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ABSTRACT
Objectives: The present work aimed to investigate the deformation behavior of complex ant

mound architectures under compression.

Methods: We have used the cement casting method to extract four different ant nest
morphologies. These casted cement structures were digitalized using a 3D micro-computer
tomography (CT) scan. The digitized structures were simulated under different loading

conditions using Finite Element Methods (FEM). In order to supplement the numerical
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understanding, the digital architectures were 3D printed and experimentally tested under

uniaxial loading conditions.

Results: Ants produce a variety of complex architectures for adapting to the surrounding
environment and ants’ needs. Ant mound consists of at least one pillar with a broad base tapered
towards its tip. Anthill architectures have unique topological features. Mechanical strength of
ant mould can be 600 times enhanced by tuning topology. Thickness and angle of pillars have

huge effect on load-bearing property

Conclusion: The branched structures can endure larger stress and deform in the process under
a volumetric pressure application, making them sacrificial units for extreme disasters like
floods and earthquakes. The 3D printing experiments and Finite Element Methods simulations
are needed to tackle the complex ant mound architectures and appear in good agreement,
suggesting a robust design and thus the possibility of constructing anthill-inspired civil

buildings with a tree-trunk-like geometry.

Keywords: 3D printing; Bio-inspired architecture; Ant mound; Mechanical properties;

Young’s modulus; Polylactic acid.

1. INTRODUCTION

Nature builds complex architectures that can sustain harsh environmental conditions by
not only bearing high loads but also resisting permanent damage [1]. These complex
architectures are often created by living species, which develop these techniques through years
of evolution. The topology of these architectures is designed to handle the extremities of nature
in order to survive. Their structures, textures, and arrangements are complex and robust, which
attracts the attention of researchers. Beehives, spider-nets, termite-hills, sea-shell, etc., have
inspired researchers to mimic their design and investigate the role of topology in the evolution

of such complex architectures. For example, the complex architecture of the rigid wall of the
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termite hill is made of soil glued with saliva, which inspired the building of geotechnical tools
for mineral exploration [2,3]. Similarly, bees honeycomb (hexagonal) hierarchical structures
[4-9] and spider webs [10] have been investigated to explore their architecture and their
utilization towards the damage tolerant lightweight design. Some living organisms have shells
attached to their body, for example, snails, mollusks, horseshoe crabs, and turtles, to name a
few. The shells act as their home and protect them from predation and other threats. The shape
and material of seashells [11], the bony and cartilaginous shell of turtles [12], and the nacre
produced by some mollusks as an inner shell layer [13,14], etc. have always been attractive

areas of research [15,16].

Ants build one of the most impressive and intricate nests architecture below the earth’s
surface [1,17]. The resulting complexity of the nest architecture emerges from a self-organized
process [18-20]. These interactions determine the collective behaviors, such as a colony's
speed of recruitment to food and chamber connectivity, etc. The ants' nests are built in a
complex architecture containing irregular descending shafts, horizontal chambers, and tunnels
[19,21,22]. These elongated voids with a circular, oval, or flattened-oval cross-section, with a
long axis usually inclined from the vertical by 20° to 70° (rarely 90°) called shafts. They are
modular units of nest growth; nests are enlarged by adding more shafts or extending the existing
ones [21,23]. These unique topological features of the nest also depend on the life cycle and
colony growth. Nest excavation rates and final nest sizes increased with colony size because,
in the largest colonies, the internal surface area was scaled with volume [24-27]. It is known
that ant nests are constructed underground such that they can bear the loads applied accidentally

by other living creatures over the surface or force applied due to natural phenomena.

Most studies of ant nest architecture have focused on nest complexity, i.e., subterranean
chambers, shafts nodes, and tunnels [28-30]. However, the contribution of structural
morphology towards enhancing mechanical robustness of ant nest architecture has received
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much less attention. Nowadays, with the advent of the 3D printing (3DP) technique, researchers
started using it widely for mimicking nature-inspired structures [31-33], molecule-inspired
structures [34—37], mathematical model-based structures [38,39], etc. With the help of the 3DP
technique, we can realize the complex architecture of the ant nest with high accuracy, making
it easily accessible, affordable, and environment friendly [40]. 3D printing techniques provide
design flexibility; therefore complex structures can be easily fabricated. The design of the
complex structures can be improved with a topology optimization tool which provides the best
possible results by optimizing the design in the desired constrained space [41]. Topology
optimization tools with 3D printing can enhance the efficiency of the applications such as
structural architecture [42], robotics (soft actuators) [43,44] and the biomedical field (bone
tissue engineering) [45]. Researchers are also taking advantage of hybrid machine learning

tools for 3D printing process optimization [46].

In this paper, we have studied the mechanical robustness of 3D printed ant mound
structures, which is not available in solitary literature. We have used the cement casting method
to extract four different ant nest morphologies. These cement structures were digitalized using
a 3D micro-computer tomography (CT) scan. The digitized structures were simulated under
different loading conditions using Finite Element Methods (FEM). In order to supplement the
numerical understanding, the digital architectures were 3D printed and experimentally tested
under uniaxial loading conditions. Subsequently, a combined numerical and experimental
analysis has been done to delineate the contribution of structural topology and materials to the
strength and resistance to deformation of ant nest architectures, showing interesting bio-

inspired solutions.

MATERIALS AND METHODS

2.1. DESIGN AND FABRICATION
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All 3D printed structures were created in Ultimaker 3 Extended printer using Polylactic
acid (PLA). PLA filament was provided by Flashforge 3D Technology Co. Ltd. which has a
uniform diameter of 1.75 mm (with tolerance + 0.1). It has a melting point of 200°C to 220°C,
and mass density of 1.210-1.430 gm/cm?.

We excavated all four subterranean nests of ants in a woodland area near the Sabarmati
River at the Indian Institute of Technology Gandhinagar (IITGN). Cement was mixed with
water to form a very thin slurry, and the entire nest was filled with Cement slurry for extraction
of casts of the chambers, shafts, and tunnels by pouring directly into the entrance until the nests
were filled. After about 6-hour watering was made to harden the cement cast. The cement had
been set sufficiently to be excavated after two days. The cast pieces were cleaned by washing
with water, and the nest was reassembled; glue was used to cement the pieces together. The
completed casts were taken into a 3D micro CT scanning (together with a suitable viewer or
microdicom) to allow viewing of the cast in three dimensions. The scale in the images allowed
various aspects of the casts to be measured. Measurements of chamber dimensions and areas
were made from these images. MATLAB software with micro mesh to convert STF file to STL
file and Ultimaker 3 extended machines for 3D printing was used. The 3D printed nature-
inspired 3D architecture was dissolved with water to remove the 3D support (water-soluble
wax); the water dissolved all the wax and result in the ants’ 3D printed nest architecture
accompanied by casting.
2.2. NUMERICAL SETUP

All simulations were performed in ANSYS MECHANICAL 19.2. We have performed
linear structural analysis. The analysis is done under the compressive point load applied at the
top of all structures considering PLA as material that was used in 3-D printing. The

architectures' mechanical properties were evaluated using a compression test with a silica gel
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or without silica gel under a controlled, transparent plastic jar. All the steps of mold making
are shown in Figure 1(a-f).

Figure S1 represents the validation of the present model with the results of Abeykoon
et al.[47]. A tensile test has been performed numerically on a PLA wire, considering the same
geometry and material properties (p = 1250 kg/m3, E = 2.865 GPa, and Poisson’s ratio, p =
0.3), and boundary conditions as used in the previously published article[47]. It is observed
from Figure S1 that the present result is in very good agreement with the results of Abeykoon
et al.[47].

3. RESULTS AND DISCUSSION

The ant mounds are excavated and scanned for the development of 3D replicas. These
3D structures are fabricated via the 3DP technique with PLA. Structural features are observed
in four ant mounds structures (AM 1-4). AM1 & 2 are composed of one tapered pillar. AMI
has a thicker pillar that gradually narrows from top to middle and beyond that broadens from
middle to bottom, creating an hourglass-like shape. Pillar height is smaller and thicker in AM2
than AM1, and its pillar gradually becomes narrower from top to bottom. Also, the base of
AM?2 is broader than AMI1. In contrast, AM3 and AM4 have more than one pillar, tilted at
some angles to its base. They also contain some branching features at the top of the pillar and

the pillars and branches are thinner and longer than the pillar of AM1 and AM2.

To delineate the effect of structural topology and material in the complex architecture
of ant mounds, we performed FEM simulation for the four geometries (AM 1-4) under different
loading conditions. The simulations are performed with PLA as a material with properties such
as density, p = 1250 kg/m?, and Poisson’s ratio, p = 0.3. The value of Young’s modulus of
elasticity obtained from the experiment given in Table 1 has been considered for different ant

mounds.
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All performed simulations are mesh independent. Uniform tetrahedral mesh of with
various number of elements are generated to test the convergence. Figure S2 shows the mesh
convergence test for AM1 considering a point load of 1500 N. It is observed that the variation
in maximum total deformation and maximum von mises stress beyond 2511922 number of
elements is relatively less, and hence it is considered for further simulation. A similar exercise
has been performed for other ant mound geometries also, and finally 3666697, 1310056, and
4489067 number of elements are considered as final mesh for AM2, AM3, and AM4

respectively.

Figure 2(a) shows the variation of maximum total deformation and maximum Von
Mises stress under varying compressive load. It is observed from Figure 2(a) that the
maximum Von Mises stress generated in AM3 and AM4 is higher than AM1 and AM2. The
thinner and longer pillars tilted at a high angle in AM3 and AM4 result in higher localized
stress whereas, in AM1 and AM2 thicker pillars make it rigid and result in less stress. The
lowest deformation in AM2 can be attributed to the structural topology of AM2, which consists
of a small pillar with a broad base compared to the other ant mound structures. The hourglass-
like shape of the pillar of AM1 results in greater deformation due to the narrow neck in the
middle as compared to AM2. On the other hand, AM3 and AM4 have more than one pillar or
branches (attached to the pillar), and also pillars are thinner and longer than those of structure

AM1 and AM2, which results in higher deformation.

We have correlate the deformation with structural topology, the local variation of
deformation and Von Mises stress under compressive point load. The contour plots for total
deformation, and Von Mises stress are given in Figure 2(c-f) and (g-j), respectively. It is
observed that the maximum deformation occurs at the top of structures, where the load has
been applied for the case of AM1 and AM2. However, for AM3 and AM4, maximum stress is
generated at the section from where the pillar (in AM3) or its branches (in AM4) tilts. The
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difference stems from the branching topology of the structure. In order to mimic the
deformation of the structures under natural loading as experienced by ant mounds in the natural
environment. We have also performed another set of simulations by comparing all four ant
mounds when uniform pressure is applied across the whole structure. Figure 2(b) gives the
variation of maximum total deformation and maximum Von Mises stress under varying
pressure conditions. It is observed that the value of maximum total deformation is lowest for
AMI1 and highest for AM4. This is attributed to the fact that AM1 has a single thick pillar
whereas, AM4 has two thin and long pillars which tend to deform more under pressure. AM2
and AM3 have almost the same value of maximum total deformation for all given pressure
conditions. It is also observed that AM2 has the lowest stress value, followed by AM3, AMI,
and AM4. The trend can be explained by the surface area upon which the pressure is applied
(mean stress is inversely proportional to the applied area). Figure 2(a) shows the surface area
value upon which pressure force is applied. It can be noted that the area of AM?2 is higher than
AMI1 and AM3, which results in the lowest stress in AM2. However, the area of AM4 is
highest, and thus accordingly, the stress in AM4 should be lowest. But, due to two long and
thin pillars with branches tilted at a higher angle results in the highest stress in AM4. AM3 and
AM1 having lower areas (see Figure 2(b)) than AM2 results in higher stress in AM1 and AM3
than AM2. Comparing AM1 and AM3, though AM1 has a higher surface area it generates
higher stress than AM3. This is due to the non-uniform surface (sharp edges, hour-glass-like

shape) of AM3.

Similar to the point load condition, a contour plot for uniform pressure condition has also been
given for depicting the local variation of deformation and Von Mises stress. Figure 2(k-n)
shows the contour plot for total deformation. It is observed that the deformation is maximum
at thinner sections in all ant mound structures similar to the point load condition. Figure 2(o-
r) shows the contour plot for Von Mises stress. It is observed that under uniform pressure
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conditions, maximum stress is localized near the base. This is because the base area has been
selected as fixed constraints and the rest area is under uniform pressure. Therefore, the

maximum stress is localized at the section of applied pressure and fixed constraints.

To validate the numerical calculations, we have performed uniaxial compression of four
(AM1-AM4) different ant mound structures. The load versus displacement curve has been
shown in Figure 3(a). Response of AM1 and AM2 under quasi-static compression in the elastic
region is similar; therefore, stiffness values of AM1 and AM2 are similar (Table 1) to that of
the numerical simulations. The load/displacement curve of AMI attains maxima (at ~ 3 mm
displacement) then drops, and the densification starts after displacement of ~5.5 mm, whereas
there is no significant load drop in the case of AM2. A similar deformation/Von Mises stress
trend is also observed in numerical studies (Figure 2(a)), where AM1 and AM2 exhibit lesser
deformation and can sustain greater stress without significant deformation as compared to the
other two structures (AM3 and AM4). A comparative plot of experimental and theoretical
stiffness values for the four structures is shown in Figure 3(b). Simulations were performed
with the point load whereas, experimentally ant mound structures were tested with the uniform
load on the surface of contact which causes differences in experimental and theoretical stiffness
values. Both cases' trends are similar, i.e., AM2>AM1>AM3>AM4. A qualitative concordance
can be drawn from the digital image of before and after deformation as seen in Figure 3(d-g)
(experimental) and Figure 2(c-f) (numerical). While for AM1 and AM2, the deformed
structures for both the analyses were found to be similar, AM3 and AM4 exhibit certain
dissimilarities. Since these last structures (AM3 and AM4) are branched. The deformation of
AM3 in the experimental case is observed in both branches, while in the simulation results,
localized deformation is observed. Hence, we obtain a quantitative mismatch in the stiffness
value for AM3 between experimental and simulation results. Due to the large surface area of
AMA4, the rotation effect in the branched structures is lesser than AM3; hence we do not observe
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such quantitative discrepancy. Specific energy absorption of AM1 (253.85 J/kg) is nearly 600
times higher than AM4 (0.42 J/kg). The overall trend of the variation of energy absorption is
AMI>AM2>AM3>AM4, see Figure 3(c). The variation of energy absorption follows the
growth pattern. In initial structures like AMI, it absorbs a large amount of energy before
rupturing. As the structure grows, increasing the colony's size and topology, ants tend to
segregate the nest in certain safer zones (core) to store its living supplies. Under stress

conditions, another unoccupied zone deforms and absorbs energy much early than the core.

4. CONCLUSION

The exception mechanical robustness of the ant mount results from contribution from two
different architectural components, which can be classified as primary spine (core) and
secondary arms. These are gowns over a long duration. In the current work, we have studied
the contribution of each of the components (primary core (AM1 and AM2) and secondary arms
(AM3 and AM4)) in making structures resistant to the forces of nature. The primary spine of
ant mounds appears to grow in a funnel-shaped structure from the surface level towards the
bottom (AMI1) and then consequently expand with an increase in surface area (as shown in
AM?2). This gives the typical hourglass shape to the base. These structures (as depicted in AM1
and AM2) can withstand large stress values without appreciable deformation and maintain the
colony's structure. With further expansion of the surface area, the mounds appear to branch (as
shown in AM3 and AM4). On the other hand, the branched structures can endure larger stress
and deform in the process under a volumetric pressure application, making them sacrificial
units for extreme disasters like floods and earthquakes. The 3D printing experiments and FEM
simulations suggest a robust design, especially for AM1 and, in general, the possibility of

constructing anthill-inspired civil buildings with a tree-trunk-like geometry.
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Figure 1. The flow path of mold making (a-f). a) Original Ant mound; b) Ant mound hole
pored with cement; ¢) Cemented Ant Mound; d) CT scan image; ¢) CAD Structure; f) 3D

printed structure; (g-j) Different Ant Mounds. (g) AMI; (h) AM2; (i) AM3; (j) AMA4.

Figure 2. Numerical mechanical properties of Ant Mounds. (a) Variation of the maximum total
nominal deformation and maximum Von Mises stress under compressive point load for four
different ant mounds. (b) Variation of the maximum total deformation and maximum Von
Mises stress under uniform pressure for four different ant mounds. (c-f) Contour plot of the
total deformation under 1500 N compressive load. (g-j) Contour plot of the Von Mises stress
under 1500 N compressive load for all four ant mounds. (k-n) Contour plot of the total
deformation under 500 MPa uniform pressure. (o-r) Contour plot of the Von Mises stress under

500 MPa uniform pressure for all four ant mounds.
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Figure 3. Experimental mechanical properties of Ant Mounds. (a) The plot of compressive

force vs. compressive vertical displacement. (b) Comparison of experimental stiffness vs

numerical stiffness of ant mound structures. (c¢) Specific energy absorption variation with

structures. (d-g) Deformation of ant mound structures under compressive load.

Table 1. Mechanical Properties of Ant Mounds structures.

Structures Stiffness Specific Energy Absorption | Young’s modulus of elasticity
(kN/m) (J/kg) (GPa)
AMI1 1369.16 253.8536 2.15
AM2 1534.44 127.8675 0.688
AM3 1341.25 7.2301 1.03
AMA4 59.22 0.4181 0.04
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Figure 1. The flow path of mold making (a-f). a) Original Ant mound; b) Ant mound hole pored with cement;
c) Cemented Ant Mound; d) CT scan image; e) CAD Structure; f) 3D printed structure; (g-j) Different Ant
Mounds. (g) AM1; (h) AM2; (i) AM3; (j) AM4.
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Figure 2. Numerical mechanical properties of Ant Mounds. (a) Variation of the maximum total nominal
deformation and maximum Von Mises stress under compressive point load for four different ant mounds. (b)
Variation of the maximum total deformation and maximum Von Mises stress under uniform pressure for four
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Contour plot of the Von Mises stress under 1500 N compressive load for all four ant mounds. (k-n) Contour

plot of the total deformation under 500 MPa uniform pressure. (o-r) Contour plot of the Von Mises stress
under 500 MPa uniform pressure for all four ant mounds.
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