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Abstract

Near-field electrospinning (NFES) has been proposed as a direct writing method for micron-sized structures with high
resolution. We have previously reported the limitations of the technique in terms of accuracy and repeatability when
depositing corners. The limitations are thought to arise from the acceleration and deceleration of the collector and from
fiber-fiber interactions. To address accuracy limitations at corners, dwell times are added to the collector path at the
corners to allow for the fibers to reach the desired locations. The effect of these dwell times is studied for pin-to-pin and
pin-to-plate electrode geometries. The results show that the dwell time allows for the production of 90° and repeatable
corners. The ideal dwell time depends on numerous process parameters including collector speed, travel distance, and
electrode configuration. The value can vary from tens of milliseconds to a few seconds. The quality of the corners
produced using a pin-to-pin geometry was inferior to that of a pin-to-plate one; longer dwell times were required to
achieve perpendicular corners for pin-to-pin configurations. This is a surprising result as electric field focusing in pin-to-

pin configurations was expected to improve deposition accuracy.
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1. Introduction

Near-field electrospinning (NFES) has been
proposed as a method for direct-writing of structures with
micron to submicron features using fibers as building
blocks. In this electrohydrodynamic technique, electric
fields are used to create a polymer jet that can write 2D
geometries by controlling the motion of a moving
collector. First developed in 2006, the technique has
shown great improvement over traditional electrospinning
in terms of deposition accuracy and repeatability [1, 2].
Considerable research efforts have been done to further
improve deposition accuracy [3-5], throughput[6], and to
expand the technique to functional materials [7-10].

Accurate deposition of corners still remains a major
challenge for NFES. Our group has previously reported
issues with variability at fiber turning points in pin-to-pin
and in pin-to-plate NFES setups [3, 4]. Deposition of 90°
degree corners, essential for fabrication of grids and
rectangular shapes, is challenging. This difficulty is
partially caused by collector acceleration and
deceleration at the turning points and by fiber-fiber
interactions. Control over corner location and corner
geometry is necessary to make NFES a true direct-
writing method. Accuracy and repeatability are especially
important for multilayer structures where the geometry of
each layer has to be accurately controlled for stacking to
be possible.

Lee et al. have reported problems when trying to
deposit a single layer wall using a back and forth collector
motion [11]. At the edges of the wall, fiber-fiber
interactions resulted in stacked elongated loops as
opposed to a single, stacked wall. A 180° turn would
also require fibers to buckle in order to achieve a perfect
overlap along a line generating additional deposition
difficulties. More recently, Luo et al. have shown that
when producing multilayer round features the centripetal
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forces need to be accounted for to maintain the required
accuracy for stacking [11]. In mechano-electrospinning
(MES) the issue of corners is even more significant due
to the significant bending of the polymer jet due to the
high collector velocities and the low voltages [7, 12].

In this paper we explore the use of collector dwell
times at corners to improve deposition accuracy. This
methodology allows for bent fiber jets to return to a
centered position so that corners are deposited at the
desired location. We study the effect of this parameter on
pin-to-pin and pin-to-plate configurations and discuss the
difference between the two configurations.

2. Experimental Details

The pin-to-plate and pin-to-pin configurations of the
experimental setup are shown in Fig. 1. The spinneret
consists of a glass syringe with a 26 gage needle. The
ground was connected to an aluminum block for the pin-
to-plate configuration and to a sharp tungsten tip for the
pin-to-pin configuration. A silicon wafer was used to
collect the fibers. A 3-axis stage was used to control
collector motions. A 1.5 wt% solution of PEO in
deionized water was used for the experiments. The
experiments were performed at room temperature and
pressure. A 2 mm distance was used between the
spinneret and the collector. A 1,000 V potential
difference was applied in the pin-to-plate configuration. In
the pin-to-pin setup, there is a 300 um distance between
the pin and the bottom of the silicon collector. For this
case, 1,900 V were applied to the spinneret. The higher
voltage was necessary due to the increased distance
between the grounded pin and the spinneret. In situ
monitoring was achieved using a camera mounted to a
stereo microscope. An Alicona G4 Infinite Focus
microscope was used to image the patterns after
deposition. The lateral resolution of the Alicona

Edited by Guido Tosello, Hans Nergaard Hansen, Kornel Ehmann and Stefan Dimov
Copyright (© 2016 4M/IWMF 2016 Organisers :: Published by Research Publishing
ISBN: 978-981-11-0749-8 :: doi:10.3850/978-981-11-0749-8_723

231



Silicon
Collector .

Fig 1. Experimental setup with (A) pin-to-plate and (B) pin-to-
pin electrode configurations.

microscope with the 10x lens used was 882 nm.

The stage was programmed to run in a square wave
pattern as shown in Fig. 2a. The pattern had a 1 mm
peak to peak amplitude and a 2 mm period. The velocity
was set to 1,500 um/s. The acceleration time was 40 ms
with a 20 ms spline time. The resulting acceleration and
velocity profiles are shown in Fig. 2b. The stage was
programmed to dwell for 0, 10, 20, 50, 100, 200, and
1,000 ms at the corners. In addition, a blended corner
was also deposited for which a constant absolute velocity
throughout the corner was maintained by decelerating in
one direction while accelerating in the perpendicular
direction.

To initiate the deposition process a polymer bubble
with a ~1,000 uym diameter was pumped onto the syringe
tip. Then a glass capillary was brought close to the
bubble to break the surface tension and start fiber
deposition. After deposition started 15 s were given to
the jet to achieve equilibrium before the collector started
moving.

3. Results

The deposition pattern spacing was chosen to
prevent any fiber-fiber interactions that could affect the
deposited patterns. The small fiber diameter compared to
the large deposition area caused difficulties in the
imaging process. The dwell time was changed
throughout the corners of the same deposition in order to
minimize variability due to the manual initiation of the
process. Each sample had two adjacent corners with the
same dwell time. The acceleration time of 40 ms is much
shorter than the single line deposition time of 0.71 s as
shown in Fig. 2b. The collector accelerates and
decelerates over a 30 um distance. Therefore,
acceleration should only play a role near the corners.

Figure 3 shows the deposited corners for different
dwell times for the pin-to-pin (A - H) and pin-to-plate (I-P)
electrode configurations. The results are qualitatively
similar for both pin-to-pin and pin-to-plate configurations.
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Fig 2. (A) Square wave deposition pattern. (B) Acceleration
and velocity profiles of the stage during deposition.

For the 1,000 ms dwell time there was a significant
accumulation of fibers at the corners. This accumulation
is due to fiber buckling when the collector is stationary.
The 200 ms dwell time showed some fiber accumulation
at the corner for the pin-to-plate setup while a nearly
perfect corner was achieved for the pin-to-pin setup. The
100 ms and 50 ms showed slightly curved edges. For the
pin-to-pin configuration at dwell times below 50 ms fiber
parallelism was significantly diminished and the corners
were not well defined. On the other hand, the pin-to-plate
configuration showed parallel fibers for all the dwell times
analyzed. The corners became progressively more
rounded as the dwell time decreased. The blended
corner had the largest corner radius.

The results shown in Fig. 3 are representative of
those found over several samples for each of the
configurations. A small variability was seen among
samples but the general trends observed are valid. In all
cases the pin-to-plate configuration outperformed the
pin-to-pin configuration for a given dwell time. Small
deviations always occur due to variables that are not
controlled such as humidity and temperature. The
biggest source of error in the experiments comes from
the manual initiation of the electrospinning process since
both the location of the Taylor cone and the fiber
diameter are affected by the initiation process.

The response of the fiber jet to the collector
movement was studied for the pin-to-plate configuration.
The stage was programmed to deposit a single 5 mm
line at 2,000 pm/s. A video was captured to visualize
deposition behavior before, during, and after collector
movement. Figure 4 shows snapshots of the deposition
process. Frames A through F show fiber bending as the
collector accelerates and during the motion at the
constant programmed speed. At frame F the fiber shows
its maximal deflection. Frames G to J show how the fiber
returns to its center position after the collector motion
stops. There is significant bending of the fiber jet during
the majority of the deposition time. The bending starts
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Fig 3. Corners deposited using a pin-to-pin (top half) and pin-to-plate (bottom half) configuration with dwell times of (A, I) 1,000,

(B, J) 200, (C, K) 100, (D, L) 50, (E,M) 20, (F, N) 10, (G,0) 0 ms, and (H, P) blended corner. Scale bar is 200 pm.

reducing only after the collector motion stops. After
some time elapses, the polymer jet returns to the
perpendicular position with respect to the substrate. A 2
s wait was required for the fiber to return to its initial
condition after deposition.

SEM imaging of fibers was used to measure the
diameter of the fibers. The fibers showed diameters
ranging from 100 nm to 500 nm. The fibers showed
beading which is common in electrospinning [13]. No
other defects were seen in the fibers.

4. Discussion

The results shown in Fig. 3 demonstrate that dwell
time can be used to improve deposition accuracy in
NFES. Adequate tuning of this parameter is required to
obtain perpendicular corners. High dwell times
guarantee that the jet will have time to recuperate from
any bending but it can lead to undesired fiber
accumulations near the edges. Low dwell times result in
increasingly rounded corners that could be acceptable
in some applications but that would need to be
accounted for if high printing resolution is desired. For
the experiments performed, the ideal dwell time was
shown to be close to 100 ms for the pin-to-plate
configuration and around 200 ms for the pin-to-pin
arrangement.

The general trends observed were similar for the
pin-to-pin and pin-to-plate configurations, showing the
viability of using a dwell time to improve corner

deposition in both cases. Surprisingly, the pin-to-pin
configuration resulted in lower deposition accuracies at
the corners than the pin-to-plate configurations. The
focusing effect of the pin electrode below the collector
that has been reported in the literature and that is
expected from the electric field lines does not translate
into improved corner deposition [4, 5, 14]. A possible
explanation for the inferior performance could be that
once the fiber significantly lags behind the pin and
spinneret axes it has problems recovering. In the pin-to-
pin configuration the electric field is localized close to
the central axis so that large deviations could be
problematic. Additional experimentation is required to
determine the differences between both electrode
configurations.

Figure 4 shows how the jet behaves during the
fiber depositon process. The lag between the
deposition point and the spinneret location is significant
and increases with time. The existence of this lag
shows that the fiber deposition speed is below 2 mm/s,
the speed at which the stage is moving. When the
collector is moved at the same rate as the fiber is
deposited, a straight jet, perpendicular to the collectoris
expected. Figure 4 shows that NFES is a self-correcting
process. If the jet is given enough time it will move back
to its centered position along the axis. The recovery
time is related to the deposition time and deposition
speed. When a 5 mm line is deposited at 2,000 um/s
the fiber takes nearly 2 s to return to its centered
position. For the square wave pattern at 1,500 um/s
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Fig 4. Snapshots during deposition process of a single 5 mm line with a 2 mm/s collector speed. Frames (A)-(F) show the
acceleration and constant speed stages. Frames (G)-(H) shows the jet relaxation after the collector stops. Scale bar is 1 mm.

with a 1 mm deposition distance the time to return to
the original position is roughly an order of magnitude
smaller, around 100 ms.

Each of the images in Fig. 3 was captured with the
same microscope parameters, aimed to maximize
contrast between the silicon collector and the polymer
fibers. In all the images, there is a higher light intensity
seen at the corners than along the straight sections of
the fibers. This change is likely due to a change in fiber
morphology or diameter due to fiber acceleration and
deceleration at the corners. SEM imaging will be
performed in the future to study the morphological
effects of acceleration and turning on the fibers.

4. Conclusions

Controlling the dwell time at corners was shown to be
an effective method to improve accuracy in fiber
deposition controlin NFES. A dwell time allows the fiber
jet to return to its steady-state position in cases where
fiber collection is faster than the fiber jet speed.
Perpendicular corners were deposited by using this
strategy. Dwell time was effective in pin-to-plate and pin-
to-pin NFES configurations. Surprisingly, the pin-to-pin
geometry has shown a worse performance than the
pin-to-plate geometry during corner deposition despite
the focused electric fields. Further research is required
to identify the cause of the lower efficacy of this
electrode configuration.
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