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a b s t r a c t

We apply photogrammetry in a scanning electron microscope (SEM) to study the three-dimensional
shape and surface texture of a nanoscale LiTi2(PO4)3 particle. We highlight the fact that the technique can
be applied non-invasively in any SEM using free software (freeware) and does not require special sample
preparation. Three-dimensional information is obtained in the form of a surface mesh, with the texture
of the sample stored as a separate two-dimensional image (referred to as a UV Map). The mesh can be
used to measure parameters such as surface area, volume, moment of inertia and center of mass, while
the UV map can be used to study the surface texture using conventional image processing techniques.
We also illustrate the use of 3D printing to visualize the reconstructed model.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Several different techniques are available for the three-di-
mensional (3D) characterization of micro- and nano-scale struc-
tures using electrons. In the transmission electron microscope
(TEM), electron tomography [7,14,21,23,37] and single particle
reconstruction [27] can be applied to studies of thin samples. In
the scanning electron microscope (SEM), scanning TEM (STEM)
tomography can be used to study very thin samples [12,15,20,30],
while for sample dimensions of between mm and mm an ensemble
of techniques based on the destructive slice and view approach has
been developed [2,9,26,29,33]. In contrast, for studies of sample
surfaces in three dimensions, non-destructive techniques based on
photogrammetry can be applied, albeit at the cost of not re-
constructing the inner volume of the sample. For example,
ncia de los Materiales e In-
sidad de Cádiz, Puerto Real

).
stereophotogrammetry can be used to obtain three-dimensional
topographic reconstructions, typically from two images recorded
in the form of a stereo pair [28,31,34,38]. The technique is used
extensively in metrological applications [3,5,6,16].

Here, we illustrate a methodology for the high spatial resolution
3D reconstruction of surfaces and textures in the SEM using pho-
togrammetry, a technique that has been applied routinely in sci-
entific fields such as geology [11] and reviewed by Bemis et al. [4].
Although the final spatial resolution and fidelity that can be
achieved using this type of reconstruction depends on the aberra-
tions of the electron beam, the contrast mechanism used to record
the images, the details of the particular sample and the magnifi-
cation used, the technique, which involves the acquisition of a series
of images of the sample from different perspectives, can be applied
in any SEM so long as the sample can be tilted with respect to the
electron beam. In SEM, Eulitz and Reiss [10] recently described the
principle of the method and used it to reconstruct a 3D model of a
rabbit kidney glomerulus from SEM images, although they did not
attempt to perform any quantitative analysis of the final 3D model.

In order to demonstrate the applicability of the technique and
discuss its advantages and limitations, we use it to study a particle
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of LiTi2(PO4)3 [36] using a secondary electron (SE) signal in an
SEM. This material has applications in Li ion flow batteries, which
have a high energy density and in which the charge carrier is in
the form of grains suspended in liquid. We show that quantitative
analysis of the shape and surface of the 3D model is possible with
little effort using open-source software. Moreover, the texture of
the 3D model, which is accessible in a so-called UV map (see be-
low), can be used to measure surface properties, such as the size
distribution of nanoparticles segregated outside a primary particle.
2. Results and discussion

Fig. 1 shows representative experimental images of a
LiTi2(PO4)3 particle taken from a series of 37 images recorded at
2 kV using an SE detector in an SEM. The images were each re-
corded with a size of 1337�1000 pixels using the following pro-
cedure: (1) the pin mount in the SEM was moved to an α-tilt angle
of 52° and 18 images were recorded by rotating the sample in
steps of 20°. At this high tilt angle, details of the sample close to
Fig. 1. Illustration of the acquisition of images for reconstruction using photogrammetry
different α-tilt angles: (a) At α¼52°, 18 images were recorded in in-plane rotation steps o
α¼0°, one image was recorded looking down onto the sample. For further processing, the
The images show streaks due to electrostatic charging of the sample (marked using wh
the substrate could be recorded; (2) the sample tilt was changed to
an α-tilt angle of 32° and 17 images were recorded in steps of 20°
(3) a final image was recorded at an α-tilt angle of 0°.

Algorithms for photogrammetry typically attempt to perform
what is known as “bundle adjustment”. Given a set of images that
depicts a number of 3D points from different viewpoints, bundle
adjustment is based on the simultaneous refinement of the 3D
coordinates that describe the geometry of the scene and the
parameters that describe its relative motion, according to an op-
timization criterion that involves the evaluation of corresponding
image projections of all points.

The requirements for successful 3D reconstruction include ri-
gidity of the sample and sufficient textural details so that con-
secutive images can be stitched together and so that dense cor-
respondence maps can be linked together over different view-
points. (A dense correspondance map is a 3D point cloud that is
converted into a triangular mesh). The mesh can be texture-
mapped to achieve a photo-realistic appearance.

We attempted to use two freeware programs that are available
for photogrammetric reconstruction. We first applied VisualSFM
. In the present study, three sets of images of a LiTi2(PO4)3 particle were recorded at
f 20°. (b) At α¼32°, 17 images were recorded in in-plane rotation steps of 20°. (c) At
36 images were cropped to the dimensions marked by the dashed squares in (a–c).
ite arrows).



Fig. 2. (a) Visualization of the reconstructed 3D model of a LiTi2(PO4)3 particle. (b) Schematic illustration of the fact that the model consists of a 3D surface mesh wrapped by
a two-dimensional texture. (c) 3D surface mesh with 11,793 faces and 5952 vertices. (d) Texture displayed in the form of a two-dimensional UV map. Each triangle in the 3D
mesh is rearranged onto the texture map by assigning two coordinates, U and V. The marked area in the UV map was used for the PSD measurements shown in Fig. 4.
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[35], an offline application that performs a point cloud re-
construction that must then be converted into a mesh. However,
the software failed when it was applied to the present dataset. We
then applied 123D Catch [1] photogrammetry software from Au-
todesk, which can be downloaded locally onto a PC but the re-
construction is then performed online. By using this program, we
succeeded in obtaining a 3D model of the LiTi2(PO4)3 particle,
which is shown in Fig. 2. The reconstruction was obtained without
making use of any prior information about the sample, its or-
ientation or the imaging parameters.

The number of images and the range of sample tilt angles that
must be used for photogrammetric reconstruction must be high
enough to achieve correct stitching between successive images
and complete reconstruction of the sample. In particular, high
sample tilt angles are needed to record details close to the support,
which can be obscured by the sample itself at lower tilt angles.

Because photogrammetry software performs stitching of suc-
cessive images based on their intensities, they must include
overlapping regions. In addition, surfaces that are featureless or
contain regular patterns should be avoided. When 123D Catch
software [1] is used, the optimal number of images is greater than
50, distributed over one or more tilt angles. The maximum num-
ber of images accepted by the software is 70. The images should be
acquired with an overlap of up to 50%. As a rule of thumb, the
same details of an area of the sample should be contained in 3 or
4 different images. A valid image sequence can be acquired with an
angular step of approximately 20° between successive images. If
the sample contains small occlusions (i.e., details that are not ac-
cessible in any image), then the angular step between images
should be decreased to 5–10° around the occlusion.

The images shown in Fig. 1 highlight the fact that the local
intensity in an SEM image can change strongly when a sample is
tilted. Such changes in intensity can occur when refocusing the
image or as a result of charging effects or changes in relative or-
ientation between the sample surface and the SE detector. In the
present study, the reconstruction was successful despite the fact
that we did not correct for such artefacts or normalize the in-
tensities in the recorded images. The only pre-processing that was
performed was cropping of the images (to the sizes of the dashed
rectangles shown in Fig. 1). As noted above, the images should
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have enough textural detail for the stitching to be effective. The
number of pixels of the images acquired in our experiment is
enough to resolve the small particles scattered on the surface of
the large nanoparticle. Because a large number of images is re-
quired for successful reconstruction, it is always a sensible idea to
keep the size of the images (size in pixel and bit resolution) with a
values that is enough for resolving the details of the images. We
also tried to reconstruct the same dataset after binning the images
by a factor of two (down to 668�500 pixels). In this case, the
software was unable to perform stitching automatically, probably
because of the loss of high resolution detail.

The 3D model of the LiTi2(PO4)3 particle shown in Fig. 2a
Fig. 3. Comparison of the spatial resolution of (a) an original SEM image and (b) a view
sponding to the squares shown in (a) and (b). The 3D reconstruction is slightly more blur
transform of each of the dashed squares shown in the middle row, alongside line profiles
from the 3D reconstruction decays more rapidly at higher spatial frequencies (by appro
consists of a 3D surface mesh of triangles (Fig. 2b–d). The mesh is
an open surface and the final 3D model has a photo-realistic tex-
ture, which contains information about the spatial distribution of
the recorded image intensity. A UV map was used to describe
which parts of the texture should be mapped onto each part of the
mesh through an operation that is referred to as unwrapping. The
UV map is typically made up of patches, as shown in Fig. 2d. Some
of the UV values correspond to the support, some to the particle,
while some contain no information about the sample.

Fig. 3 compares the spatial resolution of the texture in the re-
constructed 3D model with that in one of the original SEM images.
The SEM image shown in Fig. 3a contains streaks due to charging.
of the reconstructed 3D model. The middle row shows magnified regions corre-
red than the original SEM image. The bottom row shows the modulus of the Fourier
corresponding to the central column of each of the |FFTs|. The line profile generated
ximately 18% at the cutoff frequency) than that generated from the SEM image.
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It is also brighter on the right side of the particle as a result of the
location of the SE detector. Fig. 3b shows the 3D model oriented to
match the image shown in Fig. 3a. The middle row shows details of
the same area in each image, illustrating the fact that the re-
constructed model is more blurred. This point is illustrated further
in the bottom row of Fig. 3, which shows the modulus of the
Fourier transform of each area marked by a dashed square in the
middle row. Line profiles generated from the central vertical col-
umn in each Fourier transform show that the high spatial fre-
quencies decay faster for the 3D model than for the original SEM
image, from about 0.55 to 0.45 (by 18%) at the cutoff frequency
(see Fig. 3), corresponding to a slight decrease in spatial resolution
in the reconstructed model.
Fig. 4. Metrology performed on the UV map of the LiTi2(PO4)3 particle. (a) Outlines of na
area of the UV map shown in the inset to Fig. 2d. (b) Comparison of the mean intensit
intensity values of each of the 37 original SEM images used for the reconstruction. (c, d)
statistical values of PSD measurements performed on both the 3D model and the SEM
2.1. 2D measurements from UV maps

Eulitz and Reiss [10] did not make use of the possibilities of-
fered by a UV map for texture analysis. The unwrapped UV map is
a two-dimensional (2D) image that contains information about the
surface of the sample. Therefore, metrology can be applied to it
using conventional image processing algorithms. In Fig. 4, the UV
map obtained in the present study is used to measure the particle
size distribution (PSD) [13] of smaller particles that are distributed
over the surface of the LiTi2(PO4)3 particle (see middle row in
Fig. 3). By using focused ion beam milling and a slice and view
approach, the smaller secondary phase nanoparticles were iden-
tified as titanium oxide and were also found to be present within
the primary spindle-like particle [36].
noparticles on the LiTi2(PO4)3 particle used to perform a PSD measurement from the
ies of images of the 3D model viewed from five random directions with the mean
Outlines of nanoparticles marked on two original SEM images. (e) Histograms and
images shown in (c) and (d).
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After calibrating its magnification, the PSD was measured from
a part of the UV map that corresponds to the region marked in
Fig. 2d. The fitted outlines of the particles are marked in Fig. 4a.
Fig. 4c and d shows corresponding segmented PSDs determined
from two of the original SEM images. Fig. 4e compares histograms
and statistical measurements of the PSDs determined from both
the UV map and the SEM images. Significantly, the PSD mea-
surements vary between the two SEM images. In contrast, there
are several advantages to using the UV map for metrology. First, it
has a more uniform background than the original SEM images
because photogrammetric reconstruction averages local intensities
over the complete series of images used for reconstruction. The
greater uniformity of the contrast facilitates image processing
operations such as thresholding. This difference in the uniformity
of the contrast can be seen between the SEM image shown in
Fig. 3a and the 3D model shown in Fig. 3b. The SEM image shows
stronger changes in intensity between different areas. In addition,
the sample appears to be illuminated from the right side. This
apparent directionality of illumination is typical of SEM images,
but is almost absent in the photogrammetric reconstruction
shown in Fig. 3b. Fig. 4b compares the mean intensities of images
of the 3D model viewed from five random directions with the
mean intensity values of each of the 37 original SEM images used
for the reconstruction. The average intensity is constant for the
views of the 3D model, whereas it varies between the SEM images.
Second, the contrast of the small particles on the support is higher
in the 3D model (and in the corresponding UV map). This
Fig. 5. Processing and analysis of the 3D model of the LiTi2(PO4)3 particle. (a, b) Calibrat
was removed using the program Meshlab freeware [22], while the lower surface was close
the particle determined using Meshlab software [22]. (d) Visualization of the mesh surf
mean curvature (using colors) over the range �3.7 to 4.6. (For interpretation of the refer
difference is also apparent between Fig. 3a and b. A further ad-
vantage of using the UV map for metrology is that it is an un-
wrapped version of a 3D surface, meaning that a measurement is
more representative of the entire sample surface, when compared
with that from an individual SEM image, which shows only part of
the surface. However, a disadvantage of using the UV map is that
the spatial resolution of the 3D model is lower, meaning that some
of the smaller particles that are too close to each other can appear
to be “coalesced”. As a result, care is needed to ensure that a PSD
determined from a UV map does not contain artefacts.

2.2. 3D measurements of geometry

We used the Meshlab freeware [22] to measure geometrical
parameters from the 3D model. First, the parts of the mesh corre-
sponding to the support were deleted manually. Second, in order to
perform accurate geometrical measurements, it was ensured that
the mesh was “watertight”, i.e., closed, by exporting the file in .x3d
format and processing it using the program Netfabb Basic [24] (see
the Methods section). This processing step flattens the side of the
particle that was in contact with the support. The model was then
loaded into Meshlab software [22], its magnification was calibrated
(see Fig. 5a and b) and geometrical parameters describing the object
(summarized in the Table in Fig. 5c) were measured. It should be
noted that the underside of the particle is not detectable using SEM
and cannot be reconstructed by use of photogrammetry, thereby
introducing an error when the total surface of the particle is
ed views of the particle viewed perpendicular to the XY and XZ planes. The support
d (repaired) using the program Netfabb Basic [24]. (c) Geometrical measurements of
ace of the particle viewed perpendicular to the XY plane, showing variations in its
ences to color in this figure, the reader is referred to the web version of this article.)



Fig. 6. (a) Printed plastic model of the of the LiTi2(PO4)3 particle and its support. (b) Printed model of the particle, including its surface texture, in colored sandstone. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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computed. Fig. 5d shows the 3D model with a colored texture, in
which different colors represent variations in the measured mean
curvature of the surface. The mean curvature is defined as half of
the sum of the principal curvatures and has units of inverse length.

2.3. 3D printing

3D printing can be used to display and disseminate 3D data
[10,17,19]. Fig. 6 shows a model of the LiTi2(PO4)3 particle fabri-
cated using 3D printing. In order to prepare the file for printing,
pre-processing was required, as described in the Methods section.
Fig. 6a shows a model of the supported particle printed in ABS
Fig. 7. Summary of the freeware and proce
plastic after the model was thickened using the software Cura [8].
Fig. 6b shows a model of the particle after removing the support
and correcting it so that it was "watertight", printed in sandstone
color using an online printing service that allows not only shape
but also texture to be reproduced (grayscale tonality). It should be
noted that the resolution and contrast of the printed model in
Fig. 6b are slightly poorer than that of the digital reconstruction.
3. Summary and conclusions

The methodology that we describe here for 3D reconstruction,
ssing steps used in the present study.
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analysis and printing of the shape and texture of a LiTi2(PO4)3
particle using SEM is summarized in Fig. 7. The approach does not
require special hardware. In the present study, it took one hour to
acquire the images and less than one hour to perform automatic
3D reconstruction. Moreover, the software required for re-
construction is free, on the cloud and available to anyone with an
internet connection. Furthermore, its simplicity results in a rapid
learning curve. However, there is little room for optimization of
the reconstruction parameters due to the “black box” nature of the
software used. In the work presented here, open file formats (.obj
and .x3d) and freeware viewers were used. Because the UV map of
the 3D model is saved as a separate.jpeg image in .obj format, we
have shown that it can be used directly for analyzing the in-
formation contained on a 3D surface in a simple manner using any
image processing algorithm, especially for metrological measure-
ments. In terms of size, while a single SEM image occupies
1.28 Mb, the .obj file, which contains full 3D information, occupies
1.67 Mb (1.17 Mb, 396 bytes and 518 kb for the .obj, .mtl and .jpeg
files, respectively). The acquisition of a series of images can easily
be automated in most modern SEMs by using software to control
the tilt and rotation of the sample holder. In addition, other signals
that contain compositional information, such as X-rays and back-
scattered electrons, can also be used separately or combined for
photogrammetric reconstruction.
Methods

The spindle-like LiTi2(PO4)3 particle studied in this paper was
prepared by a solvothermal route that allows particles of homo-
geneous size and shape to be produced [36]. A dry powder of
LiTi2(PO4)3 particles was deposited onto an SEM pin mount. The
sample was scanned until an isolated particle was found. A series
of images was recorded in an FEI Helios NanoLab field emission
gun (FEG) SEM operated in SE mode using an Everhart-Thornley
detector (ETD). The microscope has a stage with an α-tilt range of
�3° to 60°. The SEM was operated at a working distance (WD) of
4 mm with a horizontal field width (HFW) of 15.9 μm. The accel-
erating voltage was set to a low value of 2 kV to reduce electro-
static charging of the sample. Images with 1536�1092 pixels and
a pixel size of 0.01 μm were initially saved in .tif format with
3 channels of 8 bits (24 bit depth), resulting in a total file size of
4.81 Mb.

Each image was pre-processed using ImageJ software [18] in order
to reduce it to one grey scale channel (Image-4Colors-4Split
Channels), cropped to a size of 1337�1000 pixels (Select ROI,
Image-4Crop) and saved in .tif format with a size of 1.28 Mb.

The entire dataset of 37 images was loaded into 123D Catch
(freeware from Autodesk) [1]. 3D reconstruction of the particle
surface was then performed online in the cloud. The software can
fail during reconstruction due to poor quality data or internal
software crashes. In the event of problems with stitching the
images, the software has an interactive tool that can be used to
mark common points between consecutive images manually.
However, based on our experience it is always better to acquire a
good tilt series with enough images, sufficient overlap between
images, enough intensity features and no occlusions. Once the
reconstruction has been completed, the same software can be used
offline to explore the 3D file, to view the model from different
directions and to zoom in and out. Alternatives involve trying to
reconstruct the dataset again or acquiring a new dataset. The
software permits a model to be reconstructed using “high quality”
mesh resolution, with a greater number of faces and vertices at the
cost of longer computing time. Nevertheless, the 3D model in the
present study was reconstructed using a standard mesh resolution.

The 3D model can be exported and downloaded using one of
several open file formats. As explained in the text, the 3D model is
a mesh with a texture. The surface model without texture can be
saved as a stereolithography (.stl) file, which can subsequently be
processed for 3D printing. In the present paper, the 3D model was
exported and saved in .obj format, which records information
about both the mesh and the surface texture. The .obj format saves
three files: one with a filename ending *.obj describing the 3D
mesh, one with a filename ending *.mtl containing information for
3D visualization and the name of the UV map and a *.jpeg image
that contains the texture.

3D files were viewed using Open3mod software [25], which
provides the basic functionality to open .obj files and explore a 3D
model (rotating and zooming). Alternatively, MeshLab freeware
[22] (version 1.3.3) could be used to manipulate and analyze the .
obj file and other file formats.

In order to perform accurate geometrical measurements, the
particle was segmented from the support by deleting all of the
triangles of the mesh around it using MeshLab (Select Faces in a
rectangular region-4Delete set of selected faces). The open mesh
was exported from MeshLab in .x3d format. The .x3d file could
then be imported into Netfabb Basic (version 6.4) [24], free soft-
ware that can be used to check, correct errors and close meshes.

The final model was re-imported into MeshLab and calibrated
in units of mm (Meshlab-4Filters-4Normals, Curvatures and
Orientation-4Transform: Scale). The curvature shown in Fig. 5
was defined (Meshlab4Filters4Color Creation and
Processing4Colorize by curvature (APSS)) and the option Mean
Curvature was selected. Different definitions of curvatures could
be chosen, including Mean, Gauss, K1, K2 and ApproxMean. The
geometrical measures presented in the Table in Fig. 5 could then
be calculated (Meshlab-4Filters-4Quality Measures and
Computations-4Compute Geometric Measures).

For 3D printing in plastic (Fig. 6a), the 3D model was exported
from Meshlab in .stl format, which is the most common file format
for defining 3D meshes. Before printing, the .stl mesh was cor-
rected for imperfections and some material was added to it to
increase the rigidity of the model, as the initial mesh has no
thickness. These steps could be performed using open source
programs such as Cura 3d [8] and Slice3r [32]. Both programs also
generate G-Codes, which the electronics of a 3D printer uses to
move and deposit material. In order to print a 3D model that in-
cludes grayscale texture, an online 3D printing service was used to
print the model in sandstone with a color option. The mesh and
texture then had to be “watertight”, i.e., the mesh had to be closed
and without holes. Such defects were corrected by exporting the
3D model in .x3d format using Meshlab, importing the .x3d file
into Netfabb Basic (version 6.4) to check and correct errors in the
mesh and then uploading the corrected model in .x3d format to
the webpage of Shapeways (Eindhoven, The Netherlands). This
online service provides tools for final revision of the suitability of
the model for printing, as well as for scaling it to a desired size.
Additional information

An .obj file of the 3D model and a video describing the work-
flow can be found online at http://dx.doi.org/10.1016/j.ultramic.
2016.07.006.
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