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Abstract
Near-field electrospinning (NFES) is an additive manufacturing technique that allows for both
high-resolution 3D structures and a wide variety of printed materials. Typically, a high electric
field between a nozzle, the spinneret, and the substrate creates a µm-sized jet of a supplied
liquid material. With mm distances between spinneret and sample, it is possible to have a fair
control of the lateral placement of the deposited material. The placement is, however, distributed
by various electrostatic phenomena, and this is one of the present challenges in developing
NFES into a more versatile technique. In this paper, a higher degree of control in NFES
placement was achieved through manipulation of the electric field direction, using an auxiliary
steering electrode. The position of a polycaprolactone plastic jet was determined in real-time
with a camera attached to a stereo microscope. The measured position was used to calculate an
applied potential to the steering electrode to guide the plastic jet to the desired position. The
placement accuracy was measured both at the substrate and during flight using the camera and
microscope. The higher control was revealed through the deposition of plastic fibers in a pattern
with decreasing separation, with and without the active steering electrode enabled. It is in the
authors’ opinion that the fabrication of dense structures could be possible with further
refinement of the technique.

Keywords: near-field electrospinning, electrohydrodynamics, e-jet printing, fiber control,
closed-loop control

(Some figures may appear in colour only in the online journal)

1. Introduction

Near-field electrospinning (NFES), also known as electro-
hydrodynamic 3D-printing, is a recently developedmethod for
direct-writing of micro- and nanofibers, with the potential of
creating detailed structures in areas such as microelectronics

Original content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

and microelectromechanical systems [1]. The technique
allows for printing scaffold structures but not yet general solid
3D-structures. This work aims at evaluating the possibility to
develop the NFES technique into a general additive manufac-
turing process, in analogy with the fused deposition modeling
processes, by the use of an active electrostatic steering system.

In the NFES process, a high voltage is applied between a
spinneret, that is supplying liquid materials, and a substrate.
The distance between the spinneret and substrate is typically
up to a fewmm. The strong electric field forms a Taylor cone of
the liquidmaterial, and as the electrostatic forces overcome the
surface tension, an electrohydrodynamic-jet (e-jet) of liquid
material is continuously ejected towards the substrate. Two
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Figure 1. Stationary ejection of fiber for demonstration of the
results of (a) high coulombic repulsion on a glass substrate, (b) low
coulombic repulsion on a silicon substrate.

different liquid materials are typically used in near-field elec-
trospinning; polymers dissolved in a solvent or, less com-
monly, molten polymers [2]. Melt-NFES, also known as melt
electrowriting, was first introduced in 2011 as a method of cre-
ating 3D scaffolds and other structures [3]. Typically, melt-
NFES produces larger diameter fibers than the solvent-based
variant, but it is possible to reach sub-micrometer diameters
using melt-NFES [4]. A commonly encountered problem of
NFES is the charge effects of previously deposited mater-
ial when printing on non-conductive substrates [5]. Even so,
high-resolution 2D- and 3D-structures with 30 µm separation
between plastic lines on a glass substrate are possible using
melt-NFES, using a very short spinneret to substrate distance
of 170 µm [6]. The deposited material forms both repulsive
and attractive interactions with the polymer jet [5]. Using a
substrate that dissipates the charges quickly, such as paper [7],
the effect of Coulombic repulsion is decreased. Humidity in
the air affects the adsorption of water on surfaces forming OH-

and H+, which increases the surface conductivity of otherwise
insulating substrates [8]. Due to the low radius of printed fiber
on top of the otherwise flat substrate, the electric field gradi-
ent will be strongest at this sharp edge [5]. This creates a force
with the opposite effect to the Coulombic repulsion, attracting
the e-jet towards already deposited material on the substrate,
and can cause stacking of fibers [5]. Figure 1 shows a demon-
stration of cases where the forces on the plastic jet are affected
by high Coulombic repulsion, figure 1(a), and low Coulombic
repulsion, figure 1(b). The fiber spreads out on the glass sub-
strate in figure 1(a), and forms a pillar structure on a silicon
substrate in figure 1(b). The electrostatic forces on the e-jet due
to Coulombic repulsion and substrate shape, e.g. sharp edges
of deposited fibers, typically prevent the e-jet from being prin-
ted in a straight line from the spinneret, orthogonally to the
substrate, and the forces are increasing in magnitude as the
distance between the e-jet and the previously printed structure
decreases [5]. To the authors’ knowledge, no dense 2D or 3D
structures with material reliably deposited side-by-side, form-
ing filled shapes, has been achieved using NFES to date.

Various methods have been shown to be able to increase
the writing resolution of NFES and the more common far-field

electrospinning (FFES): stretching and trailing the e-jet during
NFES makes the deposited fibers more linear [9], allow-
ing denser linear structures, but decreases control in patterns
with corners or curves [10, 11]. Special NFES spinnerets that
include a laminar flow of a sheath gas can constrain the e-jet
[11–13]. The electric field in FFES can be focused into a con-
trolled field through the use of electrostatic lenses and extract-
ors [14–18], a sharp pin electrode beneath the substrate [19], or
with a cylindrical side-wall electrode [20, 21], narrowing the
printing area. A pre-defined printing pattern on a substrate can
make it possible to build walls with ordered directions rather
than the characteristic random orientation of the fiber using
FFES [22]. Auxiliary electrodes have been used to steer elec-
trospun fibers in FFES [23–25], and have also been used with
solution-based NFES to produce wavy lines, via an alternat-
ing voltage being applied to the electrodes [26]. An auxiliary
electrode has previously shown that the accuracy of NFES in
corners can be increased [27]. In this work, an active steering
system is added to a melt-NFES setup to increase the print-
ing resolution. The added system dynamically affects the dir-
ection of the electric field by controlling the potential of an
auxiliary electrode, steering the e-jet into the desired position.
The input to the closed-loop control algorithm is the e-jet pos-
ition, as measured through a camera at a fixed distance above
the substrate surface. Melt-NFES is used in this work and the
experimental parameters were selected to achieve a fiber with
a diameter of around 10 µm, since such a wide melt polymer-
jet is easier to identify with the camera. The viscosity of the
polymer-jet in combination with the chosen width also results
in lateral movements slow enough to be compatible with the
present refresh rates of the algorithm. In this work, the effect
of using an auxiliary steering electrode on the deposition res-
olution of fibers is evaluated. To prevent fiber stretching from
too fast movement (fiber trailing) or whipping due to too slow
movement (axisymmetric instability), stage movement speed
and applied potential to the substrate are matched in this work.

2. Material and methods

2.1. Printing setup

The printing setup used was previously developed in-house
and contains an XYZ-stage powered by three PiezoMotor
LEGS LT2010A piezoelectric motors, connected to Piezo-
Motor DMC-30 019 controllers and HeidenHain optical pos-
ition sensors LIP 403 for positional feedback. The XYZ-
stage provides approximately 25 mm × 25 mm × 10 mm
range of movement. A substrate consisting of a glass slide
(10 mm × 10 mm × 140 µm, Assistant Deckgläser) attached
with conductive carbon tape on a scanning electron micro-
scope (SEM) substrate holder was mounted in the XYZ-stage.
For tests adding successive layers to form a 3D-structure, the
glass substrate was replaced with a 10 mm × 10 mm piece of
a silicon wafer (orientation (100) with a resistivity of 0.004–
0.006 Ωcm). The printing head was a VWR 100 µl micro syr-
inge mounted above the substrate, with the spinneret being
the needle cut and ground into a truncated cone shape. This
microsyringe was heated by a soldering iron (Weller WT1)
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Figure 2. Printing setup with the major components labeled. (a) 3D model, (b) photo of the setup used in the experiments.

inserted into a heating block that surrounded the tip of the
syringe. A close-up of the setup can be seen in figure 2. Up
to 8 bars of pressure could be applied to the back of the
microsyringe via nitrogen gas. The polycaprolactone (PCL)
used for printing was purchased from Sigma Aldrich (Mn
45 000, 704 105–100G). A steering electrode was mounted to
the side and below the spinneret, perpendicular to the main
printing direction. The electrode had earlier been developed
in-house and consists of an embedded copper trace on a PCB,
the PCB closest to the spinneret is flexible polyimide [28].
This electrode was connected to a high-voltage amplifier (Trek
model 610E). The spinneret of the printing head was connec-
ted to ground, while the substrate holder was connected to the
positive terminal of a high-voltage source (Spezialelektronik
iSeg S3CP030 0–3 kV).

The XYZ-stage was controlled via a LabVIEW program
developed in-house, this same program was used to toggle the
active steering of the PCL jet on or off. The plastic jet was
observed using the image of an Imagesource DMK 233UX263
CCD camera connected to a Nikon SMZ745T stereo micro-
scope. A MATLAB-script was used to analyze the image in
real-time to determine the position of the plastic jet, and then
calculate a voltage through a proportional-integral (PI) loop to
apply to the steering electrode to actively steer the plastic jet
to the correct position.

To minimize any vibration to the system, the printing setup
was placed on an anti-vibrational table (TMC micro-g 63–
521), and a fan-less light source was used (Schott KL300
LED). A humidifier (Winix AW600) was placed in the room,
and its outlet was directed to blow humid air over the stage.
The humidity and temperature were measured using a Fish-
erbrand Traceable hygrometer.

2.2. Printing parameters

The printing parameters used in this work are mostly based
on previous experiments [28], with some minor modifications.
The distance between the spinneret and substrate was set to

500µm, the steering electrodewas placed around 100–150µm
above the substrate, and the height for measuring the posi-
tion of the plastic jet through the CCD video camera feed was
50–70 µm above the substrate. These distances can be seen
in figure 3. To ensure that these distances did not vary much
while printing, there was a calibration routine for each sample.
This routine consisted of measuring the height variations, i.e.
orthogonally to the substrate surface, at the outer points of the
sample, and then setting the software to correct for a substrate
that is not flat with the movement of the stage. The printing
speed was set to 2.5 mm s−1. The pressure and voltage were
then adjusted to find a point where the diameter of the fiber
was roughly 10 µm with minimal trailing of the fiber, while
not getting any whipping. Working parameters were found at
an applied pressure of 1 bar, printing temperature of 90 ◦C, and
2.1 kV potential between the spinneret and the substrate. The
nominal voltage applied to the steering electrode was 0.9 kV.

2.3. Closed-loop control

The active control of the PCL jet was performed by con-
tinuously regulating the potential on the steering electrode
between 0 V and 1.85 kV, with a nominal voltage of 0.9 kV.
A stereo microscope with a camera was observing the PCL
jet. The image was analyzed using a custom MATLAB code
[28]. The user selected the area where the script was to look
for the jet (orange box in figure 3), and the desired zero-point
of the PCL jet (orange dashed line in figure 3). A PI-based
control loop calculated the voltage to apply to the electrode
based on the distance between the center of the jet and the
zero-point. The P- and I-parameters to use in the control loop
were found by increasing the parameters until the jet got into
self-oscillation, and then backing off until the jet was stable
again. In the case of a high P-value, there was a rapid oscil-
lation, and in the case of a high I-value, there was a slower
oscillation. The position of the jet and the voltage applied to
the electrode was stored in a file to be available for analysis
later. The active steering is only in one direction, horizontally
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Figure 3. Illustration of the printing setup showing the spinneret, substrate, steering electrode, and PCL jet. Drawn in orange are the camera
measurement zone, where the MATLAB-script searches for the PCL jet, and the set 0-position for the script. The important distances in the
setup are shown in blue.

in figure 3, as only one electrode and one camera angle were
used.

The auxiliary steering electrode [28] was modified for this
work by removing some inactive parts of the electrode. Pre-
viously, there was material from the flexible PCB on the side
opposite the steering electrode (right side in figure 3) which
did not have a copper trace. This inactive part was commonly
attracting the PCL jet, which caused clogging. The flexible
part of the electrode, closest to the spinneret, was also bent
down towards the substrate by hand, see figure 2(b). The bent
steering electrode enabled control of the PCL jet closer to the
substrate surface, figure 3, without any other part of the elec-
trode coming into contact with the substrate surface.

2.4. Printing pattern

The test pattern is presented in figure 4 and consists of 8 mm
long parallel printing lines, split into segments of varying dis-
tance between the printing lines, ranging from 40 to 75 µm.
The printing lines are perpendicular to the control direction
of the steering electrode. Half of the segments had a constant
voltage on the steering electrode, noted as ‘Steering disabled’
in figure 4, and the other half used the PI controller with the
camera image as input to actively steer the PCL jet to the cen-
ter, and is noted as ‘Active steering enabled’ in figure 4. To find
out if there was any significant difference in starting with the
active steering enabled or disabled, half of the samples were
printed with either configuration. In between each segment,
there is a separating reference printing line with 250 µm dis-
tance to the two segments it separates. These lines were used
as reference lines that are assumed to be unaffected by cou-
lombic repulsion and point effect attraction to any fiber prin-
ted previously. The segments were printed in two passes, the
first of which printed every other line, seen as blue lines in
figure 4, and the second pass printed lines between the ones
printed in the first pass, the dashed orange lines in figure 4.

Figure 4. The printing pattern used in the experiments. The 1st and
2nd lines indicate the first and second pass of the printing. Also
displayed are various features present in the pattern. Given
distances, 40–75 µm, regard the distance between the lines in the
pattern after the second pass. For half of the samples, active steering
disabled and enabled are switched around, so the active steering is
enabled from the start.

This gave more time for charges to disperse, with approx-
imately 170 s between passes, and it made the lines of the
second pass go in-between two previous lines. Each print was
preceded by a start-up pattern of nine lines, which printed
for enough time to stabilize the Taylor cone and fiber thick-
ness. The start-up pattern was also the time where the oper-
ator sets the zero-point for the active steering (orange dashed
line in figure 3), which is the point the PI algorithm tried
to hold.
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A separate, modified pattern was repeatedly printed to form
3D-structures. The pattern follows the same as in figure 4, but
contains added lines in theX-direction spaced out with 200µm
separation. This creates a crossing pattern that can be repeated
to create a taller, more complex structure. With each repeated
layer, the substrate was lowered 25 µm to compensate for the
height of the plastic deposited on the substrate. 2 × 10 µm is
needed to compensate for fiber height at crossing points and an
additional 5 µm lowering was used to compensate for uncon-
trolled factors.

2.5. Software

Different MATLAB-scripts were developed in-house for data
acquisition [28] and were slightly modified for this work. One
of these scripts extracts the position of deposited PCL fibers
from the light optical microscopy (LOM) images taken of the
substrates. The PCL fibers were observed as dips in brightness
compared to the background. The user set parameters for this
script, such as the number of data-points to look for, expected
distance between the PCL fibers, calibration of pixels per µm,
light intensity cut-off, and so on. Some of these, such as the
calibration of pixels per µm, were constant throughout all of
the measurements, while others, e.g. the light intensity cut-off,
had to be changed occasionally based on the light conditions
in the images. The calibration to convert the number of pixels
in the LOM images to µm on the substrate was performed by
printing 14 lines with 0.5 mm distance separation, half of them
with the active steering enabled, and half disabled. The dis-
tances measured between the lines were then measured in the
number of pixels in the LOM images. The average number of
pixels between the fibers was used to calibrate to 500 µm for
the rest of the measurements. The number of pixels was meas-
ured using the software ImageJ. Some of the LOM images had
to be modified, as dirt would show up as dark spots and be
mischaracterized by the script to be PCL fibers. The modifica-
tion consisted of adding a rectangle covering the dirt, with the
same color as the lighter gray background. Also, the user has
to manually account for any double or triple fibers, by finding
them and typing in the coordinates into MATLAB. The manu-
ally added lines were drawn out as yellow.

As described in section 2.3 closed-loop control, a MAT-
LAB script was used to determine the position of the PCL jet
above the substrate during the printing procedure. The script
also logged the positional data found, as well as the calculated
voltage to apply. Again, the PCL jet was detected by look-
ing for a dip in the light intensity input into the camera, as
the Taylor cone and PCL jet were seen as a dark silhouette on
a light background. To dampen the impact of noise, the 2D-
image was averaged out to a single row of light intensity points
crossing the PCL jet.

2.6. Electric field simulations

To visualize the electric fields and how they are affected by
the steering electrode, a simplified 2D model was set up and
simulated using COMSOLMultiphysics 5.5. Themodel uses a
grounded truncated rectangle as the spinneret, 500 µm above a

glass slide of 140 µm thickness. Below the glass slide, an alu-
minum rectangle with a potential of 2.0 kV acts as the counter
electrode. The steering electrode is emulated as a thin copper
rectangle 100 µm above the glass slide, and 200 µm offset
from the centerline of the spinneret. The potential of the steer-
ing electrode was changed within the range of potentials used
in the experiment to see how it affected the electric fields, and
thereby the plastic jet.

3. Results and discussion

Figure 5 shows the simulations of the electric fields present
with the steering electrode in use. A strong repulsion from the
steering electrode can be seen when the applied potential is
0 V. The nominal potential of 900 V gives a slight repulsion,
also shown in the illustration in figure 3. In figure 5(c), the
steering electrode’s potential is simulated at the hard-coded
maximum value of the feedback system, 1850 V. The central
streamlines are bent towards the steering electrode, but not as
sharply as the repulsive bend at 0 V in figure 5(a). Note that the
streamlines and the plastic jet are not straight down at 900 V;
that potential is still used to give significant control in both dir-
ections, being close to the center of the applied voltage range
of 0 to 1850 V. There is no need to strive for a perfectly ortho-
gonal central streamline, hence jet direction, but rather to get
a sufficiently large and controllable adjustment span around a
nominal/middle jet trajectory.

The humiditymeasured close to the printing setup remained
at 60 ± 5% at 21 ◦C throughout the experiment. Printing at a
significantly lower humidity without the humidifier has typic-
ally resulted in unstable printing behavior. Figure 1(a) was an
example of printing behavior at low relative humidity.

Figure 6 shows examples of printing behavior and gen-
erated lines by the LOM-image data acquisition MATLAB-
script. The PCL fibers were printed from the right to the left
sides in the images, split up in two passes. The printed fibers
furthest to the right in the figure are the reference lines, which
are used as 0-position for the distance measurements. The
drawn blue lines are the expected positions of the PCL fibers
based on the pattern, starting with a 250 µm space between
the reference line and the first in the series, and then 40 µm
between the rest. The green short lines are the center pos-
itions of detected PCL fibers and the yellow short lines are
added by the user, where fibers on top of each other, double-
stacked fibers, are identified. One measurement is made for
each drawn red rectangle, 47 measurements in the vertical
direction per PCL fiber. These two examples, figure 6, are
representative because they have a standard deviation close
to the average deviation of all the samples in the same cat-
egories. In the example, and in most samples, when the act-
ive steering is disabled and the lines are separated by 50 or
40 µm, double-stacked fibers will be formed due to deflection
of the electric field from extruding fibers, the sharp edge effect,
and decreased distance between deposited PCL and spinneret,
causing an attracting force. There are no double-stacked PCL
fibers in the example when the active steering is enabled. The
difference between double-stacked and single fibers can be
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Figure 5. Results of FEM 2D-simulations of a simplified version of the setup used, with the steering electrode being exposed copper. The
colored gradient is the electric potential, and the streamlines are the directions of the electric field in the setup. The applied potential on the
steering electrode (a) 0 V, (b) 900 V, (c) 1850 V, the spinneret is at ground potential, and the substrate at 2000 V.

Figure 6. LOM images of samples, where the distance between lines was set to 40 µm, with the printing order going right to left. The lines
furthest to the right are reference lines printed 250 µm away from the rest of the pattern. Examples are samples with (a) no active steering,
and (b) with steering enabled. Overlaid in red are sections where the custom MATLAB script looks for the PCL fibers, green lines are the
centers of detected PCL fibers, yellow lines are where double-stacked PCL fibers were identified and divided into two measurements, and
blue lines are the lines where the script expects plastic to be, based on the pattern.

seen in figure 7(a), where the upper structure in the insert is a
double-stacked fiber. With the steering electrode enabled, fig-
ure 7(b), the fibers are single fibers, but not consistently in the
expected position.

Typical data that is acquired from the LOM images is
presented in the right column of figure 8. Displayed are bars
that indicate the number of points the script found within 1 µm
intervals distance from the expected position. A larger amount
of counts close to 0 µm indicates a higher degree of positional
accuracy. In the left column of figure 8, related positional data
from the PCL jet in flight are presented. The data was taken
during the printing procedure, using the camera mounted to
the stereo microscope. For the substrate data with steering dis-
abled in figure 8, there is a noticeable split of the position,
which is due to most fibers being double-stacked fibers, lead-
ing to roughly half of the points will be in two separate peaks
on either side of the 0 µm point. With the steering electrode
enabled, the distribution forms one centered peak. The zero-
point of the PCL jet in flight is the value that was set by the

operator during the start of the print. If this value was incor-
rectly chosen, i.e. if it was not to the nominal/middle position
of the PCL jet, the mean value of the PCL jet in flight will be
offset when the steering is disabled. Similarly, the zero-point
of the PCL fiber on the substrate is based on the reference PCL
fiber, and if the reference fiber is offset, it will affect the mean
value of the test. Therefore, the mean values of the distribu-
tions should not be emphasized.

Normal distributions were fitted to all the individual meas-
urements and are shown as red bell curves in figure 8. The 1-σ
standard deviations of the distributions are presented in a com-
piled format in figure 9. Figure 9 shows the combined devi-
ations from six different samples, fiber positions from both
the substrate and from the PCL jet in flight, measured 50–
70 µm above the substrate through the video camera. Figure 9
also presents data from the different parts of the pattern that
have different distances between the printed lines. The res-
ults are presented for the steering enabled and disabled side by
side. In the segments with 75 µm between the fibers, there is
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Figure 7. Secondary electron SEM images of the printed structure in figure 6, tilted to approximately 45◦, where the distance between lines
was set to 40 µm. (a) Pattern printed with no active steering showing double-stacked PCL fibers, (b) pattern printed with active steering
showing no stacking of fibers on the substrate.

Figure 8. Typical position data from the 40 µm separated pattern of a single sample. The top row presents results from having active
steering disabled, and the bottom row with active steering enabled. The left column is taken from the PCL jet in flight through the video
camera measurements, and the right column is the positions on the substrate, taken with LOM imaging, see figure 6.

relatively small deviations between PCL jet in flight and fiber
on substrate measurements both with and without active steer-
ing. This is likely due to a sufficiently large distance between
the spinneret and the previously printed charged fibers to avoid
disturbances, which also means that the influence of the elec-
tric field on the PCL jet was low [5]. The difference having

the active steering enabled or disabled was more pronounced
with a 50 and 40 µm separation, especially when looking at
the results measured above the substrate by the video cam-
era image, from which the MATLAB script controlled the
voltage of the steering electrode. When the active steering was
enabled, the standard deviations of the PCL jet in flight were in
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Figure 9. Standard deviation of recorded positions showing the
difference between the active steering electrode being enabled or
disabled. The position recorded of the PCL jet in flight by the video
camera is presented along the positions measured on the substrate
by LOM imaging. Different inter-line distances in the pattern are
presented separately.

the order of a few micrometers, which was close to the meas-
urement accuracy in the video camera image (about 1 µm).
When the distance between the PCL fibers was 40 µm, the
standard deviation measured of the PCL jet in flight was lower
than the standard deviation of the PCL fibers on the substrate,
which agrees well with an expected more precise control at
the camera measurement height. As the control loop operated
at the height where the PCL jet position was measured, the
50–70 µm above the surface, the fiber placement is expected
to degrade somewhat before arriving at the substrate.

We believe that if the in-flight PCL jet position is measured
close to the surface, the distance between the PCL fibers could
be decreased further without forming double-stacked fibers,
possibly allowing for the construction of dense structures with
no lateral separation between fibers. Additionally, using two
camera angles would allow for the position of the PCL jet to be
determined in two dimensions. Using two steering electrodes,
the PCL jet could be controlled in both directions in such a
setup.

The video camera positional data is considered to be more
relevant in this work than the position on the substrate in
determining the effects of the steering electrode on the PCL
jet. Ideally, the position of the PCL jet would be determined
at the surface of the substrate to apply control on that level,
but the setup used in this work is currently not capable of
doing that reliably. It is reasonably straightforward to detect
the PCL jet at a distance 50 µm above the surface with stand-
ard image analysis techniques but to detect the PCL jet pos-
ition when it arrives at the substrate surface demands more
advanced image processing algorithms since the image gets
more complex in a general case. A method of characterizing

a plastic jet in real-time during NFES has previously been
developed [29]. The method presented in the article used the
Canny edge detector to outline the plastic jet from a video cam-
era. The plastic jet was then traced from the spinneret down to
the substrate surface.

While each PCL fiber was 8 mm in length in the pattern,
the data was only taken in the approximate center of the fibers
to prevent corners from affecting the position of the fibers. An
additional reason was to ensure that the measurements were
done in the same part of the pattern both on the substrate and
in the video camera data.

In figure 10, SEM images of 3D structures printed with and
without active control in the indicated direction are shown. The
control direction is represented by arrows in figures 10(b) and
(d). The fibers that were printed parallel to the control direc-
tion, hence those that were not affected by the steering elec-
trode, had a fixed spacing of 200 µm and were used as an
aid to reveal printing defects for the controlled fibers, those
that were orthogonal to the control directions. Where the per-
pendicular walls crossed, height was added from fibers depos-
ited in both directions, and therefore the structure got taller
in these points than in the walls between the crossings. When
the height difference between the crossing points and the cen-
ter of the walls was large, gaps were formed between fibers in
those walls and can be seen in all structures in figure 10. The
distances between fibers orthogonal to the control direction in
figure 10 are 75 and 50 µm. With 75 µm separation between
the lines, the section with the active control, figure 10(b), gave
a uniform pattern. The same separation with the active control
turned off, figure 10(a), gave uneven heights of the walls due
to some double-stacking fibers and varying separation. At the
lower separations of 50 µm, further errors can be observed.
With the active steering disabled, figure 10(c), almost all lines
became double-stacked. With active steering enabled, figure
10(d), some double-stacking is apparent in the last two layers.
Smaller separation than 50 µm gave more uneven structures
and are not presented here. With this, we can estimate that the
minimal separation possible, while active steering is enabled,
is reduced to roughly half compared to having steering dis-
abled. As discussed previously, an image analysis algorithm
detecting the fiber position where it is placed on the printed
structure should allow a further improved interspacing con-
trol. The interesting question is if this would allow the fibers
to be placed next to each other for a dense 3D structure. An
issue regarding the robustness of this NFES-process was more
apparent when adding several layers to samples to form 3D
structures, as more double-stacked fibers were observed. A
problem that persisted throughout this work was that bubbles
in the melted PCL disrupted the flow of material through the
spinneret occasionally. As the bubble passes through the spin-
neret, the diameter of the PCL jet will change from the normal
diameter of 10 µm, becoming thicker or thinner at times. The
thicker fiber was observed to trail more and the thinner fiber
can undergowhipping. This occurred seldom and therefore did
not significantly affect the results.
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Figure 10. Secondary electron SEM images of printed 3D structures comparing active steering disabled in (a) and (c) to active steering
enabled in (b) and (d). The images are tilted to 45◦. In (a) and (b), the distance between lines was set to 75 µm, and in (c) and (d), the
distance between lines was set to 50 µm. The white arrows in (b) and (d) indicate the direction of control applied from the control loop.

4. Conclusions

The use of an active steering electrode where a camera
provides positional feedback of the PCL jet results in a sig-
nificant increase in the placement accuracy of polymer fibers
printed in high density patterns, estimated to roughly double
the possible density of structures. The effect is more notice-
able on the PCL jet in flight, where the control loop of the
fiber placement operates but had an effect on the position fur-
ther down on the substrate as well. The accuracy of the fiber in
flight was controlled to a few micrometers, close to the limit
of the measuring system. However, with the setup presented
here, it would not be possible to build dense structures of poly-
mer fibers precisely placed in contact with each other later-
ally, as the positional measurement is too far from the sub-
strate surface. A large improvement is expected to be possible
if the camera feedback used the position of the PCL jet just
as it reaches the surface of the substrate. This would possibly
enable printing of dense structures, but would then require
the implementation of more sophisticated image analysis to
detect the PCL jet without being disturbed by polymer mater-
ial already deposited on the substrate.

The control of the plastic jet was only in one direction. To
have control in both the x- and y-directions, a setup would
require at least one more electrode and an additional camera.

This would make it possible to develop the NFES print-
ing technique into a more general additive manufacturing
method.
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