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In this manuscript we suggest a three-dimensional reconstruction technique to fully characterize structural performance 

of solid materials. The described technique extrapolates, measures and interprets the 3-dimensional data which is 

extracted from SEM images, obtained from different angles. Further, finer results were achieved by extrapolating of 

spatial data from three or more sample images using visual reconstruction software applications. Gold particles, silicon 

wafers and dendrites were selected as model materials for the spatial 3D surface reconstruction. For comparison and 

proof-of-concept, stereoscopy technique was also included into the research. 
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1. INTRODUCTION 

The process of morphological characterization of a 

specimen using scanning electron microscopy (SEM) 

generally produces a magnified specimen image which is 

built out of the ejected electron beam raster scan data and 

the initial position of the beam. The scanning electron 

microscope provides large depth-of-focus and high-

contrast images at a large variability in magnification. 

Nevertheless, the resulting image is literally a two-

dimensional intensity distribution array and usually does 

not carry any additional specimen-related metadata, except 

for the observational circumstances. To extract spatial data 

from two-dimensional images can be difficult. Thus, to 

achieve this the specimen must be handled in a special way 

and afterwards the produced micrographs must be digitally 

processed. However, this characterization method can not 

be used for many specific fundamental and applied 

investigations, for example, characterization of crack 

formation within cement paste under subcooling 

temperature or to study the fracture mechanisms in 

different materials, and many others [1 – 7]. 

In materials science, for three-dimensional 

reconstruction of microstructures various techniques, such 

as X-ray diffraction contrast tomography or X-ray 

tomography and mechanical sectioning have been applied 

successfully for decades [8 – 10]. X-ray computed 

microtomography, sometimes combined with micro-X-ray 

fluorescence technique is often used in medicine and 

material characterization as a non-invasive method for 

visualizing three-dimensional structure of various objects. 

Electron tomography has also gained a good reputation as 

a reliable nanoscale 3D-reconstruction technique in 

materials science. Its application relies on the transmission 

electron microscope (TEM) operating as a projection tool, 

which delivers an image intensity distribution proportional 
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to the projected density of material [11 – 13]. It was 

demonstrated, that optical coherence tomography allows 

rapid evaluation of coating surface morphological 

properties and three-dimensional images could be 

reconstructed [14].  

The unique capabilities of ultrashort pulse 

femtosecond lasers have been integrated with a focused ion 

beam platform to create a new system for rapid 3D 

materials analysis [15]. Consequently, the combination of 

integrated focused ion beam-scanning electron microscope 

(FIB-SEM) serial sectioning and imaging techniques with 

image analysis was recently used for quantitative three-

dimensional characterization of different materials, such as 

catalysts [16], SOFC [17], pigments [18], cathode for 

lithium-ion cells [19]. 

Electron microscopy has made a great impact on 

structure determination, however, only TEM showed a 

strong potential for structural studies of nano-crystals, 

interfaces, phase boundaries and their surfaces [20, 21]. On 

the other hand, scanning electron microscopy is one of the 

most powerful techniques for studying fine structures of 

different surfaces. For example, SEM stereoscopic 

technique was used to determine the three-dimensional 

surface structures of volcanic ash particles [22] or pipettes 

[23], or even surface properties of nanostructures [24]. It is 

very well known, that stereoscopy simulates human vision 

by combining two pictures of a specimen from two slightly 

different angles. The depth of the produced stereoscopic 

image depends on the chosen angle where 2.5, 5 or 

10 degrees [25] is usually enough to produce a sufficient 

depth perception to the viewer. Stereoscopic images are 

usually called anaglyphs [26, 27]. The success of this 

technique highly depends on the microscope type and its 

instrumental precision. Stereo photography requires 

precise compucentric tilting of the observed sample, so that 

during the tilt, image focal points are preserved in the 

microscope viewport [28]. This is difficult to achieve for 

some SEM models, where the accuracy is linearly 

decreased, as the magnification increases. However, if the 
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tilt is precisely compucentric, anaglyphs of magnification 

up to 50000 times can be easily produced. Otherwise, the 

SEM operator must manually apply the compensation of 

the shift that happens during the tilt. 

The aim of this study is to extrapolate, measure and 

interpret 3-dimensional sample data out of the SEM 

images obtained from different angles. It is expected that 

during this study, the employed algorithms of visual 

reconstruction should be modified with respect to the 

difference of properties of an electron beam and visible 

light, and photon behaviour. In that case they could fit for 

the microscopic surface analysis. This paper also aims to 

uniquely address the issue of spatial reconstruction 

techniques of scanning electron microscope for sample 

surfaces and to provide recommendations and methods for 

applications of available spatial reconstruction software 

libraries. In this particular study, we investigate the method 

of structure-from-motion reconstruction combined with the 

manoeuvring capabilities and precision of modern 

scanning electron microscopes. The gold particles, 

dendrites and silicon wafers were selected as model 

materials for the spatial 3D surface reconstruction. For the 

comparison, SEM stereoscopic technique was also used to 

determine the three-dimensional surface structures. 

2. EXPERIMENTAL 

As we already mentioned, the stereoscopy simulates 

human vision by combining two pictures of a specimen 

from two slightly different angles (see Fig. 1). This 

approach was used for the proof-of-concept reconstruction 

of specimen spatial data. Combination of two SEM images 

into an anaglyph can be easily done with any freely 

available software, such as AnaMaker [28]. Subsequently, 

widely available LC-3D shutter glasses can be used for 

viewing the 3D images. Several spatial data extrapolation 

techniques are available when the initial input consists of 

only two images [29, 30]. However, to achieve finer 

results, extrapolation of spatial data was done from three or 

more sample images using visual reconstruction software 

applications.  

 
Fig. 1. Position of stereoscopy viewports at the SEM sample 

Scanning electron microscopy (SEM) micrographs of 

investigated samples were obtained by a FE-SEM Hitachi 

SU-70 scanning electron microscope. SEM images for the 

reconstruction were obtained from Helios NanoLab 650 

model microscope, manufactured by FEI. Analysis of 

conductive samples was performed with nominal beam 

voltage of 5 kV, which allowed the widest distribution of 

scattered-beam intensities and, thus, resulted in best image 

contrasts.  

Tilting manoeuvres of these samples on the SEM table 

were performed in steps from 5 to 15 degrees, up to a 

maximum tilt of 45 degrees. Additionally, most 

experiments involved tilting both on y and x axes, so that 

more sample details were revealed which add up to the 

precision of the reconstruction process in terms of both 

detail and proportion. Generally, it is obvious that if the 

reconstruction relies on viewports residing on N 

dimensional axes of tilting, the resulting spatial model is 

disproportional in N + 2 dimensions. 

The materials investigated in this study were gold 

particles (Agar Scientific Ltd.), dendrites (Agar Scientific 

Ltd.) and silicon wafers (JSC Precizika-MET SC, 

Lithuania). The gold calibration specimens on carbon have 

been specifically produced for the assessment of high-

resolution capabilities of SEM. Medium resolution 

aluminium-tungsten dendrites were also used in these 

investigations. The various spacings created by the 

dendritic structure of this specimen are suitable for 

performing point resolution tests and the topographical 

arrangement of the dendrites for a grey level test. The  

p-type mono-crystalline Si (100) wafers with thickness of 

200 m and resistivity about 1 – 5 ·cm were used for 

samples preparation. A texturization of wafers was 

performed in KOH-IPA (isopropyl alcohol) solution at a 

temperature 85 °C for 70 min. Such a long texturization 

time was chosen in order to etch completely saw-damage 

from the surface and avoid additional saw-damage removal 

process [31]. The textured wafers were cleaned in 

HCl : H2O2 : H2O mixture at 65 – 75 °C for 15 min and 

then wafers surfaces H-terminated in HF/ DI H2O for 

1 min in order to remove the thin oxide layer and some 

fraction of ionic contaminants. 

3. RESULTS AND DISCUSSION 

Fig. 2 shows SEM image of gold particles investigated 

in this study. As seen from SEM image, the gold specimen 

consists of plate-like particles. Additionally, the 

microstructure of the gold sample is also composed by a 

number of different size (0.2 – 3 m) grains. An example 

of anaglyph created with AnaMaker is shown in Figure 3. 

In this case, to analyze the surface microstructure the 3D 

glasses should be used. The stereoscopic SEM image of 

Au particles reveals the formation of plate-like particles 

along with much smaller spherical particles. It is obvious 

that surface roughness of the Au sample could be estimated 

from 3D SEM image. However, this technique requires 

that images for both eyes should be taken with some 

precision, at least to keep the analysed sample in the 

centre. 

Another technique for recovering spatial data from the 

SEM pictures (structure-from-motion) is described below. 

Currently proposed solution is the VisualSFM software, 

which is applied for spatial reconstruction using structure 

from sample motion. 
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Fig. 2. SEM micrograph of Au sample 

 

Fig. 3.  A stereoscopic SEM image of Au particles 

As seen in Fig. 4, this process usually requires 

additional viewports. The input images are analyzed by 

VisualSFM for matching points and the camera angle is 

guessed for each image. After the viewport intersections 

have been identified, the software library continues to 

dense reconstruction process. This produces results similar 

to those displayed in Fig. 5. Any number of additional 

viewports can be added to VisualSFM software. Based on 

this input, a surface is reconstructed where the matching 

points intersect and a colour value is assigned. The 3D 

image of the same Au particles reconstructed from 12 SEM 

micrographs using spatial reconstruction is presented in 

Fig. 5. The software library produces a cloud of points, 

which has to be processed externally. Freely available 

spatial data processing software, such as MeshLab can be 

used to join the point cloud to a mesh and, as a second step 

of reconstruction, apply surface properties to the mesh 

polygons. The resulting spatial data indicates the 

development of weaker areas and a higher degree of 

heterogeneity in analysed local microstructure. As shown 

in Fig. 5, a dense microstructure that is composed of 

angular particles was observed in gold sample. Unique Au 

surface details make it easier to detect matches in several 

images. Therefore, this specimen produced the best results 

among other samples.  

The Au sample was also least affected by the shadow 

motion induced by sample tilt when the sample in the SEM 

is tilted without moving the electron beam source. 

Moreover, further statistical analysis could be performed 

on the image analysis data to determine particle size 

distribution and particle connectivity. 

 

 

Fig. 4. Positions of additional viewports could be added to 

VisualSFM software 

 

Fig. 5. 3D gold surface reconstruction steps, from point cloud (a), 

to mesh (b) and surface (c) on the right side and schematic 

explanation of steps on the left side 

The "random pyramid" surface of silicon crystals was 

also taken as a sample for digital reconstruction. The SEM 

micrograph and an anaglyph of silicon wafer surface 

created with AnaMaker are shown in Fig. 6.  

The sample shows particles with octahedral growth 

according to the model of compact crystalline planes 

a 

b 

c 
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where size is controlled by diffusion and with quite high 

crystal perfection [2]. 

 

a 

 
b 

Fig. 6.  a – SEM micrograph of Si surface; b – stereogram of Si 

surface 

Besides, the micrometric silicon crystals show a high 

agglomeration degree. To reduce the surface reconstruction 

input data to the minimum, a total three images were 

obtained from viewports placed on xz-plane (as displayed 

in Fig. 7). Nevertheless, the reconstruction produced a 

distorted, but accurate point cloud, which closely 

resembled the actual surface. The mathematical expression 

of the reconstruction accuracy can be established with 

SEM calibration samples or material with known surface 

properties and the aforementioned proof is not included 

within the scope of this manuscript. Progressive new 

aspects of morphology could be deduced using 3D 

reconstructed images. The image of the silicon sample 

shows that individual particles seem to be square-like 

crystals. Moreover, the micrograph also shows lack of 

grain growth and undeveloped microstructure, probably, 

due to the partial melting or instability of the specimen 

under high calcination temperature [32].  

Finally, the digital surface reconstruction method 

allows studying microscopic arrangements in silicon, on 

surfaces and at interfaces. 

The dendrite crystals were the last sample, which has 

been successfully reconstructed in this study. 

 
a 

 
b 

Fig. 7. Digital reconstruction of Si surface from three images, xz-

plane views only, 17k faces, with steps from mesh (a) to 

surface (b) 

The microstructure of sample consists of a clustered 

matrix, which is typical for the dendrites (Fig. 8). The 

specimen was scanned from 10 random angles, according 

to visual reconstruction requirements. The produced point 

cloud was of unknown spatial proportion and 

comparatively flat, but it closely resembled the crystal 

surface (Fig. 9). The suspected reason for the flatness was 

a very little change in angle during the initial shoot. 

Nevertheless, additional measurements should be 

performed as part of this work to determine if the point 

cloud is approximately proportional on the xy and z-axes. 

The overall quality of the results for the described 

reconstruction technique depends on several factors, such 

as image contrast, homogeneity, angle and shadow 

variation. Most influential is image contrast and focus, 

which allows the software to easily match points and edges 

in a pair of pictures. This works together with the quality 

of selected specimen surface area, which obviously has to 

include at least some clearly visible surface details. Next 

factor is the chosen angle between viewports, which must 

correspond to the flatness of the surface, i.e., for 

comparatively flat surfaces, bigger angles must be chosen, 

so that during the tilt, as many surface details as possible 

are uncovered. The best results are achieved when the 

sample is scanned by several, from 10 to 15 semi-random 

viewports, in steps of approximately 2.5 degrees. Using 

bigger angles usually discovers more surface details, but 

on the other hand, has some drawbacks.  

As it was mentioned above, SEM tilting is not possible 

without movement of shadows, since the electron beam 

remains fixed with the sensor and only the specimen is 

moving. In the case when shadows cover some important 

details of surface, the reconstruction software may not be 

aware of it and, hence, misses to match the points and/or 

edges in a particular image pair. This implication reduces 
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the quality of surface which is covered by the tilt shadows. 

This applies especially to the deep gaps, cracks and pores. 

 
a 

 

b 

Fig. 8. a – SEM micrograph of dendrites, b – stereogram of 

dendrites 

The structural reconstruction produces a digital point 

cloud and each point retains an intensity value. For further 

processing of the point cloud, we use Ball pivoting 

algorithm which purpose is to detect and join nearest 

points into triangular faces so that a mesh and next a 

surface is produced. 

In order to examine and exploit the capabilities of 

three-dimensional reconstruction, the 3D display and 

animation for this work has been implemented. This study 

suggests that size and shape of the true particles could be 

precisely determined. Grain boundaries, the interfaces 

between crystals, which are the principal microstructural 

defects in polycrystalline materials and consequently 

control many properties of engineering materials could be 

investigated using the proposed 3D reconstruction 

technique. Spatial reconstruction of SEM images will be 

invaluable method to investigate the microstructure and 

porosity of any materials and composites or cross sections 

of different thin layers [33 – 35]. The 3D reconstruction of 

sol-gel derived calcium hydroxyapatite samples, validation 

of the proposed reconstruction technique and application 

for quantitative microstructural analysis are under 

investigation. The information obtained will lead to the 

development of new structures with enhanced properties 

and functionalities in bulk bioceramic materials, 

nanoparticles and thin films.  

4. CONCLUSIONS 

New scanning electron microscopy method to obtain 

3D structural information has been developed. 

 
a 

 
b 

 
c 

Fig. 9. An example of spatial reconstruction of dendrite crystals 

using several SEM images, with steps from point cloud 

(a), to mesh (b) and surface (c) 

Three-dimensional reconstruction technique was 

employed to provide a deeper insight in the morphology of 

solid materials. The 3D sample data out of the SEM 

images obtained from different angles were extrapolated, 

measured and interpreted. The gold particles, silicon 

wafers and dendrites were selected as model materials for 

the spatial 3D surface reconstruction. The SEM image of 

Au particle indicated that gold consists of plate-like 

particles of 0.2 – 3 m in size. The 3D image of the same 

Au particles reconstructed from SEM micrographs using 

spatial reconstruction indicated development of grain 

boundaries in local microstructure. An anaglyph of silicon 

wafer surface created with AnaMaker showed the particles 

with octahedral growth with quite high crystal perfection. 

New aspects of morphology were deduced using 3D 

reconstructed images. The image of the silicon sample 

showed that individual particles seem to be square-like 

crystals with lack of grain growth and undeveloped 

microstructure. The microstructure of dendrite sample 

consisted of a clustered matrix. Further statistical analysis 

could be performed on the SEM image analysis data to 
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determine particle size, particle size distribution and 

particle connectivity.  
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