelerates implant failure in comparison with static loading.
Moreover, increasing the stress level and frequency raises the
degradation rate of pure PLA and Mg/PLA as reported previously
[45] and therefore, the dynamic conditions should be considered
in in vitro tests.

The implants are expected to decompose fully after fracture
healing [46] but in practice, the implants may last for a long time
Table 2
Linearly fitted results for ln Mv and immersion time for pure PLA and Mg/PLA.

Load parameter Pure PLA

Frequency Magnitude A (g�mol�1) k (g�mol�1�day�1)

static 11.19 0.017
0.5 Hz 0.9 MPa 11.19 0.034
1 Hz 0.1 MPa 11.23 0.03

0.3 MPa 11.21 0.036
0.9 MPa 11.18 0.04

2.5 Hz 0.9 MPa 11.18 0.047
up to 3 years or longer due to the slow degradation rate of PLA
[47,48]. Since dynamic loading increases the degradation rate of
PLA, dynamic loading at a large magnitude and large frequency
can accelerate the process under physiological conditions, e.g. by
doing exercise.
4.3. Degradation kinetics

Degradation of PLA is known to follow the first order kinetics
during initial immersion [49,50]. The relationship between loga-
Mg/PLA

R2 A (g�mol�1) k (g�mol�1�day�1) R2

0.98 11.21 0.015 0.99
0.99 11.19 0.025 0.99
0.91 11.21 0.023 0.97
0.99 11.20 0.029 0.98
0.98 11.18 0.033 0.99
0.99 11.18 0.033 0.99



Fig. 8. Relationship between Sb and Mv in pure PLA and Mg/PLA.

Table 3
Fitted results of Sb and Mv for pure PLA and Mg/PLA.

Sb1 (MPa) B (MPa�g/mol) R2

Pure PLA 116.5 1.51 E6 0.67
Mg/PLA 155 2.52 E6 0.74

Fig. 9. Experimental and calculated results using the model for the bending
strength under dynamic conditions.
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rithmic Mv of PLA and immersion time is expressed by the follow-
ing equation and the fitted results are shown in Table 2:

lnMv ¼ A� k� t; ð2Þ
where A is a constant and k is the degradation rate. The good fit sug-
gests that it is indeed first order. In addition, the initial degradation
rates of the samples at 2.5 Hz, 0.9 MPa are 2 to 3 times those under
static conditions furnishing evidence that dynamic loading acceler-
ates initial degradation. It has been shown Sb and Mv for the pure
PLA and the composite under static conditions have the following
relationship [24,26,51,52]:

Sb ¼ Sb1 � B=Mv ; ð3Þ
where Sb1 is the bending strength for a finite molecular weight and
B is a constant. The fitted curves for pure PLA and Mg/PLA under
dynamic conditions are shown in Fig. 8 and the fitted results are
shown in Table 3. R2 of pure PLA and Mg/PLA under dynamic condi-
tions is only 0.67 and 0.74, indicating that the fitting according to
Eq. (3) is not very good. Nonetheless, Eq. (3) can be applied to assess
approximately the mechanical performance of the implants during
dynamic immersion. Increased diffusion of acidic molecules out of
the samples during dynamic loading may contribute to bending
strength retention after a long period and it probably mitigates
degradation of the inner MAWs and self-catalysis of PLA [53,54].

4.4. Degradation model

According to Eqs. (2) and (3), Sb exhibits the following relation-
ship with immersion time (t):

Sb ¼ Sb1 � B= expðA� ktÞ; ð4Þ
Table 4
Fitted results using the model for bending strength under dynamic conditions.

Sb(0) a b c

Pure PLA 99.2 �0.59 0.133 �2
Mg/PLA 121.6 �0.83 �0.024 �1
where k is obtained from the Arrhenius relationship:

k ¼ k0 expð�Ea=RTÞ; ð5Þ
where k0 is the pre-exponential factor, Ea is the activation energy, R
is the gas constant, and T is the temperature. Under dynamic com-
pression, degradation in a cycle involves two stages: static condi-
tion with no loading and compressive conditions. The relationship
between k0 and Ea obeys the compensation law [55] and this may
explain why the external stress reduces k0 and Ea simultaneously
[56]. If Ea has a first-order relationship with the applied stress (r)
[57,58] and since the time in a cycle (s) is small compared to the
immersion time (day), Sb for cycle i (Sb(i)) can be described by Tay-
lor expansion as follows:
where a0, b0, a00, b00, c0, d0, e0 and g0 are constant and f is the frequency.
Then Sb can be described by the following model using a poly-

nomial formula with seven constants:

Sb ¼
Xtf

0

SbðiÞ ¼ Sbð0Þ þ at þ bt=f þ crt þ drt=f þ er2t þ gr2t=f ;

ð6Þ
where Sb(0), a, b, c, d, e, and g are constants. The fitted results under
dynamic conditions are shown in Table 4 and Fig. 9 and the fitted
and experimental results agree quite well.

Dynamic degradation tests are performed on the pure PLA and
Mg/PLA composite at 2.5 Hz and 0.1 MPa for different immersion
time (7, 10, 15, and 21 days) to verify the model. The experimental
and calculated results in Fig. 10 are similar indicating that the
model can describe the revolution of the bending strength under
different dynamic conditions.
d e g R2

.41 �0.76 0.55 1.56 0.82

.46 �0.0255 �0.22 1 0.93



Fig. 10. Experimental data and calculated results based on the model for the
bending strength of the pure PLA and Mg/PLA composite at 2.5 Hz and 0.1 MPa for
different immersion time.
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4.5. Advantages of the composite and the degradation model

An advantage of PLA-based biomaterials is their versatility and
designability to be fabricated into a variety of required structures
with appropriate mechanical and degradation properties for
biomedical applications. However, the inadequate osteoconductiv-
ity still limits its further application in bone repair and fixation.
Tricalcium phosphate (TCP) or hydroxyapatite (HA) is incorporated
into PLA to enhance osteogenesis and prevent osteomyelitis [15].
Mg alloy based orthopedic implants has been shown to induce
osteogenesis by promoting overexpression of calcitonin gene-
related polypeptide-a (CGRP)-receptor-encoding genes Calcrl or
Ramp1 [59]. A very recent study shows that the addition of Mg par-
ticle into PLA could significantly promote osteogenesis [20]. More-
over, it could be noticed Ca-P phase would precipitate on the
surface of the MAWs in the composite especially under dynamic
conditions at a large loading frequency which may enhance the
diffusion of Ca and P through the interface between the MAWs
and matrix. Thereby, the composite may also have great advan-
tages on osteogenesis and biomineralization for bone repair and
fixation.

Dynamic micromovement at the fracture gap can induce forma-
tion of calluses that bridge the fractured bones [6,7]. It is known
that the healing process is highly sensitive to the degradation rate
of the fixation material, which influences the bio-mechanical envi-
ronment of the tissues surrounding the injured bones. In vivo, the
mechanical properties of an ideal implant should match those of
the surround tissues at each stage of the healing process. It should
provide sufficient stabilization after surgical implantation followed
by allowing gradual stress transfer to the fracture bones through
material degradation. The proposed degradation model would pro-
vide a scientific basis for evaluating the mechanical adaptability in
service and optimizing the structure of the implants. Moreover,
with the corporation of mechano-regulation (MR) theories [60]
which describe the relationship between tissue differentiation
and the mechanical conditions, the best and most realistic loading
conditions could be suggested for a particular composite implant
to achieve successful healing bone fracture.
5. Conclusion

Dynamic compressive loading initially accelerates degradation
of pure PLA and Mg/PLA and the degradation rate increases with
the applied stress and frequency. The Mg/PLA composite delivers
better mechanical performance under dynamic conditions. Initial
degradation Mg/PLA comprises four stages and initial degradation
of the pure PLA and PLA matrix in the composite under dynamic
conditions obey the first order kinetics. The biomineralization
would occur on the surface of MAWs in the composite under
dynamic loading condition at a high loading frequency. A numeri-
cal model is proposed to describe the relationship of the bending
stress, dynamic stress level, frequency, and immersion time and
the calculated results and experiment data are in good agreement.
The degradation model could be used for the determination of the
loading conditions to achieve successful healing bone fracture.
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