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Abstract
In this study, three different ant-inspired lattice design types: single, double, and inverted double structures were considered

due to ants’ excellent load-carrying weight ratio. Lattice structures were fabricated using the 3D printing method and poly-

lactic acid filament was used as a printing material. The true blueprint images of the ant were used to obtain the parametric

dimensions of the ant-inspired lattice structure. Hence, the presented innovative method for designing lattice structures can

be a promising option for industrial sectors requiring high-strength structures. The quasi-static axial compression tests were

conducted to evaluate the compression performance of the novel lattice structures. The compression performance of ant-

inspired single lattice structures was compared based on specific force, specific energy absorption, and specific stiffness at

different height values. The deformation stages and damage regions of ant-inspired lattice structures were analyzed to identify

their critical regions during compression tests. The results indicated that as the height value increased, there was a notable

decrease in specific force, specific energy absorption, and specific stiffness, along with buckling damage in the ant-inspired

single lattice structures. Among the three design types, the ant-inspired inverted double lattice structure showed better com-

pression performance compared to the ant-inspired double lattice structure; however, the ant-inspired single lattice structure

with a height of 30 mm exhibited the highest overall compression performance.
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Introduction
Lattice sandwich structures consist of panels and core
structures and they are widely used in industrial applica-
tions due to their superior properties, including light-
weight design, high specific stiffness, high specific
strength, and high energy absorption.1–3 The mechanical
properties of lattice structures significantly depend on
the design of the core structure; therefore, researchers
have sought to enhance these properties through novel
core designs.2–4 Advances in additive manufacturing
have enabled the production of novel lattice structures,
allowing for the fabrication of lattice structures with
excellent energy absorption capabilities for aerospace,
automotive, and marine applications.1,5,6 Ye et al.7 exam-
ined the compression behavior of 3D-printed pyramidal
lattice structures. They found that the strength and
elastic modulus of the lattice structure increased with
increasing slenderness ratio. Uddin et al.8 improved the
compressive properties of 3D-printed pyramidal lattice
structures using geometrically tailored I-shaped struts.
Han et al.9 investigated the mechanical properties of
novel 3D-printed square auxetic tubular lattice structures.

They reported that novel lattice structures exhibited excel-
lent mechanical properties, making them suitable for
engineering applications. Ye et al.10 conducted axial com-
pressive tests to determine the effects of different printing
and structural parameters on the compression perform-
ance of 3D-printed X-type lattice structures. They stated
that the 3D-printed X-type lattice structure showed super-
ior specific strength, specific stiffness, and energy absorp-
tion capability compared to pyramidal lattice structures.

Nature contains unique examples of structures with
exceptional mechanical and functional properties.11

Therefore, bio-inspiration is one of the primary
approaches that comes to mind when developing engineer-
ing structures.5 Recently, researchers have focused on
developing bio-inspired lattice structures to enhance the
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mechanical properties of engineering structures.12–17 Yin
et al.17 optimized a novel bio-inspired 3D porous structure
to enhance its crashworthiness properties. Doodi and
Gunji18 offered novel hybrid bio-inspired 3D-printed
lattice structures for aerospace and defense industrial appli-
cations. Chouhan et al.19 examined the mechanical behavior
of 3D-printed bio-inspired (centriole, nautilus, and cart-
wheel) lattice structures. Ramakrishnan et al.20 proposed
the 3D-printed bio-inspired Xylotus lattice structure for
energy absorption applications. Ullah et al.21 analyzed the
mechanical performance of the bio-inspired kagome truss
core structures produced using the selective laser melting
technique. They found that kagome truss structures exhib-
ited better specific strength than conventional honeycomb
structures under compression and shear loads. Doodi
et al.22 investigated the compression behavior of a novel
bio-inspired 3D-printed lattice structure. Their design is
based on the unit cells derived from the Papilio xuthus
butterfly species. Du et al.23 examined the effects of pro-
cessing parameters on densification behavior, micro-
structure, and mechanical properties of bio-inspired lattice
structures based on the beetle’s front wing. The optimized
processing parameters resulted in superior energy absorp-
tion capability. Sharma and Hiremath24 proposed novel
bio-inspired lattice structures based on Euplectella
Aspergillum for energy absorption applications.

The ants exhibit excellent load-bearing capabilities due to
the intricate balance of forces within their anatomical struc-
ture, allowing them to carry loads several times their body
weight and navigate challenging terrains despite their small
size.25,26 Therefore, in this study, novel lattice structures
inspired by ant anatomy were developed and the effects of
height value and design configuration on the compression
performance of ant-inspired lattice structures were experi-
mentally investigated. Three different height values (30, 50,
and 70 mm) were used to examine the compression perform-
ance of the ant-inspired single lattice structures. Ant-inspired
single, double, and inverted double lattice design types were
developed to determine the effects of the design configura-
tions on the compression performanceof the lattice structures.
Ant-inspired lattice structures were produced using a 3D
printing technique and their compression performance was
determined through quasi-static compression tests. The true
blueprint images, representing three different views of the
ant, were used to create the 3D model in Solidworks design
software.27 Using the ant 3D model, the strut parametric
dimensions of the bio-inspired lattice structure were deter-
mined. To the best of the authors’ knowledge, this study
represents the first instance of creating a bio-inspired lattice
structure using true blueprint images of an ant.

Material and method

Design of lattice structures
An innovative bio-inspired lattice design approach is pre-
sented in this study. The schematic representation of the
stages of this innovative design approach is presented in
Figure 1. First, three different views of the ant’s blueprint

images were imported into multiple planes in the
Solidworks software, and the Project Curves tool was
used to create the 3D-ant model in the Solidworks soft-
ware (Figure 2(a)). Then, the body surface of the ant
was created using the Loft, Sweep, and Boundary
Surface commands. Loft surfaces help in smoothly transi-
tioning between different cross-sectional profiles of the
body, while Sweep is ideal for the long, slender forms
of the legs and antennae. Boundary Surface commands
are particularly useful for filling in intricate areas where
precise control over the surface shape is required. The
parametric distance values between the ant’s legs and
the angles between the ant’s leg and the ground planes
were determined using the obtained 3D-ant model
(Figures 3 and 4 and Tables 1 and 2). In this way, para-
metric design parameters were derived from the true ana-
tomical dimensions of the ant and lattice structures were
designed using true geometrical parameters. Three differ-
ent lattice structures, ant-inspired single lattice design
(Figure 5(a)), ant-inspired double lattice design
(Figure 5(b)), and ant-inspired inverted double lattice
design (Figure 5(c)), were considered to investigate the
effect of the different height values and design configur-
ation on the compression performance of ant-inspired
lattice structures. The effect of height values on the com-
pressive performance of ant-inspired lattice structures
was investigated using ant-inspired single lattice struc-
tures with different strut height values of 30, 50, and
70 mm (Figure 2(b)). The effect of the design configur-
ation on the compressive behavior of lattice structures
was evaluated using the ant-inspired double lattice
design and the ant-inspired inverted double lattice
design, both with the same height value (Figures 5(b)
and (c)). The double and inverted double ant-inspired
lattice structures were created by mirroring the single
lattice design in Solidworks. The strut diameter is 6
mm for all lattice design types.7 The distance parameters
between the struts are represented by A, B, C, D and E,
and the parametric distance ratio values of the struts are
presented in Table 1. The K value, which represents the
parametric ratio, was selected as 1 in this study. The
angle values between the struts and axes, which play a
critical role in the structural integrity and load capabil-
ities of the designs, are illustrated in Table 2. The
angle parameters between the struts and axes in the
3D-plane are shown schematically in Figure 4. The
angle values between the struts and axes were obtained
directly from the 3D-ant model. Furthermore, each struc-
ture has a unique panel size due to variations in height,
while maintaining consistent strut angles across all
designs. The panel length values of the lattice structures
are presented in Table 3 and Figure 4. The thickness
value of each panel was selected as 3 mm.

Manufacturing process of the lattice structures
Lattice structures were produced using the fused depos-
ition modeling (FDM) method. After lattice designs
were obtained using an innovative design approach,
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they were converted to STL (Stereolithography) files
using Solidworks design software. G-codes (printing
codes) were generated from the STL files using
Ultimaker Cura software.28 The filaments were laid paral-
lel to the loading direction to minimize bending damage
(Figure 2(c)). Ant-inspired lattice structures were pro-
duced using an Ultimaker 3 3D printer (Figure 2(d)).
Polylactic acid (PLA) was chosen as the 3D printing
material. PLA is a kind of biodegradable thermoplastic
polymer widely used in additive manufacturing
method.29,30 It is produced from renewable resources
like tapioca roots, corn starch or sugar cane.30

Moreover, printed parts produced from PLA can be
recycled. Therefore, lattice structures produced from

PLA offer sustainable manufacturing. The printing and
build plate temperatures were set to 210 °C and 60 °C,
respectively. The printing speed was chosen as 50 mm/
min. All lattice structures were fabricated with 100%
infill density, and the shell wall thickness was set to 0.5
mm. PLA filament with a diameter of 2.85 mm was
used to manufacture the lattice structures. The layer
height was set to 0.1 mm with a nozzle diameter of 0.4
mm. The lattice structures were printed without support.
Printed ant-inspired lattice structures were weighed
using a precision electronic balance to determine their
specific compression performance parameters, and the
measured weight values of the sandwich core designs
are listed in Table 4.

Figure 1. Flowchart of the innovative ant-inspired lattice design approach stages.
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Compression test
Compression tests were conducted using a Shimadzu univer-
sal testing machine at a constant loading speed of 2 mm/min.
The machine has a high-precision load cell with a load-
carrying capacity of 10 kN. Compression tests of the lattice
structures were recorded with a digital camera to observe the
progressive deformation and damage mechanisms. Three
repeated tests were performed for each design type to verify
the test results. A compressive load was applied to the lattice
structures until failure occurred. Force-displacement curves
for the lattice structures were obtained after the compression
tests. The test machine has a computer control and data acqui-
sition system, allowing both force and displacement data to be
automatically obtained. Compression performance indicators,
such as maximum load-carrying capacity, absorbed energy,
and stiffness parameters, were determined from the obtained
force-displacement curves of the lattice structures. The
maximum load-carrying capacity of the lattice structures
was determined using the highest force value from the force-
displacement curve. The area under the force-displacement

curve was determined using a MATLAB script with the
Trapezoidal Method. This area represents the amount of
energy absorbed by the lattice structures under compressive
load. The stiffness of the lattice structures is related to their
damage-tolerant performance. The stiffness values of the
lattice structures were calculated from the slope of the elastic
loading line in the force-displacement curve (tangent
modulus). Two points were selected on the elastic loading
curve (linear curve), and the slope of the line was determined
using these points. This slope value indicates the stiffness of
the lattice structure. Compression test results were normalized
using the weight values of the lattice structures to compare
their compression performances.

Results and discussion

Ant-inspired single lattice structures
The buckling sensitivity and damage mechanisms of the
lattice structures are influenced by changes in height.7

Figure 2. Demonstration of (a) obtaining the 3D model of the ant, (b) 3D design of the ant-inspired single lattice structure, (c)

filament raster orientation, and (d) manufacturing of the ant-inspired lattice structure.
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Therefore, the effects of different lattice height values on
the load-carrying capacity, energy absorption, and stiff-
ness of novel ant-inspired single lattice structures were
investigated comprehensively.

Specific force. The load-carrying capacity of lattice struc-
tures is crucial for industrial applications. In engineering
applications, lattice structures with varying height values
are often desired, making it crucial to determine the
impact of height on their load-carrying capacity for the
design of high-strength structures. The load-carrying cap-
acities of ant-inspired single lattice structures with differ-
ent height values are presented in Figure 6(a). The
load-carrying capacities of the lattice structures were
determined based on the maximum force value recorded
during the compression test. The maximum force values
of the lattice structures were normalized using their
weight values. The lattice structure with a height of 30
mm exhibited the highest load-carrying capacity. As the
height value of the lattice structures increased, the load-
carrying capacity decreased significantly. Namely, when
the height of the lattice structures increased from 30 mm
to 50 mm, the load-carrying capacity decreased by

approximately 2 times; further increasing the height to
70 mm resulted in a reduction of about 6 times. It was
found that the height of the lattice structures significantly
affected their load-carrying capacity. As the height of the
lattice structures increased, their buckling sensitivity also
increased, leading to strut buckling deformation rather
than stable vertical deformation under compressive load.
Strut buckling deformation deteriorated the stability of
the lattice structures, leading to premature failure and a
significant reduction in their load-carrying capacity.
While single lattice structures can withstand a compres-
sion load of 2560–6300 N, double lattice structures can
carry a compression load of 250–480 N. Compared to
the load-carrying capacities of lattice structures, panel
weights (22.80–61.70 g) are negligible. In this study,
the load-carrying capacities of lattice structures were
determined by neglecting the panel weights.

Specific energy absorption. Figure 6(b) depicts the specific
energy absorption values of ant-inspired single lattice
structures with different height values. The specific energy

Table 1. Parametric distance ratio values of the struts.

Ratio A (mm) B (mm) C (mm) D (mm) E (mm)

K= 1 21.80 K 31.65 K 1 K 52.65 K 6K

Figure 3. Illustration of parametric dimensions of the struts.

Figure 4. Demonstration of angle parameters between the

struts and axes.
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absorption values of the lattice structures were calculated by
dividing the area under the force-displacement curve by the
weight of the structures. Lattice structures are sought for
their high energy absorption capabilities in industrial appli-
cations. Compared to lattice structures with heights of 50
mm and 70 mm, the lattice structure with a height of 30
mm exhibited the highest energy absorption capability,
absorbing approximately 2.5 times more energy than the
50 mm structure and 6 times more than the 70 mm structure.
Strut buckling damage reduced the vertical deformation
capacity of the lattice structures, consequently decreasing
their energy absorption ability.

Specific stiffness. The stiffness of the lattice structure
was calculated using the slope of the loading line on
the force-displacement curve and was normalized by

the weight of the structure. The specific stiffness
values of ant-inspired single lattice structures with
varying height values is illustrated in Figure 6(c).
The stiffness values of lattice structures offer insight
into their damage-tolerant performance.4,31 An
increase in stiffness improves the damage-tolerant per-
formance of the lattice structure. The lattice structure
with a height of 30 mm exhibited the highest specific
stiffness value. As the height of the lattice structures
increased, the specific stiffness values decreased sig-
nificantly. Namely, increasing the height of the
lattice structure reduced its damage-tolerant perform-
ance. The lattice structure with a height of 70 mm
showed the lowest damage-tolerant performance. The

Table 2. Angle values between struts and axes (x, y, and z).

Axes Name Red Strut Blue Strut Grey Strut

θX 111.15° 109.55° 106°

θY 26.85° 23.30° 31.90°

θZ 74.20° 102.25° 116.85°

Table 3. Panel length values of the lattice structures.

Design Configuration Height (mm) LX (mm) LZ (mm)

30 82.30 92.25

Single 50 98.50 109

70 122.70 134.10

Double 50 82.30 92.30

Inverted double 50 82.30 92.30

Figure 5. Lattice design types: (a) ant-inspired single lattice design, (b) ant-inspired double lattice design and (c) ant-inspired inverted

double lattice design.
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increase in height of the lattice structure led to strut
buckling deformation, which deteriorated its damage-
tolerant performance.

Effect of the design configurations
In this study, two lattice design configurations, double and
inverted double, were considered to examine the effects of
design configurations on compression performance. Their
compression performances were compared based on spe-
cific force, specific energy absorption, and specific stiff-
ness parameters (Figure 7). The load-carrying capacity
of the inverted double lattice structure was approximately
1.65 times greater than that of the double lattice structure.
Moreover, the inverted double lattice structure absorbed
approximately 2.1 times more energy than the double
lattice structure. The concave design approach enhanced
both the load-carrying capacity and the energy absorption
capability of the lattice structure. However, the specific
stiffness values of both lattice structures were similar.
While the increase in the height of the lattice structure sig-
nificantly affected its damage-tolerant performance, the
different design configurations had little effect on this per-
formance. Additionally, the single lattice structure with a
height of 50 mm demonstrated better compression per-
formance than both the double and inverted double
structures.

Progressive damage analysis
The deformation mechanism and damage analysis of
single, double, and inverted double lattice structures
under compressive load were comprehensively investi-
gated. Figure 8 illustrates the deformation stages and
damage regions of ant-inspired single lattice structures
with varying height values. Red circles indicate
damaged regions in the lattice structures. The single
lattice structure with a height of 70 mm exhibited the
highest deformation capability compared to the other
structures. Increasing the height of the lattice structure
enhanced its deformation capability. While balanced col-
lapse deformation was observed in the single lattice struc-
ture with a height of 30 mm, unbalanced vertical
deformation occurred in the single lattice structures with
heights of 50 and 70 mm due to strut buckling damage.
Increasing the height of the lattice structures decreased
the buckling stiffness of the struts and early damage
development was observed in some struts. The vertical
compressive force applied to lattice structures has two
components: an axial force along the direction of the
strut’s cross-section and a tangential force perpendicular
to the strut’s cross-section.7 The axial force causes buck-
ling of the struts, while the tangential force induces shear
force and bending moment in the cross-section.
Progressive damage analysis enables the evaluation of
loading conditions that influence the deformation mech-
anism of the struts. In the progressive damage analysis
of single lattice structures, it was observed that the struts
predominantly underwent lateral deformation. Therefore,
it was determined that the buckling load was more effect-
ive in the damage mechanism of single lattice structures.

The deformation stages and damage regions of the
ant-inspired double and inverted double lattice structures

Figure 6. Comparison of (a) specific force, (b) specific energy

absorption, and (c) specific stiffness variations according to the

different height values of ant-inspired single lattice structures.

Table 4. Weight values of ant-inspired lattice structures.

Design Configuration

Height

(mm)

Weight

(g)

30 56.01

Ant-inspired single lattice structure 50 74.61

70 130.35

Ant-inspired double lattice structure 50 55.21

Ant-inspired inverted double lattice

structure

50 65
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are illustrated in Figure 9. A gradual damage mechanism
was observed in both lattice structures. Therefore, it
caused fluctuations in the force-displacement curves of the
double and inverted double lattice structures. The inverted
double structure had greater deformation capability. The
concave structure (inverted double) showed greater load-
carrying capacity and damage-tolerant performance. While
the damage in the double lattice structure occurred in the
connected regions of two struts, in the inverse double
lattice structure, damage was observed both in the con-
nected regions of the two struts and in the regions
between the struts and the panel. PLA has high deformation

capability. The lattice structure experienced panel deform-
ation during initial loading. Then, the struts became effect-
ive in carrying the compressive load. Therefore, at the initial
loading stage, the force-displacement curve increased with a
low slope. The slope of the loading curve increased as the
struts also carried the compression load, and the slope of
this curve represents the stiffness of the lattice structure.
As plastic deformation began, the force-displacement
curve exhibited non-linear characteristics. When the lattice
structure reached its maximum load-carrying capacity, com-
plete failure occurred, and the force-displacement curve
dropped sharply.

Figure 7. Comparison of (a) specific force, (b) specific energy absorption, and (c) specific stiffness variations of the ant-inspired

double and inverted double lattice structures.
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It is worth mentioning that the deformation and
damage mechanisms of the lattice structures depend on
the selected filament raster orientation, the filament mater-
ial used, and the preferred additive manufacturing
method.7 Therefore, the deformation and energy absorp-
tion capabilities of lattice structures can be enhanced by
selecting different filament raster orientation angles, fila-
ment materials, and additive manufacturing methods.

Conclusions
In this study, an innovative lattice design approach was
proposed, and the effects of lattice height values and
design configurations on the compression performance
of the lattice structures were investigated comprehen-
sively. The main conclusions of this research were listed
as follows:

Figure 8. Deformation stages and damage regions of ant-inspired single lattice structures with varying height values.
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• Thanks to the innovative design approach, lattice struc-
tures were designed with true geometrical parameters
of the bio-inspired structure.

• The increase in the height of single lattice structures
negatively affected their compression performance.
As the height of the single lattice structures increased
from 30 mm to 50 mm, their load-carrying capacity
was reduced by about half. Increasing the height
further to 70 mm led to a decrease of approximately
six times.

• The increase in the height of single lattice structures
heightened the tendency of struts to undergo buckling
deformation, leading to premature damage.

• The inverted double lattice structure demonstrated
better compression performance compared to the
double lattice structure due to its concave strut
design. The load-carrying capacity of the inverted
double lattice structure was about 1.65 times higher
than that of the double lattice structure. Additionally,
the inverted double lattice structure absorbed nearly

Figure 9. Deformation stages and damage regions of ant-inspired double and inverted double lattice structures.
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2.1 times more energy compared to the double lattice
structure.
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