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ABSTRACT

This study investigates the effects of time and diameter on the final scission length of the
electrospun polystyrene (PS) fibres, whereby the fibres were ultrasonicated for 1,2, 3, 4, and
8 minutes. The ultrasonic probe stimulates bubble cavitation followed by bubble implosion as
scission occurs. Factors affecting the scissionability of the electrospun PS fibres are primarily
the diameter of the fibre and the sonication run time. The scission final fibre length range is
approximately 23.7 pmto 1.1 um. SEM images show that the fibre breaks into shorter lengths
as sonication run time increases. Conversely, fibre diameter exhibits a positive relationship
with fibre length. The model gives an R-squared value of 0.44 and 0.59 for linear and non-
linear regression, thus suggesting that the non-linear model provides a better fit for the data.
The validation of the model is achieved by conducting a hypothesis test. Through hypothesis
testing, the mean of the experimental average final length value and the predicted average
fibre length from the regression model were not significant, indicating that the model can
generally predict a relatively accurate average final fibre length value. The model derived
from this study enables researchers to estimate the time required to sonicate the PS fibre
(with a specific diameter) to achieve the short fibre length needed in their application. As

research progresses, refining the model and
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INTRODUCTION

The process of using electrostatic forces to produce synthetic fibres with diameters
and lengths of the submicron scale (Doshi & Reneker, 1995) has piqued the interest of
researchers over the past century, especially due to its wide range of applications. In this
procedure, referred to as electrospinning, a high-voltage source is used to induce a certain
polarity of charge into a polymer solution or melt, which is subsequently accelerated toward
a collector of a different polarity (Subbiah et al., 2005). However, the electrospinning
process is limited to producing only long, thin, continuous fibres with a limited range of
applications compared to that of discontinuous, short electrospun fibres. Unlike the length,
the diameter, as well as other characteristics of the electrospun fibre, can be manipulated
by optimising the electrospinning parameters (Valizadeh & Farkhani, 2014).

The tailorable parameters include the type of solvents, solution concentration, collection
rate, gap distance, applied voltage, drop height, and fibre orientation. These processing
parameters will highly influence the characteristics of the electrospun nanofibers, such as
fibre diameter (Khanlou et al., 2015), morphology (Megelski et al., 2002), porosity (Baker
etal., 2008), mechanical properties (O’Connor et al., 2021), chemical composition (Lima et
al., 2020) and uniformity (Zhang et al., 2021). Such characteristics require optimising these
parameters to maximise their performance for specific applications. For instance, Zhang et
al. (2021) reported that 1000rpm was the optimal rotational speed in creating electrospun
PCL fibres with aligned topography, which would serve as a promising candidate for
nerve guidance conduits (NGCs) and other tissue engineering applications. Furthermore,
different solvents have also been reported by Maleki et al. (2013), where electrospun PLLA
yarns produced had the highest tensile strength as well as Young’s modulus and a higher
elongation at break when using chloroform and dichloromethane respectively. However,
producing short continuous fibres through electrospinning is impossible just by adjusting
the parameters.

A secondary process is needed to produce the desired discontinuous short fibres (Luo
et al., 2011). Such secondary process includes mechanical cutting (Thieme et al., 2011),
ultra-violet (UV) cutting (Li et al., 2010), microtome cutting (Oksman et al., 2009), micro
cutting under liquid nitrogen (Magill & Gunning, 1969), cryogenic milling (Morkavuk et
al., 2018), ball milling (Hrabalova et al., 2011) as some of the less popular scission methods.
One method which has been widely reported for the scission of carbon nanotubes or even
electrospun nanofibers is by means of ultrasonication (Chew et al., 2011; Hennrich et al.,
2007; Liu et al., 2017; Niemczyk-Soczynska et al., 2021; Pagani et al., 2012).

Ultrasonication is widely used in the dispersion of solutes, especially carbon nanotubes
(Ahir et al., 2008; Kharissova & Kharisov, 2017). Studies employing the ultrasonication
technique for exfoliating carbon nanotubes (CNTs) have reported scission as an unwanted
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side effect (Stegen, 2014), which later garnered more attention from researchers. This
technique allows for scission of the carbon nanotubes through the mechanism of bubble
cavitation and implosion. When ultrasound is used to insonify a liquid medium, a sequence
of compression and rarefaction cycles results, creating regions with high and low local
pressures (Lucas et al., 2009). Existing gas nuclei expand as a result of the dissolved
gas’s desorption to create cavitation bubbles. High local temperatures and pressures are
caused by these transient cavities, which first grow before rapidly collapsing in subsequent
compression cycles. When cavitation bubbles collide close to an interface, liquid jets are
expelled, causing an impact with a mechanical effect on the surrounding material (Ando,
1991; Sander et al., 2014; Tsochatzidis et al., 2001). The van der Waals forces and other
nonbonding interactions between the nanofibers, which are essentially bound to one other
through nonbonding interactions, can be broken by said impact. This approach offers a
practical, adaptable, and eco-friendly fabrication technique for the large-scale production
of short nanofibers.

Discontinuous short electrospun fibres are versatile and can be used for various
applications such as scaffolds (Li et al., 2006) or carrier matrices in tissue engineering
(Lannutti et al., 2007), drug delivery (Zeng et al., 2003), wound healing (Casper et al.,
2005), filtration systems (Bortolassi et al., 2019), micro-electronic (Luzio et al., 2014)
applications, fibre reinforcement (Chen et al., 2011) and many more (Bhardwaj & Kundu,
2010; Jiang et al., 2018; Schiffman & Schauer, 2008). Therefore, it is important to study
the process of producing these electrospun short fibres.

Several works of literature discuss the theoretical process of the scission caused by the
shear stress and strain forces imposed on the carbon nanotubes (CNTs) by the imploding
bubble in ultrasonication (Ahir et al., 2008; Heller et al., 2004; Hennrich et al., 2007; Huang
et al., 2009; Pagani et al., 2012; Stegen, 2014). While some of these were derived with
comparison to the scission modelling of polymer fibres whereby the fractures were deemed
non-random as the point of scission typically occurs at the centre of mass (Kuijpers et
al., 2004; Price & Smith, 1991), another study have discussed the degradation of polymer
fibres with respect to time (Van Der Hoff & Glynn, 1974). Through this research, very
few have addressed the simultaneous effects of several variables as predictors for the
final fibre length. A mathematical model that predicts the final fibre length and predictor
variables will be useful to pre-determine the exact input parameters to achieve the desired
length. Hence, this research aims to predict the average final length of scission electrospun
polystyrene (PS) nanofiber by ultrasonication while considering the scission time and
diameter (the predictor variables) of the polymer fibre. A multiple regression model could
provide a foundation for further research, potentially paving the way for precise control
of submicron-length fibres on a large scale.

PREPRINT



Cheryl Rinai Raja, Marini Sawawi, Shirley Johnathan Tanjong and Nurliyana Truna

METHOD AND MATERIALS
Electrospinning

The parameters of the electrospinning and ultrasonication process to produce the short
electrospun fibres were optimised from the previous works (Sawawi et al., 2013). The
electrospinning process was conducted using an electrospinner built in the laboratory,
which used a high voltage supply from Gamma High Voltage Research (USA), whilst the
syringe pump was from Razel Scientific Instruments, Inc. (USA).

The PS fibres were produced by varying the concentration to obtain three sizes of fibre
diameter to investigate the effect of fibre diameter on ultrasonication scission. The thinner
PS fibres were electrospun at 8 wt/v%, whilst the larger fibre diameter was achieved when
electrospun was at 16 wt/v%. All the fibres for these comparative purposes were electrospun
in the same solvent solution, a mixture of chloroform and DMF (1:1) with 1 mM DTAB
at the same speed of rotating mandrel of 6.8 m/s surface velocity. After collection, the
non-woven web was stored in a desiccator under vacuum prior to further use. The other
electrospinning parameters were kept the same: a 1.6 mL/hr feed rate, 20 kV accelerating
voltage, 6 cm working distance and 18G gauged needle. The optimum voltage for 8 wt/v%
is 15 kV. The electrospinning parameters are listed in Table 1.

Table 1
Electrospinning parameters (Sawawi et al., 2013)
) Concentration Feed Voltage Ne'edle \Yorkmg Mandrel
Material Solvent (Yo)(WIY) rate (ml/ (+KV) size distance speed
° hr) (G) (cm) (m/s)
PS Chloroform + DMF 8 1.6 15 18 6 6.3
(1 mM DTAB)
PS Chloroform + DMF 12 1.6 20 18 6 6.3
(1 mM DTAB)
PS Chloroform + DMF 16 1.6 20 18 6 6.3
(1 mM DTAB)
Ultrasonication

In the scissioning process, the electrospun webs were peeled off the collection plate, and
a 1 cm? area was cut with a sharp knife before being placed randomly in a glass vial (25
mm in diameter) containing 15 mL of MiliQ water. The sonication was carried out using
a Vibracell 750W (Sonics & Materials, Inc, USA) sonicator probe with a probe diameter
of 13 mm and a working frequency of 20 kHz. The probe was positioned ca. 1 cm from
the bottom of the vial. The processing parameters varied, such as total run time, amplitude
percentage, and lapsed ON/OFF time. The water used for this study was at ambient
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conditions. In general, ultrasonication was conducted in a beaker cooled by water-ice slurry
to maintain the processing temperatures below 30°C since ongoing sonication raises the
solvent temperature, even when using ON/OFF pulsed exposure.

After completion of the ultrasonic treatment, short fibres in the solvent suspension were
placed on a scanning electron microscope (SEM) stub, which was covered with double-
sided carbon tape to allow adhesion to the stub. Prior to SEM imaging, the sample was
dried overnight in the fumehood followed by 2 hr in a vacuum oven at 60°C and platinum-
coated at 1 nm thickness with a sputter coater, Cressington 208HR, (UK).

Mathematical Modelling

In this study, the mathematical model is designed through model assumptions that sonication
run time and the diameter of the electrospun fibre influence the final fibre length. The
relationship between the sonication run time, the diameter and the limiting length is studied
through the regression analysis. A general multiple linear regression model (Zain et al.,
2012) is expressed as Equation 1:

y = bO + b1x1 + bzXz + b3X3 + bnxn [1]

whereby y is the dependent variable, b, is the intercept parameter, by, by, b3 ..., b,, are the
slope parameters, and x,, is the independent variable. This model is suitable for describing
a linear relationship between the independent and dependent variables. In this model, the
data used for the analysis was based on the quantified experimental data of the electrospun
aligned PS 8wt% and 16wt% to generate a model covering the range of diameter, d from
240 um to 930 um respectively. The regression mathematical models developed in this
study are produced using the Minitab and Microsoft Excel software. Multiple linear and
non-linear regression analysis was used to develop the mathematical model, and the two
models were compared. Data for the ultrasonicated electrospun 12wt% PS fibre was used
to conduct the hypothesis testing. Table 2 summarises the descriptive statistics of the data
obtained from the experiment used to construct the model.

Table 2
Summary of experimental data statistics

Variable N N* Mean SE Mean StDev Minimum Q1 Median Q3 Maximum

Y 406 0 6.820 0.386 7.780 0.450 2.083 3.758 8.241 46.666
X1 406 0 585.0 17.1 345.4 240.0 240.0 585.0 930.0 930.0
X2 406 0 4.254 0.113 2.285 2.000 2.000 3.500 8.000 8.000
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CHARACTERISATION
Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used to study the morphology and microstructure
of a solid surface, which is important in understanding the structure-property relationship
of a material. In this method, the sample surface is scanned by a high-energy electron
beam where the incident electrons interact with the specimen atoms and cause extensive
scattering. The SEM was conducted using a Scanning Electron Microscope (JEOL840A
JEOL Ltd, Japan). The short fibre samples were dried overnight in the fumehood, followed
by heating at 60°C in a vacuum oven for 2 hr prior to platinum coating of the sample (1
nm thickness) using a sputter coater (Cressington 208HR, UK).

RESULTS AND DISCUSSION
Scanning Electron Microscopy

SEM was performed on the as-spun PS fibre before and after ultrasonication to compare
the surface morphology and quantify the average fibre length of the short fibres. Figure 1
shows the electrospun fibres before and after sonication for what we define in this work as
the “minimum sonication time,” which was found to be 1 minute. This minimum sonication
time is defined as the first time that the web was visually observed to significantly fragment,
which was found. The sonicated fibres are of 732 + 312 nm diameters in aligned orientation
having 12wt/v%.

Figure 1. SEM images of electrospun PS fibres with aligned orientation under various sonication times at
x1.5k magnification: (a) as-spun PS fibre; (b) 1 minute; (c) 2 minutes; (d) 3 minutes; (e) 4 minutes; and
(f) 8 minutes
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Figure 1(a) is the as-spun un-ultrasonicated electrospun PS fibre which appears as a
continuous web or mesh of fibres when compared to the ultrasonicated fibres in Figures
1(b), 1(c), 1(d), 1(e) and 1(f). In this study, the fibres are found to be scissioned with a
minimum time of 1 minute. However, comparing Figures 1(b) to 1(c), 1(d), 1(e) and 1(f),
the discontinuous fibres are still long and do not have enough discrete discontinuous fibres
to be quantified. Fibres sonicated at 2, 3, 4 and 8 minutes show discrete, discontinuous
fibres where the end-to-end of the singular fibres can be observed. The average final fibre
length reduces as sonication run time increases, with the longest length being 5.63+4.38
um at 2 minutes and the shortest average final length of 2.17+0.75 um at 8 minutes (Table
3). Factors affecting the scissionability of the fibres include the diameter and time.

Figure 2 compares the average final fibre length of ultrasonicated electrospun PS
fibres with different diameters. The concentration of the polymer influences the variance of
diameter. The 8wt/v%, 12wt/v% and 16wt/v% have diameters of d; =240 + 70 nm, d,= 732
+ 312 nm and d3 =930 £ 290 nm respectively (images not shown here). It can be observed
in the graph that the electrospun fibre with the largest diameter, d; (16wt/v%), has a longer
final fibre length after sonication. In contrast, the shortest length is achieved by the fibre
with the smallest diameter, d; (8wt/v%). Regardless of diameter size, a negative trend can

Table 3

Average final aligned PS fibre length after ultrasonication
Diameter, d (nm) 732 + 312 732 + 312 732 + 312 732 + 312
Time, t (minutes) 2 3 4 8

Average final fibre length, L,,, (microns) 5.625+4.384 3.922+2.092 2.915+0.999 2.174+0.749
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Figure 2. Average final fibre length against the sonication run time of electrospun PS fibres with different
diameters
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be observed from the graph, which also concludes the negative relationship between the
sonication run time and final length. The opposite is implied for the relationship between
the diameter and the average final fibre length.

Multiple Regression Modelling

Equation 2 shows the multiple linear regression model obtained using the Minitab software.
Lgqyg =5.349 +0.012125d — 1.322t [2]

The linear regression model analysis resulted in an R’ value of 0.44 and p<0.001,
which indicates that the relationship between x, (diameter, d) and x, (time, t) and y (average
fibre length, L,,,) is statistically significant. This model may not accurately represent the
relationship between the effects of time and diameter on the final fibre length; therefore,
as a comparison, a non-linear regression model was also generated using the Minitab
software, resulting in Equation 3.

Layg = 14.30+ 0.02278d — 7.404t + 0.7257t% — 0.002500dt [3]

where Y is the average final length, X, is the diameter(um), and X, is the sonication
time(min). Equation 3 represents a non-linear regression model of the relationship between
Lgyg, d and 1. According to the analysis, the model R’ value is 0.5989. It means that 59.89%
of the variation in the response variable can be explained by the predictor variables (d
and t). The relationship between the variables in this model is statistically significant with
p < 0.001, less than 0.05. It means that a relationship exists between the response and
predictor variables. According to Viloria et al. (2016), if the R-squared value is above
80%, it indicates that the independent variables are enough to explain the relationship to
the dependent variable. However, for the models in this study, the parameters may not
be enough to explain the behaviour of the fibre scission by ultrasonication given that the
R’ is less than 80% because ultrasonication is a random process in terms of positions of
bubble cavitation, which causes the scission of the fibre. It can also be explained by the
high standard deviation obtained from sonication, which shows the variability of the data.
However, at a higher sonication time, the R? value is significantly higher at 65.9% since
a longer sonication run time will produce shorter fibres up to a point where it stabilises.
Referring to Equations 2 and 3, the coefficient of the variable for time, t, shows a
negative value, which indicates that as the sonication run time increases, the final fibre
length decreases. In contrast, the positive value for the diameter variable, d, suggests that
the average final length increases as the diameter increases. This non-linear regression
model concludes that it better fits the data with the trend aligned with the initial model
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assumptions. Although regression analysis can help identify the type and strength of
correlations, it is unable to differentiate between indirect and direct effects or consider the
complex interaction between cause and effect.

Average Length vs Model Length

The mathematical model in Equation 3 was verified using the 12wt/v% of PS concentration,
in which the data is tabulated in Table 4. The graphical output is shown in Figure 3; the
difference in values between the model and the actual average final fibre length at 2 minutes
is large, whereby even the maximum final length value does not overlap with the modelled
value. However, it should be noted that in the sonication experiment, the fibre length
varies significantly. For example, when calculating the maximum length for 2 minutes
of sonication time, the length was 10 um, about 50% of the estimated fibre length, using
Equation 3. It is also true for other sonication times. As the sonication increases (such as
at 8 minutes), the maximum fibre length was found to be 2.92 um (about 20% difference).
The average final fibre length after 8§ minutes of sonication is 2.17+0.749 um, and the
modelled fibre length is ~3.54 pm. If the maximum value is 2.92 pum, it is closer to the
modelled length. The difference can be neglected as it is ~0.62 um. Furthermore, as the
sonication run-time approaches 8§ minutes, the model has a similar trend to the actual data.

Table 4

Actual final length and predicted final length using the model
Time 2 3 4 8
Mathematical Model (Equation 3) 15.37 9.77 5.62 3.54

Actual experiment average final 5.63 +4.384 3.69 +2.092 2.86 £0.999 2.17+0.749
fibre length L,,,

Average length (Actual vs Model)

18.00
16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00

15.37

==@== Actual

==0==Model

Average final fibre length (um)

Sonication Run Time (min)

Figure 3. Graph of average final fibre length based on experiment (actual) and prediction (model)
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To validate the model, a 2-sample independent t-test was conducted. It was highlighted
that there is no significant difference (p>0.05) between the mean of the experimental value
and the average fibre length predicted from the regression model (Figure 4). It indicates
that the model describes the fibre length generally accurately. This test concludes that it is
possible to develop the model for the scission of electrospun fibres to determine the final
fibre length given the diameter and sonication run time. However, precaution needs to be
taken whereby the fibre length can vary from 50% to 20%. The fibre length that resulted
from this process is in tens-micron size, which does not make a significant difference when
only 2-5-micron length differs.

Mean Test
Is Actual greater than Model?
0 0.05 041 > 0.5
|
Yes- ‘ No
;
P =0918

The mean of Actual is not significantly greater than the mean of
Model (p > 0.05).

Figure 4. 2-sample independent t-test

Limitations and Recommendations

Though the model does show a relation between the variables, it does have a few notable
limitations, such as its reliance on a specific experimental setting. Since this model is
based on electrospun fibres from the previous study, the variables involved are limited,
thus making the model only applicable to the difference in diameter for PS. It limits the
model’s generalizability, which does not allow it to fully capture the complexity of all
possible scenarios and variations in the scissioning process. Furthermore, the model
shows equipment dependency, which can only be used for PS electrospun nanofibers being
sonicated using specific equipment with specific parameters. Variations in equipment
specifications or configurations may not be accounted for, potentially restricting the model’s
applicability in a broader range of experimental setups. The generated model is also based
on only one type of material, which limits its application in studying the scission effects
of other materials as different materials have different characteristics.

In future research, the model’s robustness can be improved by including additional
parameters, such as the variables related to both the sonication process and the type of
materials, which allows a better understanding of their effects on one another. Each material
has distinct characteristics which would facilitate a more inclusive analysis. Including
diverse materials would also enhance the model’s reliability by using it for validation to
increase the its accuracy in a broader context. Furthermore, the model can be improved
by considering the inherent variability in real-world processes, such as a safety factor, to
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account for the unpredictability of certain experimental conditions. Conducting sensitivity
analysis can also help in providing insight into the model’s responsiveness to parameter
variations. It would help identify critical factors that significantly impact the outcomes,
guiding the experimental efforts and model refinement.

CONCLUSION

This study has applied a regression analysis to produce a model equation of ultrasonicated
electrospun PS fibres. It is found that a quadratic multiple regression model better fits the
data as the correlation between the diameter and time with respect to the final fibre length
do not linearly respond to one another. As observed, the average final fibre length decreases
when the sonication run time increases. The opposite is concluded for the relationship
between the diameter and the final fibre length; as the diameter increases, the fibre length
also increases. The quadratic regression model is statistically significant, whereby the model
can explain 59.89% of the data. Furthermore, through hypothesis testing, the mean of the
experimental value and the average fibre length predicted from the regression model are
not significant, which indicates that the model can generally predict a relatively accurate
average final fibre length value. While acknowledging the model’s limitations, such as
equipment and material dependencies, it provides a foundation for further research. In the
future, the mathematical model might be more refined to provide an exact length value to
ease the production of these submicron-length fibres on a large scale. More variables can
be added to the modelling to produce a higher R? value feasible for large-scale production.
The ability to create short, discontinuous electrospun fibres through ultrasonication holds
tremendous promise for a wide range of applications, including tissue engineering, drug
delivery, filtration systems, and more. As we move forward, refining the model and
incorporating additional parameters to enhance its robustness is imperative. Exploring
the effects of different materials, conducting sensitivity analyses, and accounting for real-
world variability are essential steps to ensure the reliability and broad applicability of these
models. Ultimately, this research contributes to our understanding of electrospinning and
paves the way for more precise control of fibre properties in various practical contexts.
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