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A B S T R A C T   

The growing demand for lightweight and robust materials drives the development of polymer-based and fiber- 
reinforced composites. Here, using short fibers offers several advantages; however, currently employed 
methods for producing short fibers, such as homogenization, result in a wide dispersion of dimensions in the 
produced fibers, which is an undesirable effect in composite materials. In this study, electrospinning is used to 
produce polymer short fibers directly. This research highlights, for the first time, the differences in the elec
trospinning process dynamics between short and continuous fibers. By adjusting parameters: voltage and dis
tance, we control dimensions of short fibers below 1 µm in diameter and around 4 µm in length to a few microns 
in diameter and approximately 14 µm in length. Direct electrospinning of short fibers offers significant advan
tages, including a narrow size distribution and reproducibility compared to chopped continuous fibers with 
homogenization.   

1. Introduction 

The continuously growing need for light and high-strength materials 
is pushing the development of polymer-based composites, especially 
reinforcements and impregnation strategies. Here, the vast role is played 
by fiber-reinforced composites (FRCs), advanced materials composed of 
a polymer matrix and high-strength fibers, like carbon, glass, nylon, or 
aramid, that are aligned to provide mechanical strength, stiffness, and 
toughness.[1] FRCs are widely used in aerospace, automotive, and bio- 
industry due to their mechanical, thermal, or biological properties.[2,3] 
Additionally, biodegradable polymer FRCs reinforced with natural fi
bers like cellulose, chitin, and lignin are a sustainable alternative to 
conventional composites, still keeping high mechanical strength and 
biocompatibility, making them attractive for biomedical applications 
such as tissue engineering, drug delivery, and implants.[4–9] FRCs can 
be divided into two types according to the fiber used: continuous and 
short fibers.[10,11] Short fibers offer several advantages over contin
uous fibers in specific applications. For example, short fibers can be 
uniformly dispersed throughout a polymer matrix, leading to a homo
geneous composite material and improving mechanical properties, 
including increased toughness and impact resistance, making them 
suitable for high-performance applications like multilayer armor sys
tems.[12–14] Short fibers are often more cost-effective than continuous 

fibers and can produce composite materials at a lower cost.[15] How
ever, the methods currently used to produce short fibers, such as ho
mogenization or ultrasonication, result in wide dispersion in the 
dimensions of produced fibers, which is an undesirable effect in com
posite materials.[16,17]. 

Electrospinning is a technique used to produce strong and durable 
continuous polymer fibers for various applications, including compos
ites.[18–20] It involves an electric field to draw a polymer solution from 
a needle to a collector, producing continuous fibers ranging from 
nanometers to micrometers.[21,22] Approaches for producing fibers via 
electrospinning include controlling solution properties like the type of 
solvents, concentration, viscosity, conductivity, and surface tension or 
adjusting electrospinning parameters such as voltage, electrical polarity, 
polymer solution flow rate, and distance between needle and collector to 
influence fiber morphology and dimensions.[23–25] Electrospun 
continuous fibrous mats are often mechanically cut to produce short 
polymer fibers, resulting in a significant variation in fiber dimensions 
and aspect ratio. However, some literature shows that short fibers can be 
manufactured via electrospinning.[26–29] Short fiber size produced 
through electrospinning can be controlled by adjusting process param
eters such as applied voltage, nozzle-to-collector distance, electric field 
strength, and polymer flow rate.[30] Additionally, polymer solution 
concentration, molecular weight, viscosity, and type of solvents (good or 
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θ-solvent) are critical factors that affect short fiber size, for example, 
higher concentrations resulting in a larger diameter of fibers.[27,28,31] 
The direct way of producing short fibers via electrospinning is the one- 
step manufacturing and easy scale-up method. On the other hand, 
polymer selection maybe limited to obtain short fibers. However, there 
is still a lack of comprehensive mapping of electrospinning parameters 
to figure out the most effective method for producing short fibers with 
well-controlled dimensions and the highest quality of polymer fibers. 

We selected poly(methyl methacrylate) (PMMA) as a model polymer 
for this study to verify the best ways of directly produce short fibers via 
electrospinning. PMMA is a transparent and stiff polymer commonly 
used as a matrix in composite materials due to its environmental sta
bility and density.[32] Importantly, PMMA is biocompatible and 
frequently used in many biomedical applications such as contact lenses, 
dental fillings and implants.[32,33] Additionally, PMMA is using in 
composites due to its high strength-to-weight ratio and resistance to 
impact.[34,35] It is often combined with other materials such as carbon 
fibers, fiberglass, and epoxy resins to create lightweight and durable 
composites for aircraft, marine, and automotive industries.[36–38] 
PMMA improves strength and stiffness in composites while maintaining 
excellent optical clarity.[39–41] However, it has low elongation and 
high brittleness, especially when exposed to longitudinal force in fiber 
form, which can cause fragmentation into short fibers.[30] Due to 
mentioned properties, PMMA short fibers can be used to reinforce 
various types of composites or hydrogels. 

Therefore, in this study, we produced short fibers by homogeniza
tion, indirectly, and directly by electrospinning. Notably, based on 
detailed observation of the electrospinning process using a high-speed 
camera, we point out the differences in polymer jet behavior during 
the production of continuous and short fibers. Importantly, we show the 
strategies to control short fiber dimensions by changing applied voltage, 
nozzle-to-collector distance, and polymer solution flow rate in electro
spinning and the potential future application of short fibers produced by 
electrospinning. It is the first time the directly electrospun fibers were 
compared to the commonly chopped and homogenized short fibers. We 
provide a comprehensive and unique analysis for producing short 
polymer nano- and microfibers with a very narrow size distribution. 

2. Experimental methods 

2.1. Polymer solution 

The continuous fiber was produced using a 12 wt% of poly(methyl 
methacrylate) (PMMA, Mw = 350 000 g⋅mol− 1, Sigma Aldrich, UK) 
dissolved in dimethylformamide (DMF). Solutions were stirred at 700 
rpm for 2.5 h on a hot plate set at 55 ◦C (IKA RCT basic, Germany). To 
produce short fibers, 52 wt% polymer solution of PMMA (Mw = 15 000 
g‧mol− 1, Sigma Aldrich, UK) powder was dissolved in DMF (Sigma 
Aldrich, UK). 

2.2. Electrospinning of fibers 

Continuous and short polymer fibers were produced via electro
spinning using apparatus EC-DIG with a single nozzle system (stainless- 
steel nozzle with 0.51 mm inner and 0.82 mm outer diameter, 21G x 1 1/ 
2″) and climate control (SKE Research Equipment, Italy) at T = 25 ◦C and 
40 % relative humidity (RH). All electrospinning parameters are sum
marized in Table 1. Electrospinning parameters were selected for the 
minimum, middle (in-between), and maximum values where the process 
showed stability (non-drying of the needle, discontinuity of the polymer 
jet, etc.) to produce short fibers. Fibers were deposited on a stainless 
drum collector covered with Al foil rotating at 24 rpm for 30 min for 
short fibers and 180 min for continuous fibers. After fabrication, the 
fibers were put in stable atmospheric conditions T = 25 ◦C and 30 % RH 
for 7 days to evaporate the solvent. 

2.3. Homogenization of continuous fibers 

Continuous fibers were homogenized using an immersion disperser 
(Polytron PT 10–35 GT, Kinematica AG, Malters, Switzerland) with a 
“w-design” blade (PT-DA 12/2WEC-F154, Kinematica AG, Malters, 
Switzerland). Then, 0.5 wt% of the PMMA fibers were immersed in a 
mixture of deionized water and ethanol in a 9:1 ratio for 5 min.[42] 
Next, fibers were homogenized for 10, 30, and 60 min at 10 000 rpm. 

2.4. High-speed imaging of electrospinning polymer jet 

Slow-motion video of continuous and short fibers electrospinning 
near a bending instability region of a polymer jet was performed using a 
high-speed camera (Chronos CR14-1.0, Krontech, Canada) with a macro 
lens (EF-S, 60 mm f/2.8 Macro, Canon, Japan). Recording speed and 
resolution were 5413 fps and 495 × 500 pixels. 

2.5. Scanning electron microscopy (SEM) 

The fiber morphology was investigated using SEM (Merlin Gemini II, 
ZEISS, Germany) at 2.5 kV accelerating voltage, 110 pA current, and a 
working distance between 4 and 9 mm. Prior to the SEM analysis, 
samples were coated with a 5 nm thick Au layer using a sputter coater 
(Quorum Q150RS, Quorum Technologies Ltd., UK). 

2.6. Thermal analysis and fourier-transform infrared spectroscopy (FT- 
IR) 

Thermal characterization was done using differential scanning 
calorimetry (DSC, Model 3, Mettler Toledo, USA) at a heating rate of 
10 ◦C⋅min− 1 in the − 20 to 220 ◦C temperature range. Measurements 
were conducted in an Ar atmosphere for the sample placed in the Al pan. 
Average glass transition temperatures were determined based on 3 
measurements from 1st heating curves, see Fig. S1 in supporting infor
mation (SI). 

The chopped and short fibers were analyzed using FTIR (Nicolet iS 5, 
Thermo Fisher Scientific, USA), by the attenuated total reflection (ATR) 
technique with the diamond crystal. During measurements, the spectra 
were 64 repeated over the 500–4000 cm− 1 wavenumber range, with a 
resolution of 4 cm− 1. All spectra have been normalized, atmospheric 
corrected, offset, and background subtracted for visual clarity, as shown 
in Fig. S1 in SI. 

2.7. Statistical analysis 

Fiber diameter (Df) and length (Lf) for PMMA were measured from 
SEM images and analyzed using ImageJ software (version 1.51, Fiji, 
USA). The aspect ratio was calculated for each fiber separately. The 

Table 1 
Electrospinning parameters used to produce short and continuous PMMA fibers. 
Based on the information in the introduction (effect of electric field strength), 
the results were normalized for samples 1–5 (change in applied voltage and 
distance). For this purpose, an equation for the electric field strength E was used: 

E =
U
Y

, where U is the applied voltage, and Y is the nozzle-to-collector distance. 

[25] Q is the flow rate of the polymer solution.  

Type of 
fibers 

Sample 
Name 

U 
[kV] 

Y 
[cm] 

Q [ml‧‧ 
h¡1] 

E [kV‧‧ 
cm¡1] 

Short SF1 10 22 0.5  0.45 
SF2 15 22 0.5  0.68 
SF3 23 22 0.5  1.04 
SF4 23 15 0.5  1.53 
SF5 23 27 0.5  0.85 
SF6 23 22 0.1  1.04 
SF7 23 22 1  1.04 

Continuous F 23 22 4  1.04  
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average (arithmetic mean) fiber diameter, length, and ratio values were 
calculated from 100 measurements, and the error was based on the 
standard deviation. The statistical analysis of the fiber morphology was 
performed using Student’s t-test with OrginPro (2022 SR1, OriginLab, 
USA) software. For all tests, the significance was set at p < 0.05. All 
average values are summarized in Table S1 in SI. Graph clustering was 
prepared using a centroid function (eclipse) with a confidence level 
(prediction) set to 80 in OrginPro software. 

3. Results and discussion 

3.1. Polymer jet during the electrospinning process of short and 
continuous fibers 

The dynamic process of electrospinning and polymer jet formation in 
the electric field between the nozzle and counter electrode was captured 
using a high-speed camera. We were able to record the difference be
tween the electrospinning processes of continuous and short fibers, see 
the camera images in Fig. 1, which shows a stop frame from an elec
trospinning jet near a bending instability region. The full recording is 
available as Video 1 in SI. Similar process parameters for continuous and 
short fibers electrospinning were used to compare polymer jet bending 
during fiber production, see Table 1. Fig. 1 (a) shows a straight section of 
the polymer jet bending instability and whipping jet, all indicated with 
the colored arrows, which is unique for the electrospinning of contin
uous polymer fibers.[22,25,43] For short fibers electrospinning, see 
Fig. 1 (b), a straight section of the jet is evident, as well as bending 
instability. However, no part of the whipping jet is visible. Clearly, the 
stop-frame images of the electrospinning process close to the region of 
instability showed a significantly different behavior of the polymer jet 
depending on the type of fibers produced. 

Previously, Fathona and Yabuki presented an image of jet ejection 
from a needle tip and a schematic explanation of the short electrospun 
fiber formation mechanism.[28] It was proposed that the main factor 
leading to the production of short fibers was the maximum force a 
polymer solution jet could withstand while being stretched before 
breaking. This force depends on the polymer macromolecular architec
ture (linear or branched), thus, polymer chain entanglement, solution 
concentration, and polymer–solvent interaction in the solution forming 
the jet.[44] Additionally, the lower molecular weight of the polymer led 
to lower mechanical properties of the jet due to decreased entanglement 
of chains.[45,46] In our case, electrospinning performed with lower 
molecular weight PMMA’ solution shows a region where polymer jet 

breaks and short fibers formations are visible, see Fig. 1 (b) and red 
arrows. Similarly, Greenfeld and Zussman et al. obtained a short fiber by 
selecting a PMMA with 15 000 g‧mol− 1 molecular weight and ~ 30 % 
polymer concentration dissolved in 1:1 chloroform/DMF in the solution 
used for electrospinning.[31] The authors obtained continuous fibers 
from PMMA with 101 000 and 350 000 g‧mol− 1 dissolved in 1:1 chlo
roform/DMF and polymer concentrations between 3 and 40 wt%. 
Depending on the polymer structure: linear or branched, its molar mass, 
concentration in solution, and solvent quality, short nanofibers may be 
formed in/from semi-dilute entangled solutions. The entanglement of 
polymer chains is highly effective in transferring mechanical stress. 
When the polymer network is not highly entangled, the high strain rate 
caused by the electrostatic field can stretch and disentangle chains from 
the network and break the jet into short segments. Entanglement loss is 
governed by two opposing variables: the entanglement number and 
chain relaxation time. Both depend on the polymer chain’s degree of 
polymerization N (number of monomer units in the polymer). The 
entanglement number, so the number of topological constraints along 
the chain, scales with N, while the chain relaxation time in an entangled 
network scale with N3. When the jet strain rate is low, rapid relaxation of 
the network prevents entanglement loss, and viscosity is dominant. 
However, at high strain rates, relaxation is not sufficiently fast, and 
elasticity is dominant, making chain extension and disentanglement 
possible. Hence, lower N, shorter chain, thus lower molecular weight, 
reduces entanglement and relaxation time. Therefore, the net effect on 
entanglement loss relies upon the strain rate of the polymer jet in an 
electrical field. At the same time, the rapid solvent evaporation char
acteristic of electrospinning partially solidifies the jet, retards entan
glement loss and jet breaking. It prevents the jet segments from 
contracting back into droplets by relaxation and surface tension. 
Generally, the probability of short nanofiber fabrication during elec
trospinning highly depends on polymer concentrations (polymer volume 
fraction), polymer chain entanglement, type of solvents (good or θ-sol
vent), and electric field strength value.[31] In the case of this work, 
electrospinning of continuous and short fibers was performed for PMMA 
using two different molecular weights: high reaching 350 000, and low 
having 15 000 g‧mol− 1, dissolved in the DMF. This way, we could verify 
the effect of molecular weight on the production of short fibers. 

3.2. Homogenization of continuous fibers 

Continuous PMMA fibers were successfully fabricated, as shown in 
Fig. 2 (a), in the stable electrospinning process, as the microscopy 

Fig. 1. Schematic of the electrospinning process and high-speed camera imaging from polymer jet near a bending instability region of (a) – continuous and (b) – short 
fibers. Colored arrows were used to differences at the electrospinning jets: blue - straight section of jet; green - polymer jet bending instability, orange - whipping jet 
and red arrow – polymer jet break into short fibers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 2. SEM images of chopped fibers produced with different homogenization times: pristine continuous fibers – (a, b) 0 min; (c) 10 min; (d) 30 min; (e) 60 min. 
SEM images of microcracks observed at short fibers produced with different homogenization times: (f) 10 min; (g) 30 min; (h) 60 min. Bar graph (i) and histograms of 
fiber diameter (j) and length distribution (k) produced with specific homogenization time (T). The relation between chopped fiber diameter and length made with 
different homogenization times is presented in cluster plot (l). Sample T = 0 (b) is a PMMA continuous fiber. 
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analysis did not show any discontinuities or beads in the structure of 
fibers. The average fiber diameter (Df) was 1.83 ± 0.33 µm. To create a 
chopped fiber from the electrospun mat, we homogenized continuous 
PMMA fibers at 3 different process times: 10-, 30-, and 60-min. SEM 
images of chopped fibers after homogenization can be found in Fig. 2 (c - 
h). The average fiber diameters were approximately 1.90 ± 0.41 µm for 
all set processing times. The length of chopped fibers was successive, 
83.80 ± 35.11 µm for 10 min, 35.28 ± 17.03 µm for 30 min, and 27.23 
± 17.30 µm for 60 min. The average aspect ratio was 47.04 ± 25.77 (10 
min), 19.00 ± 10.24 (30 min), and 15.51 ± 11.03 (60 min), respec
tively. Fig. 2 (i - l) presents the bar graph, histograms, and cluster plot of 

fiber dimensions and ratio. All results for homogenized fibers were 
summarized in Table S1 in SI. 

Homogenization parameters such as time, blade rotation speed, and 
the type of medium used for homogenization affect the chopped fiber 
morphology and length.[47] However, the homogenization in the 
mixture of water and ethanol used in this study did not affect the fiber 
diameter. Increasing homogenization time decreased chopped fibers’ 
length and aspect ratio, as shown in Fig. 2 (i). Similar results were 
observed for polystyrene (PS) continuous fibers, where homogenization 
did not affect morphology or diameter but the length of fibers.[48] The 
mean length and aspect ratio was 11 ± 17 µm and 18.54 after 3 h of 

Fig. 3. SEM images of short fibers produced with different applied voltages: (a) 10 (SF1), (b) 15 (SF2), and (c) 23 kV (SF3) at the constant flow rate, Q and distance 
nozzle-to-collector, Y. Bar graph of Df and Lf to applied voltage U - (d). Fiber diameter (e) and length (f) distribution histograms and the relation between fiber length 
and diameter of short fibers in the form of cluster plot (g) produced with different applied voltage. 

D.P. Ura and U. Stachewicz                                                                                                                                                                                                                  



Composites Part A 181 (2024) 108138

6

homogenization. Xi et al. produced polyacrylonitrile (PAN) fibers with a 
length from 3 to 7 µm and an aspect ratio of from 7.5 to 23.3 by grinding 
for 1 h and ultrasonication for 10 min.[49] In other work, PAN contin
uous fibers were mechanically cut at 23000 rpm for 10 min, resulting in 
442 ± 171 µm in length and 401.81 in aspect ratio.[50] Polyacrylic acid 
(PAA) fibers had 0.3 µm in diameter, 1 min of cutting delivered fibers 87 
± 53 µm in length, and 271.8 aspect ratio.[51] One of the disadvantages 
of homogenizing polymer fibers in the case of our electrospun PMMA 
was microcracks on the surface of the chopped fibers, which were 
revealed by SEM analysis. The cracking of fibers resulted from the me
chanical cutting process, see Fig. 2 (f – h).[52,53]. 

3.3. Electrospinning of short fibers 

Short PMMA fibers were successfully fabricated using electro
spinning with different process parameters, see Figs. 3-6. This section 
discusses the effects of process parameters: applied voltage, nozzle-to- 
collector distance, electric field strength, and polymer flow on the 
diameter, length, and aspect ratio of short electrospun fibers. 

3.3.1. Effect of applied voltage effect on the short fibers 
In electrospinning, the main force that creates a polymer jet is the 

electrostatic force. It can be enhanced by increasing the electrical field 
strength (voltage applied and nozzle-to-collector distance) and changing 
an electrical polarity that may change the charge density of polymer 
solutions depending on the presence of cations and anions.[54–56] So, 
suppose the electrostatic force is high enough to exceed the maximum 
force that a polymer solution jet can withstand before breaking. In that 
case, fibers are deposited in the form of short fibers. For this work, as 
mentioned earlier, it was possible to produce short fibers by using an 
appropriate solution, the specific molecular weight, and the polymer 
concentration, thus causing entanglement loss.[31] Additionally, 
increasing the applied voltage causes an increasing electric force 
(Maxwell stress), thus changing the dynamics of the process and the 
rising force responsible for breaking the jet.[31,57] Consequently, 
greater force acts on the jet, causing a reduction of fiber diameter and 
breaking fibers into shorter pieces by reducing fiber length, which was 
observed in this work, see Fig. 3 and Table S1 in the SI. Short electrospun 
PMMA fibers were fabricated using 10, 15, and 23 kV applied voltage, 
maintaining the same polymer solution flow rate and distance, as shown 
in Fig. 3 (a). Average short fiber diameters and length were successive, 
2.36 ± 0.73 and 13.30 ± 6.95 µm for 10 kV, 1.41 ± 0.35 and 6.49 ±
3.75 µm for 15 kV, and 0.87 ± 0.24 and 3.79 ± 1.86 µm for 23 kV. The 
average aspect ratio of short fiber was 5.93 ± 3.11 (10 kV), 4.90 ± 3.32 

Fig. 4. SEM images of short fibers produced with: (a) 15 (SF4), (b) 22 (SF3), and (c) 27 (SF5) cm nozzle-to-collector distances at constant applied voltage, U and flow 
rate, Q. Bar graph of average Df and Lf to distance Y - (d). Fiber diameter (e) and length (f) distribution histograms and the relation between fiber length and diameter 
of short fibers in the form of cluster plot (g) for different distances. 
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(15 kV), and 4.58 ± 2.46 (23 kV), respectively. The bar graph, histo
grams, and cluster plot of fiber diameter, length, and aspect ratio were 
presented in Fig. 3 (d – e). All collected data were summarized in 
Table S1 in the SI. By varying the applied voltage, it has been possible to 
produce PMMA short fibers with diameters ranging from 0.8 to 2.4 µm 
and lengths from 3.8 to 13.3 µm, which is unique compared to other 
methods. In other work, electrospun PMMA short fibers reached lengths 
of approximately 1000 µm with a wide size distribution, which is ~ 200 
times higher than our results.[31] Similar observations were for the 
PMMA and cellulose acetate (CA) aspect ratio, where we obtained ~ 5 
times much lower value than in the previous studies, reaching more than 

20 and even up to 300.[28,31,58]. 

3.3.2. Effect of nozzle-to-collector distance on short fibers 
As with the applied voltage, the distance between the needle and the 

collector significantly affects the dimensions of the short PMMA fibers. 
As the distance changes, the electrical force acting on the polymer jet 
varies.[25] This work fabricated short PMMA fibers using the three 
nozzle-to-collector distances: 15, 22, and 27 cm, as shown in Fig. 4. SEM 
analysis did not show any discontinuities or beads in the structure of 
fibers. The bar graph, histograms, and cluster plot of fiber diameter, 
length, and length-to-diameter ratio were presented in Fig. 4 (d – g). 

Fig. 5. SEM micrographs of short fibers produced with different flow rates: (a) 0.1 (SF6), (b) 0.5 (SF3), and (c) 1.0 ml‧h− 1 (SF7) at the constant applied voltage, U and 
distance nozzle-to-collector, Y. Bar graph of Df and Lf for different flow rates Q (d). Short fiber diameter (e) and length (f) distribution histograms for 0.1, 0.5, and 1.0 
ml‧h− 1. Relation between fiber length to the diameter of short fibers produced by different flow rates in cluster plot (g). 
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Fig. 6. SEM images of short fibers produced with (a) 0.45 (SF1), (b) 0.68 (SF2), (c) 0.85 (SF5), (d) 1.04 (SF3), and (e) 1.53 (SF4) kV‧cm− 1 electrical field strength. Bar 
graph of average Df and Lf to distance Y - (f). Fiber diameter (g) and length (h) distribution histograms and the relation between fiber length and diameter of short 
fibers in the form of cluster plot (i) for different electrical field strengths. 
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Average diameters and lengths were successive: 1.80 ± 0.45 and 13.35 
± 8.97 µm for 15 cm, 0.87 ± 0.24 and 3.79 ± 1.86 µm for 22 cm, and 
2.85 ± 0.55 and 15.44 ± 8.80 µm for 27 cm. The average aspect fiber 
ratio was 7.60 ± 4.78 (15 cm), 4.58 ± 2.46 (22 cm), and 5.51 ± 3.06 
(27 cm), respectively. All average diameters, lengths, and aspect ratios 
of fiber produced with different distances were summarized in Table S1 
in the SI. 

The smallest fibers, ~0.8 µm in diameter and ~ 3.8 µm in length, 
were obtained at a 22 cm distance between the nozzle and the collector. 
Interestingly, comparable results about the electrospinning of contin
uous fibers can be found in other works. The fiber diameter suddenly 
drops for a certain distance from the collector and then increases again 
for a higher distance.[54,59,60] However, the explanation for this 
phenomenon is still lacking. When reducing the electrical field strength, 
so extending the distance between electrodes under the same electrical 
potential, the electrical forces are negligible, and therefore, insignificant 
elongation of the polymer jet, often indicated by reducing the diameter 
of the jet, happens. Thus, the diameter of fibers is controlled by the flow 
rate and nozzle diameter. The effect of nozzle-to-collector distance on 
the aspect ratio is not visible. Nevertheless, despite the lack of differ
ences in aspect ratio between samples produced at 15, 22, and 27 cm, a 
notable change in the dimensions is apparent. For example, at 27 cm, the 
average short fiber dimensions are ~ 3 µm in diameter and ~ 15 µm 
long. However, for 22 cm, the size is 1 µm in diameter and 4 µm long, 
resulting in approximately 3 times smaller fibers with the same aspect 
ratio. 

3.3.3. Flow rate effect on short fibers size 
By controlling polymer solution flow rates, it has been possible to 

produce PMMA fibers with diameters from around 0.87 to 3.02 µm and 
lengths from 3.79 to 15.28 µm. In electrospinning, the diameter of 
continuous fibres decreased with a reduced polymer flow rate.[61,62] In 
our study, we successfully fabricated short PMMA fibers using the 
different polymer flow rates: 0.1, 0.5, and 1.0 ml‧h− 1, as shown in Fig. 5. 
SEM analysis did not show any discontinuities or beads in the structure 
of fibers. The average diameters and lengths of obtained short fibers 
were 1.82 ± 0.64 and 15.28 ± 8.56 µm for 0.1 ml‧h− 1, 0.87 ± 0.24, and 
3.79 ± 1.86 µm for 0.5 ml‧h− 1 and 3.02 ± 0.95 and 14.02 ± 6.59 µm for 
1.0 ml‧h− 1, see Fig. 5 (a-c). The average ratio between short fiber length- 
to-diameter was 9.42 ± 6.62 (0.1 ml‧h− 1), 4.58 ± 2.46 (0.5 ml‧h− 1), and 
4.99 ± 2.79 (1.0 ml‧h− 1), respectively. All results were presented and 
summarized as bar graphs, histograms, and cluster plots in Fig. 5 (d – g) 
and Table S1 in the SI. Similar results were obtained by producing a 
short PMMA electrospun with a decreasing polymer flow rate, explained 
as the effect of the entanglement loss of the polymer jet mechanism, 
contributing to rapid polymer chain disentanglement.[31] In other 
work, the increasing flow rate from 0.0012 to 0.0280 ml‧h− 1 resulted in 
CA short fibers with a length from ~ 65 to ~ 150 um.[28] However, 
above 0.030 ml‧h− 1, the electrospinning was transferred to continuous 
fibers production. 

We produced fibers with low, 0.1 ml‧h− 1, medium, 0.5 ml‧h− 1, and 
high, 1.0 ml‧h− 1 polymer solution flow rates. As discussed earlier, short 
fiber production can be prevented by increasing a polymer flow rate. 
[28,31] In this work, 0.5 ml‧h− 1 gives the smallest fiber − 0.87 ± 0.24 
µm in diameter and 3.79 ± 1.86 µm in length. Importantly, polymer 
solution flow allows controlling the short fibers’ dimensions, increasing 
the aspect ratio by approximately 200 % (from ~ 5 to ~ 10) rather than 
the applied voltage or distance from the collector. 

3.3.4. Electrical field effect on short fibers size 
As stated before, the electric field, and its strength are determining 

factors of the electrospinning process. The electric field strength in 
electrospinning depends mainly on two values: applied voltage and the 
distance between the needle and the collector, see Table 1. Several 
studies show that increasing the electric field strength makes it possible 
to change the fiber diameter, mat thickness, and morphology and 

improve the mechanical properties of the fibers.[54,63,64] However, 
some studies show that an increase in the electric field does not always 
reduce fiber diameter, which depends on the polymer solution, type of 
collector, or substrate used.[65] In addition, changing the distance and 
electric field significantly affects the solvent evaporation rate, conse
quently leading to a change in fiber diameter.[66] Here, we include data 
from all variations in applied voltage and nozzle-to-collector distance. 
Short electrospun PMMA fibers were produced using produced with 
0.45 (SF1), 0.68 (SF2), 0.85 (SF5), 1.04 (SF3), and 1.53 (SF4) kV‧cm− 1 

electrical field strength, see Fig. 6. The average diameters and lengths of 
the fibers varied depending on the electrical field strength conditions, 
see Table S1. All results were presented and summarized as bar graphs, 
histograms, and cluster plots in Fig. 6 (f – i) and Table S1 in the SI. The 
resulting short fibers range from 0.8 to 3.8 µm in diameter and 1 to 15 
µm in length, depending on the electric field strength. However, as for 
nozzle-to-collector distance, an increasing electric field strength from 
0.45 to 1.53 kV‧cm− 1 does not lower a short fiber diameter or length. 
The smallest ~ 0.87 µm in diameter and ~ 3.79 µm in length short fibers 
were obtained at 1.04 kV‧m− 1 (SF3), and the biggest ~ 2.85 µm and the 
longest ~ 15.44 µm for 0.85 kV‧m− 1 (SF5), see Table S1. For this work, 
changing the electric field’s strength significantly affects the diameters 
and lengths of the short fibers. 

3.4. Analysis of results based on scaling laws 

In this part of the paper, an attempt is made to generalize the 
experimental results obtained with theoretical values. The scaling law 
allows us to approximate the length and diameter of electrospun short 
fibers when polymer flow rate, electric field strength, solvent quality, 
polymerization rate, and polymer volume fraction are known.[31] For 
length, the following equation was used: 

LSL ≈ v1.4
0 E− 1.1N3.9k2.1ϕ7.5 (1)  

where ν0 is the initial jet velocity, E is electric field strength, k is the 
solvent quality, N is the degree of polymerization, and ф is the polymer 
volume fraction. The diameter of short fibers was expressed as: 

DSL ≈ v0.1
0 E− 0.07N − 0.4k− 0.2ϕ0.19 (2) 

The rest of the formulas used for calculations are included in the SI, 
see. Table S2. 

In the case of eq. (1) and (2), the parameters affecting fiber length 
and diameter are ν0 and E, where k, N, and ф are constant. Fig. 7 shows 
the values for LSL and DSL concerning specific values of the electric field 
strength E at constant Q (0.5 ml‧h− 1) and to Lf and Rf obtained experi
mentally. The difference between the experimental results and the 
predicated via scaling law is presented in Fig. 7. Increasing the strength 
of the electric field in the case of LSL results in a decrease in length and 
has no noticeable effect on short fiber diameters. For experimental re
sults, the electric field strength influenced both values, i.e., length and 
diameter (Lf and Df), but this is not a linear relation. As mentioned 
earlier, for specific values, a rise in the electric field strength causes an 
increase and/or a decrease in the diameter or length of the short fibers. 

Notably, the main differences between the experimental and the 
predicted results based on the scaling laws eq. (1) and (2) are related to 
the having evaporation rate, boiling point, and vapor pressure of sol
vents impacting Maxwell stresses generated during electrospinning.[67] 
Therefore, a type of solvent (good or θ-solvent) used for the process is 
essential in electrospinning short fibers. In a study [31], the solvent 
system for PMMA was based on chloroform and DMF. Chloroform is 
characterized by a higher evaporation rate and lower boiling point than 
DMF.[68] However, in the case of our results where only DMF is used as 
a solvent, the eq. (1) and (2) show the discrepancy in short fibers’ pre
dicted length and diameter. In our studies, a high fraction of PMMA (52 
%) was used.[68] Importantly, the experimental and predicted results 
fall within the same order of magnitude for fiber length, as shown in 
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Fig. 7 (a). 

3.5. Comparison of short fiber aspect ratio 

Short fibers’ aspect ratio and length are crucial parameters defining 
the short fiber’s usefulness in composite applications.[30] In the case of 
short fibers, their ability to transfer stress is determined by critical fiber 
length, which depends on the tensile strength of the short fiber, the fiber 
diameter, and the fiber–matrix bond strength.[69] Typically, the com
posite’s embedded fibers must be 8 to 20 times bigger than the critical 
fiber length to achieve a reinforcing effect. Longer fibers and a high 
aspect ratio can reduce the mechanical properties of the composite.[70] 
However, using fibers with a very high aspect ratio can lead to pro
cessing difficulties, such as breakage during mixing and poor fiber 
dispersion.[71] This can result in the formation of agglomerates, which 
can reduce the mechanical properties of the composite.[72]. 

In the case of this work, we obtained short PMMA fibers with the 
narrowest length spread and the smallest aspect ratio that could be 
obtained for direct electrospinning compared to previously shown re
sults in the literature, see Fig. 8. We can also control fiber diameter using 
different electrospinning parameters, which is impossible during ho
mogenization. Summarizing this work, Fig. 9 is the cluster graph 
showing the results Df and Lf for chopped fibers over 60 min and direct 
electrospinning of short fibers at voltage U = 23 kV, flow rate Q = 0.5 
ml‧h− 1 and distance between the nozzle and the collector Y = 22 cm, 
(sample SF3 in Table 1). The dimensions of directly electrospun short 
fibers are well controlled, as we show that the obtained results are less 
scattered than the standard way of chopping fibers, such as homogeni
zation. Indeed, this work indicates clear advantages of manufacturing 
short micron-sized fibers in direct electrospinning, opening a new 
perspective for producing short fibers for various nanotechnologies and 
reinforced composites applications. 

3.6. DSC and FT-IR analysis 

The thermal and spectroscopy analysis of PMMA samples was per
formed to verify structural changes in electrospun continuous fibers 
after homogenization and short fibers produced via direct electro
spinning. The DSC analysis is presented in Fig. S1 in the SI. Glass tran
sition (Tg) temperature or pure PMMA powder, continuous fibers, and 
chopped fibers for 10, 30, and 60 min were evaluated, see Fig. S1 (a) in 
the SI reaching very similar temperatures: 128.6 ± 0.5, 129.7 ± 0.5, 
130.9 ± 1.3, 131 ± 0.6, and 132.5 ± 0.6 ◦C, respectively. The Tg value 
aligns with the literature value for PMMA with Mw = 350 000 g⋅mol− 1. 

[73] No specific points are visible in the heating curves, indicating an 
effect of the homogenization process or the homogenization medium, 
such as water or ethanol, on the structure of the short fibers. The Tg was 
94.6 ± 1.8 ◦C for PMMA’ powder and around ~ 98 ◦C for SF1 − 7 short 
fibers samples, see Fig. S1 (b) in the SI, similar to the previously reported 
results.[73] In summary, the homogenization medium and electro
spinning parameters do not affect the structure of short PMMA fibers. 

Fourier transform infrared spectroscopy (FT-IR) of PMMA samples 
results are presented in Fig. S2 in the SI, indicating peaks at 1145, 1189, 
1241 cm− 1 for C–O–C stretching vibration and 1387 cm− 1, 749 cm− 1 

due to the α-methyl group vibrations. The peaks presented at 855, 977, 
and 1063 cm− 1 are for characteristic absorption vibration of PMMA. The 
1431 cm− 1 band is a bending vibration of the C–H bonds and –CH3 
group. The band at 1718 cm− 1 is related to the presence of the acrylate 
carboxyl group, and 2985 cm− 1, and 2948 cm− 1 are present due to the 
C–H bond stretching vibrations, respectively. The last two absorption 
peaks can be observed at 1593 cm− 1 and 3658 cm− 1, which is attributed 
to the stretching of the –OH group caused by absorbed moisture.[74]. All 
FT-IR spectra are in Fig. S2 in the SI. Similar to DSC results, no signifi
cant differences were found in FT-IR spectra’s all short PMMA fibers 
regardless of the manufacturing method. In addition, no extra peaks 
were noticed in the DSC curves or FT-IR spectra, which could show 
residues of DMF in the produced material. 

3.7. Potential applications and perspectives 

As stated in the introduction, current methods of producing short 
fibers result in high values with a large spread in aspect ratio, limiting 
the application of this type of material. However, in this work, we show 
it is possible to obtain regular (low spread in diameter and length) 
polymer short fibers in the aspect ratio range of approximately 4 to 10, 
which opens many new perspectives for using these materials. In Fig. 10 
an example of applications of short electrospun fibers are schematically 
presented. On of them are polymer sponges, where short electrospun 
polymer fibers can be used to produce them.[75–78] However, the 
mechanical cutting of continuous electrospun fibers were used causing 
irregularities and defects in the structure of the sponge.[79,80] Hydro
gel, exhibiting poor mechanical properties, take the advantage of short 
electrospun polymer fibers.[81–83] This reinforcement improves cells’ 
growth and enhance hydrogel’s mechanical properties.[84,85] The 
direct electrospun short fibers embedded into a hydrogel matrix, 
improved even biocompatibility of hydrogel.[86] In pharmaceutics and 
drug delivery systems, short fibers offer promise in enhancing drug ef
ficacy and minimizing side effects. Shin et al. presented short and 

Fig. 7. The correlation between the obtained experimental results (Lf, Df) and the predicted with the scaling laws (LSL and DSL) using eq. (1) and (2), (a) the length, L, 
and (b) diameter, D, of short fibers. 
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injectable polylactic acid fibers for enhancing T-cell function.[87] 
Similar results of particle shape effect on T-cells were observed in other 
works.[88,89] Generally, short fiber composites play a crucial role in 
increasing the strength and stiffness of materials. While short fibers have 
a lower length-to-diameter ratio compared to continuous fibers, their 
effective utilization depends on factors such as fiber orientation and 
adhesion between interfaces. The primary role of fibers in composite 
materials is to bear the load, resulting in increased strength, modulus, 
and stiffness. The ability to transfer stress in the short fibers composites 
is determined by the critical length, which depends mainly on diameter 
and length, which can be controlled during the electrospinning.[69]. 

4. Conclusion 

This work focused on showing the strategies for direct electro
spinning of short polymer fibers. We have demonstrated that it is 
possible to control the size, diameter, and length of short fibers by 
adjusting electrospinning parameters such as applied voltage, distance, 
or polymer solution flow rate. Before the processing, the essential first 
step is selecting a polymer with the lowest possible molecular weight, 
which in this case was Mw = 15 000 g‧mol− 1 and maintaining the 
polymer concentration at around 52 % for PMMA. We highlighted the 
differences in the dynamics of polymer solution jet during electro
spinning of short and continuous fibers. To create short fibers via elec
trospinning, the whipping of jets is omitted, and short jets are formed. 

We obtained short fibers via direct electrospinning with a narrow 
fiber length and aspect ratio. Additionally, we show that changing an 
electrospinning parameter like a nozzle-to-collector distance or polymer 
flow rate doubles the short fiber aspect ratio (from 4.58 to 9.42). It is 
possible to obtain fibers dimensions below 1 µm in diameter and around 
4 µm in length to a few microns in diameter and around 14 µm in length. 
The scaling laws verification was performed to predict the dimensions of 
short fibers for selected solvent combinations. Additionally, the appli
cation areas for electrospun short fibers were presented. In conclusion, 
electrospinning is an accurate and precise method that allows for the 
controlled production of short fibers without the need for the additional 
post-treatment or mechanical cutting. 
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