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Uniform‑thickness electrospun 
nanofiber mat production system 
based on real‑time thickness 
measurement
Hyun Il Ryu1,3, Min Seok Koo1,3, Seokjun Kim1, Songkil Kim1, Young‑Ah Park2* & 
Sang Min Park1*

Electrospinning is a simple versatile process used to produce nanofibers and collect them as a 
nanofiber mat. However, due to bending instability, electrospinning often produces a nanofiber 
mat with non-uniform mat thickness. In this study, we developed a uniform-thickness electrospun 
nanofiber mat (UTEN) production system with a movable collector based on real-time thickness 
measurement and thickness feedback control. This system is compatible with a collector with void 
regions such as a mesh-type collector, two-parallel-metal-plate collector, and ring-type collector, 
which facilitates the measurement of light transmittance across the produced nanofiber mat during 
electrospinning. A real-time measurement system was developed to measure light transmittance and 
convert it to the thickness of the nanofiber mat in real time using the Beer–Lambert law. Thickness 
feedback control was achieved by repeating the following sequences: (1) finding an optimal position of 
the movable collector based on the measured thickness of the nanofiber mat, (2) shifting the collector 
to an optimal position, and (3) performing electrospinning for a given time step. We found that the 
suggested thickness feedback control algorithm could significantly decrease the non-uniformity of 
the nanofiber mat by reducing the standard deviation by more than 8 and 3 times for the numerical 
simulation and experiments, respectively, when compared with the conventional electrospinning. As 
a pioneering research, this study will contribute to the development of an electrospinning system to 
produce robust and reliable nanofiber mats in many research and industrial fields such as biomedicine, 
environment, and energy.

Electrospinning is a simple versatile process used to produce nanofibers and interwoven fiber mats1–4. Because 
the nanoscale characteristic length of electrospun nanofibers affords excellent properties such as high poros-
ity, large active surface area, large surface-to-volume ratio, high mechanical performance5, and low density6, 
electrospun nanofiber mats have been widely applied in various research fields, including tissue engineering7–9, 
drug release10, filtration11–13, water management6, heavy metal detection14, energy storage15, energy harversting16, 
reinforcements17, actuator18, and thermal insulation19. An electrospinning configuration primarily consists of a 
high-voltage supplier, metal needle connected to a syringe and pump, and metal collector. With the ejection of 
a solution jet through a metal needle, applying a high voltage between the metal needle and the metal collector 
results in the reduction of the diameter of the solution jet, thereby forming fibers with a nanoscale diameter. Such 
an application of high voltage induces electrical repulsion and the resulting bending instability2, which scatters 
electrospun nanofibers on the metal collector. This instability of the electrospinning process results in the non-
uniform deposition of electrospun nanofibers on the metal collector. Furthermore, because electrospun nanofib-
ers spread through a single metal needle, their deposition is generally concentrated near the closer region of the 
metal collector from the metal needle compared to the far region. Moreover, multiple needle electrospinning20 
and needleless electrospinning21, which were designed for mass-production of nanofiber mats, also involved the 
production of non-uniform thickness nanofiber mat thicknesses to a certain extent. This non-uniformity would 
deteriorate the functionality of the nanofiber mat as a filter or scaffold, as it could affect the filtering efficiency 
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or mechanical properties. Thus, it is desirable to develop an electrospinning process or system that can produce 
uniform-thickness nanofiber mats for academic and industrial purposes.

Electrospun nanofiber mats have been produced with various electrospinning configurations using different 
types of collectors22–24. The most common type of collector is a flat metal collector or rotating drum25,26 that 
produces a nanofiber mat conformally contacted to the collector. For filter and biomedical applications, sepa-
rating the nanofiber mat from the flat metal collector or rotating drum is necessary for mass transport through 
the nanofiber mat11,27. Recently, the direct utilization of the nanofiber mat as a filter without separating it from 
the collector has been achieved by introducing a metal collector with void regions, such as a metal mesh-type 
collector28–30 and two-parallel-metal collector31,32, in the electrospinning configuration. Because mass transport 
is possible through the void region of these collectors, an electrospun nanofiber mat suspended on the void 
region can be directly utilized as an air or liquid filter. Moreover, electrospun nanofibers were deposited slowly 
on the void region, and thus, the thickness of the nanofiber mat could be more precisely controlled, thereby 
achieving a transparent filter with superior performance28 or an ultrathin nanofiber membrane mimicking tissue 
membranes33,34. However, collectors with void regions also resulted in the production of non-uniform-thickness 
nanofiber mats, similar to the conventional electrospinning configuration.

In this study, we propose a uniform-thickness electrospun nanofiber mat (UTEN) production system to 
fabricate a uniform-thickness nanofiber mat on a two-parallel-metal-plate collector with a void region as a rep-
resentative example. A two-parallel-metal-plate collector was used because it could be considered as a simple 1D 
model to deposit a nanofiber mat. To fabricate a uniform-thickness nanofiber mat, we measured the thickness 
of the nanofiber mat in real time during electrospinning and applied a feedback control algorithm to modulate 
the deposition of electrospun nanofibers, thereby reducing the non-uniformity in the thickness of the nanofiber 
mat. However, most previous thickness measurement techniques employing a micrometer screw gauge or cross-
sectional image could not measure the thickness of the nanofiber mat in real time during electrospinning. Thus, 
we developed a real-time thickness measurement system that evaluates the light transmittance of the nanofiber 
mat based on the light intensity of each pixel in a CCD camera during electrospinning and estimates correspond-
ing thicknesses using the Beer–Lambert law. Based on the feedback control of the estimated thicknesses, the 
collector was automatically located at an optimal position to reduce the non-uniformity of the nanofiber mat, 
thereby producing a uniform-thickness nanofiber mat featuring the desired thickness. Finally, we numerically 
and experimentally confirmed the production of a uniform-thickness nanofiber mat using the proposed UTEN 
production system.

Experimental section
Uniform‑thickness electrospun nanofiber mat (UTEN) production system.  The schematic and 
photographs of the custom-built UTEN production system are shown in Fig.  1a,b, respectively. The UTEN 
production system consists of a nanofiber generation system, movable collector, real-time thickness measure-
ment system, and thickness feedback control system. The nanofiber generation system comprises a conven-
tional electrospinning configuration with a high-voltage supplier (HV30, NanoNC, South Korea), syringe pump 
(Syringe Pump-NE300, New Era, USA), and 5-ml plastic syringe connected to a 23-gauge metal needle with a 
poly(methyl methacrylate) (PMMA) box. The syringe pump was placed on top of the PMMA box, and the metal 
needle was fixed in the middle of the PMMA box. The movable collector, installed at the bottom of the PMMA 
box, consists of a two-parallel-metal-plate collector, a 3D-printed collector holder, and an XY linear stage. The 
real-time thickness measurement system includes four bar LEDs (PCBNO17003, Daekyung LED Co., South 
Korea), a PMMA light diffuser panel, and a CCD camera (oCam-1CGN-U-T, WITHROBOT, South Korea). To 
uniformly illuminate the nanofiber mat, the LEDs were placed on top of the PMMA box with an equal spacing 
of 5 cm, and the light diffuser panel was located 15 cm below the LEDs (Fig. S1). The light emitted from the 
LEDs diffuses through the light diffuser panel, uniformly illuminating the nanofiber mat. The light transmitted 
through the nanofiber mat was measured using the CCD camera placed at the bottom. Based on the measured 

Figure 1.   (a) Schematic and (b) photograph of the uniform-thickness electrospun nanofiber mat (UTEN) 
production system.
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thickness, the thickness feedback control system actuated the movable collector with a microcontroller unit and 
PC with custom-built software.

Electrospinning to fabricate a nanofiber mat.  Electrospinning was performed by employing previ-
ously reported conditions32. A 7.5% polycaprolactone (PCL, Mn = 80,000  g  mol−1) solution was prepared by 
dissolving PCL pellets (Sigma-Aldrich, USA) in a mixture of methanol (Samchen Chemical, South Korea) and 
chloroform (Sigma-Aldrich, USA) for 24 h. The PCL solution was loaded in a 5-ml plastic syringe connected 
to a 23-gauge metal needle. Using a syringe pump, the PCL solution was ejected through the metal needle at a 
constant flow rate of 1.5 mL h−1. By applying a high voltage of 20 kV between the metal needle and two-parallel-
metal-plate collector, electrospun nanofibers were deposited on the collector, forming a nanofiber mat. Elec-
trospinning was performed in a PMMA box in which the humidity was controlled between 40–50% at 25 °C.

Characterization of a nanofiber mat.  The nanostructure of the nanofiber mats was observed at a high 
magnification of × 800 using scanning electron microscopy (SEM; Supra 45, Carl Zeiss, Germany). Before 
obtaining an SEM image, the nanofiber mat was sputter-coated with platinum. The thickness of the nanofiber 
mat was measured using a previously reported method24. The nanofiber mat was immersed in a mixture of 
PDMS monomer and curing agent (Dow Corning Inc., USA) at a weight ratio of 10:1 and baked in a dry oven 
at a moderate temperature of 50 °C for 24 h. The PDMS-embedded nanofiber mat was cross-sectioned (Fig. S2), 
and the thickness of the nanofiber mat was measured based on the cross-sectional image captured by a micro-
scope (Zeiss Axio Lab.A1, Zeiss, Germany).

Conversion from light transmittance to thickness.  The light transmittance of the nanofiber mat was 
converted to its thickness based on the Beer–Lambert law, i.e., T = e

−at , where T is the light transmittance, t  is 
the thickness of the nanofiber mat, and a is the attenuation (or extinction) coefficient. To calculate the attenua-
tion coefficient, a , five nanofiber mats with different electrospinning times of 15, 30, 45, 60, and 75 min with a 
time interval of 15 min were fabricated. We measured the light transmittance and thickness of each nanofiber 
mat at eight equally spaced points. As the conventional electrospinning process frequently produced a non-
uniform nanofiber mat, we obtained eight different thicknesses and light transmittances for each nanofiber mat 
from the eight equally spaced points. The attenuation coefficient, a , was calculated from the measured light 
transmittance and thickness.

UTEN production simulation software.  A simulator software for the UTEN production system was 
designed based on the deposition behavior of the nanofiber mat on the two-parallel-metal-plate collector. The 
deposition behavior of the nanofiber mat was assumed to be a Gaussian distribution with an altered center and 
standard deviation, which was experimentally confirmed. Using the experimentally acquired value of the center 
and standard deviation and a random number generator, the software simulated the deposition of a nanofiber 
mat produced by the UTEN production system. Thus, a bottom-view image of the nanofiber mat was generated 
similar to the image obtained by the CCD camera.

Results and discussion
Nanofiber mat production.  In the electrospinning configuration, the application of a high voltage 
between the metal needle and the collector induces Taylor cone at the tip of the metal needle, and a polymer jet 
is ejected at the end of the Taylor cone. Owing to the applied high voltage, the polymer jet carries high surface 
charges, which cause electrostatic repulsion and subsequent bending instability. The electrostatic repulsion and 
solvent evaporation of the polymer jet decrease the polymer jet diameter to the nanoscale, thereby forming 
nanofibers. The resultant nanofibers from the polymer jet are randomly deposited on the collector owing to the 
bending instability. In this study, a two-parallel-metal-plate collector was utilized to accumulate electrospun 
nanofibers during electrospinning. The electrospun nanofibers were deposited on the metal plates of the two-
parallel-metal-plate collector and suspended between the two parallel metal plates, forming a nanofiber mat on 
the void region of the collector31. As a representative example, the nanofiber mat on the void region was selected 
as the subject for the UTEN production system for the production of a uniform-thickness nanofiber mat. Fur-
thermore, among the wide range of electrospinning materials, we chose PCL as for the UTEN process because 
of its excellent electrospinability and wide applicability, particularly in biomedical fields. Figure 2a,b show a two-
parallel-metal-plate collector without and with the electrospun nanofiber mat, respectively. The nanofiber mat, 
which is indicated in white in Fig. 2b, was suspended between the two-parallel-metal-plate collectors. The pro-
duction of the nanofiber was confirmed by investigating the magnified SEM image of the nanofiber mat (Fig. 2c).

Real‑time thickness measurement.  The real-time thickness measurements were based on the conver-
sion from the measured light intensity in the CCD camera images to the light transmittance of the nanofiber 
mat. The light emitted from the upper four bar LEDs passed through a nanofiber mat on the void region and 
reached the CCD camera, which was installed at the bottom of the collector. The light intensities at each pixel 
of the CCD camera image were evaluated, which corresponded to each position of the nanofiber mat at the col-
lector, as the entire collector (100 × 21 mm) was projected onto the CCD camera with a pixel region of 900 × 170 
pixels. To observe the entire collector region, the collector and CCD camera were set apart by 10 cm using the 
3D-printed collector holder, as shown in Fig. 3a. The collector holder was composed of an opaque material and 
had a thick wall for blocking light from other sources. Figure 3b shows images of the CCD camera at the bottom 
of the collector without a nanofiber mat, with a nanofiber mat, and with an opaque plate. In the absence of the 
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nanofiber mat, light passed through the void region between the two parallel metal plates without any obstacles. 
Thus, the CCD camera image without a nanofiber mat exhibited the highest light intensity due to the free light 
transmission (Fig. 3b(i)). In the case with a nanofiber mat, light was attenuated on passing through the nanofiber 
mat; thus, lower light intensities were measured by the CCD camera (Fig. 3b(ii)). Without the nanofiber mat on 
the void region of the collector, the light intensity reached a maximum, and as the thickness of the nanofiber mat 
increased, the light intensity decreased. To confirm the blockage of external light incident on the CCD camera, 
except for light passing through the nanofiber mat, we placed an opaque plate over the collector holder; an image 
with approximately zero light intensity was obtained by the CCD camera (Fig. 3b(iii)). The light transmittance 
of the nanofiber mat was calculated based on the measured light intensities with the nanofiber mat and reference 
light intensity without the nanofiber mat. As this procedure to measure the light transmittance of the nanofiber 
mat could be performed remotely without damaging the nanofiber mat, the light transmittance of the nanofiber 
mat could be measured in real time during electrospinning.

Figure 3c shows the relationship between light transmittance and the thickness of the nanofiber mat. The 
thickness of the nanofiber mat monotonically decreased with an increase in the light transmittance of the 
nanofiber mat. The attenuation of light passing through a homogenous medium is linearly proportional to the 
optical path length, which is described using the Beer–Lambert law35. Thus, light transmittance exponentially 
decreases with the optical path length or the thickness of the medium. For simplification, we assumed the 
nanofiber mat to be a homogenous medium, and data of the light transmittance and thickness of the nanofiber 
mat were fitted to the Beer–Lambert law using linear regression after taking the logarithm of the Beer–Lambert 
law. Thereafter, the attenuation coefficient, a , was calculated to be 0.04778 µm−1 using the fitted curve. The average 
relative error between the measured thickness and the estimated thickness calculated using the Beer–Lambert law 
with the obtained attenuation coefficient, a , was 18.84%. Moreover, approximately 60% of the measured thick-
ness data were located between the fitting curves, with a ± 20% deviation of a from 0.04778 µm−1, as highlighted 
in Fig. 3c. We believe that this error could be reduced using a higher bit-depth CCD camera and by adopting a 
more accurate method for measuring the thickness of the nanofiber mat. Finally, using the obtained attenuation 
coefficient, a , the UTEN production system estimated the thickness of the nanofiber mat in real time based on 
the measured light transmittance.

As the bit-depth of the CCD camera used in this study was 8-bit, including 256 levels, the minimum resolu-
tion of light transmittance was approximately 0.5%. Thus, the resolution of the real-time thickness measurement 
system was approximately 0.1 µm when the thickness of the nanofiber mat was 10 µm. However, when the thick-
ness of the nanofiber mat was 100 µm, the resolution was approximately 10 µm because the light transmittance 

Figure 2.   Two-parallel-metal-plate collector (a) before and (b) after electrospinning. (c) SEM image of 
nanofiber mat. The scale bar indicates 20 µm.

Figure 3.   (a) Image of the 3D printed collector holder and CCD camera installed on the bottom of the collector 
holder. (b) Images captured by the CCD camera of the void region of the collector (i) without and (ii) with a 
nanofiber mat and (iii) with an opaque plate. (c) Curve of thickness vs. light intensity of the nanofiber mat. All 
scale bars indicate 1 cm.
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diminished exponentially with an increase in the thickness of the nanofiber mat. The UTEN production system 
adopted a two-parallel-metal-plate collector, which is used to fabricate nanofiber mats with thicknesses ranging 
from a few micrometers to several tens of micrometers. Thus, the proposed real-time thickness measurement 
system is used to appropriately evaluate the nanofiber mat fabricated by the UTEN production system. To apply 
this measurement technique to a thicker nanofiber mat (over several tens of micrometers) produced by electro-
spinning with a 2D flat collector or rotating drum, a higher bit-depth CCD camera (e.g., 12-bit depth or 16-bit 
depth) should be utilized in the real-time thickness measurement system, which could enhance the resolution 
of the thickness measurement.

Deposition behavior of a nanofiber mat on a two‑parallel‑metal‑plate collector.  Figure 4a(i),b(i) 
show the images of the nanofiber mat from the CCD camera at 10, 12, 30, and 32 min. Along the horizontal axis, 
the variations in light transmittance of the nanofiber mat were noticeable, whereas along the vertical axis, the 
variations in light transmittance were insignificant. When nanofibers were suspended between the two parallel 
metal plates, the nanofibers tended to align along the vertical axis, which resulted in a lower non-uniformity of 
the nanofiber mat along the vertical axis. However, along the horizontal axis, the nanofiber mat was deposited 
randomly, and thus, a large variation was observed. Thus, we focused on reducing the non-uniformity of the 
nanofiber mat along the horizontal axis by simplifying it into a 1D problem.

Based on the Beer–Lambert law, the thicknesses of the nanofiber mat were calculated from the light trans-
mittances along the center line of the horizontal axis at each time point, as shown in Fig. 4a(ii),b(ii). To model 
the deposition behavior of the nanofiber mat, the amount of the deposited nanofiber mat for 2 min at each time 
slot was calculated by subtracting the thickness from 12 to 10 min and that from 32 to 30 min, as shown in 
Fig. 4a(iii),b(iii). The deposition of the nanofiber mat was influenced by multiple factors, such as the electrostatic 
force related to the applied voltage and charge of deposited nanofibers, initial jet velocity governed by the flow 
rate, jetting regime and solvent evaporation governed by humidity and temperature, and particularly unpredict-
able bending instability due to high voltage. Thus, it is difficult to accurately predict the deposition of electrospun 
nanofibers during electrospinning. In this regard, the deposition behavior of the nanofiber mat at the 10- and 
30-min time slots was empirically modeled using Gaussian distribution (Fig. 4a(iii),b(iii)). Based on the non-
linear least-squares regression, the Gaussian distribution fitted to the amount of the deposited nanofiber mat 
for 2 min at each time slot showed a high value of the coefficient of determination ( r2 > 0.94), which statistically 
confirmed the validity of the modeling for a Gaussian distribution. On comparing the Gaussian distributions at 
10 and 30 min, the center and standard deviation of the Gaussian distributions were found to be different, which 

Figure 4.   Deposition behavior of nanofiber mat in conventional electrospinning. (a) (i) bottom-view images 
and (ii) thickness along the horizontal axis of the nanofiber mats at 10 and 12 min. (iii) Amount of the deposited 
nanofiber mat from 10 to 12 min. (b) (i) bottom-view images and (ii) thickness along the horizontal axis of the 
nanofiber mats at 30 and 32 min. (iii) Amount of the deposited nanofiber mat from 30 to 32 min. All scale bars 
indicate 1 cm.
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implied that the deposition behavior of the nanofiber mat was continuously altered throughout electrospinning. 
Although we only discuss the different deposition behaviors at representative time slots of 10, 12, 30, and 32 min, 
such behavior was observed throughout electrospinning. These differences in deposition behavior would not be 
predictable in many cases owing to the complexity of the electrospinning process, particularly the instability near 
the Taylor cone. Owing to such unpredictability during the deposition of nanofibers, conventional electrospin-
ning systems often produce a nanofiber mat with non-uniform thickness.

Thickness feedback control.  Figure 5 shows a detailed flowchart of the thickness feedback control algo-
rithm used to produce a uniform-thickness nanofiber mat. The first step of the thickness feedback control algo-
rithm involved performing the electrospinning process for a given time step ( �t ) in order to deposit a nanofiber 
mat on the movable collector. The notable feature of this thickness feedback control algorithm is the large time 
step of more than 1 min. To model the deposition behavior of a nanofiber mat during this time step, a minimum 
amount of nanofibers needs to be deposited on the movable collector. Empirically, electrospinning for at least 
1 min was required to deposit an adequate amount of nanofibers for modeling the deposition behavior. Thus, 
in this study, we set the time step to 2 min. The second step involved calculating the amount of nanofiber mat 
deposited from the previous time ( ti−1 ) to the current time ( ti ) by subtracting the thickness of the nanofiber mat 
at ti from that at ti−1 . Subsequently, the thickness of the nanofiber mat deposited from ti−1 to ti was fitted with 
a Gaussian distribution using non-linear least-square regression. The third step involved predicting the thick-
ness of the nanofiber mat for the next time ( ti+1 ) corresponding to the shift of the movable collector. To predict 
the thickness of the nanofiber mat for ti+1 , we assumed that (1) the nanofiber mat deposited from ti to ti+1 had 
the same Gaussian distribution from ti−1 to ti , based on the empirical observation that the deposition behavior 
remains unchanged within a short period of time, and (2) the Gaussian distribution shifts with the same distance 
and in the opposite direction as the movable collator, a simplification of the deposition behavior of the nanofiber 
mat. Thus, the thickness of the nanofiber mat at ti+1 was predicted by adding the thickness of the nanofiber mat 
at ti and the predicted Gaussian distribution corresponding to the shift of the movable collector. The fourth step 
involves finding an optimal shift of the movable collector to minimize the variance and error of the thickness of 
the nanofiber mat at ti+1 corresponding to the shift of the movable collector. Hence, we defined the cost function 
for the addition of a normalized mean squared error and variance of the thickness of the nanofiber mat for ti+1 
corresponding to the shift of the movable collector. The cost function W(s) is defined as follows:

where s is the shift of the movable collector, SEi+1(s) is the sum of the squared error between the desired thickness 
and predicted thickness corresponding to s , SEi is the sum of the squared error between the desired thickness 
and current thickness, σ 2

i+1
(s) is the variance of the predicted thickness corresponding to s , and σ 2

i
 is the vari-

ance of the current thickness. The first term is the sum of the normalized mean squared error between the target 
thickness and predicted thickness for all positions. Minimization of the first term reduced the error between the 
target thickness and actual thickness. The second term is the normalized variance of the predicted thickness. 
Minimization of the second term would improve the uniformity of the nanofiber mat. Thus, moving the collec-
tor to an optimal position that minimizes the cost function of the first and second terms would simultaneously 

(1)W(s) =
SEi+1(s)

SEi
+

σ 2
i+1

(s)

σ 2
i

Figure 5.   Flowchart of the thickness feedback control algorithm.
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achieve a reduction in the error and an increase in the uniformity. After determining an optimal position and 
moving the collector to the optimal position, the entire process was repeated, from the first step of electrospin-
ning, until the optimal shift increased the cost function.

Numerical and experimental validation of the UTEN production system.  Figure 6a shows the 
simulation results of the bottom-view images of a nanofiber mat produced by electrospinning over time without 
applying the thickness feedback control algorithm of the UTEN production system. As shown in Fig. 6a, from 7 
to 14 min, the right portions of the bottom-view images became darker following a Gaussian distribution. After 
21 min, the Gaussian distribution shifted because of the simulated randomness of the nanofiber deposition of 
conventional electrospinning. Figure 6b shows the bottom-view images of a nanofiber mat simulated based on 
the UTEN production system with the thickness feedback control algorithm. The bottom-view images becomes 
darker with time because of the deposition of the nanofiber mat. Unlike that in Fig.  6a, this nanofiber mat 
darkens uniformly, implying that the nanofiber mat produced via the UTEN production system had a uniform 
thickness.

Figure 6c shows the standard deviation of the thickness of the nanofiber mat over time with and without 
the thickness feedback control algorithm. The standard deviation indicates the degree of non-uniformity of the 
nanofiber mat along the horizontal axis. The standard deviation of the nanofiber mat in the UTEN production 
system was less than that of the nanofiber mat obtained via the conventional electrospinning system (Fig. 6c). 

Figure 6.   Simulation results. The bottom-view images of the nanofiber mat simulated based on (a) 
conventional electrospinning system and (b) UTEN production system over time. (c) Comparison of standard 
deviation (σ) and (d) normalized squared error (NSE) between the conventional electrospinning and UTEN 
production system. All scale bars indicate 1 cm.
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The standard deviation of the nanofiber mat from the UTEN production system was 8 times less than that of 
the conventional electrospinning system. Figure 6d shows that the normalized mean squared errors in the two 
cases decreased at a similar rate. However, the nanofiber mat produced without the thickness feedback control 
algorithm exhibits a higher degree of non-uniformity that that produced with the thickness feedback control 
algorithm. In conclusion, the simulation results showed that the UTEN production system algorithm is effective 
in reducing the non-uniformity of the nanofiber mat.

The performance of the UTEN production system, which was verified by simulation, was also experimen-
tally validated. Figure 7a shows the bottom-view images of a nanofiber mat fabricated using the conventional 
electrospinning system with respect to time. The brightness of the images exhibited non-uniformity, and the 
left portion of the image exhibited a gradient following a Gaussian distribution, as previously identified by the 
numerical simulation. Figure 7b shows the bottom-view images of a nanofiber mat that was experimentally 
fabricated using the UTEN production system with the thickness control algorithm. The images in Fig. 7b 
became darker over time and maintained uniformity. This result shows that the UTEN production system with 
the thickness feedback control algorithm enabled the production of a nanofiber mat with a uniform thickness, 
similar to the numerical simulation results. Figure 7c,d show the standard deviation and normalized squared 
errors of the thickness of the nanofiber mat fabricated using the conventional electrospinning system and that 
fabricated using the UTEN production system, respectively. While the normalized squared errors of the two 
systems decreased at a similar rate, as the nanofibers accumulated at a constant rate, the final normalized squared 
error of the nanofiber mat from the UTEN production system was significantly lower than that obtained via the 
conventional electrospinning system. Furthermore, the standard deviation of the nanofiber mat produced using 
the conventional electrospinning system and that of the nanofiber mat fabricated using the UTEN production 
system differed significantly, by a factor of more than 3. The standard deviation of the thickness of the nanofiber 
mat fabricated using the UTEN production system remained low during electrospinning, whereas the standard 
deviation of the nanofiber mat produced by the conventional system increased. This indicates that the thickness 

Figure 7.   Experimental results. The bottom-view images of the nanofiber mat fabricated using (a) conventional 
electrospinning system and (b) UTEN production system over time. (c) Comparison of standard deviation 
(σ) and (d) normalized squared error (NSE) between the conventional electrospinning and UTEN production 
system. All scale bars indicate 1 cm.
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of the nanofiber mat from the UTEN production system was more uniform than that obtained via the conven-
tional electrospinning system and that the UTEN production system was considerably effective in generating a 
nanofiber mat with uniform thickness.

Conclusion
In this study, a UTEN production system was developed to produce a uniform-thickness nanofiber mat. The 
UTEN production system was based on the Beer–Lambert Law, which states that light transmittance has an expo-
nential relationship with the thickness of the nanofiber mat; this was used to determine the current thickness of 
the nanofiber mat. To minimize the variance and normalized squared error of the thickness of the nanofiber mat, 
the movable collector was shifted to an optimal position that enabled the uniform deposition of the nanofibers. 
The performance of the UTEN production system was verified through numerical simulation and experiments. 
As a result, it was confirmed that the uniformity in the thickness of the nanofiber mat was drastically improved. 
Nevertheless, the current study involves a limitation, that is, the proposed UTEN production system is only 
applied to the 1D case of two-parallel-metal-plate collectors. If the real-time thickness measurement and thick-
ness feedback control algorithm is made applicable for the case of a 2D flat collector, the UTEN system can then 
be employed in 2D collector systems, enabling a broad range of applications.

Received: 27 August 2020; Accepted: 11 November 2020

References
	 1.	 Huang, Z. M., Zhang, Y. Z., Kotaki, M. & Ramakrishna, S. A review on polymer nanofibers by electrospinning and their applica-

tions in nanocomposites. Compos. Sci. Technol. 63, 2223–2253 (2003).
	 2.	 Li, D. & Xia, Y. Electrospinning of nanofibers: reinventing the wheel?. Adv. Mater. 16, 1151–1170 (2004).
	 3.	 Teo, W. E. & Ramakrishna, S. A review on electrospinning design and nanofibre assemblies. Nanotechnology. 17, R89–R106 (2006).
	 4.	 Sun, B. et al. Advances in three-dimensional nanofibrous macrostructures via electrospinning. Prog. Polym. Sci. 39, 862–890 (2014).
	 5.	 Wang, D., Yu, J., Duan, G., Liu, K. & Hou, H. Electrospun polyimide nonwovens with enhanced mechanical and thermal properties 

by addition of trace plasticizer. J. Mater. Sci. 55, 5667–5679 (2020).
	 6.	 Zhu, J., Jiang, S., Hou, H., Agarwal, S. & Greiner, A. Low density, thermally stable, and intrinsic flame retardant 

Poly(bis(benzimidazo)Benzophenanthroline-dione) sponge. Macromol. Rapid Commun. 303, 1700615 (2018).
	 7.	 Pham, Q. P., Sharma, U. & Mikos, A. G. Electrospinning of polymeric nanofibers for tissue engineering applications: a review. 

Tissue Eng. 12, 1197–1211 (2006).
	 8.	 Park, S. M. et al. Versatile fabrication of size- and shape-controllable nanofibrous concave microwells for cell spheroid formation. 

ACS Appl. Mater. Interfaces. 10, 37878–37885 (2018).
	 9.	 Wu, T. et al. Resorbable polymer electrospun nanofibers: History, shapes and application for tissue engineering. Chin. Chem. Lett. 

31, 617–625 (2020).
	10.	 Duan, G. et al. Exploration of macroporous polymeric sponges as drug carriers. Biomacromol 18, 3215–3221 (2017).
	11.	 Gopal, R. et al. Electrospun nanofibrous filtration membrane. J. Membr. Sci. 281, 581–586 (2006).
	12.	 Xu, J. et al. Roll-to-roll transfer of electrospun nanofiber film for high-efficiency transparent air filter. Nano Lett. 16, 1270–1275 

(2016).
	13.	 Barhate, R. S. & Ramakrishna, S. Nanofibrous filtering media: Filtration problems and solutions from tiny materials. J. Membr. 

Sci. 296, 1–8 (2007).
	14.	 Zhang, N. et al. Recent advances of electrospun nanofibrous membranes in the development of chemosensors for heavy metal 

detection. Small. 13, 1604293 (2017).
	15.	 Cavaliere, S., Subianto, S., Savych, I., Jones, D. J. & Roziere, J. Electrospinning: designed architectures for energy conversion and 

storage devices. Energy Environ. Sci. 4, 4761–4785 (2011).
	16.	 Kim, J., Park, S. M., Choi, D. & Kim, D. S. Direct fabrication of freestanding and patterned nanoporous junctions in a 3D micro-

nanofluidic device for ion-selective transport. Small 16, 2000998 (2020).
	17.	 Jiang, S. et al. Electrospun nanofiber reinforced composites: a review. Polym. Chem. 9, 2685–2720 (2018).
	18.	 Liu, L., Bakhshi, H., Jiang, S., Schmalz, H. & Agarwal, S. Composite Polymeric membranes with directionally embedded fibers for 

controlled dual actuation. Macromol. Rapid Commun. 39, e1800082 (2018).
	19.	 Jiang, S. et al. High-density fibrous polyimide sponges with superior mechanical and thermal properties. ACS Appl. Mater. Inter-

faces. 12, 19006–19014 (2020).
	20.	 SalehHudin, H. S., Mohamad, E. N., Mahadi, W. N. L. & Muhammad Afifi, A. Multiple-jet electrospinning methods for nanofiber 

processing: A review. Mater. Manuf. Process. 33, 479–498 (2017).
	21.	 Yu, M. et al. Recent advances in needleless electrospinning of ultrathin fibers: from academia to industrial production. Macromol. 

Mater. Eng. 302, 170002 (2017).
	22.	 Li, D., Ouyang, G., McCann, J. T. & Xia, Y. Collecting electrospun nanofibers with patterned electrodes. Nano Lett. 5, 913–916 

(2005).
	23.	 Zhao, S., Zhou, Q., Long, Y.-Z., Sun, G.-H. & Zhang, Y. Nanofibrous patterns by direct electrospinning of nanofibers onto topo-

graphically structured non-conductive substrates. Nanoscale. 5, 4993–5000 (2013).
	24.	 Park, S. M. & Kim, D. S. Electrolyte-assisted electrospinning for a self-assembled, free-standing nanofiber membrane on a curved 

surface. Adv. Mater. 27, 1682–1687 (2015).
	25.	 Katta, P., Alessandro, M., Ramsier, R. D. & Chase, G. G. Continuous electrospinning of aligned polymer nanofibers onto a wire 

drum collector. Nano Lett. 4, 2215–2218 (2004).
	26.	 Gu, G. Q. et al. Triboelectric nanogenerator enhanced nanofiber air filters for efficient particulate matter removal. ACS Nano 11, 

6211–6217 (2017).
	27.	 Park, S. M. et al. Reconstruction of in vivo-like in vitro model: Enabling technologies of microfluidic systems for dynamic bio-

chemical/mechanical stimuli. Microelectron. Eng. 203–204, 6–24 (2019).
	28.	 Liu, C. et al. Transparent air filter for high-efficiency PM2.5 capture. Nat. Commun. 6, 1–9 (2015).
	29.	 Huh, J. W., Lee, D. K., Jeon, H. J. & Ahn, C. W. New approach for fabricating hybrid-structured metal mesh films for flexible 

transparent electrodes by the combination of electrospinning and metal deposition. Nanotechnology. 27, 475302 (2016).
	30.	 Hong, S. K., Lim, G. & Cho, S. J. Breathability enhancement of electrospun microfibrous polyurethane membranes through pore 

size control for outdoor sportswear fabric. Sens. Mater. 27, 77–85 (2015).



10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20847  | https://doi.org/10.1038/s41598-020-77985-0

www.nature.com/scientificreports/

	31.	 Li, D., Wang, Y. L. & Xia, Y. N. Electrospinning of polymeric and ceramic nanofibers as uniaxially aligned arrays. Nano Lett. 3, 
1167–1171 (2003).

	32.	 Park, B. U. et al. Collagen immobilization on ultra-thin nanofiber membrane to promote in vitro endothelial monolayer formation. 
J. Tissue Eng. https​://doi.org/10.1177/20417​31419​88783​3 (2019).

	33.	 Kim, D., Eom, S., Park, S. M., Hong, H. & Kim, D. S. A collagen gel-coated, aligned nanofiber membrane for enhanced endothelial 
barrier function. Sci. Rep. 9, 1–11 (2019).

	34.	 Park, S. M. et al. Ultra-thin, aligned, free-standing nanofiber membranes to recapitulate multi-layered blood vessel/tissue interface 
for leukocyte infiltration study. Biomaterials 169, 22–34 (2018).

	35.	 Swinehart, D. F. The Beer–Lambert law. J. Chem. Educ. 39, 333 (1962).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MSIT) (No. 2019R1G1A110021111, 2020R1C1C100944311) and Pusan National University Research 
Grant, 2020.

Author contributions
H.I.R. developed the simulator and thickness control algorithm and wrote the manuscript. M.S.K. designed 
and created the UTEN production system and performed the electrospinning, S.K.K. and S.J.K. performed and 
analyzed the microscopy experiments, and Y.-A.P. and S.M.P. supervised and designed the overall research. All 
authors have reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-77985​-0.

Correspondence and requests for materials should be addressed to Y.-A.P. or S.M.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1177/2041731419887833
https://doi.org/10.1038/s41598-020-77985-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Uniform-thickness electrospun nanofiber mat production system based on real-time thickness measurement
	Experimental section
	Uniform-thickness electrospun nanofiber mat (UTEN) production system. 
	Electrospinning to fabricate a nanofiber mat. 
	Characterization of a nanofiber mat. 
	Conversion from light transmittance to thickness. 
	UTEN production simulation software. 

	Results and discussion
	Nanofiber mat production. 
	Real-time thickness measurement. 
	Deposition behavior of a nanofiber mat on a two-parallel-metal-plate collector. 
	Thickness feedback control. 
	Numerical and experimental validation of the UTEN production system. 

	Conclusion
	References
	Acknowledgements


