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Abstract
Electrospun polymer fiber mats feature versatile applications in tissue engineering, drug
delivery, water treatment and chemical processes. The orientation of fibers within these mats is a
crucial factor that significantly influences their properties and performance. However, the
analysis of fiber samples using scanning electron microscopy (SEM) has limitations such as
time consumption, fixed assembly, and restricted field of vision. Therefore, a fast and reliable
method for qualitative measurements of fiber orientation is required. Mueller matrix
polarimetry, a well-established method for measuring orientation of chemical and biological
species, was employed in this case. We investigated the effect of four important parameters of
the electrospinning process, namely collector speed, applied voltage, needle-to-collector
distance, and solution concentration, on fiber orientation using Mueller matrix polarimetry thus
extending the range of parameters analyzed. Measurements were performed using two extreme
values and a central optimized value for each fabrication parameter. Changes in matrix values
were observed for each fabrication parameter, and their correlation with fiber orientation was
analyzed based on the Lu-Chipman decomposition. The results were compared with SEM
images, which served as the ground truth, and showed overall good agreement. In the future, the
analysis of electrospun polymer fibers can be done by using Mueller matrix polarimetry as
alternative to current technology and fabrication parameters, including solution concentration
for the first time in this context and the production can quickly be adjusted based on the
outcome of the measurements.
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1. Introduction

Electrospun polymer fibers have garnered significant research
interest due to their large surface area and high aspect ratio.
These fibers find applications in various fields such as biomed-
ical engineering, water filtration, surfaces for chemical reac-
tions and energy-producing devices. Oriented fibers have par-
ticular applications such as replicating extracellular matrix in
human body, serving as scaffolds for tissue engineering, as
well as drug and gene delivery systems [1]. Also, polymers
materials are indispensable in biosensing [2, 3], waveguide
based sensor applications [4], and all-polymer based photonic
components [5].

Electrospinning (ES) is currently widely used for produ-
cing ultrafine nanofibers (with diameters above 100 nm) from
a wide range of materials and with diverse morphologies that
play critical roles in numerous applications [6]. The ES pro-
cess involves a high-voltage power supply, a syringe pump, a
spinneret (such as a blunt-tipped needle), and a conductive col-
lector. Liquid is extruded from the needle, forming a droplet
that transforms into a cone-shaped geometry when electri-
fied. From the cone, a charged jet is ejected, which under-
goes whipping motions and solidifies into fibers before con-
tact with the collector [7]. The simplicity and scalability of
the setup has made ES a promising method for producing ver-
satile microfibers from polymers. The structure of electrospun
fibers formed is a key factor that affects their properties and
potential uses and is determined by the fabrication paramet-
ers. However, conventional imaging techniques used to mon-
itor the fabrication outcome, such as scanning electron micro-
scopy (SEM), are time-consuming and expensive.

Mueller matrix polarimetry (MMP) offers a non-contact,
non-destructive, time-efficient, large surface area and easily
deployable alternative. It is a powerful analytical tool which
relies on the polarizing capability of the material. The 4× 4
Mueller matrix (MM) describes the entire polarisation prop-
erties of the material. The relationship between the elements
of the MM is not straight forward, but with certain techniques,
such as matrix decomposition, a better understanding can be
achieved. Matrix decomposition methods, such as the Lu-
Chipman decomposition, allow for the extraction of specific
physical parameters from the MM [8]. MMP has gained wide-
spread applicability in optical analytics, finding utility in prob-
ing various biological species such as brain fiber tracts, cancer
detection, corneal tissue, and collagen [9–13]. Additionally,
it has also been applied to non-biological materials like grat-
ings, thin films, and natural crystals and nano-fabricated sur-
faces [14–16].

By analysing the MM elements, various aspects of elec-
trospun fiber mats can be effectively evaluated and valuabe
observations about their characteristics can be obtained. It

has been utilized to characterize three different morpholo-
gies of electrospun fibers so far: smooth surfaces, micropor-
ous structures, and beaded microspheres [17]. The systematic
studies were performed by manipulating the fabrication para-
meters during the production of such fibers. Certain elements
of the MM were identified as being sensitive parameters to
quantify structural properties of materials. In another study,
the porosity of the fiber was investigated by MMP [18]. The
porosity is closely related to the capacity of polymer fibers
to carry loads such as drugs. As reference, SEM images of
the electrospun fibers were used. The results show that MM
can be a valuable tool for the early screening of porous fiber
samples. Our previous research focused on the correlation
between polarimetric information derived from MM meas-
urements and the fiber orientation in electrospun fiber scaf-
folds made of Polycaprolactone polymer. These fiber mats
have significant applications as scaffolds in tissue engineer-
ing, i.e. graded implants that mimic the tendon-bone junction.
The collector speed in the ES process plays a crucial role in
determining the relative orientation of the fibers in space and
MMP was used to quantify its influence [19].

We have extended our previous research by demonstrat-
ing that our technique can analyze additional parameters to
characterize and control the manufacturing process of elec-
trospun fibers. To the best of our knowledge, such an invest-
igation was not performed before. Previous work has shown
that various factors influence the transformation of the poly-
mer solution into micro- and nanofibers. The factors that
affect the process include solution-related parameters such
as polymer molecular weight, concentration, surface tension,
conductivity, solvent volatility, and viscosity. Additionally,
process-related parameters such as field strength, flow rate,
tip-to-collector distance, applied voltage, collector configura-
tion, and shape are also relevant. Finally, environment-related
parameters such as temperature, humidity, and pressure are
also important. Our investigation focused on process-related
parameters, including collector speed, tip-to-needle distance,
applied high voltage, and polymer concentration. The results
demonstrate the potential of MMP as a simple and powerful
technique for characterizing electrospun fiber structures. This
technique is particularly advantageous compared to the more
complex and expensive SEM techniques currently in use.

2. Methods

2.1. Mueller matrix polarimetry

AMM imaging polarimeter is designed to capture the spatially
varying polarization properties of optical systems (figure 1).
In this study, we employed an experimental setup similar to
the one described in our previous works [12, 19]. The setup
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consists of two main arms: the polarization state generator
(PSG) arm and the polarization state analyzer (PSA) arm.

The PSG arm is responsible for illuminating the material
under investigation with a series of pre-determined polariz-
ation states. It comprises a quarter-wave polarizer and two
liquid crystal retarders (LCR), which collectively generate six
specific polarization states. The optical signal produced by the
material under investigation then passes through the PSA arm.
This arm is constructed similar to the PSG and contains the
CMOS imaging camera. From the total 36 images acquired,
with the acquisition time being less than 1 s, we calculate the
MM element values.

The setup was calibrated to ensure the optical system is
adjusted and behaves similarly to an ideal system. The calibra-
tion relies on applying suitable values for the supply voltages
of the LCRs for achieving λ

4 and λ
2 phase delays, respect-

ively. All angles are aligned with respect to the first polarizer
in the PSG which does not change its orientation during the
whole process. The second polarizer is mounted in a motor-
ized rotating holder and is then oriented perpendicular to the
first one. Then, the first polarizer is manually set to 45◦ and
the following steps are implemented: (i) the fast axes of all
LCRs are calibrated to 0◦; (ii) a λ

2 phase retardation is calib-
rated for all LCRs by the analysis of the relation between the
applied supply voltage and the intensity at the sensor; and (iii)
a λ

4 phase retardation is calibrated accordingly for LCR2 and
LCR3 by using a quarter-wave-plate. The procedure is based
on intensity measurements with the imaging camera acting as
the sensor.

In MMP, the interaction between the incident polarization
state and the sample is described by a 4× 4 real matrix known
as theMM. For a more comprehensive understanding ofMMP,
detailed discussions can be found in the literature [20, 21].
The MM characterizes the polarization change properties of
the sample.

When an incoming light field is represented by a 4× 1
Stokes vector (S), the resulting polarization state transforma-
tion is given by S’=MS, where S’ is the outgoing Stokes vec-
tor and M is the MM. The MM contains all essential inform-
ation about how the sample alters the polarization state of the
incident light. However, the MM elements obtained from the
experiments do not provide information about the sample’s
physical properties. Therefore, it is necessary to decompose
the MM into its various known contributions, as is possible
with the polar decomposition method proposed by Chipman
[8]. Detailed calculation of MM elements and the derivation
of decomposition parameters is provided in the supplement-
ary material. It provides information about various polariza-
tion changing properties of the sample, such as diattenuation,
retardation, depolarization, and polarization, which can be cal-
culated from it [22]. While diattenuation describes the dif-
ference in attenuation between orthogonal polarization states,
retardation refers to the difference in phase accumulation
between two polarization states. Also, depolarization quanti-
fies the fraction of light lost or transformed into unpolarized

light. It has also been proven that a completeMM is sometimes
not necessary to obtain various parameters [23].

2.2. Fabrication of the polymer fibers from electrospinning

Pitch, cellulose and polyacrylonitrile (PAN) are generally used
as precursor materials for carbon fibers and carbon nanofibers.
Among them, PAN is themost widely used precursor, account-
ing for more than 90% of the market share. This is attrib-
uted to its favorable spinnability and high carbon yield, ran-
ging from 50% to 55% [24]. Its chemical structure allows
for efficient production rates while maintaining the desired
molecular alignment along the fiber axis. Unlike flexible ther-
moplastics, such as polyethylene and polypropylene, its rigid
molecular structure prevents the formation of folded struc-
tures. These characteristics make it an exceptional choice as
a precursor material for the production of high-performance
polymer fibers, distinguishing it from alternatives such as
rayon and pitch [25]. In the work presented here, we used PAN
polymer as base material for the production of nanofibers.

Processing using ES enables the fabrication of polymer
fibers with diameters ranging from a couple of hundred nano-
meters to few micrometers, which are characterized by their
helical rod-like shape resulting from the dipolar repulsion in
the nitrile group. It involves the application of a high voltage to
a syringe, polymer solution or melt is flowing through. As the
strength of the thereby created electric field exceeds the sur-
face tension, a ‘Taylor cone’ is formed at the tip of the polymer
solution/melt. From the Taylor cone, a jet of polymer material
is ejected and elongated into a thin fiber as it travels towards
a grounded collector. This process is shown in figure 2 and
allows for the production of continuous and uniform polymer
fibers with a high aspect ratio [26].

To start the fiber production, a specific set of chemicals with
their appropriate compositions were required. The chemicals
and key components necessary for the electrospinning pro-
cess were: PAN, molecular weight 150 000 (Sigma Aldrich);
N, N- Dimethylformamide, molar mass 73.10 gmol−1, dens-
ity 0.95 g cm−3, grade/ purity 99.8% (Carl Roth, Germany);
distilled water (VITLAB); syringe, 10ml (B.Braun Omnifix);
Injectomate Line, tube, 150 cm (Fresenius Kabi AG); a
single-use cannula, blunt, 0.80 ∗ 22mm21G∗ 7/8 (B.Braun
Sterican).

Initially, a lower polymer concentration was considered,
and for the corresponding molecular weight of PAN, an 8wt%
concentration was found to be suitable for producing long
fibers and avoiding the formation of beads or droplets on
the fiber mats when the proper parameters are chosen in the
fiber production process. Therefore, three different concen-
trations of PAN polymer were used to prepare the fibers. To
achieve a uniform polymer solution, 0.8 g of PAN polymer
was dissolved in 10ml of N,N-Dimethylformamide (DMF)
with overnight mechanical stirring. Longer stirring times may
be required for higher concentrations or different polymers.
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Figure 1. (a) Scheme of Mueller matrix polarimetry setup containing different polarizers, to acquire either 16 or 36 images by the camera.
PSA is the polarization state generator consisting of a quarter wave plate and two liquid crystal retarder. The PSA is the polarization state
analyzer, which is the same as PSG and has a CMOS camera for imaging. (b) Rotational mount for the polymer foil and angular rotation
direction in 45◦ steps for each measurement. (c) Placing of the electrospun box shows the 8cm× 6cm cut from the sample. The arrow shows
the fiber alignment direction and in the laboratory frame, the same orientation is maintained.

The solution was then ready for spinning. A diagram illustrat-
ing the experimental setup can be seen in figure 2. To initiate
the ES process, the polymer solution, which had been stirred
overnight, was transferred into 10 ml plastic syringe. The syr-
inge was then attached to a needle via 1.5m long capillary
tube. The setup was positioned with the syringe in a feed pump
and the needle connected to a high voltage supply. To ensure
safety and avoid harm to individuals, the entire electrospin-
ning setup was built inside a closed chamber with transparent
plastic walls.

The collector is a critical component in the electrospinning
process to collect either well oriented or unoriented fibres. To
begin the electrospinning experiments, the first step was to
manually set the distance between the needle and the collector
as the pre-determined parameter. A rotating drum covered
with aluminium foil was used as the collector, as it facilit-
ates the removal of fibers without affecting their structure. The
high voltage and collector speed were set in the electrospin-
ning control program, with an adjustment control for the feed
rate of the solution, the latter being measured in millilitres
per hour or microlitres per minute. The electrospinning pro-
cess was considered active when the collector began rotating,
and the high voltage was applied to the needle. To perform
MM experiments on the resulting fiber mats, they were left
to spin for 1–8 h to allow enough fiber mat thickness to be
achieved. Once a sufficient thickness was attained, the elec-
trospinning process was stopped, and the aluminium foil was
removed from the collector. For subsequent experiments, the
entire process was repeated with varying process parameters,
while maintaining a constant collector speed and two other
parameters, i.e. high voltage and distance between the needle
and collector. This approach was repeated for three rounds of
experiments with three different collector speeds. While the

ES process was typically performed at standard room temper-
ature, an additional heating source might be required to evap-
orate the solvent.

For this study, samples were prepared by varying the four
major parameters. Among these parameters, high voltage and
collector speed, can be controlled through the program con-
nected with the electrospinning process. The third parameter,
the distance between the collector and needle, can be manu-
ally changed by moving the arm attached to the needle in the
direction of the collector. The fourth parameter, polymer con-
centration, can be altered and prepared during the solution pre-
paration stage. For each parameter, we established a range that
can be varied. To determine the influence of each fabrication
parameter, we kept the other parameters at a constant value and
vary the selected parameter over its entire range. We choose
constant values that are likely to produce long fibers with a
fixed orientation.

3. Results and discussion

3.1. SEM results

The morphology and orientation of the fabricated fibers can
be examined using a SEM. To achieve a quantitative meas-
ure of fiber orientation, we utilized the directionality plug-in
available for the open-source imaging software ImageJ [27].
This plug-in calculates the spatial frequencies within an image
by using a set of radial directions. The angles are reported in
their simplest mathematical form, with the orientation being
counterclockwise and the direction being 0◦ East. The analysis
generates normalized histograms, which reveal the amount
of fibers orientated at angles between 0◦ and 180◦. A flat
histogram would be produced for an image with completely

4



J. Opt. 26 (2024) 045404 G Sharma et al

Figure 2. Schematic diagram of the electrospinning setup. Important parameters are collector speed (m s−1), high voltage (kV), and the
distance from nozzle to the cylinder (cm).

isotropic content, while an image with a preferred orienta-
tion would yield a histogram with a peak at that orientation.
Additional statistics for the histograms are calculated namely,
direction (◦), dispersion (◦), amount and goodness. Direction
represents the center of the Gaussian peak; dispersion is the
standard deviation of the Gaussian peak and amount the sum
of the histogram from center to plus/minus the standard devi-
ation, divided by the total sum of the histogram. The goodness
stands for the goodness of the fit function. With these para-
meters, we were able to quantify the SEM images. The SEM
results and parameter values obtained from the samples are
discussed along with the MM results in the sections below.

3.2. MM results from the different laser wavelengths used for
the MMP

The laboratory setup has the capability to handle multiple
wavelengths for illumination. In our study, we utilized three
laser wavelengths (633 nm, 532 nm, and 445 nm), and the
outcomes are displayed in figure 3. Across almost all MM
values, the normalized signal is greater for the red than for
blue and green laser light. A strong MM signal produces a
more pronounced difference in the normalized signal for red
wavelength, reflecting the varying sensitivity of the MM sig-
nal to the wavelength of the incident light. FurtherMM experi-
ments were performed only with a 633 nm laser source. Earlier
published works on ES fibers have used this wavelength for
polarimetry measurements as well [19, 28].

3.3. Full angular MM measurements on spun PAN fibers

The practical applications and properties of electrospun foils
heavily depend on the orientation of fibers, which is found to

be linked to the MM signal. By rotating the polymer foil as
shown in figure 1(b) and taking angular measurements, a cer-
tain dependence is expected in response to incident polariza-
tion illumination. Certain MM values exhibit a periodic pat-
tern, such as a sinusoidal function, as the sample is rotated
from 0◦ to 360◦. To obtain these values, the polymer sample is
fixed on a rotational mount, and MM measurements are taken
at every 45◦ step, with the step size selected to clearly capture
the trend of MM values. The polymer foil is initially oriented
vertically at 0◦, which corresponds to the orientation of fibers
during electrospinning, as depicted in figure 1(c). Therefore,
we can compare angular measurements across MM measure-
ments on foils produced with different parameters, see the dis-
cussion below.

Figure 4 shows the result of a single foil produced by the
electrospinning process at a relatively high collector speed of
16m s−1 to determine the pattern repetition. It was observed
that there was a repetitive pattern from 0◦ to 180◦ and 180◦to
360◦ for all the MM values. This pattern was also observed
in different foils, indicating that these samples can be faith-
fully utilized for MMmeasurements. The plots for the upcom-
ing results were generated in the 0◦ to 180◦ angular range. It
should be noted that certain MM values can exhibit symmetric
patterns within this range. In a similar study, a shorter step size
of 10◦ was chosen to for the whole angular range [13]. The 45◦

interval allows for placing fibers in almost any direction over
a wide range without loss of any vital information in polari-
metry measurement. The absence of a strong fiber orientation
in the foils would lead to a loss of symmetry in the angular
measurements. No clear trend or pattern can be seen because
with zero collector speed, no fiber formation occurs. This res-
ult is consistent from the previous published results. This beha-
vior is confirmed in the supplementary figure S1, which shows
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Figure 3. Comparison between the MM values obtained from the red laser (633 nm), green laser (532 nm) and the blue laser (445 nm)
source employed in the MM polarimetry. The strongest signal is observed for the red laser source.

Figure 4. Mueller matrix element values obtained from the angular measurements of the fibers produced at a high collector speed of 18
m s−1. It is worth noting that MM elements display a symmetrical pattern around 180◦ or 90◦. This is attributed to the alignment of the
fibers.

the MM values for the sample with no collector speed. To
investigate the impact of polarization changes from the MM
setup on the sample, the experiment was performed twice on
a single sample, along with several other samples. After each
spinning process, the foil containing fibers was removed and
two randomly chosen parts, each measuring about 8 cm*6 cm,
were selected for analysis. To establish the reproducibility of
the fabricated foils, we conducted measurements on four dis-
tinct foils (shown in supplementary figure S2). The first two

measurements were acquired from one portion of the foil,
while the remaining two were obtained from the opposite
side. These findings indicate that repeated measurements of
a sample do not considerably impact MM values. In this case,
the values remain exceptionally stable. It is crucial to emphas-
ize that fiber morphology must be uniform throughout the foil
for morphological analysis. As a result, any section of the foil
could be employed for MM measurements of other samples
directly from the spinning process.
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Figure 5. SEM images and histograms of the fiber orientation generated from the ImageJ directionality plug-in, for fiber mats at collector
speeds of (a) 0m s−1, (b) 8m s−1, and (c)16m s−1, while keeping constant fabrication parameters of a 15 kV high voltage and a 15 cm
distance between the needle and the collector. Histogram values of direction and dispersion, (a) 82◦ and 20◦; (b) 3◦ and 11◦; (c) 82◦ and 7◦.
Dispersion denotes the spread of the direction angle. It indicates how ordered the orientation is. It is lowest for the optimal speed of
16m s−1 and highest for 0m s−1.

3.4. The variation of the collector speeds

The electrospun fibers fabricated with a high voltage of 15 kV
and a distance of 15 cm between the needle and the collector,
along with three different collector speeds, were examined.
The SEM image for each speed is shown in figure 5. Typical
for this study, fiber diameters range between 210 nm and
250 nm. The fiber orientation at one of the extremes (0m s−1)
was quantified using the directionality plug-in histogram. The
angle spread from 20◦ to 180◦ was found to be quite large,
with a dispersion angle of 20◦. This indicates a fiber morpho-
logy with low degree of orientation. However, as the collector
speed was increased to 8m s−1, the fiber orientation started to
increase, with an observed reduction in the dispersion angle to
10◦. According to our experience, higher collector speeds are
preferred for achieving highly aligned fiber ensembles. At 16
m s−1, the dispersion angle value was found to be 7◦, as shown
in figure 5(c). Based on these results, we can expect a similar
trend or pattern in the MM values with respect to changes in
collector speed. Figure 6 shows the normalized MM elements
for these samples. Differences inMMelements for 0m s−1 and
8m s−1 speed are seen at 0◦ or 180◦ and the corresponding val-
ues are nearly the same at 90◦. The sample prepared at high
collector speed (16 m s−1) has given a significant increment
in MM values across the whole angular range. The diagonal
elements show clear change for all angles. The same is also

true for the first row, the first column elements, and the bot-
tom right 3× 3 matrix too. For 0 m s−1, most MM values are
zero. It would be safe to conclude that MM values are sensitive
to the collector speed change.

The MM elements for retardance, polarizance, diatten-
uation, and depolarization were calculated using the Lu-
Chipman decomposition. The results (bar plot is provided in
the supplementary material, figure S3) indicate no signific-
ant difference in retardance among the samples. However,
polarizance and diattenuation values increase for samples pro-
duced at higher collector speeds. Depolarization values exhibit
a reverse trend. The overall change in these values among the
different samples is minimal.

3.5. Variation of high voltage on needle

The properties of the electrospun fibers fabricated with col-
lector speed of 8 m s−1 and a distance of 20 cm between the
needle and the collector with three different applied voltages
of 10, 15, and 20 kV were investigated. The SEM images are
shown in figure 7.

For 8 m s−1 collector speed, fibers with clear orientation
were produced. However, when varying the voltages, we do
not create a significant difference in orientation among those
fibers. Figure 8 displays measurements demonstrating that

7
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Figure 6. MM values for the fibers fabricated with three varying collector speeds of 0m s−1, 8m s−1, and 16m s−1, while keeping constant
parameters of a 15 kV high voltage and a 15 cm distance between the needle and the collector.

Figure 7. SEM images for the samples fabricated with high voltages of 10 kV, 15 kV, and 20 kV; The other parameters were constant at
8m s−1 collector speed and 20 cm distance between the needle and the collector. The scale bar is 5µm.

higher MM values were achieved at 15 kV, while the lowest
MM values were obtained at the other extremes (10 and
20 kV). The change in MM values for the different angles
applied indicates a response to polarization, which influences
the orientation change. From the 16MM elements, M21,M31,

M22, M23, and M34 are varying. M22 is showing higher
values, whereas M34 is suggesting lower values. Another
measurement was done while keeping collector speed constant
at 0 and 16m s−1 respectively, and repeating the same proced-
ure again. In this case, at 0m s−1, we would not expect a clear

8
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Figure 8. MM values for fibers produced using three different high voltage values (10 kV, 15 kV, and 20 kV) with 8 m s−1 collector speed
and 20 cm distance between the needle and the collector.

orientation. From the data from R, P, D, and depolarization
data, polarizance and diattenuation values were seen higher
for 10 kV and the lowest values were seen for 20 kV. For the
depolarization, peaks are noticed for the higher voltages of
15 kV and 20 kV. Graphs of R, P, D, and depolarization are
shown in the supplementary figure S4.

3.6. Variation of needle-to-collector distance

The electrospun fibers were fabricated with varying distances
between the needle and the collector, using three different
values: 10 cm, 15 cm, and 20 cm. These distances are shown
in figure 9, along with their corresponding histograms. At a
distance of 15 cm between the needle and collector, the fiber
orientation is more aligned, with a central peak around 140◦

and a dispersion of 9◦. The remaining angles have almost
zero values. However, for the other two distances (10 cm and
20 cm), the histograms are slightly spread over a larger range.
Figure 10 shows the normalized MM values, where certain
MM values exhibit a symmetric pattern. It is observed that
for MM elements such as M21, M31, and M34, the val-
ues decrease as the distance increases, while M22, M23, and
M32 show negligible differences among them. The difference
between the MM values for the parameters is rather small
because the fiber orientation has not significantly deteriorated
or changed for the upper and lower extreme parameters. It is
also noted that theMMvalues for the 15 cm distance still stand
out across all MM values. We conclude that this parameter
does not play a significant role in fiber orientation fabrication.
This is further demonstrated by the decomposition parameter
plots in the supplementary figure S5, where the retardance is
slightly higher for the 15 cm distance and the other parameters
register no change.

3.7. Variation of polymer concentration

Three different concentrations of PAN polymer, namely
8wt%, 12wt%, and 15wt%, dissolved in DMF solution,
were prepared. Fibers were produced for these concentra-
tions using a collector speed of 16 m s−1, higher voltage (20
kV), and a greater distance (20 cm). The corresponding SEM
images, along with the orientation histograms, are presented in
figure 11. Notably, only the 8wt% PAN concentration exhib-
ited ordered fiber formation, as evidenced by the SEM image
and the concentration of angles with non-zero values in the
orientation histogram. In contrast, the higher concentrations
(12wt% and 15wt%) displayed a more random fiber orient-
ation, with non-zero values observed for a wider range of
angles. This observation is further confirmed by the dispersion
values obtained from the histograms, with the higher concen-
trations having values of 8.8◦ and 10.2◦ respectively, while the
lower concentration exhibited a value of 5.4◦.

MM values were analyzed for each concentration across all
angles, as shown in figure 12. It was observed that the MM
values were higher for the 8wt% concentration, indicating a
reduction in fiber orientation with increasing PAN concentra-
tion. The MM values exhibited an overall increase across all
elements, indicating a transition from bead formation to fiber
formation as the concentration increased [18]. The results sug-
gest that polymer solutions with higher concentrations lead to
the fabrication of fibers with larger diameters. Additionally,
the unknown flow rate of the solution may contribute to the
formation of even thicker fibers. The increase in fiber dia-
meters can be quantitatively measured as the concentration
of the polymer solution used in the electrospinning process
is increased. From the Lu-Chipman decomposition paramet-
ers, a clear difference is observed among the different con-
centrations. For explanation, we hypothesize that increasing
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Figure 9. SEM of the fibers fabricated with varying distances of from the needle to the collector as (a) 10 cm, (b) 15 cm, and (c) 20 cm. The
direction and the dispersion value are (a) 44◦ and 8◦, (b) 140◦ and 9◦, (c) 30◦ and 7◦ repectively. The constant parameters of 15 kV high
voltage and collector speed of 8 m s−1. The scale bar is 5 µm.

Figure 10. MM values for the fibers fabricated under constant parameters of 15 kV high voltage and collector speed of 8 m s−1 with
varying distances of 10 cm, 15 cm, and 20 cm from the needle to the collector, respectively.

the concentration results in an uneven polymer solution form-
ation at the nozzle, leading to a more random fabrication pro-
cess in terms of fiber orientation. Figure S6 illustrates that the

retardance and polarizance, attenuation values do not exhibit
a specific trend. In the context of this study, the MM proves to
be effective in predicting the fiber orientation.
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Figure 11. SEM images and orientation histograms for the samples fabricated with (a) 8wt%, (b) 12wt%, (c) 15wt% respectively
concentrations of PAN. The direction and dispersion values are (a) 113◦ and 5.4◦, (b) 179◦ and 12◦, (c) 59◦ and 10.2◦ respectively. The
goodness of fit for each case is >0.96. The fabrication parameters of 15 kV high voltage, 20 cm distance between the needle and collector,
and a collector speed of 16m s−1. For 8wt%, the dispersion value is the lowest, indicating a highly ordered fibre orientation. The scale bar
is 50µm.

Figure 12. MM values for the fibers fabricated with different concentrations of PAN (8, 12, and 15wt% respectively) using the fabrication
parameters of 20 kV high voltage, 20 cm distance between the needle and collector, and a collector speed of 16m s−1. The MM values are
higher for 8wt%.
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4. Conclusion

In this study, we have explored the utility of MMP as a prac-
tical tool for predicting nanofiber outcomes in electrospin-
ning, focusing on four key fabrication parameters. Amongst
the Lu-Chipman decomposition parameters examined, polar-
izance and diattenuation showed the most pronounced sensit-
ivity to alterations in fiber orientation. Notably, modifications
in the distance between the needle and collector had a negli-
gible impact on fiber orientation, leading to minimal fluctu-
ations in polarizance and diattenuation values. However, sub-
stantial variations were observed in these parameters when
adjusting the collector speed, applied voltage, and concentra-
tion. Depolarization displayed minimal to slight alterations in
its values in response to modifications in any of the fabrica-
tion parameters. Retardance showed a rather not so conclusive
trend and is not a strong candidate for orientation prediction.

In contrast to previous studies that focused solely on mor-
phology or a single factor, this study examined both fiber mor-
phology and multiple ES fabrication factors, delivering new
insights into the processes governing nanofiber production
by electrospinning. This study is noteworthy for its objective
investigation of various factors involved in ES fiber produc-
tion. The chosen parameters offer a comprehensive depiction
of the production process and how it influences fiber orient-
ation, which can be measured by interacting with polarized
light. However, one drawback of MM polarimetry is its inab-
ility to identify the exact set of parameters retroactively. Only
technical parameters contributed to the measured MM values
in this work.

For further research, MM polarimetry could be used to
analyze further properties of electrospun polymer-optical
fibers, such as the concentration of dopants or the heli-
city [29]. It can also provide valuable insights into the cir-
cular birefringence property of chiral structures [30]. A note-
worthy example is the examination of polylactide polycrystal-
line polymer films, which exhibit optical activity when illu-
minated at oblique angles [31]. Furthermore, an alternative
precursor polymer, such as polyethylene oxide (PEO), can
be employed for conducting a similar morphological study.
Due to its biocompatibility and non-toxicity, PEO is a suitable
biomaterial for applications in tissue engineering and wound
scaffolds.

Data availability statement

The data cannot be made publicly available upon publication
because no suitable repository exists for hosting data in this
field of study. The data that support the findings of this study
are available upon reasonable request from the authors.

Acknowledgments

This work was supported by iToBoS (Intelligent Total
Body Scanner for Early Detection of Melanoma),
a project funded by the European Union’s Horizon

2020 research and innovation programme, under Grant
Agreement No 965221. The financial support by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy within
the Cluster of Excellence PhoenixD (EXC 2122, Project ID
390833453) is acknowledged.

Conflict of interest

The authors declare no conflicts of interest.

ORCID iDs

Gaurav Sharma https://orcid.org/0000-0002-3452-5070
Lennart Jütte https://orcid.org/0000-0002-5564-7472
Bernhard Roth https://orcid.org/0000-0001-9389-7125

References

[1] Barhoum A, Bechelany M and Makhlouf A S H (eds) 2020
Handbook of Nanofibers (Springer)

[2] Zangenehzadeh S et al 2023 Thin Solid Films 764 139583
[3] Prante M, Schüling T, Roth B, Bremer K and Walter J 2019

Biosensors 9 134
[4] Walter J G, Alwis L S M, Roth B and Bremer K 2020 Sensors

20 6771
[5] Rezem M, Günther A, Roth B, Reithmeier E and Rahlves M

2017 J. Lightwave Technol. 35 299–308
[6] Kilpakjan S and Schmid S 2019 Manufacturing Engineering

and Technology 8th edn (Pearson Education, Incorporated)
[7] Baumgarten P K 1971 J. Colloid Interface Sci. 36 71–79
[8] Lu S Y and Chipman R A 1996 J. Opt. Soc. Am. A 13 1106
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