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ABSTRACT: Lattice structures fabricated through additive manufacturing (AM) offer exceptional strength-to-weight
ratios, as their geometries allow them to carry high loads with far less material than solid components. When paired
with polylactic acid (PLA), they combine biodegradability with ease of processing, allowing the structures to be
produced efficiently while also offering an environmentally friendly material option. However, comparative studies
across different lattice types under uniform conditions remain limited, as many existing studies only focus on a
single geometry type. Therefore, this study investigates the compressive performance of PLA lattice structures, which
include body-centered cubic (BCC), honeycomb and gyroid, fabricated using fused deposition modelling (FDM). To
ensure consistent mechanical performance and mitigate variability from commercial filaments, the PLA filaments
used were produced in-house from raw pellets. This approach enhances material homogeneity and repeatability,
which is critical for reliable comparative analysis. Quasi-static compression tests and finite element analysis (FEA)
were conducted to evaluate the mechanical properties and deformation mechanisms. Results revealed that the gyroid
structure outperformed the other structures, showing a 44% higher elastic modulus (199.56 MPa) and 60% higher
compressive strength (6.64 MPa). The continuous topology of the gyroid structure enabled a uniform stress distribution
throughout the lattice and enhanced energy absorption by promoting progressive deformation under load. Simulation
results aligned with experimental trends, though slight overestimations occurred due to idealized modelling such as
perfect geometry and material homogeneity. This work provides validated numerical models and practical insights for
designing sustainable lightweight components in engineering applications.

KEYWORDS: Polymer; lattices; fused deposition modelling; compression test; finite element analysis; mechanical
properties

1 Introduction
Additive manufacturing (AM) has undergone rapid evolution since its beginning in the 1980s, tran-

sitioning from a tool primarily used for rapid prototyping to a full-scale production technology capable
of fabricating complex, customized components across various industries [1]. Among the numerous AM
techniques, fused deposition modelling (FDM) is particularly valued for its cost-effectiveness, material
versatility and ability to produce intricate geometries such as lattice structures without the need for support
structures [2]. This process involves the layer-by-layer extrusion of thermoplastic filaments such as polylactic
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acid (PLA), which is widely used due to its biodegradability, ease of processing and renewable sourcing [3].
Lattice structures, characterized by their periodic arrangement of unit cells, have emerged as a key area of
interest within AM due to their exceptional strength-to-weight ratios, efficient material usage and potential
for tailored mechanical performance [4]. These architectures are especially promising for applications that
require lightweight yet strong components, making them suitable for sectors ranging from biomedical
engineering to aerospace.

Lattice structures are broadly categorized into several types including strut-based designs such as
cubic lattices and sheet-based designs such as triply periodic minimal surface (TPMS) lattices, each with
distinct architectural characteristics and mechanical behaviours under load [5]. These categories of lattice
structures can be seen in Fig. 1a,b for cubic lattices and in Fig. 1c–e for TPMS lattices. For instance, body-
centered cubic (BCC) lattices have shown better mechanical performance compared to simple cubic (SC)
designs, with studies reporting an elastic modulus of approximately 100 MPa for BCC structures, significantly
higher than the 70 MPa observed for SC structures with an identical 3 × 3 × 3 cell configuration. This
represents an increase of about 43%, highlighting the impact of nodal interconnectivity on stiffness and
load distribution [6]. Among TPMS structures, the gyroid has consistently outperformed other sheet-based
designs in compression tests. Research has shown that the gyroid structure exhibits a higher plateau stress of
50 MPa compared to 45 MPa for i-wrapped periodic (IWP), representing an 11% improvement. It also shows
a greater specific energy absorption of 11 J/g compared to 10 J/g, a 10% increase that demonstrates its higher
efficiency in dissipating energy [7]. Further strengthening this comparison, other studies found that gyroid
structures reached a yield strength of 64.2 MPa, which is about 32% higher than the 48.8 MPa recorded
for primitive structures. This enhancement is attributed to the gyroid’s continuous, smooth curvature
which mitigates stress concentration and promotes homogeneous deformation [8]. These documented
performance differentials highlight the critical influence of topological design on the compressive response
of lattice structures.

Figure 1: Unit cell of (a) BCC, (b) SC, (c) Gyroid, (d) IWP and (e) Primitive [6,9].

Despite the vast amount of research on the performance of lattice structures, a significant gap remains
in the direct comparative assessment of different lattice types under compression testing with identical
manufacturing and testing conditions. Many previous studies have focused on a single lattice type, often
employing metals such as 316L stainless steel or polymers such as polyamide, which limits the relevance of
their findings to PLA-based systems and hinders an overall understanding of how these competing structures
perform relative to one another [10,11]. Moreover, many comparative studies in FDM rely on commercially
sourced filaments, which can exhibit significant batch-to-batch variability in diameter, crystallinity and
mechanical properties due to differing manufacturing processes and storage conditions. One study reported
that conventional polyamide filaments present challenges such as warping and distortion when exposed to
heat, as they often lack tailored thermal stability and are difficult to control, limiting their performance in
high-temperature environments [3,12]. This limits the generalizability of findings and highlights the need
for studies employing tightly controlled material processing. Furthermore, while numerical simulations
such as finite element analysis (FEA) conducted using ANSYS software are a powerful predictive tool,
few studies have integrated them with physical compression tests within a single framework to validate
computational models and comprehensively examine both the mechanical properties and deformation
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mechanisms of these intricate structures [13]. This disconnect between simulation and experimentation
often overlooks FDM-specific defects such as layer adhesion inconsistencies and geometric inaccuracies,
which are critical for accurately predicting real-world performance [14,15]. To contextualize the present study
within the broader landscape of existing research, a summary of studies on additively manufactured lattice
structures evaluated under compression testing is presented in Table 1. This classification categorizes selected
studies based on lattice type, material, fabrication process and the investigation method used to determine
mechanical properties.

Table 1: Summary of existing studies on additively manufactured lattice structures.

Lattice Type Material Fabrication Process Investigation
Method Ref.

TPMS Aluminium oxide Binder jetting Experimental [16]
Cubic Titanium alloy Powder bed fusion Experimental [17]

Honeycomb Photosensitive resin Stereolithography Experimental [18]
TPMS Alginate hydrogel Direct ink writing Experimental [19]
Cubic Polyamide 12 Selective laser sintering Experimental [20]

Honeycomb Stainless steel 316L Selective laser melting Experimental [21]
TPMS Zinc oxide Digital light processing Experimental [22]
Cubic Vero white plus RGD835 Polyjet Experimental [23]

Honeycomb Thermoplastic Polyurethane 95A Fused deposition model-ling Experimental [24]

Therefore, this study aims to comprehensively evaluate and compare the mechanical performance
and deformation behaviour of three distinct lattice structures consisting of BCC, honeycomb and gyroid
fabricated from PLA using FDM. This work further distinguishes itself by employing in-house extruded
PLA filament, which enables controlled material consistency and minimizes variability commonly associated
with commercial filaments. The primary objectives are to experimentally characterize the quasi-static
compressive response of these structures in accordance with ASTM D695-23 standards, and to develop
corresponding finite element models that accurately simulate their mechanical behaviour under identical
loading conditions. Specifically, the research will quantify and compare key mechanical properties including
elastic modulus, yield strength, compressive strength and plateau strength across all three lattice designs.
Furthermore, the study seeks to analyse and correlate the deformation mechanisms observed during physical
testing with simulated stress distributions and failure patterns obtained from FEA using ANSYS software. The
selection of PLA as the base material is motivated by its biodegradability and suitability for FDM processing,
while the choice of BCC, honeycomb and gyroid structures allows for a systematic investigation of how
strut-based and sheet-based designs influence compressive performance in AM. Through this integrated
experimental-simulation approach, the research will establish validated numerical models for predicting the
compressive behaviour of PLA lattice structures and provide definitive performance rankings among the
three structures.

The findings of this research hold significant implications for advancing sustainable manufacturing
practices and lightweight design across multiple engineering sectors. By establishing validated compu-
tational models for predicting the mechanical behaviour of PLA lattice structures, this study provides
reliable tools for enhancing material efficiency and structural performance in applications such as energy-
absorbing components in the automotive industries [10]. The comparative analysis of BCC, honeycomb
and gyroid topologies offers practical guidance for selecting appropriate lattice configurations based on
specific mechanical requirements, thereby contributing to more efficient use of biodegradable polymers in
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load-bearing applications. This work supports responsible consumption and production by demonstrating
how 3D-printed PLA lattices can achieve competitive mechanical performance while utilizing renewable
resources and reducing material waste through cellular designs. The integration of experimental and simu-
lation methodologies further establishes a framework for developing sustainable structures with enhanced
mechanical properties and environmental credentials.

2 Material and Methods

2.1 Structural Design and Fabrication
The initial phase of this research involved the structural design and AM of three distinct lattice

structures, which are BCC, honeycomb and gyroid. These specific geometries were selected due to their
prevalence in lightweight engineering applications and their contrasting mechanical behaviours under com-
pressive loading, with BCC and honeycomb representing strut-based designs and the gyroid representing
a continuous sheet-based design [5,25]. The computer-aided design (CAD) models of the three lattice
structures are presented in Fig. 2. All lattice specimens were designed with overall dimensions of 30 mm ×
30 mm × 30 mm, based on previous studies of a 3D-printed FDM sample and to ensure consistent
comparative analysis between each specimen. The unit cell was standardized to a 3 × 3 × 3 configuration for
all designs to maintain uniformity, while the wall thickness was adjusted to achieve a 30% volume ratio for
each design to ensure printability and structural integrity during handling and testing [13,26].

Figure 2: CAD models of (a) BCC, (b) Honeycomb and (c) Gyroid structures.

The lattice structures were modelled using specialised CAD software, nTopology software (nTop Inc.,
USA), which is proficient in generating complex and parametrically controlled lattice geometries. The design
process commenced with the creation of a solid base block matching the final specimen dimensions. The
predefined unit cell libraries within nTop were then utilised to generate the BCC, honeycomb and gyroid
unit cells. These unit cells were systematically arranged in all three spatial dimensions using the software’s
cell map and patterning features to form the periodic lattice structures throughout the volume of the base
block. Following the completion of the design, the lattice models were exported in Stereolithography (STL)
file format, which is the standard for AM processes [27].

For filament fabrication, PLA 4043D pellets with an average diameter of 3 mm that are supplied by
NatureWorks (Minnesota, USA) were used as the raw material. Before extrusion, the pellets were dried in
a vacuum oven (Thermo Fisher Scientific, USA) at 80○C for 4 h to remove residual moisture, which could
weaken layer adhesion and introduce porosity during subsequent processing stages [28]. The dried pellets
were then melt-extruded into continuous filaments and wound onto spools under controlled conditions to
maintain a consistent diameter of 1.75 mm, suitable for FDM printing. Key extrusion parameters included
chamber temperatures ranging from 180○C to 200○C, an extruder speed of 5 rpm and a fan speed of 100%.
This step ensured uniform melting behaviour and structural integrity across all printed lattices, thereby
reducing a key source of experimental uncertainty prevalent in FDM-based studies [29].
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Then, the fabrication of all lattice specimens was carried out using the FDM technique on a Funmat HT
(Intamsys, China) 3D printer by utilizing the in-house fabricated PLA filament. Prior to printing, the STL
files were imported into a slicing software, where the printing parameters were configured. The parameters,
summarised in Table 2, were selected based on manufacturer recommendations and prior literature to
achieve optimal layer adhesion and dimensional accuracy [30]. Key parameters included a 100% infill density
to ensure the lattice struts were fully solid and free of voids, providing consistent material structure for
accurate compression testing. Then, the fabricated samples were visually inspected for critical defects such as
warping, delamination or incomplete printing, with defective samples were discarded and reprinted [28,31].

Table 2: FDM printing parameters [30].

Parameters Values
Nozzle diameter 0.4 mm

Nozzle temperature 215○C
Filament diameter 1.75 mm

Layer height 0.1 mm
Infill density 100%

Bed temperature 75○C
Print speed 45 mm/s

In addition, the accuracy of the 3D-printed lattice structure was verified by determining its mass and
volume by comparing it with the designed structure. The measurements were conducted using Archimedes’
principle with distilled water as the immersion medium, where ρF denotes the fluid density at room
temperature, and the masses of each specimen in air, mA and in fluid, mF were recorded using an analytical
balance (TE64, Sartorius AG, Germany) [22]. The lattice volume, VL was calculated from Eq. (1), which
corresponds to the volume of fluid displaced during immersion, while the bulk volume, VB was obtained
from the physical dimensions of the sample and subsequently used to compute the volume ratio, ρR as
defined in Eq. (2). This procedure aligns with established methods used for other open-cell TPMS structures,
including diamond and primitive geometries, particularly in polymer systems such as polyamide [32].

VL =
(mA −mF)

ρF
(1)

ρR =
VL

VB
(2)

2.2 Compression Testing Experiment
The experimental compression tests were conducted to evaluate the mechanical behaviour and defor-

mation mechanisms of the three lattice structures under quasi-static uniaxial loading. The tests adhered
to the international standard ASTM D695-23, which specifies the standard test method for compressive
properties for rigid plastics such as PLA [27]. A Universal Testing Machine (UTM) Instron 5567 (Instron,
USA) equipped with a 10 kN load cell was employed to apply and measure the compressive load for
all the lattice structures and a data acquisition frequency of 10 Hz was maintained throughout each
compression test. This machine was selected for its precision and capability to perform tests under controlled
displacement rates, ensuring accurate and repeatable data acquisition. The compression platens of the UTM
were thoroughly cleaned before each test to eliminate any debris or residue that might affect the contact
surface or alignment [7,13].
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During testing, each specimen was placed centrally on the lower compression platen to ensure uniform
load distribution and to avoid eccentric loading conditions. The upper platen was then carefully lowered
until it made light contact with the top surface of the specimen, as indicated by a slight preload reading.
The system was subsequently reset to establish a consistent baseline for all tests. The compression tests were
conducted in accordance with ASTM D695-23 under displacement control mode at a constant crosshead
speed of 1.3 mm/min. This low strain rate was selected to minimise dynamic effects and allow the material
to respond in a near-equilibrium manner, thereby capturing the true compressive behaviour of the PLA
lattice structures [26,33]. A 10 kN load cell was used to accurately measure the applied compressive force
throughout the test. The tests were performed until a strain level of 30% was reached, as this was sufficient to
observe the full range of elastic deformation and plastic yielding without causing complete destruction of the
specimen [34]. For each lattice geometry, five identical specimens were tested to ensure statistical reliability
and to account for potential variability arising from the printing process.

Following the compression tests, the stress-strain data were processed and analysed. The engineering
stress was calculated by dividing the recorded force by the original cross-sectional area of the specimen,
while the engineering strain was derived from the displacement normalized by the original height [8]. All
measurement units employed in this study are in accordance with the International System of Units (SI).
Key mechanical properties including elastic modulus and yield strength were extracted from the stress-
strain curves in accordance with ASTM D695-23. The elastic modulus was determined as the slope of the
linear region of the stress-strain curve, following any initial toe region caused by specimen settling and the
yield strength was determined using the 0.2% offset method, where a line parallel to the linear region is
drawn from 0.2% strain, and its intersection with the stress-strain curve defines the yield point [30]. For this
study, the compressive strength was defined as the peak stress value recorded within the initial deformation
region, up to 20% strain, before the onset of the plateau stage [35]. This parameter is important because it
captures the maximum load-bearing capacity of the structure prior to progressive collapse and provides a
clear basis for comparing the initial compressive performance. The plateau strength was then determined
as the average stress over a strain range of 20% to 30%, consistent with previous studies on 3D-printed
FDM TPMS structures [33,36]. To capture the deformation progression, a digital camera was positioned
perpendicular to the testing setup to record the entire compression process. A plain white background was
used to enhance contrast and facilitate post-processing analysis of the deformation behaviour. Additionally,
the fractured specimens were examined using scanning electron microscope (SEM) (SUPRA 55VP, Carl Zeiss
AG, Germany), which enabled a detailed examination of the failure mechanisms and the overall performance
during testing. The experimental setup illustrated in Fig. 3 shows the configuration of the testing machine
and sample alignment. This methodology ensured consistent and reproducible testing conditions across all
samples, enabling a fair comparison of the compressive performance among the different lattice designs.

2.3 Finite Element Analysis
The FEA was conducted to simulate the quasi-static compression behaviour of the three lattice structures

and to complement the experimental findings. The simulations were designed to replicate the experimental
conditions as closely as possible, providing a numerical insight into the stress distribution, deformation
mechanisms and overall mechanical performance of the BCC, honeycomb, and gyroid lattices under
compressive loading. The simulations were performed using the explicit dynamics module in ANSYS 2024
R1 (Ansys Inc., USA). This analysis type was selected over a static structural analysis to accurately capture
the large deformations and nonlinear material behaviour extending well into the plastic region [9,13]. The
geometry of the lattice models was exported in the standard for the exchange of product model data (STEP)
file format and imported directly into ANSYS for analysis.
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Figure 3: Experimental compression test setup.

The material model for PLA was defined to capture both its elastic and plastic behaviour. Isotropic
elasticity was used to model the linear elastic region, requiring the input of young’s modulus and poisson’s
ratio, which were obtained from tensile tests on bulk PLA specimens following ASTM D638 standards [37].
For the plastic region, a multilinear isotropic hardening model was employed. This model utilised a true
stress-strain curve derived from experimental tensile data to define the plastic response of the material
beyond its yield point, ensuring an accurate representation of its nonlinear deformation under increasing
load [38]. The specific material properties of the PLA used in the simulation are summarized in Table 3 and
the corresponding true stress–strain curve is presented in Fig. 4.

Table 3: PLA material properties in tensile test [39].

Properties Value
Density 1.23 g/cm3

Young’s modulus 2717 MPa
Poisson ratio 0.33

To replicate the physical compression test, rigid plates were modelled and positioned at the top and
bottom of each lattice specimen, as illustrated in Fig. 5. The compressed sample was assigned the material
properties of PLA, while the top and bottom plates were defined as rigid bodies with the properties of steel to
simulate the compression platens of the universal testing machine. The interaction between the compression
plates and the lattice specimen was defined using a surface-to-surface contact condition. A friction coefficient
of 0.2 was applied to all contacting surfaces, a value which was taken from previous studies on similar
interfaces in compression simulations [40,41]. For the boundary conditions, the bottom plate was assigned
as a fixed support condition, constraining all degrees of freedom. The top plate was assigned a prescribed
displacement boundary condition, moving downward at a constant velocity to achieve a strain rate equivalent
to the quasi-static rate used in the experimental tests, thereby replicating the displacement-controlled nature
of the physical experiment [14,42].
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Figure 4: True stress-strain curve of PLA from tensile test.

Figure 5: Simulation compression test setup.

A convergence study was conducted to determine the optimal element size, balancing computational
accuracy with efficiency. A mesh consisting of 4-node tetrahedral elements was employed, as this is the
default element type in the ANSYS explicit dynamics module and is well-suited for discretizing complex
lattice geometries. The mesh was progressively refined until the predicted mechanical response showed
negligible change (less than 5%), ensuring the results were independent of the mesh size while conserving
computational resources [11,30]. The simulation was set to run until a total strain of 30% was achieved,
mirroring the experimental stopping point. The primary outputs extracted from the simulation were the
reaction force at the fixed support and the applied displacement. These raw data were then post-processed to
generate engineering stress-strain curves. This allowed for the direct extraction of key mechanical properties
including elastic modulus, yield strength, compressive strength and plateau strength using the same methods
as the physical experiment, enabling a one-to-one comparative analysis.

3 Results and Discussion

3.1 Fabrication Accuracy
The fabricated samples of the three lattice structures are shown in Fig. 6, illustrating the distinct

geometrical configurations achieved through the printing process. Among the three designs, the honeycomb
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structure exhibited a higher tendency for stringing, with thin filaments forming between the struts compared
to the BCC and gyroid structures. This phenomenon can be primarily attributed to the honeycomb’s
numerous, closely spaced and vertical struts [43]. Such a configuration necessitates frequent and rapid nozzle
movements between non-adjacent points during printing, thereby increasing the likelihood of residual
filament deposition and the formation of stringing defects [44]. Despite these minor imperfections, their
influence on the compressive mechanical properties examined in this study was considered negligible, as
they did not significantly affect the overall structural integrity of the printed samples.

Figure 6: Fabricated samples of (a) BCC, (b) Honeycomb and (c) Gyroid structures.

Furthermore, the fabrication accuracy of the printed lattices was evaluated by comparing the designed
values with the measured mass, volume and volume ratio, as summarized in Tables 4–6. The gyroid structure
demonstrated the closest agreement with the design, exhibiting the lowest relative errors in mass (2.50%)
and volume (0.73%). This enhanced accuracy is attributed to its continuous and self-supporting topology,
which minimized printing defects [8]. In contrast, the BCC lattice showed the highest discrepancies, with
mass and volume errors of 11.52% and 10.85%. This is due to its discrete strut-based geometry being more
susceptible to minor print defects [25]. While the absolute masses of the fabricated structures were not
identical due to the inherent process variations discussed above, the volume ratio which is the critical design
parameter was consistently maintained within a narrow range of the target 30%. This confirms that the
subsequent comparison of mechanical properties primarily reflects differences in topological structure rather
than significant discrepancies in material volume.

Table 4: Comparison of designed and actual mass of lattice structures.

Structures Designed Mass (g) Actual Mass (g) Relative Error (%)
BCC 9.98 8.83 11.52

Honeycomb 9.99 9.44 5.51
Gyroid 9.99 9.74 2.50

Table 5: Comparison of designed and actual volume of lattice structures.

Structures Designed Volume (cm3) Actual Volume (cm3) Relative Error (%)
BCC 8.11 7.23 10.85

Honeycomb 8.12 7.93 2.34
Gyroid 8.12 8.18 0.73
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Table 6: Comparison of designed and actual volume ratio of lattice structures.

Structures Designed Volume Ratio (%) Actual Volume Ratio (%) Relative Error (%)
BCC 30 30 0

Honeycomb 30 29 3.33
Gyroid 30 31 3.33

3.2 Compression Testing Experiment
3.2.1 Mechanical Properties in Physical Test

The compressive stress-strain behaviour of the three lattice structures which are BCC, honeycomb
and gyroid, fabricated from PLA through FDM was experimentally evaluated under quasi-static loading
conditions. The stress-strain curves shown in Fig. 7 revealed distinct deformation responses characteristic
of each lattice topology. The gyroid structure exhibited a smooth and continuous curve with a prolonged
plateau region, indicating progressive and uniform deformation facilitated by its continuous sheet-based
architecture. These observations align with previous studies on lattice structures, where continuous topolo-
gies like gyroid tend to distribute stress more evenly, thereby delaying localized failure and enhancing
energy absorption capacity [45]. In contrast, the honeycomb and BCC structures, being strut-based designs,
displayed more pronounced fluctuations and multiple peaks in their curves, corresponding to sequential
buckling and collapse of individual struts. This behaviour is consistent with past research, which showed
that strut-based structures exhibit stress–strain curves with multiple peaks, indicating sequential structural
instability and realignment during compression [46]. Additionally, it should be noted that the stress-strain
curves in Fig. 7 exhibit a minor initial toe region up to approximately 2.5% strain before entering the linear
elastic region. This behavior is attributed to initial settling and microstructural adjustments within the lattice
structures, including localized pore collapse and realignment of struts under initial compressive loads, rather
than testing setup compliance [8].

Figure 7: Compressive stress-strain curves obtained through experimental testing.

The mechanical properties derived from the compressive stress-strain curves revealed significant dif-
ferences in performance among the three lattice structures based on Fig. 8. The gyroid structure consistently
demonstrated better mechanical performance, achieving the highest values in all measured properties. It
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recorded an elastic modulus of 199.56 MPa, a yield strength of 5.37 MPa, a compressive strength of 6.64 MPa
and a plateau strength of 5.58 MPa. In comparison, the honeycomb structure exhibited a 44% lower elastic
modulus (111.98 MPa), a 53% reduction in yield strength (2.51 MPa), and a 60% decrease in compressive
strength (2.66 MPa). Its plateau strength was the lowest among the three at 0.90 MPa, indicating a limited
capacity for energy absorption after the initial yield point. Furthermore, the BCC lattice presented a more
complex performance profile. While it recorded a lower elastic modulus (59.15 MPa) than the honeycomb, its
strut-based design allowed for a higher compressive strength (3.31 MPa) and a significantly greater plateau
strength (3.23 MPa) compared to the honeycomb, suggesting a more stable and gradual collapse mechanism.
However, its yield strength (2.22 MPa) remained the lowest. The exceptional performance of the gyroid is
attributed to its continuous, smooth and isotropic topology, which facilitates uniform stress distribution and
minimizes stress concentration, thereby delaying the onset of failure and enabling higher energy absorption
throughout the deformation process [47]. Conversely, the discrete strut-based designs of the BCC and
honeycomb lattices are inherently prone to stress concentration at the nodes and struts, leading to earlier
buckling and catastrophic failure, which ultimately limits their overall compressive resistance [48].

Figure 8: Mechanical properties under experimental testing in (a) Elastic modulus, (b) Yield strength, (c) Compressive
strength and (d) Plateau strength.
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3.2.2 Deformation Mechanism in Physical Test
Based on the visual analysis of the deformation progression captured during the physical compression

tests, distinct and characteristic failure mechanisms were observed for each of the three lattice structures
at the 30% strain mark, as highlighted in the red-circled regions in Fig. 9. The BCC lattice, a strut-based
design, exhibited a non-uniform deformation pattern where the top and bottom regions of the structure
underwent significant densification ahead of the central section. This behaviour is attributed to the sequential
buckling and collapse of individual vertical struts, which initiated from the ends where platen contact stress
concentrations were the highest, leading to a progressive layer-wise failure from the ends inward [49]. In
contrast, the honeycomb lattice demonstrated a more localized failure mechanism, characterised by the
formation of a distinct diagonal shear band across its structure. This shear band resulted from the coordinated
buckling of its hexagonal cells, which aligned along a preferential plane of weakness under the compressive
load, causing a sudden drop in load-bearing capacity and indicating a typical shear-dominated failure
common in cellular structures with periodic but anisotropic designs [2]. Conversely, the gyroid lattice, with
its continuous TPMS topology, displayed a remarkably uniform and homogeneous deformation throughout
its entire volume without any visible localised shear bands or abrupt densification zones. The absence of
stress-concentrating nodes and the presence of smoothly interconnected curved surfaces allowed for even
stress distribution and a gradual layer-by-layer compaction, which is a hallmark of sheet-based architectures
and contributes significantly to their better energy absorption efficiency [50]. These observed mechanisms
align well with the stress-strain responses, where the gyroid’s smooth plateau contrasted with the fluctuating
curves of the strut-based BCC and honeycomb, highlighting the critical influence of topological design on
deformation behaviour and structural resilience under compressive loads.

Figure 9: Deformation behaviour under experimental testing in (a) BCC, (b) Honeycomb and (c) Gyroid structures.

The post-test SEM examination presented in Fig. 10 provided further microstructural insights into the
deformation mechanisms. The BCC structure revealed catastrophic fracture at the nodal junctions, where
stress concentration was most severe. The struts showed breaks with little evidence of plastic deformation,
indicating that the failure was dominated by bending-induced fracture at the nodes, which aligns with the
observed sequential collapse in the macroscopic analysis. This brittle fracture mode at the nodes further
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confirms that the nodal regions are the weakest points in the BCC structure. They act as critical stress risers
that lead to sudden and catastrophic failure rather than gradual and progressive collapse. For the honeycomb
structure, the SEM analysis confirmed the shear band observed in macroscopic level, showing a combination
of strut buckling and layer delamination within the affected cells. The fracture surfaces indicated a mixed-
mode failure, where the vertical struts buckled and the adhered layers separated due to the shear stresses,
resulting in the sharp stress drops in its compressive stress-strain curve. The observed layer delamination
further highlights the influence of the FDM process without support structures, where the interlayer bond
strength was insufficient to withstand the shear forces. This is mainly because the honeycomb pattern
creates a mid-span overhang during printing, thereby worsening shear-band failure. In contrast, the curved
sheets of the gyroid structure showed more ductile-like crushing behaviour rather than sharp fractures. The
absence of concentrated nodal failures across the sheet surfaces further indicated the overall homogeneous
deformation, which was consistent with the macroscopic observation. Furthermore, the continuous and
crumpled appearance of the gyroid sheet walls suggests a progressive and a layer-by-layer plastic collapse
mechanism. This behaviour is attributed to the smooth and node-free topology, which prevents localized
failure and allows the structure to collapse in a controlled manner. This mechanism effectively dissipates
energy over a larger volume, which is a key factor leading to the gyroid’s greater compressive strength as
shown in the mechanical properties analysis.

Figure 10: SEM images at 30% strain in (a) BCC, (b) Honeycomb and (c) Gyroid structures.

3.3 Finite Element Analysis
3.3.1 Mechanical Properties in Simulation Test

The FEA provided a numerical insight into the compressive mechanical properties of the BCC,
honeycomb and gyroid lattice structures, providing stress-strain curves and quantitative data for direct
comparison with experimental results. The simulated compressive stress-strain curves for the three lattices
shown in Fig. 11 exhibited deformation trends that were fundamentally consistent with the experimental
curves in Fig. 7. Both sets of curves demonstrated the characteristic deformation behaviour of lattice
structures, which includes an initial linear elastic region and a prolonged plateau stress region indicative
of progressive collapse [36]. The gyroid structure, in both simulation and experiment, displayed a notably
smoother and more continuous curve with an extended plateau, reflecting its continuous sheet-based
architecture that facilitates uniform stress distribution and gradual yielding. In contrast, the simulated curves
for the strut-based BCC and honeycomb structures showed pronounced fluctuations and multiple peaks,
mirroring the experimental observation of sequential buckling and collapse of individual struts. It is noted
that the simulated stress-strain curve for the BCC structure does not begin at exactly zero strain. This
offset is a result of the numerical contact in the explicit dynamics solver, which accounts for the initial
settling of the structure under the compression plate before full engagement. However, a key difference
between the simulated and experimental curves lay in the magnitude of the stress value. The FEA results
predicted significantly higher stress levels across all strains. This discrepancy is attributed to the idealized
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conditions inherent in the simulation, which did not account for manufacturing defects such as micro-voids,
layer adhesion inconsistencies and geometric inaccuracies that are unavoidable in physical FDM-produced
samples and inherently reduce their load-bearing capacity [29].

Figure 11: Compressive stress-strain curves obtained through simulation testing.

The simulated mechanical properties presented in Fig. 12 demonstrated a strong correlation with the
experimental trends from Fig. 8, consistently ranking the gyroid as the best performing structure, followed
by the honeycomb and then the BCC structure, yet they exhibited notable differences attributable to the
idealized nature of FEA. The simulation accurately captured the gyroid’s better performance, calculating
an elastic modulus of 197.23 MPa, a yield strength of 5.10 MPa, a compressive strength of 6.98 MPa and a
plateau strength of 7.29 MPa, which were all the highest among the three designs. The hierarchy was also
maintained for the honeycomb lattice, with simulated values of 83.73 MPa (elastic modulus), 2.19 MPa (yield
strength), 3.00 MPa (compressive strength) and 2.83 MPa (plateau strength). However, a key divergence
occurred in the relative performance of the BCC and honeycomb structures. While the experiment showed
the honeycomb’s elastic modulus (111.98 MPa) was 89% higher than the BCC (59.15 MPa), the simulation
predicted a much smaller enhancement with the honeycomb (83.73 MPa) exhibiting only a 37% higher
modulus than the BCC (61.28 MPa). Furthermore, the simulation predicted the BCC’s plateau strength
(4.79 MPa) to be 69% higher than the honeycomb’s (2.83 MPa), a trend that was present but less pronounced
in the physical test, where the BCC recorded 3.23 MPa and the honeycomb recorded 0.90 MPa. These
quantitative discrepancies, where simulation often predicted higher strength values, stem from the FEA
modelling a perfect geometry with homogeneous material properties and flawless nodal connections, unlike
the physical samples which contained FDM-induced defects that act as stress concentrators and reduce
overall load-bearing capacity [15]. The overestimation of the BCC’s performance, particularly its plateau
strength, suggests the simulation did not fully capture the susceptibility of its slender struts to buckling
failures initiated by real-world imperfections [51]. Despite these differences in value, the fundamental
agreement in the performance hierarchy between simulation and experiment validates the FEA’s utility in
predicting the mechanical performance of different lattice structures.
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Figure 12: Mechanical properties under simulation testing in (a) Elastic modulus, (b) Yield strength, (c) Compressive
strength and (d) Plateau strength.

3.3.2 Deformation Mechanism in Simulation Test
The deformation mechanisms of the BCC, honeycomb and gyroid lattice structures under compressive

loading were further presented through FEA, with a particular focus on the von Mises stress distribution up
to 30% strain as shown in Fig. 13. The von Mises stress contours revealed distinct failure patterns for each
topology, which were consistent with their respective architectural characteristics. For the BCC lattice, stress
concentrations were predominantly observed at the nodes and strut junctions, with maximum von Mises
stress values reaching approximately 41 MPa. The deformation pattern indicated that the top and bottom
regions of the structure underwent significant densification ahead of the central section. This simulation
result aligns well with the physical deformation observed in Fig. 9a, where a non-uniform layer-wise collapse
from the ends. In contrast, the honeycomb lattice exhibited stress concentrations primarily along the vertical
struts and at the intersections of hexagonal cells, with peak von Mises stresses around 16 MPa. However,
unlike the experimental results which showed a distinct diagonal shear band formation in Fig. 9b, the
simulation did not capture this localized shear failure mechanism. This discrepancy is likely due to the
idealized geometric and material conditions in the simulation, which did not account for manufacturing-
induced defects such as layer adhesion inconsistencies or micro-voids that promote shear band initiation
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in physical samples [2]. The absence of this shear band in the simulation explains the observed differences
in mechanical properties, such as the higher plateau strength in FEA compared to the experimental results,
with a difference of 103%. Conversely, the gyroid lattice showed a uniform von Mises stress distribution
throughout its structure, with no prominent stress concentrations and maximum values around 36 MPa.
The continuous, smooth topology of the gyroid facilitated even stress distribution and homogeneous
deformation, which was in excellent agreement with the experimental observations in Fig. 9c, where no
localized failure or shear bands were evident. The consistent deformation behaviour across both simulation
and experiment highlights the gyroid’s better structural resilience. Overall, the FEA successfully captured
the fundamental deformation mechanisms for the BCC and gyroid structures, while highlighting the
limitations of simulation tests in replicating failure modes such as shear banding in honeycomb structures.
These findings emphasize the importance of incorporating material imperfections and anisotropy in future
simulations to better predict the mechanical behaviour of additively manufactured lattice structures.

Figure 13: Von mises stress under simulation testing in (a) BCC, (b) Honeycomb and (c) Gyroid structures.

4 Conclusion
Based on the comprehensive experimental and simulation analysis conducted in this study, it can be

concluded that the gyroid lattice structure fabricated from PLA via FDM exhibited better compressive
performance, outperforming both the BCC and honeycomb structures with a 44% higher elastic modulus
(199.56 MPa), 53% greater yield strength (5.37 MPa), and 60% increased compressive strength (6.64 MPa)
compared to the honeycomb design. The continuous sheet-based architecture of the gyroid facilitated
uniform stress distribution and homogeneous deformation, leading to enhanced energy absorption and
structural resilience. The use of in-house extruded PLA filament represented a key methodological choice,
ensuring consistent material properties across all specimens. This control over the raw material was
fundamental for ensuring that the observed performance differences were due to lattice geometry, rather than
variations in filament properties. Furthermore, the developed finite element models successfully captured the
fundamental deformation trends and the mechanical performance across the three lattices, although some
overestimation in mechanical properties was observed due to the idealized assumptions in the simulation
that did not account for 3D-print defects. This research provides validated computational tools and practical
insights for selecting and advancing lattice structures in sustainable lightweight applications, particularly
in industries requiring energy-absorbing components. The integration of numerical and experimental
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approaches, based on controlled material input, establishes a robust framework that can be used in future
studies to further explore the effects of material anisotropy and hybrid lattice designs on the mechanical
behaviour of additively manufactured biodegradable polymers.
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