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The scanning electron microscope (SEM) offers two-dimensional (2D) micrographs of
three-dimensional (3D) objects due to its inherent operating mechanisms. To overcome
this limitation, other devices have been used for quantitative morphological analysis.
Many efforts have been made on the applications of software-based approaches to 3D
reconstruction and measurements by SEM. Based on the acquisition of two stereo images,
a multi-view technique consists of two parts: (i) geometric calibration and (ii) image
matching. Quantitative morphological parameters such as height and depth could be
nondestructively measured by SEM combined with special software programs. It is also
possible to obtain conventional surface parameters such as roughness and volume of
biomedical specimens through 3D SEM surface reconstruction. There is growing evidence
that conventional 2D SEM without special electron detectors can be transformed to 3D
SEM for quantitative measurements in biomedical research.
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BEYOND 2D SCANNING ELECTRON
MICROSCOPES

The scanning electron microscope (SEM) is commonly
employed to observe biological objects with various
dimensions, because of its large depth-of-focus, broad
magnification range, and high spatial resolution down
to 1 nm (Schroettner et al., 2006). Due to the inherent
operating mechanisms of SEM, three-dimensional (3D)
structures of biological objects in nature are projected onto
a two-dimensional (2D) image plane in SEM (Kim, 2015).
It is therefore impossible to take direct measurements of
conventional morphological parameters such as the height
and depth of 3D structures by conventional SEM (Kim, 2015).
To overcome this limitation, other devices such as confocal
laser scanning microscopes, atomic force microscopes, and
surface profilers have been widely used for quantitative
morphological analysis (Kim, 2006; Kim et al., 2011;
Schroettner et al., 2006; Szczepanowska et al., 2014). There is
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a growing body of research on the applications of software-
based approaches to 3D reconstruction and measurements
(Andruleit et al., 2006; Scherer, 2002). Combined with SEM,
the software solution to morphological analysis has improved
the performance of SEM for imaging and analyzing biological
objects (Limandri et al., 2016). It alleviates the additional
devices, time, and labor taken for conventional specimen
preparations for morphological analysis. Many disciplines of
science ranging from biology to cultural heritage conservation
science could benefit from 3D SEM surface reconstruction
techniques (Tafti et al., 2015). This review aims to provide the
techniques for acquiring stereo images, and highlight a few
published examples.

IMAGE ACQUISITION FOR STEREOSCOPY

There has been much progress in developing 3D SEM surface
reconstruction algorithms, which can be categorized into
three classes: (i) single-view, (ii) multi-view, and (iii) hybrid
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(Fig. 1) (Tafti et al,, 2015). One of the most popular methods
for 3D reconstruction in SEM is a multiple-view approach,
which is based on the acquisition of two stereo images (stereo
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Fig. 1. Three major categories of three-dimensional scanning electron
microscope (3D SEM) surface reconstruction algorithms. Modified from
Tafti et al. (2015) (Micron 78, 54-66) with permission.
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pairs) (Limandri et al., 2016). The theoretical basis of the
technique is dated back to Piazzesi (1973).

The multiple-view approach consists of two parts: (i)
geometric calibration and (ii) image matching (Scherer,
2002). For geometric calibration, the two images are obtained
under two distinct views using SEM equipped with a
eucentric tilting stage (Scherer, 2002). The device parameters
such as tilt angle, magnification, working distance, and image
pixel size should be recorded and input for proper calibration.
Surface points can be identified relative to a reference point,
and metrically correct 3D points can be calculated and
reconstructed using the geometric relationships such as the
distances between them and their relative slopes (Bharadwaj
et al., 2012; Limandri et al., 2016; Scherer, 2002; Tafti et al.,
2015).

MORPHOLOGICAL ANALYSIS OF PLANKTON

Ocean plankton were collected and observed without
conventional chemical preparations using a field emission
SEM (Fig. 2A) (Andruleit et al., 2006). Two tilt images were
acquired and further processed with software programs (XL
pro [Soft Imaging System, Germany] and MeX [Alicona,

Fig. 2. An ocean plankter Calcidiscus
quadriperforatus. (A) Field emission
scanning electron micrograph. (B) Stereo
image. The protrusion is evident with
red-green glasses. (C) Three-dimensional
surface reconstruct constructed from
stereo images. (D) Digital elevation
model. The angles between plates can
be nondestructively measured. Repro-
duced from Andruleit et al. (2006) (J.
Nannoplankton. Res. 28, 1-16) with

permission from the publisher.
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Austria]) to produce stereo images (Fig. 2B). 3D surface
reconstruction was performed to generate a digital elevation
model of the species (Fig. 2C and D). The 3D imaging with
stereoscopy will increase the understanding of functional
morphology to elucidate the size-weight relationships of
plankton (Andruleit et al., 2006).

HEIGHT AND DEPTH MEASUREMENTS OF
FUNGAL STRUCTURES

It is common to observe the spores of rust fungi including
Puccinia miscanthi on the leaf epidermis (Fig. 3A) (Kim,

Fig. 3. A plant pathogenic fungus Puccinia miscanthi on the leaf surface
of Miscanthus sinensis. (A) Field emission scanning electron micrograph.
(B) Stereo image. (C) Three-dimensional surface reconstruct. The height
of fungal structures from the leaf epidermis can be obtained. Reproduced
from Kim (2015) (Micron 73, 15-20) with permission from the publisher.

2015). The fungal eruptions were more pronounced
from stereo images (Fig. 3B) with red-green glasses than
conventional micrographs, as described in Bozzola and
Russell (1999). Without mechanical sectioning and special
electron detectors, the height of the fungal eruptions could be
nondestructively measured using the digital elevation model
(Fig. 3C). Even the depth of fungal fruiting structures such as
perithecia on pigmented paper could be also estimated by 3D
SEM (Szczepanowska et al., 2014).

ROUGHNESS ANALYSIS OF EXTRACELLULAR
MATRIX FOR CANCER RESEARCH

Type-1 collagen scaffolds were made and inoculated with
Escherichia coli strains (Bharadwaj et al., 2012). Roughness
parameters were derived from the surface profiles of 3D
reconstructs. Uninoculated scaffolds remained intact as
viewed in 3D surface reconstructs (Fig. 4A). However, the
inoculated scaffolds exhibited significant collagen degradation
(Fig. 4B). The substrate degradation by the bacterial
inoculation was also confirmed by surface roughness analysis
(data not shown).

Fig. 4. Three-dimensional surface reconstructs of type-1 collagen
scaffolds. (A) Uninoculated scaffold. It remained intact. (B) Escherichia
coli-inoculated scaffold. It showed the substrate degradation by the
bacterial inoculation. Reproduced from Bharadwaj et al. (2012) (/.
Biomater. Nanobiotechnol. 3, 70-78) with permission from the publisher.
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SURFACE CHARACTERIZATION OF DENTAL
ENAMEL

Teeth (mainly third molars) of adult patients were extracted,
subjected to an ultrasonic cleaning process, and sputter-coated
with gold (Limandri et al., 2016). Stereo images were acquired
with two tilt angles (0° and 5°) and further processed for 3D
reconstruction. SEM observations showed tooth surfaces with
different whitening and cleaning treatments (Fig. 5A and B).
Height maps derived from 3D surface reconstruction were
used to characterize surface parameters caused by different
dental treatments (Fig. 5C and D).
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Fig. 5. Tooth surface with different types
of dental treatments. (A, B) Scanning
electron micrographs of teeth with
different types of dental treatments.
(C, D) Height maps of inlets of Fig. 5A
and B from three-dimensional surface
reconstructs, respectively. Reproduced
from from Limandri et al. (2016) (Micron
84, 54-60) with permission from the
publisher.

CONCLUSIONS

Conventional SEM provides 2D qualitative micrographs
of 3D objects. Combined with special software programs,
conventional 2D SEM can be transformed to 3D SEM for
quantitative measurements. 3D SEM without special electron
detectors can be employed in a variety of experiments ranging
from morphological analysis of biological objects to the
degradation of extracellular matrix in cancer research.
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