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anotubes of carbon and other ma-
terials are arguably the most fas-
cinating materials playing an impor-
tant role in nanotechnology today.
Their unique mechanical, electronic,
and other properties are expected to re-
sult in revolutionary new materials and
devices. However, these nanomaterials,
produced mostly by synthetic bottom-
up methods, are discontinuous objects,
and this leads to difficulties with their
alignment, assembly, and processing
into applications. Partly because of
this, and despite considerable effort, a
viable carbon nanotube-reinforced su-
pernanocomposite is yet to be demon-
strated. Advanced continuous fibers
produced a revolution in the field of
structural materials and composites in
the last few decades as a result of their
high strength, stiffness, and continuity,
which, in turn, meant processing and
alignment that were economically fea-
sible. Fiber mechanical properties are
known to substantially improve with a
decrease in the fiber diameter. Hence,
there is a considerable interest in the
development of advanced continuous
fibers with nanoscale diameters. How-
ever, conventional mechanical fiber
spinning techniques cannot produce fi-
bers with diameters smaller than about
2 pm robustly. Most commercial fibers
are several times that diameter, owing
to the trade-offs between the techno-
logical and economic factors.
Electrospinning technology enables
production of continuous polymer
nanofibers from polymer solutions or
melts in high electric fields. When the
electric force on induced charges on
the polymer liquid overcomes surface
tension, a thin polymer jet is ejected.
The charged jet is elongated and accel-
erated by the electric field, undergoes
a variety of instabilities, dries, and is
deposited on a substrate as a random

nanofiber mat. The first patent on the
process was awarded in 1934; how-
ever, outside of the filter industry,
there was little interest in the electros-
pinning or electrospun nanofibers, un-
til the mid-1990s (1). Since that time,
the process attracted rapidly growing
interest triggered by potential applica-
tions of nanofibers in the nanotechnol-
ogy. The publication rate has nearly
doubled annually, reaching about 200
articles in 2003. Over a hundred syn-
thetic and natural polymers were elec-
trospun into fibers with diameters
ranging from a few nanometers to mi-
crometers (see the figure, panel A).
The main advantage of this top-
down nanomanufacturing process is
its relatively low cost compared to that
of most bottom-up methods. The re-
sulting nanofiber samples are often
uniform and do not require expensive
purification (panels B and C). Unlike
submicrometer-diameter whiskers, in-
organic nanorods, carbon nanotubes,
and nanowires, the electrospun nano-
fibers are continuous. As a result, this
process has unique potential for cost-
effective electromechanical control of
fiber placement and integrated man-
ufacturing of two- and three-dimen-
sional nanofiber assemblies. In ad-
dition, the nanofiber continuity may
alleviate, at least in part, concerns
about the properties of small particles
(2). Nanofibers are expected to pos-
sess high axial strength combined with
extreme flexibility. The nanofiber as-
semblies may feature very high open
porosity coupled with remarkable spe-
cific surface area. Yet, these assemblies
would possess excellent structural me-
chanical properties. Uses of nanofibers
in composites, protective clothing, ca-
talysis, electronics, biomedicine (in-
cluding tissue engineering, implants,
membranes, and drug delivery), filtra-
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tion, agriculture, and other areas are
presently being developed. Clearly,
there is a growing interest in the pro-
cess, but the results reported to date
are centered mostly on the empirical
production and the proposed uses of
polymer nanofibers. At the same time,
thorough understanding of the mech-
anisms of jet formation and motion is
needed for the development of robust
methods of process control. Analysis of
the electrospinning process is compli-
cated by electromechanical coupling,
nonlinear rheology, and unusual jet in-
stabilities. Some progress was recently
made on modeling of jet initiation (3,
4). Steady-state spinning was modeled
in the nonlinear rheologic regime im-
portant for polymer jets (5, 6). Exper-
imental observations and modeling of
bending (or whipping) instability (7,
8) produced a major breakthrough in
process analysis. It substantially im-
proved our understanding of the jet
motion and removed an early con-
troversy in the electrospinning stud-
ies over the interpretation of long-ex-
posure time images of the instability
process zone (1, 7, 8). It has been sug-
gested (7, 8) that bending instabilities
constitute a major mechanism respon-
sible for the rapid jet thinning in this
process. These instabilities are also re-
sponsible for the resulting random
nanofiber orientation.

More recently, three major break-
throughs were made that are ex-
pected to have lasting impact on the
quality and scope of the applications.
First, several methods of nanofiber
alignment were developed that can be
roughly classified into methods “di-
recting” (9-12) or suppressing (13, 14)
jet bending instabilities. The methods
need to be further improved because
most produce only partial alignment,
but the results show promise. Align-
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Figure: The next nanotech? (A) Comparison of commercial advanced carbon fiber, one of the smallest advanced fibers
available, and electrospun continuous nanofiber. Comparison of (B) vapor-grown commercial carbon nanofibers and (C) elec-
trospun carbon nanofibers showing substantially better nanofiber uniformity and sample purity. (D and E) Examples of highly
aligned and spaced linear and orthogonal assemblies of continuous nanofibers produced by the gap method of alignment (12).
(F) Cross section of continuous nanocrystalline zirconia nanofiber for potential applications in supertough ceramics.

ment can revolutionize existing ap-
plications of nanofibers and help de-
velop entirely new ones. The modified
methods demonstrate the feasibility
of integrated nanofiber manufactur-
ing and placement or assembly (see
the figure, panels D and E) that can be
extremely economic when compared
to the post-processing methods that
are currently being developed for car-
bon nanotubes.

In the second breakthrough, the
original process used with high molec-
ular weight polymers has been modi-
fied and applied, in combination with
sol-gel chemistry, to produce continu-
ous ceramic nanofibers (15-18). These
nanofibers can be beneficial in the ar-
eas of catalysis, tough and high-tem-
perature ceramics, active and sensing
materials, and many others. Nano-
crystalline nanofibers such as the one
shown in panel F of the figure may
lead to supertough ceramics by simul-
taneous use of the two known meth-
ods of toughening— that is, fiber rein-
forcement and nanocrystallinity. The
generality of the sol-gel technique
opens broad opportunities to produce
and use novel inorganic and hybrid
nanofibers from a variety of materi-
als. Along with the polymer and poly-
mer-derived carbon and ceramic nano-
fibers, the sol-gel-derived ceramic
nanofibers provide a comprehensive
nanomaterial and nanomanufacturing
platform for an extremely broad vari-
ety of applications.

In the third recent breakthrough, a
method of coaxial electrospinning was
developed and used to produce con-
tinuous coated and hollow nanofibers
(19-21). This method allows a single-
step production of continuous nano-
tubes or nanopipes that complements
the multistep template methods of
tube production demonstrated earlier.

Despite considerable recent prog-
ress on the process modification and
control, serious challenges remain.
Improved models of the process are
needed to achieve better understanding
of the mechanisms of jet thinning. In
particular, thermal and mass transport
within the jet in conjunction with sol-
vent evaporation seem to be crucial for
jet thinning, solidification, and forma-
tion of nanofiber molecular structure.
The evaporation from the thin jets in
electrospinning is believed to be rapid.
Yet, it is expected to lead to inhomoge-
neous transient concentration and tem-
perature profiles that will substantially
affect the local rheological and other
properties of the fluid. Only rudimen-
tary attempts to incorporate the solvent
evaporation in the electrospinning anal-
ysis have been made so far (7). When
developed, a more rigorous model can
provide insights into jet thinning as
well as into the mechanisms and con-
ditions for other interesting observed
phenomena such as formation of pores
during the electrospinning with highly
volatile solvents, formation of ribbon-
like fiber shapes, and others (22-25).

The major experimental challenge is
to develop robust methods for manu-
facturing extremely small nanofibers.
Although diameters as small as 3 to 5
nm were reported (26, 27), nanofibers
smaller than about 50 nm in diame-
ter cannot currently be produced uni-
formly and repeatedly for most materi-
als systems. The analysis of the effects
of solvent evaporation described above
may prove useful for this purpose.
Also, the effects of instabilities on the
diameter reduction need to be stud-
ied more carefully. According to (7, §),
the primary bending or whipping in-
stability has a major effect on the re-
duction of the jet diameter. However,
this contradicts experimental data re-
ported in (13, 14) where this instabil-
ity was suppressed by two different
methods (secondary field and short
spinning distance), yet the modified
processes resulted in nanofiber diame-
ters comparable to the diameters in the
conventional process with instabilities.
Thorough experimental analysis of the
composition of the electrospinning in-
stability zone may provide insight into
the temporal and spatial evolution of
jet instabilities and jet thinning,.

Another need is to model nanofi-
ber deposition on substrates, both sta-
tionary and moving, which can help
improve the nanofiber alignment us-
ing the newly developed methods
and may also lead to the development
of novel techniques. Multiple jet elec-
trospinning should also be analyzed,
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and jet interactions with each other as
well as with the modified field config-
urations used in the alignment meth-
ods should be characterized and mod-
eled. Multiple jets are critical for the
scale-up of the nanofiber production
process. New elegant processes yield-
ing high aerial jet densities, similar to
the multiple jet spinning method re-
ported in (28), are expected to be de-
veloped. Analysis and implementation
of the combined methods involving ul-
trasmall-diameter jets, alignment, and
multiple jet spinning are expected to
be especially challenging.

Electrospun continuous polymer,
carbon, and ceramic nanofibers have
considerable advantages when com-
pared to the discontinuous carbon or
other nanotubes or nanorods in terms
of the cost, health concerns, and the
possibility of integrated one-step man-
ufacturing of assemblies. A fundamen-
tal experimental and theoretical analy-
sis of the process is needed to develop
flexible and reliable methods of fabri-
cation of nanofibers and their assem-

blies and composites.
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