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a b s t r a c t

Additively manufactured lattice materials are of great interest in many applications, however the
surface defects generated during manufacturing can prove a significant barrier. The small feature size
and intricate geometry makes characterisation of lattice struts difficult, so we present StrutSurf as a
new tool for analysis of lattice struts. Using micro-CT data, StrutSurf allows random sampling of struts
within a lattice, and automates analysis to provide detailed morphological information such as strut
diameter, ellipticity, orientation, and surface roughness. StrutSurf will enable a range of new research
questions to be investigated such as the effects of surface treatments and other manufacturing methods
on strut morphology and roughness.

© 2022 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 for this code version https://github.com/ElsevierSoftwareX/SOFTX-D-21-00197
Code Ocean compute capsule
Legal Code License GNU GPL v3 or later
Code versioning system used git
Software code languages, tools, and services used MATLAB, MATLAB add-ons Optimization Toolbox and Image Processing

Toolbox, iso2mesh toolbox.
Compilation requirements, operating environments & dependencies Installation using MATLAB runtime, source code can be compiled in MATLAB
If available Link to developer documentation/manual https://github.com/ReeceOosterbeek/StrutSurf
Support email for questions r.oosterbeek@imperial.ac.uk

1. Motivation and significance

The rise of 3D printing as a manufacturing technique has
pened up a wide variety of material architectures for exploita-
ion. Strut-based lattices are particularly promising, with a range
f structures based on BCC, FCC, and other unit cells and vari-
nts possible, as well as pseudorandom and stochastic strut-
ased lattices [1–4]. These all provide enormous possibilities
or designing new material properties, with the ability to intro-
uce tailored functionalities by topology optimisation, controlled
nisotropy, and functionally graded structures [5–9]. Advances
n these areas have potential applications in medical implants,
ightweight aerospace or automotive components, and energy
bsorption materials [10–13].

∗ Corresponding author.
E-mail address: r.oosterbeek@imperial.ac.uk (Reece N. Oosterbeek).

The main disadvantage of these materials is often the defects
generated during the additive manufacturing process. These de-
pend on the exact manufacturing method used: for the powder
bed fusion (PBF) methods often used for metallic 3D printing
this includes semi-sintered or non-melted particles, while high
roughness and layer defects like weld lines are also common
to many additive manufacturing techniques [14]. These defects
have a significant effect on the resulting mechanical properties,
acting as stress concentrators and crack initiation sites, reducing
the static mechanical strength and the fatigue lifetime [15,16].
The latter is a crucial problem, and a central factor that has
held additively manufactured components back from widespread
adoption.

Several methods for surface treatment of additively manufac-
tured struts have been investigated, including chemical etching,
electrochemical polishing, and sand blasting [17–19]. These stud-

ies show qualitative improvements in surface quality, and as
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result demonstrate considerable increases in fatigue perfor-
ance, however are not able to quantify the changes in surface

opography. This is due to the inherent limitations of conven-
ional techniques for roughness measurement such as optical or
ontact profilometry, which rely on line-of-sight to measure 2D
urfaces. Measuring the internal surface topography within a 3D
orous lattice requires alternative methods such as micro-CT,
hich utilises X-rays that can penetrate through the structure.
ome micro-CT data analysis software packages include a wall
hickness function, which allows the average strut thickness to
e determined [20,21], however this discards much information
bout the detailed strut morphology and surface topography. To
easure strut roughness from micro-CT data, Kerckhofs et al.
emonstrated and validated a protocol which extracts a line pro-
ile from a micro-CT cross section, which can be used to calculate
arious roughness parameters [22,23]. However, reducing the 3D
trut to a line profile in this way could introduce error based
n the orientation of the strut and choice of sectioning plane,
nd discards much of the 3D data regarding the strut shape and
urface topography. Du Plessis et al. [21] suggest that characteri-
ation of nonflat surfaces can be carried out by fitting a geometric
hape to the micro-CT data, and determining the deviation at each
oint, but this functionality typically requires proprietary soft-
are and is more comparable to CAD-based variance rather than

itting an arbitrary function. The latter is particularly important
s additively manufactured micro-struts can often deviate from
he intended circular cross-section resulting in an elliptical-prism
haped strut [24]. With improvements in AM resolution, micro-
trut lattices are also becoming more prevalent [25,26]. These
an contain several thousand struts within a single part [24,27],
hich can make manual inspection of micro-CT data and region
election challenging and prone to bias.
StrutSurf aims to make use of all the 3D information that

icro-CT provides to determine the detailed strut morphology,
nd extract the full (areal) surface roughness. This will enable
eometric parameters such as diameter (semi-major and semi-
inor for elliptical cross-sections, maximum and minimum Feret
iameter) and build angle to be measured, and the surface rough-
ess of the strut surface (Sa, Sq, Sz) to be assessed. In addition to
etailed strut analysis, other factors such as appropriate sampling
ust be considered in the measurement of lattice struts. StrutSurf
ims to ensure representative sampling by allowing randomised
eneration of regions within a dataset, so that a statistical sample
f struts can be built up to represent the lattice structure.
The future of additively manufactured lattice materials will

equire significant technical challenges to be overcome, one of
he most critical of which is the need to improve the surface
inish of struts by altering manufacturing parameters or by post-
rocessing methods. Quantifying the effect of these changes is
ifficult for established surface measurement techniques, so al-
ernatives such as micro-CT are necessary. These methods are
ncreasingly being adopted [21–24], however micro-CT data anal-
sis software that meets the specific needs of strut morphology
nd roughness analysis is currently lacking. StrutSurf will meet
his need, allowing easier and more quantitative analysis of lattice
trut morphology and surface roughness, and contribute to the
evelopment of new lattice-based materials for applications from
erospace components to medical implants.

. Software description

StrutSurf is written in MATLAB [28], and makes use of the
ATLAB add-ons Optimization Toolbox and Image Processing
oolbox. It also relies on the open-source iso2mesh toolbox for
esh generation developed by Fang et al. [29,30]. StrutSurf is
rovided as an executable installer that requires the (free) MAT-
AB Runtime library, or as MATLAB source code that can be

executed within MATLAB. Data analysis using StrutSurf involves
the following steps, as illustrated in Fig. 1:

• Import binarised micro-CT image slices
• Generate a region of interest (ROI) centred around a point

within the 3D dataset, which can be either manually or
randomly selected

• Create a mesh of the structure within this ROI
• User positions a cylindrical mask over the strut to be anal-

ysed
• Automated analysis extracts this strut and performs the

desired analysis steps
• Tabulated results and plots can be saved and exported by

the user

StrutSurf is operated from the main GUI window, which has
separate tabs for importing data, sampling regions, masking a
strut, and viewing/exporting analysis results. From the import tab
the user can select and import a micro-CT dataset, which can
then be viewed along different axes using MATLAB’s inbuilt slice-
Viewer. The imported dataset must be in binary (i.e. black and
white) image format, which can be generated after segmentation
by standard micro-CT analysis/reconstruction software, or using
tools such as Fiji/ImageJ [31]. Imaging additively manufactured
lattices at the resolution required for characterisation of surface
roughness results in a very large dataset, such that generating a
mesh that maintains this resolution is impractical. The sample
region tab allows the user to select a smaller region of interest
for analysis. These regions can be randomly sampled based on
a selection of algorithms (to achieve uniform sampling density
across a certain geometry) or added manually to allow reproduc-
tion of previous analyses. A mesh of this region of interest is then
generated using the binsurface function within iso2mesh [29,30].
The mask tab allows the user to position a mask around a selected
strut for analysis, and select the geometry to fit to the strut (either
cylindrical or an elliptic cylinder).

When the analysis procedure is begun, the ROI mesh is cropped
to the portion within the cylindrical mask. Non-linear least
squares regression is used to fit a cylindrical geometry to the
strut, with the initial values and solver limits being based on
the user-defined mask. If an elliptic cylinder is chosen as the fit
geometry, then this fitted cylinder is used as the initial starting
point for further non-linear least squares regression of the ellipse
geometry. Once the desired geometry has been fitted, the surface
is ‘‘unwrapped’’ from this geometry to determine the deviation
from this fitted shape. For a cylindrical fit this can be calculated
analytically in a straightforward way using the perimeter of a
circle, while for an elliptical cylinder this is carried out by nu-
merically integrating an incomplete elliptic integral of the second
kind. Once this planar surface has been extracted from the curved
strut and resampled to an even grid, areal surface roughness
parameters can be calculated including the average roughness
(Sa), root-mean-square roughness (Sq) and maximum peak to
trough roughness (Sz). These parameters are calculated as defined
in ISO 25178-2 [32]. The final results table then presents the
dataset name and parameters required to reproduce the analysis
(ROI position and size, masking parameters), strut characteristics
(distance from centre, elevation angle, fitted diameter, Feret di-
ameter), and calculated roughness values, which can all be saved
to file and updated. To simplify calculations and prevent errors,
all values are given in pixel units, and can then be converted by
the user to SI units by multiplying by the pixel size. To generate
plots in SI units the pixel size can be entered by the user, but
this only affects visualisations and not the calculated results data
table.
2
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Fig. 1. StrutSurf workflow, showing importing of micro-CT data, ROI selection and meshing, masking of a strut, and analysis results.

3. Illustrative examples

3.1. Materials and methods

The lattice samples used in this example were designed in
Rhinoceros 6.0 (Robert McNeel & Associates) using a method
described previously [4,7]. Briefly, a random distribution of points
was generated in a ∅13 mm × 22 mm cylindrical volume; these
points were then joined by zero thickness lines. Lines with a build
angle of <25◦ were split into two parts and redrawn in a ‘kinked’
configuration such that the strut connects the same points but
kinks upwards to increase the angle of the strut to the build plate
to ≥25◦ to ensure successful fabrication, as described by Hossain
et al. [7]. The resulting lattices had an average connectivity of 5.8
and strut concentration of 4.1 mm-3. The custom-built Imperial
College Lattice Slicer was used to generate slices and assign
laser parameters from the line representation using a 70 µm
contour. The lattice was fabricated using an AM250 metal powder
bed fusion (PBF) system (Renishaw plc., UK) using CP-Ti powder
with particle size range 10–45 µm (D50 = 27 µm) supplied by
Carpenter Additive (Widnes, UK). Build parameters used were:
50 µm layer thickness, 50 W laser power, 50 µm point distance,
and 240–500 µs exposure time for a nominal strut diameter of
240 µm, resulting in a relative density of 13.6%. Micro-CT data
was collected using a Zeiss Xradia 510 Versa, with X-ray voltage
and current of 140 kV and 72 µA, with 2401 projections (0.15◦

spacing) and 5 s exposure, and a pixel size of 6.26 µm. Image
projections were reconstructed into 3D datasets using the Scout-
and-Scan software (Zeiss), and thresholding (Otsu) was applied
using Fiji [31] to generate binary images for use by StrutSurf.

3.2. Analysis in StrutSurf

The following examples were generated on a laptop computer
with an Intel Core i7 quad-core 1.3 GHz processor, 16 GB RAM,
and 2 GB Nvidia GeForce MX350 graphics card. After binarisation
the micro-CT dataset used was 8 GB in size, and was loaded into
StrutSurf within 200 s. Other computational steps (generating
ROI mesh, strut analysis using cylindrical or elliptical cylinder

Fig. 2. Explanatory video demonstrating the use of StrutSurf to analyse lat-
tice strut morphology and surface roughness. For video see Appendix A.
Supplementary data.

fit) were completed in less than 10 s each. These examples are
described below and demonstrated in the supplied explanatory
video in Fig. 2.

3.3. Single strut morphology

StrutSurf can be used to gather detailed information about
the morphology of individual lattice struts. A randomly generated
ROI is shown in Fig. 3, with a cylindrical mask placed over the
strut selected for analysis. After positioning the mask, analysis
can be completed automatically using the ‘‘Analyse Strut" button.
Fig. 4 shows analysis results for this strut, at approximately 41◦

elevation angle located approximately 2.7 mm radially from the
centre of the lattice. Using an elliptic cylinder fit it can be seen
that the strut has a slight eccentricity, with diameters along the
semi-major and semi-minor axes of 263 and 239 µm respectively.
This gives an elliptical ratio (D2/D1) of 1.10, comparable to results
from Hossain et al. [24]. Other parameters such as the maximum
Feret diameter (340 µm) and average surface roughness (Sa =
10.6 µm) can also be obtained.
3
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Fig. 3. Screenshot of StrutSurf mask tab showing a cylindrical mask positioned over a selected strut within a randomly generated ROI.

Fig. 4. Analysis results for a selected strut, showing (a) screenshot of StrutSurf analysis tab and (b) exported 3D plots of the strut and extracted surface.

In addition to these parameters it is interesting to observe the
variation in morphology across the strut surface. Fig. 4a (middle)
shows the strut with its axis aligned to the x-axis; here the top

surface of the strut corresponds to z > 0, while the underside
of the strut corresponds to z < 0. On the extracted surface plot
(Fig. 4b right) these correspond to y > 0 and y < 0 respectively.
4
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rom the extracted surface plot it is clear that the underside
f the strut has considerably higher roughness than the upper
urface due to semi-fused particles adhering to the strut — this is
common phenomenon observed in PBF processes when produc-
ng overhanging geometries. By comparison the upper surface is
moother, with few semi-fused particles visible, although gradual
eight variation is visible due to weld lines between layers. Using
his surface data extracted by StrutSurf we now have the ability
o quantitatively assess the roughness on the top and bottom
urfaces of the strut, with Sa values of 7.45 µm (top) and 12.64
m (bottom) confirming previous qualitative observations.

.4. Lattice analysis

If a larger number of ROIs are generated, and struts analysed,
ata generated by StrutSurf can be used to investigate the prop-
rties of the lattice as a whole. This example shows data gathered
rom 50 different struts from different ROIs generated within the
ame lattice. ROIs were randomly generated using the ‘‘Cylinder:
adially uniform" option, to randomly sample points within the
attice, with the random distribution being uniform over r , the
adial distance from the centroid of the dataset. Fig. 5 shows the
ariation in the surface roughness (Sa) measured for these 50
truts.
As the build angle increases the surface roughness is seen to

ecrease, as a result of the mechanism discussed above, where
roduction of overhanging geometry leads to adhesion of semi-
used particles. Here we see this is consistent not just for a single
trut but a sample of the whole population. Fig. 5 also shows that
here is no observable correlation between surface roughness and
he distance from the lattice centre. This is as expected for an as-
uilt lattice, however this type of analysis may be valuable for
ssessing surface treatment methods, where the effect depth is
f crucial importance.

. Impact

With additive manufacturing becoming a more prominent
echnology in both research and industrial manufacturing, new
echnologies are needed in many areas to support advanced re-
earch and applications. In this case, additively manufactured
trut-based lattice materials are an important area that utilises
he unique capabilities of AM to fabricate novel structures for a
ariety of applications. Especially in the case of metal PBF, the
urface quality of these struts is of paramount importance for
heir eventual application, with the mechanical and biological
roperties of the materials highly dependent on the morphology
nd surface roughness.
Due to the importance of these properties, there is increasing

esearch interest in measuring the surface quality of additively
anufactured micro-struts. However, due to the challenges as-
ociated with analysis of struts within a complex lattice, these
nvestigations are mostly limited to representative single struts
24,33]. This can provide valuable information about the surface
uality and morphology of as-built struts, although there are
any cases where a single strut cannot be representative of all
truts within a lattice. Most importantly, when assessing surface
reatment methods the lattice as a whole must be considered, as
he penetration of any surface treatment method into the lattice
s a key limiting factor. To date few studies have attempted to
onduct measurements of surface quality throughout a lattice,
nd these have been limited to extraction of 2D line profiles [22,
3].
StrutSurf allows easy selection and analysis of struts, even

hen contained within a complex lattice structure, and extracts

Fig. 5. Variations in measured average surface roughness for struts within a
lattice, shown across elevation angle (top) and distance from centre (bottom).
Trendlines were fitted using MATLAB cftool, and are displayed as a guide for
the reader.

quantitative research into the surface structure of lattice micro-
struts, and the effects of any treatment procedure on this surface.
Surface treatment and finishing of additively manufactured parts
is a burgeoning field with a diverse range of new techniques
emerging. Although lattices are challenging for many of these
methods progress is being made, and analysis solutions such as
StrutSurf will be critical to assessing the effects of these methods.

In addition to detailed strut surface information, StrutSurf can
also fulfil a similar role to existing wall thickness algorithms
for routine strut thickness measurement. While existing meth-
ods provide a bulk measure averaged across the whole lattice,
StrutSurf samples individual struts and can therefore provide
more detailed information such as ellipticity and variations in
strut thickness within the same lattice. This capability will be
particularly useful in applications such as functionally graded
lattice materials and assessing print quality. Within the authors’
research group StrutSurf is now being used for routine analysis of
additively manufactured lattice materials, enabling accurate mea-
surements of strut diameter even with relatively low resolution
he full surface profile of the selected strut. This will enable new

5
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icro-CT data. The distinct advantages of StrutSurf in quantifying
urface roughness are also critical to forthcoming research on the
ffect of certain surface treatments on the surface roughness and
esulting mechanical properties of lattice materials.

It should be noted that, as with most data analysis tools, the
nalysis technique cannot overcome poor data quality. Lower
esolution micro-CT scans (i.e. large pixel/voxel size) can be suf-
icient for strut thickness measurements, but for quantification
f surface roughness and topography higher resolution is neces-
ary, such that features influencing roughness (in these examples
emi-fused particles) can be reliably resolved. Pixel size is not
he only factor however, and other aspects of image quality
lso have an important role. Critically, a high contrast low noise
mage is required to ensure that thresholding (not carried out
n StrutSurf) provides an accurate representation of the material
urface. StrutSurf does contain functionality for removing small
isconnected objects that can result from image noise, but this
annot remove noise artefacts that alter the strut surface.
One limitation of this technique is the requirement to man-

ally position a mask over a strut for analysis (Fig. 3), which
equires non-trivial user input. Methods for automatically detect-
ng lattice features have recently been presented [34,35], however
hese focus on nodes and leverage the periodic nature of regular
attices. Methods applicable to non-regular arbitrary geometries
ould be a valuable future development and could be incor-
orated into a later version of StrutSurf in order to automate
nalysis further and save user time.

. Conclusions

This paper presents the software StrutSurf, a tool to anal-
se strut morphology and surface roughness within additively
anufactured lattice materials. StrutSurf imports an acquired
icro-CT dataset, and generates randomly sampled regions of

nterest within this dataset. The user positions a mask over the
trut to be analysed, and the software performs automated de-
ection of strut axis, fitted geometry, and extraction of surface
opography. StrutSurf complements existing wall thickness algo-
ithms for measuring strut thickness by allowing more detailed
nd direct measurement of variations in strut thickness within
single lattice. It also provides new functionality by making
ossible extraction of the full surface topography and resulting
oughness parameters for a single strut. Research interest in
dditively manufactured strut-based lattices is growing, however
he mechanical (especially fatigue) and biological properties of
hese materials are inhibited by their morphology and surface
oughness. StrutSurf can play a central role in the future of this
ield, enabling new investigations of strut roughness and mor-
hology, and allowing the effects of surface treatments and other
anufacturing methods to be studied in detail.
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