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Abstract 14 

The growing demand for lightweight and robust materials drives the development of polymer-based and 15 

fiber-reinforced composites. Here, using short fibers offers several advantages; however, currently employed 16 

methods for producing short fibers, such as homogenization, result in a wide dispersion of dimensions in the 17 

produced fibers, which is an undesirable effect in composite materials. In this study, electrospinning is used to 18 

produce polymer short fibers directly. This research highlights, for the first time, the differences in the 19 

electrospinning process dynamics between short and continuous fibers. By adjusting parameters: voltage and 20 

distance, we control dimensions of short fibers below 1 µm in diameter and around 4 µm in length to a few microns 21 

in diameter and approximately 14 µm in length. Direct electrospinning of short fibers offers significant advantages, 22 

including a narrow size distribution and reproducibility compared to chopped continuous fibers with 23 

homogenization. 24 

 25 

Introduction 26 
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The continuously growing need for light and high-strength materials is pushing the development of 27 

polymer-based composites, especially reinforcements and impregnation strategies. Here, the vast role is played by 28 

fiber-reinforced composites (FRCs), advanced materials composed of a polymer matrix and high-strength fibers, 29 

like carbon, glass, nylon, or aramid, that are aligned to provide mechanical strength, stiffness, and toughness.[1] 30 

FRCs are widely used in aerospace, automotive, and bio-industry due to their mechanical, thermal, or biological 31 

properties.[2,3] Additionally, biodegradable polymer FRCs reinforced with natural fibers like cellulose, chitin, 32 

and lignin are a sustainable alternative to conventional composites, still keeping high mechanical strength and 33 

biocompatibility, making them attractive for biomedical applications such as tissue engineering, drug delivery, 34 

and implants.[4–9] FRCs can be divided into two types according to the fiber used: continuous and short 35 

fibers.[10,11] Short fibers offer several advantages over continuous fibers in specific applications. For example, 36 

short fibers can be uniformly dispersed throughout a polymer matrix, leading to a homogeneous composite material 37 

and improving mechanical properties, including increased toughness and impact resistance, making them suitable 38 

for high-performance applications like multilayer armor systems.[12–14] Short fibers are often more cost-effective 39 

than continuous fibers and can produce composite materials at a lower cost.[15] However, the methods currently 40 

used to produce short fibers, such as homogenization or ultrasonication, result in wide dispersion in the dimensions 41 

of produced fibers, which is an undesirable effect in composite materials.[16,17]  42 

Electrospinning is a technique used to produce strong and durable continuous polymer fibers for various 43 

applications, including composites.[18–20] It involves an electric field to draw a polymer solution from a needle 44 

to a collector, producing continuous fibers ranging from nanometers to micrometers.[21,22] Approaches for 45 

producing fibers via electrospinning include controlling solution properties like the type of solvents, concentration, 46 

viscosity, conductivity, and surface tension or adjusting electrospinning parameters such as voltage, electrical 47 

polarity, polymer solution flow rate, and distance between needle and collector to influence fiber morphology and 48 

dimensions.[23–25] Electrospun continuous fibrous mats are often mechanically cut to produce short polymer 49 

fibers, resulting in a significant variation in fiber dimensions and aspect ratio. However, some literature shows that 50 

short fibers can be manufactured via electrospinning.[26–29] Short fiber size produced through electrospinning 51 

can be controlled by adjusting process parameters such as applied voltage, nozzle-to-collector distance, electric 52 

field strength, and polymer flow rate.[30] Additionally, polymer solution concentration, molecular weight, 53 

viscosity, and type of solvents (good or θ-solvent) are critical factors that affect short fiber size, for example, higher 54 

concentrations resulting in a larger diameter of fibers.[27,28,31] The direct way of producing short fibers via 55 

electrospinning is the one-step manufacturing and easy to scale-up method. On the other hand, polymer selection 56 
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maybe limited to obtain short fibers. However, there is still a lack of comprehensive mapping of electrospinning 57 

parameters to figure out the most effective method for producing short fibers with well-controlled dimensions and 58 

the highest quality of polymer fibers. 59 

We selected poly(methyl methacrylate) (PMMA) as a model polymer for this study to verify the best 60 

ways of directly produce short fibers via electrospinning. PMMA is a transparent and stiff polymer commonly 61 

used as a matrix in composite materials due to its environmental stability and density.[32] Importantly, PMMA is 62 

biocompatible and frequently used in many biomedical applications such as contact lenses, dental fillings and 63 

implants.[32,33] Additionally, PMMA is using in composites due to its high strength-to-weight ratio and resistance 64 

to impact.[34,35] It is often combined with other materials such as carbon fibers, fiberglass, and epoxy resins to 65 

create lightweight and durable composites for aircraft, marine, and automotive industries.[36–38] PMMA 66 

improves strength and stiffness in composites while maintaining excellent optical clarity.[39–41] However, it has 67 

low elongation and high brittleness, especially when exposed to longitudinal force in fiber form, which can cause 68 

fragmentation into short fibers.[30] Due to mentioned properties, PMMA short fibers can be used to reinforce 69 

various types of composites or hydrogels. 70 

Therefore, in this study, we produced short fibers by homogenization, indirectly, and directly by 71 

electrospinning. Notably, based on detailed observation of the electrospinning process using a high-speed camera, 72 

we point out the differences in polymer jet behavior during the production of continuous and short fibers. 73 

Importantly, we show the strategies to control short fiber dimensions by changing applied voltage, nozzle-to-74 

collector distance, and polymer solution flow rate in electrospinning and the potential future application of short 75 

fibers produced by electrospinning. It is the first time the directly electrospun fibers were compared to the 76 

commonly chopped and homogenized short fibers. We provide a comprehensive and unique analysis for producing 77 

short polymer nano- and microfibers with a very narrow size distribution. 78 

1. Experimental Methods 79 

1.1. Polymer solution 80 

The continuous fiber was produced using a 12 wt. % of poly(methyl methacrylate) (PMMA, Mw = 350 000 81 

g·mol-1, Sigma Aldrich, UK) dissolved in dimethylformamide (DMF). Solutions were stirred at 700 rpm for 2.5 h 82 

on a hot plate set at 55°C (IKA RCT basic, Germany). To produce short fibers, 52 wt. % polymer solution of 83 

PMMA (Mw = 15 000 g‧mol-1, Sigma Aldrich, UK) powder was dissolved in DMF (Sigma Aldrich, UK).  84 

1.2. Electrospinning of fibers 85 
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Continuous and short polymer fibers were produced via electrospinning using apparatus EC-DIG with a single 86 

nozzle system (stainless-steel nozzle with 0.51 mm inner and 0.82 mm outer diameter, 21G x 1 1/2") and climate 87 

control (SKE Research Equipment, Italy) at T = 25 °C and 40% relative humidity (RH). All electrospinning 88 

parameters are summarized in Table 1. Electrospinning parameters were selected for the minimum, middle (in-89 

between), and maximum values where the process showed stability (non-drying of the needle, discontinuity of the 90 

polymer jet, etc.) to produce short fibers. Fibers were deposited on a stainless drum collector covered with Al foil 91 

rotating at 24 rpm for 30 min for short fibers and 180 min for continuous fibers. After fabrication, the fibers were 92 

put in stable atmospheric conditions T = 25°C and 30% RH for 7 days to evaporate the solvent.  93 

1.3. Homogenization of continuous fibers 94 

Continuous fibers were homogenized using an immersion disperser (Polytron PT 10-35 GT, Kinematica AG, 95 

Malters, Switzerland) with a “w-design” blade (PT-DA 12/2WEC-F154, Kinematica AG, Malters, Switzerland). 96 

Then, 0.5 wt. % of the PMMA fibers were immersed in a mixture of deionized water and ethanol in a 9:1 ratio for 97 

5 min.[42] Next, fibers were homogenized for 10, 30, and 60 min at 10 000 rpm. 98 

1.4. High-speed imaging of electrospinning polymer jet 99 

Slow-motion video of continuous and short fibers electrospinning near a bending instability region of a 100 

polymer jet was performed using a high-speed camera (Chronos CR14-1.0, Krontech, Canada) with a macro lens 101 

(EF-S, 60 mm f/2.8 Macro, Canon, Japan). Recording speed and resolution were 5413 fps and 495×500 pixels. 102 

1.5. Scanning Electron Microscopy (SEM) 103 

The fiber morphology was investigated using SEM (Merlin Gemini II, ZEISS, Germany) at 2.5 kV 104 

accelerating voltage, 110 pA current, and a working distance between 4 and 9 mm. Prior to the SEM analysis, 105 

samples were coated with a 5 nm thick Au layer using a sputter coater (Quorum Q150RS, Quorum Technologies 106 

Ltd., UK).  107 

1.6. Thermal Analysis and Fourier-transform infrared spectroscopy (FT-IR) 108 

Thermal characterization was done using differential scanning calorimetry (DSC, Model 3, Mettler Toledo, 109 

USA) at a heating rate of 10 °C·min−1 in the -20 to 220 °C temperature range. Measurements were conducted in 110 

an Ar atmosphere for the sample placed in the Al pan. Average glass transition temperatures were determined 111 

based on 3 measurements from 1st heating curves, see Figure S1 in supporting information (SI). 112 

The chopped and short fibers were analyzed using FTIR (Nicolet iS 5, Thermo Fisher Scientific, USA), by 113 

the attenuated total reflection (ATR) technique with the diamond crystal. During measurements, the spectra were 114 
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64 repeated over the 500–4000 cm−1 wavenumber range, with a resolution of 4 cm−1. All spectra have been 115 

normalized, atmospheric corrected, offset, and background subtracted for visual clarity, as shown in Figure S1 in 116 

SI. 117 

1.7. Statistical analysis 118 

Fiber diameter (Df) and length (Lf) for PMMA were measured from SEM images and analyzed using ImageJ 119 

software (version 1.51, Fiji, USA). The aspect ratio was calculated for each fiber separately. The average 120 

(arithmetic mean) fiber diameter, length, and ratio values were calculated from 100 measurements, and the error 121 

was based on the standard deviation. The statistical analysis of the fiber morphology was performed using Student's 122 

t-test with OrginPro (2022 SR1, OriginLab, USA) software. For all tests, the significance was set at p < 0.05. All 123 

average values are summarized in Table S1 in SI. Graph clustering was prepared using a centroid function 124 

(eclipse) with a confidence level (prediction) set to 80 in OrginPro software. 125 

2. Results and Discussion 126 

2.1. Polymer jet during the electrospinning process of short and continuous fibers  127 

The dynamic process of electrospinning and polymer jet formation in the electric field between the nozzle and 128 

counter electrode was captured using a high-speed camera. We were able to record the difference between the 129 

electrospinning processes of continuous and short fibers, see the camera images in Figure 1, which shows a stop 130 

frame from an electrospinning jet near a bending instability region. The full recording is available as Video 1 in 131 

SI. Similar process parameters for continuous and short fibers electrospinning were used to compare polymer jet 132 

bending during fiber production, see Table 1. Figure 1 (a) shows a straight section of the polymer jet bending 133 

instability and whipping jet, all indicated with the colored arrows, which is unique for the electrospinning of 134 

continuous polymer fibers.[22,25,43] For short fibers electrospinning, see Figure 1 (b), a straight section of the 135 

jet is evident, as well as bending instability. However, no part of the whipping jet is visible. Clearly, the stop-frame 136 

images of the electrospinning process close to the region of instability showed a significantly different behavior 137 

of the polymer jet depending on the type of fibers produced.  138 

Previously, Fathona and Yabuki presented an image of jet ejection from a needle tip and a schematic 139 

explanation of the short electrospun fiber formation mechanism.[28] It was proposed that the main factor leading 140 

to the production of short fibers was the maximum force a polymer solution jet could withstand while being 141 

stretched before breaking. This force depends on the polymer macromolecular architecture (linear or branched), 142 

thus, polymer chain entanglement, solution concentration, and polymer–solvent interaction in the solution forming 143 

the jet.[44] Additionally, the lower molecular weight of the polymer led to lower mechanical properties of the jet 144 

https://www.sciencedirect.com/topics/engineering/fiber-diameter
https://www.sciencedirect.com/topics/engineering/average-fiber-diameter
https://www.sciencedirect.com/topics/engineering/average-fiber-diameter
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due to decreased entanglement of chains.[45,46] In our case, electrospinning performed with lower molecular 145 

weight PMMA’ solution shows a region where polymer jet breaks and short fibers formations are visible, see 146 

Figure 1 (b) and red arrows. Similarly, Greenfeld and Zussman et al. obtained a short fiber by selecting a PMMA 147 

with 15 000 g‧mol-1 molecular weight and ~30% polymer concentration dissolved in 1:1 chloroform/DMF in the 148 

solution used for electrospinning.[31] The authors obtained continuous fibers from PMMA with 101 000 and 350 149 

000 g‧mol-1 dissolved in 1:1 chloroform/DMF and polymer concentrations between 3 and 40 wt.%. Depending on 150 

the polymer structure: linear or branched, its molar mass, concentration in solution, and solvent quality, short 151 

nanofibers may be formed in/from semi-dilute entangled solutions. The entanglement of polymer chains is highly 152 

effective in transferring mechanical stress. When the polymer network is not highly entangled, the high strain rate 153 

caused by the electrostatic field can stretch and disentangle chains from the network and break the jet into short 154 

segments. Entanglement loss is governed by two opposing variables: the entanglement number and chain 155 

relaxation time. Both depend on the polymer chain's degree of polymerization N (number of monomer units in the 156 

polymer). The entanglement number, so the number of topological constraints along the chain, scales with N, while 157 

the chain relaxation time in an entangled network scale with N3. When the jet strain rate is low, rapid relaxation of 158 

the network prevents entanglement loss, and viscosity is dominant. However, at high strain rates, relaxation is not 159 

sufficiently fast, and elasticity is dominant, making chain extension and disentanglement possible. Hence, lower 160 

N, shorter chain, thus lower molecular weight, reduces entanglement and relaxation time. Therefore, the net effect 161 

on entanglement loss relies upon the strain rate of the polymer jet in an electrical field. At the same time, the rapid 162 

solvent evaporation characteristic of electrospinning partially solidifies the jet, retards entanglement loss and jet 163 

breaking. It prevents the jet segments from contracting back into droplets by relaxation and surface tension. 164 

Generally, the probability of short nanofiber fabrication during electrospinning highly depends on polymer 165 

concentrations (polymer volume fraction), polymer chain entanglement, type of solvents (good or θ-solvent), and 166 

electric field strength value.[31] In the case of this work, electrospinning of continuous and short fibers was 167 

performed for PMMA using two different molecular weights: high reaching 350 000, and low having 15 000 g‧mol-168 

1, dissolved in the DMF. This way, we could verify the effect of molecular weight on the production of short fibers. 169 

2.2. Homogenization of continuous fibers 170 

Continuous PMMA fibers were successfully fabricated, as shown in Figure 2 (a), in the stable 171 

electrospinning process, as the microscopy analysis did not show any discontinuities or beads in the structure of 172 

fibers. The average fiber diameter (Df) was 1.83 ± 0.33 µm. To create a chopped fiber from the electrospun mat, 173 
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we homogenized continuous PMMA fibers at 3 different process times: 10-, 30-, and 60-min. SEM images of 174 

chopped fibers after homogenization can be found in Figure 2 (c - h). The average fiber diameters were 175 

approximately 1.90 ± 0.41 µm for all set processing times. The length of chopped fibers was successive, 83.80 ± 176 

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 177 

was 47.04 ± 25.77 (10 min), 19.00 ± 10.24 (30 min), and 15.51 ± 11.03 (60 min), respectively. Figure 2 (i - l) 178 

presents the bar graph, histograms, and cluster plot of fiber dimensions and ratio. All results for homogenized 179 

fibers were summarized in Table S1 in SI. 180 

Homogenization parameters such as time, blade rotation speed, and the type of medium used for 181 

homogenization affect the chopped fiber morphology and length.[47] However, the homogenization in the mixture 182 

of water and ethanol used in this study did not affect the fiber diameter. Increasing homogenization time decreased 183 

chopped fibers' length and aspect ratio, as shown in Figure 2 (i). Similar results were observed for polystyrene 184 

(PS) continuous fibers, where homogenization did not affect morphology or diameter but the length of fibers.[48] 185 

The mean length and aspect ratio was 11 ± 17 µm and 18.54 after 3h of homogenization. Xi et al. produced 186 

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 187 

1h and ultrasonication for 10 min.[49] In other work, PAN continuous fibers were mechanically cut at 23000 rpm 188 

for 10 min, resulting in 442 ± 171 µm in length and 401.81 in aspect ratio.[50] Polyacrylic acid (PAA) fibers had 189 

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 190 

disadvantages of homogenizing polymer fibers in the case of our electrospun PMMA was microcracks on the 191 

surface of the chopped fibers, which were revealed by SEM analysis. The cracking of fibers resulted from the 192 

mechanical cutting process, see Figure 2 (f – h).[52,53] 193 

2.3. Electrospinning of short fibers 194 

Short PMMA fibers were successfully fabricated using electrospinning with different process parameters, 195 

see Figure 3 - 6. This section discusses the effects of process parameters: applied voltage, nozzle-to-collector 196 

distance, electric field strength, and polymer flow on the diameter, length, and aspect ratio of short electrospun 197 

fibers.  198 

2.3.1. Effect of applied voltage effect on the short fibers 199 

In electrospinning, the main force that creates a polymer jet is the electrostatic force. It can be enhanced 200 

by increasing the electrical field strength (voltage applied and nozzle-to-collector distance) and changing an 201 

electrical polarity that may change the charge density of polymer solutions depending on the presence of cations 202 
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and anions.[54–56] So, suppose the electrostatic force is high enough to exceed the maximum force that a polymer 203 

solution jet can withstand before breaking. In that case, fibers are deposited in the form of short fibers. For this 204 

work, as mentioned earlier, it was possible to produce short fibers by using an appropriate solution, the specific 205 

molecular weight, and the polymer concentration, thus causing entanglement loss.[31] Additionally, increasing the 206 

applied voltage causes an increasing electric force (Maxwell stress), thus changing the dynamics of the process 207 

and the rising force responsible for breaking the jet.[31,57] Consequently, greater force acts on the jet, causing a 208 

reduction of fiber diameter and breaking fibers into shorter pieces by reducing fiber length, which was observed 209 

in this work, see Figure 3 and Table S1 in the SI. Short electrospun PMMA fibers were fabricated using 10, 15, 210 

and 23 kV applied voltage, maintaining the same polymer solution flow rate and distance, as shown in Figure 3 211 

(a). Average short fiber diameters and length were successive, 2.36 ± 0.73 and 13.30 ± 6.95 µm for 10 kV, 1.41 ± 212 

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 213 

short fiber was 5.93 ± 3.11 (10 kV), 4.90 ± 3.32 (15 kV), and 4.58 ± 2.46 (23 kV), respectively. The bar graph, 214 

histograms, and cluster plot of fiber diameter, length, and aspect ratio were presented in Figure 3 (d – e). All 215 

collected data were summarized in Table S1 in the SI. By varying the applied voltage, it has been possible to 216 

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 217 

unique compared to other methods. In other work, electrospun PMMA short fibers reached lengths of 218 

approximately 1000 µm with a wide size distribution, which is ~200 times higher than our results.[31] Similar 219 

observations were for the PMMA and cellulose acetate (CA) aspect ratio, where we obtained ~5 times much lower 220 

value than in the previous studies, reaching more than 20 and even up to 300.[28,31,58] 221 

2.3.2. Effect of nozzle-to-collector distance on short fibers 222 

As with the applied voltage, the distance between the needle and the collector significantly affects the 223 

dimensions of the short PMMA fibers. As the distance changes, the electrical force acting on the polymer jet 224 

varies.[25] This work fabricated short PMMA fibers using the three nozzle-to-collector distances: 15, 22, and 27 225 

cm, as shown in Figure 4. SEM analysis did not show any discontinuities or beads in the structure of fibers. The 226 

bar graph, histograms, and cluster plot of fiber diameter, length, and length-to-diameter ratio were presented in 227 

Figure 4 (d – g). Average diameters and lengths were successive: 1.80 ± 0.45 and 13.35 ± 8.97 µm for 15 cm, 228 

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 229 

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 230 

diameters, lengths, and aspect ratios of fiber produced with different distances were summarized in Table S1 in 231 

the SI.  232 
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The smallest fibers, ~0.8 µm in diameter and ~3.8 µm in length, were obtained at a 22 cm distance 233 

between the nozzle and the collector. Interestingly, comparable results about the electrospinning of continuous 234 

fibers can be found in other works. The fiber diameter suddenly drops for a certain distance from the collector and 235 

then increases again for a higher distance.[54,59,60] However, the explanation for this phenomenon is still lacking. 236 

When reducing the electrical field strength, so extending the distance between electrodes under the same electrical 237 

potential, the electrical forces are negligible, and therefore, insignificant elongation of the polymer jet, often 238 

indicated by reducing the diameter of the jet, happens. Thus, the diameter of fibers is controlled by the flow rate 239 

and nozzle diameter. The effect of nozzle-to-collector distance on the aspect ratio is not visible. Nevertheless, 240 

despite the lack of differences in aspect ratio between samples produced at 15, 22, and 27 cm, a notable change in 241 

the dimensions is apparent. For example, at 27 cm, the average short fiber dimensions are ~3 µm in diameter and 242 

~15 µm long. However, for 22 cm, the size is 1 µm in diameter and 4 µm long, resulting in approximately 3 times 243 

smaller fibers with the same aspect ratio. 244 

2.3.3. Flow rate effect on short fibers size 245 

By controlling polymer solution flow rates, it has been possible to produce PMMA fibers with diameters 246 

from around 0.87 to 3.02 µm and lengths from 3.79 to 15.28 µm. In electrospinning, the diameter of continuous 247 

fibres decreased with a reduced polymer flow rate.[61,62] In our study, we successfully fabricated short PMMA 248 

fibers using the different polymer flow rates: 0.1, 0.5, and 1.0 ml‧h-1, as shown in Figure 5. SEM analysis did not 249 

show any discontinuities or beads in the structure of fibers. The average diameters and lengths of obtained short 250 

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 3.02 251 

± 0.95 and 14.02 ± 6.59 µm for 1.0 ml‧h-1, see Figure 5 (a-c). The average ratio between short fiber length-to-252 

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 253 

were presented and summarized as bar graphs, histograms, and cluster plots in Figure 5 (d – g) and Table S1 in 254 

the SI. Similar results were obtained by producing a short PMMA electrospun with a decreasing polymer flow 255 

rate, explained as the effect of the entanglement loss of the polymer jet mechanism, contributing to rapid polymer 256 

chain disentanglement.[31] In other work, the increasing flow rate from 0.0012 to 0.0280 ml‧h-1 resulted in CA 257 

short fibers with a length from ~65 to ~150 um.[28] However, above 0.030 ml‧h-1, the electrospinning was 258 

transferred to continuous fibers production.  259 

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 260 

rates. As discussed earlier, short fiber production can be prevented by increasing a polymer flow rate.[28,31] In 261 

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, 262 
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polymer solution flow allows controlling the short fibers' dimensions, increasing the aspect ratio by approximately 263 

200% (from ~5 to ~10) rather than the applied voltage or distance from the collector. 264 

2.3.4. Electrical field effect on short fibers size 265 

As stated before, the electric field, and its strength are determining factors of the electrospinning process. 266 

The electric field strength in electrospinning depends mainly on two values: applied voltage and the distance 267 

between the needle and the collector, see Table 1. Several studies show that increasing the electric field strength 268 

makes it possible to change the fiber diameter, mat thickness, and morphology and improve the mechanical 269 

properties of the fibers.[54,63,64] However, some studies show that an increase in the electric field does not always 270 

reduce fiber diameter, which depends on the polymer solution, type of collector, or substrate used.[65] In addition, 271 

changing the distance and electric field significantly affects the solvent evaporation rate, consequently leading to 272 

a change in fiber diameter.[66] Here, we include data from all variations in applied voltage and nozzle-to-collector 273 

distance. Short electrospun PMMA fibers were produced using produced with 0.45 (SF1), 0.68 (SF2), 0.85 (SF5), 274 

1.04 (SF3), and 1.53 (SF4) kV‧cm-1 electrical field strength, see Figure 6. The average diameters and lengths of 275 

the fibers varied depending on the electrical field strength conditions, see Table S1. All results were presented and 276 

summarized as bar graphs, histograms, and cluster plots in Figure 6 (f – i) and Table S1 in the SI. The resulting 277 

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. 278 

However, as for nozzle-to-collector distance, an increasing electric field strength from 0.45 to 1.53 kV‧cm-1 does 279 

not lower a short fiber diameter or length. The smallest ~0.87 µm in diameter and ~3.79 µm in length short fibers 280 

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), 281 

see Table S1. For this work, changing the electric field's strength significantly affects the diameters and lengths 282 

of the short fibers.  283 

2.4. Analysis of results based on Scaling Laws 284 

In this part of the paper, an attempt is made to generalize the experimental results obtained with theoretical 285 

values. The scaling law allows us to approximate the length and diameter of electrospun short fibers when polymer 286 

flow rate, electric field strength, solvent quality, polymerization rate, and polymer volume fraction are known.[31] 287 

For length, the following equation was used:  288 

𝐿𝑆𝐿 ≈ 𝑣0
1.4𝐸−1.1𝑁3.9𝑘2.1ф7.5 , (1) 289 
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where ν0 is the initial jet velocity, E is electric field strength, k is the solvent quality, N is the degree of 290 

polymerization, and ф is the polymer volume fraction. The diameter of short fibers was expressed as: 291 

𝐷𝑆𝐿 ≈ 𝑣0
0.1𝐸−0.07𝑁−0.4𝑘−0.2ф0.19,  (2) 292 

The rest of the formulas used for calculations are included in the SI, see. Table S2.  293 

In the case of eq. (1) and (2), the parameters affecting fiber length and diameter are ν0 and E, where k, N, 294 

and ф are constant. Figure 7 shows the values for LSL and DSL concerning specific values of the electric field 295 

strength E at constant Q (0.5 ml‧h-1) and to Lf and Rf obtained experimentally. The difference between the 296 

experimental results and the predicated via scaling law is presented in Figure 7. Increasing the strength of the 297 

electric field in the case of LSL results in a decrease in length and has no noticeable effect on short fiber diameters. 298 

For experimental results, the electric field strength influenced both values, i.e., length and diameter (Lf and Df), 299 

but this is not a linear relation. As mentioned earlier, for specific values, a rise in the electric field strength causes 300 

an increase and/or a decrease in the diameter or length of the short fibers. 301 

Notably, the main differences between the experimental and the predicted results based on the scaling 302 

laws eq. (1) and (2) are related to the having evaporation rate, boiling point, and vapor pressure of solvents 303 

impacting Maxwell stresses generated during electrospinning.[67] Therefore, a type of solvent (good or θ-solvent) 304 

used for the process is essential in electrospinning short fibers. In a study [31], the solvent system for PMMA was 305 

based on chloroform and DMF. Chloroform is characterized by a higher evaporation rate and lower boiling point 306 

than DMF.[68] However, in the case of our results where only DMF is used as a solvent, the eq. (1) and (2) show 307 

the discrepancy in short fibers' predicted length and diameter. In our studies, a high fraction of PMMA (52%) was 308 

used.[68] Importantly, the experimental and predicted results fall within the same order of magnitude for fiber 309 

length, as shown in Figure 7 (a).  310 

2.5. Comparison of short fiber aspect ratio  311 

Short fibers' aspect ratio and length are crucial parameters defining the short fiber's usefulness in composite 312 

applications.[30] In the case of short fibers, their ability to transfer stress is determined by critical fiber length, 313 

which depends on the tensile strength of the short fiber, the fiber diameter, and the fiber–matrix bond strength.[69] 314 

Typically, the composite's embedded fibers must be 8 to 20 times bigger than the critical fiber length to achieve a 315 

reinforcing effect. Longer fibers and a high aspect ratio can reduce the mechanical properties of the composite.[70] 316 

However, using fibers with a very high aspect ratio can lead to processing difficulties, such as breakage during 317 
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mixing and poor fiber dispersion.[71] This can result in the formation of agglomerates, which can reduce the 318 

mechanical properties of the composite.[72] 319 

In the case of this work, we obtained short PMMA fibers with the narrowest length spread and the smallest 320 

aspect ratio that could be obtained for direct electrospinning compared to previously shown results in the literature, 321 

see Figure 8. We can also control fiber diameter using different electrospinning parameters, which is impossible 322 

during homogenization. Summarizing this work, Figure 9 is the cluster graph showing the results Df and Lf for 323 

chopped fibers over 60 min and direct electrospinning of short fibers at voltage U=23 kV, flow rate Q = 0.5 ml‧h-324 

1 and distance between the nozzle and the collector Y = 22 cm, (sample SF3 in Table 1). The dimensions of directly 325 

electrospun short fibers are well controlled, as we show that the obtained results are less scattered than the standard 326 

way of chopping fibers, such as homogenization. Indeed, this work indicates clear advantages of manufacturing 327 

short micron-sized fibers in direct electrospinning, opening a new perspective for producing short fibers for various 328 

nanotechnologies and reinforced composites applications. 329 

2.6. DSC and FT-IR analysis 330 

The thermal and spectroscopy analysis of PMMA samples was performed to verify structural changes in 331 

electrospun continuous fibers after homogenization and short fibers produced via direct electrospinning. The DSC 332 

analysis is presented in Figure S1 in the SI. Glass transition (Tg) temperature or pure PMMA powder, continuous 333 

fibers, and chopped fibers for 10, 30, and 60 min were evaluated, see Figure S1 (a) in the SI reaching very similar 334 

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 335 

aligns with the literature value for PMMA with Mw = 350 000 g·mol-1.[73] No specific points are visible in the 336 

heating curves, indicating an effect of the homogenization process or the homogenization medium, such as water 337 

or ethanol, on the structure of the short fibers. The Tg was 94.6 ± 1.8 °C for PMMA’ powder and around ~98 °C 338 

for SF1 - 7 short fibers samples, see Figure S1 (b) in the SI, similar to the previously reported results.[73] In 339 

summary, the homogenization medium and electrospinning parameters do not affect the structure of short PMMA 340 

fibers.  341 

Fourier transform infrared spectroscopy (FT-IR) of PMMA samples results are presented in Figure S2 in 342 

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 343 

the α-methyl group vibrations. The peaks presented at 855, 977, and 1063 cm–1 are for characteristic absorption 344 

vibration of PMMA. The 1431 cm–1 band is a bending vibration of the C–H bonds and –CH3 group. The band at 345 

1718 cm–1 is related to the presence of the acrylate carboxyl group, and 2985 cm–1, and 2948 cm–1 are present due 346 

to the C–H bond stretching vibrations, respectively. The last two absorption peaks can be observed at 1593 cm–1 347 
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and 3658 cm–1, which is attributed to the stretching of the –OH group caused by absorbed moisture.[74]. All FT-348 

IR spectra are in Figure S2 in the SI. Similar to DSC results, no significant differences were found in FT-IR 349 

spectra’s all short PMMA fibers regardless of the manufacturing method. In addition, no extra peaks were noticed 350 

in the DSC curves or FT-IR spectra, which could show residues of DMF in the produced material. 351 

2.7. Potential applications and perspectives  352 

As stated in the introduction, current methods of producing short fibers result in high values with a large 353 

spread in aspect ratio, limiting the application of this type of material. However, in this work, we show it is possible 354 

to obtain regular (low spread in diameter and length) polymer short fibers in the aspect ratio range of approximately 355 

4 to 10, which opens many new perspectives for using these materials. In Figure 10 an example of applications of 356 

short electrospun fibers are schematically presented. On of them are polymer sponges, where short electrospun 357 

polymer fibers can be used to produce them.[75–78] However, the mechanical cutting of continuous electrospun 358 

fibers were used causing irregularities and defects in the structure of the sponge.[79,80] Hydrogel, exhibiting poor 359 

mechanical properties, take the advantage of short electrospun polymer fibers.[81–83] This reinforcement 360 

improves cells' growth and enhance hydrogel's mechanical properties.[84,85] The direct electrospun short fibers 361 

embedded into a hydrogel matrix, improved even biocompatibility of hydrogel.[86] In pharmaceutics and drug 362 

delivery systems, short fibers offer promise in enhancing drug efficacy and minimizing side effects. Shin et al. 363 

presented short and injectable polylactic acid fibers for enhancing T-cell function.[87] Similar results of particle 364 

shape effect on T-cells were observed in other works.[88,89] Generally, short fiber composites play a crucial role 365 

in increasing the strength and stiffness of materials. While short fibers have a lower length-to-diameter ratio 366 

compared to continuous fibers, their effective utilization depends on factors such as fiber orientation and adhesion 367 

between interfaces. The primary role of fibers in composite materials is to bear the load, resulting in increased 368 

strength, modulus, and stiffness. The ability to transfer stress in the short fibers composites is determined by the 369 

critical length, which depends mainly on diameter and length, which can be controlled during the 370 

electrospinning.[69]  371 

 372 

Conclusion: 373 

This work focused on showing the strategies for direct electrospinning of short polymer fibers. We have 374 

demonstrated that it is possible to control the size, diameter, and length of short fibers by adjusting electrospinning 375 

parameters such as applied voltage, distance, or polymer solution flow rate. Before the processing, the essential 376 
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first step is selecting a polymer with the lowest possible molecular weight, which in this case was Mw = 15 000 377 

g‧mol-1 and maintaining the polymer concentration at around 52% for PMMA. We highlighted the differences in 378 

the dynamics of polymer solution jet during electrospinning of short and continuous fibers. To create short fibers 379 

via electrospinning, the whipping of jets is omitted, and short jets are formed. 380 

We obtained short fibers via direct electrospinning with a narrow fiber length and aspect ratio. 381 

Additionally, we show that changing an electrospinning parameter like a nozzle-to-collector distance or polymer 382 

flow rate doubles the short fiber aspect ratio (from 4.58 to 9.42). It is possible to obtain fibers dimensions below 383 

1 µm in diameter and around 4 µm in length to a few microns in diameter and around 14 µm in length. The scaling 384 

laws verification was performed to predict the dimensions of short fibers for selected solvent combinations. 385 

Additionally, the application areas for electrospun short fibers were presented. In conclusion, electrospinning is 386 

an accurate and precise method that allows for the controlled production of short fibers without the need for the 387 

additional post-treatment or mechanical cutting. 388 
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Table 1. Electrospinning parameters used to produce short and continuous PMMA fibers. Based on the 708 

information in the introduction (effect of electric field strength), the results were normalized for samples 1-5 709 

(change in applied voltage and distance). For this purpose, an equation for the electric field strength E was used: 710 

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 711 

polymer solution. 712 

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 

 713 

 714 

Figure 1. Schematic of the electrospinning process and high-speed camera imaging from polymer jet near a 715 

bending instability region of (a) – continuous and (b) – short fibers. Colored arrows were used to differences at 716 

the electrospinning jets: blue - straight section of jet; green - polymer jet bending instability, orange - whipping 717 

jet and red arrow – polymer jet break into short fibers. 718 
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 719 

Figure 2. SEM images of chopped fibers produced with different homogenization times: pristine continuous 720 

fibers – (a, b) 0 min; (c) 10 min; (d) 30 min; (e) 60 min. SEM images of microcracks observed at short fibers 721 

produced with different homogenization times: (f) 10 min; (g) 30 min; (h) 60 min. Bar graph (i) and histograms 722 

of fiber diameter (j) and length distribution (k) produced with specific homogenization time (T). The relation 723 
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between chopped fiber diameter and length made with different homogenization times is presented in cluster plot 724 

(l). Sample T = 0 (b) is a PMMA continuous fiber. 725 

 726 

Figure 3. SEM images of short fibers produced with different applied voltages: (a) 10 (SF1), (b) 15 (SF2), and 727 

(c) 23 kV (SF3) at the constant flow rate, Q and distance nozzle-to-collector, Y. Bar graph of Df and Lf to applied 728 

voltage U - (d). Fiber diameter (e) and length (f) distribution histograms and the relation between fiber length 729 

and diameter of short fibers in the form of cluster plot (g) produced with different applied voltage. 730 

 731 
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 732 

Figure 4. SEM images of short fibers produced with: (a) 15 (SF4), (b) 22 (SF3), and (c) 27 (SF5) cm nozzle-to-733 

collector distances at constant applied voltage, U and flow rate, Q. Bar graph of average Df and Lf to distance Y - 734 

(d). Fiber diameter (e) and length (f) distribution histograms and the relation between fiber length and diameter 735 

of short fibers in the form of cluster plot (g) for different distances. 736 
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 737 

Figure 5. SEM micrographs of short fibers produced with different flow rates: (a) 0.1 (SF6), (b) 0.5 (SF3), and 738 

(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 739 

for different flow rates Q (d). Short fiber diameter (e) and length (f) distribution histograms for 0.1, 0.5, and 1.0 740 

ml‧h-1. Relation between fiber length to the diameter of short fibers produced by different flow rates in cluster 741 

plot (g). 742 
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  743 

Figure 6. SEM images of short fibers produced with (a) 0.45 (SF1), (b) 0.68 (SF2), (c) 0.85 (SF5), (d) 1.04 (SF3), 744 

and (e) 1.53 (SF4) kV‧cm-1 electrical field strength. Bar graph of average Df and Lf to distance Y - (f). Fiber diameter 745 

(g) and length (h) distribution histograms and the relation between fiber length and diameter of short fibers in the 746 

form of cluster plot (i) for different electrical field strengths. 747 
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 748 

Figure 7. The correlation between the obtained experimental results (Lf, Df) and the predicted with the scaling 749 

laws (LSL and DSL) using eq. (1) and (2), (a) the length, L, and (b) diameter, D, of short fibers. 750 
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 751 

Figure 8. Data comparison of average aspect ratio, length, and fiber diameter of homogenized (chopped) and 752 

electrospun short fibers taken from the literature (red points – reference number in bracket) to values achieved in 753 

our work (blue points). Literature data were adopted from [1,26,28,31,48–51,58,75,76,90–96]. 754 

 755 

 756 
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 757 

Figure 9. Cluster plot indicating the diameter Df
  and the length Lf of fibers regimes for directly electrospun short 758 

and chopped fibers over 60 min of homogenization. 759 

 760 

 761 

 762 

Figure 10. Application areas for short fibers produced via electrospinning.  763 
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