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Abstract

Various buckling instabilities of electrospinning jets were observed and compared with the buckling instabilities of uncharged fluid jets.
Buckling instability arises due to jet compression at impingement on a collector surface and occurs independently of the electrical bending in-
stability. The velocity, diameter, density and viscosity of the electrospinning jets are the key factors that determine the buckling frequency. The
electrically charged jets impinging onto grounded, horizontal or inclined (wedge-like) electrodes moving laterally at a constant velocity are stud-
ied experimentally. Straight and bending (electrospinning) jets emerge at short and sufficiently long inter-electrode distances, respectively. The
experiments show that both straight segment and bending jets, when impinging onto a counter-electrode, buckled and produced patterns of
meandering deposits. In the case of bending electrospun jets these short-length buckling patterns were superimposed on the bending loops found
in the deposits. Buckling-related and bending-related morphologies are easily distinguishable. The buckling patterns have frequencies of the
order of 10°—10° Hz, whereas the bending loops are formed at the frequencies of the order of 10°> Hz. The deposited buckling patterns include
sinuous, zigzag-like, figures-of-eight, recurring curves, coiled and other structures that resembled many patterns created by uncharged jets of
highly viscous fluids impinging a hard flat surface. In addition, several new morphologies which were not observed before with uncharged
jets were found. The experimentally measured frequencies of the buckling patterns were compared to the theoretical predictions and a reasonable

agreement was found.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Buckling of highly viscous Newtonian liquid jets was
studied experimentally in the seminal work of Taylor [1]. He
assumed that buckling of a liquid jet results from the compres-
sive force imposed by an obstacle the jet impinges upon or
a distributed compressive force imposed by an environment.
In this sense buckling of liquid jets is kindred to the classical
buckling of compressed elastic bars and columns discovered
by Euler [2]. Further experiments on buckling of highly vis-
cous liquid jets were published in Refs. [3,4]. The explanation
that buckling of liquid jets and films is caused by longitudinal
compressive forces was fully confirmed in the framework of
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the detailed theoretical analysis based on the quasi-one-dimen-
sional equations of dynamics of liquid jets [5—7]. In all the
above-mentioned works jet buckling occurred when a jet
impinged on motionless surfaces or liquid—liquid interfaces.
Recently jet buckling on laterally moving solid surfaces nearly
perpendicular to the jet axis was reported in Ref. [8]. The
stability analysis in that case was also based on the quasi-
one-dimensional equations of dynamics of liquid jets similar
to [5—7] and revealed that characteristic frequencies of buck-
ling are practically unaffected by the lateral motion of the sur-
face and stay the same as in the case of collection of a liquid
jet on a stationary hard flat surface [9].

In the papers cited above the liquid jets were not electrified
and patterns evolved only under the action of forces of
mechanical origin. In electrospinning, jets of viscoelastic
polymer solutions evolve primarily under the action of the
electric forces. In particular, electrified jets experience the
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bending instability that is driven by the mutual repulsion of the
excess electric charges carried by electrospun jets [10—12], as
well as (sometimes) a secondary branching also rooted in
charge repulsion [13]. The present work reports the observa-
tion of the deposited fibers resulting from the electrospun
jets that were coiled by the electrical bending instability, as
well from the straight segment of electrically driven jets which
impinged onto a collector surface before electrical bending oc-
curred (some preliminary results were reported in conference
proceedings [14]). The effects of the laterally moving collector
surfaces were observed. Buckling may or may not accompany
bending instability of electrospun jets, but in fact, represents
a totally different and distinguishable phenomenon that
occurred very close to the collector.

Section 2 describes the experimental setup and materials
used. Section 3 contains the experimental results. Discussion
is presented in Section 4. Conclusions are drawn in Section 5.

2. Experimental
2.1. Materials

Polyethylene oxide, PEO, M,, =400 kDa, 6 wt% solution
in deionized water; poly(L-lactide), PLLA, M,, = 152 kDa,
5 wt% solution in hexafluoroisopropanol, HFIP; polystyrene,
PS, M, =350 kDa, 25 wt% in dimethylformamide, DMF; ny-
lon-6, 25 wt% solution in formic acid, FA, (88%); nylon-6, 10
wt% solution in HFIP/FA mixture with the HFIP/FA ratio be-
ing 8:2 (by weight). Nylon-6, poly(L-lactide) and all solvents
were purchased from Sigma-Aldrich Co. Polystyrene and
polyethylene oxide were purchased from Scientific Polymer
Products, Inc. and used as received.

2.2. Experimental setup

The experimental setup for electrospinning was similar to
those used previously [10—13]. However, the grounded collec-
tor might be tilted at different angles from =0 to 45°.
(Fig. 1). The collector might be either motionless or move hori-
zontally at a constant speed of typically V.= 0—3 m/s. Also,
in some experiments a grounded liquid surface was used as
collector. When the lateral moving inclined collector was

pipette

pump

Fig. 1. Sketch of the experimental setup. Permission from Materials Research
Society (requested July 9, 2007).
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used, the lateral motion of the collector was in the direction
that caused the separation between the tip and the collector
to increase.

The experiments were conducted under ambient conditions
at room temperature and relative humidity of about 25%. Poly-
mer solutions were held in a glass pipette which had a2 cm long
capillary at one end. The inner diameter of the capillary was
160 um. A copper wire was immersed in the solution and con-
nected with a high voltage power supply which could generate
DC voltage up to 13 kV. No syringe pump was used, and the
flow was controlled by the outward electric pressure and the
air pressure or partial vacuum applied to the surface of the lig-
uid in the pipette. The distance between the capillary and the
collector along the straight vertical line could be adjusted
from 0.1 to 100 cm. An ammeter was connected between the
wedge-like collector and electrically grounded wire to measure
the current carried by the straight or electrospinning jets.

2.3. Characterization
Collected solidified electrospun fibers were observed with

optical microscopy (Olympus 51BX) and Scanning Electron
Microscopy (JEOL 5310).

3. Experimental results

Figs. 2 and 3 are images of two electrically driven jets suf-
ficiently above the collecting surface. In the case of a short (for

1 mm

Fig. 2. Straight electrified jet, too short to develop an electrical bending insta-
bility. Permission from Materials Research Society (requested July 9, 2007).
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Fig. 3. A snapshot of an electrospinning jet with well-developed loops appear-
ing after the onset of the electrical bending instability at some distance from
the nozzle. Some short segments of the continuous jet were not illuminated,
and therefore are not seen.

a particular polymer solution) nozzle-collector distance the jet
is typically straight (Fig. 2), whereas at a longer distance (for
the same solution) the jet length was sufficiently long for the
electrical bending instability to occur (Fig. 3).

3.1. Buckling of straight electrified jets: PEO solution
collected on a horizontal moving grounded plate

The PEO solution, held in the pipette, was connected to
high voltage power supply. The distance from the capillary ori-
fice to the horizontal grounded collector was 1 cm. The hori-
zontal collector was moved sideways at V.= 0.785 m/s. The
voltage was 2 kV. Under these conditions, the electrical bend-
ing instability did not occur and only a straight electrified jet
was observed. In this case the relative velocity between the
jet and collector V, was equal to V., since straight jets did
not move sideways prior to buckling. The buckled patterns
collected were observed using scanning electron microscopy.
Fig. 4 shows the collected buckled PEO fibers. Sinuous fold-
ing, zigzag folding and helical coiling occurred. The rate at
which the periodic patterns were created was determined
from the known velocity of the substrate. The product of the
frequency of the buckling instability and the distance ad-
vanced by each cycle (4, wavelength of the deposited buckling
pattern) is equal to the relative velocity between the oncoming
jet and moving collector. The wavelengths (1) of the buckled
patterns were around 5 pum. The corresponding frequencies
(w=V,/2) were around 3.42 x 10° Hz. The morphologies of
the buckled patterns found in the case of a straight electrified
jet resemble those found for buckling of uncharged rectilinear
jets impinging on moving plates [8,9].

Fig. 4. SEM image of some of the buckled PEO patterns collected on the hori-
zontal collector which was moving at 0.785 m/s along the direction showed
by the white arrow.

3.2. Buckling of bending electrospun jets: PEO solution
collected on a horizontal moving grounded plate

The deposits resulting from the bending and buckling elec-
trospun jets are shown in Fig. 5. It is emphasized that they
clearly demonstrate the difference between the effects of bend-
ing and buckling. The patterns associated with bending are the
large loops corresponding to frequencies of the order of
10° Hz as in Ref. [10]. The buckling-related patterns appear
as tiny wiggles that occurred at frequencies of the order of
10°—10° Hz.

The horizontal grounded collector was moving laterally at
0.01 m/s along the direction of white arrow in Fig. 5a. The dis-
tance from the tip to collector was 1.5 cm (Fig. 5a and b) and
5 cm (Fig. 5c and d), respectively. At these conditions, electri-
cal bending of the jets occurred prior to impingement onto the
collector surface. The diameters of the bending loops at 1.5 cm
inter-electrode distances ranged from 100 pm to several milli-
meters. The diameters of the bending loops at 5 cm inter-
electrode distances were several centimeters. Fig. 5a—d also
show that the bending loops buckled when they impinged
onto the collector surface. The buckling patterns were densely
piled along the path of the bending loops. The wavelengths of
the buckling patterns were around 15 um. Here, as before, we
define the wavelength as the distance between adjacent identi-
cal segments of the repeating patterns. Fig. 5a and b show the
wavelengths of the buckling patterns were several pm. The
buckling patterns, figure-eights and small circles, were densely
piled along the bending loops. Fig. Sc and d show that the
wavelength of the buckling patterns in the wiggles were
around 15 pm. The buckling patterns were loosely distributed
along the bending loops, producing again sinuous waves, fig-
ure-eights and small circles. Some of the segments of bending
circles in Fig. 5d were not buckled, probably because some
parts of the bending circles landed in the way that there was
no compressive force along them (a tangential landing), or
because these segments solidified before they landed.
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Fig. 6. Optical micrographs of bent and buckled PEO loops and patterns collected at different inter-electrode distances on the surface of a moving and inclined
collector. In all images the wedge moved at 0.01 m/s along the direction shown by the white wide arrow in Fig. 6a.
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Fig. 7. Optical images of buckled solidified PLLA patterns. In all images the horizontal collector was moved in direction shown by the black arrow in Fig. 7a. The
distance A (the wavelength) corresponds to the lateral motion during one period of the formation of the buckling patterns. Permission from Materials Research

Society (requested July 9, 2007).

3.3. Buckling of bending electrospun jets: PEO jets onto
an inclined moving collector

A moving grounded collector wedge with an inclination of
6 =5° was used to collect electrospun PEO jets electrically
bent into coils which buckled at the collector. The voltage
between the spinneret and collector was 3 kV. Since the
inter-electrode distance increased with time due to the lateral
motion of the inclined collector, different features of the elec-
trical bending circles and buckling patterns were collected
along the slope of the moving collector (Fig. 6).

Fig. 6a shows the large-scale loops originating from the
electrical bending instability corresponding to a relatively

short inter-electrode distance. The fluid jet accumulated into
a droplet near point A in Fig. 6a as the motion started, and
then deposited small bending circles which buckled on a scale
that can barely be seen in Fig. 6a. The bending circles rapidly
became larger in diameter and the piled rows of buckling pat-
terns formed the patterns shown in Fig. 6b. This figure details
the buckling patterns superimposed on the very first bending
loops. Fig. 6¢c shows the bending loops with the superimposed
buckling patterns corresponding to the intermediate inter-
electrode distances. Fig. 6d shows the bending loops with the
superimposed buckling patterns corresponding to the largest
inter-electrode distance. The above-mentioned figures demon-
strate that the buckling frequency and wavelength both vary
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with the inter-electrode distance. This results from the fact that
as the inter-electrode distance increases, the impinging jet be-
comes thinner, acquires a higher velocity, and has different
rheological parameters, due to solvent evaporation. So the
buckling frequency is higher at shorter collecting distances
and lower at larger distances. As a result, the piled buckling
patterns were more densely packed at the shorter inter-
electrode distances and more loosely packed at the larger
distances.

3.4. Buckling of straight electrified jets: PLLA jets
collected on a horizontal moving grounded plate

A PLLA solution described in Section 2 was used. The
distance from the capillary orifice to the grounded collector

was 2 cm. The collector was moved laterally at 1 m/s. The
applied voltage was 1.5 kV. Under these conditions, for this
particular polymer solution the electrical bending instability
did not occur and the path of the jet toward the collector
was straight. Near the collector the jet buckled. The depos-
ited and solidified buckled patterns collected on glass micro-
scope slides were observed using optical microscopy. The
charge carried by the jet was quickly relaxed due to the
surface conductivity of the glass. Fig. 7 shows the solidified
buckled patterns produced from the straight PLLA jet. The
diameters of the solidified PLLA fibers were around 1—
2 um. Sinuous patterns are shown in Fig. 7a and helical pat-
terns are shown in Fig. 7b. Zigzag with straight segments
only about 45 pm long were found in twisted rows, Fig. 7c
and in flat arrays, Fig. 7d.

Fig. 8. Optical micrographs of buckled polystyrene patterns. The horizontal collector was moved in the direction shown by the black arrow in Fig. 8a.
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Fig. 9. Optical micrographs of buckled polystyrene patterns collected on a static water surface.

For such patterns the micrographs allow measurement of
the corresponding wavelength A (cf. Fig. 7a, b and d). The
measured wavelengths were around 6—12 pm. The corre-
sponding frequencies w defined as w=V,/A (with V, being
the lateral velocity of the collector V., since the straight
jet did not have any lateral motion of its own) were around
0.83 x 10°—1.67 x 10° Hz. In some cases (Fig. 7c) the
buckled deposits were rather chaotic, so that it was impos-
sible to ascribe them to any A The buckling patterns pro-
duced by the straight electrified jets resemble those found

for buckling of uncharged rectilinear jets impinging on
moving plates [8,9].

3.5. Buckling of straight electrified jets: polystyrene jets
onto a horizontal moving grounded plate

The polystyrene solution described in Section 2 was
used. The distance from the tip to the collector was 2 cm.
The collector was moved laterally at 2 m/s. The voltage
was 3 kV. Under these conditions, the electrical bending

Fig. 10. Three-dimensional buckled patterns formed after the impingement of a polystyrene jet onto a water surface. The samples were dipped from the water with

a glass microscopic slide and observed with the optical microscopy.
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Fig. 11. Buckled and bent electrospun nylon-6 deposits. The lengths of the horizontal edges of the images a, b, d, e are 0.18 mm; the length of the horizontal edge
of the image c is 6.0 mm. The total change in the inter-electrode distance was about 0.3 cm from the left edge to the right edge in Fig. 11c. Permission from

Materials Research Society (requested July 9, 2007).

instability did not occur and only a straight jet was ob-
served. The axial velocity of the jet was around 2 m/s be-
fore it impinged onto the collector surface. The solidified
buckled patterns collected on a glass slide were observed
using optical microscopy. Figs. 8 and 9 show the patterns
observed on buckled polystyrene jets. The diameters of
the jets were around 2—6 pm. Figure-eight (Fig. 8a), sinuous
folding (Fig. 8b), helical coiling (Fig. 8c) and overlapping
script-like “e” (Fig. 8d, Fig. 9c and d) were observed. Also
“paper clip chain” (Fig. 9a), and ‘“‘knee-like” (Fig. 9b) patterns
were formed under some circumstances. The wavelengths
were measured from the micrographs and were found to be
around 6—30 pm. The corresponding frequencies were around
0.67 x 10°=3.3 x 10° Hz.

In some experiments a stationary water surface was used
as a collector. The straight jet buckled as it impinged onto
the surface and then sank into the water. Three-dimensional
buckling morphologies were shaped as a coiling spring

(Fig. 10). The diameter of the three-dimensional coil was
around 20 pm.

3.6. Buckling of bending electrospun jets: nylon-6 onto
an inclined moving collector

A moving collector with an inclination of = 18.5° was
used to collect electrospun jets of nylon-6 (10 wt% in an 8:2
mixture of HFIP and FA). The simultaneous evolution of the
electrical bending and buckling was observed, see Fig. 11.
The direction of the collector motion is shown by the bold
black arrow in Fig. 11c. Since the inter-electrode distance in-
creased from about 0.1 to about 7.5 cm with time due to the
motion of the inclined collectors, different patterns were ob-
served along the collector surface (Fig. 11). Fig. llc is an
overall view of the deposited fiber along the wedge slope.
Four sections of the overall view are enlarged in Fig. 11a, b,
d and e as is shown by white arrows in Fig. 11. The nearly
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straight segment of the jet formed a complex, sinuous network
of smaller loops, as shown at higher magnification in Fig. 11a.
At a larger inter-electrode distance, the bending instability
produced loops 200 um in diameter with superimposed,
much smaller, buckling patterns that were 15 pm in diameter,
as is seen in Fig. 11b and Fig. 11d. Near the right edge of
Fig. 11c, parts of larger coils formed by the electrical bending
were observed. The enlarged image shown in Fig. 11e shows
coils and sinuous patterns caused by buckling. Fig. 11c shows
that the buckling instability occurred both before and after the
electrical bending instability developed, and produced coils or
sinuous patterns with diameters a little less than 15 um, in the
region shown in Fig. 11a and a little more than 15 pm in the
region shown in Fig. 11e.

4. Discussion

The experimental data presented in Section 3 shows that the
deposited buckling patterns of the electrified jets have repro-
ducible characteristics that are similar to those found previ-
ously in uncharged jets collected by impingement on

a moving hard flat surface [8,9] irrespective of whether the
electrically driven jet was straight or bent prior to interaction
with the collector. Similarities between charged and uncharged
buckling jets are clearly apparent (cf. Figs. 12 and 13 for poly-
ethylene oxide and nylon-6, respectively). For the uncharged
jets it was shown that the characteristic buckling frequency
is not significantly dependent on the velocity of lateral motion
of an obstacle, being in fact the same as for a motionless col-
lector [9]. Therefore, the predicted buckling frequencies for
the impingement of the uncharged jet onto a motionless plate
[5] can be directly compared with those measured for
a charged jet impinging on a moving collector in the present
work. The theoretical results for the buckling frequency are
shown in Fig. 13b in Ref. [5]. They may be fitted by the fol-
lowing formula:

d
10g<wv> = 0. 019410g<'l;§>+0 2582 (1)

where w is the buckling frequency in Hz, d is the jet diam-
eter, V is the jet velocity normal to the collector, Q is

Fig. 12. a—f: Comparison of the buckled patterns created by electrified jets of polyethylene oxide in water, collected on glass slides, to patterns [8] produced by the
buckling of uncharged gravity-driven syrup jets. Note that the gravity-driven syrup jets and their buckling patterns are about 1000 times larger than those of the
electrified jets of polyethylene oxide in water. The upper panel in each pair depicts the results for the electrified PEO jets in the present work. The lower panel
shows the similar patterns by the syrup jets in Ref. [8]. The symbols in the lower right corner of each panel are the figure number found in Ref. [8].
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Fig. 13. a—h: Comparison of the buckled patterns created by electrified nylon-6 jets collected on water to the buckling patterns [8] resulting from uncharged grav-

ity-driven syrup jets.

volumetric flow rate in the jet, p and u are the density and
viscosity of the liquid. In the present context g is the external
force per unit mass (the electric force per unit mass). Buck-
ling is a low-speed and low-strain-rate phenomenon. There-
fore, in this limit viscoelastic behavior reduces to
Newtonian behavior with u being equivalent to the zero-
shear viscosity.

In the comparison below, d and V in Eq. (1) were evaluated
for the segment of the jet near the collector, and used to find

Wealeulated USING the other parameters corresponding to specific
experiments. In addition, the values of W easured Were indepen-
dently measured using the deposited patterns, as described in
Section 3. Comparisons of W¢ajcutated aNd Wmeasured ar€ pre-
sented in Table 1 with data from Figs. 4—14 for polyethylene
oxide, PLLA, polystyrene and nylon-6. Eq. (1) was used to
calculate the values of Wcyjcutaeq 10 all the cases. It is empha-
sized that the values log(w(d/V)) and log(,uQ/pgd“) for the
electrified jets in the present work extrapolate outside the
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Comparison of the measured and calculated buckling frequencies for electrospun jets

Figure number Diameter of Wavelength Cycles/mm Frequency (w) 10° Hz Fiber length Velocity of the
the fiber (d) pm (A) pm Measured Calculated per cycle® pm collector m/s
4 0.2 5 200 34 7.0 23 0.785
Sa 0.3 5 200 2.0 4.7
5b 0.3 5 200 2.0 4.7
Sc 0.2 15 67 2.7 28.0 25 4.00"
5d 0.2 15 67 2.7 7.0 25 4.00"
6¢ 0.3 5 200 2.0 4.7
6d 0.2 15 67 2.7 7.0 18 4.00*
Ta 3.8 14 71 0.7 0.4 25 1.00
7b 1.0 7 143 14 14 82 1.00
Tc 1.0 1.5 667 6.7 1.4 60 1.00
7d 1.1 4.8 208 2.1 1.3 60 1.00
8a 2.4 17 59 1.2 1.2 334 2.00°
8b 39 12.3 81 1.6 0.7 41 2.00°
8c 2.4 32 3125 6.2 1.2 52 2.00°
8d 2.4 30 33 0.7 1.2 100 2.00°
9a 2.7 12 83 L7 L0 79 2.00°
9b 44 23 43 0.9 0.6 31 2.00°
9 39 185 54 1.1 0.7 44 2.00°
9d 44 9 111 0.2 0.6 36 2.00°
10a 6.4 8 125 2.5 0.4 73 2.00°
10b 6.4 8 125 2.5 0.4 73 2.00°
11b 0.45 2.6 385 3.8 6.2 31 1.00"
11d 0.4 8.5 118 5.9 7.0 35 5.00"
11e 0.35 20.2 50 5.0 8.0 45 10.00*
12a 0.2 13 77 1.5 35 19 2.00"
12b 0.2 8.4 119 2.4 35 17 2.00"
12¢ 0.2 30.6 33 6.5 35 46 2.00*
12d 0.2 12 83 1.7 35 19 2.00"
12e 0.2 10 100 2.0 35 19 2.00"
12f 0.2 4.2 238 4.8 35 21 2.00*
13a 0.3 34 294 5.9 9.3 53 2.00*
13b 0.8 2.4 417 8.3 35 11 2.00"
13c 1.2 23 43 0.9 23 26 2.00"
13d 0.7 21 48 1.0 4.0 49 2.00"
13e 0.5 20 50 1.0 5.6 33 2.00*
13f 1.2 12 83 1.7 2.3 14 2.00"
13g 0.9 5 200 4.0 3.1 10 2.00*
13h 2.6 11 91 1.8 1.1 44 2.00*
14a 1.2 32 312 6.2 23 10 2.00"
14b 1.2 5.4 185 37 2.3 15 2.00"
l4c 1.0 8.3 120 2.4 2.8 10 2.00*
14d 1.3 10 100 2.0 22 11 2.00*
14e 0.45 1.2 833 16.7 6.2 6 2.00*
14f 0.45 2.5 400 8.0 6.2 8 2.00"

# V,: the radial velocity of a typical segment of an electrical bending coils relative to the collector. The value was determined from the high frame rate video.

® V. the velocity of the collector relative to the straight electrified jet.

¢ Fiber length per cycle is defined as the distance along the path of the jets between adjacent identical segments of the repeating patterns.

range covered by the theoretical data [5] fitted by Eq. (1). Nev-
ertheless, the comparisons in Table 1 show reasonable agree-
ment between the predictions based on Eq. (1) and the
current experimental data. Figs. 12 and 13 show that most of
the buckling morphologies found in the present work, for
the electrified jets, have their counterparts in those for much
larger uncharged, gravity-driven jets in Refs. [8,9]. However,
there are several other morphologies (Fig. 14), which were
not observed before.

Several morphological structures reported in Refs. [15,16]
can be attributed to buckling of bending electrospun jets.

However, in these works the real origin of the observed de-
posits was not uncovered. Ref. [15] claimed that such deposit
morphologies could not be obtained with non-conducting
polymer nanofibers landing on non-metal substrates, and
thus attributed them to the competition of charge relaxation
and viscoelasticity. The claim was found to contradict to
the data in Ref. [16], as well as it does not agree with the
results of the present work where one of the non-conducting
polymers, PEO, was the same as in Ref. [15]. On the other
hand, Ref. [16] attributed the microscale coiled deposits
to the ordinary bending instability, while considering
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Fig. 14. a—f. Buckled patterns created by electrified nylon-6 jets collected on a water surface. These do not have analogies among those reported in Refs. [8,9].

macroscopic segments as straight. However, in reality the
macroscopic segments are coiled (due to the bending insta-
bility) with a much larger radius of curvature. The distinc-
tions between the microscopic and macroscopic coils are
clearly demonstrated in the present work, and their different
physical nature is attributed to two physically different phe-
nomena — mechanical buckling and the electrical bending,
respectively.

5. Conclusion

Two- and three-dimensional buckling phenomena were
studied in electrically charged jets impinging onto collectors
moving laterally at a constant velocity. At short inter-
electrode distances the electrified jets were straight, whereas
at larger distances the jets developed electrical bending coils
characteristic of electrospinning. Both straight and electri-
cally bent jets buckled near the contact with the collector
and produced buckling patterns on the collector. In the
case of bending electrospun jets the short wavelength buck-
ling patterns were superimposed on the long wavelength
electrical bending loops. The frequency range corresponding
to the buckling patterns was of the order of 10°—10° Hz,
whereas the frequency range for the bending loops was of
the order of 10° Hz. Most of the morphologies (but not all)
of the deposited buckling patterns resembled the patterns
produced by uncharged, highly viscous, gravity-driven jets
impinging onto a moving hard flat surface published recently
[8]. Measured frequencies derived from observations of the
buckling patterns were compared to those predicted for un-
charged jets impinging on a motionless hard flat surface. A
reasonable agreement of the theoretical and experimental
results was found. To conclude, the morphologies of the

electrospun fibers can be manipulated by controlling the
buckling instability of the electrospinning jets. Various two-
dimensional and three-dimensional micron size patterns
have been produced by the buckled electrospun fibers.
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