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ARTICLE INFO ABSTRACT

Keywords: Many laboratory experimental techniques used for investigating fine fluid structure, such as fiber spinning,
LED backlighting microfluidic flow, and electrospinning, require high quality images with good contrast. Common processes of
Imaging

observation and image recording rely heavily on highly technical light and camera setups which can be difficult
to operate in some processing conditions and expensive as well. Here, we report a facile technique using LED
backlight imaging to investigate ultrathin fluid profile in two different processes, melt electrospinning and
tubeless siphoning. The setup comprises of a simple LED light source facing toward the camera, directly shining
into the camera lens. The object under investigation was placed between the camera and the light source. The
high-quality captured images and video recordings enable the precise analysis of the cone diameter and jet
solidification in case of melt electrospinning, and extensional behavior profiles for tubeless siphoning. The LED
backlight setup with high resolution camera is a useful tool to investigate sub-micron scale dimensions in fiber
spinning, microfluidic flow, solution electrospinning, contact angle measurement for surface properties analysis,

Melt electrospinning
Tubeless siphoning

etc.

1. Introduction

In the manufacturing industry, in situ measurement is a widespread
need for inspecting processing conditions. Many processes need high
spatial resolution (from micron to sub-micron) imaging techniques that
are viable to localize for in situ imaging. Examples of scientific appli-
cations that require such photography are electrospinning, contact angle
measurement for surface properties analysis, fiber spinning, extensional
viscosity measurement, etc. For example, in melt electrospinning, it is
crucial to investigate micron scale dimensions to precisely analyze the
jet stability, cone diameter and jet solidification zone, and correlate
them to the process parameters such as electric field intensity, plate to
collector distance or temperature for optimizing the process. Tubeless
siphoning, which is a useful tool to explore extensional flow profile of
non-Newtonian fluids, also needs clear visualization of thin siphon line,
especially in case of low viscosity fluids. To date, various imaging
techniques have been developed and utilized for analyzing industrial
processing both qualitatively and quantitatively [1-6]. The most com-
mon inspection method uses a camera to acquire two dimensional im-
ages of the system under investigation [7]. Matthys reported a flow
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visualization technique to investigate extensional flow profile for tube-
less siphoning of polymeric fluids by using intense ultraviolet (UV) light
generated by a pulsed nitrogen laser [3]. The technique was based on the
activation of a photochromic dye by illuminating from the side with a
very short pulse of UV light focused in a small beam at the location of
interest. The photoactivation resulted in the apparition of dark marker
lines in the center of the siphoned fluid which allowed to record high
speed movies to compute velocities anywhere inside the flow field. Later
on, another group of researchers used NMR microscopy to observe the
velocity profiles directly at any point of the tubeless siphon column of
viscoelastic fluid (polyethylene oxide (PEO) in water) [2]. The tech-
nique was efficient to measure the radial profiles of axial velocity in the
siphon flow; however, it was comparatively expensive and not conve-
nient for industrial implementation. While investigating electrospinning
jet stabilities for PEO-water, Shin et al. used area backlight to improve
the contrast of the images that were taken on conventional film using
high-speed photographic techniques [8]. The technique used multiple
equipment arrangement that might not be feasible to perform in situ
measurements. Thoppey et al. used a halogen lamp and/or a light source
comprised of a square array of white LEDs to illuminate polymer jets to

Received 5 June 2020; Received in revised form 30 August 2020; Accepted 16 September 2020

Available online 26 September 2020
0142-9418/© 2020 Elsevier Ltd. All rights reserved.


mailto:eshaban@ncsu.edu
www.sciencedirect.com/science/journal/01429418
https://http://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2020.106865
https://doi.org/10.1016/j.polymertesting.2020.106865
https://doi.org/10.1016/j.polymertesting.2020.106865
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2020.106865&domain=pdf

E. Shabani et al.

record images of the electrospinning process of PEO solutions for further
analysis [9]. They tinted the polymer solution with a dye to provide
enhanced imaging contrast for viewing the jet initiation process and
subsequent stabilized jets.

Most of the imaging techniques used by the researchers are either
complicated in design or not cost effective. Some setups use dye mole-
cules for improved visualization of the process, which are difficult to
implement in large scale industrial setting. Moreover, current method-
ologies often require a microscope that even though very precise, is not
flexible enough to be properly localized for a specific application espe-
cially in cases where in-situ photography is needed. In addition, the
direct use of light source from the same side of the camera suffers from
non-uniform illumination caused by the light source and the surround-
ing environment. To overcome these problems, in recent years, re-
searchers emphasize using backlight technique for imaging objects or in-
line processing [7,10-13]. In backlight setup, the object is placed be-
tween the camera and the light source that enables shining the camera
lens directly. Chen et al. presented smartphone supported backlight
illumination technique for microfluidic imaging [11]. However, the
complicated imaging box system restricts their design from ubiquitous
applications. In a recent work, Liu et al. also utilized backlight technique
using an incandescent lamp for optical observations of droplet-jet shape
to guide adjustments to optimize and maintain fiber diameter in online
controlled electrospinning of PEO solution [13]. However, they used a
microscopic lens attached with a single-lens reflex camera to observe
and record the process that might not be convenient for universal use
and cost effective as well. In a recent study, Wunner et al. used two
cameras to capture the flight path and fiber diameter on the collector in
a melt electrowriting process [14]. In this technique the first camera was
placed at a distance of 100 mm to focus on the region of the fiber flight
path and the second camera was a microscopic camera with 10x
magnification lens. The images from this technique appear as a dark line
in front of an illuminated background with no detailed information of
the inside jet. The images were utilized for high throughput analysis of
the melt electrowriting process parameters to develop the best pro-
cessing conditions among the many parameters affecting the jet diam-
eter. The necessity for small distance of the camera to the object and the
utilization of the microscopic camera could potentially complexify the
setup design in large scale applications.

In this paper we introduce a simple yet versatile photography tech-
nique that can be utilized to take in situ still images from sub-micron
scale objects with high resolution that enables post-processes measure-
ments and analysis. Our study aims to develop a simple but accurate tool
to acquire both qualitative and quantitative information about the
subject. We use a LED lamp as a source of light and a digital single-lens
reflex camera (DSLR) or a smartphone for capturing image or video. The
capability of this technique is investigated for various areas of research
including 1) melt electrospinning, and 2) tubeless siphoning, showing
the broad ranges of applicability. For melt electrospinning, images are
collected for further analysis on the jet cone size, jet number and jet
diameter at the initiation, and the solidification point of the jet during
the process. For tubeless siphoning, applicability of the technique to
collect high quality images and videos for measuring extensional
behavior of the fluids is investigated. We demonstrate that this simple
imaging setup is applicable to a variety of laboratory and industrial
processing.

2. Methodology
2.1. Backlight setup

The backlighting setup comprises of a light source, namely a LED
lamp that is placed in such a way as to directly shine the camera lens.
The object is placed between the camera and the light source. The
purpose is to signify the edges of the object in the illustration which will
ultimately enable us to perform precise dimension analysis for the

Polymer Testing 92 (2020) 106865

specific application. (Fig. 1). We used a simple LED lamp (33 LED Super
Bright Wardrobe Lights, Portable Magnetic Stick Wireless, geometry 9.5
inch by 1.5 inch by 0.7 inch, manufacturer: CHNXU). This LED lamp
minimizes the environment lighting compared to the translucent lamp
used by Liu et al. [13]; hence, the focused light coming from the LED
source shines the camera lens effectively. Both a high-quality Canon
DSLR (Canon EOS Rebel T5i with 18-135 mm EF-S IS STM Lens, single
flexible zoom lens, 18.0 Megapixel CMOS sensor, able to take both color
and black and white images, pixel pitch: 4.29 pm, pixel area: 18.40 um?,
and pixel density: 5.43 MP/cm?) and simple smartphone (Samsung
Galaxy J7 Prime; 13 MP Sony Exmor RS, /1.9 aperture, zoom levels: 4x)
cameras have been utilized in this work to show the versatility of this
technique with ranges of camera specifications. However, in the case of
sub-micron scale dimensions, high resolution cameras will get more
precise images.

In the case of the Canon DSLR camera, the settings need to be
manually adjusted properly for backlit photography. The three main
setting parameters that need to be adjusted are as following: aperture,
shutter speed, and ISO (International Organization for Standardization)
speed. Aperture is the opening in a lens through which light passes to
enter the camera. A larger aperture allows more light to enter the
camera. The shutter speed determines how long shutter remains open as
the picture is taken. The slower the shutter speed, the longer the expo-
sure time. The shutter speed and aperture together control the total
amount of light reaching the sensor. However, for backlit photography,
especially in the cases where the object is favored to be isolated from the
background, adjusting the aperture to a wider degree (means lower
number e.g. £/5.6) and adjusting the light based on the shutter speed is
recommended. As the light source is positioned behind the object and is
directly lighting the lens, a higher shutter speed, (e.g. 1/1000) is rec-
ommended to minimize the exposure of the camera to the light. The
third important parameter to be adjusted is the ISO speed which de-
termines the sensitivity of the camera sensors to the light and for this
technique is recommended to be adjusted to the lower degrees. The
settings that were adopted in this work were: ISO speed: 200, f1/5.6 and
shutter speed 1/1000. The camera setting for Samsung Galaxy J7 Prime
is much straightforward. We used automatic mode of the camera with
occasional adjustment of the zoom (up to 4x) with manual focusing.

2.2. Melt electrospinning setup

A free surface melt electrospinning setup was utilized to fabricate
micron scale fibers of linear low density polyethylene (LLDPE) (granule,
ASPUN 6850 Fiber Grade Resin with the melt index of 30 g/min under
190 °C/2.16 kg based on the data sheet provided by the manufacturer;
Supplier: Dow Chemical company) [15]. The apparatus consists of an
aluminum sharp edge plate and a commercial hot plate (Fisher Scien-
tific, model: HP88857100) to heat up the source plate. The source plate
is a hand-made aluminum plate with the surface area of 13.6 x 4.8 cm
and edge walls of 1 mm thickness and 0.8 cm height on the sides (with
no wall on the sharp edge where fibers are formed). The source plate

Object

Camera

LED light source

Fig. 1. Schematic configuration of a backlighting setup. The object is placed in
between the camera and the LED light source. The distance between the LED
and the object is 10-20 cm, and that between the object and the camera is
10-50 cm.
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temperature is set to 190 °C. One side of the source plate is connected to
a k-type thermocouple to monitor the temperature of the source plate.
The opposite side of the plate is attached to ground wire. The counter
electrode consists of a square aluminum plate with the surface area of
30 x 30 cm that is connected to the negative polarity of a high voltage
source (Glassman, Model FC60R2). The entire apparatus is placed in a
wood chamber with transparent acrylic plastic as front door and top wall
to observe the process. The thermocouple reader is placed outside the
box, however for the schematic purposes it is shown inside the chamber.
Fig. 2 illustrates the schematic design of the melt electrospinning setup.

2.3. Tubeless siphoning setup

Some non-Newtonian fluids, such as polymer solutions with suffi-
cient entanglements or polymer melts have a special ability to form a
tubeless siphon (ductless siphon). Fig. 3 depicts a set up for tubeless
siphoning of 2% (w/w) solution of polyethylene oxide (PEO) (MW
400,000; supplier: Scientific Polymer Products, INC.) in water. When the
glass pipette nozzle (connected to a tube and vacuum source) is inserted
into the PEO solution, a siphon starts first. The siphoning action con-
tinues when the nozzle is raised above the free surface of the fluid. The
non-Newtonian viscoelastic stresses, resulting from stretching of the
polymer molecules in solution, support the weight of the jet against the
gravitational force [16]. This technique has been used to investigate the
extensional properties of the non-Newtonian fluids [3,17]. Here, an LED
backlighting technique is utilized (as illustrated in Fig. 3) for the close
investigation of the extensional behavior of PEO solution by measuring
siphon height and change in siphon diameter with respect to axial dis-
tance from the solution surface.

3. Results and discussion
3.1. Melt electrospinning

Decreasing fiber diameter has been a long-lasting and challenging
goal of the researchers in the melt electrospinning process due to the
high viscosity nature of the polymer melt. Attempts have been taken to
reduce the melt viscosity including temperature change and incorpo-
ration of additives or plasticizers that have been effective in reducing the
fiber diameter [18]. Using conductive additives have also been reported
to be effective in reducing the fiber diameter due to an increase in the
melt conductivity [19,20]. However, no systematic method was utilized
to capture the jet behavior to fundamentally study the mechanisms of
the modification in each of the cases. An in situ observation of the jet
formation in the electrospinning process enabled us to precisely measure
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Fig. 3. Schematic of the tubeless siphoning PEO solution with backlight
photography setup. The fluid reservoir is placed in between the LED light
source and camera for better visualization of the thin siphon line. The distance
between the LED and the object is 15 cm, and that between the object and the
camera is 10 cm. Images are taken during siphoning operation and are used to
investigate siphon line profile. The image of the tubeless siphoning used here is
for 2% (w/w) PEO solution (in water), taken by smartphone camera (Samsung
Galaxy J7 Prime).

the formed cones diameter and correlate that to the modification
mechanisms that are being employed ultimately to further optimize the
process. More importantly, in situ observation in electrospinning entails
inherent limitations due to the high voltage utilization that inhibits close
shots. Utilizing a backlight sharpens the edges of the objects, facilitating
the size or shape analysis from the taken images even in lower resolu-
tions taken from long distances (Fig. 4-a).

3.1.1. Cone diameter analysis

Fabrication of sub-micron fibers have long been desired for many
applications including filtration, tissue engineering, drug delivery, etc.
There are many factors in an electrospinning process that control the
final fiber diameter. In a free surface electrospinning, precise control of
the cone diameter at the initiation is crucially important. Factors
including voltage, distance, or temperature can have a huge effect on the
cone diameter. Having a systematic design to take in situ picture of the
cones enable us to control the final fiber diameter. Utilizing the backlit
setup in Fig. 2, an in situ picture was taken from a single cone during the
process (Fig. 4-a). Using ImageJ software, the diameter of the cone at the
initiation point as well as the diameter of the jet immediately after
formation is measured. This is a useful information especially in a free
surface electrospinning where no nozzle or spinneret is utilized to

Fig. 2. Schematic of the melt electrospinning appa-
ratus for PE with backlit photography setup; the light
source is placed behind the spinning jets, directly
shinning the camera lens. The distance between the
LED and the object is 18 cm, and that between the
object and the camera is 43 cm. With utilizing this
technique in situ still images were taken from the
process as well as the jets for further analysis on the
cone size, jet number, jet diameter at the initiation
and the solidification point of the jet as it goes
through a phase change during the process. The
image is added to illustrate the overview of the
spinning location and is taken via a side-lit setup and
the phone camera. The side-lit setting illuminates the
entire plate and give a better overview of the entire
process where the aim is not on the detailed analysis
of the jet.
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a) .
Cone diameter

Jet diameter Edges are fuzzy

Fig. 4. Picture of a single jet taken in situ in the melt electrospinning process of
PE utilizing a) backlit setup b) side-lighting setup. The backlit image of the jet
provides clear edges for precise measurements while the side lighting image
shows fuzzy edges with over illumination. The experiment conditions were:
distance from the plate to collector 10 cm, voltage 40 kV, in an open envi-
ronment temperature. The cone diameter obtained was 2.9 + 0.9 mm (at the
initiation of the process) and 1 + 0.1 mm (after 20 min run of the process).

control the formation of the cones. For comparison, a picture was taken
utilizing a side-lighting setup. In side-lighting the light source was
placed on one side of the setup, shinning the jets from the side angle. As
observed in Fig. 4-b, this method of lighting does not offer enough
clarity and the edges of the object tend to be fuzzy and over illuminated.

3.1.2. Jet solidification

In many fiber processing techniques, fibers are fabricated through a
jet formation followed by a phase change, usually solidification, process.
In fiber melt processing, the solidification of the jet happens through
heat transfer with the surrounding environment. After the solidification,
no more stretching can be applied to the jet that could affect its prop-
erties including diameter. Monitoring the solidification point
throughout the jet in situ is very important. So far, there is no effective
visual technique to be utilized to observe the phase change in a fiber
spinning process. In a solidification process, a transparent liquid phase
transforms into an opaque solid phase. This transparency transformation
creates a significant light contrast which can be captured by utilizing a
backlit setup (Fig. 5). As observed in Fig. 4-b, side-lighting does not
provide this visual of the jet. The solidification point here is reported to
occur within 0.7 cm of the length of the jet. Such a short solidification
distance was previously identified by Zhmayev et al. and referred to
electrohydrodynamic jet quenching in melt electrospinning process
[21]. Knowing the solidification information would enable researchers
to have a precise control over the solidification point by controlling the
parameters affecting the phase change, (e.g. spin-line temperature, and
the subsequent heat transfer process in the case of melt electrospinning)
that significantly affects the final fiber morphology and properties.

3.2. Tubeless siphoning

Extensional viscosities for non-Newtonian fluid can be estimated by
the tubeless siphon technique where the liquid is continuously drawn
into a capillary with raising the tube above the liquid surface forming a
column, as shown in Fig. 6 [22,23]. Having a stress-free boundary,
tubeless siphoning is often considered to be wholly extensional, which is
one of the major prerequisites for extensional viscosity measurement
technique. The maximum height of siphon (h) is used to characterize the
ratio (ng/n) of non-Newtonian fluids, where 7 is shear viscosity, and 5 is
extensional viscosity. An approximate hydrodynamic analysis shows
ng/n ~ M2 [171. However, clear visualization of siphon line is chal-
lenging to measure, especially in case of low viscosity polymer solutions.
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Solidification point

Fig. 5. Visualization of the in-situ solidification of the jet in the melt electro-
spinning process utilizing backlight setup. The side-lit image does not capture
the solidification point.

Siphon
height

Tapered tubeless siphon

Fig. 6. Illustration of siphon height and diameter measurement from images
with improved contrast. The inset shows the gradual change in siphon diameter
with axial distance from liquid surface for an extremely thin siphon line. Siphon
diameter at different heights can be measured to investigate extensional
behavior of different polymer solutions. The image of the tubeless siphoning
used in the figure is for 2% (w/w) PEO solution (in water).

Fig. 6 illustrates how siphon height can be measured from high resolu-
tion images taken from a video. The maximum siphon height can be
calculated from the images by using ImageJ software. This measurement
can successfully replace the manual measurement of the height by using
measuring scale.

Moreover, as seen in Fig. 6, the column diameter decreases with
distance from the fluid surface to the pipette entrance. This gradual
decrease in diameter is needed to balance gravitational stress by
increasing mean velocity component along the column [2]. A correla-
tion between siphon height and diameter can be established to investi-
gate extensional behavior of different polymer solutions. Images taken
at different magnifications under backlight setting will be a potential
tool to analyze the profile of extremely thin siphon lines which are not
visible at certain height with the naked eye.

4. Conclusion

We have demonstrated a facile technique to acquire visual infor-
mation using a simple LED backlight setup. The use of this imaging



E. Shabani et al.

technique may allow to precisely analyze the processing profiles of melt
electrospinning and tubeless siphoning of polymer fluids. A detailed
quantitative analysis of these effects will be presented in future publi-
cations. The report presented herein could potentially be extended to in-
line real-time determination of the sub-micron scale dimensions in fiber
spinning, microfluidic flow, solution electrospinning, contact angle
measurement for surface properties analysis, etc., where the output
could be used to adjust the feeders.
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