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A novel design of a laboratory built axially rotating collector (ARC) having capability to align elec-
trospun nanofibers have been described. A detailed morphological comparison of such nanofibers
orientation and their geometry is done using scanning electron microscopy (SEM). For comparison
various polymeric solutions were electrospun on conventional static collector as well as ARC. The
average diameter of polyvinyl alcohol (PVA) nanofibers was found to be 250 nm while polycapro-
lactone (PCL) nanofibers were found to be within a range of 600–800 nm. Conducting nanoparti-
cles such as graphene and multi-walled carbon nanotubes (MWNTs) mixed with polymer solutions
shown to have a significant influence on the overall geometry of these nanofibers and their diameter
distribution. It is evident from the SEM analysis that both graphene and MWNTs in polymer solution
play a crucial role in achieving a uniform diameter of nanofibers. Lastly, the formation of the aligned
nanofibers using ARC has been mathematically modeled and the electromagnetic field governing
the process has been simulated.

Keywords: Polyvinyl Alcohol, Polycaprolactone, Graphene, MWCNT, Electrospinning.

1. INTRODUCTION
Electrospinning is a versatile tool to fabricate nanofibers
from various materials such as biopolymers, engineer-
ing plastics, conductive polymers, polymer blends and
ceramics with diameters ranging from micro to nanome-
ter scale.1–4 The healthcare profession has employed bio-
compatible materials with particular properties such as
mechanical strength, flexibility, moisture and air perme-
ability for medical and surgical applications.5 Electro-
spun nanofibers also have a wide range of applications
in composite reinforcement, membrane based separation,
and tissue engineering.6 Polymer nanofibers have also

∗Author to whom correspondence should be addressed.
†Present Address: Department of Mechanical Engineering,

Massachusetts Institute of Technology, Cambridge, MA 02139, USA.

been fabricated with a wide range of properties, such as
electrical conductivity, low weight, and low porosity along
with tailored surface functionalities.7�8 Previous work has
been done to produce nanofibers containing nanoparti-
cles such as carbon nanotubes (CNTs)9 and graphene.10

Graphene and CNTs are atomically thin materials made
up of carbon atoms having tremendous electrical, thermal
and mechanical properties.11–13 There is a great interest in
developing nanostructured materials using graphene and
CNTs with polymer nanocomposites for a variety of appli-
cations such as energy storage,14 filtration membrane,15

scaffolds to grow artificial tissues16 and the like.
Nano and micro fibers are specifically important in

biomedical engineering as they mimic the scales of nat-
ural cellular environments.17�18 In general, fibers usually
have a random orientation and are collected as a random
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mat with a minimal control on their structural orientations.
It has been shown previously by Reneker and co-workers
that fiber alignment can be altered by modifying the col-
lector geometry.19 For instance, a tubular scaffold with
obliquely aligned fibers was constructed on a rotating rod
between electrodes.20 Several other techniques have also
been proposed to produce aligned nanofibers such as, but
not limited to, rotating drum collector design,3�21 an auxil-
iary electrode and electrical field technique,22�23 a spinning
wheel with a sharp edge technique,24 a frame collector
technique,25 a multiple field technique26 and a dual vertical
wire technique.27 We report the design of a new collec-
tor geometry called Axially Rotating Collector (ARC) that
can align the deposited nanofibers coaxially on the rotating
disc (collector). To test the collector geometry and to com-
pare the resulting hybrid nanofibers, poly (vinyl alcohol)
(PVA), composite PVA-MWNTs polymer solution, Poly-
caprolactone (PCL) and PCL-graphene were used.

2. MATERIALS AND METHODS
Rotating collector geometry was designed with the capa-
bility to produce aligned nanofibers. The collector geome-
try design consisted of an aluminum disc mounted on the
shaft of a mechanical motor running at a constant speed
of 1700 rpm as shown in Figure 1(A). The ground wire
is connected behind the collector and a class 1 copper
switch module is used for a permanent ground connection
with the plate even when it is rotating at a high speed

Figure 1. (a) Schematic illustration of ARC collector geometry having
capability to align nanofibers, (b) detailed description of the grounding
mechanism of collector.

as shown in Figure 1(B). The collector thus rotates at
about 1700 rpm in clockwise direction and the nanofibers
are deposited coaxially on the surface of the aluminum
disc.
To test the collector geometry and its effect on the

overall nanofiber characteristics such as nanofibers diam-
eter and orientation, several experiments were conducted
using polycaprolactone (PCL), polyvinyl alcohol (PVA)
and their composite solutions. To see the effect of conduc-
tive nanoparticles on the fiber geometry and orientation,
graphene and multi-walled carbon nanotubes (MWNTs)
were used along with PCL and PVA solutions respectively.
The electrospinning setup comprised of a dual syringe
pump (KDS 200 series, KDS scientific), a high volt-
age power supply (Model ES30P, Gamma High Voltage
Research) and a metallic (aluminum) collector placed at an
appropriate distance from the tip of the needle. The vari-
ables that are important in electrospinning of nanofibers
are, the distance between the needle and the collector (d),
viscosity of the polymer solution, flow rate (r) of the poly-
mer solution from the needle tip through the syringe and
electric field strength applied which is voltage per distance
(kV/cm) between the needle and the collector.
10 wt% PCL solution (Sigma Aldrich, 70 k–90 k Mw)

was prepared using 10 g of PCL pallets in 100 ml ace-
tone solvent and stirring at 60 �C until a clear solution
was achieved. Polymeric nanocomposite solution was also
prepared by adding different concentrations of graphene in
10 wt% PCL solutions. A weighted quantity of graphene
(Cheaptubes Inc.) was used to prepare 0.01 wt% and
0.005 wt% concentration and dispersed in acetone by son-
icating for 1hr under no heat followed by required quantity
of PCL to make 10 wt% concentration of PCL-graphene
solution. PVA solution was prepared in deionized water
with a concentration of 10 wt% by measuring a weighted
amount of PVA powder (10 g) (Sigma Aldrich, 61 k Mw)
and dissolving it in 100 ml water at 80 �C followed by
stirring the solution for 2 hours until a sufficient solution
of PVA was achieved. PVA- MWNT solution was pre-
pared by adding 10 mg MWNTs in 10 ml of 10 wt%
PVA solution. The mixture was stirred for one hour and
further dispersion was achieved by sonicating for another
hour. Control PCL and PCL-graphene composite nano-
fibers were electrospun by applying a fixed DC potential
of 17 kV across a distance of 15 cm at a flow rate of
1.5 ml hr−1. Electrospinning of PVA solution was per-
formed at 15 kV across 15 cm distance at a flow rate
of 1.5 ml hr−1. These conditions were optimized after
several experiments. Scanning electron microscope (SEM)
was utilized to characterize the morphology of the fibers
after sputter coating (CRC 50 Sputter Coater) gold on the
sample for 25 s. The SEM images were analyzed using
image processing software (ImageJ) to determine the aver-
age fiber diameter. Distribution of fiber diameter was cal-
culated from 20 random measurements per image.

2 J. Nanosci. Nanotechnol. 15, 1–9, 2015
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3. RESULTS AND DISCUSSION
As shown in Figure 2 it can be clearly observed that
the ARC collector has capabilities to orient the nano-
fibers. Further it can be observed that the addition of
conductive nanomaterial such as graphene or MWNTs
have influenced the overall nanofibers size distribution
and their geometry. SEM images revealed that the con-
trol 10% PCL nanofibers regardless of their orientation
have mean fiber diameter in the range of 600–800 nm.
The nanofibers from 10% PCL solution fabricated using
ARC collector can produce majority of fibers aligned in
one direction however they tend to have a wavy pattern.
This wavy pattern may have occurred because of the col-
lector which rotates at a high speed creating miniscule
vibrations and other mechanical disturbances. It is fur-
ther observed that the addition of graphene increases the
consistency of the nanofiber diameter when compared to
the case where there is no graphene involved. In the case
of 10% PCL-0.005 wt% graphene (aligned) the average
fiber diameter is approximately 900 nm. Interestingly the
wavy pattern of the nanofibers which was more prominent
in the case of control 10% PCL reduced significantly. It
is also interesting to observe that upon the inclusion of
graphene in PCL solution, several individual nanofibers
tend to coalesce. Increasing the concentration of graphene,
10% PCL-0.01 wt% graphene, caused a significant change
in overall fiber geometry as diameter of the nanofiber is
observed to be consistent across its length. A relatively
“tight” distribution of the aligned nanofiber diameter is
observed compared to others. Average fiber diameter is in
the range of 600–800 nm for aligned nanofibers compared
to 700–900 nm for randomly oriented nanofibers. Improve-
ment in the fiber orientation and overall consistent fiber
diameter across its length can be attributed to the inclusion
of conductive nanomaterial graphene. Graphene creates a
localized conductive spot which helps electrical charges to
concentrate on the beads that act as electrical stress centers
which possibly lead to continuous stretching of the fibers.
However, thorough investigation is needed to strengthen
this hypothesis.

Similarly, controlled PVA solution with 10 wt% and
15 wt% concentration were electrospun to observe the
effect of PVA concentration of the nanofibers collected
via the ARC collector. To understand the effect of con-
ductive nanoparticle, multi-walled nanotubes (MWNTs)
with concentration of 0.1 wt% in 10 wt% PVA solution
were electrospun. As shown in Figures 3(A), (B) it is
observed that randomly oriented nanofibers from 10 wt%
PVA solution have an average diameter in range of 80 nm
to 170 nm while 15 wt% PVA solution tends to have
higher fiber diameter in the range of 100 nm to 270 nm as
shown in Figures 3(C), (D). The increase in overall diam-
eter of nanofibers with the increase in concentration of
PVA solution can be attributed to the increase in viscos-
ity of PVA, which leads to less stretching of each single

nanofiber while being electrospun. Interestingly, the addi-
tion of 0.1 wt% MWNTs in the 10 wt% PVA solution
significantly altered the structural morphology of electro-
spun nanofibers. The PVA-MWNT nanofibers appeared as
physically entangled networks, with the average diame-
ter of 250 nm. It was also observed that the fibers pro-
duced from the composite solution have a continuously
uniform diameter along the length with no bead forma-
tion (Figs. 3(E), (F)). Electropsining of 10% PVA con-
trol solution using ARC collector also fabricated majority
of aligned nanofibers as shown in Figure 4. The average
diameter of aligned nanofibers is 250 nm. Several individ-
ual single nanofibers are bundled together making thicker
threads that run parallel to each other exhibiting a stronger
fiber structure. There are few single nanofibers that are
randomly oriented, which may be due to the vibration of
the rotating plate or air turbulence.
A drop of polymeric solution from the syringe needle

starts to stretch when an electric potential of 15 kV is
applied. On the other hand, the surface tension of the poly-
mer solution holds the drop back and in the process the
polymer drop gets stretched to form a fiber. When a single
fiber from the drop reaches the ARC which is rotating at
1700 rpm, the nanofibers come under a tremendous ten-
sile force and get elongated even further. This leads to the
nanofibers placed along the direction of the rotation on the
collector geometry and this process is repeated for each
and every fiber that comes out of the drop from needle tip.
Hence, they get deposited in a concentric fashion and are
aligned in the direction of the rotation perpendicular to the
axis of the rotation of ARC.
We created a computer model for the syringe and the

disc collector in order to understand the electric field pat-
terns that are generated in the surrounding medium (air)
between the needle and the collector during the electro-
spinning of the nanofibers. Figure 5 shows the electric
field in the form of an isosurface, where we can clearly
see the electric field lines targeting the grounded alu-
minum collector at its periphery. The needle is modeled
as a high-strength alloy steel cylinder with 40 mm length
and 0.8 mm diameter. Similarly, the aluminum disc col-
lector is modeled as a 300 mm diameter disc having a
thickness of 1 mm. Material properties are assigned as per
standard values for relative permittivity and electric con-
ductivity for the needle, disc and the surrounding air. It
is known that air is a very good insulator, however, at
high voltages such as in case of electrospinning (∼15 kV),
the medium between the needle and the collector ionizes
thereby slightly increasing the conductivity and hence to
accommodate this aspect, an initial electric conductivity
of 1× 10−14 S/m for air is considered. Furthermore, a
tetrahedral meshing algorithm was used for finite element
analysis and 3D as well as 2D plot groups in COMSOL
multiphysics were utilized for the analysis of the resulting
electric field. It was found that the aluminum collector is
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(a) (b)

(c) (d)

(e)

Figure 2. SEM micrograph of various samples of 10% PCL-graphene nanofibers and control 10% PCL nanofibers along with the histogram of
fiber diameter in each case. (a) Aligned 10% PCL-0.01% graphene, (b) random 10% PCL-0.01% graphene, (c) aligned 10% PCL-0.005% graphene,
(d) aligned 10% PCL, (e) random 10% PCL.

4 J. Nanosci. Nanotechnol. 15, 1–9, 2015
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Figure 3. SEM images of randomly oriented PVA composite nanofibers (a), (b) 10% PVA, (c), (d) 15% PVA, (e), (f) 10% PVA-0.1 wt% MWNTs.

primarily impacted at its periphery by the emanating elec-
tric field lines from the needle tip at 15 kV (Figs. 5(A)
and (B)). It was realized that the accumulation of nano-
fibers would be higher at the periphery mainly due to
this effect. The resultant plot of electric field (V/m) with
respect to the arc length across the disc in the y–z plane
demonstrated that there is a significant difference in the
electric field intensity at the periphery compared to the
disc (∼10,000 V/m). The little difference in the electric
field between the two peripheral sides of the disc is due to
a slight mismatch in the two ends of the arc length across
the air box.

4. MODEL FOR FORMATION OF ALIGNED
NANOFIBERS ON THE ROTATING
COLLECTOR

Understanding of the fiber formation from a single drop
of polymeric solution is a non-trivial event. The funda-
mental equations for fiber formation in melt spinning and
various strategies used for alignment of nanofibers in the
past few years can be used to understand coaxial align-
ment of fibers using ARC collector. We hypothesize a
mathematical model for alignment of nanofibers on ARC
collector using the approximations discussed previously28

and comparing the theory of fiber alignment on rotat-
ing drum collector.21�28 As shown in Figure 6, neglecting

J. Nanosci. Nanotechnol. 15, 1–9, 2015 5
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Figure 4. SEM image of aligned 10% PVA nanofibers using ARC.

gravitational force “F ” acting on the drop, the surface
tension ‘�’ is compensated by force of electric potential
across the needle and collector. The droplet is deformed by
electric field into conical shape subsequently emerging out
as a jet. At this point electric field overcomes the surface
tension of the drop.

4.1. Interaction of Tensile Force Introduced by
Rotating Disc

The tension force produced by the rotating disc collector
(Frd) and the force due to gravity (Fgr) are balanced by
the rheological force (�� which arises due to the friction
between polymer molecules, the aerodynamic force (Far)
which is drag exerted by the air flow in the chamber on
the fiber jet, the inertial force (Fir) and the surface tension
of fiber jet (�s). Fir is a combination of radial forces on
charge (R) and cohesive forces among charges (C).

Frd+Fgr = � +Far+Fir+�s (1)

Above model is important for stability of fiber jet
formation.28

Force on a given point on the rotating disc will be cen-
tripetal force exerted on that point during rotation in cir-
cular path and can be written as,

Frd =mac =
mtV

2
t

r
(2)

An axial stress generated in the fiber jet is given by
equation

� = 3�
(
vt − vf

l

)29�30

(3)

Since, fiber jet is subjected to the force of electric field,
the surface tension build up in fiber along its cross sec-
tional area will be

�s =
E

A
(4)

Gravitational force acting on the fiber jet of mass m,

Fgr =mf g (5)

Considering a fiber loops in the median region of setup,
Eq. (1) will govern the generation of tensile force in fiber
jet and loops. As the fiber loop comes in the nearest region
of the collector, the force of rotation of the collector will
take up a charge and will generate significant tensile force
by the cooperation of electric field strength. Fiber will now
deposit starting from its tip, gradually sticking its lateral
surface along the circumference of collector. At this point
the radius of fiber loop will be stabilized since collector
will strongly attract charges within the fiber. Difference
between collector velocity (Vt) and fiber velocity (Vf � will
gradually decrease and may approximately be zero. We
can assume � to be constant at the time of deposition.
Considering no further elongation at this point we can
make area of cross section (A�, length (l�, and volume (V �
of a depositing fiber to be constant. Hence we get

v2t + r ∝ E (6)

Equation (6) can be used to explain the phenomenon of
normalized fiber deposition as,
(1) The direct proportionality between collector velocity
Vt and Electric field strength E shows that Vt will coop-
erate with E to add up a force to maintain the constant
orientation of fiber.
(2) r indicates that the fiber loop will now keep on
depositing along the radius of the collector. In this case
loop radius can be treated as a Vector quantity r̄ , being
affected by collector velocity (Vt) and electric field (E) in
the space.
(3) The interaction between the electric field and the
charge in a polymer jet (fiber) turns the fiber in erratic
loops, randomly depositing it on the stationary collector.

6 J. Nanosci. Nanotechnol. 15, 1–9, 2015
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Figure 5. Electric Field modeling and analysis showing the electric field pattern at the collector surface. (a) Distance between the needle (positive
terminal) and the collector (ground) showing the electric field lines. The length and thickness of the arrows is proportional to the intensity of the field
(maximum of 122.7 V/m), (b) a 3-D view of the model showing the electric field predominantly over the periphery of the disc collector anticipating
a larger accumulation of nanofibers over the periphery, (c) line graph plot showing the highest intensity of the electric field at the periphery of the
30 cm diameter collector. The difference in field strength (∼1000 V/m) between the two edges is due to the error in positioning the arc across the disc
collector.

In order to align fiber coaxially along its circumference,
the circular collector should rotate with sufficient rpm high
enough and having diameter (radius) large enough to be
proportionate to the electric field in the space.

If we consider an electric field E and elongation viscos-
ity � to be constant at the point of deposition, radius to be
unaffected, and considerable change in fiber velocity then
the Eq. (6) will be,

v2t ∝ vt − vf (7)

Or

v2t − vt ∝−vf (8)

Or

vt�vt −1�∝−vf (9)

Negative sign indicates vf < vt .
Above equation explains that collector velocity will be

imparted to the fiber velocity and bring it up to the speed

J. Nanosci. Nanotechnol. 15, 1–9, 2015 7
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Figure 6. Schematic showing various forces acting on a polymer drop
at the tip of needle leading to subsequent stretching.

of collector rotation for normalized deposition. In case of
Vt < Vf , the Eq. (7) will be

v2t ∝ vf − vt (10)

i.e.,

vt�vt +1�∝ vf (11)

Equation (11) is still the as Eq. (9) but its positive
sign indicates that it is not significantly affected by the
collector velocity and therefore factors like elongation vis-
cosity, inertial forces may remain in effect up to apprecia-
ble extent. At this point, fiber orientation may vary and
wouldn’t be depositing itself along the circumference. For
instance we will take Eq. (6) in consideration assuming
that �vt − vf � is appreciable quantity as

v2t + r ∝ �vt − vf �+E (12)

Or

v2t + r ∝ �V +E (13)

Figure 7. Visualization of the realtime fiber formation from a polymer
droplet under electrostatic field and the verification of the electromagnetic
field lines between the needle tip and collector surface separated by 15 cm
at 15 kV potential. A close matching with experimental observation and
field line simulation is presented here.

Where, �V = �vt − vf �, vt will affect the radius of fiber
loop and proportionally maintain fiber velocity vf or �V .
Because of this over all interaction fiber loop will be acted
upon by proportional amount of electric field strength. The
entire interaction will result in the phenomenon of normal-
ized deposition.

5. CONCLUSION
The capabilities of ARC to produce aligned hybrid nano-
fibers have been experimentally demonstrated and math-
ematically modeled. It is observed that the presence of
graphene and MWNTs in the PCL and PVA solution
respectively, influences the geometry of hybrid nano-
fibers. Electric field simulation using finite element anal-
ysis demonstrated that the field largely develops at the
periphery of the collector surface. Mathematical models
presented here explain the formation and alignment of
nanofibers. Further, it is demonstrated experimentally that
the presence of conductive component such as graphene
and MWNTs help electrical charges to concentrate on the
beads that act as electrical stress centers which possibly
lead to continuous stretching of fibers.

ABBREVIATIONS
ARC Axially Rotating Collector,

MWCNT Multiwall Carbon Nanotubes,
PVA Polyvinyl Alcohol,
PCL Polycaprolactone.
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