
1 
 

Design concepts for generating optimised lattice structures aligned with strain trajectories 
 
Stephen Daynes1, Stefanie Feih1*, Wen Feng Lu2 and Jun Wei1** 
 
1Singapore Institute of Manufacturing Technology, 2 Fusionopolis Way, Singapore 138634 
2Department of Mechanical Engineering, National University of Singapore, Singapore, 117975 

 

Corresponding authors: 
*Dr Stefanie Feih (feihs@SIMTech.a-star.edu.sg) 
**Dr Jun Wei (jwei@SIMTech.a-star.edu.sg) 
 
Abstract 
 
Additively manufactured lattice structures enable the realisation of light-weight, multi-
functional, structures. For example, lattices can be used for high stiffness and buckling resistance 
in sandwich structures or as support material for additive manufacturing. Topology optimisation 
and additive manufacturing are two technologies that allow the design, optimisation and 
manufacture of complex lattice designs. In this work, a new lattice optimisation methodology is 
presented that tailors the size, shape and orientation of individual lattice trusses in three-
dimensional space by using principal strain fields obtained from topology optimisation. This new 
method of generating functionally graded lattices is shown both numerically and experimentally 
to be capable of generating lattice structures with greatly improved stiffness and strength when 
compared to lattice structures with a uniform lattice infill. Upper and lower relative density 
thresholds and minimum truss member sizes are included in the optimisation workflow to ensure 
that the optimised lattice designs are compatible with additive manufacturing process 
constraints. The functional grading method is also shown to be capable of generating conformal 
lattice structures in three dimensions, even for complex loading conditions and arbitrary volume 
boundaries. 
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1. Introduction 
 
Additive manufacturing enables the generation of complex lattice structures for a variety of 
applications, often when a light-weight core is required to withstand external loads. It has been 
demonstrated that cellular structures are particularly well suited to multi-functional applications 
where cell topology can be tailored to provide sufficient stiffness and strength while possessing 
other beneficial characteristics [1, 2]. Multifunctional applications include buckling resistant 
sandwich panel cores [3, 4], controlling fluid flows within a structure [5], absorbing impact energy 
[6, 7], heat transfer or insulation [8, 9], acoustic damping [10], and surface texturing for 
biomedical implants [11, 12]. Such cellular structures can be found throughout the natural world, 
with examples including bamboo [13], sea sponges [14, 15] and the internal cores of bones [16]. 
 
The most common cell arrangements are periodic, such as Kagome lattice cores [17] and triply 
periodic minimal surfaces [18], or stochastic, such as foams where the cellular structure is 
randomly distributed [19]. Functionally graded versions of these topologies are also possible 
where there is a variation in relative density and hence tailored properties through the structure. 
Periodic truss-type lattice structures with a relative density variation through the thickness have 
been shown to have gradual crushing behaviour with the sequential collapse of the graded layers 
[20]. Both periodic and stochastic functionally graded structures have also been investigated for 
orthopaedic hip implants [21, 22] where there is a requirement to match the stiffness and 
strength of bone and also to tailor the surface texture to promote bone growth. Additive 
manufacturing technologies are particularly well suited to the realisation of such complex cellular 
structures [23, 24]. When compared to traditional manufacturing techniques, the available 
design space for additively manufactured parts is largely free from manufacturing constraints or 
limitations on design complexity. 
 
Computational methods have been developed to address the difficult challenge of generating 
functionally graded lattice structures. Such approaches include a voxel-based method [25] and a 
‘space warping’ method to compress cell size in high stress areas [26]. A dithering approach 
combined with Voronoi tessellations has also been proposed to generate graded stochastic 
patterns [27, 28]. The potential to generate highly complex parts also enables extensive use of 
topology optimisation (TO) as part of the design process [29, 30]. With TO, an optimal relative 
density distribution can be converted into a cellular structure with a tailored relative density 
varying between cells [31, 32]. TO approaches employing cellular structures often utilise 
homogenisation approaches to simplify unit cell representation for modelling of the structural 
performance at macro-level [33]. A different approach is the multi-scale concurrent design 
method where cell level details are optimised concurrently with their macroscopic distribution 
[34, 35]. Cell orientation has also been identified as an important factor to account for during the 
optimisation of lattice structures. Tang and Zhao developed a method to optimise the 
distribution of lattice orientations in a discrete number of ‘sub functional volumes’ [36]. Reinhart 
et al. developed a different approach by arranging lattice trusses to align with ‘flux of force’ 
within a solid [37] and showed reduced stress concentrations occurred at truss connections when 
compared with a uniform lattice design. The study of such optimal truss arrangements can be 
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traced back to Michell, who defined the minimum mass truss structure to sustain a given force 
[38]. 
 
This paper addresses outstanding questions regarding best practice for arranging lattice cells for 
maximum stiffness (minimum compliance) in three-dimensional space including printing 
constraints, as well as benchmarking of the resulting mechanical lattice properties against solid 
topology designs of the same mass. We begin with an outline of the general state-of-the-art 
lattice optimisation approach in commercial finite element analysis (FEA) software. FEA is 
capable of generating functionally graded lattice structures, where the diameter of each lattice 
member is uniquely sized while maintaining the same cell size. This approach is then compared 
with our in-house developed method that can additionally tailor the lattice cell size, shape and 
orientation based on optimal strain distributions in three-dimensional space. Additionally, we 
highlight the importance of incorporating lower and upper density threshold values to separate 
void and solid regions from the lattice structure. These density thresholds are related in this work 
to respective additive manufacturing process constraints. Two engineering case studies are 
presented to demonstrate that functionally graded lattices with the additional design freedom 
of lattice arrangement can lead to significantly higher stiffness. 
 
 
2. Numerical and Experimental Methodology 
 
This section contains five subsections. The first subsection introduces the TO problem description 
and the procedure to generate optimal relative density distributions. The second subsection 
introduces lattice manufacturing constraints in the form of lower and upper relative density 
bounds. This is followed by details of the method for generating lattices aligned with principal 
strain trajectories. These graded lattices fill regions of intermediate relative density. The fourth 
subsection gives details of parametric (size and shape) optimisation to ‘fine tune’ the lattice 
design. The last subsection describes the design validation in this work as undertaken by Selective 
Laser Sintering (SLS). It is noted that the presented consideration of the manufacturing limits in 
Section 2.5 applies to most AM processes.  
 
2.1. Optimisation problem description 
 
We use Altair’s OptiStruct 2017 in-built TO functions as a basis for our work. The software uses 
the Solid Isotropic Material Penalisation (SIMP) method [39] whereby the optimum material 
distribution is parameterised by relative density. This method was chosen because SIMP enables 
both a discrete solid-void representation of optimal material distribution and also a greyscale 
representation of the optimal relative density where lattice regions can be introduced. The linear 
static formulation for the relative density-based TO problem is given in Equation (1): 
 

Minimise: 𝑐(𝝆, 𝐔) =
1

2
𝐔T𝐊𝐔 (1a) 

subject to: 𝐊(𝝆)𝐔 = 𝐅(𝝆) (1b) 
𝑔(𝝆) = 𝑉 − 𝑉𝑓 ≤ 0 (1c) 
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0 ≤ 𝝆 ≤ 1 (1d) 
 
Here 𝑐 is the objective function, 𝝆 is a vector containing the relative density design variables, the 
displacement vector is given by 𝐔 and the global stiffness matrix for the FEA problem is 𝐊. The 
objective is to minimise structural compliance, 𝑐, which is measured by elastic strain energy. 
Compliance can be considered a reciprocal measure of the stiffness. The displacement vector 𝐔 
is found by solving the static elasticity equation (Equation 1b). To satisfy equilibrium, the stiffness 
matrix and the displacement matrix are related to the force vector 𝐅. The constraint function 𝑔 
in Equation 1c links the material volume fraction in the design space 𝑉 and the allowable volume 
fraction upper bound Vf. 
 
A power law penalisation is applied to the stiffness- relative density relationship. With this power 
greater than unity, the law will penalise the formation of intermediate relative density regions 
since the relative stiffness of the constituent solid material will typically be higher than that of a 
lattice [40]. In this work the relationship between solid and lattice stiffness is based on the 
following semi-empirical expression [41, 42, 43]: 
 
𝐊(𝛒) = 𝛒𝑝𝐊𝑠 (2) 
 
The stiffness of the solid material is given by 𝐊𝑠. The penalty factor 𝑝 can be specified prior to 
optimisation. A penalty of 𝑝 = 4 is used for solid topology designs, resulting in a mostly binary 
result of void and solid regions. No penalty can be applied (𝑝 = 1), although this idealised state is 
hard to achieve with a lattice structure, where a proportion of the trusses will not be aligned with 
the applied loads, which in turn introduces a degree of structural inefficiency. An exponent of 𝑝 
= 1.8 is characteristic of the open cell lattice structures used in this work [19]. Such a penalty 
factor typically leads to an optimised design with a mixture of fully dense and void regions with 
some intermediate relative density regions. A less conservative penalty of 𝑝 = 1.25 is also 
available in OptiStruct and will be evaluated later in the paper. 
 
The methodology is presented in this section using our first case study of a simply supported floor 
beam, see Figure 1, which is subject to a design space volume fraction constraint, 𝑉𝑓, of 1/3. The 

beam has a 1 mm thick upper skin (non-design space) that is subject to a uniformly distributed 
pressure load. The design space (grey region) is meshed with 2.5 mm second order hexahedral 
elements prior to TO. The upper 1 mm thick floor is modelled with 2.5 mm second order 
quadrilateral shell elements. A minimum thickness constraint of 10 mm is set during TO, allowing 
the generation of two complete lattice cells. 
 
The optimal relative density distributions in the beam using the three penalty factors of 𝑝 = 1, 
1.25 and 1.8, are shown on the left hand side of Figure 2. It can be seen that a larger proportion 
of intermediate relative density regions is generated when reducing penalty factors. 
 
2.2. Lattice relative density bounds 
 



5 
 

Even with recent advances in additive manufacturing, it is impractical to manufacture a lattice 
structure that can approach either limits of 0% or 100% relative density. Low densities are 
difficult to achieve since any additive manufacturing process will have a minimum print 
resolution, which in turn will determine the minimum feasible truss diameter. Such minimum 
feature sizes are a result of melt pool and powder characteristics in the case of powder-based 
printing processes. In this work we set a minimum relative density bound of 10%, which 
approximately corresponds to the relative density of a cubic cell with a 5 mm edge length and a 
minimum truss diameter of 1 mm, see Figure 3a. It will be shown in the following section that 
the lattice generation method in this work creates three orthogonal sets of lattice trusses. 
Therefore, using a cubic unit cell, which is also composed of three orthogonal sets of lattice 
trusses, is a reasonable first approximation to evaluate relative density bounds for manufacturing 
feasibility. After the TO step in Section 2.1, this lower relative density bound is applied by 
removing elements with low densities and re-meshing the remaining volume. After the 
application of relative density bounds the remaining solid regions are re-meshed to have 2.5 mm 
second order tetrahedron elements. The TO is then performed for a second time, since the 
reduction of design volume - when the lower bound is applied - has some influence on the 
optimised relative density distribution. The lower bounds are shown by the white regions on the 
right hand side of Figure 2. 
 
Similarly, high relative densities of lattice regions can also be difficult to manufacture due to print 
resolution limitations, see Figure 3b. The open cell nature of truss-like lattice structures have 
been found to be a useful for avoiding powder entrapment, when compared with using wall-like 
infill designs [44]. However, printing trusses in close proximity can still result in the formation of 
internal cavities, which can trap supporting powder and/or trusses merging together due to 
thermal conduction occurring between close neighbouring trusses. For these reasons, an upper 
relative density bound of 60% is used in this work, as shown by the black regions on the right 
hand side of Figure 2. Lattice regions with approximately 60% relative density will have internal 
pore features less than 2 mm across. 
 
An additional advantage of applying an upper density bound is that the SIMP penalty factor 
approach as per Equation (2), used for approximating relative lattice stiffness in terms of relative 
density, becomes less accurate with increasing relative density. This is caused by the intersecting 
volumes of neighbouring trusses becoming larger as the truss diameters increase relative to the 
unit cell size [45], also indicated in Figure 3b. Modelling the stiffness for these higher relative 
densities with increased accuracy is possible by considering additional terms in the penalty factor 
approximation [46]; however, this approach is currently not available in OptiStruct. 
 
2.3. Lattice generation based on principal strain trajectories 
 
Usually with TO a threshold relative density is applied to the optimised relative density 
distribution and any elements falling below this value are deleted and any elements above this 
value are converted to solids, resulting in a binary void-solid solution. However, in this work these 
intermediate relative densities are represented by lattice trusses in the form of beam elements. 
This solution can be considered as a grayscale interpretation of the idealised optimal relative 
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density distribution. The conventional approach is to populate these intermediate relative 
density regions with a repeated uniform array of lattice unit cells. The research presented in this 
work is an advancement on this state-of-the-art by generating graded lattice infill arrangements. 
Lattice truss spacing, length and orientation become additional design variables. This in-house 
developed approach uses the optimised strain data to generate an interconnected network of 
trusses aligned with principal strain trajectories [47, 48]. After TO, the strain tensor is available 
for each node in the solid FEA model: 
 

𝛆 = [

𝜀𝑥 𝜀𝑥𝑦 𝜀𝑥𝑧

𝜀𝑥𝑦 𝜀𝑦 𝜀𝑦𝑧

𝜀𝑥𝑧 𝜀𝑦𝑧 𝜀𝑧

] (3) 

 
Each row describes three strains acting on a plane that is aligned with one of the global 
coordinate axes. This data enables the three principal strain magnitudes to be determined (𝜀𝒋, 𝑗 =

1,2,3) in addition to their orientation [49, 50]. This is done in Matlab by calculating the 
eigenvalues and eigenvectors respectively. Three orthogonal, normalised, eigenvectors are 
calculated (𝐧𝒋, 𝑗 = 1,2,3), each one corresponding to a principal strain direction. Matlab is also 

used to trace the resulting strain trajectories from initial starting seed locations 𝑎0. This is done 
using a fourth-order Runge-Kutta scheme [51]. A step size ±∆𝑠 is used to trace along the principal 
strain trajectories, set at 2 mm in this work. 
 

𝑘1 = 𝐧𝒋|
𝑎𝑖

∆𝑠 (4a) 

𝑘2 = 𝐧𝒋|
𝑎𝑖+

1

2
𝑘1

∆𝑠 (4b) 

𝑘3 = 𝐧𝒋|
𝑎𝑖+

1

2
𝑘2

∆𝑠 (4c) 

𝑘4 = 𝐧𝒋|
𝑎𝑖+

1

2
𝑘3

∆𝑠 (4d) 

𝑎𝑖+1 = 𝑎𝑖 +
1

6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) (4e) 

 

In Equation (4), 𝑎𝑖+1 is the next point along the trajectory to be calculated and 𝐧𝒋|
𝑎𝑖

 is a principal 

strain direction at point 𝑎𝑖. The seed locations, shown by the red markers on the left hand side 
of Figure 4, are equally spaced at 2.5 mm intervals within the design volume. Principal strain 
trajectories are traced, from each seed point, until the boundary of the lattice region is reached. 
If the seed point lies outside the intermediate relative density volume then no tracing of 
trajectories is initiated. 
 
A close-up view of a lattice region for the beam with the penalty factor 𝑝 = 1 is shown in Figure 
5. The close-up lattice region shown has dimensions of 20 mm × 20 mm × 5 mm, with the shorter 
dimension in the through-thickness direction. The three strain trajectories emanating from a 
single seed point are shown in Figure 5a. At the point of intersection all three trajectories are 
orthogonal. All of the trajectories from all seed points are shown in Figure 5b. Principal strain 
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trajectories generated for each model are shown on the left hand side of Figure 4. Note that one 
third of the trajectories generated are perpendicular to the page for this plane stress loading 
condition. Comparing Figures 2 and 4, it can be seen that the principal strain trajectories have a 
tendency to move closer in areas of higher relative density.  
 
The next step is determining how to appropriately space and join the strain trajectories to create 
an interconnected lattice structure. Here, an average spacing criterion is implemented whereby 
the distances and relative orientation of neighbouring trajectories are compared, see Figure 5c. 
If the average distance is less than a prescribed threshold value (5 mm in this work) and the 
trajectories are aligned in the same direction, then the trajectory in question is deleted. This 
deletion process is done in order of descending trajectory length. Longer principal strain 
trajectories are preferable in the final lattice design, since they are more likely to form continuous 
load paths and well formed, conformal, void regions. 
 
Next, the remaining principal strain trajectories are connected together, see Figure 5c. The 
trajectories are colour coded in red, green and blue in Figure 5 to represent their relative 
orientation. If two principal strain trajectories of different orientations are in close proximity to 
one another, then they are connected by an additional line. In this work the threshold distance 
is set to 2.5 mm, corresponding to half the average trajectory spacing criterion. These additional 
lines, shown as bold black lines in Figure 5c, are orthogonal to both strain trajectories that they 
connect to. The orientations of these connecting lines are determined by taking the cross product 
of the two strain trajectories at their closest points. Finally, size and shape (parametric) design 
variables are assigned to the lattice nodes in Matlab before being exported back into OptiStruct 
in text file format (*.fem). It is noted that this process has been fully automated for arbitrary 3D 
design volumes. 
 
2.4. Size and shape (parametric) optimisation 
 
The average spacing approach presented in Section 2.3 is a convenient means to generate a 
lattice structure that is limited by the printable feature constraints shown Figure 3. However, 
average distance spacing does not guarantee an optimal load re-distribution between trusses. 
Further improvements in performance can be achieved by fine tuning the lattice size and shape 
parameters. Each lattice member is modelled as a tapered truss element. The diameter at each 
end of the truss then forms a unique nodal design variable that can be size optimised, ensuring 
that connecting nodes have the same diameter. During size optimisation, the minimum lattice 
truss diameter is constrained to 1 mm to ensure the minimum feature dimensions remain 
printable with high geometric accuracy. 
 
Shape design variables are also assigned to some of the lattice nodes. These nodes are shown in 
yellow on the left hand side of Figure 6. The shape variables allow the nodes to move in two 
orthogonal directions for the case of plane stress problems and in all three directions for 3D stress 
problems. A node-to-surface freeze contact is implemented to connect the lattice nodes that are 
in close proximity (< 1 mm) to the solid and shell regions. Nodes that lie on a solid-lattice interface 
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are not assigned shape variables. This ensures that lattice and solid/shell regions remain 
connected during size and shape optimisation. 
 
During this parametric optimisation the same problem formulation, as described in Equation (1) 
is implemented, except now it is the related truss diameters and positions that determine the 
relative density distribution. The final size and shape optimised designs are shown on the right 
hand size of Figure 6. As a typical example, for the beam with 𝑝 = 1 in Figure 6 we generate 1644 
size variables and 2198 shape variables. 
 
We use one of the in-built optimisation algorithms in OptiStruct, known as the Method of 
Feasible Directions (MFD), for this parametric optimisation step. An advantage of this algorithm 
is that it always produces a feasible design if the initial design is itself feasible [52]. The algorithm 
improves the design at each iteration, so that an acceptable solution can be quickly achieved. It 
can be seen in Figure 6 that the shape optimisation procedure has the effect of smoothing the 
final design. Discontinuous lines at lattice-void interfaces tend to become vanishingly small. 
 
The final step in the process is to export the optimised structure for printing. The structure is 
exported from HyperMesh as a *.fem file with its updated size and shape parameters. The file is 
converted into *.stl format for printing via Materialise 3-matic software. This software enables 
the conversion of generation of tapered trusses, with smooth connections at lattice nodes. 
Lattice and solid regions are finally merged in 3-matic to create a single manifold surface. A 
summary of the optimisation workflow is shown in Figure 7. 
 
2.5 Experimental details 
 
The lattice structures were printed by SLS on an EOS P395 machine. This is a powder based 
additive manufacturing process that uses a laser as a localised heat source to sinter polymeric 
powder particles into solid components. The raw powder material used in this work is polyamide 
PA 2200 (Nylon 12). Standard EOS parameters were used for the printing process with a layer 

thickness of 120 m [53]. The density and tensile modulus of the laser sintered parts are 0.93 
g/cm3 and 1700 MPa, respectively. The stress-strain relationship of the material is mostly linear 
up to yield strength. For all experimental validation tests, an Instron 5982 universal test machine 
was used with a 10kN load cell and at a test speed of 1 mm/min. 
 
Printing accuracy was assessed for the relevant diameter ranges of circular structures via optical 
microscopy and found to be within +5-10% of the design diameter. For the standard processing 
parameters used, lattice trusses tend to print larger than the design diameter, and this increase 
can be attributed to the partial attachment of sintered powder particles to the surface. For 
specimens printed for design validation, removal of powder after printing required several 
iterations of sand blasting the specimens, mechanical scraping and brushing. However, additional 
loose powder remained present within smaller cavities. These particles add to the surface 
roughness and some additional mass of the structure, but do not contribute structurally to an 
increase in stiffness and strength. 
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3. Results and Discussion 
 
In this section two case studies are presented that compare state-of-the art topology and lattice 
optimisation with our in-house developed method for generating functionally graded lattices. 
 
3.1. Floor beam 
 
Referring back to the case study shown in Figure 1, the lattice designs shown in Figure 6 are 
benchmarked against a classical solid-void SIMP optimisation by setting the penalty factor high 
to 𝑝 = 4 and re-running this optimisation problem. The minimum feature size is also reduced to 
1 mm in this solid-void case, so it is comparable to the minimum allowable lattice diameters in 
the other designs. The optimal relative density distribution from this SIMP optimisation ( 𝑝 = 4) 
can be seen in Figure 8a, showing that there are almost no intermediate relative density regions 
due to the high penalisation applied. The final design is shown in Figure 8b after applying a 50% 
relative density threshold.  
 
For an additional comparison, the result of applying the strain trajectory approach to a volume 
with a uniform density is shown in Figure 8c. For this example, the truss diameters are generated 
of uniform size and scaled so that the resultant beam has the same mass as the other benchmark 
studies presented. The load path alignments between Figures 8b and 8c show some similarities; 
however, the compliance of the latter design is 1.61 times higher. One of the causes for such a 
high compliance in Figure 8c is the poor load transfer between the thin lattice members and the 
simply supported boundary conditions at the lower corners. The design in Figure 8c will also be 
difficult to print with a powder bed fusion processes due to the close proximity of neighbouring 
lattice trusses near the mid-span on the beam, leading to particle fusion and entrapped powder. 
 
Reverting back the beam designs presented in Figures 6, the compliance results of these three 
optimised lattice designs with strain trajectories and different penalty factors are compared with 
the solid design, see Figure 9, to determine the influence of the penalty factor on the structural 
response. The results have been normalised with respect to the solid design (𝑝 = 4). Of the three 
penalty factors available for lattice optimisation in OptiStruct, the 𝑝 = 1.8 penalty results in the 
final design with the lowest compliance when compared to the other available penalty factors. It 
can also be seen in Figure 9 that the compliance of the final solid topology design using 𝑝 = 4 
results in the highest of all the four penalty factors considered. The cause of this is attributed to 
the high penalty factor approach leaving larger areas of the upper side of the beam, where the 
pressure load is applied, poorly supported by long slender members when applying the lower 
threshold density cut-off of 0.5. 
 
Two designs containing uniform lattice unit cell topologies are also compared with the best 
performing optimised lattice design (Figure 10) for further benchmarking purposes. The first of 
these benchmark lattice structures consists of cubic unit cells with 5 mm side lengths. Lattice 
trusses are placed along the edges of these cubic unit cells. The second of these two benchmark 
structures contains tetrahedron unit cells with an average edge length of 9 mm. Edge lengths 



10 
 

vary slightly between cells in order for the cells to fit within the rectangular beam profile. 
Similarly, the cubic lattice unit cells, trusses are placed along the edges of the tetrahedron cells. 
A 9 mm edge length is used for the tetrahedron unit cell to achieve a similar lower relative density 
bound of 10% when a minimum truss diameter constraint of 1 mm is imposed. For both of these 
uniform unit cell arrangements, each lattice node (truss diameter) is then size-optimised to 
produce a functionally graded lattice. 
 
For design validation, 4-point bend test fixtures were used as a uniformly distributed load is 
difficult to achieve experimentally. For testing purposes, the uniform load is approximated using 
a 4-point bend test with loads applied at 1/3 and 2/3 span. This loading arrangement results in a 
similar bending moment distribution, maximum deflection and identical maximum bending 
moments at 1/2 span when the 4-point bending loads are scaled by a factor of 0.75. The load-
displacement curves of the three lattice structures tested are shown in Figure 11. There is close 
agreement between the initial stiffness estimated by FEA for the four structures. All lattice 
structures displayed an initial linear-elastic response followed by buckling in the lattice regions. 
The optimised design results in the highest failure load, in addition to the highest stiffness. 

 
Table 1 shows the comparison of compliance for distributed and 4-point bend loading, based on 
FEA. The 4-point bend test is displacement controlled, which can lead to a non-uniform 
distribution of load applied along the loading rollers. This non-uniformity is negligible for the 
optimised design, where load is placed over solid regions in the structure. However, for the two 
benchmark designs, this discrepancy is more significant, which is considered a contributing factor 
to their higher compliance values. The compliance of all three beam designs also differ slightly in 
this 4-point loading configuration, compared to uniformly distributed loading, as a result of 
localised deformations around the loading points. However, in terms of relative improvements 
against the respective benchmark designs, the results show consistent trends. 
 
The experimental compliance results for these three designs are also provided in Table 1. Overall 
the agreement between experimental testing and numerical analysis is considered good in 
absolute values and very similar in terms of relative stiffness improvement. It can be seen that 
the optimised design has the lowest compliance. This highlights that implementing the relative 
density bounds and arranging lattice cells are both beneficial for reducing compliance. It is also 
interesting to note that of the two uniform designs, it is the tetrahedron that performs better 
under distributed loading. The uniform square design has a bending-dominated behaviour 
whereas the tetrahedron unit cell is stretch-dominated [41, 42]. The optimised design does not 
show bending-dominated behaviour since its arrangement of cells of varying shape, size and 
orientation prevent it from folding in a mechanism-like manner at its node regions. 
 
Characteristic truss diameter ranges between these three beams are provided in Table 2. These 
values were extracted from the FEA models after size optimisation. Of the three designs, the 
trusses aligned with strain trajectories have the smallest average size. This is a consequence of 
the upper relative density threshold being applied, which limits lattice generation to 
intermediate relative density regions. It is also interesting to note that the strain trajectory 
approach results in the lowest standard deviation in truss diameters. This result is also evident 
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by observing Figure 10, where the diameters of the aligned trusses in in Figure 10c appear more 
self-similar. This design feature is favourable for reduced stress concentrations at connecting 
nodes. 
 
3.2. Spider bracket 
 
The second case study is for a three-dimensional spider bracket, as shown in Figure 12. A vertical 
load is applied to the central pad and the four lower pads are given simply supported boundary 
conditions. These 10 mm thick pads form the non-design space, shown in red in Figure 12a. The 
same meshing, optimisation and lattice generation parameters are used in this second case 
study. The only difference in the setup of the optimisation problem description is that the design 
space volume fraction in Equation 1c is reduced to 10%. 
 
The SIMP method with a high penalty factor of 𝑝 = 4 tends to work well for such applications 
where there are discrete loading points to connect, see Figure 12b. The SIMP result with a penalty 
of 𝑝 = 1.8 and a 10% lower relative density bound and a 60% upper relative density bound applied 
is shown in Figure 13a. Only the penalty factor of 𝑝 = 1.8 is presented for this case study since it 
has already been shown in the previous case study to be the most effective penalty available for 
modelling lattices aligned to principal strain trajectories (Figure 9). It can be seen in this 𝑝 = 1.8 
design that the web regions primarily consist of intermediate densities, see Figure 13b. The final 
printed lattice design after parametric size and shape optimisation is presented in Figure 13c, 
showing that our in-house developed method is capable of generating a conformal, 
interconnected, lattice network in complex three dimensional spaces. 
 
The boundary conditions of the experimental compression testing set-up are shown in Figure 
12c. A 6 mm diameter screw is attached to the central pad, which is then clamped to the moving 
cross-head of the Instron machine. The four arms are free to slide on a lower steel base plate. 
The relative compliance results are presented in Table 3, normalised with respect to the solid 
model with 𝑝 = 4. For this case study the compliance of the solid design is the lowest, but it is 
noted that the compliance results of the two final FEA models are within 5%. 
 
The solid design in Figure 12b has large overhang regions that would require support material 
with metallic powder-bed fusion processes [54], such as selective layer melting or electron beam 
melting. Support structure is removed after printing, resulting in additional waste material and 
labour-intensive post processing efforts.  In contrast, the unsupported length in the lattice design 
is much smaller, effectively eliminating the need for additional support at minimal increase of 
compliance. Hence, the potential for these optimised lattice designs to have a multi-functional 
application as a support structure during printing is investigated in the following. 
 
A numerical investigation is carried out using the overhang constraint available in OptiStruct, see 
Figure 14. The default overhang constraint ‘CONSTR’ option is strictly applied with the default 
larger overhang ‘STEP’ length activated to promote faster solution convergence. A 45 degree 
overhang constraint is implemented in both the solid and lattice optimisation workflows. This 
overhang angle is measured from the build direction, and a larger angle consequently implies 
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more design freedom.  As expected, the addition of this overhang constraint increases the 
compliance of the solid topology solution by 12%, see Figure 14c. However, the inclusion of the 
overhang constraint with lattice optimisation reduces the compliance by 13%, hence the lattice 
design results in a better solution when realistic manufacturing constraints are considered. In 
Figure 14d it can be seen that a solid region forms on the overhanging face. 
 
 
4. Conclusions 
 
Topology and lattice optimisation are increasingly being used as part of the design process for 
generating high performance additively manufactured parts. Methods for the design and 
optimisation of complex lattice structures has significant potential to realise enhanced or new 
functionality in a range of applications. We have presented a new lattice generation method 
based on lattices aligned with principal strain trajectories capable of full 3D design solutions. This 
method is shown to be an effective means of generating lightweight, high stiffness, lattice 
designs. The inclusion of upper and lower relative density bounds is an important consideration 
to ensure that the final lattice design is printable, within the constraints of a given additive 
manufacturing process. These relative density bounds are included in the optimisation workflow 
to ensure a printable lattice is generated. 
 
The results presented are for two specific case studies, though the methodology presented is 
applicable more generally. For the floor beam example, where there is a requirement to support 
a uniformly distributed pressure load, our lattice optimisation method exceeds the state-of-the-
art topology and lattice optimisation results in terms of minimising compliance. For the spider 
bracket example, where an additional overhang constraint is included, the compliance of our 
lattice optimisation solution is shown to be lower than the conventional solid TO result. 
 
In addition to potentially further minimising compliance, the lattice generation procedure 
presented in this paper has other advantages over the current state-of-the art: 
 

1) Ability to closely achieve the original topology optimised compliance after lattice 
generation, using a stiffness penalty factor that accurately describes the lattice infill. 

2) Creation of conformal infill lattices for complex 3D volumes. Smooth outer surface of 
lattice regions that promote better strength and aesthetic appearance are created. 

3) Ability to create built-in functional support structure, hence reducing material waste and 
post-processing time. 

 
Areas of future work include the study of objective functions other than minimising compliance 
and other constraints, such as buckling or yielding. The lattice structures in the presented case 
studies create a significantly larger surface area compared to equivalent solid topology designs. 
This benefits multi-functional applications where high mechanical performance is required in 
addition to heat transfer considerations. 
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Tables 

 
Table 1: Beam compliance results, relative to the solid design, c/csolid. 

 

 Cubic Tetrahedron 
Strain trajectories 

(𝑝 = 1.8) 

Distributed load, FEA 2.20 1.56 0.63 
4-point bend, FEA 2.65 2.11 0.69 
4-point bend, Expt. 2.52 2.08 0.76 

 
 
 
Table 2: Characteristic truss diameter ranges (FEA). 

 

 Cubic Tetrahedron 
Strain 

trajectories 
(𝑝 = 1.8) 

Mean [mm] 1.48 1.61 1.18 
S.D [mm] 0.61 0.66 0.23 

 
 
 
Table 3: Comparison of compliance for simulated and tested structures. Results are given 
relative solid design, c/csolid. 
 

 
 p = 4 (solid) p = 1.8 (solid-lattice) 

FEA 1.00 1.05 
Experiment 0.96 1.19 
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Figure captions 

 

Figure 1: Simply supported floor beam with a uniformly distributed pressure load (dimensions 

in mm). (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

 

Figure 2: SIMP results before (left) and after (right) relative density thresholds are applied, 

using a penalty of (a) p = 1, (b) p = 1.25 and (c) p = 1.8. Volumes exceeding upper and lower 

relative density bounds are shown in black and white respectively. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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Figure 3: Cubic unit cell with (a) 10% relative density showing minimum printable feature size of 

0.5 mm radius (1 mm diameter) and (b) 60% relative density showing trusses in close proximity 

which will result in powder entrapment and larger intersecting volumes of neighbouring 

trusses. 

 

Figure 4: Seed locations and all principal strain trajectories generated (left). Remaining trusses 

after deletion and connection steps (right). Penalty factors of (a) p = 1, (b) p = 1.25 and (c) p = 

1.8. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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Figure 5: Principal strain trajectory generation in 3D space under plane stress conditions; (a) 

three orthogonal trajectories from a single seed point, (b) all trajectories from all seed points 

and (c) trajectory deletion by enforcing average distance criterion followed by connecting 

remaining trajectories that are orthogonal and in close proximity. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.) 

 

Figure 6: Size optimisation with shape variables highlighted in yellow (left). Size and shape 

optimisation (right). Penalty factors of (a) p = 1, (b) p = 1.25 and (c) p = 1.8. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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Figure 7: Optimisation workflow to generate topology optimised structures with lattice regions 

aligned with strain trajectories. 

 

Figure 8: Benchmark studies.  (a) SIMP with p = 4 and (b) the corresponding final design after 

50% relative density threshold is applied. (c) Uniform truss diameter lattice aligned with strain 

trajectories, plotted for a uniform solid volume. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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Figure 9: Relative compliance from FEA of the final optimised lattice (p =1, p =1.25 and p =1.8) 
designs. Results are normalised to the solid design with p = 4. 

 

Figure 10: Printed models used for experimental validation; (a) cubic unit cells, (b) tetrahedron 

unit cells and (c) lattice design aligned with principal strain trajectories (p = 1.8). 

 

Figure 11: Four-point bend load-displacement curves (FEA predictions shown with dashed 

lines). 
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Figure 12: Spider bracket case study: (a) design space, (b) benchmark solid optimisation with p 

= 4, (c) compression testing set-up. Dimensions in mm. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

 

Figure 13: Optimisation workflow for generating a bracket with lattice infill; (a) remaining 

intermediate relative density region after application of lower and upper relative density 

thresholds, (b) principal strain trajectories in remaining volume, (c) final printed structure 

comprising both solid and aligned lattice regions. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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Figure 14: Influence of the 45 degree overhang constraint on compliance showing; (a) p = 4, (b) 

p = 1.8, (c) p = 4 with overhang constraint and (d) p = 1.8 with overhang constraint. 
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