
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

REVIEW www.rsc.org/xxxxxx  |  XXXXXXXX 

[journal], [year], [vol], 00–00  |  1 

This journal is © The Royal Society of Chemistry [year] 

Mechanical properties of PGA at different 

water fractions - a molecular dynamics study 

Shin-Pon Ju,
a, 

*
 a
 Wei-Chun Huang,

a
 Ken-Huang Lin,

 
and Jenn-Sen 

Lin
b
 

DOI: 10.1039/b000000x [DO NOT ALTER/DELETE THIS TEXT] 5 

The mechanical properties of polyglycolic acid (PGA) of different water 
weight fractions (1.7%, 2.9%, and 5%) were investigated by molecular 
dynamics (MD) simulation through a tensile test. The variation in degree of 
crystallinity with water content was also investigated by XRD profiles. The 
Young’s modulus, mechanical strength, and fracture mechanism of all 10 

PGA/water systems were drawn from the corresponding stress-strain 
profiles. Furthermore, water diffusion behavior within the PGA matrix both 
before and after the tension test was also studied. The water diffusion 
coefficients were derived from the mean square displacements of all water 
molecules within the PGA matrix. 15 

1 Introduction  

In recent years, natural or synthetic polymers with biologically decomposable 
characteristics have been extensively used in physical and cosmetic surgery as 
surgical sutures, vascular stents1, and cartilage supports2-11. Such materials will 
gradually break down and decompose after the parts they support within the human 20 

body gradually recover to their original functions. It has been proven they are almost 
harmless and cause nearly no side effects in the human body 12. Another reason to 
use these materials is for ecological protection by reducing the use of 
non-environmentally friendly substances, which degrade over hundreds of years 13. 
The decomposition of biodegradable polymers can be attributed to heat 14, oxidation, 25 

photolysis and radiation or hydrolysis. During the decomposition process, the 
polymer main chain or branched chain is disconnected, and its molecular weight will 
decrease. For some cases, the original polymer even converts into other molecules 14.     
 Starting several decades ago, these biodegradable polymers began to be used 
inside the human body for medical treatments 15. PGA is exposed to physiological 30 

conditions; it will be randomly degraded by hydrolysis into shorter PGA fragments. 
Glycolic acid, which is nontoxic to the human body, is the final degradation product. 
It can easily go through the tricarboxylic acid cycle and be removed as water 
and carbon dioxide from the human body by breathing. Part of the glycolic acid can 
be also excreted via kidney and urine16. PGA exhibits a degree of crystallinity 35 

around 46-52%17 and has a glass transition temperature (Tg) between 35-40 °C 18, 
resulting in good mechanical properties with flexibility when used as a biomaterial 
inside the human body. Because of its high degree of crystallisation, it is not soluble 
in most organic solvents; the exceptions are highly fluorinated organics such as 
hexafluoroisopropanol. In Montes’ study19, they investigated the crystallinity of PGA 40 

materials from different annealing processes and found that the Tg value and 
crystallinity of PGA can be adjusted by thermal treatment, and the time period of 
PGA degradation can also be controlled, which makes the application of PGA 
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broader.  
 The strength of shearing, tension and compression of PGA are usually adopted to 
observe its mechanical properties because Young’s modulus, bulk modulus, and 
shear modulus20 are important factors influencing degradation time. Since direct 
investigation of molecular behaviour of PGA under mechanical deformation is 5 

difficult due to the very small scales involved, numerical methods are generally 
preferred. These methods can assist in clarifying the physical insights gained from 
experimental results. Furthermore, they can be used to predict possible results in 
order to obtain a preliminary analysis of the influence of process parameters prior to 
conducting an expensive experiment. Molecular dynamics (MD) simulation is a 10 

powerful tool for the investigation of molecular behaviour at an atomic level. 
Adopting this technique, Sekine conducted a PGA fiber tensile simulation to monitor 
the variation of PGA chain conformation. They found the PGA torsion angles 
distribute within a small range after the PGA molecules were stretched to a certain 
degree of elongation. In Ding’s study, both molecular dynamics and Monte Carlo 15 

method were conducted to simulate the PGA system under tension by using a 
united-atom potential. They found the Young’s modulus of both amorphous PGA 
and those with partial crystallinity become smaller at higher temperatures 21.  
 Hurrel et al. found that decomposition behaviour of PGA was active after 
absorbing water molecules, and mass decreases quickly with an increase in the 20 

absorption capacity 22. Young et al. 23 demonstrate by DSC and WAXD analysis that 
the crystallinity increases significantly in the initial period of PGA decomposition, 
and gradually decrease in the later period. In particular, Sekine et al. 24 investigated 
the decomposition process of PLA, which is separated into four stages. They found 
that the degradation of PLA must pass the water saturation process in the first stage. 25 

These studies demonstrate the presence of water absorption and the increase of PGA 
crystallinity in the decomposition reaction. Since PGA is generally applied in the 
production of surgical sutures, cartilage, bone screws, and other biomaterials, the 
different stresses and effect of water are crucial considerations. Therefore, the stress 
and diffusion behaviours are here investigated at different fractions of water 30 

molecules in the PGA system. Furthermore, the amount of crystallinity at different 
stress levels in the decomposition of PGA is elucidated by XRD analysis. 
 In previous studies, only experimental results were used to determine mechanical 
properties. However, the detailed changes of microstructures are difficult to observe. 
In this work, MD simulation was proposed to simulate the PGA strength variation 35 

during the degradation process at different temperatures. The Young’s modulus, 
mechanical strength, and fracture mechanism of all PGA/water systems were 
obtained by the corresponding stress-strain profiles. Furthermore, the water diffusion 
behaviours within PGA matrix were also studied.  
 40 

2 Simulation Model  

The molecular dynamics simulation was carried out by using the Forcite package 25, 
and the PCFF force field was used in our simulation with time step of 1 fs for the 
trajectory integration. In the experiments, water swollen systems for PGA are those  
 45 
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Fig.1 (a) PGA chemical formula. Equilibrium configurations of (b) pure PGA and (c) polymer and 

water composite material. (d) Uniaxial tension model 

Table.1 Density parameters of different water contents (PGA density experimental values: 1.53; 5 

molecular weight (M.W.) of one chain: 11602 (kg/mol)) 

water contents 
(wt%) 

H2O (M.W.) PGA Chains atoms density(kg/m3) 

0% 0(0) 7 8414 1.4842 

1.7% 80(1440) 7 8661 1.492 

2.9% 135(2430) 7 8826 1.461 

5% 240(4320) 7 9141 1.465 

at 0%, as well as those corresponding to water content when degradation was 
detected experimentally (PGA-1.7%water) and when weight loss was detected 
(PGA-2.9%water). Accordingly, we set up the PGA 200 monomer system with 1.7% 
and 2.9% water, with one chain including 1202 atoms based on the chemical formula 10 

of the monomer shown in Fig.1 (a). In order to better simulate the case of PGA in 
water, our procedure to obtain the equilibrium configurations of the PGA systems is 
described as follows: (1) the water and PGA chains were randomly distributed in a 
large simulation box. (2) After optimization by the conjugate gradient algorithm 26, 
the system was quenched from 1000 to 300 K with a cooling rate of 10 K for 5000 fs 15 

at 1 atm by an isobaric-isothermal ensemble (NPT). The rescaling method 27 and the 
Anderson method 28 were used as the thermostat and barostat. (3) Finally, the MD 
simulation at 298 K and 1 atm was performed for an additional 50 ps by the NPT 
ensemble to reach the equilibrium condition. The equilibrium configurations of the 
pure PGA are shown in Fig.1 (b). For the PGA/water system, the configurations are 20 

also constructed by the same procedure, and the polymer and water composite 
material is shown in Fig.1 (c).                                                             
 For the uniaxial tension, the model was then relaxed at 300K and 1 atm for 
another 50 ps and this model can be seen in Fig. 1(d). During the tensile process, the 
cell length in the z-dimension was elongated by 0.25Å, and then the system was 25 

relaxed for 2ps before imposing the next tensile increment. During the tension 
simulation, the stress σ�� on the m plane and in the n-direction is calculated by 29 

 σ�� � �
��

∑ 	m�V��V��  �
�∑

�∅�����
����

��������
���� ��  (1) 

where m� is the mass of atom i, Vs is the system volume, r�� is the distance 
between atoms i and j; and r��� and r��� are two components of the vector from 30 

atoms i to j.  
Furthermore, the normal strain in the axial direction ε of the PGA is calculated as 
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ε � ���� !���" 
���"                                                           

(2)                                                                                                             
where l$�%  is the average length in the axial direction and l$�&  is the initial length 
of system in the axial direction. Thus, the stress-strain relationship of the PGA can 
be obtained using Eqs. (1) and (2). 5 

In the crystallinity analysis, X-ray diffraction (XRD) is commonly used as direct 
evidence of the periodic crystal structure by the relative diffraction intensity at 
different X-ray incident angles. All XRD profiles shown in the current study were 
conducted by the REFLEX module in Materials Studio package30. In REFLEX, 
Bragg's law is used to obtain the constructive interference intensity for X-rays 10 

scattered by materials, and the formula is listed as follows: 

d � �(
� )��*                                                             

(3) 
where θ is a certain angle of incidence when the cleavage faces of crystals appear 
to reflect X-ray beams. d is the distance between atomic layers in a crystal, and λ 15 

is the wavelength of the incident X-ray beam. When n is an integer, the diffraction 
is constructive with a higher intensity. While n is an half integer, the diffraction is  
destructive and the intensity approaches zero.  
 we calculate the X-ray diffraction patterns after the equilibrium configurations 
of the procedure. In the calculations, the diffract meter range 2θwas set from 1 ﾟ to 20 

45 ﾟ with the step size of 0.05 degree. The X-ray source anode is copper, and the 
radiation wavelength is set to 1.540562 Å. We calculate the degree of crystallinity 
after comparing the experimental XRD patterns with the patterns of the structure 
generated from the MD simulations. 
    For the degree of crystallinity calculations, the mixture diffraction pattern is 25 

composed of the crystalline phase, the amorphous phase and a background 
contribution. The intensity of input mixture diffraction pattern can be defined as: 

 
( ) ( ) ( ) ( )I 2 I 2 I 2 I 2

m cr am b
θ θ θ θ= + +

 (4) 

where Icr , Iam and Ib, are the sums of the scattering intensities from the crystalline, 
amorphous phase, and background contribution, respectively. 30 

   To obtain the relative weight of the crystalline phase in the decomposition of the 
mixture diffraction pattern, we can calculate the degree of crystallinity (xcr) from 
quantitative phase analysis (QPA) theory. This can be defined as the scattering 
intensity of a powder sample of a single pure phase:  

 
( ) ( )2 2norm

cr cr cr
I p Iθ θ=

 (5) 35 

 
( ) ( )2 2norm

am am am
I p Iθ θ=

 (6) 

 

cr

am

cr

cr

X
p

p

p
=

+  (7) 

where pcr is intensity factors, and Xcr describes crystalline regions (pcr) and 
amorphous regions (pam) of materials in the weight of the total value. 

3 Results and discussion 40 
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 The x-ray diffraction (XRD) profiles for PGA and PGA with water contents of 
1.7%, 2.9%, and 5% are displayed in Fig. 2(a)-2(d), where no peak for the specific 
crystalline planes is found in these XRD profiles. However, previous studies of PGA 
crystallization indicate that PGA displays a partially-crystalline property with the 
degree of crystallinity increasing with water content until a critical water content 23. 5 

In the current cases, the crystallizations of PGA with different water contents do not 
lead to a 100% pure single crystalline phase, and they result in mixtures of different 
crystalline and amorphous phases. Accordingly, the XRD profiles shown in Figs. 
2(a)-(d) can be used to identify the degree of PGA crystallinity. The XRD profiles 
require decomposition into three scattering contributions: crystalline, amorphous, 10 

and background. The area difference between the crystalline and amorphous 
contributions determines the degree of crystallinity, and the profile of degree of PGA 
crystallinity is shown in Fig.3. The degree of crystallinity of PGA is about 46.7% at 
PGA-0%, which is located within the experimental observation range of 46% to 52% 
17. This result reveals the structure from the annealing process with the PCFF force 15 

field can accurately represent PGA material. When the water content increases from 
0 to 1.7%, degree of crystallinity  

          (a)                                                   (b) 

  
            (c)                                                 (d) 20 

  
Fig.2 The x-ray diffraction (XRD) profiles: (a) 0% (b) 1.7% (c) 2.9% (d) 5% 
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Fig.3 The profile of degree of PGA crystallinity 

rises from 46.7% to 48.2%, only a small increase. At a water content of 2.9%, the 
degree of crystallinity reaches its maximal value of about 54.5%, and then decreases 
when the water content exceeds 2.9%. In Hurrel’s study 22, they indicated the degree 5 

of crystallinity of PGA will decrease when the water content is over 2.9% because 
these water molecules will enhance the occurrence of hydrolysis and decrease the 
degree of crystallinity. The experimental critical water content for decreasing the 
degree of crystallinity of PGA is the same as our MD simulation result. 

 10 

Fig.4 The mean-square displacement (MSD) plots of water molecules within PGA at water contents 

of 1.7%, 2.9%, and 5%. 

Figure 4 shows the mean-square displacement (MSD) plots of pure water and water 
molecules within PGA at different water contents. The MSD is defined as: 
 15 

 [ ]∑ −=
N

i

ii trtrMSD
2

0 )()(  (8) 

where ri(t) represents the position of the mass centre of water molecule i at the delay 
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time t, and ri(t0) indicates the referenced position of the corresponding mass centre of 
water molecule i at referenced time t0; N represents the total number of water 
molecules within the PGA matrix. The brackets are interpreted as the average over 
time origins and numbers of atoms. The diffusion of the water molecule was further 
examined by calculating a self-diffusion coefficient D from the MSD. The 5 

self-diffusion coefficient is obtained from the MSD via the Einstein equation 31, 
which is rewritten as 

 .	 � 	 �0 1234→6
7
74 89.	  (9) 

In order to use the optimal simulation parameters for Forcite package on the water 
diffusion behaviour, the diffusion coefficient of bulk water at 300 K was calculated 10 

first in the NVT ensemble by Eq.10 with time step length of 0.4 fs. The value of 
2.35×10-9 m2/s from our MD simulation is very close to the experimental value of 
2.3×10-9 m2/s 32, indicating the reliability of the PCFF force field to predict the 
diffusion behaviour of water molecules. The water diffusion coefficients within PGA 
by Eq. 8 are listed in Table 2 for water contents of 1.7%, 2.9%, and 5%. 15 

Table.2 The water diffusion coefficients within PGA. 

water contents diffusion coefficients (m2/s) 
1.7% 2.38:10-10 
2.9% 3.46:10-10 
5% 3.07:10-10 

pure water [32] 2.3:10-9 

  

From Fig. 4, it is clear that the MSD value of water content of 2.9% is the largest 
and the MSD value of 5% water content is smaller than that of 2.9% water content, 
but larger than that of 1.7% water content. From Fig. 3 and Fig. 4, one can see the 20 

influence that degree of PGA crystallinity has influence on water diffusion 
behaviour, such that PGA with a higher degree of crystallinity has a larger water 
diffusion coefficient. In the comparison between pure water and water-content PGA, 
the diffusion coefficient of the pure water is significantly larger than that of water 
within the PGA, indicating the flowed difficulty of water in the polymer structure. 25 

 
Fig.5 The stress-strain profiles for PGA with 2.9% and 5% water content under tension 

(a)                                                         (b) 
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(c)                                                         (d) 

 
Fig.6 The deformation of PGA-5% water during tension at strains of: (a) 0 (b) 0.1 (c) 0.3 (d) 0.4 

 The stress-strain profiles for PGA with 2.9% and 5% water contents under tension 5 

are shown in Fig. 5, and the corresponding morphologies at different strains,  
labelled by (a)-(d) in Fig. 5, are displayed in Figs. 6(a)-(d) for PGA with 5% water 
content. The stress values for both plots display an abrupt linear increase with strain 
from 0 to 0.02, indicating an elastic characteristic over this strain range. At strain 
between 0.02 and 0.2, the stresses fluctuate around a constant value and then display 10 

a decreasing trend when the strain continuously increases. In Fig. 6(c), for the 
morphology at strain of 0.3, there are many voids that have appeared within the PGA 
matrix and lead to a decrease in stress. In Fig. 6(d), the areas of voids have further 
expanded, causing the fracture of PGA material. It should be noted the yielding 
stress is larger than 20 GPa, which is much larger than experimental values. The 15 

main reason is the PBC models used in our current study lack free surfaces because 
of the limitation of computational power. Although the smaller model yields much 
higher yielding stress for PGA, the tension deformation characteristics obtained are 
still reasonable when compared to experimental observation. 

4 Conclusions  20 

 This study has used MD simulation to investigate the degree of crystallinity of 
PGA and PGA with 0%, 1.7%, 2.9%, and 5% water content, as well as the diffusion 
behaviours of water molecules. An increase in water content up to 2.9% will increase 
the degree of crystallinity of PGA, with the water molecules within the PGA matrix 
of higher degrees of crystallinity having higher water diffusivity. The stress-strain 25 

profiles and the corresponding morphologies at different strains confirm that the 
expansion of the void areas causes the fracture of PGA at larger strain. The first 
stage for polyester material is the water saturation process, where the water 
molecules diffuse into the polyester material, and the results of this study suggest the 
water diffusion behaviour in this first stage of polyester hydrolysis. 30 
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