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ABSTRACT: Weighing and direct measurement are currently the two most common 

techniques used for estimating the amount of deposited nanofibres in electrospinning process. 
Nevertheless, due to its extremely small fibre size and mass, the task of measuring the weight or 
thickness of an electrospun nanofibres membrane is difficult and the results are arguable. This 
study evaluates the effectiveness of using greyscale image analysis for predicting the amount of 
deposited nanofibres compared to weighing technique. Polyvinyl alcohol electrospun nanofibres 
were collected at different deposition times on A4 black paper substrates. The substrates were 
weighed before and after deposition process and then scanned into 8 bit greyscale images. 
Analyses were carried out using ImageJ software, statistical analysis, high speed camera and 
scanning electron microscopy. At long deposition times, both techniques showed significant 
correlations between the measured values and deposition times. However, at short deposition 
times the weighing technique was found unreliable (p>0.05) compared to image analysis 
technique due to insignificant fibre masses compared to the weight variation of the substrates. 
Results suggest that image analysis technique was a better option to be used compared to 
weighing technique. This technique has the potential to be used as an automated online quality 
control in electrospun nanofibres manufacture.    
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1.0 INTRODUCTION  
 

Electrospinning is a straight forward process for producing polymeric nanofibres either 
from polymer solution or melt [1-3] with the presence of electrostatic forces. Even though 
a typical setup of an electrospinning process is simple, but the actual science 
underpinning the process is rather complicated [4]. When a high electric potential is 
applied to a pendant drop of a polymer solution, it will distribute throughout the 
solution and causes the charges to accumulate on the surface of the droplet. 
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Since like charges repel each other, the accumulation of the charges is accompanied by 
strong repulsive electric forces. When the electric forces overcome the surface tension of 
the droplet, the surface ruptures, and a charged jet of polymer is ejected from the droplet 
(Figure 1). At an equilibrium, the point of rupture forms a conical shape known as the 
Taylor cone [5]. The jet initially moves in a straight trajectory before it starts to buckle 
and continues the journey in an expanding helical path. Along the journey, solvent 
evaporation and fibre thinning continue until the fibres landed on the collector as 
randomly orientated fibres [6-7].  

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram of electrospinning process 

 
Due to its extremely small fibre size and mass, electrospun nanofibres membranes 
exhibit unique properties such as high surface area to volume ratio, high porosity with 
small pore sizes, and lightweight [3, 6, 8]. These attributes make them highly potential 
as candidate for various applications including filtrations, sensors, protective clothing, 
and tissue engineering scaffolds [9-11]. However, small fibre size and lightweight make 
it difficult to quantify the actual amount of deposited electrospun nanofibres. Several 
attempts have been made to measure the thickness of the electrospun fibres such as the 
direct measurement using a micrometer [12], scanning electron microscopy (SEM) 
micrographs analysis [13] and light profilometry [14].  
 
A micrometer provides a quick and easy method for measuring the thickness of any 
material. However, it requires a direct contact with the samples. Therefore, measuring 
the thickness of an electrospun nanofibres membrane using a micrometer would highly 
likely to cause the porous structure of the membrane to be compacted once a direct 
contact was applied onto the surface [12]. Using SEM micrographs or light profilometry 
technique to analyze the thickness of electrospun nanofibres membrane is a very time-
consuming process. The measurements obtained are questionable due to the small 
sampling area compared to the actual size of the membrane. Furthermore, the cutting 
and handling processes during sample preparation can cause sample distortion [13-14]. 
Another popular option to estimate the amount of deposited electrospun nanofibres is 
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by using weighing technique. Stanger et al. [15] conducted an experiment to investigate 
the relationship between mass deposition rate and the applied voltage. The masses of 
the deposited fibres were found proportional to the deposition time. However, the 
measurement of the deposited fibres by using weighing method is rather challenging 
since the masses of the fibres were only in the range of a few micrograms compared to 
the weight of the substrates used in the experiment. 
 
Image analysis is a non-destructive technique which has been used when characterizing 
electrospun nanofibres membranes. For instance, Ziabari et al. [16-17] used image 
analysis technique to automatically determine the fibre diameter of the nanofibrous 
structures at the intersection points. Ghasemi-Mobarakeh et al. [18] have successfully 
used image analysis method to measure the porosity of countless surface layers. Sambaer 
[19] proposed a 3D structure model of a polyurethane nanofibrous membrane based on 
image analysis method which will be used in filtration applications. A comparative 
study between an automated SEM image analysis and manual method in measuring 
fibre diameter has been conducted by Stanger et al. [20]. According to their studies, the 
main advantage of using automated image analysis technique is that it could analyze a 
large number of measurements in a short period of time. 
 
The objective of this study is to investigate the feasibility of using greyscale image 
analysis method for predicting the amount of deposited electrospun nanofibres. A 
comparison between image analysis and weighing techniques has been carried out based 
on their ability to assess the different quantity of deposited fibres. A successful approach 
of this method has the potential to be used as an in-line non-destructive quality control 
method in electrospun fibre manufacturing. 
 
 

2.0 METHODOLOGY 
 

Electrospun nanofibres were spun using poly(vinyl alcohol)(PVOH) with an average 
molecular weight of 124,000-130,000 g/mol and degree of hydrolysis (DH) in the range 
of 86-89% (Polyscientific, Malaysia). The PVOH was dissolved in distilled water with 
final concentration of 8 wt. %.  The polymeric solution was stirred approximately for 2 
hours at 60 ºC using hot plate magnetic stirrer Model C-MAG HS7 (Ika Works, Malaysia). 
 
The experimental work was conducted using a Model ES1a electrospinning machine 
(Electrospinz Ltd., New Zealand). Axygen T-200-Y 200 µL pipette tip with an orifice 
diameter of 0.5 mm was used in this experiment. Black A4 papers were used as substrates 
to aid visibility. The substrates were weighed before and after sample collection using 
Model AG204 four figure balance (Mettler Toldeo, Switzerland); with measurement 
error of ±0.0001g. Table 1 and Table 2 showed the samples of electrospun nanofibres 
collected at different deposition times with respective parameters. All the samples were 
left overnight to ensure that the solvent has fully evaporated. 
 
All samples were scanned into 8-bit greyscale image using a commercial Canon Model 
MG5500 scanner. The scanning resolution was fixed at 300 dot per inch (dpi). ImageJ 
software (National Institutes of Health, NIH, USA) was used to measure the intensity 
value of each sample. Meanwhile, high speed camera Model Motion BLITZ Cube5 
(Germany) was used to record the formation of the polymeric charged jet. The frame rate 



Journal of Advanced Manufacturing Technology (JAMT) 
 

 
of the camera was set at 3000 Hz. Samples of electrospun nanofibres were coated using 
platinum for 180 seconds using JEOL JEC-300FC auto fine coater whereas their 
morphological structure were observed under scanning electron microscopy (SEM) 
Model JEOL JSM-6010PLUS/LV. From the SEM micrographs, the average fibre diameter 
of the nanofibres was measured using ImageJ software and expressed in terms of mean 
± standard deviation (SD). 
 

Table 1: Total samples produced at short deposition time with respective parameters 
Short 

deposition 

time (s) 

Time 

interval (s) 

No. of 

sample 
Total sample 

Parameters 

Voltage (kV) Distance (cm) 
Concentration 

(wt. %) 

30-200 15,60 5 15 10 10 8 

 
Table 2: Total samples produced at long deposition time with respective parameters 
Long 

deposition 

time (s) 

Time 

interval (s) 

No. of 

sample 
Total sample 

Parameters 

Voltage (kV) Distance (cm) 
Concentration 

(wt. %) 

210-1800 60,120 17 51 10 10 8 

 
 

3.0 RESULTS AND DISCUSSION 
 
 

Figures 2 (a)-(d) show the formation of white circular spots of electrospun nanofibres at 
different deposition times. Out of 66 samples, four samples were used as examples as 
presented in Figures 2 (a)-(d). From visual observation, the size and intensity of the white 
spot for each sample increased as the deposition times increased. Surprisingly, a closer 
observation revealed there was a large amount of nanofibres accumulated at the centre 
of the circular spot. Based on this observation, it is safe to say that the nanofibre layer 
was denser at the centre compared to the edges of the circular spot. This finding was in 
agreement with the previous study conducted by Lee et al. [21]. In addition, the size of 
the circular spot seemed to be slightly increased as the deposition time increased. 
However, the size of the circular spot reached a maximum of approximately 7 cm in 
diameter determined by the size of electrospinning cone during electrospinning process. 
 
Based on the scanned images from Figures 2 (a)-(d), a plot of surface topographic was 
produced by using ImageJ software Figures 2 (e)-(h)). The surface topographic plots 
resembled the formation of three-dimensional bell shape. The difference in the amount 
fibres among the samples were indicated by the height of the 3D plot. With reference to 
the scale bar, the height of the profile was observed to increase respectively with 
deposition time. The findings were consistent with the earlier observations, which 
proved that a large amount of nanofibres were located at the central area of the 
deposition area compared to the edges [21]. 
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Figure 2: Deposited electrospun nanofibres collected at different deposition times: (a) 45s,  

(b) 600s, (c) 840s and (d) 1800s while subsequent topographic plots of greyscale intensities  

of the samples: (e) 45s, (f) 600s, (g) 840s and (h) 1800s 

 
Previous studies by Reneker et al. [7] have described that bending instability occurred in 
a series of spiraling loops with increasing diameters as shown in Figure 3 (a). By 
analyzing the sample using ImageJ software, a sinusoidal curve image can be produced 
as presented in Figure 3 (b). However, the images obtained were not consistent with the 
results produced in Figures 2 (e)-(h). Thus, a high-speed camera was used to observe the 
formation of bending instability during the electrospinning process. Figure 4 (a) showed 
the actual bending instability as captured via high-speed camera and its subsequent 
schematic diagram shown in Figure 4 (b). It was observed that the movement of the 
nanofibres jet seemed to be in chaotic motion with most of the flying fibres were around 
the centre of the loop. Analyzing the samples using ImageJ software, a curve resembling 
to the normal distribution was produced (Figure 4 (c)). Thus, the result was consistent 
the earlier claim that more nanofibres were accumulated at the centre compared to the 
edges of the deposition area. 

 

 

 

 

 

 
Figure 3: (a) Bending instability from previous studies and (b) expected surface  

topography of the sample 
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Figure 4: Bending instability through (a) high speed camera, (b) schematic diagram  

and (c) expected surface topography of the sample 

 
All samples were weighed to obtain the amount of deposited nanofibres. A plot of fibre 
masses against deposition time was shown in Figure 5. Overall, the results show that the 
amount of deposited nanofibres increased with respect to deposition time. However, at 
early deposition time (below 200 seconds), the measured data were observed to 
fluctuate. This inconsistency might be due to the fact that the calculated standard 
deviation of the substrate mass was high (±0.00537 g) compared to the actual mass of the 
deposited nanofibres (0.02-0.03 g). A line of best fit was drawn, and the result suggest 
that 95% of the measured data were in agreement with the fitted line. The trend of the 
current results corroborates the ideas of the previous study by Stanger et al. [15] which 
concluded that for a given set of parameters, the mass of the deposited nanofibres was 
proportional to the deposition times. It is also worth to note that the y-intercept when t 
= 0 was not equal to zero. Stanger et al. [15] reported that this could be due to the residual 
electrostatic charge in the fibres that could be affecting the balance readings. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Mass of fibres as a function of deposition time with respective  

coefficient of determination (R2= 0.95) 
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From the scanned images, the maximum values of the 3D profiles were used to plot a 
graph of intensity value as a function of deposition time (Figure 6). Similar to the 
weighing technique, the intensity value was observed to be increased as the deposition 
time increased. At early deposition time, the increment of the intensity value was 
observed to be linear. However, as the value exceeding 200, the curve flattens before 
reaching s maximum value of 255. This happened due to the limitation owned by the 
grayscale shades available for an 8-bit greyscale image. The baseline of the graph was 
found to be around 50 due to the greyscale value of the substrates. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Greyscale intensity with respect to the deposition time 

 
Figure 7 presented the comparison between image analysis and weighing technique at 
early deposition time (below 200 seconds). Linear regression analysis was used to 
interpret the data obtained from the comparison.  From the figure, the plot presented a 
strong positive linear correlation between greyscale intensity and deposition time. In 
addition, a strong evidence of image analysis technique was found when 98.9% of the 
coefficient determination (R2) fitted the best line compared to only 36.4% for weighing 
technique. By comparing the two results, 98.9% of the image analysis values explain the 
variability of the data around its mean compared to the only 36.4% for weighing 
technique. Further statistical tests were done using P-values to investigate the 
significance between the data obtained with the deposition times. In this case, the null 
hypothesis is that there is no significant difference between the sample mean of greyscale 
intensity and mass of fibres. P-values showed that image analysis data have a greater 
evidence against the null hypothesis since the p-values obtained is less than 0.005 
compared to p-value of the weighing data (p-value 0.282). Thus, it is safe to say that, at 
early deposition times, the fitted model of image analysis was in better agreement when 
comparing to the data produced by weighing technique. An encouraging finding was 
found when using the Pearson correlation coefficient for measuring the relationship 
between dependent and independent variables for both methods where r value for 
image analysis is higher compared to the weighing technique with 0.99431 and 0.01401 
respectively.  
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Figure 7: A comparison between image analysis and weighing technique  

at short deposition times of 30 to 180s 

 
The data was further supported with t-test values to find the stronger evidence between 
both techniques. The results showed that 16.167 represent the image analysis technique 
while 1.30 represent for weighing technique. The greater the magnitude of t-test, the 
greater evidence against the null hypothesis, thus indicating that there was a significant 
relationship between greyscale intensity and the deposition time. 
 

From SEM micrograph, uniform and randomly oriented polyvinyl alcohol electrospun 

nanofibres were observed (Figure 8). The fibre diameters of the electrospun nanofibres 

were measured from 100 different locations with the average of 231.71 nm (±17.15 nm) 

as depicted in Figure 9. The uniform electrospun nanofibres obtained proved that the 

used of paper substrates did not influence the formation, thinning and solidifying 

process of the electrospun nanofibres. 
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Figure 8: A typical SEM micrograph of poly(vinyl alcohol)  

electrospun nanofibres 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: Fibre diameter distribution of the electrospun nanofibres 

 
 

4.0 CONCLUSION  
 

The experiment was undertaken to compare image analysis and weighing technique for 
predicting the amount of deposited electrospun nanofibres.  In general, it seems that both 
weighing and image analysis techniques were capable of showing the increasing amount 
of deposited nanofibres with respect to the collection times. However, a direct 
comparison between these techniques confirmed that greyscale image analysis 
technique was superior during short collection times. The findings further support a 
statistical analysis which showed a strong correlation between greyscale intensities and 
deposition times compared to a weaker correlation when using weighing technique. The 
uniform electrospun nanofibres produced from the experiment showed that the used of 
papers as substrates did not influence the formation of the electrospun nanofibres. Taken 
together, these findings extend the knowledge of a new non-destructive technique for 
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predicting the amount of deposited electrospun fibres especially for a small amount of 
deposited electrospun nanofibres. In addition, this developed technique has the 
potential to be used as an automated online quality control within manufacturing of 
electrospun nanofibres.   
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