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Abstract A number of theoretical problems, such as

dynamic movement of molecular chains, present them-

selves in melt electrospinning, yet these important issues

have not been thoroughly studied. In this article, a meso-

scale simulation method called dissipative particle

dynamics was used to study tentatively the dynamic

movement of molecular chains, seeing as the diameter of

spun fibers is of nanoscale dimensions, belonging to the

mesoscale domain in physics. Results show that the

downward traces of melting fibers are close to those

obtained experimentally, the drop velocity is closely rela-

ted to electrical force, the structures of the fibers differ with

changes of temperature, and chain length varies at distinct

descending periods.

Introduction

Increasing interest has recently been focused on electros-

pinning because of its potential application in the produc-

tion of ultrafine fibers. Electrospinning is easier and more

efficient way compared with traditional commercial fiber

manufacturing methods [1–3]. In general, there are two

modes by which electrospinning is performed: solution

electrospinning [4, 5] and melt electrospinning [2, 6]. Most

researchers employ the former because the equipment

required is simpler, and it is easy to produce fibers of

nanoscale dimensions. However, solution electrospinning

[7, 8] presents the following major drawbacks: (1) Some

solutions are expensive and extremely hazardous to the

environment. (2) The production efficiency is extremely

low as a result of sparse solution, and the evaporation of

voluminous solvent decreases productivity. (3) It is diffi-

cult to find suitable solutions for certain polymers, such as

polypropylene and polyethylene, for spinning at ambient

temperatures. (4) The evaporation of solvents may cause

various defects in the surface of the fibers, possibly leading

to relatively low mechanical strength [9, 10].

Under elevated temperature and high electrostatic force,

melt electrospinning [11] can directly produce polymer

fibers, such as Zhmayev et al. [12] presented a concept of a

gas-assisted polymer melt electrospinning process while

McCann et al. [13] presented a technology of coaxial

electrospinning. However, there have been relatively fewer

studies on this field than in solution electrospinning. One

possible reason is that the viscosity of a molten polymer is

much higher than that in a solution; this leads to larger fiber

diameters (mostly in the micron domains) as opposed to

tens of nanometers when the fibers are produced in solution

electrospinning. Second, the apparatus required for melt

electrospinning is much more complicated than that in

solution electrospinning, because a temperature control

system is required to melt the polymer.

Nevertheless, a lot of research has been conducted on

melt electrospinning, such as Larrondo and Manley [14],

Dalton et al. [15], Deng et al. [16], and Liu et al. [17]

studied the process, temperature, environment, and other

factors of the method. However, few published studies

have addressed theoretical problems [18], such as dynamic

movement of molecular chains in the downward process

and formation and distribution of supramolecular structures

in fibers [19]. In an attempt to resolve the aforementioned

problems, a dissipative particle dynamics (DPDs) simula-

tion method was used, which has been adopted and adapted

[20, 21] to study polymer chains [22], toroidal Structure
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Formations [23], and melt interaction [24]. The DPD

platform was built, seeing as the diameters of spun fibers

are of nanoscale dimensions, belonging to the mesoscale

domain in physics. All the units of DPD parameters and

relative variables were reduced (i.e., dimensionless) as did

usually in DPD simulations.

The models and parameters

In this study, the model system is same as those used in the

previous studies [25, 26]. The simulation box, subjected to

the usual periodic boundary conditions, contains 24,000

particles in 10 9 10 9 40 cubes. There are three kinds of

particles in the box: those found in the surroundings or air

(blue particles), polymer melt (red particles), and spinning

platform (yellow particles). The air is composed of 19,200

blue particles, the melt consists of 3,353 red particles, and

the spinning platform contains 1,447 yellow particles. The

yellow particles are fixed and do not move along with the

other particles. The red particles are connected by several

springs, whereas the other particles are single, similar to

the model systems described in references [27, 28]. The

three kinds of particles have the same density q = 6 (each

unit cube contains six particles). The parameters of con-

servative forces are chosen in accordance with the data in

Table 1. The parameter assigned between yellow particles

and the others is 80 to prevent moving particles from

entering or threading into the solid spinning platform.

There is no difference among the three particles in their

dissipative interaction. The velocity of each particle is

decided by the force endured from all the adjacent (cutoff

radius is 1) particles, except for the yellow particles which

are fixed. Time step is 0.02, and basic temperature is 0.10.

All the initial states of melt in the model systems are the

same. A polymer chain was made up of four red particles,

among which the Fraenkel springs were used to express

bond force [29].

The only difference between the present model systems

and that in previous studies is the electrostatic forces Fe
ij,

which was taken as an additional force to the conservative

Fc
ij, dissipativeFd

ij, and random forcesFr
ij.

Fij ¼ Fc
ij þ Fd

ij þ Fr
ij þ Fe

ij ð1Þ

Unlike to the Ref. [30, 31], here the electrical force was

taken as an extra body force rather an interaction between

target polymer chains or different particles. The electric

field exists only between the bottoms of the spinning

platform and the lowest boundary of the simulation system,

in which the boundary was taken as the fiber collector, as

shown in Fig. 1. Here, according to experimental

observation and Ref. [32], the electric field is thought not

even, as shown with blue color. Herein dark blue means

strong electric field, vice versa. Accordingly, the tentative

electrostatic force is given by

Fi ¼ �cðA� d1 þ d2Þe ð2Þ

where c is a coefficient and can be used to adjust the force

at will; A is a constant used to decide the basic amount of

electrostatic force (15 was found to be a suitable value for

the present simulation system); d1 denotes the distance of

the particle to the central axis of the simulation system,

small value means big electrostatic force; d2 represents the

distance to the bottom of the spinning platform, big value

means big electrostatic force; e is a unit vector and means

the electrostatic force always points to the bottom. Usually,

gravitation is weak because the spinning fiber is very thin,

and the electrostatic force is the main driving force.

Therefore, gravity is not considered in the present model

system.

Table 1 Parameters of conservative forces particles

Red Blue Yellow

Red 40 30 80

Blue 12.5 80

Yellow 12.5
Fig. 1 Schematic of electrospinning field

7878 J Mater Sci (2011) 46:7877–7882

123



Results and discussion

Simulation of dropping trace in melt electrospinning

Dropping trace is an important character of electrospin-

ning. Researchers found that the dropping trace is more

unstable in solution electrospinning especially in the field

near the receiver plate, as shown in Fig. 2c) [33]. The

reason for the unstable possibly contributes to the small

diameter of the fiber, which is easily affected by weak

disturb of air or electrostatic field. In contrast, the trace is

more stable to melt electrospinning. It can be observed

directly when the fiber diameter is large, as shown in

Fig. 2b. Through adjusting the interactive parameter of the

simulation system, the dropping trace was modeled and

compared with the experimental results to justify that the

new simulation system is suitable for the melt electros-

pinning process. As shown in Fig. 2a, the modeled drop-

ping trace is similar to that in melt electrospinning

experiment (Fig. 2b) and the pre-half trace of the solution

electrospinning experiment (Fig. 2c).

Relationship between electrostatic force and dropping

velocity of the fiber

Under a high electric field, both polar and non-polar

polymers are polarized and produce electric charges in

their inner and surface components (electric dipoles [34]).

Charged polymer melt under electrostatic force is rapidly

stretched, and then falls to the receiving electrode or plate.

During the drop process, the polymer melt is solidified

because of heat loss. Theoretically, the higher the elec-

trostatic force, the greater polarization the polymer will

undergo because the higher the charge on the melt means a

higher electrostatic force was applied to it. The process of

melt electrospinning and the value of electrostatic force are

closely related. The relationship between voltage and fiber

diameter has been investigated through experiments [17,

18], but it is difficult to measure the relationship between

electrostatic force and fiber dropping rate. Therefore, a

suitable simulation system was established to study the

effect of electrostatic force on dropping velocity. Without

changing other conditions, the electrostatic force coeffi-

cient can be modified to obtain different values of elec-

trostatic force. Figure 3 is the morphology of fiber

dropping in 3000 steps when the system temperature is 0.1

and the values of electrostatic force coefficient c are 0.65,

0.7, 0.75, 0.8, and 0.85.

As can be seen from Fig. 3, increasing electrostatic

force coefficient accelerates the dropping velocity of the

fiber. The average dropping velocity is calculated as shown

in Fig. 4. Each set of data in this figure is an average of 10

repeated calculations because the dynamic process includes

random factors. Figure 4 shows that when the coefficient of

electrostatic force (which represents electrostatic force

directly) increases, the dropping velocity of the fiber

gradually rises. However, the change in velocity is not

linear with the increase in electrostatic force. When the

coefficients of electrostatic force reach a certain value, the

dropping velocity rapidly increases.

Variations of temperature lead to changes in fiber

structure

A higher environment temperature will extend the

stretching period of fiber melt. So it is necessary to obtain

Fig. 2 Comparison of dropping traces between simulated and experimental. a Modeled trace; b snap shot of melt electrospinning trace; and

c snap shot of solution electrospinning trace[32]
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thinner fibers in the electrospinning experiment. However,

the heat transfer between melt and air is very complicated

[35, 36], and it is difficult to simulate accurately. In another

side, the change of melt temperature is the key to affect the

morphology of last fibers. So the present article adopted an

assumption that there is no heat transfer to avoid the above

problem and focused only on the melt temperature varying.

The fiber dropping processes were simulated when system

and fiber melt temperatures were 0.09, 0.10, 0.11, 0.12, and

0.13 using electrostatic force coefficient 0.75, and with

other conditions unchanged. Results are shown in Fig. 5.

It can be seen from Fig. 5 that with the increase in

temperature, the fiber gradually drops faster and its diam-

eter becomes smaller. Particles move slowly in low tem-

perature, and a number of molecular chains accumulate

together, yielding larger fiber diameters. In experiments,

when temperature was low, the melt viscosity was high,

and fluidity was small. The melt flow formed quickly the

thick fibers. By contrast, in a high temperature, melt can be

easily stretched into thin fibers under the same electrostatic

force. The abovementioned modeled results are consistent

with the experimental facts [17].

Chain length during the dropping period

During melt electrospinning, the polymer melt under strong

electrostatic force is stretched and its descent to the

receiver plate is accelerated; thus, polymer chains are

drawn continuously. Experiments cannot provide varia-

tions of molecular chains, but the length of molecular

chains can be simulated. When the electrostatic force

coefficient was 0.75 and temperature was 0.12, three

molecular chains were selected. The end-to-end distances

or chain lengths of the three chains were calculated. The

change in the distances during the dropping process is

shown in Fig. 6.

As shown in Fig. 6, chain lengths become longer with

increasing steps, but this is not uniform throughout the

entire process. Initially, the chain lengths became shorter,

mainly because the chains were initially connected in the

sequence of the particle ranking number, not the adjacent

particles in the simulation system. Most chains will be very

long because the particles were randomly dispersed in the

melt area of the system at the beginning. When the system

began to evolve, the excessively lengthy chains contracted

or shortened. The long middle part shows that the increase

in chain length is gradual. On one hand, this can be

Fig. 3 Relationship between

electrostatic force coefficient

and dropping velocity

Fig. 4 Changes of dropping velocity with coefficient of electrostatic

force
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explained by the fiber dropping velocity increasing con-

tinuously and molecular chains becoming longer at the

same time. On the other hand, high dropping velocity leads

to high air resistance, resulting in accelerated speed

deceleration. Therefore, chain lengths increase slowly. The

last part of the figure shows that the chain lengths rapidly

increase, which is in accord with experiment phenomena

[37] and also comply with the Fig. 4. The fast increase in

chain length originates from the constantly increasing

electrostatic force. The polymer is stretched extensively

and chain lengths increase quickly.

Conclusion

Through trial and error, a suitable simulation system was

built to model the dropping process of melt electrospinning

fibers. Results show that increasing electrical field strength

raises the charge density in polymers, resulting in stronger

electrostatic force. Melt spinning accelerates, and so does

the dropping velocity of the fiber. Increasing temperature

accelerates the descent of electrospinning fibers, resulting

in a dramatic decrease in fiber diameter. When fiber drops

fast, chain lengths generally become longer with increasing

steps. The three-period change process of chain lengths

consists of shortening, gradual increase, then rapid increase

in length.
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