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Abstract

Electrospinning is a process in which high voltage creates nanostructured fibers with ran-

dom orientation from a polymer solution. A novel electrospinning instrument was designed

and constructed, capable of orienting and collimating the trajectory of the electrified fluid jet.

The equipment collimates and adjusts the electrified fluid jet in the X-Y directions using

deflector plates connected to a variable electric field. Simultaneously, different membrane

thicknesses can be selected, i.e., in the Z direction. Additionally, by programming the sinu-

soidal function generator to perform an X-Y sweep, Lissajous figures (LF) were obtained.

SEM images obtained through XYZ electrospinning of PVC and PVDF membranes were

used to determine the control achieved over the orientation distribution of the processed

nanofibers and the modification of their diameter, with and without applying the electric field

to the deflector plates. The nanofibers obtained from the polymeric membranes, which origi-

nated after the straight segment of the Taylor cone, did not exhibit a random trajectory and

position. Instead, the collimated electrified fluid jet deposited them in a cross pattern (X-Y)

on the collector-cathode plate.

1 Introduction

The properties of nanometer structures in the form of fibers open up a fascinating panorama

under the generic name of nanofibers. Fibers with diameters of less than 100 nanometers are

commonly referred to as nanofibers [1]. Electrospinning is a highly versatile route to produce

nanofibers [2, 3]. Since then, electrospinning of many synthetic and natural polymers has been

developed to obtain uniform and continuous fibers with diameters ranging from a few nano-

meters to a few micrometers deposited on the collector-cathode plate [4, 5]. During the pro-

cess, a fluid is passed through a capillary nozzle in an electric field produced by a high voltage

source (*20 kV) [4]; when this reaches a specific value, the surface tension of the tiny droplet

formed at the end of the nozzle is overcome, as demonstrated by Taylor [6], exhibiting the
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Taylor cone associated with an electrified fluid jet. The above gave the guideline for creating

polymeric and elongated nanofibers from an electrified fluid jet for application in different

modalities [7]. This work aimed to create electrospinning equipment capable of orienting and

collimating to a controlled position by inducing an electric field acting on the fluid jet depos-

ited on the collector-cathode plate. The orientation or deflection of the fiber-electrified fluid

jet was performed by an electrostatic deflection system after the fiber or positively charged

polymer jet [8] leaves the tip of the Taylor cone, formed by two electrodes in the form of fixed

deflector plates in X and Y direction, placed closely, perpendicularly to the center of the fiber

electrified fluid jet. These deflection plates are connected to a signal function generator to be

polarized, and they are used to generate different types of electrical waveforms over a wide

range of frequencies. Some of the most common waveforms the function generator produces

are the sine wave, square wave, triangle wave, and sawtooth shapes. Thus, with negative electric

waveforms or a variable negative electric field, the electrified positive fluid jet is oriented in the

chosen X-Y position, obtaining collimated electrospun membranes with different geometrical

arrangements or shapes. Furthermore, it was possible to obtain results like those obtained in

the LF. Simultaneously, selecting different membrane thicknesses, i.e., in the Z direction, is

possible; this led to the development of an XYZ electrospinning equipment by orienting the

current path of the electrified fluid jet of fibers diameter, with and without applying the electric

field to the deflector plates. The nanofibers obtained from the polymeric membranes, which

originated after the straight segment of the Taylor cone, did not exhibit a random trajectory

and position. Instead, the collimated electrified fluid jet deposited them in a cross pattern

(X-Y) on the collector-cathode plate.

2 Sample preparation and experimental setup

2.1 Sample preparation

The nanofiber membranes were created using polyvinylidene fluoride (PVDF), a synthetic

resin polymerizing vinylidene fluoride (CH2 = CF2). PVDF is a rigid plastic resistant to flame,

electricity, and most chemicals. On the other hand, PVDF is a polymeric smart material with

Fig 1. Assembly of XZ electrospinning system. 1) Function generator, 2) Polymer, 3,4) Electrical isolation, 5)

Deflector plates X, 6) Electrified fluid jet trajectory,7) Thickness Z, 8) Polymer injector, 9) Taylor cone (straight

segment), 10) Timer switch, 11) Anode, 12) High voltage 2 to 20 kV, 13) Collector-cathode plate.

https://doi.org/10.1371/journal.pone.0308026.g001
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interesting piezoelectric, pyroelectric, and ferroelectric properties [9]. PVDF membranes are

flexible, lightweight, biocompatible, and chemically stable [9, 10]. Furthermore, PVDF

responds to pressure, electric signals, temperature, sound, light, and moisture [11]. Due to

PVDF’s biocompatibility and humidity sensitivity, PVDF is an excellent candidate as a sensor

Fig 2. Assembly of XYZ electrospinning system. 1) Function generator, 2) Polymer, 3,4) Electrical isolation, 5)

Horizontal deflector plates X, 6) Vertical deflector plates Y, 7) Electrified fluid jet trajectory, 8) Thickness Z, 9)

Polymer injector, 10) Taylor cone (straight segment), 11) Timer switch, 12) Anode, 13) High voltage 2 to 20 kV, 14)

Collector-cathode plate.

https://doi.org/10.1371/journal.pone.0308026.g002

Fig 3. The assembly of the LF-XYZ electrospinning system follows the LF trend. 1) Function generator X(t) = A sin

(ωt), Y(t) = B sin(Ot + δ), the deflector plates for X and Y are biased with negative sinusoidal signals of -10 Vpp at a

frequency of 1 Hz, phase-shifted by 90˚, 2) Polymer or substance, 3) Electrical isolation, 4) Horizontal deflector plates

X, 5) Vertical deflector plates Y, 6) Positively electrified fluid jet trajectory, 7) Thickness Z of LF, 8) Polymer injector, 9)

Taylor cone (straight segment), 10) Timer switch, 11) Anode, 12) High voltage 2 to 25 kV, 13) Collector-cathode plate.

https://doi.org/10.1371/journal.pone.0308026.g003
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for biomedical applications. The development of prosthesis fabricated in polyvinylidene fluo-

ride by a 3D printer [12]. The PVDF/DMF (Dimethylformamide) solution was prepared as fol-

lows: a 20 wt.% composition was achieved by dissolving PVDF powder in DMF. The mixture

was then kept at 60˚C for 1 hour to ensure homogeneity. PVDF powder and DMF were pur-

chased from Sigma Aldrich (Saint Louis, MO, USA). The other material used, Polyvinyl chlo-

ride (alternatively: poly(vinyl chloride) abbreviated: PVC [13] to manufacture the PVC

membranes was obtained employing an adhesive-based solution of PVC resins in organic sol-

vents, Ref.: 501027, Ceys Co. from which a sample was obtained and placed in the XYZ electro-

spinning system to get the membrane.

Fig 4. a) Experimental arrangement of electrospinning of polymeric nanofiber membranes in a random,

unmodulated fashion of PVDF membrane. The positive jet polarity of the polymer jet (Taylor cone) used PVDF is

exhibited by b) and c) PVDF randomly shaped polymeric nanofiber membrane on an aluminum collector-cathode

plate.

https://doi.org/10.1371/journal.pone.0308026.g004

Fig 5. Shows the experimental arrangement based on XZ electrospinning, a) two electrodes or deflector plates on

direction X separated with 110 mm where it was excited b) with a sinusoidal signal of -10 Vpp, at a frequency of 1 Hz.

The high voltage was 18 KV from the electrospinning for 4 minutes.

https://doi.org/10.1371/journal.pone.0308026.g005
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2.2 Experimental setup

The XYZ electrospinning developed for obtaining polymer membranes or “prints” made of

ultra-thin branched fibers elaborated using the mentioned technique of modulated and colli-

mated electrospinning, i.e., avoiding randomness in the trajectory of the electrified fluid jet in

the polymeric membrane mesh. The way to carry out these non-random membranes, as far as

their direction and position, was experimentally tested. Thus, the trajectory of the positively

electrified fluid jet of the polymer nanofiber was modulated and collimated using an electro-

static deflection system induced with a negative sinusoidal signal in the positively charged jet

of the polymer as it leaves the tip of the Taylor cone. This electrostatic modulation system con-

sists of two pairs of copper plates or electrodes with a thickness of 1 mm of 72 x 38 mm, sepa-

rated at a distance between 45 and 30 mm as deflectors placed perpendicularly for the X and Y

direction, which in turn, were polarized with an electric field employing a sinusoidal signal

generator with peak amplitude from 5 to 20 V, shifting the signal or offset to the negative

plane, at a frequency from 1 to 10 Hz. The distance from the nozzle that initiates the Taylor

cone to the collector-cathode plate of the high-voltage source was 110 mm. Polymeric mem-

branes featuring nanofibers were produced through the application of two sinusoidal signals

with varying frequencies, phases, and amplitudes, induced on the X-Y deflector plates, as illus-

trated in the diagrams of Figs 1 and 2. Also, similar to the LF, polymeric membranes were pro-

duced, Fig 3. The thickness or overlap of the membrane layers, modulated by the exposure

time, gives the trajectory Z. A high voltage of 18 kV was used for XYZ electrospinning. Fig 1

shows the electrospinning setup for generating the jet of collimated and directed electrified

fibers in the X position employing horizontal deflection plates X and the thickness Z of the

membrane.

Fig 2 shows the electrospinning setup for generating the jet of collimated and directed elec-

trified fibers in the XY position, employing horizontal deflection plates X, vertical deflection

plates Y, and the thickness Z of the membrane.

Fig 3 illustrates the experimental arrangement for obtaining polymer or substance mem-

branes, following the trend of the LF, where the X and Y deflector plates were polarized with

Fig 6. Illustrates the deposits of the polymeric membranes in the X direction based on Fig 1, with different dimensions

in terms of width deposited of 15 mm (a,b) y 6 mm (c,d) with a distance between deflector plates of 45 mm y 30 mm

respectively, with a sinusoidal signal of -10 Vpp, at a frequency of 1 Hz. The thickness (Z) of the membranes was 248

μm (PVC, Fig 11).

https://doi.org/10.1371/journal.pone.0308026.g006
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two negative sinusoidal signals of -10 Vpp at a frequency of 1 Hz, phase-shifted by 90˚, out of

phase.

In this context, the differences, advantages, and disadvantages of the XYZ electrospinning

system are summarized in Figs 1–3:

Fig 1: XZ electrospinning, configuration Fig 1 illustrates the electrospinning setup that gen-

erates a collimated and directed jet of electrified fibers in the X position, employing horizontal

X deflector plates. The excitation voltage applied to the deflector plates is -10 Vpp at a fre-

quency ranging from 1 to 10 Hz, with Z denoting the membrane thickness.

Fig 2: XYZ electrospinning, configuration Fig 2 demonstrates the electrospinning setup for

producing a collimated and directed jet of electrified fibers in the XY position, utilizing hori-

zontal X deflector plates and vertical Y deflector plates. The excitation voltage applied to the

X-Y deflector plates is -10 Vpp at a frequency ranging from 1 to 10 Hz, with Z representing the

membrane thickness.

Fig 3: LF-XYZ electrospinning configuration Fig 3 shows the experimental setup for mem-

brane fabrication following the LF. Here, the deflector plates for X and Y are biased with nega-

tive sinusoidal signals of -10 Vpp at a frequency of 1 Hz, phase-shifted by 90˚. Z is indicative of

the membrane thickness. LF have been an important tool in physics and engineering; they

Fig 7. Shows the experimental setup that was used based on Fig 2, consisting of a pair of deflector plates for the X

and Y directions, as well as the results of the electrospinning of the polymer in the X-Y paths on the aluminum

cross-shaped collector-cathode plate.

https://doi.org/10.1371/journal.pone.0308026.g007
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allow for the graphical analysis and interpretation of the interaction of two perpendicular

motions on a particle [14]. Additionally, it is possible to generate LF made of nanofibers by

manipulating the X and Y signals, i.e., in terms of two waves with different possible amplitudes

and frequencies, we can write the following for the X and Y coordinates used to display the LF:

XðtÞ ¼ A sinðotÞ;YðtÞ ¼ B sinðOtþ daÞ

Consequently, as the phase of the two waves (of the same frequency) varies, the resulting

output shape transforms. The output shape is a circle when the waves are at a phase angle of π/

2. The output shape is a straight line when the waves are in phase. When the waves are at a

phase angle of exactly π/2, the output shape is a distorted ellipse. Various distorted ellipses can

be observed between these two extremes [15].

3 Results

3.1 Conventional electrospinning setup

The results show the experimental arrangement of conventional electrospinning, randomly

without modular Fig 4, where a PVDF nanofiber membrane was obtained. The distance

between the polymer injector and the collector-cathode plate was 110 mm, the positive polarity

of the polymer jet (Taylor cone) used PVDF or PVC is shown, and the membrane deposited

on the collector-cathode plate with a thickness as shown in Fig 11 (Z vs Time) (c). The high

voltage was 18 KV from electrospinning.

3.2 XZ electrospinning setup

Fig 5 shows the experimental arrangement; the polymer for the test was PVC resin, illustrated

in the schematic in Fig 1, a) two electrodes or deflector plates separated with 110 mm where it

was excited b) with a sinusoidal signal with peak-to-peak amplitude of 10 V shifting the signal

Fig 8. Illustrates the cross-shaped polymeric membranes deposition with widths of 7 mm (a,b) and 12 mm (c,d) with a

distance between deflector plates of 30 mm and 45 mm, respectively, both in X and Y. The Z thickness was 248 μm

(PVC, Fig 11).

https://doi.org/10.1371/journal.pone.0308026.g008
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Fig 9. Describes the instrumentation used to obtain a circular-shaped LF. The phase difference between the two

sinusoidal waves with amplitudes of -10 Vpp signals at 1 Hz for X and Y was 90˚.

https://doi.org/10.1371/journal.pone.0308026.g009

Fig 10. Illustrates the deposition or print of the PVC-pigmented resin electrospun membrane on the collector-cathode

plate based on Fig 3, (a) clearly shows the circular trend of the positively charged polymer jet width trajectory in the

electrospun membrane print (b), similar to LF.

https://doi.org/10.1371/journal.pone.0308026.g010
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Fig 11. Exposure time against the corresponding Z, PVC-based resin, and PVDF polymer.

https://doi.org/10.1371/journal.pone.0308026.g011

Fig 12. PVC SEM x5000, a) central zone with electric field b) end zone without applying the electric field.

https://doi.org/10.1371/journal.pone.0308026.g012
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or offset to the negative plane (-10 Vpp) at a frequency of 1 Hz. The high voltage was 18 KV

from the electrospinning for 4 minutes, with a thickness Z, as shown in Fig 11.

Fig 6 illustrates the deposition of the polymeric membranes in the XZ direction based on

Figs 1 and 5, with different dimensions in terms of deposited width of 15 mm (a,b) and 6 mm

(c,d) with a distance between deflector plates of 45 mm and 30 mm respectively, with -10 Vpp,

at a frequency of 1 Hz. On the aluminum collector-cathode plate, the Z thickness of the poly-

meric membranes was 248 μm (Fig 11). Fig 7 shows the experimental setup used, consisting of

a pair of deflector plates for the X and Y directions, as well as the results of the electrospinning

Fig 13. PVC SEM x10000, a) central zone with electric field b) end zone without applying the electric field.

https://doi.org/10.1371/journal.pone.0308026.g013

Fig 14. PVDF SEM x5000, a) central zone with electric field b) end zone without applying the electric field.

https://doi.org/10.1371/journal.pone.0308026.g014
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of the polymer in the X-Y paths on the aluminum cross-shaped collector-cathode plate, which

was obtained using a sinusoidal signal of -10 Vpp, at a frequency of 1 Hz. Also shown are the

cross-shaped membranes deposition on the aluminum collector-cathode plate with different

membrane widths as illustrated in Fig 8, (a,b) 7 mm and (c,d) 12 mm with a distance between

deflector plates of 30 mm and 45 mm respectively, both in X and Y. The Z thickness was 248

μm (PVC, Fig 11).

3.3 XYZ electrospinning setup to follow LF trajectories

Continuing in this context, considering the concept for obtaining the LF that have been a very

important tool in physics and engineering, these allow graphically analyzing and interpreting

the interaction on a particle or electron beam of two perpendicular oscillatory motions of dif-

ferent frequencies [15]. Furthermore, emulating the obtaining of the “printed” or deposited LF

on the collector-cathode plate, carried out by induction of a negatively charged electric field

acting on the X and Y plates, which in turn impinge on the positively charged polymer jet exit-

ing the Taylor cone (Fig 4b), when using the proposed XYZ electrospinning, illustrated in the

schematic in Fig 3. Also, experimentally, it was tested, where the X and Y deflector plates were

polarized with two sinusoidal waves, X(t) = A sin(ωt) and Y(t) = B sin(Ot + δ), with amplitude

of -10 Vpp to A and B, at a frequency of 1 Hz out of phase 90˚. Likewise, Fig 9 describes the

instrumentation that was used to obtain a circular biased LF. The results obtained using XYZ

electrospinning were satisfactory, as shown in Fig 10.

The deposition of the PVC-pigmented resin electrospun membrane on the cathode-collec-

tor plate is illustrated in Fig 10, a) clearly showing the circular trend of the positively charged

polymer jet width trajectory in the electrospun membrane print b), similar to LF.

3.4 Thickness Z

Concerning the thicknesses (Z) obtained from membranes of a polymer based on PVC resins

and PVDF. The graph Fig 11 shows the electrospinning exposure time in minutes vs. the cor-

responding Z thickness in μm is illustrated for PVC resin and PVDF.

Fig 15. PVDF SEM x10000, a) central zone with electric field b) end zone without applying the electric field.

https://doi.org/10.1371/journal.pone.0308026.g015
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3.5 Results of the effect of the additional electrical field on the nanofibers

diameter and the orientation of the produced nanofibers by XYZ

electrospinning on PVC and PVDF membranes

The additional electric field acting on the deflector plates is of low amplitude, -10 Vpp at a fre-

quency of 1 to 10 Hz, compared to the voltage of 20,000 V in the positively polarized fiber jet

between the Taylor cone anode (straight segment) and the collector-cathode, used in electro-

spinning. This additional electric field does affect the nanofiber diameter and orientation dis-

tribution. As shown in the amplified images obtained, the method described for preparing

samples for PVC and PVDF membranes and a scanning electron microscope (SEM)

JEOLJSM-6360LV were used. The Fig 12. PVC SEM x5000, Fig 13. PVC SEM x10000, Fig 14.

PVDF SEM x5000, and Fig 15. PVDF SEM x10000 was used to determine the fiber diameter in

relation to the percentage of nanofibers and the orientation distribution of the processed nano-

fibers. Also, these SEM figures exhibit in a) when the electric field was applied to the mem-

brane obtained by electrospinning in the central zone through the deflector plates in the X or

Fig 16. Frequency of fiber diameters in PVC SEM x5000.

https://doi.org/10.1371/journal.pone.0308026.g016
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Y direction and in b) leaving it free without the application of the electric field to the plates in

the extreme zone.

Fig 16 shows the diameters of the fibers relative to the percentage of nanofibers in PVC

SEM x5000, with and without applying an electric field.

Regarding the orientation of the nanofibers, the additional electric field had a significant

impact. Fig 17 illustrates the orientation in degrees with respect to the center (0 degrees) of the

PVC SEM x5000 image.

Fig 18 shows the diameters of the fibers relative to the percentage of nanofibers in PVC

SEM x10000, with and without applying an electric field.

Fig 19 illustrates the orientation in degrees with respect to the center (0 degrees) of the PVC

SEM x10000 image.

Fig 20 shows the diameters of the fibers relative to the percentage of nanofibers in PVDF

SEM x5000, with and without applying an electric field.

Fig 21 illustrates the orientation in degrees with respect to the center (0 degrees) of the

PVDF SEM x5000 image.

Fig 22 illustrates the orientation in degrees with respect to the center (0 degrees) of the

PVDF SEM x10000 image.

The program described in [16] was used for processing nanofiber diameters and orientation

distribution. Also illustrated in Fig 23, energy dispersive X-ray (EDS) analyzer [17, 18] for

PVC-based resin and PVDF membranes from Figs 12 and 15 respectively.

4 Discussion

The development of polymeric membranes or “prints” of ultrathin branched PVDF and PVC

fibers manufactured by modulated electrospinning and collimated by the induction of a vari-

able negative electric field on the deflector plates acting on the jet of the polymer or positively

charged substance. This methodology circumvents the potential for randomness in the trajec-

tory within the membrane lattice. The method to create these non-randomly oriented mem-

branes, which was proposed and experimentally tested, exhibited satisfactory results in

modulating the nanofiber trajectory using an electrostatic deflection system as shown in Figs

Fig 17. Orientation distribution of PVC nanofibers SEM x5000, a) With electric field, orientation of PVC SEM x5000, b)Without electric field,

orientation of PVC SEM x5000.

https://doi.org/10.1371/journal.pone.0308026.g017
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Fig 18. Frequency of fiber diameters in PVC SEM x10000.

https://doi.org/10.1371/journal.pone.0308026.g018

Fig 19. Orientation distribution of PVC nanofibers SEM x10000, a)With electric field, orientation of PVC SEM x10000, b)Without electric field,

orientation of PVC SEM x10000.

https://doi.org/10.1371/journal.pone.0308026.g019
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5, 7 and 10, which acts on the fiber or substance of the positively charged jet which is presented

at the beginning of the Taylor cone (Fig 4b). This electrostatic modulation system consists of a

pair of deflecting metal plates for X and Y directions excited with a variable electric field with

amplitude from -10 Vpp to 1 Hz. An 18 kV DC amplitude was used as the high voltage source

of the electrospinning for 4 minutes. The thickness (Fig 11) or orientation Z was obtained by

the superposition of membrane layers controlled by the electrospinning operation time. Also,

the SEM images obtained by XYZ electrospinning of the PVC and PVDF membranes were

used to determine the fiber diameter in relation to the percentage (Figs 16, 18, 20 and 24) and

orientation distribution (Figs 17, 19, 21 and 22) of the processed nanofibers, with and without

applying the electric field on the deflector plates. It was clearly demonstrated that the applica-

tion of the electric field on the X-Y deflector plates did modify the diameter of the nanofibers,

obtaining a fundamental range of the diameter of the nanofibers up to 375 nm, that is, Fig 16,

up to 310 nm, Fig 18, up to 310 nm, Fig 20, up to 375 nm and Fig 24, up to 200 nm. Regarding

the orientation of the nanofibers, the additional electric field had a significant impact, Figs 17a,

Fig 20. Frequency of fiber diameters in PVDF SEM x5000.

https://doi.org/10.1371/journal.pone.0308026.g020
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19a, 21a and 22a, illustrate the greatest orientation in degrees with respect to the center (0

degrees) at -45 to +45 degrees.

This equipment developed, XYZ electrospinning, opened the possibility for the first time to

control at will the trajectory of the polymeric nanofiber bundles in the X-Y-Z directions, emu-

lating a 3D printer. Thus, achieving any “printed” shapes or patterns of nanofiber bundles,

with the potential for application in a wide range of industrial contexts [19–22], in the biomed-

ical field [4, 6, 23, 24] as well as in medicine creating scaffolds or patches that supply the drug

as well as in artificial skin with specific membrane sieves. The same can be said for the forma-

tion of arrangement of biosensors [7] in the form of a chessboard or emulating LF with differ-

ent shapes and even in several layers of electrospinning [14]. Likewise, it can be used in the

conformation of bounded arrays in specific trajectories with smart polymers such as piezopo-

lymers, conductive polymers, or composites formed by specific polymers/oxides, such as

Fig 21. Orientation distribution of PVC nanofibers SEM x10000, a) With electric field, orientation of PVDF SEM x5000, b) Without electric field,

orientation of PVDF SEM x5000.

https://doi.org/10.1371/journal.pone.0308026.g021

Fig 22. Orientation distribution of PVC nanofibers SEM x10000, a)With electric field, orientation of PVDF SEM x10000, b)Without electric field,

orientation of PVDF SEM x10000.

https://doi.org/10.1371/journal.pone.0308026.g022
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Fig 23. X-ray energy dispersive analyzer for: a) Membrane of PVC-based resin nanofibers and b) membrane of PVDF nanofibers.

https://doi.org/10.1371/journal.pone.0308026.g023

Fig 24. Frequency of fiber diameters in PVDF SEM x10000.

https://doi.org/10.1371/journal.pone.0308026.g024
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ferroelectric, metallic as well as ferromagnetic polymer [25]. As for the formation of LF, which

are complex and harmonic patterns, it is generally associated with the superposition of two

simple harmonic motions in perpendicular directions [15], i.e., when sinusoidal signals are

applied to both X and Y deflection plates. To obtain the circular LF, the phase difference

between the two sinusoidal signals applied to the XY deflector plates was 90˚ or 270˚. The

potential of influencing the orientation of specific patterns of the polymer or substance jet by

obtaining patterns or trends like LF deposited on the collector-cathode plate of the XYZ elec-

trospinning (Fig 10) was explored.

5 Conclusions

The developed equipment, XYZ electrospinning, orients the trajectory and collimates the elec-

trified fluid jet of polymer nanofibers by induced electric fields. It justifies the main conclu-

sion: that by its characteristics and results obtained, it operates similarly to a 3D printer. With

the control of a jet of the substance to be printed on the cathode with great versatility in the

management of the position of the deflector plates XY, in the time of the deposit or thickness

Z (Fig 11), in the value of the high voltage, of the distance between positively charged Taylor

Cone and the cathode. Importantly, it is possible to emulate the production of electrospun

membranes such as LF [14]. Furthermore, this innovative development creates a large area of

high impact in biomedical engineering [5, 7, 23, 24] and industry [19, 20, 26], especially when

used with jets of smart polymeric materials or nanofibers which respond to pressure, thermal,

magnetic, light, chemical, flow, gas sensors, scaffolds, and permeable membranes, [5, 8, 21,

25]. Moreover, this development has opened up a myriad of uses when making electrospinning

that emulate and follow trends with LF. Also, it has been essential to demonstrate and quantify

in the SEM images obtained by XYZ electrospinning of the PVC and PVDF membranes the

diameter of the fiber about the percentage and distribution of the orientation of the processed

nanofibers, with and without applying the electric field in the XY deflector plates, which did

modify the diameter and orientation distribution of the nanofibers.

Finally, a future direction and potential applications of XYZ electrospinning are proposed

for the deflector plate electrodes by automating them through the control of linear actuators

that operate during the electrospinning process, thereby controlling the deposition width.

Another aspect would be to place a series of deflector plates, segment the electrodes, and excite

the X-Y segments via a computer control program. Additionally, the high voltage distance

between the Taylor cone and the cathode plate could be programmed to select fiber diameter.

Therefore, the future direction would be to utilize different compounds for electrospinning,

thereby creating combined membranes made from various materials with different X-Y posi-

tions and Z thicknesses. The significant impact of using XYZ electrospinning will be its versa-

tility in making membrane deposits that can be managed or controlled by automated and

programmed means, such as a 3D textile machine to produce different prints combined with

different solutions.

Author Contributions

Conceptualization: Vı́ctor Garcı́a-Limón, Ernesto Suaste-Gómez.
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Validation: Ernesto Suaste-Gómez.
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25. Suaste-Gómez E, Hernández-Rivera D, Garcı́a-Morales NA, Palomino-Roldán G, Reyes-Cruz H. Light

Modulation in Magnetic Polymer Composite Nanofibrous Membranes by Applying a Variable Magnetic

Field. IEEE Transactions on magnetics. 2020; 56(3). https://doi.org/10.1109/TMAG.2019.2955630

26. Li C, Yin Y, Wang B, Zhou T, Wang J, Luo J, et al. Self-Powered Electrospinning System Driven by a

Triboelectric Nanogenerator. Acs Nano. 2017; 11(10):10439–10445. https://doi.org/10.1021/acsnano.

7b05626 PMID: 28926694

PLOS ONE A XYZ electrospinning that orients trajectory and collimates electrified fluid of PVDF by electric fields

PLOS ONE | https://doi.org/10.1371/journal.pone.0308026 August 1, 2024 20 / 20

https://doi.org/10.1038/srep19148
http://www.ncbi.nlm.nih.gov/pubmed/26754440
https://doi.org/10.21608/EJCHEM.2019.14837.1898
https://doi.org/10.1007/s42765-021-00105-8
https://doi.org/10.1016/j.fpsl.2023.101234
https://doi.org/10.1016/j.fpsl.2023.101234
https://doi.org/10.2147/IJN.S241909
http://www.ncbi.nlm.nih.gov/pubmed/32764920
https://doi.org/10.3390/bioengineering7010021
https://doi.org/10.3390/bioengineering7010021
http://www.ncbi.nlm.nih.gov/pubmed/32098366
https://doi.org/10.1109/TMAG.2019.2955630
https://doi.org/10.1021/acsnano.7b05626
https://doi.org/10.1021/acsnano.7b05626
http://www.ncbi.nlm.nih.gov/pubmed/28926694
https://doi.org/10.1371/journal.pone.0308026

