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ABSTRACT

Finite element model (FEM) was used for the study and description of the arising 3D nanofiber structure strain caused
by the pressure of the flowing gas. Computer simulation using an adaptive networking through implicit FEM algorithm
can be utilized for a significant improvement of the study of anisotropic strain in the deformed 3D nanostructure. The
created model is based on the empirical Laplace-Poisson differential equation for the flow, where gas particles are
moving with certain kinetic energy. The kinetic energy depends on the speed, time and temperature and affects the re-
sulting strain of 3D nanofiber structure. The simulation results were compared to the results obtained from the image
analysis of real samples and showed that this FEM model can determine individual phases of structure strain. The com-
parison shows that the developed FEM model can be an important tool in the study of the strain in the arising 3D nano-
fiber structure and it can provide valuable information for optimization of 3D nanofiber structure production by the

electrospinning process.
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1. Introduction

The production of nanofibers became the center of inter-
est of the many research departments in the last decade.
Even though this principle is known for a long time, the
first patent of A. Formhals was published in 1934 [1];
this process has not been mastered in terms of produc-
tivity for a long time. The turning point was brought by
the new method of electrospinning—Nanospider™ prin-
ciple, which significantly increased the process produc-
tivity. Simultaneously with the development of the nano-
fiber preparation technology the applications of nanofi-
ber layers were also developed. The nanofiber layers are
characterized by the almost isotropic arrangement, the
contact points are linked with straightened fibers. The
distance among the fiber contacts in the surface of fabric
is relatively large, but the distance of each layer, which
can be viewed and distinguished in the cross section of
nanofiber material is relatively low. Consequently, the
fiber layer is relatively compact and has a large specific
density. There are procedures that can change the ar-
rangement of nanofibers in the layer. In [2] authors de-
scribe the finite element method (FEM) model of four
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different collectors for the preparation of the desired
structures, including required alignment of the fibers.
The simulation was performed and analyzed in the Ansys
Maxwell 3d. Also the analysis of two fibers was accom-
plished. The results can be used for optimization of the
fiber structure by the help of different arrangement of
collectors. In [3] the simulation of electrostatic field of
coil, which is used for needless electrospinning from the
liquid surface is described. The dependencies of distance
between the coil winding and electrical intensity are cal-
culated. The simulation is used for optimization of the
coil design. The Comsol 3.5 software was used for simu-
lation in this study. Authors in the article [4] focused on
preparation of nanofibers from polypropylene. They irra-
diated the material with laser beam when passing through
jet with supersonic flow of the air. The work includes
FEM simulation of the jet formed from three different
orifices in ANSYS CFZ 11.0. The simulation shows the
distribution of air velocities, which is very important for
the creation of nanofibers. In the [5] authors describe the
simulation of electrical field distribution in process of
bubble electrospinning. In this method Taylor cones can
be created more easily by the help of pressured gas
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which flows through the electrospun liquid. Taylor cones
are created directly on the bubbles. For better under-
standing an electrical field distribution around the bubble
was computed. The simulation was performed in the of
ANSYS 11.0. Above mentioned simulations are dealing

with the flow of the gas or by the shape of electrical field.

In this article an increase of thickness was simulated as
combination of gas flow from jet through the porous
layer of nanofiber structure together with the influence of
electrostatic forces. These processes were causing the
change in the fiber orientation in the planar layer. The
orientation of fibers perpendicular to the plane deter-
mined the bulkiness, porosity and mechanical properties
such as stiffness, flexibility, compressibility, and espe-
cially permeability. This paper describes a modified
electrospinning technology, which allows controlling the
change of the layer bulkiness. The process modification
consists in the utilization of the additional gas flowing
perpendicularly to the surface of fabric and expanding
the formed layer. Understanding this process is very im-
portant for the control of the obtained layer properties.
The process of nanofibrous layer creation was described
by FEM model. The input parameters of the process were
represented by the real mechanical properties of formed
layers and properties of the applied flow. The influence

of the surrounding environment is also taken into account.

FEM simulation is very practical tool during the study of
complex phenomena, especially in the optimization, be-
cause it can also help to build the corresponding analyti-
cal models [6-9]. During the preparation of the FEM
model, the suitable assembly was also solved. The part
representing the geometry of the electrode and the nozzle
can be considered as a macrostructure, whereas the fiber
part composed of nanofibers can be considered as a mi-
cro, respectively nano-structure. This should correspond
to the dimensions of the finite mesh. In the case of nano-
fiber mesh the elements should not be larger than 20 nm.
For given dimension of model geometry represents mil-
lions of elements. For connection of fine mesh with
macrostructure, this macrostructure has to have similarly
sized elements. Fine mesh of macrostructure would lead
to ten millions elements and a failure of the calculation.
In the case of the coarse mesh of macrostructure singu-
larity occurs in connections. Therefore, the continuum
model instead of the structural model was chosen for the
description of the flow in nanostructure. Similar models
of flow were described and applied, but not for the flow
in the 3D nanostructure.

2. Background: Study of 3D Nanostructure
Strain

2.1. Experimental Analysis

Strain study of the 3D nanofiber layer creation have been
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carried out on the basis of real experiment [10] in the
experimental electrospinning device NanoLab™ (Figure
1). The polymer solution of polyamide 6 (PA6) with a
concentration of a 12% of acetic acid was used for the
electrospinning. The process was carried out at a tem-
perature 22°C+0.2°C, humidity 30% and potential gra-
dient of electrostatic field 75 kV and 0,084 mA. Strain in
the formed 3D nanofibrous structures is caused by the
pressure of applied gas flow that passes through nozzles
in the negative electrode (collector), acting in the op-
posite direction to the nanofibre collection.

The principle is schematically shown in Figure 2. Re-
organization of nanofiber layers is caused by the move-
ment of the gas flow. The flow can be characterized by
pressure and velocity. In the presented experiment three
different gases were used. The flow rate of the individual
gases was changed, because of the different specific den-
sities, but output pressure was kept constant. Constant
output pressure results in the equivalent deformation of
the structure.

The parameters of the flowing media are shown in
Table 1. The character of the resulting strain is shown in

Figure 1. Experiment: Measurements are carried out on the
NanoLab™ device.

Figure 2. Principle of the electrostatic spinning.
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Table 1. Paremeters of the gass flow.

Outlet flow parameters

Gas Densit}y Mass flow Pressure Acting force
(kg/m’) (g/s) (Pa) ™)

Air 1.14 0.88+£0.012 1700 0.026 £ 0.007

SF6* 5.765 1.99+0.019 1700 0.026 +0.003

Kr® 3.307 1.50 = 0.008 1700 0.026 + 0.005

a. SF6 is Sulfur Hexafluoride (very good dielectric); b. Kr is Krypton (inert
gas).

Figure 3. It is shown that acting flow of gas results in
regularly wrinkled structure. The gas penetrates and ex-
tends layers not only in places of nozzles, but also out-
side of them because the gas flows also in pores of aris-
ing nanofiber layer.

2.2. Governing Equations

Analytical description of the strain distribution in the 3D
nanostructure at a given potential and the intensity of the
electrostatic field during electrospinning from the strings
is very difficult and practically immeasurable. It cannot
be treated as the study of the structural deformation [11],
but the prediction and theoretical approach it is necessary
for the optimization of the process. Therefore, practically
the only way how to approximate the strain in the formed
3D nanostructures is by the discrete numerical methods
such as FEM. Appropriate model should mainly reflect
the studied area. Therefore, it is possible to ignore or
simplify the boundary conditions of those model areas,
which are not important for direct investigation of the
strain. The process of electrospinning is mainly affected
by the distribution of the electric field intensity. The in-
tensity can be generally defined as a limit of the force per
unit charge according to Equation (1), or through the
applied potential gradient at the electrode according to
Equation (2).

E=lim®. (1)
q—0 q
E(r)=—grad®(r). ®)

where E expresses the electric field, F is acting force, g is
unit charge. ®(r) is potential, which can be expressed

for /M charge as o, = el
J ge as ¢, Z/) rr

, where g, is relative

permittivity of vacuum (80 ~8,854x107" F-m") .

The flow affecting the resulting nanostructure, espe-
cially the geometrical and mechanical properties, can be
generally described by the diffusion Laplace-Poisson
differential Equation for 2D task (Equation (3)) or in
modified form (Equation (4)).
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Figure 3. Structure of 3D nanofiber strain caused by the
flowing gas: (a) Initiation of structure compression by the
flowing air (t > ty, gas flow from nozzle); (b) Final state of
compression (t,,, = t); (c) Detail of nanofiber structure
deformation, where characteristic sinusoidal shape is seen.
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where go(r) is an unknown function describing the
nonstationary pressure p, ¢ is time, a, f are material con-
stants of the medium (gas).

Equation (4) is met at each point of the studied area
Q=%, Qi with the initial condition that defines the
initial Value or distribution function (p|
The border I' of area Q will be d1v1dea into two parts
I'=T,UT,, because it is necessary to define the appro-
priate boundary conditions for the inlet and outlet of me-
dium. Important boundary conditions, which are neces-
sary to be defined in the model, are described by the
Equation (5)-(6).

Where Equation (6) expresses [12], Fourier’s law of
flow media intensity i=—p on the border with the
outer normal 7.

@—@ =0, on the part of border I, 5)
de

ad—— 2 =0, on the part of border TI,, 6)
n

where is the intensity of a function ¢ in a certain time
t, n is the normal vector towards outward from the
Q, p isintensity of the flowing gas.

The propagation of the structure transformation is un-
observable. We must rely only on the image analysis of
the final deformed structures. Therefore the simulation
cannot be processed similarly as in the case of strains of
other complicated structures. An example of the standard
simulation is utilization of the Levenberg-Marquart algo-
rithm [13,14]. During the compression of formed 3D
nanostructures it is evident that the individual layers are
strained similarly to the porous structure of the compact
soil. Therefore it is possible to imagine that such struc-
ture could behave in the accordance with the Winkler-
Pasternak model [15-17], which is generally used for the
description of a loading of porous structures such as dust,
soil, clay, and other structures. Thus the Winkler-
Pasternak model can approximate the strains by the
Equation (7).

2 2
Ca)c(aa)aj_

. 7
a 2 ay pk ( )
where p, is the surface load applied to the 3D nanos-

tructure, C,,C, are constants of Winkler-Pasternak
model and @ describes deflection.

[ [—aA¢+ ﬁaa—(fj SpdQ + rj (arAp-P)dpdl =0.  (8)

Q
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2.3. Solution of the Problem: Finite Element
Method

The relations (1-7) can be directly applied to build Equa-
tions for the 2D arrangement of the finite element
method, where especially the Galerkin method can be
used for this purpose. This method in the described
problem gives almost the same results compared to the
Ritz method [18,19]. Equation (3) can then be expressed
by Equation (8).To build Finite element method simula-
tion (FEM) the first integral of Equation (8) can be
modified by the Gauss theorem. After this operation the
Equation (9) is in the form.

On the part of border I, the boundary condition of
the Equation (5) is defined 6¢p =0. In FEM the function
@ is approximated by each element of the structure of
finite element mesh according to the Equation (10).

@=Br (10)

where B is a row matrix of the base functions, r is a
column matrix of nodal values of the function ¢ .

In conclusion, the basic shape of the first order differ-
ential equation by Equation (11) is obtained.

Kr+ Ld— =Pp. 1
de
where members K,L,P can be expressed by the Equa-

tion (12).

Ox ax oy oy
L=[ANTNdQ (12)
Q

K I [aN N aN adeQ
Q

P IN pdl’
ry

Then the Equation (7) which approaches the descrip-
tion of strains using Winkler-Pasternak model can be
expressed by using the functional Equation (13).

IJ{Ca) +C, {(&pj +(6(pj dedy
23 ox ox (13)
~[ pyodxdy - [ g,eods =TI,

where g, expresses the force boundary condition. In the
case of the flowing medium it is a geometrical boundary
condition.
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3. FEM Model of 3D Nanostructure Strain
FEM Model Description

FEM model was created in the COMSOL Multi-physics
software (Figure 4), which allows the modeling of elec-
tric fields, flow in piezomaterials, compression of iso-
tropic and anisotropic materials and other physical phe-
nomenon. This software contains a wide variety of tools
for simulation of the various problems, which are de-
scribed by partial differential equations. This allows the
modeling of the vector distribution of momentum of
strained nanostructures on the basis of the previous equa-
tions. Comsol uses for the calculation the implicit algo-
rithm, where individual states of the analyzed compres-
sion are updated gradually in time ¢ to time ¢+d¢ ac-
cording to Equation (14). Physical parameters of the
FEM model are seen in Table 2.

t+AL AL

Ouy, =u;;, i (14)
t+At

where u/** is vector of nodal displacements for i" it-
eration in the time ¢+ A¢.

Results are influenced by initial and boundary condi-
tions, which are complicated, mainly due to the motion
of the gas from the negative electrode towards the nanos-
tructure. Therefore it is important to capture the imme-
diate effect of the air stream with pressure of 1700 Pa
and acting force 0.026 N flowing from the nozzle with
diameter 1 mm through nanostructure. Surface 2D model
with the real dimensional geometry of the fibrous nanos-
tructure was assembled. In the simulation of such process
suffers of the problem with the solution convergence.

ET AL.

Despite very sophisticated methods of Gauss elimination,
the finite solution may iterate with unacceptable error of
solution. Therefore it is convenient to use appropriate
construction of finite elements with respect to geometry,
initial and boundary conditions, etc. already during de-
sign of model. For this purpose e.g. the adaptive network
can be used Figure 5(a) and Table 3. The aim is to mini-
mize the resulting residues defined by Equation (15) to
an acceptable level by an appropriate number of itera-
tions already at the beginning of the calculation. Some-
times, when using adaptive techniques, the critical part is
significantly refined, but the stiffness matrix is weakly
positive definite.

@ =121 f ()t = LR /()] ., -

where a_, is a residuum of the function f(z) in the
nodal point z,, f(z) expresses the meromorphic func-
tion of Laurent series in the area of an isolated singular
point (node), and also (z, #z) must be met,

Res[ f (z)l:zk is the residuum of the function f(z)

in the £" nodal point z.

A suitable method usable for solution of this problem
is the multigrid method [25] which basically combines
iterative and finite methods. The total error of the solu-
tion can be divided into singular (local) and global error.
The singular error has high frequency with local range
and can be reduced by an iterative process. Global
low-frequency error has the character of a smooth func-
tion and affects practically the entire solved area. There-
fore the finite element mesh was created from 2D, Tria

s)

I Q Air
~
N

Nanofibers
(PA6)

Flowing gas
(Inlet)

Flowing gas
(Outlet - Edge

Negative
electrode

Figure 4. Finite element method model of the 3D nanostructure strain.

Table 2. Physical parameters of the FEM model.

~_ | |
N

Density (kg/m’) Viscosity (kg/m.s) Relative permit.” (-)

Stress modulus (MPa)

Negative electrode 7.8 x 10° - 1 2.1 x10°
Flowing gas 1.14 1.789 x 107 1.0054 -
Nanofibers (PA6) 1.4 x10° 83 x10° 35 1200 x 1072

(a) Some material properties are taken from [20]. (b) Modulus of nanofibrous layer is taken as modulus of PA6 multiplied by packing density of nanofibrous

structure, [21-24] describes the amount of the mass in fiber porous structure.

Copyright © 2013 SciRes.
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Figure 5. FE meshing of the model in the calculation convergence: Adaptive meshing for the minimization of the residues in
the solved area (left), Dependence of the residue number on number of iterations (right).

Table 3. Final values of the addaptive FEM meshing.

Final number of nods/elements

Number of Iterations

Residue number Required accuracy (%)"

213625/34888 188

1.67x 107 5

a) Required accuracy of the solution is referred according to solution error || e|| which is the sum of contributions of individual element errors.

axis y metric elements (9-node elements). For a suffi-
ciently accurate solution in the geometrically compli-
cated areas (fillets, jet edges) and studied areas of the
strain, elements with 0.2 mm size were created by the
adaptive technique. The dependence of the convergence
of the calculation, which is given by the expression of
residual size on number of iterations, is shown in Figure
5(b).

4. Results and Discussions

Through FEM model simulation were obtained results of
the pressure forces acting on the structure (Figure 6),
where it is seen a non-linear pressure drop from an initial
value of 1700 Pa (measured in the axis of the flow) to
600 Pa, at a distance of 400 micron fromthe nozzle. At
the distance of 160 micron reaches applied force the
value 0.0155 £ 0.0015 N and then falling less sharply
which is given by distribution of the gas in the surround-
ing nanostructures due to its porosity. This dependence
has a bi-linear course. Similar courses can be gotten re
for the gas velocity flowing through the 3D nanostructure
and its mass flow (Figure 7). Gas flow velocity de-
creases from the initial value of 54 m's to 32.3 m's™'
m's ' (~40%) and the mass flow values decreases even
from 0.49 g-s' to 0.233 g's' (~42.5%). Figure 8 ex-
presses the time-dependent structure strain near the noz-
zle at time t. The course of strain indicates that the ex-
pansion of the structure is caused by a combination of
tensile and compressive stress. The structure deformation
corresponds with the deflection of the membrane, which

Copyright © 2013 SciRes.

can generally studied by Winkler-Pasternak model where
the membrane deflection is described by Equation (7).
FEM model of the laminar flow of the inert gas (air)
from the nozzle in the negative electrode against the
nanofiber structure distribution is shown in Figures 9
and 10. The pressure acting by the force 0.026 £ 0.007 N
onto surface of 3D inhomogeneous nanofibrous structure
causing the deformation of the structure through the re-
organization of fibers is depicted by streamlines. The
maximum thickness of the real structure formed by the
gas flow was determined by the image analysis at 280 +
20 pm (Figure 1). FEM simulation results showed ap-
proximately 70% higher value of 410 + 30 pum. It can be
assumed that when the flow ceases, i.e. when the force
acting on the structure is close to zero (limF — 0), the
structure will be partially reversibly deformed. From this
assumption the fact that the flowing gas causes a certain
pre-stressing in the structure can be deduced. After the
fade of the gas pressure the pre-stressing causes a thick-
ness reduction of layer. Figure 11 shows a comparison
of FEM simulated strain of resulting structure with the
real nanostructure. It is clear that the applied pressure
causes deformation of the structure, which corresponds
to the pressure distribution in the individual parts of the
nanostructure. The simulation shows the concave curva-
ture of the layers, what is seen in the real structure too.

5. Conclusion

In this paper a study of the structural strain in 3D nano-
fiber caused by gas pressure acting on its surface has
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Figure 6. FEM model: Course of pressure and velocity depending on distance from nozzle.
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Figure 7. FEM model: Course of velocity and mass flow depending on distance from nozzle.
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Figure 9. FEM model: vector plot of gas pressure flowing from the nozzle in the time.
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Figure 10. FEM model: Strain in the 3D nanofibrous structure from acting gas flow-distribution of the laminar flow from the

nozzle of the negative electrode.

Figure 11. Comparison strain of resulting structure:

been discussed. FE model with real geometry of the
negative electrode, which describes the flow of gas
through jets into 3D nanostructures was assembled for
the description of the strain distribution. The character
and flow of movement is based on the Laplace-Poisson
diffusion differential equation. Also the porous structure
that represents nanostructure in the model was included.
The compression of structure can be defined by this ap-
proach using the Winkler-Pasternak model that is gener-
ally used for description of the porous materials. A com-
parison of the FEM model and image analysis of the real
strain showed that results are consistent. The construc-
tion of the collecting electrode and also production proc-
ess 3D nanofiber structure can be designed and opti-

Copyright © 2013 SciRes.
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FEM model (left), real 3D nanostructure (right).

mized through the FEM simulation. The course of 3D
nanostructure deformation is dependent not only on the
value of the pressure of flowing media, but also on the
external environment, viscosity, concentration of poly-
mer solution and its type, size and gradient of the input
voltage, geometry, but also on the relative permittivity of
applied material. If the negative electrode will be made
from material with a different dielectric constant, differ-
ent character of the strain would be achieved, because of
the changes in the arrangement in the structure. Presented
FEM model boundary conditions are set according to the
experimental values. In turn this enables optimization of
the spinning process, device geometry, gas flow through
the nozzle without the need of complicated experiment.
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