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Abstract: Lattice structure design is still dominated by strut-based forms and surface-based shapes,
such as triply periodic minimal surfaces (TPMS), which both exhibit overlapping limitations. Strut
lattices often show strong anisotropy because their response depends heavily on cell orientation,
while TPMS lattices are difficult to adjust when bounded by geometric constraints. These conditions
eventually led to stagnation in the development of lattice morphology. Hybrid and topology-
optimization methods have appeared as possible alternatives, but many of them still produce
modified versions of classical patterns. This study examined two lattice geometries: the Pyramorph,
inspired by the shape of a pyramid, and the Topomorph, generated through a topology optimization
framework. Both structures were designed using a CAD unit cell patterning technique and
manufactured using the FDM method, with relative densities ranging from 0.40 to 0.44. Their
mechanical behaviour was examined through FEA simulation and uniaxial compression testing. The
parameter variations included cell orientations of 0°, 15°, 30°, and 45°, and cell sizes of 8 mm and
12 mm within a 24 mm specimen. The Topomorph showed superior strength, reaching 15-20
MPa, while the Pyramorph reached only 7-8 MPa. The highest value, about 20.5 MPa, was
obtained from the Topomorph at 0° and with an 8 mm cell size. Failure modes indicated buckling
and delamination in the Pyramorph, while the Topomorph tended to collapse progressively. These
findings indicate that topology optimization combined with CAD-based patterning could
significantly improve lattice performance.

Keywords: lattice structures; topology optimization; compressive behaviour; material

engineering

1. Introduction

The development of advanced lattice structures has become a focal point in materials engineering,
offering exceptional strength-to-weight ratios for aerospace, biomedical, and automotive
applications [1][2]. Lattice structures can be classified into several categories based on the unit cell
and the replication pattern [3]. Based on the unit cell, lattices can be either surface-based or strut-
based. Meanwhile, in terms of replication patterns, lattices can be replicated as regular, pseudo-
regular, and stochastic [4]. Each category serves specific functional requirements depending on the
strategy and conditions that will be applied to the lattice structure.

Strut-based lattice cells are generally formed from basic cylindrical struts arranged within a cubic
domain. For instance, a Body-centered Cubic (BCC) lattice is formed from eight struts extending
diagonally from the top plane to the bottom plane [5]. The mechanical performance of the lattice is
strongly influenced by its relative density, which is primarily controlled by the strut cross-sectional
diameter. The larger the diameter, the greater the relative density, and the higher the stiffness of
the lattice cell. Meanwhile, in the surface-based lattice cells, the relative density is adjusted using
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the thickness of the surface. The thicker it is, the higher the relative density, as well as the stiffness
and strength [6].

However, relative density does not fully determine the overall mechanical properties of a lattice
cell. Another key influencing factor is unit cell geometry. For example, previous research on lattice
cells of Simple Cubic (SC), BCC, Face-centered Cubic (FCC) types with the same relative density
demonstrated significant differences in stiffness and strength [7]. These effects can be illustrated in
the 3D spatial Young's modulus of each lattice cell shape [7], [8], [9]. These findings indicate that
the shape of the cell can affect its strength of the cell. This finding suggests opportunities for
exploring novel cell geometries with tailored mechanical properties.

Biomimicry and topology optimization are usually used to discover new shapes that differ from
existing forms, including strut- and surface-based lattices. Biomimicry can reveal shapes inspired
by natural and historical structures, such as animals, plants, or ancient structures. For example, the
shape of sea urchins is used to create a cell lattice design with isotropic properties (having the same
mechanical properties in all directions) [10]. This technique is practical but requires additional post-
processing steps before implementation. The second method is to use topology optimization to
generate a shape according to the predetermined boundary conditions. Usually, topology
optimization typically employs objective functions targeting volume fraction or mass reduction
[11][12]. One of the commonly used techniques is SIMP (Solid Isotropy Microstructure with
Penalization) [13]. The advantage of this technique is that it can provide boundary conditions
according to the usage requirements. However, this technique requires a considerable amount of
resources and time because the generated shape cannot be used directly; requires extensive
refinement before use [11].

Both techniques require additional processes to be used in creating new lattice shapes. These
processes are related to Computer-aided Design (CAD) re-interpretation and patterning. This
process allows biomimetic shapes to be directly used as cell lattices, and the topology optimization
process becomes faster because the boundary condition is only applied to one plane. This
requirement for lattice structures is cubic symmetry, which means that the unit cell has identical
shape symmetry along the three axes: X, Y, and Z. This symmetry ensures consistent mechanical
properties of the lattice unit cell the same along the three axes X, Y, and Z. To address the research
gap between the application of biomimetic techniques and topology optimization in generating unit
cell lattices, a CAD interpretation and patterning technique is introduced in this paper as a CAD
Unit Cell Patterning technique.

This paper applies the CAD Unit Cell Patterning technique to two types of lattice unit cells: the
Pyramorph, which emulates the fundamental shape of the Egyptian pyramid, and the Topomorph,
which is generated through topology optimization under a single load plane. The constructed unit
cell lattice will be designed with the same relative density for later compression testing. This study
evaluates the mechanical properties of the unit cell lattice by testing it in various orientations and
cell sizes. The evaluation will be performed experimentally and by numerical simulation employing
the finite element analysis technique.

Although biomimetic lattice structures and topology optimization have been extensively
researched, comparative studies remain limited, comparing these two types of lattices under
controlled relative densities and varying load orientations. Additionally, the shapes of the resulting
TO products tend to require more post-processing steps and are often not cubically symmetric,
thus limiting their use as unit cells. Therefore, to fill this gap, this research is designed with identical
relative densities as the CAD Unit Cell Patterning method, which can generate symmetric and
readily manufacturable unit cell lattice shapes for lattice forms resulting from biomimetic processes
or topology optimization. The principal contributions of this study include:
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(i) Developing two new lattice geometries (Pyramorph and Topomorph)

(ii) Establishing a CAD patterning technique applicable to biomimicry-derived and
topology-optimized lattices, and

(iii) Providing the first experimental comparison of these geometries in controlling cell
orientation and size with uniform specimen relative density.

This work presents a more straightforward and manufacturable approach using the CAD Unit Cell
Patterning method, in contrast to earlier works on topology-optimized or biomimetic lattices,
which usually required extensive post-processing, multi-stage smoothing, or complex boundary-
condition optimization. This technique enables both biomimetic and topology-optimized shapes to
be converted into cubic-symmetric unit cells without the need for additional geometry healing or
re-meshing. Furthermore, unlike earlier studies that evaluated only a single topology or relied
solely on numerical predictions, the present work provides a controlled experimental comparison
between two distinctly generated lattice morphologies, Pyramorph and Topomorph using identical

relative densities, orientations, and cell sizes.

2. Material and methods
2.1 Design of unit cell

This study focuses on the design and development of two lattice structures: the Pyramorph Lattice,
inspired by the geometry of Egyptian pyramids, and the Topomorph Lattice, generated through
topology optimization. Both models were designed with careful consideration of symmetry,
structural efficiency, and mathematical precision. The Pyramorph Lattice was developed as the
initial model, drawing inspiration from the stability and symmetry of pyramid shapes. The design
process began with a cubic domain of dimensions 2ax2ax?2a. Two pyramids joined at their
bases and bisected at the midplane formed a truncated octahedron in the middle of the cube. This
central structure was mathematically defined by Equation (1) [14][15].

By oy )
a a a
From this core, six central pyramids were created, each pointing along the X+, X-, Y+, Y-,

Z+, and Z- directions. Each pyramid was defined by Equation (2).

[x—x;] n ly-yil n lz—zil _ 1 )

a a a

where (X;,¥;,Z;) represents the coordinates of the pyramid's apex. To enhance structural
integrity, eight additional pyramids were added at the cube's corners [16]. These corner pyramids
were defined by equation (3).

el | Iy—ayj'l + |Z;Zj| —1 3)

where (X, yj, Z;) are the coordinates of the cube's corners. This configuration ensured geometric
symmetry and load balance across all three principal planes (XY, XZ, YZ). The detailed unit-cell

geometry is shown in Figure 1. The relative density (@) of this unit cell was calculated by equation
(4)[16][17]. The value of relative density for pyramorph is 0.4.

_n
® = *)

The second model, the Topomorph Lattice, was developed using topology optimization to enhance

structural efficiency. A cube of the same dimensions 2a x 2a x 2a was used as the design domain.
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Three loading conditions were applied: a normal force on the top surface, a shear force on one side,
and a torsional force to simulate twisting. The optimization process was performed using Altair
Optistruct, with the objective of minimizing weight compliance while maximizing stiffness with
30% volume fraction constraint [18]. The resulting geometry was exported as an STL file and
refined in CAD software for further development. The optimization result as shown in Figure 2.
The CAD Unit Cell Patterning process for the Topomorph Lattice followed a similar approach to
the Pyramorph Lattice. The optimized geometry from force and torque combination was divided
into smaller, repeatable unit cells, ensuring symmetry across the X, Y, and Z axes. These unit
cells were then replicated to form the complete lattice structure. To mathematically describe the
lattice, MATLAB was used to analyze the surface and edge profiles. Curve-fitting techniques were
applied to derive the governing equations, which included parameters such as node positions, edge
equations, and surface equations.

In this study, MATLAB was exclusively used for geometric curve fitting, surface extraction, and
the parametric analysis of unit-cell edges and profiles. Its work was limited to only rearranging the
lattice geometry, without being used to estimate material response or predict its mechanical
strength. The use of mathematical curves and surface reconstruction as one of the design steps in
lattice creation has been widely adopted in previous studies in the field of geometric modeling. It
has been demonstrated that geometric extraction, functional surface representation, and
curve/surface reconstruction constitute standard practices in lattice design workflows [19].
Therefore, the MATLAB process used in this study followed the established and verified method
for creating lattice designs through computation. The purpose was to serve as a tool for geometric
reconstruction, rather than a platform for simulation.
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Figure 1.  CAD unit cell patterning of Pyramorph Lattice
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Figure 2.  Topology optimization result of single load plane for input. (a) Force Z axis, (b) Force
X or Y axis, (c) Torque/moment Z axis, and (d) Combination of force and torque

The Topomorph Lattice featured unique geometric elements, including circular patterns and shifted
centers. Circles were defined on the XY, XZ, and YZ planes using the equations (5-7).

x =rcos(0),y =rsin(0),z = a (XY Plane) (5)
x =rcos(0),z=rsin(0),y = a (XZ Plane) (6)
y =rcos(0),z=rsin(0),z =a (YZ Plane) (7)

where 7 is the radius and 6 is the angle parameterization. Additionally, circles with shifted centers
were introduced, defined by equation (8).

x=C+r,c08(0),z=C+r,cos(8),y =0 .
where 7, = 0.3125a and center shift C = 28284

Figure 3. Meanwhile, the complete CAD unit-cell patterning process is shown in Figure 4.

. Detail mathematical model is presented in

Equations 5 to 8 represent the mathematical interpretation of the geometric form of the unit cell
lattice type Topomorph developed in this study. These equations were derived directly from
mapping the CAD model by identifying its circular and shifted-center patterns in their parametric
form. The equations were newly derived in this study where their creation process followed the
standard formulation of the parametric circle equation commonly used in computational geometry.
The use of mathematical representations in the process of converting CAD geometry into analysis
functions is a common practice in geometric modeling workflows, as described in Piegl and Tiller's
NURBS framework [20]. In this study, these equations were used only to reconstruct and visualize
the lattice geometry without being used to predict its mechanical behaviour.

RS
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Figure 3. Mathematical model of Topomorph Lattice

The Topomorph Lattice was further optimized by introducing through-holes on the XY, XZ,
and YZ planes. These holes were designed to reduce the relative density of the lattice while
maintaining its mechanical properties, particularly in the normal direction. The diameter of the

holes was determined by the ratio i, where 7 is the radius of the hole and 2a is the edge length of

3
the cubic unit cell. In this study, the hole ratio was set to py which was chosen to achieve an optimal

balance between mass reduction and structural integrity. The relative density of unit topomorph

3
cell for hole = g vas 0.4, the same value as the Pyramorph lattice. This set value was important

to enable a comparative study between two lattices.

The introduction of through-holes significantly reduced the relative density of the lattice without
compromising its mechanical performance. This was validated by calculating the Zener anisotropy
index, a dimensionless parameter that quantifies the degree of anisotropy in a material's elastic
properties. A Zener index of 0.6 was achieved, indicating that the lattice maintains a relatively low
level of anisotropy. This is particularly advantageous for the intended compression test, as it ensures
that the lattice exhibits superior mechanical properties in the normal direction compared to the
shear direction. Detail scheme of optimization based on hole ratio as shown in Figure 5.
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Figure 4. CAD unit cell patterning of Topomorph Lattice
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Figure 5. Hole-based optimization of Topomorph Lattice

In general, the CAD Unit Cell Patterning Technique flowchart as shown in Figure 6. This technique
can be applied to all CAD-based forms that are then transformed into a unit cell lattice ready for
replication and tessellation. The technique focuses on lattices that are isometric in all three planes.
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Figure 6. Flowchart of CAD unit cell patterning technique

| 7


https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/

© The Author(s)

Published by
This is an open-access article under the: https://creativecommons.org/licenses/by/4.0/

Universitas Negeri Padang.

Teknomekanik, Vol. 9, No. 1, pp. 1-24, February 2026
e-ISSN: 2621-8720 p-ISSN: 2621-9980

2.2 Additive manufacturing processes

In this study, additive manufacturing (AM) technology was employed to fabricate the lattice
structures. Specifically, the Fused Deposition Modeling (FDM) technique was utilized, which is one
of the most widely used AM methods due to its cost-effectiveness and versatility in producing
complex geometries. The FDM machine used in this research was the Flashforge Creator Pro 2,
manufactured by Zhejiang Flashforge 3D Technology Co., LTD. This machine operates with a 1.75
mm PLA (Polylactic Acid) filament from the eSun brand, a biodegradable thermoplastic known for
its ease of use and environmental friendliness. The slicing process was conducted using Flashprint
5©, the proprietary software developed by Flashforge. This software enables precise control over
the printing parameters, ensuring high-quality fabrication of the lattice structures. The following
parameters were optimized for the printing process as shown as Table 1.

Table 1. Process parameters set for PLA filament
Parameter Value
Print nozzle diameter (mm) 0.4
Nozzle Temperature (°C) 200-210
Bed Temperature (°C) 40
Layer height (mm) 0.18
Print infill (%) 100
Print Speed (mm/min) 60

These parameters were selected based on prior studies that highlight their effectiveness in achieving
optimal mechanical properties and dimensional accuracy in FDM-printed parts. The PLA material
used in this study has the following mechanical properties (Table 2). These properties make PLA a
suitable material for prototyping and functional testing of lattice structures, as it provides a balance
between strength, stiffness, and ease of processing. In previous studies on polymer lattice
structures, such as those conducted by Kumar et al, PLA was also used as the main material [10].
PLA has proven to have reliable printability and predictable stress-strain response. This makes PLA
a suitable material for evaluating and comparing lattice structures.

Table 2. Material properties of PLA filament

Properties Value
Density (g/cm’) 1.2
Young Modulus (MPa) 3500
Tensile stress yield (MPa) 63.2
Ultimate Tensile Strength (MPa) 65
Poisson’s Ratio 0.36

These parameters were selected based on prior studies that highlight their effectiveness in achieving
optimal mechanical properties and dimensional accuracy in FDM-printed parts. The PLA material
used in this study has the following mechanical properties (Table 2). These properties make PLA a
suitable material for prototyping and functional testing of lattice structures, as it provides a balance
between strength, stiffness, and ease of processing.

2.3 Specimen design
The specimens for this study were designed to investigate the influence of cell size and cell

orientation on the compressive strength of lattice structures. Two types of lattice structures were
examined: the Pyramorph Lattice and the Topomorph Lattice. A total of 16 specimens were



https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/

© The Author(s)
Published by Universitas Negeri Padang.

T

-access article under the: https://creativecommons.org/licenses/bv/4.0/

This is an open

Teknomekanik, Vol. 9, No. 1, pp. 1-24, February 2026
e-ISSN: 2621-8720 p-ISSN: 2621-9980

prepared, with 8 specimens for each lattice type, each measuring 24 x 24 x 24 mm. Two cell sizes
were selected: 8 mm and 12 mm, to analyze the effect of scaling on mechanical performance. The
cell sizes of 8 mm and 12 mm were chosen due to constraints in the fabrication process and because
they are common cell sizes used in the preparation of compression test specimens [10]. The size of
the cells also makes the printing process using a 0.4 mm nozzle better, allowing for geometric
resolution to be achieved and avoiding excessive slenderness. Smaller cells are expected to provide
higher density and strength, while larger cells may reduce weight but compromise mechanical
properties. Additionally, four orientation angles were tested: 0°, 15°, 30°, and 45°, to determine
whether cell orientation influences load distribution and overall strength. This combination of cell
sizes and orientations allows for a comprehensive analysis of their impact on compressive strength
and the identification of optimal design parameters. Specimens can be found in Figures 7 and 8.

The design of the specimens was carefully planned to ensure consistency and reproducibility. Each
lattice type was tested under the same conditions, with variations only in cell size and orientation.
The goal was to systematically evaluate how these parameters affect the mechanical behaviour of
the lattice structures, particularly their compressive strength. By varying cell size and orientation,
this study aims to provide insights into the optimal design of lattice structures for applications
requiring lightweight yet strong materials.

P0O008 P0012 P1508 P1512
(0°, 8mm) (15°, 8mm)

P3008 P3012 P4508 P4512
(30°, 8mm) (30°, 12mm) (45°, 8mm) (45°, 12mm)

Figure 7. Pyrarnorph Lattice specimen

TO008 T0012 T1508 T1512

T3008 T3012 T4508 T4512
(30°, 8mm) (30°, 12mm) (45°, 8mm) (45°, 12mm)

Figure 8. Topomorph Lattice specimen
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2.4 Compression testing

The mechanical performance of the lattice structures was evaluated through uniaxial compression
testing using a Universal Testing Machine (UTM) WDW-20E from Time Group Inc., equipped
with a 20 kN load cell. The tests were conducted at a constant speed of 0.5 mm/min until the
specimens reached a final deformation of 40% of their original height (h,), with the compressive
force applied perpendicular to the printing direction to assess anisotropic behaviour. The resulting
load vs. displacement data was processed into stress-strain curves, where stress (0) was calculated
as the applied load divided by the cross-sectional area, and strain (€) as the displacement divided by
the original height. Additionally, the energy absorption capacity was determined using the integral
of the stress-strain curve up to 40% deformation, providing insights into the lattice's ability to
dissipate energy. Post-test visual inspection was performed to analyze failure mechanisms, such as
buckling, strut fracture, or layer delamination, offering a comprehensive understanding of the
deformation and failure behaviour of the lattice structures under compressive loading. Detail
formula as shown as equation (9)-(12).

The compression tests conducted in this study were generally adapted from the ASTM D695 and
ISO 604 standards commonly used for rigid polymeric materials. Despite this, there is still no
international standard that can be specifically used for lattice or cellular structures. Some studies
related to lattices have modified the testing standards of ASTM D695 to make them suitable for
open-cell lattices and specimen dimensions [21], [22]. Similar adaptations were also applied to PLA-
based lattice structures manufactured using FDM [23].

One = 7 ©)
Boeq = 7= (1= Py’ (10)
Ene = (11)
W, = f;:OM On cEnc deE (12)

The value of €=0.4 is chosen because the graph that appears after that, starts to become unstable.
The calculated values of A, and @ as shown as Table 3 and 4.

Table 3. Equivalent cross section area of cell dan density on Pyramorph Lattice
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P0O008 0 8:8:8 24 6045.38 13824.00 0.43 251.89

P0012 0 12:12:12 24 5615.05 13824.00 0.40 233.96

P1508 15 8:8:8 24 5849.34 13824.00 0.42 243.72

P1512 15 12:12:12 24 5495 .44 13824.00 0.39 228.98

P3008 30 8:8:8 24 5651.30 13824.00 0.40 235.47

P3012 30 12:12:12 24 5861.35 13824.00 0.42 244.22

P4508 45 8:8:8 24 5817.71 13824.00 0.42 242 .40

P4512 45 12:12:12 24 6183.79 13824.00 0.44 257.66
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Table 4. Equivalent cross section area of cell dan density on Topomorph Lattice

wn

’g ~ 8 ~ o '\;\ 8 ;5
S e 5 g E I~ = E < Sga
= & Do~ = g = S & & o = E
o £ < o0 ° - - i o< g
<5 E Q N =] o & g > fy) Y g —
Eg 52 3 = EX Ee 7 % 5=
2 & K = N 5 > =~ 2 £ ZE 8
zZ 9 o ) g 2 © = 5 ‘5 00

o @ > > O A g3
T0008 0 8:8:8 24 6050.38 13824.00  0.43 252.10
T0012 0 12:12:12 24 6198.54 13824.00  0.44 258.27
T1508 15 8:8:8 24 5835.54 13824.00  0.42 243.14
T1512 15 12:12:12 24 5854.23 13824.00  0.42 243.92
T3008 30 8:8:8 24 5845.67 13824.00  0.42 243.56
T3012 30 12:12:12 24 5897.43 13824.00  0.42 245.72
T4508 45 8:8:8 24 5832.54 13824.00  0.42 243.02
T4512 45 12:12:12 24 5851.35 13824.00  0.42 243.80

2.5 Finite element analysis

Finite element analysis (FEA) was employed for the numerical simulations conducted in this study.
Tetrahedral elements with a uniform size of 0.4 mm were adopted for the meshing process, and an
example of the generated mesh is presented in Figure 9. The bottom plane of the specimen was
fully constrained, while a compressive force was applied to the top plane. No constraints were
imposed on the lateral faces. In addition, the stress convergence criterion for the von Mises stress
was maintained below 10% to ensure the accuracy of the simulation results. When the convergence
threshold exceeded 10%, the mesh size was refined and the simulation was repeated. The material
behavior was defined using linear elastic properties. The maximum load supported by the specimen
was subsequently determined using Equations (13) and (14) in combination with the von Mises
stress data obtained from the simulations.

F.
Epgx = Oy X "input (13)

Oactual

_ Frmax
UCompressive Strength — A (14)

@) (b)

Figure 9. Example of generated mesh of (a) Pyramorph and (b) Topomorph
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3. Results and discussion
3.1 Failure mode

Lattice constructions typically break down under stress by bending struts, localized buckling, or
simultaneous disintegration. This behavior is contingent upon the manufacturing method and
production quality. Surface-based lattice structures, such as TPMS, exhibit buckling-dominated
failure modes that strongly depend on topology and unit-cell configuration [24]. The experimental
results (Figures 10—11) indicate that the two architectures exhibit distinct deformation responses.
The Pyramorph lattice predominantly failed at junctions where three or more pyramidal struts
converged. At these intersections, pronounced geometric notches functioned as stress
concentrators, leading to premature crack formation and resulting in unstable structural failure, as
depicted in Figure 12. Once initiated, failure rapidly propagated due to the deformation of inclined
struts and the delamination of layers, particularly in specimens oriented at 30° and 45°. It is well
established that PLA lattices fabricated using FDM printers exhibit delamination issues. When
composite (e.g. CF/PLA) TPMS lattices are used, failure often initiates via progressive crushing
and interface delamination [25].

Specimen 1 (0°, 8mm) V shear after fracture Specimen 2 (0°, 12mm) V shear indicated

(PO008) (PO012)

Collapses
A — Collapses
A

Specimen 3 (15°, 8mm) Diagonal shear after fracture Specimen 4 (15°, 12mm) Diagonal shear after fracture

(P1508) (P1512)

Specimen 5 (30°, 8mm) Diagonal shear after fractured Specimen 6 (30°, 12mm) Diagonal shear after Fracture

(P3008) (P3012)

Specimen 7 (45°, 8mm) Diagonal shear after fractured Specimen 8 (45°, 12mm) V Shear after fractured

(P4508) (P4512)

Figure 10. Experimental compressive deformation of Pyramorph Orientation 0°- 45°. The green
arrow indicates the build direction
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Conversely, the Topomorph Lattice exhibited a more stable and progressive compressive response.
As the vertical struts reached 0°, they flexed inward and outward; however, disintegration occurred
incrementally rather than simultaneously. The enhanced junction design and expanded contact
surfaces at cell junctions increase stability by distributing stresses more uniformly and reducing the
likelihood of localized fracture. The through-hole features further alleviate strain, rendering the
material less susceptible to cuts while maintaining its structural integrity [24]. The difference
highlights the importance of node design and connections to ascertain potential failure points. The
Pyramorph's acute pyramidal joints introduced significant stress concentrations within the lattice,
causing them to fracture in a brittle manner. Their relative densities are comparable (0.40-0.44).
Designs that include vertical reinforcements or graded-node smoothing show reduced stress
concentration and improve failure progression [26]. Orientation-dependent effects consistent with
these observations have also been reported, where octahedron-based lattices with vertically aligned
struts relative to the loading direction demonstrated superior energy absorption and load-bearing
capacity compared with horizontal or uniform configurations [2], [27].

Buckling

o

> Collapses

Specimen 1 (0°, 8mm) Normal Direction of Fracture Specimen 2 (0°, 12mm) X shear indicated

(T0008) (T0012)

Collapses

Specimen 3 (15°, 8mm) Diagonal shear after fracture Specimen 4 (15°, 12mm) Diagonal shear after fracture

(T1508) (T1512)

Specimen 5 (30°, 8mm) Diagonal shear after fractured Specimen 6 (30°, 12mm) Diagonal shear after Fracture

(T3008) (T3012)

\%,
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Specimen 7 (45°, 8mm) Diagonal shear after fractured Specimen 8 (45°, 12mm) V Shear after fractured

(T4508) (T4512)

Figure 11. Experimental compressive deformation of Topomorph Orientation 0°- 45°. The
green arrow indicates the build direction
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Pyramorph primarily fails due to notch-induced collapse and interlayer delamination. In
Topomorph, the primary modes of failure are progressive crushing and localized buckling. These
results demonstrate the significance of junction morphology and connectivity as essential
components of lattice design for structural applications.

D:PYRAMID 3
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1
23/11/2023 1550
22,199 Max
19733
17,266
14,799
12333
9,8663
73997
49332
2,466
7,1016e-7 Min

Figure 12. Stress concentration occurs on cell joint of Pyrarnorph Lattice

The local stress concentration found at the Pyramorph-type joints (Figure 12) is consistent with
recent research on lattice structures with geometrically notched features. It has been reported that
notch geometry in truss-based lattices significantly increases local stress levels and alters failure
modes, often resulting in premature joint failure [28]. Furthermore, quantitative studies have
shown that surface imperfections and notch shapes can increase the local stress concentration factor
(SCF), which significantly affects the strength and fatigue behaviour of parts manufactured using
AM methods. It has also been shown that graded smoothing and local reinforcement strategies are
effective in mitigating notch sensitivity and reducing the likelihood of stress-induced failure [29].
This is similar to what is applied to Topomorph-type lattices, where the junction design reduces
the tendency for sudden failure. This result also aligns with previous research related to FEA—
Experiment comparisons on lattices, which revealed that numerical models typically show stress
concentration at the junction sections shaped like notches, whereas experimental specimens often
fail earlier in these areas due to manufacturing flaws [30], [31]. Therefore, the high local stress
predicted by numerical analysis at the Pyramorph nodes is consistent with FEA reference sources
and experiments that investigate notch-driven failure.

3.2 Load deformation result

The uniaxial compression tests showed that the Pyramorph and Topomorph Lattices acted
differently. Each had three stages: a linear elastic region (steep initial rise), a plateau region where
the structure slowly breaks down, and densification, where stress sharply rises due to cell
compaction (Figures 13-14) [32], [33]. The 45° orientation of the Pyramorph lattice had the
maximum yield strength, which were approximately 7-8 MPa, or about 60% higher than the other
orientations. The weakest point was at 30°, indicating that load transmission paths are less effective
when the struts are not lined up with the loading direction [34]. There was also a consistent size
effect: 8 mm cells were stronger than 12 mm cells in all orientations. This shows how finer cell
design can help keep cells from buckling [35]. But the plateau length was not consistent, perhaps
because of localized instabilities at cell junctions and inter-layer delamination that are common in
FDM-printed PLA structures [32].
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On the other hand, the Topomorph Lattice always consistently outperformed the Pyramorph in
terms of strength and energy absorption. The yield strengths were between 15 to 20 MPa, which
is more than twice as high as those of Pyramorph samples. The Topomorph had wide, stable plateau
areas up to € = 0.3-0.35. This indicates that it had superior control over how it changed shape and
how stress was spread out over time before densification [36]. This performance is attributed to its
better load-bearing structure and through-hole characteristics that retain connections while
lowering stress concentration [33], [37]. Similar enhancement in energy absorption demonstrated
that integrating cylindrical TPMS with auxetic PSHM structures increased energy absorption
density by up to 77.6% compared to single TPMS models [27]. The Pyramorph lattice typically
failed because the inclined struts bowed and the printed layers came apart, especially when the
layers were at a steeper inclination (30°-45°). The Topomorph Lattice, on the other hand,
demonstrated progressive crushing and strut fracture with little layer separation, which
demonstrated a higher load-bearing capacity and was stronger [32], [36].

The large deviation observed among specimens at high strain levels in Figures 13—14 is consistent
with the compression behaviour commonly reported for additively manufactured lattice structures.
At low and moderate strain, the response of the lattice is generally governed by elastic deformation
and early-stage buckling, producing similar trends among specimens with identical relative density.
In contrast, the mechanical properties become very sensitive to printing errors as the deformation
enters the plateau and densification stages. Studies have shown that FDM-printed lattices experience
progressive interlayer debonding, filament waviness, micro-void activation, and layer delamination
at elevated strains, all of which reduce stiffness more rapidly than predicted by numerical models
[38], [39]. Such defects are not captured in idealized CAD-based FEA models, which explains why
the simulated curves remain higher while the experimental curves begin to diverge more
significantly at strains above approximately 0.2-0.3 [21], [40]. In addition, orientation effects
intensify the discrepancy: when the loading direction shifts away from 0°, bending, torsional
deformation, and secondary buckling occur earlier, amplifying the variation between specimens.
Similar orientation-dependent instability and divergence at high strain have been reported in several
studies evaluating the unit-cell structure and compressive behaviour of additive manufacturing
lattices [38], [41]. Therefore, the differences seen in Figures 13—14 are theoretically consistent with
the collapse sequence of cellular materials and the known high-strain sensitivity of FDM-printed
PLA lattice structures.

Specimen P0008 (0°, 8mm)
Specimen P0012(0°, 12mm)

Specimen P1508 (15°, 8mm)

Specimen P1512 (15°, 12mm)
Specimen P3008 (0°, 8mm)
Specimen P3012(0°, 12mm)
Specimen P4508 (15°, 8mm)
Specimen P4512(15°, 12mm)

(MPa)
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Figure 13. Experimental stress-strain curves of the compression tests on the Pyramorph lattice
structures FDM Based
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Figure 14. Experimental stress-strain curves of the compression tests on the Topomorph Lattice
structures FDM Based

Overall, these results reveal that the type of lattice, the size of the cells, and the direction of the
cells all work together to affect how well the material can take being compressed. The Topomorph
Lattice with 8 mm cells and a 0° orientation exhibited the highest strength (around 20 MPa) and
energy absorption. This makes it a promising candidate for structural applications that need to be
crashworthy or biological scaffolds that can carry weight and need to be stiff and let energy out [33],
[35], [36].

3.3 Correlation between experimental and numerical predictions

Figures 15 and 16 illustrate the compressive strengths that were found by experiments and finite
element analysis (FEA) for both Pyramorph and Topomorph Lattices with cell sizes of 8 mm and
12 mm, respectively. The general patterns between simulation and experiment are similar, as the
Topomorph Lattices always show better compressive strength than the Pyramorph lattices for all
cell sizes. Recent studies have also shown that topology-optimized designs work better than regular
lattices [42]. For the 8 mm cell size (Figure 15), the Topomorph at 0° (T0008) attained the
maximum compressive strength, measuring approximately 20.5 MPa experimentally and nearly 37
MPa in finite element analysis (FEA), signifying an approximate 80% overestimation by the
simulation. Conversely, the Pyramorph at 30°/12 mm (P3012) had the lowest compressive
strength, measuring approximately 4.2 MPa empirically compared to around 9.2 MPa in finite
element analysis, which is more than double the observed value. Such disparities are thoroughly
established when idealized FEA models overlook process-induced imperfections [43].

For the 12 mm cell size (Figure 16), the general ranking remains consistent, with Topomorph 0°
outperforming others (21 MPa experimentally vs. 28 MPa in FEA), while Pyramorph 30° remains
the weakest (4.9-7.3 MPa experimental vs. 7.7 MPa FEA). Interestingly, the difference between
simulation and experiment was narrower for 12 mm cells than for 8 mm cells, suggesting that
manufacturing defects (e.g., staircasing and filament resolution limits) disproportionately affect
smaller cells. This trend is supported by recent lattice studies, where finer cells are more sensitive
to geometric inaccuracies during additive manufacturing [44].
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Figure 15. Maximum numerical vs experimental compressive strength of Pyramorph and
Topomorph Orientation 0°- 45° Cell Size 8 mm
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Figure 16. Maximum numerical vs experimental compressive strength of Pyramorph and
Topomorph Orientation 0°- 45° Cell Size 12 mm

In this study, defect modelling, such as porosity and interlayer adhesion, was not included in the
finite element simulation. The main focus of the numerical analysis was to compare the idealized
load-bearing behaviour of the two lattice geometries under identical boundary conditions, rather
than to replicate the full manufacturing imperfections of FDM-printed parts. Incorporating defect
modelling would require additional characterization steps such as micro-CT scanning, porosity
mapping, or probabilistic parameter inputs, which were beyond the scope of this comparative
study. Even so, the differences observed between the numerical and experimental results align with
the expected influence of these defects, as discussed in the literature. Future studies could use
defect-based modeling to provide a more detailed view of the printed lattice structures.

The consistent overestimation evident in the FEA results is mostly due to discrepancies between

the idealized simulation models and the real fabricated specimens. Within the numerical scheme,
PLA was characterized as a fully bonded, linear elastic material; however, the FDM-printed samples
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inherently possessed micro-defects, voids, and compromised interlayer adhesion, which diminished
their load-bearing capacity. The CAD/FEA models inherently smooth sharp corners and disregard
staircase effects produced during printing; these characteristics, however, serve as local stress
concentrators and crack initiators in actual specimens, resulting in early failure [44].
Notwithstanding these quantitative disparities, the simulations effectively replicated the
overarching experimental findings across both cellular topologies and orientations.  The
Topomorph Lattices consistently surpassed the Pyramorph counterparts due to their enhanced
junction connectivity and greater stress redistribution. Furthermore, specimens with smaller cells
(8 mm) often demonstrated greater strengths than those with larger cells; nevertheless, they also
displayed larger discrepancies between experimental and numerical results because of the increased
impact of manufacturing errors at finer scales. The orientation significantly affected the response:
0° consistently produced the most robust Topomorph specimens, but the Pyramorph occasionally
attained its peak strength at 45°, a phenomenon associated with the alignment of load paths in
inclined struts. These anisotropy-driven behaviors are consistent with broader findings in bio-
inspired lattice research, where hybrid triply periodic minimal surface (TPMS) structures designed
to mimic trabecular bone anisotropy have been shown to achieve an improved balance between
stiffness and adaptability, thereby reinforcing the importance of controlled orientation and topology
in attaining reliable structural performance [27].

The difference between the numerical and experimental results in the Topomorph Lattice can be
traced back to the inherent characteristics of topology-optimized and curved geometries. It has been
reported that finite element analysis (FEA) models of additively manufactured components typically
predict higher mechanical responses, as idealized CAD geometries do not capture interlayer gaps,
porosity, and surface quality deficiencies commonly associated with fused deposition modeling
(FDM) processes [45]. When a lattice has more complex features, such as curved surfaces combined
with through-holes, small defects become influential and can redirect the stress flow within the
structure. Comparable effects have been documented in triply periodic minimal surface (TPMS)
lattices, where even small geometric deviations were sufficient to initiate early strain localization
and reduce compressive strength relative to numerical predictions [12]. Similarly, experimental
results for AM lattices always fall below FEA due to defect amplification and stress accumulation at
the node regions[46]. These explanations support the finding in the Topomorph Lattice, where the
difference between the numerical and experimental results was greater than in the Pyramorph.

The differences observed between the two lattices can be explained by the way their geometries
carry and distribute the load. The Topomorph has smoother junctions and higher node connectivity,
which gives it more continuous load paths and allows the stresses to spread more evenly through
the structure. This reduces the chance of a single point becoming overloaded. The through-holes
also help redistribute the local stresses around the joints, so the material does not fail abruptly when
the strain increases. On the other hand, the Pyramorph has sharp node angles and inclined struts,
which create strong stress concentrations at the corners. These areas act as natural crack starters
and lead to early buckling and delamination, especially under off-axis loading. This is the reason
why the Pyramorph tends to fail more suddenly, while the Topomorph shows a more gradual
collapse. The effect of orientation also follows this mechanism: at 0°, the load is aligned with the
main struts, but at higher angles more bending and shear appear, making the differences between
both geometries easier to see.

3.4 Study limitation
While the study's findings generally exhibit consistent patterns across all orientations and cell
dimensions, a limitation inherent in the experimental design warrants consideration. Each test

condition was represented by a single printed specimen. This constraint primarily stemmed from
considerations of fabrication duration, material consumption, and the project's scope, which
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prioritized the comparative analysis of the geometric characteristics of the two lattice configurations
over the establishment of statistical variance. Consequently, standard deviation and error bars were
not included in the graphical representations of the results. Nevertheless, the experimental results
exhibited a discernible pattern, which corresponded closely with the numerical forecasts and the
established deformation characteristics of FDM-derived lattice structures. The concordance
observed among the finite element analysis (FEA) trends, the failure observations, and the
comparative assessment of the two geometries strengthens the credibility of the conclusions.
Subsequent investigations might incorporate multiple replicates for each configuration to facilitate
a more comprehensive assessment of sample-to-sample variability.

4. Conclusion

This study evaluated two distinct lattice geometries, including the Pyramorph, which was inspired
from pyramidal forms, and the Topomorph, which was generated using a topology-optimization
approach and reconstructed using the CAD-based unit-cell patterning. Both lattice types were
manufactured with matched relative densities (0.40—0.44) to ensure a fair and consistent
comparison across different cell sizes and orientations. The Topomorph consistently demonstrated
superior compressive performance under all test conditions, based on the experimental results. Its
yield strength ranged from 15 to 20 MPa, and also exhibited a wider and more stable plateau strain
of approximately € ~ 0.35, while the Pyramorph remained in the range of 7-8 MPa. The highest
strength, which reached approximately 20.5 MPa, was obtained by the Topomorph specimen with
a cell size of 8§ mm at 0°, indicating strong potential for load-bearing and energy-absorbing
applications.

Notable differences in structural behaviour were observed during the failure investigation. The
Pyramorph exhibited heightened susceptibility to initial damage due to its acute node angles and
sloped struts, which generated significant stress concentrations that precipitated buckling and
delamination, particularly at higher build orientations. These features served as natural fracture
initiation sites, resulting in a more abrupt structural failure. In contrast, the Topomorph exhibited
a different failure behavior. The improved interconnections, augmented connectivity, and presence
of through-holes contributed to a more even load distribution across the cellular structure.
Deformation progressed through gradual crushing and localized buckling, as opposed to an abrupt
failure. This comparative analysis highlights the influence of node configuration, joint continuity,
and the overall load-path distribution on the stability and reliability of a lattice system.

This study focused exclusively on compressive loading as it represents the most common failure
mode for lattice structures and provides a clear comparison between the two geometries. Other
loading modes, such as tensile, bending, or fatigue, were not investigated in this work. Such tests
would require different specimen designs, different boundary conditions, and additional
manufacturing time. Nevertheless, the method introduced in this paper can be applied to other
loading cases, and future work may extend the evaluation to multiple loading modes or different
materials and manufacturing processes. This would provide a broader understanding of how
Pyramorph and Topomorph behave under more complex mechanical conditions.
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