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Abstract

Additive manufacturing is transforming structural design for industrial applications by enabling the fabrication of complex,
biologically inspired geometries with high precision. This approach enhances mechanical performance by maximizing
strength and minimizing weight, paving the way for next-generation lightweight, high-strength structures. This study inves-
tigates bioinspired designs based on natural elements such as DNA, the nautilus shell, and the basal body. Two structures,
a DNA-based and a hybrid design were additively manufactured and analysed, incorporating variations in wall thickness
(0.8 mm and 0.9 mm), DNA patterns (hexagonal and single), centriole-inspired tube angles (35° and 40°), and three
curvature configurations in the nautilus structure. Mechanical performance was evaluated through both numerical simu-
lations and experimental testing, and results were compared with earlier designs (centriole, nautilus, and hybrid). The
hexagonal DNA structure posed manufacturability challenges due to its intricate fine links. However, components pro-
duced via the Vat Photopolymerization process exhibited excellent strength-to-weight ratios, combining lightweight prop-
erties with structural integrity. Compressive strength and failure mechanisms were also analysed, showing superior
stiffness and energy absorption. Remarkably, the DNA and hybrid structures matched the strength of conventional
designs while reducing material usage by approximately 45% and 25%, respectively. Additionally, microstructural analysis
of the fractured surfaces provided insight into failure modes and post-deformation material behaviour.
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Bioinspired structures derive design principles from
nature, leading to innovative, efficient, and sustainable
solutions in engineering, architecture, and materials
science. By analysing the adaptive strategies of diverse
organisms, designers can develop structures that are not
only aesthetically refined but also precisely optimized
for performance and resource efficiency. Various
bio-inspired structures serve diverse applications. For
instance, 3D-printed hybrid lattice structures are designed
for energy absorption, making them ideal for applications
such as footwear and impact protection. Various

Introduction

The development of bioinspired structures that not only
resemble conventional designs but also surpass them in
performance has long been a focal point of research and
engineering efforts. Various species, including both flora
and fauna, provide engineers and scientists with valuable
opportunities to analyse their structural patterns, material
composition, and functional performance under extreme
environmental conditions. Bioinspired structures have
recently emerged as a prominent focus in research due
to their remarkable mechanical properties and functional
advantages.' The development of advanced, lightweight
natural biological materials® is crucial for applications
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necessitating enhanced energy absorption capabilities,’
particularly in sectors including transportation, aviation,
and infrastructure. Nevertheless, strength and stiffness
are frequently compromised in the lightweight design of
lattice. Drawing inspiration from various biological
systems including Centriole, Nautilus, Cartwheel, and
DNA, bioinspired structures demonstrate substantial
advancements over conventional lightweight structures.
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bio-inspired structures serve diverse applications. For
instance, 3D-printed hybrid lattice structures are designed
for energy absorption, making them ideal for applications
such as footwear and impact protection* and 3d printed
elytra-like interlocked sandwich (ABEIS) structure used
for excellent mechanical performance and energy absorp-
tion suitable for the applications in industries where light-
weight yet strong materials are required, such as
aerospace and automotive engineering.’

Bionic lattice structures pomelo peel can be utilized in
innovative structural designs that require materials with
enhanced mechanical characteristics and energy absorp-
tion behaviours, making them suitable for applications
in protective gear, automotive components, and aerospace
structures.®’” Metallic samples constructed from triply
periodic minimal surfaces (TPMS) and cage lattices are
designed for lightweight application to use in aerospace
and automotive engineering.®’

Ramakrishnan et al.'® worked on a bio-inspired
Xylotus lattice, demonstrated for superior energy absorp-
tion characteristics, exceeding previous studies by a
remarkable 38%. Zengmiao et al. presented bio-mimetic
curved-elliptical lattice configuration that significantly
augments mechanical efficacy and deformation resili-
ence.'’ Edoardo Mancini et al.'> developed a bi-linear
material using Digital Light Processing (DLP) technol-
ogy, demonstrating isotropic behavior within a specific
range of relative density at both meso and macro scales.
Masoud Shirzad et al.'* examined bioinspired auxetic
structures under static and dynamic loads, concluding
their potential for biomedical applications due to their
tissue-like properties, enhanced durability, and superior
energy absorption.

The present research introduces a novel structural
design approach that uniquely hybridizes DNA, centriole,
and nautilus-inspired geometries to create architected lat-
tices for mechanical characterization. Unlike existing
lattice frameworks such as TPMS or auxetic structures,
the proposed designs exhibit hierarchical and multiscale
features that have not been previously explored. This
study aims to evaluate both experimental and numerical
performance of these structures in terms of energy absorp-
tion, stiffness-to-weight ratio, and manufacturability using
SLA-based 3D printing. While TPMS structures are
known for their high surface-to-volume ratio and mechan-
ical efficiency,'* and auxetic lattices for their negative
Poisson’s ratio and enhanced energy absorption, our
hybrid structures offer a distinct alternative by integrating
biological inspiration from multiple natural forms, poten-
tially offering superior performance in lightweight appli-
cations. Hybrid lattice structures can effectively balance
performance trade-offs by combining the strengths of dif-
ferent geometries. AlQaydi et al.'® demonstrated that
while I-WP lattices delivered superior stiffness along the
build direction, they also exhibited pronounced anisot-
ropy. In contrast, diamond lattices showed more
uniform mechanical behavior but with comparatively
lower stiffness, emphasizing the challenge of optimizing
both strength and directional stability. Limited studies

have explored the constitutive behaviour of hybrid
lattice structures.'”™** Di Frisco et al.?® demonstrated
that topological modifications in TPMS lattice designs
can significantly enhance the mechanical performance of
integrated structures, achieving up to a fourfold increase
in energy absorption.

The intricate structure of deoxyribonucleic acid
(DNA), from the nucleotide level to the chromosomal
scale, is fundamental to its biological function. DNA’s
capacity to store and transmit genetic information effect-
ively is intrinsically linked to the sophistication of its
structural design. DNA serves as the fundamental
genetic blueprint for humans and nearly all living organ-
isms. Remarkably, the DNA within almost every cell of
an individual’s body remains identical, ensuring consist-
ency in genetic information. DNA sequences are deliv-
ered from parent to baby, with the father’s DNA
responsible for around half of a child’s DNA and the
mothers for the other half. A series of nucleotides
makes up a DNA molecule. Three basic building blocks
make up each nucleotide: a nitrogenous base, a phosphate
group, and a sugar molecule. The cell’s nucleus contains
the majority of the DNA; however, the mitochondria
also contain just a little. The four chemical bases that
make up DNA’s coding (T) are adenine (A), guanine
(G), cytosine (C), and thymine (T).>"*? The DNA struc-
ture is remarkably precise, maintaining a uniform width,
consistent nucleotide spacing, and a well-regulated
length. Each helix turn follows a strict pattern, ensuring
stability and integrity at the molecular level.

The 3D structure of a DNA molecule forms an elegant
right-handed double helix, where hydrogen-bonded bases
stack atop one another, oriented perpendicular to the
sugar-phosphate backbone. Along the helical axis, these
bases are precisely spaced at 0.34 nm intervals. With
each complete turn occurring every 3.4 nm, the helix ele-
gantly accommodates approximately 10 base pairs per
rotation, ensuring its stability and functionality.”> DNA
boasts a precisely structured helical width of 2.0 nm,
with each base pair contributing to a graceful
+36-degree rotation, creating its iconic spiral symmetry*
. The number of DNA is selected six because simulation
results in better strength than 2 and 4 DNA.

This study builds upon previous research by introdu-
cing two novel nature-inspired designs (DNA and
Hybrid) and comparing them with existing structures
(Centriole, Nautilus, and Hybrid).l he preliminary
design and development were carried out using
SLA-based additive manufacturing, supported by numer-
ical simulations to predict the mechanical performance of
the new lattice geometries. Subsequently, a comprehen-
sive experimental campaign was conducted to evaluate
the static mechanical properties of the structures across
varying wall thicknesses and to investigate their deform-
ation mechanisms under uniaxial compression. The
study also presents the design development approach,
along with the validation of physical and numerical
deformation points. Finally, fracture surface morphology
was examined using scanning electron microscopy
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Table |. DNA structures design variables.

Variables D, D, Ds Dy
Individual Units 6 6 | |
Mass 185¢g 20.6g 2l.1g 223¢g

(SEM) to gain insights into failure characteristics and
microstructural behaviour.

Material and methods

This study builds upon our previous research by investi-
gating optimized design strategies for homogeneous
bioinspired DNA-based lattices and hybrid structures.
We also compare these designs with structures such as
the centriole, nautilus, and cartwheel, which were ana-
lysed in the earlier publication.! This study introduces a
novel hybrid structure that integrates elements of the cen-
triole, nautilus, cartwheel, and DNA architectures. The
CAD model was meticulously designed using Autodesk
Fusion 360, showcasing a robust 50 mm diameter and
an equal height of 50 mm for structural consistency and
precision.

DNA structure design

Drawing inspiration from the natural DNA double helix,
the design preserves a base pair diameter of 2 mm,
aligned with a sequence of 10 base pairs. The axial dis-
tance between successive base pairs is uniformly scaled
to 3.04 mm, creating nine intermediate gaps that reflect
the helical pitch. To ensure structural integrity and
balance between the rib structure and the top plate, the
backbone diameter is set at 5 mm for both single and
double-strand configurations. The entire geometry is
derived through a dimensional upscaling from molecular
scale to printable form, adopting a transformation ratio
of 1 nanometre to 1 millimetre. The overall height of
the single and double DNA structures corresponds to
one complete helical cycle, scaled from 3.4 nm in the
natural molecule to 48 mm in the fabricated design. In
the case of the hexagonal DNA configuration, the com-
bined diameter of all six helices spans approximately
48 mm, effectively occupying the entire 50 mm diameter
of the build plate. The diameter of each DNA diameter is
8 mm. To maintain geometric proportionality, the height
of the hex DNA structure is adjusted to include two com-
plete cycles, resulting in a total height of 48 mm (with
each cycle scaled to 24 mm). For the hexagonal DNA
structure, the backbone diameter was set to 0.815 mm.
This value was derived by proportionally dividing the
5 mm backbone diameter used in the single DNA config-
uration across six helices, resulting in a reduced yet struc-
turally consistent dimension. Similarly, the base pair
diameter was downscaled from 3.04 mm to 0.5 mm to
fit the compact hexagonal arrangement. This scaling

ensures that the collective geometry fits within the
design constraints while maintaining mechanical stability.

Table 1 illustrates that designs D1 and D3 employ the
smaller 8 mm diameter, whilst designs D2 and D4 utilize
the larger 48 mm diameter. The mass of each design was
evaluated using slicing software. The hexagonal DNA
structure with a backbone thickness of 0.8 mm weighs
approximately 18.5 g, while the single DNA configur-
ation has a mass of 21.1 g. This difference underscores
the influence of structural density and the number of
DNA units on the overall weight. The dual DNA structure
exhibits the highest mass at 31.24 g, an increase of nearly
33% compared to the single DNA due to the added helical
strand and increased material volume. This variant facili-
tates the optimization of mechanical qualities according to
design specifications. Despite the relevance of their
complex geometry, current hexagonal DNA nanostruc-
tures face challenges during printing process, notably
the structural failure of thinner rib sections. In contrast,
such issues are not observed in single DNA lattice config-
urations, indicating superior mechanical stability in
simpler architectures Figures 1 and 2.

Hybrid [centriole + nautilus + DNA] structure
design

The hybrid structure integrates elements of centriole,
nautilus, and DNA architectures. Single and hex DNA
are selected based on simulation results. The selection
strategy for the two hybrid lattice designs involves delib-
erate variation in the height combinations of DNA (half-
cycle and full-cycle) and centriole elements to achieve
distinct structural responses. In Design A, the hex DNA
height is reduced from its original 48 mm to 24 mm
(based on the hex DNA configuration) and is combined
with a 26 mm spiral centriole, distributed as 13 mm on
the top and bottom sections. This arrangement emphasizes
enhanced vertical support from the centriole structure
while maintaining a compact DNA core.

In contrast, Design B incorporates a halved single
DNA unit with a height of 24 mm (derived from the full
48 mm single DNA design), paired with the same
26 mm spiral centriole. This configuration leverages the
DNA'’s helical characteristics, potentially enhancing tor-
sional flexibility and energy absorption. The half single
DNA structure contains 5 base pairs, each with a diameter
of 2 mm, spaced consistently at 3.04 mm, and supported
by a 5 mm diameter backbone preserving the original geo-
metric parameters of the full DNA model. These design
modifications provide customized mechanical properties
and functional versatility based on the specific use of
the hybrid lattice structure Table 2.

Additive manufacturing samples

As illustrated in the design above, two primary geometric
shapes with nine distinct lattice configurations were fabri-
cated using advanced stereolithography (SLA) techniques.



Proc IMechE Part L: | Materials: Design and Applications 0(0)

phosphate

, ; backbone
35y Smm

(a) 5 3 Base pair I 50 mm |

50 mm

Double DNA |

(©

SLA 3d Printing

Figure 2. Dimension of the hybrid designs (a) Designs of hex and single hybrid lattice and (b) Printed part of hex and single hybrid

lattice structure.

The structures were crafted from elegoo ABS standard
photopolymer resin (405 nm), renowned for its exceptional
precision, minimal volume shrinkage (3.72-4.24%),
impressive tensile strength (30-52 MPa), and optimal
density (1.05-1.25 g/cm?), ensuring robustness and accur-
acy in the final constructs. Creality LDO02R 3D printer,

with a compact yet efficient build volume of 119 X 65 X
160 mm, operates at a variable print speed of 6-18 s per
layer height and a nominal power consumption of 72 W.
Beyond precise fabrication, this machine also calculates
essential metrics such as part volume, mass, estimated
print time, and cost analysis. The SLA printing settings
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Table 2. Hybrid structures design variables.

Variable H| HZ H3 H4
Thickness of Wall (in mm) 0.8 0.9 0.8 0.9
Tube Angle (degrees) 40 40 35 35
No. of curves 3 3 4 4
Individual Units of DNA 6 6 | I
Mass (grams) 23.6 242 23.8 243

are established as follows: the layer height is 0.05 mm,
assuring fine detail and an ideal surface finish. Each layer
necessitates an exposure time of 7's; however, the lower
layers demand an extended exposure period of 60 s to
enhance adherence to the construction plate. The bottom
lift distance is established at 5 mm, accompanied by a
bottom lift speed of 65 mm per minute. The retraction
speed is set at 150 mm per minute to enhance print effi-
ciency and minimize possible defects. The steps to
develop and testing of all bio-inspired lattices is explained
in Figure 3. All samples were printed in a flat orientation
to ensure dimensional consistency and reduce potential
warping during the SLA printing process. The single
DNA structures required minimal support, as their geometry
was relatively self-supporting. In contrast, the hybrid struc-
tures demanded additional support, particularly to stabilize
the overhanging plates and interconnected features during
the build process. For the hexagonal DNA structures, thin
supports were strategically placed to maintain fine feature
resolution while minimizing post-processing challenges.
After printing, all structures were cleaned using isopropyl
alcohol which effectively removes residual uncured resin,
preventing sticky surfaces and enhancing surface finish.
Incomplete washing may lead to resin pooling, which can
harden unevenly during post-curing, negatively impacting
both the aesthetic quality and mechanical integrity of the
part. Post-curing under UV light further increases the
degree of polymer crosslinking, leading to improved stiff-
ness, strength, and hardness. Without adequate curing,
parts may remain undercured, brittle, and mechanically com-
promised. post-cured under a 405 nm UV light source to
enhance material strength and stability.

The density of each of the five biological samples can
be precisely determined by the below formula:

p== 1
v

Based on the above values, the liquid density is main-
tained at 1.1 g/cm?. Table 3 reports experimentally deter-
mined densities of DNA and hybrid structures,
benchmarked against previously reported values for
three bioinspired lattices—centriole, cartwheel, and naut-
ilus. Average densities from five samples per geometry
were normalized to the base photopolymer resin.

P sample
— 2
Psolid

Relative density =

The hardened conventional gray resin possesses a
density of 0.98 g/cm®. Even though the mean relative

density is 10.2% less, the measured densities are remark-
ably accurate and closely match the expected values. This
discrepancy, which may be connected to the loss of liquid
resin while producing finer designs like the centriole and
nautilus, highlights the challenges associated with high-
precision 3D printing.

During the fabrication process using SLA 3D printing,
we observed a failure rate of approximately 18%, primarily
associated with the DNA-hexagonal structures. These fail-
ures were due to fragile interconnections, unsupported
overhangs, and delamination during post-curing. To over-
come the failure rate and improve manufacturability,
several key factors should be considered. One of the
most effective strategies is design optimization, which
includes thickening critical connections and introducing
supportive ribs in regions prone to failure to enhance struc-
tural stability during printing. Additionally, the strategic
placement of custom or denser support structures is essen-
tial for minimizing deformation and ensuring dimensional
accuracy. Furthermore, reducing UV post-curing intensity
or duration can help prevent cracking, particularly in fine-
featured areas and thin-walled sections, where excessive
curing may lead to brittleness or delamination.

Development of the lattice

The development of DNA and hybrid bioinspired struc-
tures is systematically divided into five phases of printing
utilizing nTopology software. The initial phase of DNA
construction involves the building of a base plate to
ensure a stable foundation. This is succeeded by the incre-
mental printing of the DNA strands in backbones, signify-
ing the intermediate stages where the distinctive helical
characteristics materialize. The structure is finalized with
a top plate, guaranteeing general stability and symmetry.
The hybrid design commences with a cartwheel design
in the lower layers that emulates natural support
systems, succeeded by the development of a solid plate.
This is subsequently overlaid with a DNA structure at
the center, succeeded by another plate, and ultimately
reverts to the cartwheel pattern at the apex.

A single DNA structure has two backbones, whereas a
dual DNA structure has four, adding another level of com-
plexity to the manufacturing process. The DNA type deter-
mines the design complexity. In the case of dual DNA
designs, the gap between the ribs is either completely
absent or very small. This leads to premature deformation
under load, resulting in an undesirable aesthetic for the
design. Conversely, hexagonal DNA molecules has
exceedingly thinner ribs, rendering precise printing chal-
lenging. Despite their susceptibility to rapid fracture
under mechanical stress, these slender ribs have the
benefit of enhanced energy absorption, essential for appli-
cations demanding impact resistance and force dissipation.

Figure 4 depicts the developmental phases of the pro-
posed lattice structure, emphasizing the progression of
geometric patterns during the design process. Each step
signifies a unique configuration in which the spatial
arrangement of elements such as DNA-inspired helices,
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Figure 3. Standard procedure for developing the bioinspired structure.

Table 3. Experimental relative density of bio-inspired samples.

Structure Centriole DNA Nautilus Cartwheel Hybrid
Density (g/cm®) 0.9838 0.9863 0.9922 0.9848 0.9866
Relative Density 0.8943 0.8966 0.902 0.8952 0.8969

centriole spirals, and cross-links experiences gradual
refinement. These steps illustrate how the amalgamation
of various components affects the overall structural con-
figuration, symmetry, and connection. Initial phases may
reveal simpler, more open structures, whereas subsequent
phases demonstrate heightened complexity and structural
density, indicating the shift from conceptual design to a
more functionally efficient lattice.

Experimental testing

Figure 5 presents the quasi-static test setup, the samples
evaluated, and the resulting performance outcomes for
the selected DNA and hybrid structures. A total of nine
samples were tested: five samples from the DNA-based
structures including single, hexagonal, and dual configura-
tions with 0.8 mm and 0.9 mm thicknesses, and four
samples from the hybrid lattice structures in single and hex-
agonal forms, also with 0.8 mm and 0.9 mm thicknesses.
The samples were put through a compression test utilising
the Instron 8801 material strength measurement equipment,
which has a hydraulic pressure supply of 207 bar, an actu-
ator stroke of 150 mm, and a load capacity of 100 kN. With
an initial displacement rate of 1.5 mm/min, the test was

carried out at room temperature with precise control
using wave matrix-2 dynamic testing software.

The identical loading procedure was used for all speci-
mens to prevent the build print pattern from affecting the
mechanical behaviour. When the power dropped by 80%,
just below the maximum force, or when the reaction force
hit 20 kN, the compressive testing was terminated. The
printed part’s maximum loading capacity is indicated by
this value. Stress-strain curves are used to test and document
the deformation behaviour of every component. Elegoo abs
standard photopolymer resin specimens are mechanically
brittle, shattering under high stress at tiny stresses.

Simulation framework

The ANSYS simulation was designed to closely replicate
the experimental compression test conditions by applying
appropriate boundary constraints. The bottom surface of
the lattice structure was fully fixed, while the top
surface was subjected to a constant downward velocity
of 2 mm/s, simulating the compression loading. It was
assumed that the top boundary had no lateral or longitu-
dinal displacements, thereby restricting any unintended
movement during deformation.For both experimental
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Initial Layers Middle Layers Middle Layers Top Layers Final Single Design
(Bottom Plate) (Formation of IDNA | (Addition of DNA (Top Plate)
Backbones) Backbones)
Initial Layers Middle Layers Middle Layers Top Layers Final Double DNA
(Bottom Plate) (Formation of 2DNA | (Addition of 2DNA (Top Plate) Design
Backbones) Backbones)
Initial Layers Middle Layers Middle Layers Top Layers Final Single Design
(Bottom Plate) (Formation of 6DNA | (Addition of DNA (Top Plate)
Backbones) Backbones)

Initial Layers Middle Layers Middle Layers

Top Layers Final Hybrid Design

(Bottom phase of (Formation of 2 (Addition of DNA (Top phase of
Cartwheel) DNA Backbones) Backbones) Cartwheel)
Initial Layers Middle Layers Middle Layers Top Layers Final Hybrid Design
(Bottom phase of (Formation of 1 (Addition of DNA (Top phase of
Cartwheel) DNA Backbones) Backbones) Cartwheel)
Initial Layers Middle Layers Middle Layers Top Layers Final Hybrid Design
(Bottom phase of (Formation of 6 (Addition of DNA (Top phase of
Cartwheel) DNA Backbones) Backbones) Cartwheel)

Figure 4. Schematic diagram of the development stages of lattices.

and numerical analysis, a 100 kN load capacity was con-
sidered. Each lattice structure was meshed using a refined
finite element (FE) mesh, with further mesh refinement
applied to accurately capture stress distribution, particu-
larly the von Mises stress. The smallest element size
ranged from 0.25 to 0.5 mm, resulting in 246,579 mixed
elements and 73,937 nodes in the final mesh.

Results and discussion

Deformation patterns

Figure 6 shows the deformation pattern for several
bio-inspired lattice designs. It is evident that each has a
unique lattice deformation mode. The deformations of the
parts at different strain degrees of € =0%, 20%, 30%,
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curve.

55%, and 75%. It is observed that all the designs reflect
plastic deformation nature. The deformation pattern for
single DNA structure starts from centre to top. The deform-
ation from the centre occurs primarily due to the high
number of base pairs, which, under increased load, come
into contact and subsequently break. Furthermore, the
DNA-based structure’s backbone is gradually compressed
until it hits a critical load limit, at which the structural col-
lapse starts. The cracking is likely caused by the material’s
brittle characteristics, which do not provide adequate duc-
tility to withstand additional stress. As compression inten-
sifies, the backbone elements are inclined to bend outward
from the central axis, so generating tensile forces perpen-
dicular to the initial compression direction.

Initially, upon the application of compressive force, the
cross-links converge, and during this phase, the structure
has ductile behavior marked by elongation and energy
absorption. Upon contact of the cross-links, the structure
shifts from ductile deformation to brittle fracture. The
core cross-links, crucial for stability, start to deform
under the influence of axial compression and lateral
tensile pressures. This localized distortion subsequently
ascends, progressively undermining the top sections of
the structure and resulting in a cascade failure mechanism.
However, hex DNA shown sequential collapse due to lean
structure and elastic behaviour up to one limit. Further
observation of the hybrid structure’s deformation reveals
that energy absorption occurs initially, followed by the
fracture initiation in the base pair, extending towards the
upper and lower centriole sections.

The two-boned hybrid construction has grown some-
what heavy and dense in comparison to other bio-inspired
structures. Completely brittle behaviour is displayed by

printed parts, with all samples failing at low strain
levels. The sample presents elastic-plastic deformation
pattern. However, hybrid tested parts show higher com-
pressive strength. Deformation patterns for different
shorts of DNA (Hex, double and single) lattice structures
are different. The different elastic stiffness of the structure
is the reason for the different collapse patterns. Changing
the number of vertical chains is also an option. The
number of ribs is proportional to the number of chains
and is a key component in enhancing energy absorption.
Although the backbone diameter has been enlarged, it
does not exceed the maximum allowable. Increased back-
bone diameter can lead to increased strength and weight,
as well as decreased energy absorption. The hex DNA
structure is very lean and complex. The energy absorption
behaviour is excellent for Hex DNA (0.8).

Stress-strain response

In order to evaluate the disparity in mechanical properties
among various DNA and hybrid lattice structures, quasi-
static testing was conducted on structures of identical
size. The structural design of lattices has a major impact
on their stiffness, compressive strength, and load-bearing
capacity, as demonstrated by Figure 7. The DNA 0.8
Hex lattice exhibited the lowest performance, with a
maximum compressive load of 0.592 kN, modulus of
0.45866 MPa, and compressive strength of 0.3016 MPa,
indicating a relatively flexible and less stiff structure. In
comparison, the DNA 0.9 Hex lattice showed improved
mechanical behavior, sustaining a load of 0.732 kN with
a modulus of 0.6752 MPa and compressive strength of
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Figure 6. Failure patterns of all DNA and hybrid samples.

0.5341 MPa, suggesting that increased lattice density
enhances resistance to compressive forces. The lower
values observed for the hex DNA structure can be attribu-
ted to the presence of six backbones and the thin cross-
sectional dimensions of the ribs.

The DNA 0.9 Single lattice further outperformed the
hex variants, achieving 1.193 kN load capacity, a signifi-
cantly higher modulus of 4.37767 MPa, and compressive
strength of 0.6076 MPa, indicating greater structural
integrity and stiffness. The DNA 0.8 Double lattice
demonstrated the highest mechanical performance across
all metrics, withstanding 1.362 kN, and exhibiting a
modulus of 5.6842 MPa and compressive strength of
1.0453 MPa, reflecting its superior ability to resist
deformation under compression due to its doubled
strand design. These results collectively highlight that
mechanical properties of DNA lattices improve with
increased structural density and simplification, where

higher modulus values correlate with increased compres-
sive strength, emphasizing the role of architectural design
in enhancing structural mechanics.

In accordance to the Figure 7(a) illustrates the mechan-
ical response of the DNA lattice system under three suc-
cessive loading and recovery cycles. Each phase is
marked by a distinct peak in stress, showing progressive
improvements in stiffness and strength, beginning at
approximately 0.29 MPa, increasing to 0.3 MPa,
0.46 MPa, and reaching a maximum of 0.6 MPa. The
final peak occurs when the structure is nearly fully
deformed, and all ribs have made contact and fractured
against each other. These successive stress peaks reflect
the material’s capacity to recover and exhibit enhanced
performance across cycles, highlighting a multi-phase
strengthening mechanism inherent to the DNA lattice
design. Unlike the single DNA curve, which shows mul-
tiple distinct loading-unloading cycles, the hybrid
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Figure 7. Stress-strain experimental results of different DNA structures.

structure exhibits a more continuous and stable deform-
ation behaviour without abrupt drops, indicating gradual
energy absorption. The stress increases progressively
and reaches a peak value of approximately 0.298 MPa
at the highest strain. Throughout the deformation
process, the hybrid structure maintains a relatively linear
response with moderate fluctuations, implying better
structural integrity and load distribution compared to the
pure DNA configuration. The absence of sharp stress
drops or recovery peaks suggests that the hybrid structure
deforms more uniformly, with less localized failure. This
behaviour indicates a more ductile-like energy dissipa-
tion, which can be advantageous in applications requiring
consistent energy absorption and mechanical reliability.
However, Figure 7(b) demonstrates that the hybrid
single lattice surpasses the hybrid hex construction in
stiffness, demonstrating significantly more rigidity. The
hybrid hex curve exhibits a delayed load-bearing behav-
iour, with a prolonged low-stress region in the early
stages of deformation. This indicates initial structural
flexibility or delayed engagement of load-bearing ele-
ments due to the geometry and thin ribs. The stress grad-
ually increases and peaks at around 4.22 MPa, after which
a slight softening or plateau behaviour is observed, sug-
gesting the onset of local buckling, densification, or
damage to the ribs. In contrast, the Hybrid DNA lattice
exhibits a significantly higher stress response, with a
steep rise culminating in a peak stress of around
16.83 MPa. The sharp increase indicates superior load-
bearing capability, likely due to an optimized geometry
combining elements of multiple lattice designs. The
curve is smoother and continuous, suggesting progressive

collapse without abrupt failure, and greater resistance to
deformation. This indicates the hybrid architecture pro-
motes enhanced structural integrity, improved stiffness,
and greater energy dissipation under loading.

The Hex DNA structures exhibit the lowest compressive
strength  (0.3016-0.5341 MPa), modulus  (0.45866—
0.6752 MPa), and load capacity (0.592-0.732 kN),
primarily due to their thin ribs and limited connectivity.
Transitioning to the Single DNA lattice significantly enhances
stiffness (modulus 4.38 MPa) and load capacity (1.193 kN),
while slightly improving strength (0.6076 MPa), indicating
better structural integrity. The Double DNA structure demon-
strates the best performance, with the highest compressive
strength (1.0453 MPa), modulus (5.68 MPa), and load cap-
acity (1.362 kN), attributed to its denser architecture and effi-
cient load distribution. Overall, the results confirm that
geometric design and scaling play a critical role in enhancing
the mechanical behaviour of bio-inspired lattice systems. The
hybrid structure exhibits elastic-plastic behaviour due to a
combination of different structures. Initially, the centre part
DNA support to enhance the energy absorption up to the
elastic limit and upper- and lower-part support to increase
strength. The hybrid structure with hex DNA exhibits higher
energy absorption and lower compressive strength.
Moreover, Single DNA reflects higher strength with moderate
energy absorption behaviour.

Simulation results and comparison

The comparative stress study of DNA-inspired and hybrid
lattice structures reveals a significant disparity in mechan-
ical performance (Figure §). DNA-based structures
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Figure 8. Von Mises stress of different hybrid structures.

demonstrated minimum von Mises stresses averaging
2.03MPa and maximum stresses approximately
12.22 MPa, while hybrid lattices revealed considerably
elevated values, with an average minimum stress of
7.97 MPa and a maximum stress of 57.38 MPa. This indi-
cates an approximate 292% rise in lowest stress and a
370% rise in maximum stress in hybrid structures relative
to DNA equivalents. Moreover, the internal stress amplifica-
tion, as denoted by the percentage rise from minimum to
maximum stress, exhibited significant variation across struc-
tures. DNA designs demonstrated increases between 394%
and 756%, underscoring their ability for elastic deformation
under stress. Conversely, hybrid lattices exhibited stress
amplifications ranging from 551% to 755%, highlighting
their enhanced load-bearing capacity attributed to increased
nodal connectivity and structural densification. The findings
highlight the promise of DNA-inspired designs for flexible
applications necessitating high strain tolerance, whereas
hybrid lattices are better suited for high-strength, load-
bearing engineering structures.

The results in the corresponding Figure 9 demonstrate
a strong relationship between simulation and experimental
testing of the DNA lattice structure subjected to compres-
sive load. The left side of the image displays a finite
element analysis (FEA) illustrating the distribution of
equivalent (von Mises) stress, with peak stress concentra-
tion located in the middle portion of the structure. This
aligns well with the experimental image on the right

side, where physical breakdown is evident. The deform-
ation pattern indicates that under compressive loading,
the backbone segments commence outward movement,
producing tensile forces laterally. This external deflection
not only causes bending in the cross-links but also exacer-
bates stress concentration at particular junctions. The
simulation identifies the crucial high-stress region that
confirmed by the physical test as the “first breaking
zone” signifying the point at which the structure begins
to disintegrate. The continued downward propagation of
deformation leads to a “second breaking zone,” thereby
validating a cascading failure process. The congruence
of high-stress areas in both simulations and experimental
findings corroborates the precision of the computational
model and reinforces the assertion that the interplay of
compression-induced outward backbone deflection and
lateral tensile forces substantially influences the fracture
behavior of the structure.

Influence of the configurations of hybrid lattice

During the compression process, the maximum force of
the hybrid structure was significantly higher than that of
the other structures. The part’s energy absorption capacity
is provided by the DNA structure, while the cartwheel
provides strength to sustain larger loads. Because of the
larger helical diameter and connecting ribs, the single
DNA is more suited for greater energy absorption.
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Tube separa

Figure 10. PLA fractured surface after testing.

Individual centriole or nautilus shows 65% less energy
absorption with rapid deformation. For thin size parts,
centriole micro triplet tubes are suggested. Micro duplet
cylinder is preferred for 0.9 thickness structures to keep
the weight minimal. The nautilus structure acts as a
support system in the hollow centre region of the centri-
ole, preventing it from deforming prematurely.

The centriole structure, composed of interconnected
tubes, resists axial and lateral loads, with mutual support
enhancing overall strength and load capacity. Compared
to hollow cylinders, it offers improved stress distribution
and potential for use in cement-filled columns. Similarly,
the nautilus curve design enables wide coverage without
internal supports, reducing buckling and reinforcing
both inner and outer surfaces. This geometry also
enhances material efficiency, lowers costs, and ensures
uniform axial load distribution with increased load-
bearing performance.

Fracture surface analyses

Optical microscopic view. The surface morphology of the
deformed PLA specimens was examined to assess fracture
behavior. All structures demonstrated characteristics con-
sistent with brittle fracture, as evidenced by distinct crack-
ing patterns, void formation, and the presence of melted
particles and residual resin highlighted in the figures
below. Crack initiation was commonly observed at the
center of the structures, with propagation extending both
upward and downward, indicative of rapid fracture with
minimal plastic deformation. This behavior likely contrib-
uted to the observed reduction in mechanical strength of
SLA-printed PLA specimens.

In the nautilus structure, layered fracture features were
evident, while Figure 10 highlights the visual presence of
voids. An increase in wall thickness from 0.8 mm to
0.9 mm corresponded with a rise in void density,
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suggesting a direct relationship between material accumu-
lation and defect formation. Notably, buckle-type frac-
tures were identified in the centriole and cartwheel
structures, indicating localized structural failure under
critical loading. The outer tubes of these structures exhib-
ited bending deformation, forming strip-like geometries.
Additionally, white shear zones were noted at crack tips
in the centriole’s outer tubes, while excess resin accumu-
lation was prominently visible on both the nautilus and
cartwheel geometries.

Microscopic view. The SEM micrographs of fractured PLA
lattice samples (DNA and Hybrid) provide critical insights
into their failure mechanisms and surface properties (see
Figure 11). The fractured surfaces mostly exhibit brittle
fracture characteristics, marked by sharp, uneven edges
and a lack of substantial plastic deformation. The exist-
ence of micro voids and microcracks indicates areas of
stress concentration that served as initiation points for
cracks under load and certain regions, layered morph-
ology and striations are evident, indicating the
layer-by-layer nature of the SLA fabrication process and
possible interfacial weaknesses between layers. Pull-out
features and interfacial delamination observed in some
micrographs suggest incomplete bonding between succes-
sive layers, contributing to early crack propagation.
Additionally, resin-rich zones and fused particle rem-
nants were detected, especially around the fractured
edges. These indicate possible thermal inconsistencies
or excess resin accumulation during the printing or post-
curing stages. The absence of shear yielding patterns
further reinforces the dominance of brittle failure, in line
with the material characteristics of SLA-cured PLA.

The fracture surface revealed minor defects, including
voids and microcracks. To quantify the defect area,
ImageJ software was employed to analyse the SEM
images. The measured sizes of voids and cracks were
approximately 44.28 um, 65.70 um, 48.97 um, and
5.69 um. The total calculated defect area constituted
only 0.337% of the analysed surface, indicating a
minimal presence of imperfections. This low defect frac-
tion suggests that the overall mechanical performance of
the SLA-printed ABS-like resin structures remains
largely unaffected by these minor flaws.

Conclusion

In this research, added two unique designs (DNA and
Hybrid) to extend our previous work in which of three
bio-inspired  structures (Centriole, Nautilus, and
Cartwheel) was developed and printed using the SLA
3d printing approach. This study systematically investi-
gates and compares the compressive strength of two
bio-inspired structures with previously developed config-
urations. The combination of DNA and cartwheel lattice
structure offers average loading capacity and compressive
strength in light weight category than previous work
lattice structures.

e DNA structures exhibit low compressive strength due
to their lean configuration; however, they demonstrate
high strain values. Such elastic structures can be uti-
lized in lightweight applications where limited strength
is required.

e DNA structure used 45% and hybrid 24% less material
than cartwheel structures.
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e Hexagonal DNA lattice structures are challenging to
manufacture due to the thin base pair dimensions,
with some structures sustaining damage during
removal from the platform.

e In comparison to the actual density, the average com-
parative density of samples is 10.2% lower.

e Hybrid structure with 0.9 mm thickness shown good
compressive and energy absorption results.

e In the hybrid structure, the advantages associated with
centriole and nautilus geometries were not effectively
manifested.

e Compared to the centriole, nautilus, and previously
reported hybrid structures, the DNA-based designs
exhibit lower compressive strength. However, due to
their characteristic deformation behavior, DNA struc-
tures show potential for use in energy-absorbing com-
ponents, where controlled failure and flexibility are
desirable.

Exploring alternative materials with higher ductility is
proposed as a key direction for In future studies, the use of
flexible or elastomeric materials will be explored to
enhance the ductility and energy absorption capacity of
DNA-inspired lattice structures. The current use of
ABS-like resin provides good strength, but incorporating
more deformable materials could lead to improved crash-
worthiness and resilience. Additionally, the effect of geo-
metrical scaling, including variations in overall size, wall
thickness, and unit cell dimensions, will be examined to
optimize strength-to-weight ratios. A wider range of
tube angles, beyond the current 35° and 40°, will also
be investigated to better understand their influence on
mechanical behavior, stress distribution, and failure
mechanisms. Furthermore, modifications in DNA
pattern designs, such as curvature, spacing, and interlink
complexity, may lead to novel deformation modes and
improved performance. The introduction of twisted or
helical tube geometries is another promising direction,
potentially enhancing torsional strength and energy dissi-
pation, inspired by natural load-adaptive structures. These
future developments aim to refine the balance between
mechanical efficiency, manufacturability, and functional
adaptability in bioinspired lattice systems.
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