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ABSTRACT

The paper presents the method of photogrammetric processing of SEM images and the results of its application to
determine the spatial coordinates of the points of the microsoil of the forest soil by measuring their SEM images,
obtained on SEM Hitachi S800 with a magnification of 1000%. Depending on the magnification (scale) of the SEM
images, the accuracy of the method is: for M = 1000x —m, =~ 0.1 pm, m,,, =~ 1.0 um, and for magnification
M =25000% —m,, =~ 0.01 ym, m,, =~ 0.1 pm. The article presents an unusual workflow based on processing
in Dimicros, as well as examples of graphic interpretation of digital modeling of the forest soil surface microrelief
in the form of microplanes with levels and 3D models obtained using the Surfer program. This information allows
learning about the physical and mechanical properties of the soil, its structure, and its resistance to erosion, which

is important in construction and environmental protection.

Keywords: scanning electron microscope, photogrammetry, reference test object, digital model of microrelief,

3D model.

INTRODUCTION

The photogrammetric method of obtaining
quantitative spatial parameters of the microsur-
faces of research objects by measuring their digi-
tal stereo images obtained on modern scanning
electron microscopes (SEM) is widely used in
many industries and research [1-3]. In particular,
in microelectronics [4], materials science [5-7],
mechanical engineering, aircraft construction [8],
in the creation of missile and military equipment,
in industries that use nanotechnology [9], in re-
search in medicine [10], biology [11-13], agricul-
ture [14], geology [15-17], crystallography [18],
soil science [19] and many others. Currently,
there is a tendency to use artificial intelligence in
machine learning to automate the processing of
SEM imaging systems [17, 20, 21].

In this list, studies of soil microsurfaces de-
serve special attention. Thus, determining the
quantitative parameters of forest soil surfaces

and their microstructures make it possible to
establish their various properties, in particular,
resistance to vertical loads and shear, which is
important in the construction industry, moisture
resistance and others [22]. Determination of the
quantitative parameters of the soil surface and
their microstructure, also allows establishing
soil susceptibility to erosion due to natural fac-
tors [23, 24]. Knowledge of the susceptibility
of soils to erosion allows making decisions on
how to use eroded soils in order to protect them
against further degradation. Erosion, especially
water erosion, is the cause of a strong degrada-
tion of the soil environment [25, 26]. The areas
which are most susceptible to erosion are arable
land [27], to a lesser extent grasslands [28], and
the least affected are forest areas [29]. A num-
ber of works have been devoted to the study of
soils and geological rocks with the help of SEM
[30-32], but this issue remains relevant even
today. The scanning electron microscope uses

131


https://orcid.org/0000-0002-0580-9672
https://orcid.org/0000-0002-0673-8618

Advances in Science and Technology Research Journal 2025, 19(6), 131-139

a high-energy electron beam instead of a light
beam. “Electron gun” produces a beam of elec-
trons and directs it toward the sample through
an electromagnetic lens system and a series of
apertures. To avoid scattering the beam on air
particles or pollen, the process is carried out in a
high vacuum [33].

The main two types of signals can be recog-
nized. Among the reflected imaging signals, some
of the electrons are of low energy — secondary
electrons (SE), which are recorded by nanometers
located close to the sample. SEs give information
about the topography of the sample and are useful
for detailed surface imaging [34]. Second group
of reflected electrons gives information about the
sample are beam backscattered electrons (BSE).
These have a higher energy than SE. BSE is in-
fluenced by the effect of the atomic number of the
elements, which makes it possible to show the
relative diversity of the sample structure [35, 36].

The main advantage of SEM over optical mi-
croscopy is the ability to obtain an image at high-
er magnification without losing depth of focus,
which facilitates analysis of the sample topogra-
phy [37]. Electron impacts provide information
essential for imaging the component under study,
so if appropriate detectors are present, additional
data (chemical composition, crystal structure,
electrical properties) are also acquired for analy-
sis, which are not provided by optical imaging
[17, 38, 39]. Other technologies, such as SfM
photogrammetry, provide information about the
sample structure at only mm level with less detail
[24, 40, 41] In addition, the algorithms used in
popular digital photogrammetry programs do not
allow for changing image processing parameters,
are adapted to the geometry of photos in the cen-
ter projection and are not adapted to SEM, which,
for example, generates problems with the lack of
model scale [42].

The aim of this work is to familiarize read-
ers with the SEM image processing method, a
unique process of generating a microplane and a
3D model in the Dimicros program is proposed in
combination with the presentation of the results
in the Surfer program. Dimicros was developed
by the authors [43] at the Department of Photo-
grammetry and Geoinformatics of the National
University ‘Lviv Polytechnic’. It enables to ob-
tain spatial quantitative parameters of research
surfaces and present them in the form of digital
models of microrelief (DMMR), microplans and
3D models.
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TECHNOLOGICAL SCHEME
OF THE METHOD

The study used the Dimicros package availa-
ble to the authors, dedicated to SEM studies. It
provides its algorithm and allows editing of all
study parameters and adapted to work in an al-
most orthogonal projection for each point. Then,
the measurement results were visualized in the
widely available Surfer program, which has a
built-in wide set of interpolation methods for ge-
nerating a regular grid of values, and allows cho-
osing the optimal algorithm for the nature of the
input data. It allowed the authors to choose the
optimal interpolation method when building the
Grid model.

Preparation of SEM and samples

Before SEM imaging, it is necessary to set the
vacuum in the column of the scanning electron
microscope to the level of 10 + 10 PA, as well
as make the appropriate settings of individual
components of the microscope.

Preparation of samples for SEM-removal
consists in their selection, if necessary their freez-
ing, further reduction to certain sizes (~ 10x10x5
mm), spraying with conductive metal (copper, sil-
ver, gold ~ 20 nm thick) and gluing 2—3 samples
and reference test -object with conductive glue to
the goniometric table (diameter 30—100 mm).

One of the best reference test objects is a dif-
fraction grating in the form of a spherical hemi-
sphere matrix (alloy of silver with sulfur arsenic
semiconductor — Ag-AsS with a resolution of
1425 lines/mm, which is made by holographic
method and applied to a glass base, about 1.5-2
mm thick) (Fig. 1).

Survey of the reference test object

SEM-stereo survey of the surfaces of the test
specimens and the reference test object is, as a
rule, normal-convergent method. It consists in
that first the SEM image of the reference test ob-
ject and the sample surface is fixed on the SEM
monitor screen at the horizontal position of the
goniometric table and the selected fixed value of
magnification M, and then successively, the same
images of the sample surfaces are fixed at the
table angles a from 6° to 12°, depending on the
surface relief of the sample.
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Figure 1. Digital SEM images of a test object with a resolution of r = 1425 lines/mm, obtained on different
SEMs with an increase of M = 10000x

In the process of tilting the table, it is neces-
sary to keep the contour of the image in the se-
lected initial position for REM stereo shooting by
movements along the X and Y axes. The basis of re-
moval b_= 0. The goniometric table can be moved
along the X, ¥, Z REM axes and tilted at angles: a
—around the Y axis, o — around the X axis, rotated
at an angle x around the z axis of the device.

Determining magnification the digital SEM
images

Determining the actual magnification values
(scale) of a digital SEM image along its x-axis is
an extremely important task, as a number of SEMs
(DSM-960A, 1061) increase the size of its scale
relative to the scale set by a certain fixed factor
k during image recording. In particular, for SEM
DSM 960A (Carl Zeiss, Oberkochen, Germany) it
is k=1.93085, and for SEM 1061 (SELMI, Sumy,
Ukraine) - k = 2.8213. SEM Japanese company
JEOL (JCM-5000 Neoscope, JSM 710F) capture
images in digital form without magnification, i.e.
in this case k = 1.0.

In addition, due to the misalignment of the
coils of the SEM images, their real scale along
the x-axis, y may deviate from the SEM scale up
to = 10%, and it must be taken into account when
obtaining quantitative characteristics of research
objects. Reference test objects allow seting the
actual values of magnification (scale) of SEM im-
ages with an accuracy of + 0.5%.

Therefore, before measuring the REM stereo
pairs of research objects, it is necessary to estab-
lish their actual magnification and the magnitude
of their geometric nonlinear distortion (distor-
tion), which can reach at the edges of the image
120%120 mm to & 3 mm (~ 30 pixels). After their
consideration by polynomial approximation, re-
sidual distortions within 0.1-0.3 mm (1-3 pixels).
A number of studies of geometric distortions of
digital SEM images were performed, which are

obtained on SEM of the world’s leading compa-
nies [30, 44-47]. For their installation (calibra-
tion) SEM images of reference test objects (grids,
diffraction gratings) with the differences r = 200
lines/mm, r = 1425 lines/mm and r = 3530 lines/
mm were used. Measurement of SEM images was
performed on a PC using a special program «Test
Measuring», which is part of the program «Dimi-
cros» [45], and their effective consideration was
performed by a mathematical polynomial of gen-
eral form of the 3rd degree program «Polycalcy.
For example, the values of geometric distortions
of digital SEM images obtained in Ukrainian SEM
1061 at different magnifications are given in the
form of vector diagrams before and after their con-
sideration (Fig. 2, 3). Polynomial consideration of
distortions allows reducing them by 3-10 times.

Well-known scientists, in particular, Boyde
[48], Burkhardt [49], Ghosh [50], Howell [30],
Melnyk [32], Shostak [51] studied geometric dis-
tortions of SEM images.

Surfaces measurement of microrelief

To perform experimental work, a ste-
reo image of the micro soil of the loess soil
(rough, homogeneous) was obtained on the Hi-
tachi S-800 (Japan) at a magnification of M =
1000x and angles of inclination of the gonio-
metric table: left image - a, = 0°, right = 8°
(Fig. 4). The real accuracy of determining the
spatial coordinates for these survey parameters
is m,, = 0.0650.1 um, m,, = 0.7-1.0 pm. It
depends on the accuracy of measurements of
coordinates and parallax points, i.e. on their
identification on the stereo pair, which is m,
=0.02+0.05 mm. Measurement of SEM stereo
pairs was performed at the Delta SFS using the
Stereo SEM program, which is part of the Di-
micros software package. Measurements can
be performed monocularly on a regular PC by
hovering marks at the same points, as shown in
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Figure 2. Vector diagrams of geometric distortions of digital SEM images of the test object
with r = 1425 lines/mm at different increases M* to approximation
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Figure 3. Vector diagrams of geometric distortions of digital SEM images of the test object
with r = 1425 lines/mm at different increases in M* after approximation

Figure 4. Stereo pair of micro soil of forest soil, obtained on SEM Hitachi S-800 at M = 1000x
and angles of inclination of the goniometric table ¢, = 0°, o, =+ 8°

the left and right images of the stereo pair. A
total of 950 characteristic points of the select-
ed area of the experimental micro soil of forest
soil were measured, 850 of which were used
to build digital models of surface microrelief
by various mathematical methods, and 100 - to
control the accuracy of modeling (evenly dis-
tributed points did not participate in interpola-
tion and building the 3D model). The size of
the scanning area is 105 x 93.3 pum, the area is
S =9800 um? (0.0098 mm?). The calculation of
the spatial coordinates of the measured points
is performed according to formulas (1) of the
normal case of shooting (a/ = 0°, ar # 0°):
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In formulas (1, 2):

0 0

x? = xlm - Axl,Apgi = pgl - pO;} (2)
yP =y, — Ay, ps, = x) —x.

With the help of reference test objects (test
grids, diffraction gratings) it is possible to deter-
mine the parameters of the actual magnifications



Advances in Science and Technology Research Journal 2025, 19(6), 131-139

23

)

1 0 4 0

GEREREENBEATREEEINTTT

AL N LbEhRONS

SREBRLERS

d

laalnod

Re8ERRBEa2R

HEEEEEXE

eRLBRERBEERR

Bebiien8za2r3

sebrbon

BeB8¥RBEE2R

Figure 5. Examples of graphical representation of the micro soil of forest soil in the form of microplanes and 3D
models, built by various mathematical methods on 850 measured points; (a) kringing (linear variogram),
(b) RBF, multiquadric method, (¢) natural neighbor, (d) triangulation with linear interpolation

of the SEM image Mx, My, as well as the values
of geometric distortions of the measured coordi-
nates Ax, Ay, which are best described by polyno-
mials of general degree taking into account:

Ax; = a, +a; xirtaz yrtaz x yrraq i+
+as yi’+as xi’+az x.” yrtas xiyi*+ao yi°’
Ayi= bo +b; xitby yitbs x1ytba xi+
+ bs yi’+bs x1°+b7 x1% yitbs x1 v +bo yi?

3)

In formulas (1-3): X, Y, Z(h) — spatial co-
ordinates of microsurface points, pm; x/' yl
— measured at the digital station coordinates of
the points on the left SEM image, mm; x/°, y[°
— corrected for geometric distortions Ax, Ay co-
ordinates of points on the left SEM image, mm,;
ai, bi — coefficients of the polynomial of gen-
eral form (=0, 1, 2, ... 9); Apx° — the difference
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between the parallaxes of the i-th point pi® and
the initial (central) point of the SEM image po,
mm; Mx, My — magnification (times) or the scale
of the SEM image along the x, y axes. Before
measuring the SEM stereopairs of the forest soil
microsurface, the actual values of image magni-
fications, magnitudes of their geometric distor-
tions were determined using the measurements
of the reference test grid with a resolution of r
=200 lines/mm and coefficients of approximate
polynomial of the third degree ai, bhi were ob-
tained. This made it possible to take into account
the geometric distortions of the images, i.e. to
correct the measured coordinates Ax,, Ay, and ob-
tain corrected spatial coordinates of the points of
the experimental surface Xi, Yi, Zi with accuracy
m,, =~ 0.1 um, m,(h) =~ 1.0 um, which fully
satisfies researchers.

Construction of digital models, microplanes
and 3D models

Obtaining a digital model of the microrelief
(DMMR) of the research surface was carried out
using the Surfer program. Initially, a regular grid of
100 % 90 points with the size of the elementary bed
~1 x 1 um was created according to the measured
coordinates of 850 characteristic points of the sur-
face microrelief, in the nodes of which the heights
were determined by various interpolation methods.
Studies [43, 52] have shown that the highest ac-
curacy of digital modeling for this type of relief is
given by kriging methods, radial basis functions,
natural neighbor method and triangulation with
linear interpolation. The accuracy of modeling the
heights of microsurface points by these methods
[52] was determined by 100 control points that did
not participate in the simulation and it is m,,, = 0.7
+ 1.0 pm. Figure 5 shows examples of graphical
representation of the micro soil of forest soil in the
form of microplanes and 3D models.

CONCLUSIONS

The proposed method of photogrammetric
processing of SEM images of microsurfaces of
research objects is effective and allows obtaining
their quantitative spatial parameters with the re-
quired accuracy. The conducted research is also
distinguished by the lack of use of 3D surface
modeling programs, dedicated mainly to typical
optical photogrammetry. These programs are not
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compatible with SEM optics (almost rectangular
projection for each pixel obtained), so all pro-
cesses cannot be carried out automatically. The
SEM image settings must be monitored step by
step. The accuracy of obtaining the spatial coor-
dinates of the points of microsurfaces depends
on the parameters of SEM-shooting — the mag-
nitude of magnification and angles of inclination
of the goniometric table when receiving SEM-
stereo pairs. In particular, at increases:

e M=1000x-m,,=~0.1 um,m,, =~1.0pum,
e M=10000x - m,,=~0.02 um, m,, =~ 0.2 um,

zm

e M=25000x - m, ,=~0.01 pm, m,, =~0.1pum.

)

During the conducted studies, the authors
found that the scale (magnification) of the SEM
image affects the accuracy of obtaining spatial
coordinates of microsurface points: the larger it
is, the greater the accuracy. Increasing the angle
of inclination of the right image with respect to
the left (horizontal) also increases the accuracy of
obtaining spatial coordinates, but not significant-
ly. The flatter the microsurface sculpture is, the
greater the angle of inclination of the right image
of the stereoscopic pair should be.

Spatial quantitative information about the
micro surface of forest soils allows obtaining
their physical and mechanical properties, struc-
ture, resistance to erosion, which are important
in the construction industry and environmental
protection. In the course of the research, the au-
thors noted that the type of soil probably does
not affect the accuracy of modeling, but only
the correctness of the selection of characteristic
points of the microrelief of the experimental sur-
face and their number during measurement, as
well as the selection of the interpolation method
of the obtained spatial coordinates of the micro-
surface; however, further research would be rec-
ommended to confirm this.

The unique approach and use of the Dimi-
cros package and Surfer software gave the ex-
pected results. The obtained coordinates meet
the assumed accuracy, and Surfer software
allowed generating accurate 3D models and
microplanes.

This technique can be used in microelec-
tronics, mechanical engineering and aircraft, in
nanotechnology industries, where quantitative
spatial information about the micro surface of
objects at the micro level can improve the qual-
ity of their manufacture and thus increase the ef-
ficiency of modern industry.
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