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Introduction:

Electrospinning, a process where a polymer-charged solution is stretched in an electrostatic field,
yields continuous fibers whose diameters vary from tens of nanometers to several microns. This
technique finds broad application in various domains, including tissue engineering, electrochemical
devices, drug delivery, and secondary batteries, due to its versatility and effectiveness [1-5]. While
these products appear as continuous sheets at a macro level, their mesoscopic modeling is crucial as
their properties are intricately linked to both the fiber characteristics and the network of fibers [6,7].

However, existing models in this domain often fall short of capturing the inherent randomness of
these structures, which manifests at multiple scales, such as in irregularities. To address this, the
concept of fractal dimensions comes into play, offering a quantitative method to describe these
random, complex, and highly irregular scales [8]. In porous media modeling, the fractal dimension
typically pertains to surface topography [9], a factor deeply intertwined with the material's
performance [10].

To advance this field, a novel modeling method has been introduced. This approach employs a
genetic algorithm to optimize fiber arrangement, thereby achieving the desired fractal dimensions. It
integrates 2D porosity derived from image analysis with 3D porosity from experimental data, ensuring
a comprehensive control of the reconstructed model. Moreover, this method not only fine-tunes fiber
placement but also adjusts pore shape and size distribution. As a result, a robust computer-aided
design (CAD) model of the electrospun membrane featuring realistic thickness has been successfully
constructed using ABAQUS software based on the 2D model.

Main Idea:
Figure 1 illustrates the electrospinning process. As depicted in Figures 1(a) and 1(b), the material was
first dissolved in a DMF solution and then subjected to magnetic stirring at 50°C for six hours. As
shown in Figure 1(c), upon cooling the solution to room temperature, it was extruded through a
syringe, stretched under a high-voltage electrostatic field, and finally collected on a roller.
Poly(vinylidene fluoride co-hexafluoropropylene) (PVDF-HFP, Mw=400 000), poly(PMMA, 120 000),
and N,N-dimethylformamide (DMF, anhydrous, 99.8%) were procured from Sigma-Aldrich (St. Louis,
MO 63103). All these materials are used as received. The morphology of the separator is examined by
field emission SEM (FE-SEM/EDS S-4800, Hitachi Ltd.). The imaging uses high voltage, high current, and
lower probes to highlight the mesostructure of the fiber network surface.
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Fig. 2: SEM of electrospinning membrane.

2D modeling

Initially, image analysis was employed to acquire a comprehensive distribution of key sample
characteristics, including diameter, orientation, porosity, and fractal dimension, along with volume
fractions determined through experimental analysis. Subsequently, leveraging a novel optimization
training technique, a two-dimensional representative meta-model was constructed, effectively
encapsulating these essential parameters. This approach ensured a harmonized scale of randomness,
aligning the model closely with the physical object’s attributes.

Utilizing the dataset created through inverse sampling of feature data, fiber groups were
synthesized and arranged within a square plane in MATLAB. The model’s domain was structured as a
2L x 2L square, encompassing a central L x L black square target area, as illustrated in Figure 3. The
model also featured four blue angular regions, designated as the initial movement areas for the fiber
starting points. These points are confined to their respective regions, and their movements are dictated
by the initial orientation of the fibers. The underlying correspondence is outlined as follows: A(-45°<6
<45°), B(45°<6<135°), C(135°<6<180° or -180°<6<-135°), and D(135°<6<-45°).

Fibers are translated through changes in their starting point coordinates, thereby adjusting the
arrangement of the fibers. Let the number of fibers be n and the coordinates of the initial ends of the
fibers (x;,y;) be

(X, Y) =X +VXy,+Vy) 0<i<n,ieN @
where (xg,y,) is the initial value of the fiber coordinates, which is one of the following vertex
coordinates: A(0,L), B(L,0), C(2L,L), and D(L,2L). (Vx,Vy) is the fiber coordinate increment. Specifically,
the movement area of the starting point of the fiber is limited. Therefore, the coordinates of the
starting point can be simplified according to the angular area where it is located.

Vector X = [Vxy,Vyy, .., Vx;, Vg, oo, U, Vi, 1, X €(0,1) was set as [Xy, X5, ..., X5,]. The coordinates of the
fiber starting point (x;,y;) in different angular regions are as follows [11]:
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X, =0+0.5LX,, ; yi = L+0.5LX;
(%,Y,) A (x,y,)€lB
Y, = L+ % [ (2%, —1) X =0+]y; [(2Xy, —1)
X, =2L-0.5LX,, ; y; =L -0.5LX,
- (x,y,)€lC B (%.,y;) €D (2)
y, = L+|x | (2X,; —1) X =2L+y; [(2X;.,-1)

where A4, AR, AC, and AD refer to the triangle area where points A, B, C, and D are located, respectively.

The translation of each fiber can be realized by adjusting the size of each sub-item in the vector X.
Three parameters are optimized: porosity, volume fraction, and fractal dimension. Owing to the close

correlation between the latter two, the parameters can be simplified using a weighted combination:

Obj(1) = (por +vol) — (obj ,, +0bj,.,) |< 0.01

: . ©)
Obj(2) = frac —obj,. |<0.01
where por, vol, and frac are the target values obtained from experiments/graphical analysis, which are
porosity, volume fraction, and fractal dimension. The target fractal dimension is the average of multiple
fractal dimensions of the sample. objpor, Objvol, and objirac are the corresponding values of the current model.
Owing to numerical errors in the optimization objective, 0.01 was set as an acceptable target convergence
value.
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Fig. 3: 2D modeling method of electrospun membrane [11].

3D modeling

The coordinate data from the 2D MATLAB model were transferred into ABAQUS software to construct
a three-dimensional fiber layer model. By integrating multiple distinct 3D fiber layer models, a solid
CAD model of the electrospun membrane, complete with a realistic thickness, was created. This
mirrors the electrospinning formation mechanism, where a nonwoven structure emerges through
layered spinning.

The diameter and coordinate data of each fiber in the MATLAB 2D model’s target area were
exported to a text file. Subsequently, a custom Python script was utilized within ABAQUS’s script
module to facilitate modeling. In the model, each fiber and the compressor plane were fixed in all
directions except along the z-axis, preventing lateral drift. The compressor plane dynamically advanced
towards the collector plane in finite element simulations. During this movement, the fibers stacked
upon each other and underwent continuous compression. This process persisted until the fiber layer’s
thickness was reduced to the SEM imaging depth, h. The resulting deformed mesh represents a 3D
fiber network layer model.
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In this way, multiple 3D representative fiber layers, each 10 nm thick, were generated. These
compressed layers were imported into Abaqus as individual components. The layers were sequentially
arranged and combined, mirroring the thickness of typical electrospun membranes, which ranges from
70 to 80 nm. Consequently, eight 3D fiber layers were selected to construct a solid CAD model of an
electrospun membrane with an 80 pm thickness. This model comprises 608 long fibers, emulating the
experimental process of stacking spun fibers to create electrospun membranes.

Layer i+1

Different 3D layer models generated in above ways Combined to form a solid CAD model

Fig. 4: 3D modeling method of electrospun membrane [11].

Conclusions:

Leveraging the newly developed model and optimization technique, key parameters such as the fractal
dimension of the 2D model can now be manipulated with enhanced speed and precision. This
approach facilitates a precise alignment between the fiber network model and the randomness scale
observed in physical objects.

In alignment with the intrinsic formation mechanisms of electrospun membranes, this innovative
methodology for constructing 3D models adeptly captures the attributes of realistic thickness. This
advancement not only mirrors the natural process but also introduces a level of accuracy and control
previously unattainable in such modeling.
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