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 A B S T R A C T

The analysis of computer-generated particle-monolayer images, presented in Measurement 241 (2025) 115692, 
shows that the novel method of monolayer parametrization described in that paper is insensitive to distortions 
in apparent particle size. In this short communication, we demonstrate on a SEM micrograph published in 
the literature that this feature is also preserved in the case of real, imperfect microscopic images of sputter-
coated particle monolayers. For this purpose, we use the micrograph to make four images at different degrees 
of distortion in apparent particle size. Least-squares fitting performed for the four images reveals that the 
differences in the determined particle size and surface coverage are statistically insignificant. One-way ANOVA 
performed on the four data sets shows that their means are statistically equal. The Pearson correlation 
coefficients calculated for the six pairs of the four data sets indicate a strong linear relationship between 
the sets.
. Introduction

Particles in the nanometer size range are garnering more attention 
s interest in nanotechnology continues to grow. They have found many 
pplications in processing and engineering industries, e.g., electronics, 
il and gas, cosmetic, and agriculture, with the global nanomaterials 
arket expected to reach US$15.9 billion in 2025 [1]. Nanoparticles 
lay a major role in catalysis [2] and biomedicine [3]. They posses 
istinct chemical and physical attributes that make them ideal scafolds 
or creating innovative chemical and biological sensors [4]. The rapid 
evelopment of electronics makes these devices very cheap and widely 
vailable [5].
The production of good quality nanomaterials requires appropriate 

ontrol of the size and shape of the nanoparticles used. The commonly 
mployed techniques for this purpose are those based on particle-
onolayer image-analysis [6–13]. They are non-invasive and cheap, 
ut their application is limited because of the methodology grounded in 
ndividual-particle identification. This becomes particularly challenging 
n dense, tightly packed monolayers or systems with clustered parti-
les [14]. Furthermore, as the number of particles per frame increases, 
he computational demands rise, especially for methods that utilize 
achine learning.
Another, indirect method for addressing this issue involves fitting 

article-monolayer parameters to the ratio of the discrete power spec-
ral densities (PSDs) computed from the images of the entire monolayer 
nd its individual particle [15]. This approach is especially attractive 
oday, as many software packages for image analysis provide all the 
ssential tools and procedures. Recent findings indicate that the novel 
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strategy not only effectively avoids the need for identifying individual 
particlesis but can also be insensitive to distortions in apparent parti-
cle size [16]. The latter, so far demonstrated for computer-generated 
particle-monolayer images only, would make the new approach partic-
ularly advantageous for parametrizing micrographs of monolayers with 
distorted apparent particle size. These distortions frequently occur, 
e.g., in SEM images of sputter-coated monolayers of non-conducting 
particles or particles on non-conducting substrates. Unlike idealized 
computer-generated images, real SEM micrographs are influenced by 
several factors that can distort particle appearance, including noise, 
contrast variation, and coating effects. Specifically, SEM images are 
subject to random fluctuations in pixel intensity, variations in local 
contrast due to differences in particle coating or material properties, 
and resolution limitations. Additionally, the sputter-coating process 
introduces further distortions by altering the particle surfaces. In this 
paper, on the example of a SEM micrograph published in the litera-
ture [17], we demonstrate that the feature is preserved also in the case 
of real, imperfect microscopic images, confirming the robustness of the 
PSD-based method for handling such distortions.

2. Theoretical considerations

Let us consider a square micrograph of a statistically isotropic mono-
layer of randomly distributed, spherical, monodisperse particles. We 
assume the particles do not overlap and the layer is statistically homo-
geneous. The image is also assumed to be grayscale with a black back-
ground, where pixel brightness corresponds to grayscale intensity—
i.e., lower values represent darker regions (black = 0) and higher values 
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data mining, AI training, and similar technologies. 
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Fig. 1. The PSD quotients calculated for four images derived from the same SEM micrograph. (a) A circular fragment of the original micrograph. (b) Image 𝑆1. (c) Image 𝑆4. (d) 
A comparison of the PSD quotients from the four images 𝑆1 to 𝑆4. Points and lines represent the discrete data derived from FFT and fits to Eq. (1), respectively. Black ‘o’s and 
solid line, red ‘+’s and dash line, blue ‘x’s and dot line, and green ‘□’s and dash–dot line denote results for the images 𝑆1, 𝑆2, 𝑆3, and 𝑆4, respectively.
represent brighter regions (white = 255). If color micrographs are 
used, an appropriate transformation from color to grayscale may be 
necessary. To achieve isotropy in the monolayer image, we reset all 
pixels that are more than half the length of the square’s side away from 
its center, effectively limiting the image to a circular fragment inscribed 
within the black square. Please note that, unless stated otherwise, 
all dimensional quantities are scaled by appropriate powers of the 
diameter of the circular fragment.

By utilizing a software package for computing the fast Fourier 
transform (FFT), we can calculate the discrete PSD of the monolayer 
image and, after excluding all particles except one, the discrete PSD of 
the individual particle. Then, we can find the ratio of the two PSDs, 
𝑅(𝑞), where 𝑞 denotes the wavenumber. Formal analysis shows that, 
for a monolayer composed of 𝑁 particles, the ratio is equal to [15,16] 

𝑅(𝑞𝑎, 𝜃, 𝑎) = 𝜃 𝑆(𝑞𝑎, 𝜃, 𝑎), (1)

4𝑎2

2 
where 𝑎 is the dimensionless particle radius, 𝑞𝑎 is the wavenumber 
normalized by the particle radius, 𝜃 = 4𝑁𝑎2 is the surface coverage, 
and 

𝑆(𝑞𝑎, 𝜃, 𝑎) = 1 + 4𝜃
[

𝐽1(𝑞𝑎∕2𝑎)
𝑞𝑎

]2
+ 2𝜃𝐾𝑐 (𝑞𝑎, 𝜃, 𝑎) (2)

is the static structure factor. Here, 𝐽1(𝑥) denotes the first order Bessel 
function of the first kind and 𝐾𝑐 (𝑞𝑎, 𝜃, 𝑎) is the Fourier transform of the 
total correlation function on a finite-size circular area. Usually, for a 
given type of particle monolayers, this function has to be computed 
numerically.

If the function 𝐾𝑐 (𝑞𝑎, 𝜃, 𝑎) corresponds to the structure of the imaged 
particle monolayer, Eq. (1) allows to least-squares fit the particle 
radius and surface coverage of the monolayer. We use the equation to 
determine the monolayer parameters from four images derived from 
the same SEM micrograph.
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3. Results and discussion

Fig.  1(a) presents a circular fragment of the original micrograph 
published in Fig. S12b of Ref. [17], of 299 × 299 pixels, which we 
use to produce four images of the monolayer. The monolayer was 
formed of gold nanoparticles with a diameter of 24.4 nm ± 3.5 nm, 
as determined by DLS and TEM. The particles were adsorbed on a 
silanized glass substrate and sputter-coated for SEM. The monolayer 
structure resembles that of a hard-sphere RSA system [18], so we can 
fit the monolayer parameters using the function 𝐾𝑐 (𝑞𝑎, 𝜃, 𝑎) calculated 
for this type of monolayers [16].

First, we produce four grayscale images 𝑆𝑖 (𝑖 = 1,… , 4) of the mono-
layer by applying different thresholds to the pixel brightness (grayscale 
intensity). Specifically, all pixels with grayscale values below 141, 161, 
181, and 201 are reset to the background value in 𝑆1 through 𝑆4, 
respectively. Since pixel brightness corresponds to grayscale intensity 
(with 0 = black and 255 = white), increasing the threshold removes 
progressively more of the darker pixels, simulating apparent particle 
size distortion. Figs.  1(b) and 1(c) show the thresholded images 𝑆1 and 
𝑆4, corresponding to the lowest and highest cutoff values. For each of 
the four images 𝑆𝑖, we save 15 images of the single particles marked 
in Fig.  1(a), calculate their PSDs, and average over them to get four 
single-particle PSDs 𝐶0𝑖(𝑞). Next, we calculate the PSDs 𝐶𝑖(𝑞) of the 
four monolayer images and divide them by the corresponding single-
particle PSDs to get four discrete functions 𝑅𝑖(𝑞) = 𝐶𝑖(𝑞)∕𝐶0𝑖(𝑞). Finally, 
for each of the discrete functions, we determine the parameters 𝑎𝑖 and 
𝜃𝑖 by least-squares fitting Eq. (1) to the log transformed discrete data.

Specifically, the best-fit parameters and standard deviations are 
following: 𝑎1 = (1.374 ± 0.019) × 10−2 and 𝜃1 = 0.2901 ± 0.0082, 𝑎2 =
(1.34 ± 0.02) × 10−2 and 𝜃2 = 0.274 ± 0.009, 𝑎3 = (1.37 ± 0.02) × 10−2 and 
𝜃3 = 0.291 ± 0.009, 𝑎4 = (1.35 ± 0.02) × 10−2 and 𝜃4 = 0.2752 ± 0.0081. 
Thus, for each pair of 𝑖, 𝑗 = 1,… , 4, the standard deviations of 𝑎𝑖 and 
𝑎𝑗 overlap, as do the standard deviations of 𝜃𝑖 and 𝜃𝑗 . This suggests 
that the differences in the determined particle size and surface coverage 
are statistically insignificant. The conclusion is also supported by the 
very small differences between the continuous PSD quotients calculated 
using Eq. (1) for the fitted values of 𝑎𝑖 and 𝜃𝑖, as presented in Fig.  1(d). 
Please note that, contrary to theoretical predictions, the discrete values 
of 𝑅𝑖(𝑞) in the range 𝑞 > 100 do not converge to zero, so we reject them 
from the fitting procedure.

To confirm the statistical equivalence of the four functions 𝑅𝑖(𝑞), 
we test their means and linear correlations. The four sets of function 
values 𝑅𝑖 are well approximated by normal distributions with similar 
variances, so we compare their means using one-way ANOVA. The test 
shows that the means are statistically equal (𝐹 (3, 4484) = 0.563, 𝑝 >
0.639). The Pearson correlation coefficients calculated for the six pairs 
of the four data sets, which range from 0.887 to 0.962, indicate a strong 
linear relationship among the sets.

This robustness suggests that the PSD-based parameters extracted 
from SEM micrographs – particularly the dimensionless particle ra-
dius and surface coverage – can be reliably used in broader par-
ticle characterization tasks. For example, after appropriate scaling, 
the estimated radius may be employed to derive absolute particle 
size relevant to material formulation, quality control, or predictive 
modeling. Similarly, accurate surface coverage data can support the 
analysis of packing density, particle interactions, or the interpretation 
of macroscopic properties such as optical reflectivity or mechanical 
strength. The method’s resilience to image distortion thus reinforces its 
practical value in experimental workflows where image quality cannot 
always be guaranteed.

4. Conclusion

The differences in fitting parameters determined for four images of 
different degrees of distortion in apparent particle size, derived from 
the same SEM micrograph, are statistically insignificant. There is a 
3 
strong linear correlation between the investigated PSD quotients. Their 
means are statistically equal. This suggests that the effect of distortion 
in apparent particle size—frequently occurring in SEM images—on the 
fitting monolayer parameters is insignificant.
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