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Abstract. During the technology process of 3DP fabrication bone scaffolds, the property of binder is
a key factor which affects the quality of bone scaffold. In this research, three models of polymer
binders were constructed and simulated by a molecular dynamics simulation method. Some
properties (such as density, cohesive energy and mechanical properties) of polymer binders PVP,
PAM and PVA were investigated at molecular level. The properties of three binders were also
compared, and their inner relations were revealed. Therefore, this study not only forecasts the basic
properties of the commonly used polymer binders, but also provides the theoretical basis for the
choice of binder in technology process of 3DP fabrication bone scaffolds.

1. Introduction

With the development of 3DP technology, the 3DP fabrication technology based on the principle
of micro-droplet has been widely used in many fields, especially in the areas of bone scaffold
preparation [1-2]. But there are remain lots of challenges should be solved, such as mechanical
properties, biocompatibility, and so on. In the preparation process of bone scaffold, the interaction
between droplets and powder determines the microstructure and macroscopic mechanical property of
bone scaffold. Therefore, meeting the requirements of artificial bone mechanical properties is a key
point for 3DP fabrication bone scaffolds, and this is also the main factor that limits the technology
widely used. Presently, the polymer binders are usually used to bond biological ceramic powder
material in the process of 3DP fabrication bone scaffolds. Due to the mechanical property of ceramic
material is much higher than the polymer binder, so the mechanical properties of binders play a
decisive role for the mechanical properties of bone scaffold. Therefore, studying the properties of
binders has the very vital significance for the bone scaffold preparation technology.

In this paper, three types of polymer binders Polyvinylpyrrolidone (PVP), polyacrylamide (PAM),
and polyvinyl alcohol (PVA) which commonly used have been studied from the structures and
properties by molecular dynamics (MD) simulation. By analyzing the equilibrium models, many
basic properties about binders can be forecasted form the molecular level, this provides the
theoretical guidance for the selection of polymer binders in technology of 3DP fabrication bone
scaffolds.

2. Materials Models and simulation methods

Due to the limitations of computer calculating ability, and the purpose of this article is intended to
reveal the structures and properties of PVP, PAM and PVA, therefore, the water is not taken into
account while building the models. Firstly, according to the molecular structure formula of PVP,
PAM and PVA (Fig.1), three molecular chains were constructed respectively. To compare with each
other, we had better make the molecular weights of the binder molecular chains close to each other,
then the repeat unit numbers of PVP, PAM and PVA molecular chains were 20, 31 and 50, The detail
calculation process can refer to our previous research work [3-4]. Following the simulation models of
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polymer binders were built with the Amorphous module in the Materials Studio, their initial densities
of the PVP, PAM and PVA were all set as 0.6 g/cm®. After geometry optimization, MD simulations
were performed. Here the MD simulation contains the following two steps. (1) MD simulation under
NPT ensemble, the calculation time was 200 ps, or stopping calculation after the density of system
achieve balance. (2) MD simulation under NVT ensemble, simulation time was set 50 ps, and the
numerical analysis was carried on the trajectory frames obtained in this process.
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(a) PVP (b) PAM (c)PVA
Fig.1 Molecular structural formula of (a) PVP, (b) PAM and (c) PVA

All the MD simulations above were performed under the force of COMPASS [5], the Anderson
thermostat and barostat [6] were used to maintain the temperature and pressure for all NVT and NPT
MD simulations. The Coulomb and van der Waals long-range nonbonding interactions were handled
using the standard Ewald and Atom-Based summation methods [7-8], respectively. As well,
nonbonding interaction was truncated at 1.25 nm. A time step of 1 fs was used for all MD simulation.
Fig.1 shows the equilibrium structures of three polymer binders. Table 1 lists the initial densities, the
number of chains and atoms, and the final densities of all simulated polymer amorphous cells at the
temperature 298 K.

Table 1 Detailed parameters of amorphous unit cells

svstem Number Initial Final Experimental

y of atoms  density(g/cm®) density(g/cm®)  density(g/cm®)
4PVP 1368 0.6 1.235 1.261, 1.250 [9]
PAM 1248 0.6 1.336 1.341, 1.320 [9]

PVA 1408 0.6 1.254 1.276, 1.269 [10]

(a) PV (b)PAM () PvAT?

Fig.2 Equilibrium models of three binders. Each amorphous cell contains four molecular chains.

3. Results and Discussion

3.1 The judgment of the system balance

The equilibrium of simulation models is the premise condition for the materials properties analysis,
and the energy, temperature, density, and radial distribution function were all can be used to judge
whether the system is equilibrium. Herein, the density and energy were used to judge the equilibrium
of simulation system. When the densities and energies of models were fluctuating around a constant
value, the system can be thought equilibrium. Fig. 2 is the curves of the density and energy of PAM
system changing with simulation time, and from it we can know the fluctuations of curves in figures
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are very slight, which indicates the system reaches equilibrium after MD simulation under NPT

ensemble.
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Fig.2 Plot of the density and total potential energy, nonbond energy of 2PAM binder system as a
function of MD simulation time.
3.2 Cohesive energy density
Cohesive energy density (CED) is an improtant parameter for polymer binder, which can be used
to evaluate the interaction force between molecules in system, also it can reflect the interaction
among functional groups. Therefore, the properties related to material interactions are intrinsically
linked to cohesive energy, such as solubility, compatibility, viscosity, and so on. This is defined as
Equation 1.

_ Ecoh

Where Econ iS cohesive energy, v represents the mixed volume of materials, and CED is the
cohesive energy density. In general, the stronger the polarity of groups in molecules, the bigger the
interaction force between molecules, and the CED is also bigger.
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Fig.3 CED Histograms of three polymer binders
From the calculated results of CED for three polymer binders in Fig.3, we can easily see that the
CED size relation of three binders has the order of PAM>PVA>PVP, that is to say the CED of PAM
is the biggest in these three polymer binders, then is PVA. While the size of CED can reflect the
strength of interaction between molecules in system, so the size relation of interaction between
molecules in three polymer binder systems is PAM>PVA>PVP, this is consistent with the density of
binders.
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3.3 Mechanical properties

In process of 3DP fabrication bone scaffolds, the mechanical property of binders directly relates
the strength of bone scaffold, so the mechanical property is also one of the most important parameters
for binders. This article used the static mechanics analysis method to calculate the mechanical
properties of equilibrium systems (such as elastic coefficients, modulus, Poisson's ratio, et al). At the
atomic level calculation, the virial equation was used to calculate the internal stress tensor (o) [11]
of the static model.

N
Gz_i{z m; (Vi’ViT):| 2
Vo i=1

Where mi and Vi represent the quality and speed of atoms, respectively, and V is volume without
distortion.

The elastic coefficient matrix is obtained by solving the first derivative of the corresponding stress
and strain. Static elastic properties, i.e., tensile (Young’s) modulus (E), bulk modulus (K), and shear
modulus (G), and Poisson’s ratio () were calculated as follows [12].

H(3A+2u) 2 _ A

BT KAt O e )
Where g and A are the Lamé coefficients. Generally, the hardness of material is closely related
with E and G, the larger the value of E and G, the higher the rigidity and hardness of the material. The
fracture strength of material is determined by K, a higher value of K indicating a greater ability of
fracture resistance. Moreover, Cauchy pressure is usually used to forecast the ductility of materials, if
the value of Cauchy pressure is negative, then the material is brittle, while the positive value
indicating the material is tough. The higher the Cauchy pressure value, the better the material's
ductility [13-14]. Table 2 shows the elastic coefficients of binders, and Fig. 4 shows the static elastic

properties which calculated from the data in Table 2.

Table.2 Elastic coefficients of binders at 298K (GPa)

System Cq1 Cxp Csz3 Cau Css Ces Ci2 Ciz C;z Cis Cx Czz Cus

PVP 953 854 735 180 291 239 450 3.87 3.16 -1.14 -0.65 0.17 -0.20

PAM 577 6.08 456 239 276 212 427 355 358 084 032 -0.48 -0.19
PVA 1599 14.23 1495 2.23 364 402 7.89 7.6 1905 -027 -062 (12 013
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Fig. 4 Histogram of mechanical properties for three binders
From Fig.4, we can find there is a certain difference in mechanical properties of three binders, and
size relationships of modulus and Cauchy pressure for three kinds of binders were consistent with
each other, the order is PVA>PVP>PAM. Namely, compared with PVP and PAM, the mechanical
properties of PVA is better, which is inconsistent with the result of cohesive energy, indicating there

634



£

ATLANTIS

PRESS Advances in Engineering Research, volume 104

is no certain relationship between the mechanical properties and cohesive energy, density for
polymer binders. Additionally, the Cauchy pressure values of three binders are all positive, which
indicates that three binders above have some ductility, and the ductility of PVA is the best, PAM is
the worst.

4. Conclusion

The models of three commonly used polymer binders PVP, PAM and PV A were constructed and
simulated by a molecular dynamics simulation method, the computational analysis was conformed on
the equilibrium models, and some properties (density, cohesive energy, mechanical properties) were
calculated in this paper. The results show that the size relation of CED for three binders has the order
as PAM>PVA>PVP, which is consistent with the size relation of density. Furthermore, results of
static mechanic analysis indicates the mechanical strength size relation of binders is
PVA>PVP>PAM, which is inconsistent with the results of CED and density, this shows that there is
a no specific relationship between mechanical properties and CED.
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