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SUMMARY

This study considers the construction and preservation of structures built by fire
ants, Solenopsis Invicta. The construction of shelter is a universal ability of living systems,
and is manifested among caterpillar tents, bird nests, and primate nests. While much head-
way has been made into the principles of swarm behavior in bird flocks and schools of
fish, less is understood about how systems can self-assemble to build temporary shelters.
This study uses videography to show how fire ants can build structures much larger than
themselves: by designing structures of particular shape and using the ability to self-heal to
preserve the structures. We used micro scale observations to predict the construction of fire
ant towers and conducted material testing on fire ant aggregate to quantify their physical
properties. In addition, we compare ant aggregates to cell aggregates to develop com-
mon experimental methods to study the collective motion of these self-assemblages. The
mechanisms and rules found here may contribute to the studies of both living and robotic

swarms.



CHAPTERII

INTRODUCTION

1.1 Motivation

Organisms have evolved many ways to self-assemble for survival. Skins cells can signal for
repair of wounds®?, Dictyostelium slime mold cells can self-assemble to increase likeli-
hood of finding food !° and insects can collectively self-assemble to form shelter and reduce
obstacles. Many animals such as ants, fish, bees and birds exhibit swarm behavior which
also incorporates collective aggregation and self-assembly. This strength in numbers has
allowed these animals to avoid predation. Insects, in particular, use strength in numbers for
their benefit when self-assembly to build shelters!!.

The cooperative behavior of animals has gathered much interests due to potential appli-
cations of decentralized systems!?~1°. Animals such as termites and ants build structures
many times their size, such as ant bivouacs and termite mounds, the latter of which which
can reach 8 meters in height. I7.18 * Apnimals, limited by the resources and materials available
to them, are still able to build various structures to fit their needs!®. This ability to build
adaptable structures is exemplified in insect society assemblages. Insects such as bees and
ants have the ability to build complex structures by using very limited resources and in
many cases, their bodies. Their structures can range from bridges which help cross gaps
or shelters that protect the colony from the environment!!. Bonabeau and Theraulaz mod-
eled ants falling like dripping liquid?®?!. Couzin demonstrated how information transfers
throughout the ant colony to make collective decisions?2.

There have been many instances such where the study of ants have inspire algorithms
and development of modular robots 23-26 However, much still remains in the field of mod-

eling collective behaviors from the interactions of the individuals. Developing effective



models of on the individual level could inspire more development in the control of hun-
dreds of thousands of robots instead only a thousand individual?’. A look into the way
ants connect inside their aggregates has implications in the study of active matter and self-

healing materials.

1.2 Background & Previous Work
1.2.1 Self-assemblages

Self-organization is an organize behavior that arises from the interactions between individ-
uals in a large group. Individuals of varying sizes ranging from cells to insects and birds,
work together to build complex structures and systems without a central leader. In the
biological domain, it is common to see organisms that interact with each other following
simple rules and, in spite of that, complex collective behavior and spatial-temporal struc-
tures may emerge, which are extremely difficult to predict from the individual level?®. Such
behaviors can lead to aggregations that organisms can use to accomplish complex tasks that
individuals cannot perform.

On the macroscopic level, the observation of animal aggregates dates back to the 1920°s%°
with observations of flocks of birds and schools fish. In the 1840’s, Savage was one of the
first to record the aggregations made by driver ants or army ants of Africa*’. He observed
raiding trails filled with millions of traveling driver ant the arches that larger ants form
to protect the flow of smaller ants. Savage follows the raiding trial and made early ob-
servations of the adaptability of ant aggregations. In his observations, Savage noted the
formation of chains that the ants form by connecting on branches to the bottom of a tree
which appears to be formation of bivouacs based on his descriptions. If there is water in
front of their paths, these ants would form water bridges to cross the gaps and during the
frequent flooding of the rain season, these ants would throw themselves into a rounded mass
and float on the water until the flood subsided or safety is reached. Since Savages study,

there have been many studies that elucidate how ants are able to perform these complex



tasks. Fig.1 show some example of assemblages by ants.

Figure 1: Ants can self-organize to build structures against gravity. (A) Ants self-organize
to build bivouacs to survive above ground. (B) Ants join together to form a bridge to cross
a gap (C) Ants aggregates spread across the water to make a raft. (D) Ants are very strong
and uses this property to stay together as shown here by the drip of ants.

In more recent years, Anderson et al.gives a detailed review of different types of as-
semblages by insect societies!!. The review explains the form and functions of self-
assemblages, from 2D structures such as chains and curtains to 3D structures such as
bivouacs and bridges. He categorizes the self-assemblages by complexities and also gave
reasons for some of the functions of these structures. For example, bivouacs (temporary ant
shelters) are the central control of the colony, defense against predators, and are used for
thermo-regulation. Ants accomplish all of these self-assemblages without a central con-

trol. There are no leaders to give directions, but there is a feed-back system with how they

communicate that they allows them to build different structures.



1.2.2 Communication

Studies show that ants use simple rules to form many of their structures such as rafts,

11,13,20.21,28,31-37 * Since many species of

temporary shelters, bridges, and foraging trails
ants are partially or totally blind, information from their immediate surroundings and other
ants are critical for navigation through new environments. Ants are believed to use tactile
sensing and sensing of pheromones to prevent separation from the group33-4°. Information
found by select individuals can dictate behaviors that in turn propagate throughout the
group. Such communication enables finding shortest path to the nest and food sources, or
develop traffic flows that minimize congestions®!.

Studies of Argentine ants shows the use of feed-back mechanism by that ants use to find
the shortest path to their food source*?. At first ants send foragers out in all directions and
once they find a food source, they come straight back to the nest to recruit. The ones that
find the closest food source will come back first due to the shorter distance. As more ants go
back and forth between the food source and nest, the trail of pheromones get stronger and
over time, they have found the shortest path. Other studies of ants also show that certain ant
species have memory and use physical cues to navigate*>**. These cues help to translate

the baseline stochastic behavior of individual ants towards an organized movement as a

whole.
1.2.3 Connections

Several important features of the ants allow them to connect and build complex structures:
polymorphism, their tarsal claws, and the adhesive pads on their legs called the arolium.
The way their structures are built allows ants to interchange the building blocks, their bod-
ies, easily with little individual specialization. Fig.2 shows the different ways that ants
connect to each other. Depending on species, some ants use their tarsal claws to create

strong linkages.



Figure 2: Hooks and sticky pads at the end of ants legs that they use to connect to each
other and to substrates .

The arolium on the end of ant legs are very useful in making their connections and the
adhesion fluid and softness of the arolium enable ants to walk against gravity and unsteady
surfaces. Federle et al.shows that ants have control over the strength of attachment by
the arolium by actively contracting their muscles and passively by the movements of their
legs™®. This physical tool, along with their small size and lack of inertia, direction of travel
does not affect the motion or metabolic rate of an ant**3. An ant expends as much energy
per step as it moves along a floor, up a wall, or across a ceiling. Thus, ant are able to make
connection to each other or other substrate in almost any environment.

More recently, Foster et al.delve inside ant aggregation to look at how they connect with
each other. Foster et al.put a frozen a ball of ants inside a micro-CT scanner and found that
when in aggregates, ant linkages become a complex network. Ants inside aggregates have
an average of 4.8 neighbors and 8.5 connections which is contributed mostly by the leg
connections and very little number of connections using the mandibles*’. They use these

leg connections to control their spacing and orient themselves relative to their neighbors.



This strategy allows the ants to react to change in their environments such increasing more

air pockets inside to be more buoyant during flooding.
1.2.4 Entangled Active Matter

Studies of fire ant connections can have implications in the fields of granular media and
active matter. Connections of fire ants in aggregates can be visualized by granular u-shape
particles, such as staples. The bent legs of staples are entangled which helps to stabilize
the structure and resist both compressional and extensional forces>. A recent study of
granular u-shape particles by Franklin et al.shows staples rearrange when they are undergo
extension>!. During extension, the the force curve shows many peaks which is synonymous
to connections breaking and then rearranging so the bulk material remains. The study
discusses a model that is able to predict when a connection will break. However, staples
connections are passive not active. Ants can control their entanglement state by using
their tarsal claws and adhesive pads on their legs. They can also provide forces to oppose
external disturbances in all direction due the the 3D networks they create.

Entangled active matter are non-equilibrium systems that takes in energy and collec-
tively generate motion, has received less attention than free active matter, but provides new
avenues for understanding how swarms work. Entanglement involves many individuals
that are bonded to each other by transient, as in long polymer chains. These links cause
entangled active matter to be found in the form of three-dimensional aggregates, such as
balls of cells or ants. Moreover, the transient nature of the links can lead to a variety of
behaviors. Aggregates of cells and ants exhibit viscoelasticity: at shorter time, aggregates
are elastic under compression and relax like a rubber*>. At longer time, they are viscous
and flow like honey. Thus, living aggregates can be characterized by material properties
that have only been seen up to now in inanimate materials. By characterizing these bulk

material properties, we can obtain insight into the individual level of cooperation.



CHAPTER 11

FIRE ANTS PERPETUALLY CIRCULATE THROUGH THEIR

TOWERS OF CONSTANT STRENGTH

2.1 Introduction

This study is part of the body of research that embeds fine scale observation of individual
behaviors into mathematical models to make testable predictions about the macro-scale
behavior of the group. In previous work, Mlot ez al. 2 built a predictive model for the rate
and shape of fire ant raft construction based on observations of ant behavior atop and on
the edges of the raft. This work builds on that and tries to explain the mechanisms involved

in tower building by fire ants which allows them to temporary survive above ground.



Figure 3: The shape of an ant tower. (A) A trumpet-shaped ant tower built around a small
branch in the Atchafalaya Basin Swamp in Louisiana. Photo courtesy of CC Lockwood.
(B) Water droplet rolling off the side of an ant tower. (C) Schematic of five layers of an ant
tower with carrying capacity oo = 2 ants.

Fire ants build towers around a central support to anchor at a plant in water or as a
bivouac on land when not in the nest (Fig.3A). They need to build these towers to have
a temporary form of shelter while the colony searches for a suitable nest. Preliminary
observations suggest that the towers tend to be trumpet-shaped, but the reasons for this
shape remain a mystery. While the tower is being built and after it is complete, ants move in
all directions on its surface, but eggs and larvae are not visible on the surface. Preliminary
observations in the laboratory are consistent with these characteristics. In addition, we
observe that the tower repels falling water droplets. Fig.3B shows a drop of water gliding
along the tower surface. We also observe that the ants take an order of magnitude more
time to build a tower than to spread out into a pancake-shaped raft, approximately twenty

minutes compared with one to three minutes®. Our initial questions are, why are the towers



trumpet-shaped, how do the ants build them consistently, and why is the building time so
long? From an evolutionary point of view, water repellence partially addresses the first
question, and the lesser urgency to build a bivouac when traveling than to form a raft at
the onset of a flood addresses the third. However, selection pressures do not elucidate the
mechanisms that are in operation.

We begin by swirling 10 grams of ants (~ 10,000 ants) in a beaker to create a ball of
ants. The ball is placed into the center of an acrylic box and gently pierced at the center with
a Teflon rod, rendered nearly frictionless by a light coating of baby powder. The central
rod prevents swaying of the ant tower, but otherwise does not support the tower’s weight,
which is accomplished by the ants themselves. We coat the acrylic walls with Fluon to
dissuade building on the walls of the container. At the beginning of the experiment, ants
explore and try to build over the walls, but eventually they focus their efforts on the central

Teflon rod (see movie S1).

2.2 Methods

Ant husbandry

We procure ant colonies from roadsides near Atlanta, GA. Colony selection aims for an
average ant weight of 1 mg. We remove colonies from the soil and place them into bins
according to methods by Chen>3. Ants are fed baby food and pet food 3-4 times a week
and we perform experiments using 9 different colonies with regularly replenishment of

their water supply.
Tower building

We collect 10 g of ants in a beaker and then swirl them to produce a ball of ants. This ball
is placed in the center of a 150x150x15 mm acrylic box. We lightly dust a Teflon rod with
talc powder and lower it into the center of a sea of ants filling the box. We prevent ants
from escaping the sides of the box by coating the box with Fluon and talc powder on the

sides. Within a few minutes ants begin to form a tower centered around the Teflon rod.



For our set of data it takes 19.5 £ 7.3 minutes for all of the ants form a stable, roughly
axisymmetric tower in equilibrium around the rod. We film the process from the side to
capture the tower profile. We use transparent container and a high-definition Sony HDR-
HC9 video camera to capture the tunneling process. After the tower reaches equilibrium,
we put the ants back in their bins for at least 2 hours before using them again. We use the
same ants at most twice per day. We performed experiments using 9 different colonies and

kept room temperatures between 23°-25° Celsius.
Mathematical model for tower shape

In order to model the shape, we treat the tower as consisting of horizontal layers of ants.
Layer 1 is the top layer, and layer n+ 1 is immediately below layer n. Suppose one ant has
a carrying capacity of o ants. Ants are known to be strong, so @ will be larger than 1. Let
X, be the number of ants in layer n. The ants in layer n+ 1 must be able to support the ants

in layers 1 through n. Therefore,

M:

aXyi1 > Y X; @.1)

1

~.

At maximum load, equation 2.1 will hold with equality. Hence at maximum load, it is a

good approximation to write

—1
00Xy = ZX X+ZX Xn+ 00X, = Xa(a+1). (2.2)

Equivalently,

Xoi1 =X (1+1/00). (2.3)

From equation 2.3 we write the precise formula for X, ; which is

n+1

Z (2.4)

SQIH

Assuming the number of ants in the top layer, X; = 8, and carrying capacity, o > 1, we

10



will approximate X,, by the formula:

Xn =

ifl<n<
{B tlen=a (2.5)

B(l+1/a)"%* ifn>a

Mathematical model for tower dynamics

Let Y be a random variable for the time 7 it takes an ant to fill any space in a ring. We

assume Y is exponentially distributed, with a cumulative distribution function (CDF) of
P(Y<t)=1-—e"* wheret >0, (2.6)

and A is the mean time to fill an empty slot. Let S be the total number of spaces around a
rod with diameter D. Based on an ant width of w = 1 mm, we have S ~ nD/w. When S

spaces are empty, the time Z until S — 1 spaces are empty is
Z = min (Y; 2.7
1211%( ) D

where the Y; are jointly independent exponentially distributed variables each with mean A.

Therefore, the time Z to fill the first space is distributed so that

S S
PZz0)=P(Y;=0)=[]P¥;=1)=(e"/*)S =/ */5), (2.8)
j j=1

Therefore, Z has exponential distribution with mean A /S. Once one space is filled, by the
memoryless property, the remaining time until all the spaces are filled is the same as if we
start with S — 1 empty spaces which is equal to A /(S — 1) plus the time as if we start with

S — 2 empty spaces. Inductively, the expected time T to fill all S empty spaces is

S
A
T:j_zlmZl(1+1/2—|—1/3+---+1/S)Nﬂtlogs (2.9)

11



Measurement of ant attachment strength

Ants can attach to each other and substrates by using the hooks and sticky pads on their
feet*943> We measure the strength of an ant’s leg-to-leg connection by tying two ants
of the same colony each to an elastic string. We place the two ants in contact to stimulate
a leg-to-leg connection. Once the ants grip each other’s legs, we pull the inelastic string
which causes it to stretch. We then use Hooke’s Law to measure the force.

We measure the force with which an ant holds to Teflon by placing Teflon rods of di-
ameters 4.7mm (N=9), 12.8mm (N=10), and 14.5mm (N=6) on a Metler Toledo analytical
balance. We place one tethered ant on the Teflon rod and slowly pull the ant upwards until
it releases its hold. We record the whole process using a Sony HDR-HC9 video camera
and use Tracker to find the maximum amount by which the measured weight decrease. The
mean and standard deviation for all trials (N=25) were 2.56 and 1.04 dynes, respectively.
The decrease in attachment strength with increasing rod diameter is noticeable: the means
are 3.68 (0 = 1.23), 2.94 (6 = 0.65), and 1.70 (0 = 0.63) dynes, respectively for rods of

diameter 4.7 mm, 12.8 mm, and 14.5 mm.
Tower sinking

To observe ant movement within the tower, we doped 5 g of fire ants with a radiographic
contrast medium (GE Omnipaque Ioxehol solution) by mixing it with their drinking water
and allowing the ants to drink for at least 2 days before building a tower. Immediately
before tower building begins, we mix 5 g (5000 ants) of doped ants thoroughly with 5 g
(5000 ants) of undoped ants from the same colony. In total, we used the same amount
of ants as our other experiments. We placed the ants in a 100mm diameter x 55 mm tall
container with an 8 mm diameter Teflon rod located in the center of the dish. We allowed
the ants to build a tower with the process captured using an imaging system that includes the
following: Spelman XRB502 Monoblock X-Ray source and Amorphous Silicon Digital X-

Ray Detector PaxScan 2020+ (Varian Medical Systems). We operated the x-ray at a current
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of 2.5 mA and a voltage of 100 keV. In the resulting images, doped ants show as dark spots,
and we use “Tracker”, a free product of Open Source Physics. This program allows us to
trace individual paths (dark spots) of ants frame-by-frame throughout the sinking process

in which we use the distance traveled by the ants over time to calculate the sinking rates.

2.3 Results
2.3.1 Shape model

Regardless tower height and size of central rod, the tower qualitatively has the same radially
symmetric trumpet-shape. In our 26 experiments, tower heights range from 7 to 30 mm
with an average height of 15.8 £5.3 mm. To explain the shape, we idealize the tower
as consisting of one-ant-thick horizontal annuli around a core of rod radius D as shown
Fig.3C. The number of ants in a layer are extrapolated from the profile of the tower. We
non-dimensionalize the height and diameter of the tower using an ant standing vertically
of height 4 = 3 mm and ant width w = 1 mm. Filming the towers from the side, we use
image analysis to discretize the tower into a series of n horizontal annuli around the central
rod. We hypothesize that each ant supports an equal amount of weight, analogous to the

“Towers of constant strength” proposed by Timoshenko in 1930°°

and used in design of
the Eiffel tower . Applying the equal-weight hypothesis to the idealized layers of the tower
implies that each layer supports all of the layers above it and the weight is distributed
uniformly within each layer. We introduce two parameters to characterize the shape of the
tower, which we use to match the model to the experimental data. The spread of the tower
is given by the ant carrying capacity ¢, given in ant-weights. The second parameter is the
number of ants, 3, in the first layer of the tower, a boundary condition that is tower-specific.
We define X, to be the number of ants in the nth layer, counting from the top layer at n = 1.

Then

1

13



because the n+ Ist layer needs X, ants to support layers 1 to n— 1 plus an additional X,/ a
ants to support layer n. We assume towers are built as tall as possible and in Methods, we

derive the following approximation:

B ifl<n<a
Xn:{ 2.11)

B(l+1/a)"% ifn>a
Equation 2.11 predicts that the shape of the top portion of the tower remains the same

regardless of the total tower height. This prediction will be crucial to our model of tower

growth in the next section.
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Figure 4: Ant tower profile. (A) A time sequence of an ant tower built on an 8-mm
diameter Teflon Rod. (B) The fit of the shape model to the profile of a 10 min, 20 min, and
equilibrium ant tower. (C) The equilibrium shape of ant towers built on 6.4-mm, 11.2-mm
and 16.0-mm rod diameters. (D) The fit of the shape model the profile of the equilibrium
ant towers on increasing rod diameters. The circles represent the profiles of the towers.
We fit these profiles to the shape model, shown by the solid lines, using carrying capacity
o = 2.6. X, is the number of ants in layer n, measured from the top where X; = 3, which
is tower specific.

We require the shape model to use the same value of « for all rod diameters for parsi-
mony and because we doubt that ants not adjacent to the rod can sense its diameter. Using
the method of linear least-squares, we fit predicted tower shapes to experimental ones,
throughout the building process. We fit 20 ant towers, after disregarding inchoate towers
that are less than 3 layers tall, from experiments using central rod diameters ranging from

4 mm to 16 mm. We . Fig.4A shows the 10 minute, 20 minute, and equilibrium shapes of
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the towers built around an 8 mm diameter rod. In Fig.4B, the circles indicate the profile
of the ant towers and the line is the model. The fit is good, as shown by the R? values
of 0.86, 0.81 and 0.84, respectively (N = 3). The fits of the model to the ant towers are
not as good at the top of the towers as compare to the bottom. Discrepancies at the first
couple of layers between the model and the data are random effects. The location of the
top layer is visually ambiguous so we use the better  value of the first two layers for each
ant tower. We applied this method to all the ant towers to find the best fit of o¢ = 2.6 ants.
The shape model with this o value is accurate with R?> =0.84 (N = 20). Fig.4C shows the
towers built on increasing central rod diameters and Fig.4D shows the tower profiles with
the theoretical predictions. As shown, the model can accurate predict the overall shape of
the tower for a range of central rods on the ant tower.

To show that ants are holding each other up and not just piling on top of each other,
we compare the ant tower to dead ant pile. We first euthanized ants with liquid nitrogen
and then poured them through a funnel into a petri dish. This process creates a conical
shape pile in which we can measure the angle of repose, the slope of the pile relative to
the horizontal. For dead ants, we measured the angle to be 36°. The dead ant pile have
an angle of repose because it is only supported by friction. Unlike the dead ant pile, the
tower of live ants do not have an angle of repose due to the exponential shape of the tower.
Therefore, this shows that ants are physically exerting themselves when in the tower rather
than piling on top of each other. The value o = 2.6 is fairly close to the value 1.5 we
reported as the weight borne by ants at the bottom layer of a raft®. In contrast, the amount
of weight required to prevent ant movement is larger by two or more orders of magnitude,
demonstrated by the following compression test that we performed on three different ants
with an average weight of 1.1 +0.15 mg . We place a 0.05-gram transparency sheet atop
a single ant and gradually increase the number of sheets until the ant cannot move. Since
we can observe the ants through the transparent sheets, we note when the ants stop walking

in any direction. A weight of 88 £ 13 mg, or about 83 £ 12 times body weight, prevents
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the ant from walking. A weight greater than 0.8 grams, or about 750 times body weight,
prevents ants from moving any limbs at all but does not kill or appear to injure them after
we remove the transparency sheets from the ants. These values of 83 and 750, compared
with the value o@ = 2.6 experienced by ants in towers, are strong evidence that ants are
staying still within their towers out of their own volition, and not because of their physical

limitations.

2.3.2 Shape model applies to human towers

Layer n

10 I I —

0 10 20 30
X, (Human width)

Figure 5: The shape law also shows good fit with the human towers. (A-B) Human towers
built in Spain. (C) The solid circles represent the profiles of the towers found on Google,
Youtube, and Wikipedia (N = 22 runs , yielding the errors bars shown). We fit these profiles
to the shape model, shown by the solid lines, using f = 1.0 and carrying capacity o = 1.9.
Images courtesy of Eric Sala, Tania Garcia and Montserrat Torres.

For hundreds of years, human towers have been used in siege tactics, acrobatic competi-
tions, and rituals®>’%. Beginning in the early 18th century, groups of Catalonians started
stacking themselves together in a parade known as the “Ball del Valencians” which eventu-
ally grew into competitions to build the tallest human tower. To this day, groups of builders
called Castellers still compete to build the tallest human tower, the record for which is
currently 10 layers>®. The common trends that run through all human towers are the struc-

tural tactics of building a wide base and tapering the width as the tower gets higher. We
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investigate how our shape model fits these human towers. We compile Google Images and
Youtube images of 22 human towers, examples of which are shown in Fig.5A-B. We dis-
cretize the height and width of human towers in terms of human height and width. Again,
we use the method of linear least squares to estimate the carrying capacity o for the human
towers. Fig.5C shows a plot of the human towers (circles) against the model (line). Using
B =1 and a carrying capacity a = 1.9 yields an excellent fit with an R? value of 0.97.
Although o for humans is similar to & for ants, ants can hold much more weight. The data
from human tower profiles show that we can use our model estimate the load each person

is holding similarly to what we did with ants.
2.3.3 Growth rate of tower

The shape model implies that many more ants must be added to the tower to create layer
n than layer n — 1 . However, the observed rate of increase of height is fairly constant.
Why doesn’t it take more time to add ants of the tenth layer than the third layer? We
hypothesize the following: ants follow the same rules of behavior that were observed and
yielded accurate predictions about ant raft construction®>2. These rules are:

(1) Don’t move if ants are on top of you;

(2) If atop other ants, repeatedly move a short distance in a random direction;

(3) Upon reaching available space adjacent to non-moving ants, stop and link with them.
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Figure 6: Building rate of ant towers. (A) A side view of an ant tower. The inset shows
a ring of spaces from k = 1 to k = § around a rod of diameter D that ants can fill. (B)
Time sequence of tower height (N = 3, rod diameter = 9 mm). The red dashed line is the
average growth rate. (C) The solid circles shows empirical cumulative distribution function
(CDF) of the time Y to fill a slot, found from video tracking. The solid line is the CDF from
the predicted exponential distribution. (D) Relationship between ring filling time and rod
diameter. The circles represent the experimental time to complete a ring (N = 3 for each
diameter for which an error bar is shown). The line is the predicted time to fill a ring.

The accompanying movie S2 illustrates rules 1 and 2: many ants move up, down, and
sideways seemingly at random on the tower surface; ants below the surface do not appear
to move. In the case of the tower, the only available space for growth is the rod surface just
above the top layer as shown in Fig.6A. The hypotheses together with the shape model can
explain why the height grows at a constant rate as shown in Fig.6B. Because of rule 2, the
only ants that have a chance to increase the tower’s height are those in the top couple of
centimeters of the tower. By the shape model, the top portion of the tower always has the
same shape and size.

The inset in Fig.6A depicts the discretization the top of the tower into a ring of spaces.
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Given that the individual ant movements are random, the time to fill an empty space on a
ring should be independent of the fill time of other spaces, and have a memoryless distri-
bution. That is, if after # seconds a space has not been filled, its remaining expected time
to fill is the same as it was at zero seconds. In terms of the random variable Y equal to
the time to fill a space, E[Y|Y > t] = E[Y] for all # > 0. The exponential distribution®’
is the unique memoryless continuous distribution on the nonnegative real numbers, with

cumulative distribution function (CDF)
P(Y<t)=1-—e"* wheret >0, (2.12)

where A is the mean time to fill an empty space. Fig.6C compares the cumulative dis-
tribution of the exponential distribution with empirical data from 102 measurements. We
obtained the 102 data points by visually measuring the time it takes one ant to fill a slot
and stay on top of another ant starting from when it becomes available. We performed ex-
periments using central rods of 4 mm and 9.5 mm in diameter and measured 51 data points
for each rod diameter. Visually, the fit is excellent. The Kolmogorov-Smirnov test value is
confirmatory with confidence 0.95 (details are given on page 342-343 of Feller’s book ).
This gives some supporting evidence for the hypotheses. Based on the estimated value
A = 65 seconds and ant height & = 3.0 mm, the tower growth rate would be 7/A = 2.8
mm/minute if the ants were to stack up independently without building a ring. However,
the predicted growth rate based only on these hypotheses is approximately three times too
high to fit the data. Another factor must be coming into play.

We observe that narrow “fingers” of ants that grow upwards from the tower on the rod
surface often peel and fall off the rod (see movie S3). In particular, the fingers that grow
above an incomplete ring tend to peel off. We hypothesize that a ring is not stable until
it is complete. A partial ring of ants would have to depend only on the adhesive force

of a single ant to the central rod. We measure the adhesive force of a single ant to the
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rod to be 2 ant body weight (2 dynes) which is equivalent to an adhesive pressure of 66
dyne/cm? acting on an ant area of 0.03 cm?. To show that ants in a ring adhere to the rod

2T .
B where P is

more strongly than a single ant to the rod, we apply Laplace’s law, P =
pressure on the central rod, T is tensile force between ants, and D is the rod diameter. On
rod diameters ranging from 4 mm to 19.5 mm, the adhesive pressure P ranges from 4500
dyne/cm? to 920 dyne/cm? which is 70 to 14 times stronger than the adhesive pressure of a
single ant. Ants that build on rod diameters wider than 270 mm do not benefit from forming
aring. However, for the range of rod diameters in our study, the formation of a ring clearly
increases the stability of the tower. Therefore, we introduce an additional hypothesis that is
specific to the mechanics of towers: (4) the top layer of the tower is not stable unless there
is a complete innermost ring of ants gripping each other around the rod.

Under hypothesis (4), the growth rate is governed by the time until the last space in a

layer is filled. In Methods, we derive the following formula for the expected time for a new

layer to form, based on maxima of independent exponential distributions,

k=S A
ET|=) —— =~ Alog(s), (2.13)
,;6 S—(k—1)

where § is the number of spaces in the ring. To test formula 2.13 of our ring-fill model,
we ran a large set of trials on rod diameters ranging from 4 mm to 19.5 mm. Notice that
it predicts different rates for different diameters D, since S = D /w. The time to complete
a ring, shown in Fig.6D, is a good fit with an R? of 0.66 until reaching rod diameter of 14

mm.
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2.3.4 Sinking and rebuilding

Time t=0min

Figure 7: Flowing and rebuilding of ant towers. (A) Schematic of the tunnels observed
underneath the ant tower. (B-C) Side views by video camera and x-ray showing ants sinking
within the tower. The solid circles represent the characteristic trajectories of ants tracked
over a period of 15 minutes. (D) View of the tower from below. The colors indicate the
motion of the ants, black referring to no motion and red indicating the flow of traffic. The
tunnels migrate, merge and disappear with time.

Ants on the surface (exterior) of the tower move rapidly in all directions atop the other ants.
Ants below the tower surface appear to be immobile. However, time-lapse photography
reveals that the ants in the tower’s interior slowly move downwards. They tend to maintain
their relative positions as the entire mass of ants sinks and exits through tunnels on the
bottom as shown in Fig.7A. At high speed, the surface movements are a blur through
which the sinking interior ants are visible. The sinking rate is approximately 0.38 £0.21
mm/minute based on 10 ant tracks from two towers (examples of 4 tracks are given in

Fig.7B).
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X-ray spectroscopy of fire ants that have ingested a radiographic contrast medium con-
firms the tower sinking (see movie S4). Fig.7C shows the downward trajectories of 6 ants.
The iodine drink and X-ray tomography techniques were newly developed for this research,
and may be useful in other studies of ant and other animal movement not visible to the eye.
The details of the technique are described in the Methods section.

Where do the sinking ants go? The ant towers were placed in transparent petri dishes,
which served as the base level of the tower. Fig.7D is a time sequence viewing from below
the petri dishes. Evidently, ants are flowing downward. Ants build paths along the base
surface, extending to the outskirts of the tower (see move S5). Ants enter the tunnels
from inside the tower and exit, thereby joining the set of ants that move rapidly on the
tower surface. Ants thus appear to clear a path in the tower similarly to removing soil
underground. We note that ants do not remove other ants from inside the tower rather, they

push other ants away in order to make a tunnel.

2.4 Discussion

Emergent structures have been studied for a variety of taxa including fish, ants, and bees '>-14-37:61

In many of these early studies, a set of simple local rules for individual behavior are pre-
sented that lead to an observed group-level structure or behavior. In more recent studies, the

rules of individual behavior are also validated by observation®%63

. For example, Couzin
et al. used rules of interactions between individual army ants and developed a model to
explain their traffic flows*!. The present study takes a step forward in that it identifies a
consistent set of local rules, validated by observation, that lead to accurate predictions of

the shapes and growth rates of both the ant raft and the ant tower®>2,

The fire ant tower serves several important biological functions similar to the bivouacs!!.
It repels water, shields eggs in their interior, serves as a base of operations, and anchors the

ants to land. Moreover, its construction uses decentralized control. The ants do not have to

“know” that they are building a tower. All they are doing is moving randomly atop other
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ants until they occupy an empty space adjacent to a stationary ant, just as they do when
they build a raft. Unstable structures collapse, leading to a tower of constant strength as
the only unique structure that remains over time. In the case of the tower, the only empty
spaces are on the supporting rod immediately above the current top of the tower. Until all
of the spaces at a particular height are filled, the structure is not stable enough to consis-
tently support ants at a greater height. It takes a long enough time for all of these spaces
to become occupied that this process is the bottleneck step, despite the geometric increase
in the number of ants in an n+ 1 layer tower compared with an n-layer tower. Since the
rod diameter is constant and the shape of the top part of the tower is invariant, this process
increases the height at a constant rate.

In contrast, when the ants build a horizontal raft, all spaces at the perimeter of the raft
are available to be filled, and there is no problem of mechanical instability. The building
rate is not constant, and in fact tapers down to zero when the number of mobile ants is
not sufficient to keep ants in the top raft layer stationary®. Essentially, the colony runs out
of ants to expand the raft. From a dimensional analysis point of view, the colony never
runs out of ants to build the tower upwards because a much smaller fraction of the ants are
needed to keep the other ants stationary. The raft has constant thickness of about 2.5 ants.
A completed raft of N ants therefore requires a number of moving ants proportional to N
to keep the ants on the top raft layer stationary. A tower of N ants has surface area roughly
proportional to N %, and therefore requires a sub-linear number of moving ants. Hence the
tower is circulant but the raft is not. Fire ants seem to be wasting energy to constantly
rebuild the tower, so we speculate ants form tunnels, which causes the sinking, to alleviate

high stress concentrations and to create pathways to transfer brood.
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CHAPTER III

ANT AGGREGATIONS SELF-HEAL TO COMPENSATE FOR

RINGLEMANN EFFECT

3.1 Introduction

Fire ants represent a new model system to investigate the self-healing of biological mate-
rials. They use their legs to link their bodies together in order to build both temporary and
long-lasting devices, including rafts, bridges and bivouacs. These devices must be able to
survive perturbations by the elements, including raindrops or rough water currents. How
ant-built structures sense damage and repair themselves is poorly understood. In order for
ants to self-heal, they must construct new structures of similar integrity to their old one,
that is, one that is resistant to both compressive and tensile forces.

In this study, we show that fire ants compensate for Ringelmann’s effect by self-healing.
We first look into how ants connect and the strength of these connections. We developed ex-
periments to show the strength contributions of connected and isolated ants inside a group.
Lastly, we modeled the strength of ant aggregates as a function of time to heal their struc-

tures.

3.2 Methods
3.2.1 Ant husbandry

We procured ant colonies from roadsides near Atlanta, GA. Colony selection aims for an
average ant weight of 1.5 mg. We removed colonies from the soil and placed into bins
according to methods by Chen>3. We fed ants baby food and pet food 3-4 times a week,

along with constant replenishment of the water supply.
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3.2.2 Micro-scale experiment

We measure the strength of leg-leg and leg-body connections to estimate the approximate
load that the ants in an aggregate can carry while in the funnel with the cross-section area of
160 mm?. We measure the strength of the leg-leg connection by tying an ant to the elastic
band and another ant of the same colony to an inelastic string. We place the two ants in
contact to stimulate a leg-leg connection. Once the ants attach their legs, we pulled the
inelastic string which causes the elastic band to stretch at a fixed distance. We then equate
this distance to a force using Hook’s Law. We also measure the leg-body connection using

the same technique while stimulating a leg-body connection.
3.2.3 Tensile test

We place 4.0 grams cluster on an analytical balance for all tensile tests and vary the top
cluster. For the non-isolated tensile tests we put two ant aggregates in contact for contact
times between 5 seconds to 15 minutes. For a group size of 1 ant, we tied 1 ant to a hair.
For group size of 3-5 ants, we attach ants to a sponge. For group size of 30-100 we 3D
printed funnels that has enough space for 30-100 ants to go through. For isolated tensile
tests we tie each ant on a single strand of hair, each separated by 1 cm. We varied the group
size between 1 to 4 ants. All set up are attached to a motor that can produce testing speed
from 3.9 mm/s to 20 mm/s. The ant cluster on the bottom containing 4 grams is placed in
a petri dish on top of a Metler Toledo analytical balance. We record the tests from the side
view using Sony HDR-XR200 handycam.

For the 2D tensile tests, we put an ant pile of 5 grams on top of a petri dish lined
with Velcro so that they will grip. We then place piece of Styrofoam of width 10 mm and
depth of 3 mm. The force is measured by using a Futek LS200 load sensor at sampling
frequency of 1 kHz and an Arduino Uno is used to measure the elongation length. All tests

are performed at 10 mm/s.
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3.3 Experimental Results

3.3.1 Qualitative observations of ants

Ants connect together using the hooks and sticky pads on the tips of their legs*. In our
observations, we saw two types of connections occur, from leg to leg (Fig.8A,B) and leg to
another ant’s body (Fig.8 C). We conduct micro-scale experiments to measure the strength
of leg-leg and leg-body connections. Leg-leg connections can support a tensile force of 195

=+ 7 dynes; leg-body connection tensile forces are half as weak, at 69 £ 52 dynes.
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Figure 8: Cohesion of ants during tensile testing. (A) Close up of ants holding on to
each other with tarsal claws. Photo credit - NJ Mlot (B) Ants holding onto each other
using sticky pads on their legs. (C) A close up view of an ant string being separated from a
cluster. (D) Ants linking together using leg-leg connections. (E) Two ant strings combining
during a tensile test.

We took high speed videos of ant clusters being separated to visualize how they hold
on to each other. Initially, ants form a mesh network that appears to consist of ants in
random orientations. As the two clusters are separated, the network stretches out into

multiple “’strings” of ants, oriented vertically and connected by their legs. Fig.8D shows
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the formation of an ant string. As the clusters are separated further, the string appears to
length as more ants are released from the cluster. Ant strings can also combine laterally
to form longer strings. Fig.8E shows two separate strings of ants that combine to become
a single string. We notice that as the structures are strained further, the connections slip,

eventually becoming leg-leg connections, which are stronger than leg-body connections.
3.3.2 Ringelmann effect in ants

We conduct tensile tests with groups of ants ranging from one to one hundred. This range
exceeds that of previous tests of Ringelmann’s effect on humans. Fig.9B shows the dif-
ferent testing rigs fabricated to test this range of ants. The cross section of the testing rig
indicates the number of ants tested, which are verified by counting ants during each test.
Fig.9D shows the relation between contribution of each individual and number of individ-
uals in a group. For comparison, we show data from human trials including tug-of-war,
clapping, and shouting®. All data is normalized with respect to the contribution from one
individual. Our ant experiments, highlighted in blue, shows that individual contribution per
ant decreases dramatically with group size. Ants in a group size of 30 provide only 15 %

of the tensile force of a single ant.
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Figure 9: Tensile forces applied to ant aggregations. (A) Formation of strings and a mesh
network due to separation of an ant aggregation pressed together for 3 minutes. Photo
credit - Candler Hobbs. (B) Testing rigs to measure the strength of groups of ants (C) Four
ants held apart by 1 cm undergoing ants a tensile test simulatenously (D) Relation between
contribution per individual and number of individuals in a group. Green hollow circles
correspond to tensile force in tug-of-war by Ringlemann, red hollow squares correspond to
loudness of clapping, black hollow triangles correspond to loudness of shouting, blue curve
corresponds to tensile force of group of ants in contact, and red curve corresponds tensile
tests of group of ants not in contact, each separated by a distance of 1 cm. Contribution is
normalized with respect to that of a single individual.
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Ringelmann proposed that a lack of coordination was the cause of Ringelmann’s effect.
To test this hypothesis, we conduct tensile tests with ants isolated from each by individual
testing rigs separated by 1 cm, as shown in Fig.9C. Here the ants can only communicate
to each other through the force they feel through the string. In contrast, the previous test
ants involved ants in direct contact with each other. Fig.9D shows the contribution per
ant for both isolated ants (black line) and ants in a group (blue line). At a group size of
4, each ant is only outputting 27 % of individual strength which is less than the 65 %
exerted by non-isolated ants for a group size of 5. The discrepancy suggests that the lateral
connections made by ants might make the structures stronger. Nevertheless both tests show
that Ringelmann’s effect is a fundamental problem for ants. It is difficult for a group of
ants to each exert their maximum force at the same time. This is partly because ants are
different sizes and reach their maximum strain at different times. In the next section, we

investigate how ants compensate for this problem.
3.3.3 Self-healing of ant aggregations

We press a pair of ant aggregations together for a given contact time 7., ranging from
5 seconds to 15 minutes. We then conduct a tensile test, pulling them apart at constant
velocity. The state of an ant aggregation during a typical test is shown in Fig.10B. Such
tests show an increasing tensile force, a peak in tensile force at 7;,,, and then a decrease
force as the aggregations begins to neck and fracture. The relation between force and strain
during a test is shown in Fig.10C, where each color corresponds to a different contact time.
Since it is difficult to measure the cross-sectional area, we define the tensile strength in

units of force, dynes, rather than stress.
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Figure 10: Tensile strength of ant aggregations. (A) A schematic showing the tensile
test. Top cluster is red and bottom cluster is blue. The purple ants are the connections that
form between the clusters. (B) Images of ants during a tensile test. (C) Images of ants
during a tensile test at different contact times. (D) Force-strain plot of the tensile test for
different contact times. The red curve denotes 2 minutes contact time, orange curve denotes
4 minutes, green denotes 6 minutes, blue curve denotes 8 minutes, and purple curve denotes
10 min. (E) The relation between tensile strength 7, and contact time.
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Qualitatively, ants pressed together for longer times appear to show a greater number of
ant strings, which correspond to a higher tensile strength. Fig.10C shows an increase in the
number of ant strings with increasing contact time. We can measure this increasing strength
quantitatively. Fig.10E shows the relation between tensile strength and contact time. The
strength increases increases to a maximum of 3400 dyne at 7. = 8 minutes. This amount
is much less than the amount if each ant were to pull with maximum strength. Given the
cross-section of the aggregation as 100 ants, we would expect a strength of 21,000 dynes
if ants were attached with leg-leg connections, and 7,500 dyne if we assume all leg-body
connections. Thus, ants are suffering a loss of strength per ant of 50% due to Ringelman’s
effect. We note the strength decreases to 30 % of the strength of 7.= 8 minutes tensile
test because ants have the natural tendency to explore and stop contributing to the in-lab

structure.
3.3.4 Model of self-healing

We develop a model to explain this growth in strength, 7', as a function of contact time, 7.
Once the ant aggregations are in contact, ants move their legs randomly until they connect
with a member of the opposite aggregation. Let n(7.) be the number of connections made
between the aggregations, and N be the number of leg connections possible where N = two

times the number of ants in a cross-section. The number of connections made per minute,

dn

a5 is proportional to N — n, the number of appendages that have not yet connected:

=B =) a1
where B is a constant with units of 1/min. This differential equation explains the obser-
vations during experimentation. When we place two clusters in contact, initially there are
no connections (n = 0). At first we find that the rate at which ants are connecting is very

rapid. As n increases to approach N, the rate slowly plateaus. Solving the above differential

equation yields the solution
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n(%) :N(l _exp(_BTc)> (3.2)

where n(1,) is the number of connection as a function of contact time 7.. Only connections

that have been made can contribute to tensile strength of the aggregations. The associated

tensile strength is found my multiplying by a constant ¢, which has units of m‘iﬁ% to
get the theoretical ultimate strength value as a function of contact time
Tnax(t.) = agN(1 —exp(—B1.)). (3.3)

Thus, our model has two parameters, o, and  that are found by curve-fitting, as well
as an initial condition N given by the cross section of the ant aggregation. We use linear
least squares to determine the tensile strength as a function of contact time. Fig.10E shows
that the prediction of the model closely matches the trends. Our model also gives two
fitting parameters of physical significance. We find each connection yields a force of o =
18.5 dynes. This value is 10 times less than than the leg-leg connection and 4 times less
than leg-body connection measured from our experiment. We also find a rate constant by

which self-healing occurs. The value f = 0.3 %

indicates that every minute, 1
connections are made for every 3 available connections. In another way, consider 3 ant
appendages waving around randomly; one in 3 makes a connection every minute.

Our model can also predict how quickly the tensile force increases given the strain rate
applied. In addition, we can predict the number of ant strings available for lifting ants

as a function of contact time. We consider each of these strings pulling out ants from the

i —3Qmm e U
aggregation at a rate of u =3.9%% or & = aitlength =

1.3“7’”. Each of these ants lifted weighs
Mgny Where mg,, = 0.0015 g, gravity g =9, 800’;’—2’". Considering all n(7,) chains, the weight
of all lifted ants per second is

T

o= Emgngn(T,). (3.4)
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Fig.11A shows the time-rate of change of tensile force % at t = 0, where the first
12 points for ¢ < 8min are considered. The model is given by the curve, which fits fairly
against the data with a goodness of R? of 0.48. Note that there are no free parameters in this
fitting; all parameters are found from the previous fitting of 7;,,, and 7.. Nevertheless, the

fit suggests that the initial rate of increase in force is due to number of ant strings available.
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Figure 11: (A) Relation between initial rate of tensile force measured and contact time.
(B) Relation between tensile strength and speed of tensile test.

Lastly, we show that the velocity chosen during our tensile tests does not strongly affect
the outcome. We placed two clusters of ants for 7. = 1 minute and separate the cluster at
velocities ranging from 4mm/s to 20 mm/s. Fig.11B shows that the tensile strength falls

between a small range of 14,000 to 25,000 dynes.
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3.3.5 2D tensile test

We can compare the ant connections to entangled granular media. Staples are entangled
granular media that show similarities to ant aggregates tested with extensional rheology.
When a pile of entangled staples undergo an extension, the force vs. elongation curve
shows many peaks that align with rearrangements of the staple pile. Tensile tests show that
fire ant aggregates may experience rearrangement as seen by the peaks shown during the
extension.

For the extensional rheology experiment, we perform an extension of a 2D chain of
ants at a constant speed of 10 mm/s or ~ 3 ant body lengths per second. Fig.12A shows
a force vs. elongation of one of the tensile tests. Experimental procedures are explained
in Methods. Due to the noise, we analysis the data using a 30-point running average. The
force curve shows many peaks throughout the entire test which could be due to rearrange-
ments of the ant connections. Unlike staples, ants are active and are able to move their
legs around to make new connections to rearrange. However, the draw back is that they
have joints. Their legs can bend and extend during the tensile tests which causes the ant
aggregates to break when the limit is reach. As shown in Fig.12B, there is a general rise
and fall throughout the elongation. This shows the ant aggregate reaching a peak force until

a maximum point and the fall corresponding to the breaking of connections.
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Figure 12: (A) Force vs. elongation curve of one of the 2D tensile tests. (B) Correlation
between the density and force (N = 3) of 2D tensile test.

We can use image analysis to quantify the relationship between the density of the ant
aggregates and the force. We equate the density to the fraction of the amount of space ants
takes and total area they can occupy. Using least square regression, we find that there is a
linear trend between density and force with an of R? of 0.67. From this, we may be able to

visually predict the strength of an ant aggregation in 2D.

3.4 Discussion

This study showed that fire ants can self-heal their structures merely by being in contact
with each other. However, it does take longer time to complete the repair as compared to
growth of the ant raft. A cross section of 40 ants in our study took 8 minutes to reach
equilibrium, whereas a sphere of 10,000 ants takes two minutes to reach equilibrium. Rafts
initially grow faster as they become flatter, and ultimately have a very high growth rate at
peak. as more and more ants become exposed. In self-healing, the rate is initially fast, but

then decays because fewer ants remain available.

37



After a contact time 7, of 8 minutes, the strength of the aggregate decreases. Thus, ants
need further stimulation to remain in a group. This is also observed when a ball of ants
are placed on a table. It eventually disperses. If we were to eliminate this dispersion from
happening, we need to present a stimulant such as flooding or vibration that will cause
the ants to cluster up. For 2D experiments, we can visually predict the strength of an ant
aggregate. However, we cannot use the same method for 3D structures.

We still do not understand what leads to the rate constant 3. Presumably, this con-
stant reflects the rate that ants can find a place to grab in the opposing aggregation. This
rate constant may be useful for simulations of ant connections under static and dynamic

conditions.
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CHAPTER IV

ENTANGLED ACTIVE MATTER: FROM CELLS TO ANTS

In this study of entangled active matter, we will focus on two model organisms, cells and
ants. Since the advent of microscopy in recent years, there have been numerous examples
of cells linking together to build larger structures®. For example, the slime mold, genus
Dictyostelium, come together to build stalks to survive starvation. The cells in the stalk are
rigid to increase the stability of the aggregate. Building these stalks increases the chance
of being picked up by animals, washed away by rain water, and eventually transported to a
location with a greater food source. In this paper, we will focus on murine sarcoma (S-180)
cells, which are a common model cell used in cancer research because they can be easily
injected in mice to test various cancer treatments . These cells generally link to each other
in clumps but can also metastasize, in order to colonize new locations. In this review, we
report a number of methods that can be used to predict when cells metastasize, and how
they will behave on different substrates. These methods treat the cells as soft matter, made
active by virtue of the change of their properties in response to external cues.

The goal of this review is to develop clear analogies between cells and ants. We begin
by enumerating the applications of studies of entangled active matter. We present method-
ology and results of mechanical tests that yield the bulk mechanical properties of cells and
ants. Such tests are not possible with free active materials such as birds and fish. We then
proceed to the dynamics of aggregates, going from the individual level of self-propulsion
to bulk rates of spreading. We close with a few final thoughts and our perspective on the

future of the field.
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4.1 Results
4.2 Applications

The study of a single cell, or ant, is an entire field in itself, and much still remains to be
understood how such complex organisms work. In our work, we have found often that
groups of individuals seem to behave in ways that are simple to describe, but difficult to
predict. Often, aggregations can form beautiful striking patterns. In part by the elegance
of such patterns, studies of aggregates of these materials has found applications in a wide
range of fields, including biology, medicine, agriculture, the food industry, and robotics. In
this section, we discuss these applications.

Cellular aggregates are three-dimensional. Thus, they are good models for tissues and
in vitro drug tests, because drugs active on a two-dimensional monolayer may be inefficient
on three-dimensional tissue. Using cellular aggregates, prior to in vivo tests, saves the lives
of millions of mice. Cellular aggregates can be formed by a number of ways, whose origins
can be traced to other fields such as fluid mechanics or biology. One method, agitation
uses a snowball effect to permit individual cells to attach to a ball of cells of increasing
size. Another method, extrusion from a pipette such as in the pendant drop technique
can generate a cellular aggregate whose size is based on the diameter of the pipette and
adhesion of the cells. In Section 4.3, we will show how pendant drops can also yield
mechanical properties of the aggregate.

Another way to create aggregates is to proliferate cells in confined geometries. This
technique was started by J. Bibette for the perfume and food industries fields®’. Later, P.
Nassoy developed a microfluidic method of fabrication of elastic, hollow micro-capsules in
which to grow cells. As the cells reach confluence, they swell the elastic capsule up to an
"homeostatic’ state where the number of cell dividing is equal to the number of cells dying.
From the deformation of the elastic capsule, one can estimate the homeostatic pressure 8.

Aggregates within capsules can be used to answer fundamental biological questions and
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enable testing of novel therapeutic approaches. For example, the encapsulation of prolif-
erating cells in an alginate (a polysaccharide extracted from brown algae) capsule is an
important physical analogy. The work was first started in Institut Curie for cancer research
because tumors in the body are generally composed of cancerous cells surrounded by a
matrigel membrane. The rupture of this membrane may lead to a dissemination of the cells
circulating in the vessels or migrating in the tissues. This strategy of confined tissue is now
used to mimic stem cells generated from embryonic, adult, and induced pluripotent stem
@iPS) cells.

Another great challenge is cellular therapy for the treatment of hair loss and skin re-
construction. For instance, the aggregation of adult human hair-follicle dermal papilla cells
in 3D spheroids enables partial reprogramming sufficient to initiate hair follicle induction
in recipient human tissue®. Recent findings by intracutaneous transplantation of bioengi-
neered follicle aggregates indicate that it is possible to not only restore a hair follicle but
also to reestablish successful connections with the recipient skin. This process can regen-
erate and sustain hair cycles’?. Another important application of cell spheroids research
is repair and eventually replacement of damaged organs by permitting stem cells to grow
and restore the damaged areas inside the body. A recent example is the growth of a human

€ar on a mouse71

. 1PS cells are thought by many researchers to have a bright future to
repair worn out tissues and to replace entire diseased or damaged body parts. Recently, a
miniature brain-like organ, called the cerebral organoid, was made of stem cells aggregates
and recapitulates some of the complex features of a growing brain’?. Another application
is the food industry: it is possible to grow a synthetic burger using stem cells from cows.
In this review, we primarily consider aggregates of murine sarcoma (S-180) cells trans-
fected to express E-cadherins at their surface. S180 are fibroblasts taken from a mouse’s
epithelial sarcoma’? that does not normally express cell adhesion molecules on its surface.

We consider clones that are S180 cells stably transfected to express different levels of E-

Cadherins. The transfection is made with the pCE-Ecad eukaryotic expression vector and
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PAG60 as described in7*. Generation of these cells and their observation require a micro-
scope and often more sophisticated equipment. In contrast, ants are easier to visualize and
to maintain in a lab. Thus, studies of ants can lead to more understanding of another way
to generate collective behavior.

Studies of fire ants have application in agriculture and in robotics. Fire ants earned
their name with the pain of their venomous sting. They are an invasive species to the
United States, and are considered a pest. Fire ants cause losses of over one billion dollars
annually due to the combined damage to crops, injury by fire ant stings, and destruction of
property 7. Fire ants are attracted to and aggregate in the electrical wiring of traffic signals,
dying in such large numbers that they create clusters that short-circuit the wires .

The cooperation of ants has inspired much of modular robotics, the design and con-
struction of robots that can link their bodies together and form larger more capable robots.
Indeed, as technology advances, robots are built smaller and smaller, and more resembling
ants in their abilities. In fact, discovering the principles of modular robotics was one of the
Grand Challenges of Robotics in 200777. Modular robotics has potential applications in
exploration of challenging terrain. For example, a modular robot might separate itself into
small pieces so it can more easily pass through the grate of a sewer. The robot could then
reconstruct itself into a snake-like configuration to then clear the drain pipe>*~2%. Modu-
lar robots are also being considered for use extraterrestrial exploration where the price of
payload transport requires robots to be brought up piecemeal.

Currently, modular robots have a number of limitations, making studies of fire ants
useful to extend our understanding of active materials. First, modular robots can reliably
connect to each other in relatively small numbers from 2 to 1,000 individuals® , which is
small compared to the several hundred thousands of ants that make up a colony>8. Larger
numbers of modular robotics are difficult to study because as the number of robot increases,
so does the probability of encountering a non-operative robot. Thus, the manufacturing

precision of modular robotics places a hard stop on their numbers. In contrast, because cells
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and ants must adhere to each other actively, only live individuals remain in aggregations,
while the dead ones fall away. Lastly, modular robots are also generally stiff and connect
to each other in a cubic lattice. As we will see in the next section, cells and ants do not
connect in a lattice, but do so randomly. This method represent an entirely new way to
adhere together, and are providing an inspiration for building more dependable large-scale

structures 78.

4.3 Mechanics
4.3.1 Scaling

The linkages between cells enable an aggregate to be treated as a single entity whose bulk
material properties can be measured. The same is the case for ants, although because
ants have a large amount of air spaces between them, bulk properties also depend on their
packing fraction. Since the time and length scales vary, a number of different techniques are
used to characterize cells and ants. In this section, we review their mechanical properties.
We begin with Table 1, which lists material properties of cell and ant aggregates. Since
ant properties depend on density, we set the density of ants to be 0.34 g cm—>, that of
ants found at atmospheric pressure and room temperature*. The elastic modulus of an
aggregate is measured using a rheometer or pipette. Surprisingly, cells and ants have nearly
the same range of elastic modulus, with cells having 0.2 to 20 kPa’, and ants 1-2 kPa. This
finding may be related to the fact that other intensive variables, such as pressure, are also

independent of body size3". This measurement does not include tendon and cartilage which

can be much stiffer.
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Table 1: A table showing some measurable properties of both cell and ant aggregates.

Cells Ants | References
Individual Size L 10-100 pm 2-4 mm | Purves et al. (2003), Tschinkel (2006)
Mass m 5x1013 g 1 mg | Godin et al. (2007), Tschinkel (2006)
Walking u 0.6-6 L/h 30x10%-70x10° L/h | DiMilla et al. (1991), Mot et al. (2011)
speed
Rates Building r 35-50 h 3 min | Beaune et al (2014), Mlot et al. (2011)
Rates
Timescale |t,=L/u 1-16 h 2x107-6x107 h
Material Young's E 0.2-20 kPa 1-2 kPa | Wells et al. (2008), Tennenbaum et al.
Properties Modulus (under review)
Surface g 1.6-20.1 1000 dyne/cm | Foty et al. (1996), Mlot et al. (2011)
Tension dyne/cm
Viscosity u 108 - 10° cP 106 cP | Forgacs (1998), Mlot (2011)
Packing ® 0.63 0.25-0.44 | Martin (1997), Foster (2014)
Fraction
Adhesion Force Agents 50x1012 N 3 x103 N | Puech (2006)
(Nondimensionalized (0.1 N/mg) (0.003 N/mg)
by body weight) Substrates 30x102 N 10-3x10° N | Pelham (1997), Dejean (2010)
(0.06 N/mg) (0.00001-.003 N/mg)

There is no agreed-upon method to measurement for ant surface tension, so we consider
7 = EL~! where E is the Young’s modulus and L is the length scale of an ant. Using this
method, we the surface tension of ants is in the range of 10> dyne cm~!, while the surface
tension of soft tissue is much smaller, at 1.6 - 20.1 dyne cm~ 1081 Thus, the surface tension
of ants seems to be 10 times larger than water and even slightly larger than mercury. We
find the high surface tension of ants to be surprising, but the surface tension is consistent
with the large size of ant balls that we can make by hand, about 2 cm in diameter, suggesting
a much large capillary length compared to that of water, which has a capillary length of 2.3
mm.

The viscosity of these aggregates indicates how easily they flow and dissipate energy.
Because both cells and ants flow very slowly, their viscosities are both very large. The
viscosity is 108-10° cP for cells as compared to 10° cP for ants®%?. The higher viscosity
of cell aggregates can be attributed to their higher packing fraction of 0.64 (quite similar

449-83

to a random close packing of balls) as compared to ants of 0.2-0. . Elastic modulus,
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surface tension and the fundamental variables used in the mechanics in this section. In the

next section, we discuss how mechanics can be used to infer forces from these variables.
4.3.2 Physical picture

Since the pioneering work of Malcolm Steinberg who was the first to claim that tissues are
liquids®*, the mechanical properties of cellular tissues are still debated. Analogies with soft
matter bring valuable insights into the rheological properties of tissues. At first sight, cell
packing in a tissue is very similar to the packing of bubbles in foams. If this analogy has
been fruitful to describe the statics properties of cell configuration in tissue development,
it does not hold for the dynamics of tissues. Foams are solid, and flow only above a yield
stress 0y. Tissues, on the other hand, are ultra-viscous liquids similar to polymer melt:
below a tissue relaxation time T (~ few hours) they behave like a rubber with an elastic
modulus E. Above 7, they flow like a liquid, with a viscosity 1 = E7. This is a common
feature for both cells and ants: cell aggregates and ants swarms squeezed between two
plates behave as a rubber and quickly round up again after compression (Fig.13). These
aggregates are also named spheroids because, as liquid droplets, they minimize their sur-
face energy adopting a spherical shape. Given time, these same aggregates will spread like

liquid drops.
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Figure 13: (A-C) Cell aggregates (top) are elastic at short time and behave like a rubber.
At long time # > 1h, they flow like a liquid. Photos adapted from? (D-F) Ants swarm
(bottom) also behave like Silly Putty paste for short times. Photos courtesy of Michael
Tennenbaum and David L. Hu.

The difference between foams and tissues is due to the noise produced by the living
cells. Thermal agitation is not strong enough to reorganize the structure of foams to re-
lax mechanical stresses. The energy barriers corresponding to the reorganization are much
larger then thermal agitation energy and the system is frozen. On the other hand, cells are
active and produce a large noise, which explains why tissue can flow. Similarly, aggrega-
tions of ants also produce large noise and behave in a similar way.

Back in the sixties, Malcolm Steinberg was the first to find this unexpected behavior and
to measure the surface tension y of organs® . Mixing cells of two tissues, he observed cell
sorting. And, as liquid droplets, tissue with lower surface tension engulfs the tissue with
higher surface tension 2. Steinberg’s hypothesis that cell sorting in tissues arises from dif-
ferences in surface tension between different cell populations has gathered extensive exper-
imented support®. The most widely used technique to characterize tissue properties has

been parallel-plate compression introduced by Steinberg and co-workers®?. Compressed
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between two plates, aggregates behave as viscoelastic droplets. From the measurement of
the time course of force, one can derive the elastic modulus at short times and the surface
tension at long times®°, but this technique is difficult to use and cannot be applied in vivo.

We have developed a novel method based on aspiration by micropipette to investigate
tissue mechanical properties3’. The aggregate is aspirated at a constant suction pressure
into a micropipette (Fig.14), at a pressure AP larger than AP, = Zy(lel — R~ 1) where
R, and R are the micropipette and aggregate radii, respectively. We use this technique to

measure the viscosity 11 and observe cell activities due to change in AP.
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Figure 14: Aggregate aspiration. (A) Illustration of micropipette aspiration of spherical
cellular aggregate. AP, =2(1/R, — 1/R) is the threshold aspiration pressure. (B) Aspira-
tion cycle for an aggregate AP = 1180 Pa, with Ry = 175 microns, and R, = 35 microns
(C) Surface tension 11 (mN) as function of applied force RIZJAP. Adapted from? (D) Image
of the aspiration of a spherical ant aggregate. (E) Aspiration cycle of an ant aggregate.

First, the surface tension Y increases with AP (Fig.14 C), showing that cells stretched
in the capillary react by reinforcement of the cortex, which is a layer of the cytoplasm that
supports the plasma membrane. Second, in a narrow range of pressure AP, we observe

pulsed contraction or a ’shivering’ of the aggregate: a signature of the molecular motor
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activity induced by external forces. It has also been observed that forces exerted between
cells in a developing tissue under stress are not always monotonically varying, but can also
be pulsatile®®. Although arising from different kinds of forces, that behavior is reminiscent
of the intermittency observed in certain flow regimes of dry granular matter when moving
through an hourglass-type constriction (called "tickling effect’)®’, and also the intermittent
motion of ants trying to escape through a constriction.

Our measurement of mechanical properties using pipette aspiration is now widely used.
All in all, the main conclusion is that aggregates behave like ’living’ viscoelastic liquids:
they reinforce their mechanical properties with pressure, showing a mechano-sensitive ac-
tive response of the acto-myosin cortex. Acto-myosin cortex is a layer of protein on the
cell membrane that controls the cell shape. The aspiration method can also be used for ants
held underwater. The results show similar regimes: an elastic regime and viscous regime
as seen in Fig.14 from which we can extract the viscosity. In the experiment showed in
Fig.14D-E, the viscosity was found to be 4.3e5 cP which is close to the value found by
Milot et al.®. However, we will show that ants are shear thinning so their viscosity changes
with applied stress.

The mechanical properties of ants was measured in an experimental study by Tennen-
baum et al.*. The rheometer setup is shown in Fig.15A-B, where velcro is used to ensure
no-slip. In a variety of conditions, ants were shown to be able to both store and dissipate
energy. Controlled shear rate experiments were performed in which we measured the stress
required to maintain a constant shear rate. Aggregations of 3000 ants were used. For a wide
range of strain rates (1072 to 10! s~1), there is a plateau of stress. This stress shows that
ants are indeed resisting the rotation of the rheometer. Moreover, this plateau is reminis-

cent of the plateau of polymer melts **!

, which maybe indicate that the stress is due to the
disentanglement of the connections of both ants and polymer melts. The ants flow accord-
ing to the constitutive relation for ant viscosity, © = 1y, where o is the stress, 7 is strain

rate. The viscosity ) decreases with strain rate according to 1 = 6o}~ '. The constant oy
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of 70 Pa is consistent with a dissipation due to the high friction within the joints of ants,
which friction coefficient is three orders of magnitude higher than for human joints®%%3.
Both live and dead ants satisfy the same constitutive relation, indicating that live ants ’play

dead’ when forced to flow.
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Figure 15: (A) Schematic of ants inside the rheometer set up. Velcro is attached on the top
and bottom walls to create a no slip boundary. (B) Image of the rheometer set up. (C) Shear
stress, O, as a function of applied shear rate, 7 . For a large range of shear rate, 1072 to
102 s~ 1, the stress remains at a constant 70 Pa. (D) Viscosity, 7, as a function of shear rate.
The squares are the viscosities that result by dividing the stress and the shear rate shown
in a. The circles correspond to a similar experiment where the shear rate is progressively
increased from 2 x 10-4 s~'. The triangles correspond to viscosities taken from creep
experiments where a stress is applied and the strain is measured as a function of time. The
black star is the viscosity from the falling sphere experiment from which we extract a shear
rate, which we can convert into a viscosity by using the value of the applied stress. The ant
density in all these experiments is 0.34 g cm 3. (E) Frequency sweep in the linear regime
for live ants at a density of (squares) 0.34 g cm 3, (circles) 0.68 g cm >, (triangles) 1.02 g
cm 3, and (upside-down triangles) 1.36 g cm 3. G’ (closed) and G” (open) are shown. As
the ant density is increased the congruence observed for p = 0.34g/cm3 disappears and G’
progressively becomes larger than G” and becomes more frequency independent. Photos
and chart adapted from*

We also perform creep tests in which we apply a constant stress and measure the strain

49



rate, as shown in Fig.15C. This test describes how willing the ants are to release each
other under duress. We find that ants do not behave like a simple fluid. For applied stresses
between 40 and 70 Pa, we observe periods where strain is linear with time and others where
strain is constant. The ability of ants to hold themselves stationary indicates that they are
able for brief periods to store elastic energy. For applied stresses above 250 Pa, ants are
torn apart, indicating that the stress which they resist during flow is only 4 times less than
their maximum.

We also perform oscillatory tests in the linear regime to greater understand the ability
of ants to store and dissipate energy. Fig.15D shows the strain rate dependency of the
viscosity. In addition, Fig.15E shows the elastic modulus G’ (closed circle) and storage
modulus G” (open circle) as a function of frequency. As ant density increases, there is
a clear separation between G’ and G”. Moreover, as density increases, the two moduli
become frequency independent. For low densities, ants behave like a critical gel, in which
G’ and G” are equal. For high densities, live ants are primarily elastic and have a similar
G’ to dead ants.

The mechanics of entanglement shares some similarities with linkages of u-shaped par-
ticles. Gravish et al. find that the entanglement due to the bent ends of u-particles increases
the stability of the pile®°. Franklin shows how entanglement of u-shaped particles can re-
sist extension. During extension, there is a stick-slip inside the pile in which weak links
break but the links rearrange, maintaining a cohesive pile’ . There is also a similar behavior
when ant aggregates undergo constant extension. More work must be done to understand

how ant aggregations exhibit this range of mechanical behaviors.

4.4 Dynamics

Analogies between living tissue mechanics and dynamical phenomena involving liquid in-

terfaces known as wetting phenomena have been used to explain several ubiquitous tissue
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behaviors. A striking analogy between tissue mechanics and liquid wetting is found in tis-
sue spreading. For instance, when two aggregates of cells or ants are brought into contact,
they coalesce to form a single larger spheroid®. One can see the spreading and the fusion
of two aggregates of cells and ants of radius R in Fig.16. From 7y and 11 measured with the
pipette aspiration for cells®” and y and 1 measured by Mlot et al.for ants®, we can define
the capillary velocity V*= yn~! (~ 1078 ms™! for cells and ~ 107> ms~! for ants). A
scaling relationship (V x¢ = R) leads to spreading times ¢ of order 6 hours for cells and 3
minutes for ants. We also show in Fig.17A-B a striking analogy between the spreading of

ball of cells and ants.

Figure 16: (A) Fusion of cellular aggregates. (A) Two aggregates in contact, courtesy
S. Douezan. (B) A neck connects the aggregates and (C) Spreading and fusion of the
aggregates. Scale bar corresponding to 100 microns. Photos courtesy Stéphane Douezan.
(D-E) Two ant rafts come into contact, fuse, and spread.
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Figure 17: The spreading of cell and ant aggregate from a ball to a pancake shape. (A) An
image sequence of ball of S-180 cell spreading on a substrate over a period of 10 hours>
(B) An image sequence of 3,000 ants spreading on top of water over a period of 3 minutes.
Free ants on the surface walk and attach to the edge of the raft, thus growing it®.(C-D) Cell
Aggregate Spreading: Liquid and Gas phase of the precursor film, from left to right>. (E-F)
Top view of the spreading of ants on water which shows the cohesiveness vs. land which
shows a looseness of the aggregates.

When a cell aggregate is put into contact with the substrate, we find two regimes of
spreading. At short times, the aggregate flattens. The spreading area follows a universal
law interpreted in analogy with the spreading of a viscoelastic droplet?. At long times, a
precursor film made of one cell monolayer spread around the aggregate. We interpret the
dynamics of the precursor film from a balance between the gain of surface energy, and the
viscous losses associated with the permeation of cells from the 3D aggregate into the 2D
film>°4. The slippage of the surrounding monolayer is negligible. On patterned substrates
with adhesive strips separated by non-adhesive PLL-PEG bands, we observe a spreading of
the monolayer on the stripe at constant velocity V* (V* 2 7.9 10~ ms~! on glass coated
with fibronectin), demonstrating that permeation is the factor limiting the spreading®*.

We have studied the spreading of balls of cells that express a tunable level of cad-
herins. These balls are placed on various substrates, such as glass substrates and polyacry-

lamide gels decorated with extracellular matrix (ECM) protein fibronectin. In particular,
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the physics of wetting had been applied to describe the tissue’s wetting transitions in term of
a single spreading parameter S, which for liquids measures the difference between cell-cell
affinity and cell adhesion to the substrate. If S is negative, corresponding to large cell-cell
adhesion (controlled by a high level of cadherin expression), the living drops do not spread.
This regime is called *Partial Wetting’. If § is positive, corresponding to a strong adhesion
with the substrate, the wetting is complete, with a precursor film (a cell monolayer) escap-
ing from the drop. A wetting transition can be induced by using tunable adhesive substrate
(PEG-Fibronectin surface treatment or substrate rigidity). In complete wetting, we ob-
served two states of the precursor film. If the strong cell-cell adhesion, the precursor film
is in a cohesive liquid state. For weak cell-cell adhesion, the film is in a gas state, and so
cells escape from the aggregate individually. This liquid ’gas transition’ corresponds to
the epiyhelial-mesenchymal transition introduced in biology for cancer metastasis and pro-
cesses in embryonic development. Remarkably, this behavior is also observed with ants.
When ants spread on water, they form a very cohesive film. On land, they do not stay
connected but begin to escape from the aggregate in a gas state. Therefore, they spread in
manners similar to cells, as shown in Fig.17C-F.

The gas state of these individuals can also be referred to as the "dilute limit.” Much of ant
activity is performed in this dilute limit, especially for species that do not form aggregates.
For example, foraging activity may occur either by individual random walks (or perhaps
Levy flights), or by means of well-organized foraging trails where ants move most of the
time without touching each other with the exception of short inter-antennal contacts >~
Even in experiments where leaf-cutting ants are constrained into a 2-dimensional Hele-
Shaw cell and excited by an insect repellent fluid, the individuals try to avoid ’entangle-
ment’ among them, and behave even ’politely’ if they need to escape through a narrow
door, as illustrated in Fig.18A-B : this behavior, different from the common attitude of

humans in panic, prevents jamming at the door.
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Figure 18: Ant motion. (A). A snapshot from a video taken to ants from the species Atta
insularis into a triangular, two-dimensional Hele-Shaw cell. Ants try to escape but never
jam or connect during the escape. (B). The colored lines in the picture are ant trajectories
associated to the whole video, which reveal that loops and intermittent motion are typical
of escaping ants in a “panic’ situation (Picture courtesy of J. Fernndez, F Tejera and A.
Reyes). (C). A snapshot of the side view of an ant tower. (D). X-ray of the ant tower shows
that ants inside the tower also sink over time”. (E). A snap shot of the top view of an ant
raft spreading over water. (F). Tracks of ants moving on top of a raft over the duration of
the spreading. Photos courtesy of Nathan Mlot & David L. Hu.

In another experiment, a Hele-Shaw cell with two symmetrical exits is filled with leaf-
cutting ants®®. The ants are excited by a repellent fluid in the middle, ants tend to follow
each other. The resulting crowd eventually breaks the symmetry by using preferentially
one of the two doors. While that phenomenon increases the total escape time from the cell,
it does not mean that ants jam at the selected door, endangering their lives: they try to avoid
entanglement, and even retreat from the door if other ants are already trying to get out at
the same time. Then, ant-ant entanglement occurs only in the "high density limit’ of certain
species of ants, in order to perform specific tasks, which results in a unique soft matter
phase on which this review is basically focusing. From the experimental point of view, it

is worth mentioning that, even in the ’dilute limit’, tracking of ants based on videos is a
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difficult task as soon as bodies touch each other.

There remains much work to be done to understand how cells and ants sense and re-
spond to their environments. We know cells are sensitive to the surrounding environment;
they feel the rigidity and the forces applied on them. Our living drops can therefore be
described as ’active’ viscoelastic pastes, able to react to the forces applied on them by a
reinforcement of their mechanical properties. Ants are also sensitive to their environments.
On land, they don’t stay in a cohesive cluster but spread out individually. On water, they
stay connected while they spread. Only in this bulk state can we obtain measurable prop-

erties to compare to cell aggregates.

4.5 Conclusion

Cells and some ant species show remarkable resemblances in their collective behaviors that
call for interdisciplinary studies to strengthen the analogies between the two organisms.
We showed that even though cells and ants communicate and self-propel in very different
manners, there are some common underlying behaviors. They have means to connect to
each other and to substrates, communicate with each other, and navigate their environment.
In addition to these basic features, the rules that governs both of these organisms results
in complex motions that arise through interactions with their peers. We also showed that
when in an entangled state, we can study and characterize the two systems. Although
they interact in different scales and have large differences in their physical properties, there
is still a need to find common test methods to characterize other properties of these two
organisms. These studies could influence the field of collective motion, active matter, and
soft matter.

One of the big challenges in the study of ants and cells is their opacity. We still do
not have an easy way to see inside the structures. How ants move inside an aggregate has
yet to be systematically studied. Ants are accustomed to moving in small spaces, such as

within tunnels. Their legs, which are fully extended as they walk on flat substrates, are
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also capable of propelling the ants within small tunnels. As the packing fraction of ants is
increased, the inherent motion decreases. We call for the need of methods to effectively
track ants inside their structures in real time. Certain ant species build 3D structures such as
bridges and bivouacs whose internal structures are not easy to visualize. Methods such as
the one used by Foster et al. are useful for looking into snapshots in time of ant structures*’
but better methods of data collection are needed to study the construction, maintenance,
and disassembly of these structures in real time. One possibility is using x-ray to track
the activity of ants inside their nest, that is otherwise obstructed from view . Similarly,
new methods such as dynes replaced by two photons microscopy are being developed for
visualization of cells within aggregates”.

It remains difficult to track the individual motion of large groups of ants, but there
have been some progress in the last years. Vision based tracking of multiple objects has
improved over several years and can be useful in applications where ants are set up in a 2D

environment 100-101

. However, it is still difficult to track the activity in ants at the colony
level. Noda et al. developed a device that can track long terms activity of ants the coming
and going into their nest with great accuracy, and during extended periods of time '92. This
device could prove useful in tracking the activity of the colony in wild conditions. More
recently, however, ant tracking has reached a qualitatively new level by implanting tiny
‘radio tags’ on individual ants, which has allowed, for example, to understand the collective
decision-making process in ants'%.

Both cells and ants have much to reveal about the study of active matter. Moreover,
concepts of soft matter and wetting have been very fruitful in unveiling striking analogies
between the physics of inert soft matter (polymer, viscous pastes, silly putty) and the be-
havior of biological tissues and swarms of ants The comparative study of these cells and

ants aggregate could lead to new experimental methods and modeling techniques that may

have applications from tissue engineering to robotics.
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CHAPTER V

CONCLUDING REMARKS

In this study, we show that fire ants build towers of particular shape. This shape allows each
ant inside the tower to hold equal amount of weight, 2.6 ants. In addition, we modeled the
rate at which they build these towers using only one experimentally measured value, the
time for an ant to occupy a space. From the outside, the towers looks static once it’s finished
growing, however, a high speed video of the tower reveals that it is constantly sinking. We
further show this by performing an x-ray experiment on the tower during after it reaches
equilibrium state and validated the sinking behavior. As of now, we do not have a clear
answer as the why the tower sinks after it’s finish building. However, we speculate that
the tower sinks due to the tunnels that ants excavate underneath the tower. Visually, the
tunnels seems to be a pathway for ants to circulate from inside to the outside to continue
maintaining the tower. It also appears to be a means for ants to move broods and eggs inside
the tower for protection. There needs to be more experiments to fully answer this question.
A way to find if ants harbor broods and eggs underneath the tower is to leave eggs/broods
outside after the tower has been built and track the movements of those eggs/broods. One
way to find a reason for the sinking would be to map out the stress underneath the tower.
Ants may intentionally create tunnels to relieve stress that are too high for broods/eggs
because we know that fire ants can hold stress much greater than 2.6 ants.

We measure strength of fire ant aggregates in varying sizes and showed they self-heal
short durations, but then separate over long durations. Tensile testing allow us to measure
the strength of the aggregates as a function of group size and contact time. This study shows
that each ant contributes less to the group as group size increases. When two clusters are

joined together, fire ants will self-heal into one connected structure. Using modeling, we
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found that the rate of connections made is proportional to the number connections not yet
connected. The rate at which new connections form decreases until saturation. In addition,
the 2D tests show that there is a correlation between the number of connection and the
strength of the aggregate. Higher densities results in higher forces measurements. There
are still some questions left to answer. We might be able to find a physical analogy or
simulation to verify the connections made by the ants to show that they have a stick-slip
behavior when they undergo extension. We are able to model the strength of self-healing
ant aggregations as a function of contact time under no stress conditions. However, for it
to be a more biological relevant model, we need to vary outside conditions which could
lead to different parameters other than contact time. In the wild, ants are exposed to instant
changes in conditions such as heat and disturbances from wind and water.

We compare the collective behavior of cells between ants and show some similarities
in their bulk properties. Although these two organisms work in different scales in terms
of sizes and time, we show that some common experiments of the two can be used to
extract their physical properties such as the aspiration technique. For short times, these
two aggregations behave like a solid but over long time scale, they behave like a liquid.
There may be some rules that govern the behaviors of these two organisms that may reveal
ways to study entangled active matters even though the mechanism that they communicate
and connect are vastly different. However, one of the biggest challenge against studying
these aggregations is developing methods to visualize the internal interactions between
the individuals. If this is possible, we may be able to develop models and experiments
that connects the micro scale interactions with the macro scale behaviors of similar active
matters.

The study of collective motion of ants can have implications in many fields including
active matter, self-healing materials, and robotics. Even with simple rules, ants can accom-
plish many complex tasks in their harsh environments and thrive. Much can be learned

from the physical tools that they posses in the design of swarm robots such as the way they
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communicate and connect to each other. In addition, these ants have potential to be a good
model to the study of active matter and self-healing material. They are easy to visualize
and are readily available. If we can build a good comparison between ant aggregations and
other organisms, we may be able to develop new methods that review the inner workings

of entangled active matters.
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APPENDIX A

SUPPLEMENTARY VIDEO CAPTIONS

Video S1. Time lapse video of ant tower construction around rods of diameter 6.4 mm and

11.2 mm. Video is sped up 128 times. https : //youtu.be/Cc7w20dIXSA

Video S2. Close up view of ant tower construction on an 8 mm central rod. Video is in real

time. https : //youtu.be/tK609ZnCBwQ
Video S3. A finger of ants peels off the central rod, indicating the importance of ring for-
mation in making stable towers. Rod diameter is 19.5 mm and event is observed 20 minutes

after construction began. Video is in real time. https : //youtu.be/PER — ZRzcZhw

Video S4. X-ray time lapse video of an ant tower. Black dots refer to ants that have ingested

aradiographic contrast medium. Video is sped up 125 times. https : //youtu.be /PQrxn5SDIOE

Video S5. Time lapse video of the bottom of an ant tower. Ants form tunnels throughout

the building process. Video is sped up 128 times. https : //youtu.be/ZjZ4cz6Gu0
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