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ABSTRACT

ARTICLE HISTORY

The aim of this study was to compare traditional strut-based lattices with minimal surface designs
using morphological analysis and image-based simulations of design ﬁles. While the two types have
been studied widely, no direct comparison has ever been done. Surprisingly, there are no major
diﬀerences in performance between the two types generally, but minimal surface designs do
outperform slightly on angular load simulation. However, minimal surface designs in this density
range are shown to have very thin walls, potentially making their accurate production more
challenging, or more suitable for applications where larger pore sizes and sheet thicknesses may
be applicable. Interesting results such as dual pore size distributions and variations in tortuosity
of pore networks are demonstrated, with diﬀerences between various designs. The results show
that all the tested designs are suitable for bone implants, but the best design might be selected
based on its specialised performance requirements.
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1. Introduction
Additive Manufacturing (AM) is a fast-growing class of
technologies that uses 3D CAD ﬁles to produce
complex parts in a layer-by-layer method (Gibson et al.
2010; Frazier 2014; Gu et al. 2012). In powder bed
fusion (PBF), each layer of metal powder is melted
using a laser or electron beam, melting only the required
areas by scanning the beam across the surface. A new
powder layer covers the fused layer and the process continues until the ﬁnal part is completed and removed from
the substrate. One of the advantages of this PBF technology is the ability to produce highly complex parts, allowing many new lightweight designs to be realised easily
(Hollister 2005; Orme et al. 2017). Such lightweight
designs are useful in aerospace and automotive industries, where strength and mass are most important
(Lim et al. 2016). Another application is in the medical
ﬁeld, where bone replacement implants can eﬀectively
use lattice and functionally graded structures. Lattice
structures are useful for the osseointegration process,
while the stiﬀness of the structure can be matched to
that of the bone, eliminating stress-shielding eﬀects
typical of current implants (Zadpoor 2017).
Due to their widespread applications, additively manufactured lattice structures have been the topic of many
studies in recent years. As described in Hollister (2005),
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the porosity and stiﬀness of the lattice structure are interrelated. This ratio is well described for foams by the
models of Ashby-Gibson (Gibson and Ashby 1999;
Ashby et al. 2000), and these relations also generally
hold well for lattices – the stiﬀness can be predicted
from the porosity of the structure. However, diﬀerent
unit cell designs can alter the mechanical properties,
i.e. for the same porosity, the stiﬀness can be diﬀerent
for diﬀerent designs. Ahmadi et al. (2015) have found
that mechanical properties vary depending on the type
and size of the unit cell, and varies nonlinearly with porosity. Various unit cell designs have been investigated
including for example regular cube-designs (Parthasarathy et al. 2010; Sallica-Leva et al. 2013), diamond
(Ahmadi et al. 2014), body-centred cubic and a variation
of this with a vertical pillar included (Smith et al. 2013)
and minimal surface designs (Bobbert et al. 2017). One
recent study also compared the mechanical properties
of diﬀerent strut-based lattice unit cell types and densities numerically and compared these to experimental
data available (Hedayati et al. 2018). More generally, a
recent review summarised the analytical relationships
available to calculate mechanical properties of a range
of lattices (Zadpoor and Hedayati 2016). In particular,
the analytical and numerical simulated performance of
a range of strut-based lattices is reported in Hedayati
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et al. (2016). The authors showed that the unit cell type
and its relative strut length and cross section aﬀect the
mechanical properties.
The particular requirements of lattices for bone replacement implants have been described in detail in a
number of recent reviews (Wang et al. 2016; Tan et al.
2017; Murr 2017; Zhang et al. 2017; Dong et al. 2017).
The primary considerations for bone replacement
implants are good strength, with the lattice allowing
the stiﬀness of the metallic structure to match that of
bone more closely, to minimise stress shielding. The
lattice allows in-growth of new bone, thereby attaching
itself better in the longer term. This osseointegration
occurs by a combination of physiological processes:
initial cell seeding, followed by vascularisation and
bone growth. Initial cell seeding is strongly dependent
on the available surface area for cell attachment, and
indications are that lower permeability regions allow
for better initial cell seeding, which can be found in irregular cavities and non-spherical pore shapes. For later
vascularisation and eﬀective bone growth, good permeability is required to allow nutrients to ﬂow through
the structure. These parameters were described in
more detail in these reviews, but it is clear that these
complex design criteria are not easily matched in one
custom design. For this reason, various available
designs should be compared for these properties, and
more generally the strut-based and minimal surface
designs compared to see which are more suitable for
bone replacement implants.
Morphological analysis is required since the design is
typically speciﬁed by unit cell size and density, not by
strut thickness or pore size. Therefore, strut thickness
and pore size is not a direct input into the design of a
periodic lattice structure and it needs to be measured
or conﬁrmed once designed. Due to the complexity of
the lattice unit cell designs, the measurement of these
features is not trivial. A lattice structure morphological
analysis is typically made using image processing
methods, similar to that done for bone structural analysis. The most widely used method is to measure trabecular thickness and spacing from 2D sections. These can be
either directly at individual locations, or using stereological methods – using the circumference and area of the
structure of interest in 2D (Thomsen et al. 2005). With
the availability of microCT imaging, more accurate 3D
thickness measurements could be made from 3D
images, with two methods widely in use as described
in Thomsen et al. (2005), Hildebrand and Rüegsegger
(1997), Hildebrand et al. (1999). One method is to use
the same stereological methods, but making use of
surface areas and volumes of the features of interest,
which are often reported as trabecular thickness TbTh

and trabecular spacing TbSp. However, a more direct
and more accurate method is the use of a maximal
spheres method. This measures the actual thickness distribution from the 3D structure, as demonstrated for trabecular bone (Hildebrand and Rüegsegger 1997;
Hildebrand et al. 1999) and is implemented in the software boneJ (Doube et al. 2010), for example. However,
the method used in various studies is not always well
documented (it is not always clear which of the two 3D
methods are used).
MicroCT or voxel data can be used for image-based
simulations, to better understand the lattice properties.
Permeability simulations are performed using a Lattice–
Boltzmann method, to simulate Stokes ﬂow (Succi
2001). Static load simulations are carried out using an
immersed-boundary ﬁnite element code, which allows
direct simulation on a voxel data set, without a need
for a surface mesh. This method has been applied in
recent studies with great success (Fieres et al. 2018; du
Plessis et al. 2017; Broeckhoven et al. 2017; Broeckhoven
and du Plessis 2017). Mesh-free simulation methods
were ﬁrst shown to be useful in Shapiro and Tsukanov
(1999), Freytag et al. (2011). The advantage of these
methods is the simplicity of using direct simulations on
voxel data without the need for meshing. In this work,
the additional advantage was that morphological analysis and simulation could be done in the same software
package.
The purpose of this work was to compare strut-based
and minimal surface designs for their application in bone
replacement implants, to identify which type is best for
this application. Both of these types have been produced
by AM and showed positive results in various investigations (Ahmadi et al. 2015; Parthasarathy et al. 2010;
Sallica-Leva et al. 2013; Ahmadi et al. 2014; Smith et al.
2013; Bobbert et al. 2017; Yan et al. 2015; Arabnejad
et al. 2016), but a direct comparison has not yet been
reported. We used four strut-based and four minimal
surface designs and selected a total porosity of about
60–65% to compare the designs. The advantage of
using purely numerical comparisons in this work is to
eliminate sources of potential manufacturing or experimental diﬀerences, e.g. smaller pore spaces in one
design might result in more partially melted material
blocking pore spaces, decreasing the experimentally
measured permeability for that model. While some of
this information could be obtained from analytical
models, these are not available for all lattice designs.
For the detailed morphological comparison, we made
use of 3D analyses of the pore size distribution, strut size
distribution and surface area of each model. As has been
mentioned, a larger surface area is preferred for cell
seeding, while an ideal porosity percentage, pore size
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and shape is a very disputable issue. Wide ranges for
micro- and macro pores with sizes of 50–1200 µm were
indicated for new bone growth and high ﬁxation in
orthopaedic or dental applications (Bobyn et al. 1980;
Vasconcellos et al. 2010; Taniguchi et al. 2016; LopezHeredia et al. 2008), but the optimum pore size for the
replacements of human bones still has not been
exactly deﬁned (Nouri et al. 2009). Despite this, the
pore size diﬀerences between models are of interest,
especially for future osseointegration studies.
For AM lattice structures, struts should be thick
enough to enable their accurate production using
typical commercial powder bed AM systems. For this
purpose, the struts should be as thick as possible,
because they have to be at least wider than a single
track produced with a certain laser spot size and
energy input, from powder that also has limitations
since the typical powder bed additive system uses 20–
50 µm powder particle sizes. The process parameters
deﬁning the track width, i.e. the laser power, scan
speed and layer thickness can also aﬀect the build accuracy and quality. This can potentially cause variations in
thickness between vertical, diagonal and horizontal
struts in lattice structures as demonstrated by Sing
et al. (2018). It was found that – for the size of lattices
investigated – horizontal struts were most sensitive to
layer thickness, while vertical and diagonal struts were
most sensitive to laser power. It is also possible to compensate for this type of manufacturing error for lattice
struts, as demonstrated by Bagheri et al. (2017). The
authors used a test part to calculate thickness diﬀerences
at diﬀerent build angles and use this information as feedback/input to produce more accurate lattices.
In addition to morphological analysis, permeability
simulations were performed to directly compare
minimal surface and strut-based designs for their
laminar ﬂow properties. Higher permeability should
result in the better ﬂow of nutrients and hence better
bone growth, while the ﬂow complexity (tortuosity)
might improve the initial cell seeding and improve the
delivery of nutrients to all parts of the lattice. Similarly,
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static load simulations were carried out to highlight
designs with stress concentrations and predict which
models lack such stress concentrations and hence
should be stronger, and to identify the predicted
elastic modulus of each. In addition to direct loading in
parallel to vertical struts, angular load at 45 degrees
was simulated on each model to highlight anisotropy
in load-induced stresses, i.e. highlighting which designs
are better for angular loads.
The study involved detailed 3D morphological analysis of strut/sheet thickness and pore size distributions,
and simulations of permeability and static loading
stress. In this way, all the important parameters for
bone implant applications can be directly compared
between the lattice models.

2. Materials and methods
The models were selected based on recently published
work by Bobbert et al. (2017) (minimal surface designs)
and typical strut-based models available in commercial
AM design software, these are shown in Table 1.
Short names for the models are used for simplicity in
this paper, with ‘ms’ referring to minimal surface, and
‘sb’ referring to strut-based designs. For strut-based
designs, the selected designs were used: Rhombic
dodecahedron (R-sb), Diamond (D-sb), G-struct (G-sb)
and Octet (O-sb). The unit cells for these were obtained
in Materialize Magics, and tessellated cylinders generated using a 1.5 mm unit cell size, with total 15 mm
width of cylinder and 22.5 mm height, Figure 1(a).
The same criteria were applied to minimal surface
designs, but models were obtained as used in a previous study by Bobbert et al. (2017). These sample
sizes correspond to suggested sample sizes for compression tests of porous metal samples according to
ISO 13314-2011.
The minimal surface designs investigated where the
Diamond (D-ms), Gyroid (G-ms), Isometric Wrapped
Surface – also known as I-WP (I-ms) and Primitive
(P-ms), Figure 1(b). Four diﬀerent porosities of each

Table 1. Investigated designs for lattice structures.
Strut-based design
Rhombic dodecahedron

Minimal surface design

Diamond

G-struct

Octet

Diamond

Gyroid

I-WP

Primitive

D-sb

G-sb

O-sb

D-ms

G-ms

I-ms

P-ms

61

63

62

62

63

65

62

491

651

288

157

188

152

250

R-sb

Porosity, %
63
Strut/Sheet thickness, µm
332
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Figure 1. Diﬀerent designs selected for comparison of (a) strut-based lattices and (b) minimal surfaces.

model were created. Basic morphological assessment of
material fraction, allowed a selection of one of each type
corresponding to 35–39% material fraction (65–61% porosity total), for further investigations. The models with
similar total porosity shown in Figure 1 have varying
strut or sheet thicknesses. Generally, the minimal
surface designs have thinner sheets than the strut thickness in strut-based designs (see Table 1), for similar total
density.
All analyses were performed in Volume Graphics
VGstudiomax 3.1. The STL data were converted to voxel
data using the function ‘convert to volume’, resulting in
eﬀective voxel sizes of approximately 12 µm, with a
total volume size of approximately 1300 × 1300 × 1900
voxels.
The basic morphological analysis – i.e. the measurement of strut thickness and pore size – is necessary
because the models are typically created with a choice
of unit cell size and density. This does not provide a
clear choice of pore size or strut thickness to a design
engineer. Diﬀerent designs might produce diﬀerent
strut thicknesses and pore sizes for the same average
density. In this work, three methods were employed to
accurately compare models.
The simplest method is to measure the strut thickness and pore size using 2D sectioning and image

analysis. The second morphological analysis method
involves a 3D stereological method, which is a fast
method widely in use: calculations based on the total
volume and surface area of the structure. These
typical morphological parameters include total surface
area, material or bone volume to total volume (BV/
TV), trabecular thickness (TbTh), and trabecular
spacing (TbSp). These are calculated from volume and
surface area of the structure according to the stereological methods described in (Thomsen et al. 2005; Hildebrand and Rüegsegger 1997; Hildebrand et al.
1999) and this method is widely in use in biomedical
bone analysis, hence the terminology. The third morphological analysis method is expected to be the
most accurate since it uses a more advanced direct
3D measurement using a maximal spheres method –
e.g. for strut thickness analysis, the diameter of the
largest sphere that ﬁts in a given region in the strut
is reported as the strut diameter at that location, and
this is repeated across all points within the structure
resulting in a statistical analysis result providing a thickness value at every point in the structure. This method
has been described previously (Hildebrand and Rüegsegger 1997; Hildebrand et al. 1999) and is also
implemented in other software such as boneJ (Doube
et al. 2010). This method is used for quantiﬁcation of
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3D structures such as bone (Thomsen et al. 2005; Hildebrand and Rüegsegger 1997; Hildebrand et al.
1999; Doube et al. 2010), but the use of this method
or the stereological 3D method is not always well
described or diﬀerentiated in the literature, and this
direct measurement is more computationally intensive.
The maximal sphere method was applied to measure
the detailed strut thickness and pore size distributions for
all models. For these analyses, the data were cropped on
the edges of the cylinder to ensure no edge errors from surrounding air in the model. The strut and pore size distributions are shown to be non-normal, therefore we
propose median thickness as a better method to describe
lattice structures. Previous work, especially in bone analysis,
has generally reported mean values (Hildebrand and Rüegsegger 1997; Hildebrand et al. 1999; Doube et al. 2010).
For absolute permeability simulations (assuming
laminar ﬂow in a ﬂooded medium), a Stokes ﬂow simulation was used, which is implemented in the ‘transport
phenomena’ module of VGStudioMax. Default simulation
parameters were used including for the dynamic viscosity of water as 0.001 Pa s, inlet and outlet planes at
top and bottom of cylinder, and sealed edges ensuring
the ﬂow is simulated in the vertical direction along the
lattice structure. An arbitrary choice of 1 Pa pressure
diﬀerence between top and bottom planes was selected
to simulate laminar ﬂow. The results provide absolute
permeability values as well as tortuosity of the pore
network. The tortuosity is deﬁned as the ratio of the
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mean ﬂow path length relative to the shortest distance
between the ﬂow path inlet and outlet planes.
For static load simulations, an immersed-boundary
ﬁnite element code was used, which is implemented in
the ‘structural mechanics’ module of VGStudioMax, with
an arbitrary choice of 1 kN load applied, assuming linear
elastic isotropic material parameters, with 115 GPa for
the Young’s modulus of Ti6Al4V and Poisson’s ratio 0.3.
The base of the cylinder was ﬁxed in all degrees of
freedom in a region covering the bottom 0.15 mm of the
cylinder while the same size area along the top of the
lattice was used as the load application area. The same procedure as in previous studies (du Plessis et al. 2017; Broeckhoven et al. 2017; Broeckhoven and du Plessis 2017) was
applied here, with simulation cell size of 40 µm for all lattices. In this work, distributed computing was required to
allow the large data sets to be simulated at this small unit
size, using two large workstations in parallel. Results
obtained were recorded as the mean of the maximum
1% interval of Von Mises stresses, as applied previously.
Finally, static load simulations were also applied with
loading at a 45-degree angle relative to the vertical.

3. Results and discussion
3.1 Morphological analysis
For design ﬁles, basic morphological analysis of strut
thickness and pore size is required since these are not

Figure 2. Measurement of strut thickness using maximal spheres method for the Rhombic dodecahedron strut-based sample (R-sb).
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inputs in the design phase, and can vary depending on
the type of the unit cell selected or the size of the unit
cell selected.

3.1.1 Strut thickness
A typical result for a maximal spheres thickness analysis
of the strut thickness is shown in Figure 2. Clearly, the
junctions are thicker than the struts alone. This is an
example of a Rhombic dodecahedron design, but this
method was applied to all 8 models of similar porosity
and the strut thickness distributions graphed as shown
in Figure 3.
Clearly, the strut thickness distributions are non-trivial
and vary considerably between designs. In particular, it
seems the minimal surface designs have a single ‘thickness’ value, which makes sense as they are designed as
sheets. The strut-based designs contain variations of
thicknesses due to their diﬀerent junctions and struts

between them with diﬀerent dimensions, mostly with a
dual-peak distribution (Figure 3(a)). Also observed in
Figure 3 are that, for the same porosity, the minimal
surface designs have a much lower strut/sheet thickness.
This small value is concerning in terms of manufacturability using powder bed AM systems which usually are
limited by the track widths under selected process parameters. One way of increasing the thickness of
minimal surfaces while keeping the total porosity constant is increasing the unit cell size. This has the disadvantage of increasing the pore size, which might make
the structure unsuitable for bone implants. Besides the
challenge of manufacturing thin structures, previous
work successfully produced such models with good
mechanical properties, likely due to the nature of the
minimal surface being ‘self-supporting’ and without
sharp corners (Bobbert et al. 2017; Yan et al. 2015). Therefore, with optimal process parameters, these models can

Figure 3. Comparison of 3D strut thickness distribution based on the maximal spheres method for minimal surface and strut-based
designs: relative frequencies (a) and cumulative curves (b).
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measured total surface area while keeping the total
volume constant, further complicating the stereological
measurement method.

Figure 4. Correlation between medians of strut thickness analysis
using maximal spheres method and traditional TbTh measurement.

successfully be produced despite the thin strut/sheet
thickness.
The maximal spheres method (direct 3D method) was
compared to the traditional TbTh measurement (3D
stereology) for the same 8 structures across the
diﬀerent models and results are shown in Figure 4.
The correlation is good at small thickness values, but
the thickness measured using maximal spheres is larger
by a factor of 1.7–1.8 compared to the TbTh measurement for large values. This indicates a need to accurately
quantify thickness distributions for these type of structures (using maximal spheres method) rather than only
make use of stereological measures. This will be
especially true when analysing microCT data of real
samples, as the surface roughness will increase the

3.1.2 Pore size
Accurate measurement of pore size is important for
lattice designs for bone replacement implants, as the
pore size and shape aﬀects the bone growth into the
lattice. The maximal spheres measurement of pore size
distribution is shown for the Rhombic dodecahedron
design in Figure 5.
The resulting pore size distributions for each of the
diﬀerent models are shown in Figure 6. The minimal
surface designs show strong variation between models
with varying pore sizes. What is surprising is the much
larger pore size of the P-ms model compared to other
minimal surface designs. For strut-based designs, the
pore sizes cover the same range as the minimal surface
designs but with more clear peaks, i.e. they are more
well deﬁned. In this case, the Octet design is particularly
interesting as it shows a clear dual pore size. We assume
that such dual pore sizes might be beneﬁcial for cell
seeding (requiring smaller pores) and vascularisation
and bone growth (requiring larger pores).
Similar to the procedure in the previous section, the
maximal spheres pore size was compared to that
obtained by traditional TbSp measurement (3D stereology), as shown in Figure 7. In this case, as before, the
pore size is, in reality, larger than the TbSp measurement.

Figure 5. Measurement of pore size distribution using maximal spheres method.
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Figure 6. Comparison of 3D pore size distribution based on the maximal spheres method for minimal surface and strut-based designs:
relative frequencies (a) and cumulative curves (b).

Once again, this indicates a need to accurately quantify
pore sizes in 3D rather than rely on simpliﬁed
measurements.

Figure 7. Correlation between pore size analysis using maximal
spheres method and traditional TbSp measurements.

3.1.3 Surface area
The total surface area of the lattice for bone implants is
important since cell seeding takes place on the surface
and a larger surface area is thus conductive to
improved cell seeding, providing more area for attachment of cells allowing faster and improved initial stages
of bone growth. For a direct comparison among the 8
designs, which have the same porosity and total size,
the absolute surface area of each is shown in
Figure 8. From this, one can see that the minimal
surface designs generally have a higher surface area,
but not signiﬁcantly so. One exception is the P-ms
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Figure 8. Comparison of surface area for diﬀerent lattice designs of cylinders with 15 mm diameter and 20 mm height, 61–65%
porosity.

model which has a lower surface area than the other
minimal surface designs. The Octet design O-sb has a
relatively high surface area. The lowest surface area
design is that of the G-sb lattice, most likely due to
its cubic simpliﬁed design.

3.2 Simulations
3.2.1 Permeability
The Lattices must have a high permeability to allow
nutrient ﬂow and bone growth, and permeability simulations can be used to predict which designs are suitable
for such applications. Such a simulation also provides a
tortuosity value, with high values indicating a more
complex ﬂow. A higher tortuosity (more complex ﬂow)
is presumably required for bone implants to allow
some areas to have low ﬂow rates, assisting cell
seeding, while other areas have high ﬂow rates allowing
the ﬂow of nutrients eﬃciently.
The permeability simulations were done using a Stokes
ﬂow method based on a ﬂooded medium, sealed on the
edges, with a pressure diﬀerence between inlet and
outlet planes. This algorithm is implemented in the
voxel-based software package and is based on a simple
laminar ﬂow simulation. The absolute permeability and
tortuosity were calculated and permeability could be
compared directly to experimental data of Bobbert et al.
(2017) – this was done for the minimal surface design
‘gyroid’ for a range of diﬀerent densities. These results
are shown in Figure 9 – they compare well, with experimental data slightly lower in absolute permeability
values. This can be expected since the manufacturing

process might result in some parts of the lattices partially
blocked by the melted material or partially melted
materials that cannot easily be removed.
A typical laminar ﬂow simulation is shown in Figure 10
(a) and absolute permeability values calculated from
simulations comparing designs in Figure 10(b). A correlation between pore size and permeability is shown in
Figure 10(c) indicating a complex relationship depending on lattice design.
The results show that the lowest permeability is
found for the D-ms model, making it possibly less suitable for bone implants. The highest permeability is
found for the G-sb design, which also has the largest
pore size, which is expected. However, the permeability
does not scale linearly with pore size as shown in
Figure 10(c) and the results do not indicate that

Figure 9. Absolute permeability results for gyroid lattices of
varying density – simulation in this study vs experimental
results from (Bobbert et al. 2017).
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Figure 10. Permeability simulations (laminar ﬂow) showing (a) a slice image of the analysis for the Rhombic dodecahedron lattice, (b)
absolute permeability diﬀerences between designs, and (c) permeability as a function of median pore size showing a complex relationship.

either the minimal surface or strut-based designs are
more or less suitable for permeability applications.
What is interesting is that the permeability can vary

signiﬁcantly for the same pore size and total porosity
(e.g. D-sb and O-sb have the same pore size and porosity but signiﬁcantly diﬀerent permeability).
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Figure 11. Tortuosity of pore network, from permeability
simulation.

The rough dependence of permeability on pore size is
expected but does not take into consideration the
requirement for complex ﬂow of nutrients in medical
implants. The ﬂow path complexity can be obtained by
the same simulation and is best described by a
parameter termed tortuosity, which is a measure of the
path length of a typical ﬂuid ﬂow streamline through
the medium, compared to a straight line through the
same medium. Higher tortuosity can therefore be
expected to allow nutrients to reach more areas within
the lattice, improving its performance for cell seeding,
vascularisation and bone growth. The permeability simulations allow a simple measure of tortuosity, as shown in
Figure 11. These results indicate that G-sb has the lowest
tortuosity (the structure acts like open channels from top
to bottom, but with no ﬂow between them). The P-ms
model also has low tortuosity, most likely not making it
suitable for bone replacement implants. The other
minimal surfaces have good tortuosity, while strutbased models diamond and octet seem reasonable.

3.2.2 Static load simulation
The most crucial parameter for lattices to be used in
bone replacement implants is the strength and
eﬀective elastic modulus. Static load simulations using
elastic, homogenous material parameters were used
here to directly compare Young’s modulus and stress
distributions in diﬀerent lattice designs.
In order to provide conﬁdence in the validity of the
structural mechanics simulation method employed in
this work, the following approach was followed. In a
ﬁrst series of simulations, the convergence of results
was demonstrated: maximum Von Mises stress and
eﬀective elastic modulus were recorded with increasing
numbers of iterations. Then, simulations for one model
of each type was compared to that predicted by the
Ashby–Gibson model for open-cell foams. Following
this, the model in this work which is most similar to

Figure 12. Convergence of 1% maxima for Von Mises stress (top)
and Elastic modulus (bottom).

the simple cube-lattice, the G-struct (G-sb), was selected
over a range of densities. This was used to compare
simulation results with analytical results of both Ashby–
Gibson and a beam-based Euler Bernoulli solution.
Finally, these results were discussed in relation to
similar models for which experimental data is available
from the literature.
The Rhombic model (the ﬁrst one in Figure 1, strutbased design) was employed for convergence tests
measuring Von Mises stress maximum and elastic
modulus – both are shown in Figure 12. Clearly, the
results converge well, providing some conﬁdence in
the method, provided more than approx. 2000 iterations
were used.
Simulations for each of the 8 models in this work were
compared to calculations based on the Ashby–Gibson
model for open-cell foams (Gibson and Ashby 1999;
Ashby et al. 2000). In this comparison, shown in
Figure 13, some of the simulation results compare well
while some models show lower simulation results for
the elastic modulus. This can be expected as the
Ashby–Gibson model is a simpliﬁed model based on
linear square struts in a cube-lattice geometry.
The results in Figure 13 show some complexity, which
is one of the reasons simulations should be used to
directly compare diﬀerent designs – the Ashby–Gibson
model is only a simpliﬁed model based on straight
struts, and analytical solutions are not always available
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Figure 13. Simulation results for elastic modulus compared to prediction from Ashby–Gibson model.

for all models, especially complex mixtures of models or
graded structures. One simple model for which an
analytical solution is available, is the cube-geometry –
this is also the basis of the Ashby–Gibson model. The
analytical solution for the cube geometry is taken from
(Sing et al. 2018; Bagheri et al. 2017).
The model used in this study which is the most similar
to a cube-lattice is the G-sb (Gstruct model – see Figure 1,
third model). For this model, the simulation result shown
in Figure 13 is very close to the calculated elastic
modulus from the Ashby–Gibson method. For this
model, four diﬀerent densities were selected for further
simulations and compared to both analytical models
mentioned above. This is shown in Figure 14 and provides further conﬁdence in the simulation results.
When the simulation results for minimal surface
designs as in Figure 13 are compared to experimental
data of Bobbert et al. (2017), the elastic modulus found
in their experiments is lower (approx. 5 GPa) compared
to both the Ashby–Gibson model and the simulations of
this work (11–16 GPa). In a previous study of truncated
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Figure 14. Simulation result vs analytical models for Gstruct
model (G-sb) over a range of densities.

cube lattices (Hedayati et al. 2016), a similar eﬀect was
observed regarding lower experimental mechanical properties than that predicted by modelling. This eﬀect might
be due to various manufacturing imperfections in the PBF
process, such as surface roughness, internal defects,
microstructure variations or residual stresses, all of which
will reduce the strength and elastic modulus, and might
vary between models and with diﬀerent build angles.
For example in Sing et al. (2016), struts which should
have been approximately 0.8 mm where in fact produced
in varying thickness depending on production conditions
down to as little as 0.2 mm, with signiﬁcant amounts of
partially melted powder on the surface. Such manufacturing inﬂuences are eliminated when considering comparisons of designs based only on simulation.
The elastic modulus values obtained in this study for
all models were in the range of 8–16 GPa (Figure 13),
close to that of cortical or trabecular bone, and all are
therefore suitable for bone replacements because
stress shielding caused by high stiﬀness gradients
between bones and implants will be avoided.
Lattices with higher stress values and stress concentrations, are likely to have lower static loading yield
strength, lower fatigue life and are likely to fail at the
location of high stress found in simulation. A typical
stress simulation result is shown in Figure 15(a) for
the Rhombic dodecahedron strut-based design, while
the maximum stress values are compared in Figure
15(b) across the diﬀerent designs. It is found here
that the minimal surfaces all have low-stress values,
most likely due to the better distribution of load
across the sheet-like structure, while struts have junctions were stress concentrations can be found in
corners. One exception is the G-sb model, which has
low stress – this can be explained by its vertical struts
which are relatively thick.

VIRTUAL AND PHYSICAL PROTOTYPING
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Figure 15. Static load simulation of 1 kN vertically applied load, showing (a) typical visual von Mises stress distribution in the R-sb
lattice and (b) comparison of maximum Von Mises stress for all 8 designs.

Since the strut-based designs, in particular, are
expected to be anisotropic with regards to their mechanical properties, due to the directionality of the struts, load
simulations were also done at a 45-degree angle relative
to the vertical. These results are shown in Figure 16,
clearly show the lower stress in all minimal surface
designs compared to higher stress in strut-based designs.

4. Conclusions
This investigation compared minimal surface and strutbased designs for lattice structures directly for the ﬁrst
time, aiming to ﬁnd the best designs for bone

replacement implants. This was done using a combination of advanced 3D morphological measurements
and simulations of permeability and static loading. The
strut-based models investigated were Rhombic dodecahedron (R-sb), Diamond (D-sb), Gstruct (G-sb) and
Octet (O-sb). The minimal surface designs investigated
were Diamond (D-ms), Gyroid (G-ms), I-WP (I-ms) and
Primitive (P-ms).
The most important result is that there are no major
diﬀerences for any of the investigated characteristics
between strut-based and minimal surface designs, for
the typical implant density. This means that both types
of lattices will be suitable generally for this application.
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Figure 16. Comparison of maximum Von Mises stress for diﬀerent designs from static load simulations at 45 degrees to vertical.

The only small diﬀerences found between the two types
are that the minimal surfaces outperform strut-based
designs on angular loads. However, they are also
shown to have thin sheet thickness compared to the
strut thickness for the same density models. This might
impact their manufacturability on some PBF systems.
Nevertheless, when process parameters are optimised
this should not be a limitation, as has been shown
before in other studies (Bobbert et al. 2017; Yan et al.
2015; Clymer et al. 2017).
Besides these general results, and despite the minor
diﬀerences between all models, the following points
summarises the comparison and highlights individual
properties:
(1) Strut thickness and pore size distributions show
complex non-normal distributions, which might be
important for bone implant success, e.g. dual or
triple-peaked pore size distributions might be an
advantage for bone growth as the small pores allow
cell seeding and initial bone growth while larger
pores allow vascularisation and later bone ingrowth.
All models vary in their pore size distribution
proﬁles. Minimal surface designs are found to have
mostly one size for their strut/sheet thickness. Future
osseointegration studies could attempt to ﬁnd not
only ideal pore sizes but potentially correlate osseointegration success with complex pore distributions.
(2) Relative surface areas vary between all designs, with
three out of four minimal surfaces having higher
than average surface areas but the P-ms having a
lower surface area. The D-sb and G-sb also have relatively low surface areas. Surface area is expected to
be important for initial cell seeding.

(3) Permeability varies in all designs, with larger pore sizes
resulting in higher permeability, but a non-linear
relationship is present: some designs, which have the
same pore size median, have diﬀerent permeability
values. Good models for permeability are G-ms, D-sb
and G-sb. Tortuosity describes the ﬂow path complexity, with higher ﬂow path complexity assumed to be
advantageous for implants, for this it seems the best
of the above three models is the G-ms and D-sb
models, as the G-sb has the lowest tortuosity
(4) Load simulations show that the elastic modulus of all
models is good and within the range of 8–16 GPa,
with minimal surfaces in general slightly higher
(stiﬀer) than strut-based designs.
(5) Minimal surface designs have low stresses in static
load simulation, indicating they distribute the load
better and should, therefore, have higher static
yield strength. The lack of stress concentration
regions (e.g. sharp edges, corners) should increase
their fatigue life as well. All minimal surface designs
handle angular loads better than strut-based
designs.
(6) Considering all parameters besides strut thickness,
the best design seems to be Gyroid and I-WP structures of the minimal surface types, since they have
the best combination of good pore size, high
surface area, high permeability and high tortuosity
of pore network, coupled with low stress under
applied load.
(7) Considering the static load simulation will emphasise
sharp corners, which may be smoothed out in real
built parts, or even in the design phase, the Octet
design also has a reasonably good combination of
parameters.

VIRTUAL AND PHYSICAL PROTOTYPING

The complexity and inter-relation between parameters make this kind of detailed comparison necessary
to ensure best designs are selected for a particular
purpose, as in this case for bone replacement implants.
When one aspect is considered more important, a suitable model may be selected for this purpose.
It is envisaged that new lattice designs will be tested
according to the methodology reported here. An interesting result is the non-trivial pore size and strut thickness distributions, as well as the total surface areas,
varying signiﬁcantly between designs. It would be interesting to correlate future osseointegration studies of
bone growth in diﬀerent lattice designs, with the
detailed pore size distributions, permeability, tortuosity
and total surface area values found in these simulations.
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