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a b s t r a c t

MATBOX is an easy-to-use, all-in-one, MATLAB application for microstructure numerical analysis,
including microstructure numerical generation, image filtering and microstructure segmentation, mi-
crostructure characterization, three-dimensional visualization, microstructure parameters correlation,
and microstructure meshing. MATBOX was originally developed to analyse electrode microstructures
for lithium-ion batteries; however, the algorithms provided by the toolbox are widely applicable
to other heterogeneous materials. The toolbox provides a user-friendly experience thanks to a
Graphic-User Interface.

© 2021 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Code metadata

Current code version V1.0
Permanent link to code/repository used of this code version https://github.com/ElsevierSoftwareX/SOFTX-D-21-00097
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Legal Code Licence BSD
Code versioning system used git
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1. Motivation and significance

Lithium-ion battery (LIB) electrodes performances are strongly
orrelated with their microstructure [1–3]. Most macroscale elec-
rochemical battery models use the pseudo-2D formulation orig-
nally proposed by Newman and coworkers [4], that abstracts
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the heterogeneous electrode materials with a set of microstruc-
ture parameters (e.g., particle size). These parameters are typi-
cally extracted from the analysis of 3D microstructure volume
data obtained with Focused Ion Beam Scanning Electron Mi-
croscopy (FIB-SEM) or X-ray computed tomography (CT) [5,6].
The raw data obtained from these 3D imaging experiments is
a 3D array for which each pixel (voxel in 3D) has a bright-
ness value, that reflects the local sensitivity of the medium in
regards with the imaging experiments. While analysis can be
done at this stage, it is not the desired state as voxels do not
identify each phase precisely. There is instead a distribution of
ttps://doi.org/10.1016/j.softx.2021.100915
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Fig. 1. Main applications of MATBOX.

grey level value (usually represented through a histogram). Vol-
umes are then ‘segmented’ or ‘binarized’ so that each voxel is
assigned to a given phase, typically the pore or void domain, and
the solid phase(s). Once segmented, the electrode microstructure
is characterized (i.e., microstructure parameters relevant to the
application are calculated). While suitable for design guidance
and being fairly successive to match experimental data [2,7],
these models are intrinsically restricted by their macroscale ap-
proach and microstructure simplification [8]. To remedy these
limitations, microscale models [8–14] are explicitly solving the
system of equations directly on the microstructure geometry,
removing both microstructure assumptions and parameters. Mi-
croscale models are especially relevant to investigate impact of
microstructure heterogeneities and local features (e.g., cracks)
otherwise neglected by their macroscale counterpart on electro-
chemical performances, although at the price of a much higher
CPU and RAM cost.

Both modelling approaches require time-consuming pre-
processing steps: segmentation and microstructure characteriza-
tion for macroscale models, and segmentation and microstructure
meshing for microscale models. MATBOX provides numerical
algorithms embedded in a user-friendly graphical user interface
(GUI) to streamline the whole process. Furthermore, to enable
wide design space analysis and complement imaging capabilities,
microstructure generation algorithms are also included (both
active material and additive phases) in the toolbox. This toolbox
has been used for characterizing LIB electrode microstructures in
previous works [1,15,16], and for providing full cell meshes for
microscale electrochemical LIB model [8]. Fig. 1 illustrates the
main applications of MATBOX.

In addition to in-house algorithms, MATBOX uses third-party
open-source software: Taufactor [17] from Dr. Samuel Cooper and
Iso2mesh [18] from Dr. Qianqian Fang, respectively for tortuosity
factor calculations and microstructure meshing. In addition, the
toolbox uses third-party algorithms: xlscol [19], DataHash [20],
Noiselevel [21], and Screencapture [22], respectively used to help
exporting data in excel files, compare microstructure states in it-
erative algorithms through their hash value, estimate image noise
level before and after image filtering, and copy figure from MAT-
LAB App design. Algorithm from Dr. Aashutosh N. Mistry [23] is
also used for one of the methods employed in the microstructure
generation module, for additive phase generation. Thanks to its
modular and open-source approach, MATBOX can integrate sub-
sequent third-party algorithms from the LIB community, even-
tually building a reference in the field that would dramatically
help improving result reproducibility and promoting open-source
algorithms distribution.

MATBOX installation is explained in the documentation. The

Main_menu.mlapp located in \MATBOX_Microstructure_analysis_
toolbox\src\Main_menu\from MATLAB App designer. MATBOX
welcomes the user with a main menu from which various mod-
ules can be called (cf. Fig. 2). Each module has its own GUI with
a detailed documentation available in \MATBOX_Microstructure_
analysis_toolbox\Documentation\.

2. Software description

2.1. Software architecture

MATBOX is divided into several modules, one for each
microstructure-related activity. Toolbox modules are connected
through their inputs/outputs, as described in Fig. 3. The charac-
terization module occupies a central place as it can take inputs
from the generation module and the filtering and segmentation
module, while its outputs are used for the properties correlation
module and the microstructure and results visualization module.

2.2. Software functionalities

Module functionalities are introduced below and illustrated in
Fig. 4. Detailed explanations of each module can be found in the
toolbox documentation, with only a summary provided below.
Methods and algorithms are detailed in the documentation and
in the various references listed below.

• Microstructure generation module
Three-dimensional microstructure imaging requires
expensive equipment, time, and skilled workers that limit
availability and quantity of data. Furthermore, the microstruc
ture design space is restricted by existing electrode mate-
rials, preventing upstream microstructure scale modelling.
Microstructure generation algorithms allow to numerically
generate 3D microstructures that can be used for design
space analysis otherwise not possible. It is valuable to eval-
uate ‘what if’ microstructures that can later motivate man-
ufacturers to experimentally test promising architectures.
Experimental imaging has intrinsic limitations that may
result in not being able to distinguish one or several phases
of the medium. For instance, X-ray computed tomography
of lithium-ion battery electrodes such as NMC and graphite
does not resolve the additive phases (carbon-black, for im-
proved electron conductivity and binder, for mechanical
integrity), that are then not distinguishable from the pore
domain [1]. Such additives have practical impact, as they
modify the effective electrolyte diffusion coefficient and
the electrochemically active interfacial area between the
user can either package the app in MATLAB or directly run the file active material and the electrolyte [1,23,24]. Microstructure
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Fig. 2. Microstructure analysis toolbox main menu. Each module has its own
UI.

generation module includes both active material generation
and additives generation.
Active material generation submodule uses an in-house
stochastic, n-phase, ellipsoid-based, microstructure algo-
rithm with fine control of volume fractions, particle size,
elongation, and orientation distributions all along the elec-
trode thickness allowing generating graded materials. Par-
ticle overlapping is user-controlled independently for each
phase i - phase j permutation which allows to reach high
density microstructures, effectively avoiding packing den-
sity limit (maximum packing density for randomly
distributed non-overlapping ideal spheres is 63.4% [25]).
Furthermore, particle generation order can be tuned to avoid
the algorithm to stall for some microstructures that could be
challenging to generate without it (for instance, generating

larger particles first then smaller particles has higher chance
of success compared with the reverse order or even without
any order – see documentation for further explanation).
Additive phase generation submodule provides two algo-
rithms the user can choose between. First is an in-house
deterministic algorithm for which additive phase is gen-
erated preferentially between particles non far from each
other, so that it will create bridges between particles. The
algorithm produces similar output as the ‘‘binder bridge’’
level-set approach proposed by Trembacki et al. [26,27],
although with a different method. In this work, the pore
size c-PSD(x) is first calculated using a spherical approach
(continuous particle size method [28]). The original algo-
rithm then iterates over a distance d, marking pore voxels
for which c-PSD(x) < d. If the as-marked voxels are not
enough to reach the additive target volume fraction, then
all of them are assigned to the additive phase and then d is
incremented until the additive volume fraction is reached.
If too many voxels have been identified, only a subset of
them are assigned to the additive phase to match its tar-
get volume fraction. A second algorithm developed by A.
Mistry, K. Smith and P.P. Mukherjee [23] uses an energetic
approach, where candidate voxels (candidate voxels have at
least one solid neighbour and are within the background
phase) assignment to the additive phase is based on an
energy towards deposition on the pre-existing active mate-
rial network or on the pre-deposited new additive phase. A
user-defined morphology parameter ω (adimensional, [0,1])
is used to bias the energy towards deposition for the candi-
date voxel, preferentially on existing active material (ω =

0) or on pre-deposited additive phase (ω = 1) resulting
in different additive morphologies. The second method has
been indirectly validated in a previous work as it provides
geometries with tortuosity factor matching experimental
data [1].

• Region of interest (ROI) selection, filtering, and segmenta-
tion module
This module provides the user with a variety of image
processing tasks. Region of interest selection (including ro-
tation), upscaling and downscaling for both grey-level and
segmented volumes, grey-level in-depth analysis (especially
to spot, if any, deviations along axis that would determine
how to perform segmentation), contrast correction (e.g., his-
togram equalization), image filtering (anisotropic diffusion
filter [29] and non-local mean filter [30]), and segmen-
tation (local and global thresholding [31]). While meth-
ods currently available in this module are quite simple,
they nevertheless appear sufficient to segment NMC and
graphite electrode volumes from the NREL microstructure
library [32] using a combination of image filtering, contrast
correction and threshold-based segmentation. Instead, the
module focuses on delivering a user-friendly experience to
improve productivity. Furthermore, each action is logged
into a csv file (i.e., a history log) that can be valuable to help
implementing a systematic segmentation approach on large
set of volumes to ensure segmentation coherence between
all samples.
In addition to the above-mentioned image processing tasks,
a segmentation sensitivity analysis can be performed to
quantify the microstructure parameter errors induced by an
uncertainty on the segmentation threshold. This is especially
valuable for blind-segmentation, for which the user does
not know the actual volume fractions (and therefore cannot
use this information for guidance) and hesitates between an
upper and a lower threshold that both look visually correct.
This is particularly valuable for error propagation analy-
sis, from microstructure segmentation error to macro-scale

electrochemical model prediction errors.
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Fig. 3. Microstructure analysis toolbox module inputs/outputs connectivity.

Fig. 4. Illustration of the Microstructure analysis toolbox modules.

• Microstructure characterization and homogenization mod-
ule
The module provides calculations of various metrics use-
ful for LIB modelling: volume fractions, connectivity (both
isotropic and directional), tortuosity factor (using TauFac-
tor [17]), geometric tortuosity, specific surface area, particle
size, particle identification and morphology. Parameter def-
initions and methods are explained in previous works [1,
15,16]. A special attention is dedicated for particle analysis
with several in-house algorithms available (including dis-
crete particle size algorithms for particle identification and
morphology analysis), as particle size quantification within
connected networks is highly dependent with the numerical
method [16,28].

Module offers automated voxel size dependence analysis,
through iterative downscaling (to evaluate microstructure
parameter error induced by limited image resolution) and
automated representative volume element (RVE) analysis
[15,33] (to evaluate microstructure parameter error induced
by limited field of view), as well as batch calculations to
characterize multiple volumes in a row. RVE size is parameter
dependent [15], as well as voxel size dependence [1,16],
therefore the user can select which microstructure param-
eters to perform these analyses. In addition, the user can
finely adapt the RVE analysis, by choosing between two
main approaches. First method consists in cutting the mi-
crostructure volume into independent (i.e., non-overlapping)
subvolumes of the same size and with a user-specified
4
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aspect ratio, and to calculate microstructure properties for
each of these subvolumes. The relative standard deviation
is then calculated considering all the results. The process is
repeated with varying subvolume size to produce the curve
relative standard deviation as a function of subvolume size.
When the curve crosses a user-defined relative standard
deviation threshold, then the representative volume ele-
ment size of this sample (but not necessary of the material
as a whole) is found. Volumes larger than the as-obtained
threshold volume are considered to be representative of
the electrode volume, thus their microstructure parameters
can be used with confidence in macroscale models. A more
refined explanation of RVE is provided in the toolbox docu-
mentation. A RVE analysis requires hundreds of calculations
per volume and per microstructure property. This task is
completely automated in the toolbox, saving manpower. The
second method consists in growing a unique subvolume
either from the field of view centroid or from one of its
extremity and calculating the microstructure parameters
for each subvolume size until convergence. This second
approach is mainly included for the sake of completeness as
the first method is recommended as thoroughly explained
in the toolbox documentation.

• Microstructure and results visualization.
Other modules generate 2D graphs to illustrate results.
However, 3D visualization may be more relevant on some
occasions. This module produces 3D visualizations of the
microstructure itself and of microstructure parameters de-
fined voxel-wise (e.g., particle size). Note that to visualize
such microstructure parameters the user needs to run the
characterization module to produce results first. The module
also provides side-by-side comparison of gray level and
segmented volumes, to visually evaluate the relevance of the
segmentation, with overlay and checkerboard visualizations
available to help the comparison.

• Properties correlation.
Establishing correlations between microstructure proper-
ties provides a better understanding of their intrinsic re-
lationships, help identifying independent parameters, and
allow predicting microstructure properties. The most clas-
sic example would be the tortuosity factor as a function
of porosity. This module allows you to load selected re-
sults from multiple microstructure characterization calcu-
lations quickly to produce correlation matrix-type figures.
This module is especially valuable if your database con-
tains dozens of microstructures and can reveal unsuspected
correlations.

• Meshing.
The module enables you to create volumetric tetrahedron-
based meshes from a single n-phase volume (e.g.,
meshing a unique electrode to perform homogenization
calculations) or from several n-phase volumes combined
together (e.g., meshing a full cell from anode and cathode
volumes). Module inputs are segmented stacked tif files.
Meshes can be generated for the whole volume (i.e., a
unique mesh), for groups of phases (e.g., a first mesh for the
union of positive current collector and cathode solid mate-
rial, a second mesh for the union of separator and electrolyte
within both electrodes, and a third mesh for the union of
negative current collector and anode solid material), and
for each phase, with meshes having conforming interfaces.
The above choice depends on the modelling method: a
monolithic model would require a single mesh for the whole
volume, while a segregated model [8] – that solves domain
sequentially – would need meshes per phase or per group
of phases. The latter would use the conforming interfaces

to transfer information between meshes. Furthermore, two
meshing generation approaches are available: (i) structured
mesh with cuboid representation (simple, fast, and robust
generation with high mesh quality cells, but requires a
large number of vertices, has no surface smoothing and
no mesh density control), and (ii) unstructured mesh (with
mesh density control and produces smooth surface, but has
variable mesh quality cell, may fail for large volume and/or
volume with large number of phases and is computationally
expensive to generate). The structured mesh is using a
simple in-house algorithm while the unstructured mesh lies
on Iso2mesh [18] with in-house mesh corrections added.
Iso2mesh is using constrained Delaunay tetrahedralization
(CGAL) for surface mesh extraction, Laplacian, Laplacian-
HC, and low-pass filters for surface mesh smoothing, and
Tetgen for volumetric mesh generation and adaptative mesh
resolution. The module contains mesh quality calculation,
mesh visualizations, and mesh export/conversions (.mat,
.csv, .msh, .inp, .stl) using Iso2mesh built-in functions. The
.mat and .csv files contain vertices coordinates, cell con-
nectivities, and cell phase labels required to re-build from
scratch meshes in a FEM software, as did with FEniCS [34]
in a previous work [8], while the other file extensions can be
used to import directly the as-generated meshes in software
that support them (e.g. Abaqus).
In addition to the meshing operation, the module provides
useful pre-processing steps: scaling (to accommodate elec-
trodes volumes obtained with different image resolution),
auto-cropping (to accommodate electrodes volumes with
incompatible in-plane dimensions), and various morphol-
ogy opening steps to ease the meshing generation. Mor-
phology opening includes standard erosion-dilatation, but
also in-house algorithms to correct voxel–voxel connections
(line-line and vertice-vertice connectivity are detected and
removed) that may otherwise create meshes with tetrahe-
dron cells connected through a single vertex, thus induc-
ing singular flux in FEM models likely to trigger numerical
divergence.

3. Illustrative examples

Figs. 5–8 provides examples of the GUI, from various modules.
Emphasis lies on user-friendliness with a step-by-step guided
approach. Images have been taken as it is from the toolbox
documentation with bullets and text inserts added to help users.
At the exception of the meshing, results were obtained with a
16Gb RAM Windows laptop, for volumes in the range of 10 to
100 million voxels.

Figs. 8–11 provide selected results from various modules.
Microstructure numerical generation (including additives) valu-
able to investigate ‘what if’ architectures and perform sensitivity
analysis on microstructure geometries (cf. Fig. 8). Microstructure
parameter segmentation-induced errors valuable to track error
propagations form segmentation uncertainty to microstructure
parameters and eventually to electrochemical performances (cf.
Fig. 9). Particle identification and size/morphology analysis using
a discrete particle size algorithm to provide accurate average par-
ticle diameter for macroscale models and a simplified equivalent
graph representation of the active material (cf. Fig. 10, top row).
Representative volume element analysis performed on volume
fraction relevant to determine if volume analysed is large enough
to be representative, thus indicating the level of confidence of the
microstructure analysis (cf. Fig. 10, bottom row). Microstructure
mesh used for Finite Element Method calculations (cf. Fig. 11).
Workstation with 64 GB RAM has been used to generate unstruc-
tured meshes with up to 50 million vertices using tortuous X-ray
computed tomography 3D volumes of LIB electrodes.
5
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Fig. 5. (Generation module.) GUI for additive generation submodule using energy criterion method. GUI is organized in tabs to guide the user.

Fig. 6. (Meshing module.) GUI for cell meshing. Full cell case with each material assigned to a phase and a group for use in a segregated model.
6
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Fig. 7. (Visualization module.) GUI for grey level/segmented volumes comparison submodule. User can choose between an overlay (not shown) and a checkerboard
shown) comparison.

Fig. 8. (Generation module.) Example of microstructure generation. (Top, from left to right) bi-modal size distribution, ellipsoids with a preferential orientation,
i-layer with different porosity, particle size, particle alignment and orientation between the two layers, and bi-layer with pore former. (Bottom, from left to right)
dditive phase added to an existing microstructure, using energetic approach with two extremes values, and using the bridge approach. Images have been produced
sing the visualization module once microstructure generations completed.
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Fig. 9. (Segmentation module.) Relative error on microstructure parameters
induced by an uncertainty on the segmentation between two user-defined
threshold bounds. Because grey-level unit variation is subjective to the image
format (e.g., 8 bits or 16 bits), the grey-level variation is also expressed in
percentage of the min–max grey level range. In this example the tortuosity
factor has the highest segmentation-induced error.

4. Impact

MATBOX is expected to keep growing with new algorithms,
oth in-house and from third parties, with the goal to set a refer-
nce in the field of electrode microstructure analysis. The toolbox
as dramatically streamlined otherwise time-consuming tasks
uch as microstructure characterization and enable wide design
pace analysis, respectively to provide microstructure parameters
or macroscale LIB modelling and to identify promising electrode
rchitectures for LIB fast charging [35]. Furthermore, the auto-
ated history log of the segmentation module significantly helps

o keep records of the different steps involved in the segmenta-
ion process, which has improved segmentation reproducibility
nd enabled a systematic approach (i.e., coherent between sam-
les) for the segmentation of dozens of microstructures. The GUI
roved to be very time-efficient for intermittent microstructure
nalysis and for newcomers as its learning curve is much faster
han using a standard code. Documentation provides detailed
nstructions on how to implement new algorithms in the charac-
erization module GUI for user-made in-depth customization of
he module for specific application.

While other (commercial or not) software delivers similar
eatures, MATBOX offers a selection of algorithms and methods
ailored for, but not restricted to, LIB modelling. For instance,
VE analysis offers control of the subvolume aspect ratio, there-
ore enabling determining the representative section area of an
lectrode (essential to evaluate the level of confidence of the
haracterization analysis), using subvolumes with thicknesses set
qual to the electrode thickness as the latter is a characteris-
ic of the electrode that will drive the concentration gradients.
icrostructure generation algorithms have been developed to
enerate architectures relevant for LIB application (e.g., highly
ense electrodes, graded electrodes, and aligned particles), espe-
ially for fast charge application [35]. Lastly, the meshing module
an load 5 different volumes (two current collectors, two elec-
rodes, and one separator) and combine them to produce a LIB
ull cell mesh ready to use, while requiring for inputs only 3D
tack tiff files which are the usual format from X-ray Computed
omography used in the LIB field, for a more efficient workflow.
Currently MATBOX is mainly used in the NREL energy storage

roup for LIB modelling, specifically for microstructure charac-
erization [1,15,16], meshing [8], and numerical generation for

design space analysis [35]. However, MATBOX is being utilized
by other groups within and outside NREL in fields not restricted
to LIB. Researchers in the Advanced Power Electronics and Elec-
tric Machines (APEEM) Group at NREL have used MATBOX to
model the porosity structure within sintered silver joints for
thermal and thermomechanical evaluations. This porosity amount
can change when the synthesis parameters of temperature and
pressure are varied for die- and substrate-attach sintered silver
layers within power electronics modules. Creating this structure
would be very difficult in a traditional CAD program so APEEM
researchers have leveraged the capabilities of this MATLAB tool-
box. NREL researchers in the Renewable Resources and Enabling
Sciences Center are using MATBOX for an upcoming publication
comparing the differences in porosity and pore structure of wood
and biochar to increase the accuracy of modelling the renewable
energy production technology known as pyrolysis. Xuekun Lu
from University College London has used MATBOX to investigate
the effect of particle orientation on the electrode performance,
as well as the advantage of hierarchical microstructures in im-
proving the battery rate performance. A manuscript related to
these are under preparation. Prehit Patel and George Nelson from
the University of Alabama in Huntsville have been using MATBOX
for the analysis of X-ray CT data for low cobalt LIB cathodes. In
addition, MATBOX has been presented to other research institu-
tions and industries with on-going discussion to implement new
algorithms.

5. Conclusions

The application, MATBOX, presented in this article allows for
a highly automated microstructure characterization, in addition
to providing relevant algorithms and methods for microstruc-
ture segmentation, meshing, and generation. The toolbox is di-
vided into submodules with an emphasis on user-friendliness
thanks to GUIs to improve productivity and reduce the learning
curve. This makes the toolbox an easy-to-use all-in-one solution
for microstructure numerical analysis. It is hoped the toolbox
will keep growing eventually providing the LIB community with
a standardized tool for microstructure/heterogenous materials
analysis.
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Fig. 10. (Characterization module.) (Top, from left to right) Particle identification (each particle, 215 in total, is assigned to a unique label/colour), equivalent particle
diameter, and graph representation calculated with a d-PSD algorithm on a 2D slice (algorithm works in 3D). (Botton) Example of a RVE analysis performed on
volume fraction (left: extremums, standard deviation and average, right: standard deviation, both as function of subdomain size). Numbers (8, 27, 64, etc.) indicate the
number of subvolumes. Insert shows FOV divided into subvolumes with the same aspect ratio of the whole volume (aspect ratio is customizable — see documentation
of example). Volume fraction RVE size is ∼45 × 45 × 45 µm3 in this example, using a 5% relative standard deviation threshold.

Fig. 11. (Meshing module.) (Left) electrolyte unstructured mesh, union of electrolyte domains of both electrodes and the separator. Colour is z-axis. (Right) Zoom on
he solid concentration calculated with a LIB microscale electrochemical model [8] using a mesh provided by this module, revealing complex geometry and smooth
urface.
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