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Abstract

Topology optimization (TO) aids designers to come up with new ideas that

would be impossible to be designed without this technology. However, the

optimized results are usually characterized by high geometric complexity,

which makes almost impossible their manufacturing by conventional methods.

Additive manufacturing (AM) overcomes this problem and increases the

design flexibility. In addition, lattice structures with their porous infill combine

the design flexibility with good material properties, such as high strength com-

pared with relatively low mass. In this paper, the authors compare designs

derived from traditional TO lattice optimization with respect to their tensile

strength. A case study of a custom cylindrical model is used to support the the-

ory and collect empirical data. The simulation data as well as the implemented

methodology in this work can be used as a guidance for the designers looking

for new lightweight design ideas for AM.
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1 | INTRODUCTION

In this paper, a case study of a custom cylindrical model, with four alternative geometries, was developed and used to
compare the derived results from both traditional compliance topology optimization (TO) and lattice optimization with
respect to tensile stress.

On the one hand, compliance TO is the most common case of TO, because of the fact that it is mechanically intui-
tive (work done by the loads) and self-adjoint.1,2 In general, structural TO can combine size, shape, and TO in order to
identify the best solution of a structure minimizing/maximizing an objective function with respect to design con-
straints.3 However, the traditional TO does not usually take under consideration fatigue, buckling, or other nonlinear
types of analysis.4 In addition, it still has some clear limitations even with the use of additive manufacturing
(AM) construction methods. One important limitation is that the optimized designs change the original shape, unless
the designer uses many constraints that can “freeze” the external shape of the structure. Furthermore, the general TO
problem discretizes the design space in elements with relative densities between 1 (solid) and 0 (void).5 This, in its turn,
results to large intermediate relative densities that the traditional algorithms cannot take into advantage. Finally, the
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optimized designs can contain overhang structures. These structures need to be redesigned in order to avoid stress con-
centrations and support material in 3D printing.6

On the other hand, lattice structures are of high interest in AM nowadays because of their mechanical properties
and design flexibility.7 According to Gibson and Ashby,8 lattice structures are repetitive cellular structures that consti-
tute a subcategory of the so-called architectured or hybrid materials. Architectured materials are considered all the
combinations that consist of either two or more materials such as metals, polymers, elastomers, glasses, and ceramics
or one material and void. The different combinations of these materials affect both the physical and mechanical proper-
ties of the architectured materials and thus the end structure.9 Cellular structures, in their turn, according to Gibson
and Ashby,8 can be described as assemblies that consist of cells with either solid edges or faces and can be classified in
honeycombs and open/closed-cell foams, which are 2D and 3D structures, respectively. Honeycombs are 2D cellular
designs, such as the most known hexagonal honeycomb, that can be extruded in the third direction. Open-cell and
closed-cell foams are 3D cellular designs where only cell edges and cell faces are shown, respectively. In these three cat-
egories, lattices can also be added. The appearance of lattices is similar to open-cell foams when six or more unit cells
are used in each direction. However, they differ in that they are stretch dominated comparing with the open-cell foams,
which are mainly bending-dominated structures.10,11 In general, nature and mathematics have inspired designers both
in design and product development. In particular, designers mimic different porous structures found in nature and try
to benefit from their lightweight composition and robustness. Some examples of these structures are bones,12 shells,13

and wood.11

The lattice infill of the structures is mainly constructed by a slicing software before the creation of the g-code, which
is sent to the 3D printer. Alternatively, the lattice infills are generated by parametric equations using a computer alge-
braic system such as Matlab4 or can be directly modeled using pattern features in a CAD software.14 Recently, lattice
TO has been developed in order to overcome the aforementioned limitations of the traditional TO by preserving the
original structure's shape and exploiting the intermediate relative densities using exact optimal densities taken by the
optimization.6

The most crucial part in lattice optimization is the calculation of the macroscopic (effective) material properties of
the structures, on the basis of the representative volume element (RVE), which is used to create the lattice infill. In lit-
erature, there are three different approaches that try to confront this problem; homogenization, continuum modeling,
and member modeling.

Homogenization is considered as the most common approach. This method is based on the micromechanics theory,
which uses scaling laws to calculate the effective (macroscopic) elastic properties of the heterogeneous materials. In
other words, the RVE is used in a finite element analysis (FEA) to predict the effective material properties using peri-
odic boundary conditions. Finally, these material properties can be adapted to the whole lattice structure.6

The continuum modeling approach uses bulk material properties to describe the microscopic material properties of
the structure. This method is independent of the lattice type, size, and contact effects and thus does not take into
account the material anisotropy created by the AM methods.15

Finally, the member modeling invokes the beam theory to represent and describe the microscopic properties and
build them up as properties of the whole cellular structures.16 All these approaches have their advantages and disadvan-
tages, and they need to be experimentally validated. In this paper, the homogenization method will be employed.

2 | METHODS AND RESULTS

A flowchart of the implemented phases in this research paper is illustrated in Figure 1. The design and the numerical
parts were conducted in SolidWorks 2019 and ANSYS R1 software, respectively.

A cylindrical 3D model with four design alternatives was used as a case study in this paper. The different design
alternatives were Geometry 1—Original, Geometry 2—Topology, Geometry 3—Cubic, and Geometry 4—Octahedral
(diamond), as shown in Figure 2C.

The first design alternative (Geometry 1—Original) was designed at SolidWorks and then imported to ANSYS
Workbench for the TOs (see Figure 2A). The initial design was developed in a way that it could be 3D printed and even-
tually tested for tensile/compression in a future experiment. As it is shown on Figure 2B, the model's geometry consists
of five bodies. Bodies 1 and 5 are the areas where the grippers of a tensile test machine can be applied. Bodies 2 and
4 were used as transition from the solid to lattice areas in order to avoid material failures at gripper's area. Finally, body
3 is the design space of the model, which was used for optimization with 50% mass reduction as constraint. A higher
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diameter in this area was chosen in order to increase the design space for the TO algorithm. According to their designs,
the authors expect that the specimens will break in the middle of body 3. A future tensile experiment could validate this
assumption.

The numerical part in this paper consists of three phases: the finite element preliminary analysis of the model
(FEPA), the topology or lattice optimization (TO/LO), and the finite element validation analysis (FEVA). The used
boundary conditions, in all the aforementioned numerical phases, were based on a tensile test. Hence, a fixed constraint
was applied on the one side of the model and a ramped force, F = 50kN, on the other one. The gripper areas were
excluded from the FEA as it is illustrated on Figure 2D. A structural ASTM A36 steel was assigned to the 3D model with
the following properties; E = 200 000 MPa, v = 0.3, ρ = 7.85 g/cm3, yield strength = 250 MPa, and ultimate
strength = 460 MPa. The second design alternative (Geometry 2—Topology) was topology optimized with the use of
TO with compliance as objective function and 50% mass reduction of the design space as design constraint.

The third and fourth geometries (Geometry 3—Cubic and Geometry 4—Octahedral) are the results of LO with 50%
mass design constraint, consisting of cubic and octahedral lattice cell types, respectively. The conducted LO at ANSYS
is based on the homogenization method presented in the paper of Cheng et al.6 Interested readers should refer to that
work for further details. In the first place, the software identifies the optimal lattice density of the design space using
the homogenization approach, as well as the TO theory, with respect to the given objective function and design con-
straints. Subsequently, the designer has to choose both the cell type, the size, and the density limits of the lattice struc-
ture. On the one hand, the lower density limit was used in order to avoid too thin lattices in the structure. On the other
hand, the elements with a density higher than the upper limit are considered as solid structure. Finally, the initial struc-
ture was reconstructed by placing lattice cells with varying densities, and thus varying material properties, inside the
derived lattice density. Especially for the latter two geometries, the variable density of the lattices was chosen between
0.1 and 0.6, and their cell size was defined as equal to 2.5 mm. Furthermore, the surface of body 3 (design space) was

FIGURE 2 (A) The initial design; (B) the five bodies of the model; (C) the four geometries from left to right: Geometry 1—Original,

Geometry 2—Topology, Geometry 3—Cubic, and Geometry 4—Octahedral; and (D) the used boundary conditions

FIGURE 1 A schematic overview of

the used procedure
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excluded from the optimization. The reason for that was to take into account the powder removal from the inside of the
lattice structure, in case that selective laser melting (SLM) would be selected as AM method for the specimens.

At the FEVA, a nonlinear validation analysis was implemented in each of the design alternatives. The nonlinear
and fatigue behavior of the assigned material (structural ASTM A36 steel) is depicted on Figure 3. A mesh control was
applied to their design space (body 3) with 0.5-mm element size, in order to create a proper mesh quality at the lattice
structures. This led to a huge number of elements (see Table 1) and increased dramatically the simulation time. For this
reason, only 10 steps were used to conduct the nonlinear validation analysis. In addition to geometries' compliance
found at the optimization phase, their equivalent plastic strain was calculated here, in order to identify and compare
their nonlinear tensile behavior.

Table 1 shows the mass, mass reduction, compliance, and equivalent plastic strain for each of the four geometries.
The conducted optimizations at ANSYS could reduce the mass of the design space of geometries 2, 3, and 4 by 50.5%,
59.8%, and 61.3%, respectively, and not by 50% as it was chosen as design constraint. This happened because of geomet-
ric differences between the lattice density and the reconstructed lattice geometry by the software's algorithm. According
to the compliance results of the optimized geometries, the Geometry 2—Topology was the stiffest with compliance
equal to 0.036 N/mm compared with Geometry 3—Cubic and Geometry 4—Octahedral with 0.082 and 0.057, respec-
tively. It seems that the cubic and the octahedral lattice structures are two and three times weaker than the topology-
optimized design.

However, the results of the equivalent plastic strain derived from the validation studies showed something different.
On the basis of these results, the strongest structure was the Geometry 4—Octahedral with the lowest plastic strain
equal to 0.0010, which is at the same level with the equivalent plastic strain of the initial design (Geometry 1—Origi-
nal). The Geometry 2—Topology came at second place with a plastic strain 0.0015 and finally the Geometry 3—Cubic
with the highest plastic strain equal to 1.4791.

3 | CONCLUSIONS

A comparison study of four design alternatives of a cylindrical model, which was used as a case study, was conducted
in this paper. The used geometries were the original, a topology-optimized geometry, and two geometries that contained

FIGURE 3 The nonlinear and fatigue

behavior of the structural ASTM A36 steel:

(A) the stress-strain curve and (B) the S-N

curve

TABLE 1 The results of the numerical phase

Geometries
Number of
Nodes/Elements

Mass of 3D Models
(Body 3/Total), kg

Mass Reduction
(Body 3/Total), %

Compliance,
N/mm

Equivalent
Plastic Strain

Geometry 1—
Original

2377780/1754292 0.121/0.267 - - 0.0009

Geometry 2—
Topology

1185833/867768 0.060/0.206 50.5/22.8 0.036 0.0015

Geometry 3—
Cubic

1206319/730011 0.049/0.195 59.8/27.0 0.082 1.4791

Geometry 4—
Octahedral

1345770/758734 0.047/0.193 61.3/27.7 0.057 0.0010
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cubic and octahedral (diamond) lattice structure in the middle, generated by LO. The compliance results were different
compared with the equivalent plastic strain found in the validation analysis. This proves that the topology/lattice opti-
mized designs are oriented to the given load cases and analysis types. Thus, the optimized designs cannot be expected
to show the same behavior at the nonlinear area. Hence, there is a clear need for further investigation of the optimized
designs before the final decision. In other words, it is possible to choose an optimized solution that does not have the
lowest compliance, such as the Geometry 3—Octahedral in this paper, but has shown a better nonlinear or fatigue
behavior.

The lattice structures together with the LO can either replace or be integrated in the traditional TO method. Espe-
cially in the case where the structure's layout has to be preserved, the LO may be preferred over the TO. However, an
extensive research has to be carried out in the pursuit of the lattice structure that gives the best design solution for spec-
ified load cases of a structure.

As future work, the execution of experimental validations of the design alternatives was decided by the authors.
Thus, the four geometries will be manufactured with an MLS 3D-printer, and then they will be tested for tension. A
comparison study between the simulation and experimental results could be of high interest. Finally, the porosity of
the 3D-printed specimens could be calculated by a scanning electron microscopy (SEM) analysis. The specimens' poros-
ity, in its turn, could be used as evaluation criterion for the 3D printing efficiency. Finally, in addition to the tensile test,
fatigue, buckling, or other nonlinear tests could be implemented.
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