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ABSTRACT
Electrospinning has become a robust technique for the cost-effective production of fibrous
materials. In a conventional electrospinning process, the produced fibers are fabricated by
either vertical or horizontal setups, resulting in isotropic non-woven fibers mats. Many
researchers have focused on the influence of various electrospinning parameters, solution
parameters and ambient parameters. However, until now less attention has been paid on
the impact of gravity on fiber and mat morphologies. This article presents a novel approach
for altering the morphology of electrospun TiO2/PVP nanofiber mats using a simple concept
based on different deposition angles. The electrospinning setups used involved five depos-
ition angles (0�, 45�, 90�, 135�, and 180�), which revealed an effect of gravity on fiber mat
morphology and fiber diameter. This work provides new prospects toward the design of
electrospun fiber mats and provides us with additional options to achieve optimal results.
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1. Introduction

Electrospun fibers have received great interests for a
wide range of application areas including filtration,
composites and especially biomedical products and
devices due to their large surface area and high por-
osity [1]. Electrospinning methods have many
parameters that affect fiber morphology and diam-
eter including (a) polymer/solution parameters (e.g.
molecular weight, polymer concentration, dielectric

constant and surface tension), (b) electrospinning
parameters and (c) ambient parameters (e.g. tem-
perature, humidity). Electrospinning conditions
involve parameters such as applied voltage, flow
rate, needle size, and needle tip to collector distance
[2, 3]. Applied voltage is a significant factor that
affects fiber diameters [4–7]. High voltage (i.e.
strong electrical repulsive forces), reduces the nano-
fiber diameter, resulting in highly stretched and
elongated fibers [4]. Flow rate plays a key role in
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determining the fiber diameter and bead formation
because it determines the amount of sol–gel solution
available to be stretched into nanofibers [2, 5, 6]. A
needle tip-to-collector distance with a sufficient
field gradient produces fibers with less bead
defects. However, a large needle tip-to-collector
distance increases the nanofiber diameter owing to
a subsequent reduction of the electric field gradi-
ent [8]. A high applied voltage, large needle tip-
to-collector distance, low concentration of polymer
solutions and a low flow rate reduce the variabil-
ity in product quality of electrospun fiber mats
with a minimum number of experiments [8, 9].
The relationship between electrospinning variables
and associated fibrous structures is still unclear
with respect to achieving ultrafine bead-free nano-
fibers with good dimensional stability. When an
electric field is created between the droplets of a
solution and the collector, it overcomes the sur-
face tension of the solution formed at the Taylor
cone for polymer jet formation and fiber fabrica-
tion. The Taylor cone shape appears at the tip of
the needle during the charging of this jet [10]. In
addition to the force of gravity, one of the four
fundamental forces in nature, there are the elec-
tromagnetic force and the weak nuclear force.
Although the force of gravity is the weakest of
these forces, it is only natural that it is the force
that attracts the attention of humans before other
fundamental forces, and directs its impact on sur-
roundings and viewer. The force of gravity is still
the most difficult of these forces to understand,
analyze and measure even though it underwent

centuries of study and measurements, with mod-
ern day physicists still devoting a great deal of
effort to investigate its manifestation.

Here it is assumed that there is a gravitational
influence on the polymer solution when it ejects in
the form of a plane needle tip, with the momentum
of the polymer solution driven by the pump and the
applied voltage. The objects fall freely to the ground
due to gravity and finally ejects at the top after the
final speed reaches zero point and then returns to
earth by gravity, at 9.81m/s2. British scientist Isaac
Newton provided all the scientific evidence available
at that time for the movement of objects and the
phenomenon of free-fall, to examine Galileo’s work.
The work of Kepler, Philosophiae Naturalis
Principia Mathematica (1687), provided here the
basis for the effect of gravity on morphology and
fiber diameter, through changing the electrospinning
setup and deposition angle as shown in Figure 1.

Zargham et al. [11] used polyamide 6 and depos-
ited it using an electrospinning method where the
angle of the syringe was at a 45� angle with the hori-
zontal baseline. These studies investigated the effect of
flow rate on a change in fiber diameter using different
flow rates. Pokorn�y et al. [12] measured the electric
current in the plane solution using electrospinning in
the deposition area up the vertical (180� from a
downward vertical baseline), while changing the pulses
using an oscilloscope measurement. The speed of the
growth of the discharge channel with other parame-
ters was differentiated by the shape of these pulses.

Bagheri et al. [13] studied the effects of applied
electric and magnetic fields through electrospinning

Figure 1. Schematic of a typical electrospinning setup.
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using a horizontal setup and a solution of 18% poly-
amide in formic acid, leading to nanofibers with a
smaller diameter than conventional electrospinning.
Rodoplu and Mutlu [14] described the effect of ver-
tical versus horizontal electrospinning setups and
electrospinning parameters on fiber morphology.
Their work aimed at obtaining finer and non-
beaded fiber morphologies, by controllable process
parameters, for further applications of quartz crystal
microbalance (QCM) surfaces in high performance
DNA-, immuno-, aptamer-sensor applications [15].

This study observes the effect of gravity on droplets
of polymer solution which in turn, affects the morph-
ology as well as fiber diameter and leads to uniform
fibers, making it one of the more influential electrospin-
ning parameters [16–18], in addition to other means of
changing electrospinning parameters and setups.

2. Experimental

2.1. Preparation of TiO2/PVP nanocomposites

Polyvinylpyrrolidone (PVP) (C6H9NO)x, MW:
�1,300,000, Sigma Aldrich, USA) was used as pre-
cursor solutions. This PVP solution was made by
dissolving 0.9 g into 15mL of ethanol (EtOH,
99.9%). The 7.6 wt% polymer solution was magnet-
ically stirred for 6 h at room temperature (RT). The
other solution was made by adding 0.076 g of titan-
ium dioxide (TiO2) to 5mL of ethanol and this
1.9 wt% TiO2 dispersion was ultrasonically stirred

for 30min. Then, 4.0mL of the TiO2 solution was
transferred to the PVP solution. After that, the
mixed solution was stirred overnight at RT. This
homogeneous solution (5mL) was then transferred
to a 10mL plastic syringe (needle 20 gauge). The
syringe was placed in a syringe pump with its needle
connected to a high voltage power supply, generat-
ing a high voltage up to 15 kV. The conditions used
to produce the TiO2/PVP nanofibers involved a nee-
dle to collector distance of 15 cm, a flow rate of
1mL/h and a voltage of 14 kV. After electrospin-
ning, the nanofiber mats were removed from the
aluminum foil that was used collector.

2.2. Characterizations techniques

Morphological surface observations and structural
investigations were performed by field emission
scanning electron microscopy (FESEM) using a
model FEI Nova NanoSEM 450 (Netherlands) and
high resolution X-ray diffractometer (HR-XRD)
using a Philips X’Pert system (Netherlands)
equipped with Cu-K radiation (0.15419 nm),
respectively. Raman spectra were measured at RT
using a Horiba Jobin Yvon HR 800 UV (France)
spectrometer system with a 514.5 nm Arþ laser as
excitation source. Micro-photoluminescence (m-PL)
measurements were carried out at RT using a HeCd
laser with an excitation source of 325 nm. Atomic
force microscopy (AFM) was performed using a
Veeco NanoScope Analysis 1.2 (USA).

Figure 2. Schematic of the electrospinning setups with different spinning angles.
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2.3. Electrospinning setup

Electric spinning devices are rather simple devices
which have three main parts namely a high-voltage
power supply, a syringe pump and a collector.
Currently, there are basically two electrospinning
setups, a vertical and horizontal setup. As shown in
Figure 1, the setup involves a high voltage power
supply with an adjustable control up to 15 kV DC, a
syringe with a metal needle in the polymer solution
which was used to charge the polymer solution, a
syringe pump to control the precise flow rate of
polymer solution and conductive collector. In this
work, electrospinning was performed using several
setups. Vertical position was when the needle was
pointing toward the ground and the configuration is
shown in Figure 2.

1. Needle at 0� with the y-axis (vertical setup).
2. Needle at 45� with the y-axis.
3. Needle at 90� with the y-axis (horizontal setup).
4. Needle at 135� with the y-axis.
5. Needle at 180� with the y-axis (vertical setup).

2.4. Mechanism and working parameters

Polymer was dissolved and turned into a 7.6 wt%
polymer solution which was subsequently mixed
with TiO2. The solution was transferred to the syr-
inge and electrospinning was carried out with the
resulting TiO2/PVP solution used in stages to study
spinning parameters. An electric field between the
needle and collector plate was created by a high

voltage source while the solution was pushed from
the syringe by the pump, resulting in a Taylor cone
at the needle tip and a controlled flow rate [19].
The power supply caused a surface charge on the
solution and the formation of a jet [8], with the
solvent evaporating during travel to the collector
plate and nanofibers deposited layer-by-layer on the
collector plate. The effect on the structural morph-
ology of the nanofibers determined the optimal
operating conditions and the appropriate parameters
that affect the electrospinning [20].

In this work, the effect of gravity on morphology
and fiber diameter was studied, in which electro-
spinning was carried out at several different angles.
The strength of the electric field represents (A); the
strength of gravity on the droplet mass repre-
sents (B).

1. Needle at 0� with the y-axis: In this situation, a
droplet in the middle of the tip of the needle
has an aspheric shape influenced by the electric
field and gravity at zero angle, where (A, B) are
directed toward the ground (i.e. vertically to the
bottom) as shown in Figure 2(a) Thereafter, the
surface charge overcomes the surface tension
where it expedites the jet to travel to the col-
lector plate while being under the influence of
two forces, causing fibers not to stick to each
and possess relatively high average diameters.
When the droplet was affected by gravity, the
strength (R) is calculated by Equation (1) [21].

~R ¼ ~A þ ~B: (1)

Figure 3. XRD pattern for TiO2/PVP nanofibers at different deposition angle (a) 0�, (b) 45�, (c) 90�, (d) 135�, (e) 180�.
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2. Needle at 45� with the y-axis: In this situation,
a droplet tends to deposit under the influence
of gravity. The electric field strength between
gravity and 45� angle is shown in Figure 2(b).
After the surface charge overcomes the surface
tension and gravity, the jet moves toward the
collector plate with an average diameter previ-
ously unseen and wet fibers sticking together.
When the droplet was attracted by gravity, the
strength (R) is calculated by Equation (2) [21].

~R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 þ B2 þ 2ABcosh
p

: (2)

3. Needle at 90� with the y-axis: In this situation,
a droplet tends to be affected by the effect of
gravity, resulting in a semi-spherical shape. The
angle between the strength of the electric field
and gravity at 90� is shown in Figure 2(c). In
this horizontal setup, the jet flies to the collector
plate after the surface charge overcomes the sur-
face tension and gravity, forming a non-uniform
fiber diameter previously unseen with wet fibers
sticking together. When the droplet is attracted
by gravity, the strength (R) is calculated by
Equation (3) [21].

~R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 þ B2
p

: (3)

4. Needle at 135� with the y-axis: In this situation,
a needle points upward and the droplet tends to
be affected by gravity to a near oval shape. The
angle between the strength of the electric field
and gravity for 135� is shown in Figure 2(d).
After the surface charge overcomes the surface
tension and gravity, the jet travels to the col-
lector plate. Fibers form with an average diam-
eter previously unseen that stick together. When
the droplet was attracted by gravity, the strength
(R) is calculated by Equation (4) [21].

~R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 þ B2 � 2ABcosh:
p

(4)

5. Needle at 180� with the y-axis: In this situation,
the droplet tends to move to the bottom due to
the influence of gravity with a semi-spherical
flat shape. The angle between the strength of
the electric field and gravity of 180� (i.e. verti-
cally to the top) is shown in Figure 2(e). After
the surface charge overcomes the surface ten-
sion and gravity the solution jet flies to the col-
lector plate to form fibers with more uniform
diameters than the previous cases, which also

did not stick together and showed low average
fiber diameters. When the droplet was attracted
by gravity, the strength (R) is calculated by
Equation (5) [21].

~R ¼ ~A � ~B: (5)

As can be noted through the schematic illustra-
tions, instability of the polymer solution jet (whip-
ping) is affected by gravity. Gravity bends the jet
toward the ground for the first few moments before
the electric field is taking effect by redirecting it to
the collector, and an instable jet is shown at an
angle of 45�, 90�, and 135�. The electrospinning
setup at an angle of 0� will suffer from instability
(whipping), spacing circles a little bit through the
effect of the gravity. At 180� instability (whipping)
occurs unlike that for 0� angle.

3. Results and discussion

3.1. XRD characterization

Crystal analyses of TiO2/PVP thin films, X-ray dif-
fraction (XRD) patterns of the deposited thin films
with different deposition angles 0, 45�, 90�, 135�,
and 180� are shown in Figure 3. The films were
found to be polycrystalline in tetragonal structure
compared with the standard pattern, XRD patterns
of TiO2/PVP composite nanofibers, and crystalline
peaks corresponding to TiO2 in the form of either
anatase, a metastable mineral form of TiO2, or
mixed anatase [22–26]. The nanofibers spun at zero
to 180� showed a highly pure anatase phase of TiO2

and according to the data of the XRD peaks the lat-
tice parameters of the anatase phase were (a)
3.785Å and (c) 9.587Å. Meanwhile, the nanofibers
spun at 180� showed anatase and emergence of
rutile phase of TiO2. The lattice parameters calcu-
lated for the rutile phase were (a) 4.597Å and (c)
3.154Å, and were close to standard values. The
highest peak in the XRD patterns were observed at
�25.31� and was related to the A(101) plane for the
TiO2 films deposited at 0, 45�, 90�, 135�, and 180�.
It can be seen that the film obtained at 180� showed
diffraction peak at 25.31� related to the A(101)
plane of TiO2/PVP. The deposition angles at 0� and
45� (Figure 3(a,b)) show five 2h peaks at 25.31�,
37.77�, 48.05�, 53.92�, and 55.12� and were related
to (101), (004), (200), (105), and (211), respectively,

Table 1. Deposition angle, FWHM value, grain size (D), dislocation density (d), and texture coefficient
(Tc(hkl)) values of TiO2/PVP thin films for (101) plane.
Deposition angle FWHM (�2h) Grain size, D (nm) Dislocation density, d (E-4) Strain, e (E-4)

0� 0.7872 11.04 82.04 �37.47
45� 0.5904 14.72 46.15 �15.58
90� 0.5904 39.16 6.52 �6.71
135� 0.2218 14.73 46.15 �9.25
180� 0.1272 68.35 2.14 �1.05
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with different intensities. A spinning angle of 90�

(Figure 3(c)), shows seven 2h peaks at 25.31�,
37.77�, 38.63�, 48.05�, 53.92�, 55.12�, and 62.72�,
and were related (101), (004), (112), (200), (105),
(211), and (204), respectively, with an intensity
higher than at 0�, 45� and 135� angles. At an angle
of 135� (Figure 3(d)), six peaks at 2h were observed
at 25.31�, 37.77�, 48.05�, 53.92�, 55.12�, and 62.72�

related (101), (004), (200), (105), (211), and (204),
respectively with intensities higher than at angles 0�

and 45�. Finally, at an angle of 180� (Figure 3(e)),
there are eight 2h peaks at 25.23�, 37.01�, 37.77�,
38.62�, 48.11�, 53.99�, 55.16�, and 62.71�, which
were related (101), (103), (004), (112), (200), (105),
(211) and (204), respectively, with an intensity
higher than at other angles, suggesting well-crystal-
lined structures compared with other angles. The
diffraction peaks are wide and become wider with
changing deposition angle.

These peak positions correspond well with the
JCPDS data for the anatase phase of TiO2.

D ¼ 0:9k
bcosh

, (6)

where D is the crystallite size, b is the full width at
half maximum (FWHM), k is the wavelength of X-
ray radiation, and h is the diffraction angle. It was
shown that the average grain size increased from
11.04 nm to 68.35 nm with different deposition
angles from 0� to 180� (see Table 1). Crystallite size
increased and defects were removed when changing

the electrospinning setup by varying the deposition
angle from 0�, 45�, 90�, 135� to 180�, respectively.
Removal of grain borderline defects and increased
grain size decreased the strain in this zone [27, 28].
The lattice strain is calculated from Equation (7).

e ¼ a� a�

a�
, (7)

where e is lattice strain, a and a� are for the 0�

angle highest lattice strain with the grain size
becoming smaller because there are several atoms
and defects present at the grain boundaries. These
defects and atoms produce a stress field in the
nearby region and impose pressure on the system
[27]. Where the lattice strain is negative, the system
is under a compressive stress [29, 30]. It is observed
that at an angle of 180� there is less lattice strain
where the grain size is larger due to the removal of
defects and excess atoms (see Table 1). It is neces-
sary to reduce the surface roughness and dislocation
density for the manufacture of high quality thin
films for use in optical devices. The dislocation
density suggests several flaws and defects in the film
of similar size as the average size of the crystals (D)
as calculated using the relationship in Equation (8)
[31], and giving a lower dislocation density at angle
180� as seen in Table 1.

d ¼ 1
D2

: (8)

The deposition angle, FWHM value, grain size
(D), strain (e), and dislocation density (d) values of

Figure 4. FESEM image for TiO2/PVP nanofibers at different deposition angles (a) 0�, (b) 45�, (c) 90�, (d) 135�, (e) 180�.

NANOCOMPOSITES 75



TiO2 thin film for samples with different deposition
angles are listed in Table 1. The preferential orienta-
tion of the deposited film was at an angle of 180�. It
shows that a deposition angle of 180� is better than
other angles, decreasing the grain size, increasing
the dislocation density, and thus increasing the ten-
sion, where these parameters reach saturation val-
ues [32].

3.2. FESEM characterization

Figure 4 shows the FESEM images of TiO2/PVP
nanofiber mats with different deposition angles of
0�, 45�, 90�, 135�, and 180�. When the angle
changes from 0� to 180�, the average diameter of
the nanofibers decreases from 128 to 75 nm. The
distribution of the diameter of the nanofiber mats is
shown in Figure 4. We observed that changing the
deposition angles results in a change in shape of the
droplet because of the combined effect of gravity
and electric field, causing some changes in fiber
morphology. The effect of gravity and electric field
on the droplet shape and size led to a higher charge
density on the surface of the solution jet during
electrospinning. As the charges carried by the jet
increase, there are higher protraction forces on the
jet under the influence of the electric field. The gen-
eral tension in the fibers depends on the self-repul-
sion of the surplus charges on the solution jet, with
the fiber diameter decreasing when the charge dens-
ity increases. Non-uniformity was observed for
angles of 45� and 135� (Figure 4(b,d)), while at an
angle of 90� (Figure 4(c)) the mats appeared semi-
uniform. At deposition angles of 0� and 180�

(Figure 4(a,e)), the mats appeared uniform with
nanofibers of smaller diameters. The effect of gravity
on the jet and Taylor cone was observed because of
the effect of gravity, where it affected mat morph-
ology and fiber diameter. At an angle of 0� (Figure
4(a)) gravity and electric field work in the same dir-
ection, resulting in an acceleration of the fabrication
of nanofibers because of the impact of forces on the
jet. Average fiber diameters were 98 nm and were
rather uniform [14].

At deposition angles of 45� and 135� (Figure
4(b,d)), non-uniformity occurred near the edge of
the glass substrate due to the effect of gravity on the
jet and Taylor cone. Here, the electric field strength
was more effective than gravity in making the jet
take another path to the collector plate. This causes
elongational instabilities in the solution jet (whip-
ping) due to gravity with average diameters of
122 nm and 128 nm, respectively. At a deposition
angle of 90� (Figure 4(c)) both gravity and the elec-
tric field cause the acceleration of the jet toward the
collector plate, causing the emergence of a semi-

uniform mat morphology with an average nanofiber
diameter of 118 nm [14]. At an angle of 180�

(Figure 4(e)), gravity and electric field work in
opposite directions resulting in enough time for the
fabrication of nanofibers because the impact of the
forces on the jet appear to be uniform, resulting in
an average fiber diameter of 75 nm, i.e. smaller than
for other angles. The results of the FESEM images
at an angle of 0� and 180� (i.e. vertically to the bot-
tom and to the top) show the biggest effect of grav-
ity, and shows that gravity affects the size and shape
of the Taylor cone and the ejected droplet in hori-
zontal and vertical electrospinning setups [14].

4. Conclusions

This work reports a novel approach for altering the
morphology of electrospun fiber mats and fiber
diameter. The approach involves a simple concept
based on changing the deposition angles during
electrospinning from 0� to 180�, and revealed an
effect of gravity on fiber mat formation and fiber
diameter. This study showed that gravity has two
effects: one negative and one positive depending on
disposition angle. This work opens some new pros-
pects for the design of electrospun fiber mats with
better controlled morphologies and appropriate lev-
els of solvent evaporation.
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