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Granular excavation is the removal of solid, discrete particles
from a structure composed of these objects. Efficiently predict-
ing the stability of an excavation during particle removal is
an unsolved and highly nonlinear problem, as the movement
of each grain is coupled to its neighbors. Despite this, insects
such as ants have evolved to be astonishingly proficient exca-
vators, successfully removing grains such that their tunnels are
stable. Currently, it is unclear how ants use their limited infor-
mation about the environment to construct lasting tunnels. We
attempt to unearth the ants’ tunneling algorithm by taking three-
dimensional (3D) X-ray computed tomographic imaging (XRCT),
in real time, of Pogonomyrmex ant tunnel construction. By cap-
turing the location and shape of each grain in the domain,
we characterize the relationship between particle properties and
ant decision-making within an accurate, virtual recreation of the
experiment. We discover that intergranular forces decrease sig-
nificantly around ant tunnels due to arches forming within the
soil. Due to this force relaxation, any grain the ants pick from the
tunnel surface will likely be under low stress. Thus, ants avoid
removing grains compressed under high forces without needing
to be aware of the force network in the surrounding material.
Even more, such arches shield tunnels from high forces, provid-
ing tunnel robustness. Finally, we observe that ants tend to dig
piecewise linearly downward. These results are a step toward
understanding granular tunnel stability in heterogeneous 3D sys-
tems. We expect that such findings may be leveraged for robotic
excavation.

tunneling | granular mechanics | ants | robotics | applied physical sciences

Excavation is a vital component of both the natural world
and modern civilization. Mining alone constitutes an over
$80 billion industry nationally (1), providing an abundance of
materials upon which society relies. In nature, insects such as
ants have evolved strategies for large-scale efficient and durable
tunnel excavation. Indeed, colonies of subterranean-nesting ant
species can create nest structures several meters in depth that
can persist for decades (2). This biological feat of engineering
has fascinated both biologists and physicists alike (3-5) but is
especially captivating from a mechanics perspective (6). As any-
one who has played Jenga is aware (7), removing certain blocks
is more likely to cause a collapse than removing others. What
principles do ants follow such as to avoid removing structurally
critical grains during excavation? Do factors other than safety
determine digging technique (i.e., time and energy efficiency)?
Do ants dig according to a simple, innate algorithm? By study-
ing termite mounds, robots following termite-inspired algorithms
have been implemented for autonomous construction (8). Sim-
ilarly, understanding the innate, collective behavior algorithm
that ants employ to excavate tunnels could lead to more effi-
cient and economical digging strategies for resource extraction.
Mining collapses can cost up to $100 million individually (9), in
addition to threatening the safety of the workers. Eventually, an
autonomous mining robot following said methodology may allow
humans to avoid dangerous excavations altogether (10). Such a
robot is ideal for interplanetary mining (11), adapting to extreme
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and changing conditions before a terrestrial human receives a
signal.

There exists a rich body of literature investigating the
mechanics and structure of ant tunnels. Classically, the three-
dimensional (3D) forms of subterranean colonies were eluci-
dated by the pouring of coagulating fluids into an unoccupied
(or euthanized) colony. These landmark studies revealed the
ordered chaos of the ant underworld: a byzantine collection of
vertical or angled tunnels coalescing about horizontal chambers
(2, 12). By contrast, inferring how such structures were created by
the ants has typically relied on the use of far simpler, often two-
dimensional (2D) experimental nests. For example, the effects
of soil grain size distribution and saturation on tunneling diam-
eter, stability, and structure were studied by observing quasi-2D
ant farms housing harvester ants (Pogonomyrmex barbatus) (6).
For this species, it was shown that the most effective tunnel exca-
vation was observed when grains were small enough such that
workers could carry particles with their mandibles. Yet, cohesion
had to be high enough to support tunnel structures but not so
much as to resist the ants’ pulling force. In another 2D study, it
was found that the area and digging rate of excavation depended
on the size of the fire ants involve. However, the topological
structure of the tunnels (i.e., the ratio of edges to vertices in a
graph representation of the tunnel) was independent across ant
size scales (13). To elucidate features of the ant digging algo-
rithm that lead to robust tunnel formation, there is a critical
need to both quantify how ants tunnel in three dimensions and
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deduce how their actions impact the mechanical properties of the
surrounding soil.

Nowadays, 3D X-ray computed tomographic imaging (XRCT)
offers a potential solution for nondestructive analysis of 3D
colonies. Minter et al. (14) leveraged such technology to demon-
strate how ants will change digging angle when encountering
gradients in soil density. Gravish et al. (15) tracked tunnel diam-
eter via XRCT, illustrating how tunnel size is correlated with
worker ant morphology, in particular body length. Goldman
and coworkers (16) utilized 3D XRCT images of ant tunnels at
multiple instances in time to demonstrate how increasing water
content at low to intermediate moisture levels correlates with the
properties of tunnels dug by ants. By measuring the yield force
required to drag a rod on a robotic arm through the soil, it is
discovered that increases in yield force due to moisture content
correlate with increasing tunnel depth. This work suggests that
soils with higher yield strengths lead to more robust and stable
tunnels. Computer simulations have also emerged as a means for
probing ant tunnel mechanics. Frost et al. (3) employed discrete
element method (DEM) simulations (17)—which model grains
as rigid objects obeying Newtonian physics—to discover that
soil arching around rectangular cavities increases the stability
of surrounding openings, a possible explanation for interwo-
ven tunnel geometries. Behaviorally, ants follow patterns when
selecting grains for wall construction, exhibiting a preference for
heterogeneous grain sizes. Such a mixture will have a higher
angle of repose and therefore, stability than homogeneous col-
lections of grains (18). Furthermore, ants will prioritize ease
of grain removal when digging over robustness of the resulting
wall (19). Clearly, ant tunnel construction is strongly influenced
by the granular makeup of the soil. Nevertheless, it remains
unclear how exactly ants construct stable tunnels in natural
settings.

Unsaturated soils, like most granular materials, exhibits “force
chains,” which are networks of particles carrying the majority
of stress (20, 21). As mentioned in ref. 3, removing particles
in these chains is likely to provoke instability, in addition to
being harder to remove due to frictional resistance. Do ants
avoid extracting grains from such chains? More so, if the increase
of interparticle forces leads to more robust tunnels, how do
ants cope with the increasing energetic cost of grain removal
(16)? These questions are key toward the development of a
bio-inspired tunneling algorithm that minimizes the probability
of collapse.

In this study, we employ 3D XRCT to map the forces around
real ant tunnels during naturalistic tunnel construction. We use
this mapping to explore patterns relating tunnel construction to
force distributions in real time, in addition to other critical gran-
ular material attributes. Because the shape, position, and orien-
tation of grains are crucial for determining force distributions
in a soil (22-25), we consider grain-scale properties of the exca-
vated soil and their evolution in time. With XRCT, we achieve
submillimeter-resolution 3D imaging on a frustum-shaped con-
tainer of ants and soil during tunnel excavation. Leveraging
these data, we recreate the experiments in silico via a DEM
simulation, which can model particles of arbitrary shapes—the
level set discrete element method (LS-DEM) (26). From this
simulation, we calculate the changing temporal dynamics of
interparticle and grain-wall forces throughout the entire sample
as ants execute their tunneling behavioral program. This combi-
nation of high-resolution dynamic imaging of tunnel excavation
complemented by grain-scale mechanics unveils the spatiotem-
poral mesoscopic impact of tunneling ants on the surrounding
substrate, elucidating why ants are such efficacious tunnellers.

Methods

To probe the effect of granular physics on ant tunneling behavior, we lever-
age XRCT imaging at submillimeter resolution. Five hundred milliliters of
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Quikrete soil with average grain diameter of 2.3 mm (S/ Appendix) was
mixed with 20 mL of water and poured into the frustum for a water con-
tent w =0.03 and initial porosity of 0.42. The frustum was encapsulated
into a device specifically designed for our XRCT experiments (S/ Appendix).
The device was placed into a computed tomography scanner, and a 40-min
high-resolution scan was performed of the entire sample. Fifteen Pogono-
myrmex occidentalis ants were released into the top of the container, and
the container was sealed (27). Pogonomyrmex ants were chosen because of
their prolific digging ability to handle grains on the millimeter scale, such
as those used in the experiment that are ideal for XRCT imaging. Fifteen
ants were chosen through an optimization procedure performed using the
same species of ant and soil as the main experiment. Starting from one ant,
increasing numbers of ants were observed digging through soil in a lab-
oratory environment. It was found that the optimal excavation rate was
achieved starting at 15 ants. Following this, faster (4-min) half-resolution
scans were taken every 10 min over the course of about a day. Each scan
captured the structure and orientation of almost all particles in the sam-
ple in 3D. Six instances of the experiment were performed overall, although
due to the machine occasionally pausing overnight (S/ Appendix), only three
studies collected continuous data on ant tunneling. While the morphology
of all three experiments is studied, the first two experiments are primarily
analyzed in this article, as they span the two possible cases of tunnels on the
boundary and in the bulk.

From these 3D images, a digital avatar was created for each particle
in the sample. As explained in S/ Appendix, a particle avatar is a mathe-
matical representation of a grain’s shape, position, and orientation, factors
known to significantly influence force distribution (28). Furthermore, by
comparing images taken at different instances in time, the order of grain
removal by the ants could be determined—up to the frequency of the
scans. From here, the morphological properties of removed grains and kept
grains were compared, and an LS-DEM simulation utilizing these avatars
was executed. All four steps of the digital reconstruction are illustrated
in Fig. 1 (29).

Results and Discussion

Tunnel and Particle Morphology. Tunnel and grain shape proper-
ties were analyzed before considering force chains to probe the
mechanics at the tunnel scale. Splines were fit to tunnels for
obtaining a smooth representation of the tunnel axes. In Fig.
2, Upper, a depiction of the spline—with tunnel axis direction
obtained from the spline gradient—is presented for the three
successful experiments. Fig. 2, Lower shows multiple measures
for quantifying the tunnel’s structure.

Ants tend to dig on the container’s boundary; in all cases,
the initial tunnel began from the container’s boundary. Of all
five tunnels pictured, only one tunnel (green) passes through the
interior during descent. This predilection for the boundary could
be simply a matter of geometry; ants start digging down after hor-
izontal motion is inhibited (e.g., by the container’s boundary).
Or, it could be due to the difference in cohesion between the
container’s boundary and the particles compared with particle—
particle interactions. The latter explains why ants tend to stick to
the boundary during excavation.

The ants tend to dig in linear segments. Specifically, along
piecewise segments, the ants maintain an approximately con-
stant digging angle ¢ (defined as the angle of the tunnel axis
with respect to a horizontal plane). This can be seen in all
five of the tunnels. However, the purple and blue tunnels do
show gradual variation in angle in parts. Almost vertical descents
occur at the top. In the bulk, ants dig at or below the angle of
repose for the material (= 40°) (SI Appendix). Yet, as pointed
out above, the ants exploit the presence of boundaries where
they can reach higher digging angles ¢, such as in experiment
3 (purple/blue). This quantitative measure of digging angles in
a cohesive material is consistent with qualitative observations in
ref. 6.

The aspect ratio of the tunnel is calculated at each point
along the spline. At a given spline point, a plane is defined with
normal vector in the direction of the spline, passing through
the spline point. All particles which intersect this plane are
identified, and the location of their centroid before removal is
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Fig. 1. (Upper Left) Experimental design. (Upper Right) One viewpoint of a completed tunnel from X-ray imaging. (Lower Left) The a-shape fit to the
locations of removed particle centroids for viewing the 3D tunnel, with o =40 (29). (Lower Right) Digital recreation of particles removed by ants in initial
location.

recorded. Principal component analysis was performed on the ter and aspect ratio are mostly constant, with the green and red
centroids projected into this plane, and the ratio of the largest  tunnels having the lowest aspect ratios and diameters (approx-
to smallest eigenvalue was taken as the tunnel aspect ratio. imately four times the particle diameter; consistent with ref.
After a tunnel is born from the top excavation, tunnel diame- 15). For tunnels dug against a boundary, tunnel morphology
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Fig. 2. (Upper) Interpolating spline fit to an ant tunnel, with scale for height. (Lower) Digging angle to horizontal plane ¢, tunnel radius, and aspect ratio
as a function of distance along tunnel axis obtained from splines. High-resolution images of the three experiments with splines are in SI Appendix, Figs.
S4-S8.
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is elliptical, raising the cross-section aspect ratio. This shape
could be the result of ants excavating a segment of a circular
tunnel.

The high-resolution scan’s voxel edge length (70 um) is about
4—10 of average particle diameter. This level of detail for each
grain means that the ants’ preferences for removing particles
with certain attributes can be explored. The volume of the grains
has been quantified by counting the number of voxels in each
particle via the spam python library. The distributions of vol-
ume between removed and nonremoved particles are compared
for statistical significance using a Kolmogorov—-Smirnov test (S/
Appendix, Fig. S2). There appears to be a slight, yet statis-
tically significant, bias for lower-volume grains. This result is
consistent with experiments in ref. 6, in which ants prefer to
remove particles with diameter comparable with mandible size
(1 to 2 mm).

Mechanics of Tunnel Surface. The forces localized on the tunnel
surface are studied in this section, offering insight into ant tun-
neling behavior. Multiple forces exist between adjacent grains in
an unsaturated granular material. At the scale of our particles
(~ 10’3m), the dominating forces are cohesion, friction, weight,
and contact between grains and with walls (6, 30). To calculate
these forces, we leverage LS-DEM, detailed in ST Appendix. In
summary, we begin with a digital twin of the experiment. This
means that each particle in the original physical frustum maps
to a computational particle as illustrated in Fig. 1, Lower Right.
The digital particles match the physical grains up to the res-
olution of the scans—0.07 mm. This resolution is sufficient to
capture the shape, orientation, and position of the particles (SI
Appendix, Fig. S1). The precise reproduction of each interparti-
cle contact in LS-DEM may not match reality exactly. Indeed,
even if we matched the contacts precisely, we could not guaran-

tee an exact reconstruction of the forces due to the indeterminate
nature of force chains (31). Further, we could not image the loca-
tion and shapes of all the liquid bridges. Nonetheless, we are
more interested in capturing the general behavior of forces in
our sample—such as the dependence of force chain morphol-
ogy on the growth of the tunnel. This emergent behavior is more
dependent on the distribution of particle shapes and boundary
conditions than on the specific contact locations (22, 32). In this
regard, LS-DEM has shown high efficacy (33).

The DEM simulation of these grains is left to equilibrate
under the aforementioned forces. Cohesion is handled in our
simulation using the bond model developed in ref. 34. Details
on this model are given in SI Appendix. Grains are then
deleted in the order in which ants removed the particles.
Since scans were performed every 10 min, many grains (= 100)
are removed during each scan. After every round of parti-
cle removal, an equilibration is performed. This methodol-
ogy is similar to that of dissolution studies (35). We number
each equilibration chronologically, denoting this number as the
experiment’s “frame.”

The structures of forces for experiments 1 and 2 were analyzed.
Fig. 3 depicts particles and simulated forces from experiment 1.
Fig. 3, Upper displays the system of particles at a particular frame,
while Fig. 3, Lower corresponds to a temporally later frame
(70 min later). In the first column, the X-ray image is displayed,
with particles on the tunnel’s surface rendered individually. Par-
ticles that will be removed in the immediate next frame are
shaded. Column 2 illustrates the forces between particles on the
tunnel surface for the two frames. Each black line is a branch vec-
tor (i.e., a vector that connects the center of masses between two
interacting particles). The thickness of the line is proportional
to the magnitude of the normal force between the participating
grains. Branches of contiguous particles woven together by high

Fig. 3. Visualization of forces on grains in and around the tunnel for experiment 1. Particles that will be removed in subsequent frames are colored blue.
(Upper) Simulation after equilibration at the specific frame. (Lower) Simulation after equilibration at a later frame. Column 1 shows a rendering of tunnel
particles. Column 2 shows forces on tunnel particles. Column 3 shows a rendering of particles across the red plane in column 1. Column 4 shows forces

through particles in column 3.
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interparticle forces are identified as force chains, as defined in
the introduction. Column 3 is a projection of particles onto the
red plane in column 1. The set of particles projected is at dis-
tances of approximately three tunnel radii from the tunnel axis
and two particle diameters from the plane. Such visualization
reduces the dimension of the data, revealing patterns influenced
by the tunnel axis. The final column presents the distribution
of forces in this cross-section. In addition, a video of what an
ant would see while traversing the green tunnel was compiled
(Movie S3).

We make a couple inferences from these data. First, grain
forces on the surface of the tunnel tend to be significantly less
than that of grains positioned deeper into the bulk. In addition,
surface forces are inclined to wrap around the axis of the tun-
nel rather than travel along it. This arching phenomenon will be
explored in Soil Arching.

In Movie S2, the entire tunnel surface with its forces is ren-
dered for 18 frames. The arching and force relaxation behaviors
described above are even more apparent in the video. Next, we
study these phenomena quantitatively by looking at the distribu-
tion of normal forces in the sample. As the tunnel head reaches
a cross-section, contact forces decrease on the particles due to
soil arching. The force between grains during slippage can be
modeled by Coulomb friction (17). Therefore, the difficulty of
removing a grain 7 is given by pFi" + C, where p is the coeffi-
cient of friction between grains, C is the liquid bond strength
that must be broken to remove a grain, and F" =} [Fj| is
the sum of the magnitude of normal forces on the grain, where
F; is the jth contact force acting on particle 7 (drawing in Fig.
4). With lower normal forces, less pulling force is required to
overcome friction between each particle and its neighbors. Fur-
thermore, low-force grains are less structurally critical and can
be supported through cohesive bonds. As ants remove particles
at the tunnel head, the region of low force expands—granting

Sum of normal force magnitudes on removed and kept grains
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Fig. 4. Distributions of the sum of normal force magnitudes F” for kept
and removed particles across experiments 1 and 2, totaling 117,000 grains;
the text has the F” definition. The blue histogram is the distribution of F/
among all grains that are never removed at the frame before tunneling
begins. The orange histogram is the distribution of the same parameter
among particles at the frame immediately before said particle’s removal.
The approximate ant pulling force is plotted in red (6). Removed parti-
cles with F] greater than the ant pulling force may be a consequence of
model errors in predicting which particles are in force chains. The differ-
ence between the two distributions is statistically significant, with P < 0.005
under the Kolmogorov-Smirnov test. The dark area represents the overlap
between the two histograms. (Inset) Schematic of normal contact forces act-
ing on particle 1 from particles 2 and 3, and calculation of sum of normal
force magnitude for particle 1 Ff.
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the ants a larger set of loose grains to safely remove. As the tun-
nel head diameter is widened, the ants propagate the tunnel axis
ever forward. Cohesive bonds and contact forces support force
chain arches, which occur across the tunnel surface. These arches
reform or strengthen as the tunnel is widened via ants “pruning”
grains from the tunnel side walls. Tunnel widening dwindles at
a given depth when a particular tunnel diameter is reached. In
precis, we see that ants avoid removing high-force grains due in
part to this high-force relaxation.

It is worth mentioning that the frustum-shaped container
may provide additional stabilization due to the side walls. For
instance, we see the largest tunnel—experiment 1—occurring
along the sides. Nevertheless, arching behavior still occurs within
the bulk, as evident from results for experiment 2 (Fig. 5) and
detailed in Soil Arching.

Soil Arching. The effects described in the previous section are
consequences of soil arching, which is considered in this section.
As can be seen in Fig. 3 and Movie S1, force chains tend to wrap
around the tunnel axis. It has been shown that the presence of
a tunnel in soil will cause this “arching” effect not only on the
tunnel’s surface but also, in a larger zone centered around the
tunnel axis (36). This effect could help explain why particles on
the tunnel surface tend to transmit relatively lower interparticle
forces.

Arching is defined by Terzaghi (37) as when “one part of a
mass of soil yields while the remainder stays in place,” causing a
“shearing resistance within the zone of contact between the yield-
ing and the stationary masses.” Visually, arching often appears
as force chains with an arch-like shape, emanating from a dis-
continuity like a void. Crucially, arching displaces load from the
discontinuity to the surrounding area.

While a multitude of studies has analyzed stress fields around
linear tunnels with tunnel axes perpendicular to gravity (23, 38,
39), there is a paucity of research on tunnels with variable axis
directions and complex particle shapes—although recently lin-
ear angled tunnels have been considered in continuum models
(40). Consequently, the nature of arching in our experiment was
investigated.

It was hypothesized that arches would wrap about the tun-
nel axis, changing orientation with tunnel direction. To test
this hypothesis, we again considered planes which pass through
the fitted splines with normal vectors in the direction of the
tunnel axis, see red plane in Fig. 3. For each plane we visu-
alized the particles intersecting the plane, thereby forming a
tunnel cross section. An example of a tunnel cross-section
for experiment 2 is given in Fig. 5, where both the parti-
cles and the intergranular forces are visualized. Experiment 2
is the only instance when ants tunneled away from the con-
tainer boundary and is more reminiscent of conditions found
in nature. From inspection, forces at and near the tunnel
surface have significantly decreased following excavation, in
particular directly above the tunnel. Forces above the tunnel
also tend to arch about the tunnel axis—displacing the large
load from the soil weight away from the hole. Such arches
act as a “stress shield,” maintaining the low contact forces
within their interior. This effect was recently studied by Fang
et al. (32). Within the low stress zone, cohesive forces compa-
rable with the weight of one grain are strong enough to support
unloaded grains, allowing stable tunnels underneath pounds of
earth. Therefore, arching occurs multiple layers deep into the
material, shielding the vulnerable grains on the tunnel surface
from forces that could trigger a collapse.

The histogram in Fig. 5 quantifies the effect of stress shield-
ing. The blue histogram depicts F'" for grains that constitute
the tunnel surface postexcavation (SI Appendix) at the frame
before excavation begins. The orange plot corresponds to the
distribution of F" on the same grains after excavation. Clearly,

PNAS | 50f7
https://doi.org/10.1073/pnas.2102267118

APPLIED PHYSICAL

SCIENCES


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2102267118/video-3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2102267118/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2102267118/video-1
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2102267118/-/DCSupplemental
https://doi.org/10.1073/pnas.2102267118

Downloaded at California Institute of Technology on January 12, 2022

Sum of normal force magnitudes on tunnel surface grains

o
b
=

Before Excavation
After Excavation

Frequency
o o o 9
s o B B
8§ 8 &5 &

o
o
g

o
o
N

o
o
3

107 10° 10 102 10°
F"mN

Fig. 5. Change in forces around the tunnel due to ant excavation for the green tunnel in experiment 2 within the bulk. (Left) Intergranular forces in a
tunnel cross-section before excavation. (Center) Forces in the same cross-section after tunnel excavation. (Right) Distribution of F, in particles that make the
tunnel surface before and after excavation. The presence of the tunnel has reduced the stress in tunnel particles due to arching, with P < 0.005 under the

Kolmogorov-Smirnov test.

excavation has reduced the load on the grains from the soil
mass. To summarize, arches occurring within the soil form and
strengthen during excavation. These arches reduce the load on
particles at the tunnel surface. Thus, ants do not need to “know”
which grains are in force chains before particle removal; by
selecting any particle on the surface of the tunnel, ants have a
high probability of avoiding a structurally critical grain.

Closure

We have provided evidence that a subterranean-nesting ant
species tends to dig in piecewise linear tunnel segments. In
addition, we demonstrated that the ants have a preference for
removing smaller grains. Finally, we have demonstrated how ants
can safely remove particles in a soil, even when digging below the
soil surface, by benefiting from force redistributions via granular
arching. We propose that granular arching provides an effective
tunnel lining while also reducing load at the head of tunnel.
These results suggest that ants can maintain stable tunnels
without needing to determine which exact particles are in force
chains. Such findings are not at odds with how humans excavate:
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