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SUMMARY

In this thesis, we consider how mammals use soft tissue to generate geometric shapes
out of non-living materials. The star-nosed mole sniffs for prey underwater by rapidly ex-
haling and inhaling bubbles without letting the bubbles pinch off. The bare-nosed wombat
forms cubic feces, displaying 6 at sides and 8 rounded corners. We develop mathematical
models supported by simple table-top experiments to better understand how these mam-
mals accomplish such amazing feats. These species control the uids through interactions
with solid tissue. Understanding these interactions could lead to innovations in chemical

sensing and manufacturing.
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CHAPTER 1
INTRODUCTION

In this thesis, we consider three cases studies of how shape in uences physics, and vice
versa. Since D'Arcy Thompson's “On Growth and Form” in 1942, biologists have known
that much of the complexity and array of shapes in biology are made possible by physical
interactions and signal between cells [1]. In this thesis, we focus on the surprising abilities
of soft structures such as a mole's star nose or a wombat's intestines, can mold soft external
materials into shapes that are useful for the animal.

Speci cally, Chapter 2 looks at the star-nosed mole, whose namesake comes from the
unique shape formed by the appendages sprouting from its nostrils. We study how the
shape of the nose provides increased stability for their underwater bubble-snif ng (See
Figure 1.18. In chapter 3 we consider the bare-nosed wombat and how its intestines mold
corners into its feces, resulting in its unique cubic feces (Hgare 1.1f). Chapter 4
looks at how drying breaks up feces in the intestines. This gets at how the axial length
of the wombat's cubic feces are set, but also considers the comparative question of why
some mammals have long cylindrical fecégy(ure 1.1h), while others have pelleted feces
(Figure 1.19. We conclude in chapter 5 with some implications and directions for future
work.

Throughout this thesis, we take a quantitative approach, calculating the forces that
are applied to the external objects. Often times, the systems such as a wombat intestine
are quite complex. They are three-dimensional, involving uid-solid interactions non-
Newtonian uids and nonlinear materials for which there are no clear constitutive laws
and governing equations. In those cases, we take necessary simpli cations into two di-
mensions and simplifying uid dynamics into simple springs and dampers. We ground our

modeling through the use of dimensionless numbers to relate competition between relevant



forces. In Chapter 2, we use the Bond number to analyze the balance between the bub-
ble's buoyancy and surface tension. Chapter 3 considers the balance between inertial and
viscous effects with the Reynolds number. Thezleét number describes the competition
between convection and diffusion in the motion of water during drying as we will discuss

in Chapter 4.

Although the techniques used in this thesis are physics-based, the questions considered
are relevant to evolutionary biology. One of the dominant themes in this thesis is that of
form and function [2]. One of the classic illustrating examples is of Darwin's nches in
which the beak shape between species allows them to occupy different ecological niches
[3]. Wide beaks might be better adapted to eat fruit, while small slender beaks are better
at picking up insects (Sefeigure 1.18. From molecular to ecological lengthscales, we
understand that an object's dimensions and geometry characterize how that object interacts
with the environment around it.

While it is important to keep in mind the paradigm of form and function, we must also
be careful to not assume relationships between form and function prematurely. In doing so,
we risk prescribing purpose to geometries that are the side-effect of other phenomenon [4].

Throughout this thesis, we will be considering the patterns formed in excrement and
other non-living materials that are formed by the animal. Animals are long known to do
molding of external objects in a range of circumstances. A prominent example is he elabo-
rate homes of social insects, from termites to repeated hexagonal combs of bee hives [5] are
formed by the collective sculpting actions from the group. The intestines we will consider
in Chapter 3 also act like sculptors in that multiple contractions and specialized material
properties enable the nal shape. Its no accident that social insects form malleable mate-
rials such as mud and beeswax, and that the animals in our study make patterns in feces.
The forces applied by animals are suf ciently low that the materials should be soft enough
to be deformed.

Another dominant theme in this thesis is the formation of shape due to the principle of



minimization of energy. A system's attraction towards states of minimum energy plays an
implicit role in stabilizing bubbles as discussed in Chapter 2. In our everyday lives, we see
shape minimization at work in drops and bubbles, whose shapes are governed by capillarity,
the physics of uid interfaces. Drops and bubbles are more closely resembling spheres at
small enough lengthscales: here, body forces such as gravity become less dominant, and
capillary or surface forces become more dominant. Capillary forces are a result of the
af nity that molecules have for similar molecules, most notable is the af nity that water
molecules have for other, hydrophilic, water molecules [6].

However, at larger scales, these capillary forces compete with other forces, leading to
shapes that differ from sections of spheres. Suf ciently large pendent drops and bubbles
are stretched out of their spherical shape by gravity, forming elongated neck&ifsee
ure 1.1d). The contour of the neck determines the size and rate at which the drop pinches
off from the faucet, or the bubble pinches off from a nozzle [7, 8, 9, 10]. This physical
picture has led to the study of different nozzle geometries to get the most frequent, smallest
bubbles in aquarium bubblers and metallurgical industrial processes [11, 12, 13, 14, 15].
When a central stream of water strikes a kitchen sink, a roughly circular standing wave
of uid is created, known as a hydraulic jump. When the uid is viscous, interface mini-
mization is lost as corners form in the hydraulic jump, taking the shape of a polygon (See
Figure 1.1b) [16, 17]. Star-nosed moles blow bubbles to detect odors underwater [18].
These bubbles deform as they are blown against surfaces that carry the odors of their prey.

A bubble's size affects the forces dominating its shape. The size of a bubble determines
its resonant frequency, strongly in uencing its mass transfer rates in an oscillatory envi-
ronment [19]. The size not only affects the magnitude of forces acting on it: its buoyancy,
surface tension, and drag, but also its added mass, the amount of uid that must be dis-
placed for it to move, distinctly affecting the bubble's kinematics [20]. The work required
to alter the contact angles formed between drops and bubbles against inclined solids can

pin them in place against gravity [21, 22, 23]. Similarly, in Chapter 2 we will see that the



Figure 1.1: Shapes in nature. () Beaks of Darwin's nches
(https:/len.wikipedia.org/wiki/Darwin%27sches). (b) Polygonal hydraulic jumps.

(c) Columnar jointing at Giant's Causeway (https://electricbluefood.com/giants-causeway-
autumn-morning/). (d) Pinch-off of a pendant bubble. (e) The nose of the star-nosed mole.
() The bare-nosed wombat's cubic feces. (g) Goats' pelleted feces versus dogs' cylindrical
feces.



shapes that the star-nosed mole forces the bubble into can alter the bubble's stability.
Outside of uid dynamics, many physical processes give rise to geometric patterns. The
processes of cooling lava at Giant's Causeway Ireland leads to hexagonal columns called
columnar jointings (Se€igure 1.10 [24]. They are created by regular cracking patterns
that occur everywhere from cornstarch slurries drying in a lab to dried out lake beds found
on the surface of Mars [25]. We will also look at various mammals in Chapter 4 that are

capable of breaking up their feces at regular intervals to form pellets.



CHAPTER 2
BUBBLE-STABILIZATION BY THE STAR-NOSED MOLE

2.1 Introduction

We begin this thesis with an investigation of the unique geometry of the star-nosed mole,
which it uses to alter the shape of the bubbles that it blows from its nostrils. We consider
how the altered bubble shape stabilizes the bubble, keeping it centered upon the star-nosed
mole's nostril, allowing the bubble to be sucked up again, rather than pinch-oft.

The bubbles of the star nosed mole acts as an underwater chemical sensor. In general,
chemical sensors are not amphibious: they are deployed in either a liquid or gas phase, but
not both [26]. The same limitation holds for our noses. We cannot smell underwater, and
it was once believed that aquatic mammals also had a poor sense of smell underwater [18].
A number of small semi-aquatic mammals, however, have evolved ingenious ways to adapt
their noses to locate food underwater.

Smelling underwater begins with an exhale of a bubble. When the bubbles contacts a
food item, it gathers odorant molecules, which otherwise would not make their way past
the air-water barrier in the animal's nose. The bubble is then inhaled before it has a chance
to pinch off and escaperigure 2.1 shows the star-nosed mol€g¢ndylura cristaty, the
American water shrewSorex palustris[27], and the Russian desmdbgsmata moscha}a
[28], all of which sniff bubbles on a timescale of 0.07 - 0.1 seconds. The inhalation ow
rates of these semi-aquatic mammals range from 0.7 - 2 mL/s, approximately twice as fast
as same-sized terrestrial counterparts [29].

From hereon, we will focus our attention on the star-nosed mole, the most documented
of these underwater sniffers (SEgure 2.28). The mole's behavior allows the odor re-

ceptors in it's nose to stay dry, relying on the bubble's rapidly generated surface area as a



Figure 2.1: Three semi-aquatic mammals exhibit underwater snif ng: (a) the star-nosed
mole blows a bubble of 0.1 mL on a timescale of 0.1 seconds, (b) the American water shrew
blows a bubble of 0.06 mL on a timescale of 0.08 seconds, and (c) the Russian desman
blows a bubble of 0.3 mL on a timescale of 0.07 seconds. Photographs (a,b) courtesy of K.
Catania. Photograph (c) courtesy of I. Shpilenok.

medium to transport odor. Imitating this underwater snif ng would be an important rst
step towards employing gas sensors in aquatic environments. However, little is known
about how to stabilize underwater bubbles larger than the capillary length, the length scale
at which bubbles generally pinch off. Below we review how bubbles pinch-off and are
stabilized by rough surfaces.

Bubble pinch-off has been studied in a number of contexts. As the neck of a bubble
shrinks below some critical length scale [9][30], capillary forces irreversibly drive pinch-
off, often quite quickly. In bubble formation from a downward nozzle, centimeter-scale
bubbles, similar in size to that generated by the star-nosed mole, can pinch off in time-
scales of 76 ms [11], three times as fast as the blink of an eye.

One way to delay pinch-off is to use rough substrates to stabilize the bubble. Micro-
scopic surface roughness known as asperities can grab hold of a bubble's edge, called its
contact line, leading to the bubble exhibiting a range of contact angles, a phenomenon
called contact angle hysteresis. This hysteresis can hold drops and bubbles in place, even

on vertical surfaces [21, 22, 31, 32]. This phenomenon can only pin drops on the size of



the capillary length, an equivalent volume of a few microliters, orders of magnitude smaller
than the 0.1 mL volume of the star-nosed mole bubble[18].

Larger bubbles can be trapped by increasing the surface roughness to the extent that
it obtains a Cassie-Baxter state, which makes it energetically unfavorable to displace the
bubble and wet the surface [33]. Diving beetles and spiders employ densely packed hy-
drophobic hair to carry bubbles with them so they can breathe underwater [34, 35]. Their
rough, hydrophobic surfaces are energetically costly to wet, allowing the maintenance of
an air bubble of up to 3 mL in volume [36, 33, 35]. While it is possible that the micro-
scopic surface features of the star-nosed mole may help retain bubbles, we will focus on its
macroscopic features.

In this study, we investigate the mechanism by which the star-nosed mole stabilizes its
exhaled bubbles. We begin ¥2 with the results of experimental work in stabilizing bub-
bles against plastic stars mimicking that of the star-nosed mole. We discuss the implications
of our work inx3 and conclude ind4. We our experimental methods for building and testing

plastic stars that mimic that of the star-nosed moleSinwve present our detailed methods.

2.2 Results

Videos of star-nosed moles snif ng[27] show that when the star-nosed mole sniffs under-
water, it often tilts its head from side to side. The driving idea behind this study is that the

shape of the star helps stabilize the bubble while it is tilted.

2.2.1 Measuringthestar-noseanole

We obtain three photographs of live star-nosed moles from the author of a previous study
[37]. The star-nosed mole has 22 conical eshy appendages radiating from two nostrils, as
shown inFigure 2.2a To characterize the spacing between these appendages, we measure
the gap angle, or the angle between the edges of two consecutive appendages, as illustrated

in Figure 2.2b. The outermost section is chosen so that the gap angle accurately describes



the width of the gap where the spacing is widest. The wider the gap, the more likely buoy-
ancy can begin to dominate over surface tension forceBigure 2.2b, appendages 9 and

10 are an example of overlapping appendages and are not considered in our measurements.

Figure 2.2: Geometry of the nose of the star-nosed mole. (a) The star-nosed mole, whose
eshy, star-shaped nose measures approximately 10 mm across. (b) Close up photograph
of the nose, with red lines showing how the gap angis measured. The red line is
drawn between the center of the nostril and the inside tip of the appendages. (c) Histogram
showing the distribution of the gap anglefor three star-nosed moles. Photograph (a) and

(b) courtesy of K. Catania.

Figure 2.2cshows a histogram of the gap angles from the three star-nosed mole photos.
The histogram does not show a normal distribution, but is instead bimodal due to the ventral
parts of the star having more closely spaced arms. This may have to do with the mechano-
sensing role that these lower appendages play [37]. The average gap angl®iqN6=
49 arms counted on 3 moles). Due to the large standard deviation, we conclude that the
arms are of ordet0 apart, a number which we try to rationalize using experiments with

our plastic stars.

2.2.2 Bubblestability experiments

Plastic stars are designed in Solidworks. We begin with a circular disk with a central
hole for the nozzle. Around the hold, a ring of solid plastic forms the center of the star.
Triangular arms are cut extending from this ring by making radial cuts that form gaps,
characterized in size by the gap angleised to characterize the nose of the star-nosed

mole.



With the star submerged in water, we use a syringe to in ate a sessile bublle @f:7
mL beneath the plastic star. As a test of the bubble's stability, we slowly tilt the syringe until
we discover the angle to the vertical at which the bubble pinches off (Fegure 2.33).
Figure 2.3b shows the relationship between the gap angéad the maximum tilt angle
before pinch-off . Among our ve stars, th& and15 stars exhibit the highest stability,
holding the bubble until they are tilted to neafly. This is about 150 percent higher than
the lowest performing star, tH20 star. Moreover, the arms are clearly useful in holding
onto the bubble. The best performing stars can hold onto bubbles at angles that are almost
twice as large as a at plate.

We rst consider the dimensionless Bond number of our system, which relates the
buoyancy to surface tension forces. The Bond number may be written

D 2
Bo= 2 (2.1)

where is the difference in density between the water and @uiis the gravitational
acceleration, is the interfacial surface tension between water and airDageé= &4 o
is the equivalent spherical diameter of a bubble of vol(wng38]. For bubbles of volume
V; = 0:7 mL, the Bond number is 16, suggesting that buoyancy forces are dominant. This
number also indicates that the bubble is highly unstable. This is ultimately why bubbles
can only be tilted to less than = 10 degrees before they escape. If we consider gravity in
our tilting system to bgsin ., then the Bond number is 3, showing that the tilt angle of

< = 10 marks the transition between surface tension-dominated to buoyancy-dominated
regimes. The Bond number is greater than 1, suggesting that the bubbles should be released.

We proceed by presenting theory on how this buoyancy-dominated system could remain

stable.
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Figure 2.3: (a) Schematic of the experimental setup in which a syringe with a plastic
star is af xed to a protractor. As a measure of bubble stability, the syringe is tilted at an
angle before the bubble pinches off. Inset shows the contact angte,54 , of the
bubble below the star and the angle,= 127 , of the bubble pushing up through the
gap. (b)The relationship between the maximum tilt angénd the gap angle of the star.
Experimental data (black) suggests an optimal gap angle a®undl5 , and the theory
predicts an optimum dl 3 . The theory described &8 describes a large gap condition
leading to pinch-off (red dotted line) and a small gap condition leading to pinch-off (red
dashed line).

2.2.3 Theory

Our theory predicts pinch-off to occur when one of two conditions is broken. We consider
each condition in turn.
For large gap angles, pinch-off occurs when buoyancy forces dominate capillary forces.

This occurs when the width of the gap is greater than the capillary length 6], -5
where is the surface tension between two uids, is the difference in density between
the two uids, andg is the acceleration due to gravity. For air bubbles in water, the capillary
length is (= 2.7 mm. Thus, if a region of the bubble is exposed to a gap width larger than
o, the bubble will escape.

Considering the advancing side rst, the bubble radius may be written as the central
plastic disc radiu®R plus some incremental distanceR,, as shown irFigure 2.4d. By
etching 1 mm markings on the edges of the star, we measure the motion of the bubble's

contact lines for different tilt angles,, using a star with gap angles of= 8 as that is

the median gap angle. The red pointsFigure 2.4eshow the change in radius of the
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advancing side of the bubble,R,, as a function of tilt angle. The associated changes,
R: on the receding side of the bubble are shown in blue triangles. The blue and red lines

show the linear least squares best t, which are

R.= + (R?=0:5) (2.2)

for the advancing side, and

R, = (R?=0:3): (2.3)

for the receding side, whereR, and R, are given in mm, in degrees, and =4 mm,

= 0:7%’ and = 033%- The non-equality of the slopesand indicate that the
bubble is not just sliding but also deforming. Speci cally, the bubble is stretching as it rises.
Visually, the ts given inEquation 2.2 andEquation 2.3 follow the data well, as shown
in Figure 2.4e The goodness of R? values are low, due to data standard deviation being
large relative to and ,as theR? value is a metric of how much better the linear regression
is as a predictor than a horizontal line at the data's mean. More importantly, the Root Mean
Squared Error (RMSE) is 1 mm for both the advancing and receding regressions. The trends
from our theory are not signi cantly changed by this magnitude of error. By considering
how the advancing side displaces as the system is tilted, we may predict the tilt aatgle
which the bubble pinches off as a function of the gap andi8eeFigure 2.3b, red short
dashed line).

As the bubble is tilted further, it encounters an increasingly wider gap at the advancing

side, as shown irigure 2.5a The blue hashed region indicates the bubble, which inter-

sects the two consecutive arms of the star holding it in place. At this intersection, the arms

are separated by a gap widR + Rj)tan 5. The bubble is stable as long as this gap
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width is less than the capillary length:

2(R+ Rpytan > c (2.4)

where is a numerical prefactor, that accounts for the bubbles pinching off at length scales

directly correlated to the capillary length, as is the case in a number of context [39, 40].

Preliminary experiments, expanding bubbles under horizontal stars, with gap angles of
= 3,8, 15, and20, indicate that the prefactor 1. Thus from hereon will be

omitted from equations. Applying our empirical measurements &f, in Equation 2.2,

we rewriteEquation 2.4relating to and solve for .

1 c
2tan 5

(2.5)

This equation can be used to predict the maximuwith respect to (dotted red curve,
Figure 2.3b). This shows agreement with our experimental data when the gap amgle
15 and20, shown on the right hand side &igure 2.3b. This concludes our analysis
of stars of large gap angles; we now turn to stars of small gap angles. We begin with an
an illustrative but more intuitive problem. Consider a weight sliding down a ramp with no
friction. When the ramp is at, no counterweight is needed. However, with any level of
inclination, a counterweight is needed for equilibrium, as showfigaire 2.5¢ The same
physics holds for the bubble trapped underneath a tilted star. Instead of gravitational force,
two buoyancy forces act to pull the bubble in opposite directions. One fa¥esin ,
is oriented parallel to the arms of the star, wherés the volume of the bubble in the red
hashed region on the right &igure 2.4d andFigure 2.5b. The other force,gv, arises
due to the bubble attempting to rise through the gaps on the receding side of the star. Thus,

we takev to be the entire section of the bubble denoted by the blue hashed region on the
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Figure 2.4: Position of the bubble with varying tilt angle(a) Photograph shows portions

of a bubble rising through the gaps between the arms of the star, forming ribs similar to a
pumpkin. (bc) Two photographs showing the position of the bubble before and after the star
is tilted by an angle of . The red dotted line shows the original position of the bubble. As

the system is tilted, one side of the bubble advances, and the other recedes. (d) The shift in
bubble position creates two lengths from the start of the gap to the edge of the buBjle,

and R, for the advancing and receding sides respectively. (e) The relationship between
the the tilt angle and the position R of the bubbles edge for a star of gap angke 8 .

The advancing edge is shown as red dots, the receding edge as blue triangles. The solid
lines are linear best ts. The bubble pinches off when the tilt angte8 .
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left of Figure 2.4dandFigure 2.5h. For these forces to balance, we require

gV sin gv: (2.6)

The calculations folv andv as a function of both the gap angleand the tilt angle

are provided in detail in the Methods section. This equation is used to predict the maxi-
mum  with respect to (dotted red curvekigure 2.3b). This shows agreement with our
experimental data when the gap angles less thatl5 , shown on the left hand side of

Figure 2.3b.

2.2.4 Counterbalanc&xperiment

To demonstrate the importance of counterbalance, we perform a stability tilting experiment
with a bent disc. The bend at an angle of 15 allows part of the bubble to peek over

the receding slope as shownkigure 2.6. As a result, the disc can be tilted up te= 10 ,

which is more than double the values found for the at disc. Moreover, both discs are made
of the same material, indicating that differences in geometry can make a big difference
in the stability of the bubbleRigure 2.7). If we assume equal volume of bubble on both
the receding and advancing slopes of the plastic, then we maintain equilibrium under the

following condition (Sed-igure 2.6h)

sin( ) = sin( ): (2.7)

Solving for , we nd that the system can tig . This is comparable to the maximum tilt

angle of10 found in our experiment.

2.3 Discussion

In static tilting experiments, we showed how a star-geometry surface can add stability to

a sessile bubble and that there is an optimal gap size, represented by the gap tiragle
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Figure 2.5: lllustrations of conditions preventing pinch-off. (a) Schematic of the gap and
geometric pinch-off condition for large gap angles. (b) Side view schematics of the bubble
interacting with the star shape above it. The buoyancy forces acting on the red region
denoted by are balanced by the buoyancy forces of the blue region of the bubble-star
system for small gap angles. The portion of the bubblédashed red hashed region)
slides off the star while the small portion in the gagsolid blue hashed region), acts as a
counterbalance, similar to an analogous mass-on-a-ramp system shown in (c). Inset in (b)
shows howv is split up into two regions; andv;, for volume calculations. (d) The parallel
buoyant force must overcome the resisting surface tension force between the main bubble
and air remaining in the syringe nozzle. Here, the radigs,e is labeled.
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Figure 2.6: Schematic diagrams of the geometry of a bent plastic disc. (a) Photograph of
the bubble held by the bent star and (b) schematic of the portions of the bubble showing
counterbalance. The buoyancy force on the red hashed region causes the bubble to slide to
the right. The bubble is held in place by the opposing buoyancy force on the blue hashed

region.

Figure 2.7: Experiments demonstrating the ability of a bubble to maintain counterbalance
to remain stable. (a) A at disc can only be tilted to= 4:5 1.5 before the bubble
escapes. (b) A disc with a= 15 bend at a position off-center can hold onto a bubble up
to =10 oftilt, demonstrating the importance of geometry in maintaining bubbles.
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allows the sessile bubble to be stable at a higher tilting angBubbles can slip through
large gaps when the gap width is greater than the capillary length. Bubbles also fall out of
static equilibrium when the gap is too small, due to the smaller counterweight effect from
the bubble in receding side gaps.

The size of the gaps between the appendages in the mole's star-nose vary greatly with
an average gap angle of 16dowever, the distribution of gap angles show that most of the
gap angles from the photos were either much lower or much higher than this value. When
comparing the optimal physics to that of the biological system, it is important to keep in
mind that these appendages also have a role in tactile sensing. The roles of tactile sensing
and bubble stability encompassed in the same organ can lead to evolutionary trade-off and
it would be a mistake to assume that a given organ would necessarily be optimized to any
one role [4].

While this study set out to show the role of the mole's star-nose, our experiments cannot
con rm if the mole necessarily uses the physics we have described to stabilize bubbles
during underwater snif ng. Even so, we believe the results of this study will be important
in designing an end-effector for a mole-inspired underwater snif ng electronic nose.

Future experimental changes could allow closer comparison to the star-nosed mole's
snif ng. The star mimics in our study were at, with n-like arms, but one could investi-
gate the effect of changing the angle at which the arms deviate from this plane to form a
concatenated cone and mimic the way the star-nosed mole cages the bubbles during sniff-
ing, using rods instead of ns. Itis also important to consider the wettability of the mole's
appendages, as hydrophobic surfaces are very effective at stabilizing large bubbles [35].
Lastly, the star-nosed mole appendages are exible and clearly bend when in contact with
the bubble. Such effects may increase the stability of the bubble, as the bending of the arms
would increase the contact with the bubble and the required force to cause the bubble to
escape.

The experiments and theory presented consider only a static case, but the snif ng per-
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formed by star-nosed moles is a dynamic event. Future work should consider the effect
that the star geometry has on bubble formation and retraction. Speci cally, it would be
interesting to quantify the delay to pinch-off caused by the star and how the bubble surface
is altered during that time-scale, as the sniff duration and bubble surface area are critical in
understanding the star-nosed mole's capabilities in capturing odors.

The star geometry is unique to the star-nosed mole, yet the American water shrew and
Russian desman have shown similar underwater snif ng capabilities. It is possible that
the whiskers of these animals could serve an analogous role to the star-nose in stabilizing
the bubble. Moreover, it is likely that a number of other mammals may use this ability
to smell underwater. A greater understanding of the mechanisms that stabilize the bubble
in underwater snif ng may help in identifying other mammals capable of this intriguing

behavior.

2.4 Methods

We give a detailed description of the star-fabrication process as well as our detailed calcu-

lation of bubble volumes for the small gap theory.

2.4.1 Starfabrication

Plastic stars are designed in Solidworks. We begin with a circular disc of radius 20 mm. We
then cut a central hole of radil&,,,,e = 0:75mm, which corresponds to the dimensions

of the syringe's nozzle. Around this hole, a ring of solid plastic, of outer raRius 3:5

mm forms the center of the star. Triangular arms are cut extending from this ring, by
considering both the gap angles desired and the strength of the material. Ultimately, we
designed 5 arm designs, with gap anglesf 0, 3, 8, 15, and 20, respectively, as
shown inFigure 2.8b. Note that a gap angle & denotes a complete disc with no gaps.
Figure 2.8cshows the relationship between the number of gapsd the gap angle of

the star. The stars we designed are represented by the blue points. Our rst constraint is
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based on the strength of the material. Each arm of the star must have a minimum width of
L =2 mm so that it is not melted off during the laser-cutting process. This constraint may
be written

ZF R>L; (2.8)

and is shown by the red dashed lind-igure 2.8c As we found from experience, any stars
that fall above this dashed line will break, at least if they are constructed from transparency
sheet material.

The other constraint is on the ability of the stars to contact the bubble. In our pre-
liminary tests, we found that we need as many gaps as possible to ensure that the bubble
is forced to interact with the gaps. Moreover, we also desire an even number of gaps to
maintain both front-back and left-right symmetry of the star. To determine the number of
gaps cut into the star, we start at the fabrication limit and chodasebe the highest even
integer below that curve. This results in stars with 6-10 arms rather than 22 arms, as in the
star-nosed mole. Ir3, we will use the following relationship between number of gaps and
the gap angle:

n= % +11: (2.9)

This relationship is the best t line considering tBeand15 stars, and is shown by the
solid black line inFigure 2.8c

To fabricate the stars, we begin with overhead projector transparency sheets composed
of cellulose acetate. The material chosen is hydrophilic, as shown by the contact angle of

=54 in the inset ofFigure 2.3a We cut the star patterning using a laser cutter (Trotec

Speedy 3000) into the various shapes showRigure 2.8b. A star is then super-glued
onto a 3-mL syringe, which is in turn tied to the arm of a protractor so that it can freely
swing in one plane. We orient the star so that the gaps of the star maintain symmetry both
in this plane (left-right symmetry) and perpendicular to the plane (front-back symmetry,

or symmetry into and out of the page kigure 2.38. Front-back symmetry is preferred
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because it allows us to accurately characterize the bubble shape from a single view, and
to perform modeling with fewer variables. Left-right symmetry is maintained because we
perform tilting experiments both to the left and to the right in order to obtain more data

from the same star.

Figure 2.8: Design of plastic stars mimicking the star-nosed mole's nose. (a) Plastic stars
laser-cut to mimic the star-nose. Like in the photos of star-nosed moles, the gap angle was
measured along the inner edges of the arms with the vertex at the center of the nozzle. (b)
Schematics of the ve plastic stars used in this study. Angles indicate the gap angles for
each of the stars. (c) Relationship between the gap argtel the number of gaps for each

star. The dashed red curve represents the fabrication limitation that the minimum width
of each nis greater than 2 mm. The blue dots are the actual number of gaps used in the
experimental stars. The solid black line is a linear approximation used to represent the
relationship between the number of gaps and the gap angle for smaller gap angle stars from
3 15.

To demonstrate the stabilizing physics of the stars in an alternate way, we also fabricate
a disc with no gaps that deforms the bubbles in a two-dimensional manner, as shown in
Figure 2.6. A plastic disc is creased at a distance 3.5 mm from the center of the nozzle.

The crease is made so that the disc exhibits a bend of anglEs .

2.4.2 Bubblecomponentolumecalculation

We calculate the volumesandV for the small gap theory. We write the volumes v;+ v,
where the volumeg,; andv; are labelled irFigure 2.5b. We approximate the region as

a pyramid, requiring the area of the base and the maximum height of the bubble to calculate
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its volume. The base is written as
b= 2—[ ( RR+R? R7: (2.10)

If there are no gaps, then= 0, and there is no counterweight bubble.
To nd the height ofvy, we rst calculate the curvature of the bubble rising through the

gap according to the Young-Laplace equation
c=_P 2.11)

where is the surface tension at an air-water interface apds the difference in pressure
between the surrounding water and bubble,= gz. From photographs, we measured
the bubble angle at the plastic-water-bubble interface to bel27 . If we consider the

cross-section of this volume as a concatenated circle, then we get the height

_1+cos

h
C

(2.12)

The heighth, was also measured from photographs and was found to be similar to our
theoretical calculation. With, we calculate the volume of the bubble peeking out through
a gap in the star

Vi = %bh: (2.13)

To calculatev,, we approximate the entire bubble below the star to be the shape of a cylin-
der. In that case,

V2 = bd (2.14)

whered is the depth of the cylinder. This depth is given by the contact angled the
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capillary length [41][42]

d= P 2(1 cos( ) 2 (2.15)

With values forv; andv,, it is simple to calculate, keeping in mind that the volume
of bubbles in the receding half of the gaps act as counterweights. The remaining volume of

the total isV, whose buoyant force is the cause of pinch off

v= g(\/1 + V) (2.16)

V=V, v (2.17)

If we substitute equatioBquation 2.17into equatiorEquation 2.6 we have
g(V, v)sin gv: (2.18)

We can then substitutEquation 2.13 and Equation 2.14 into Equation 2.16to get an
expression for and then substitutEquation 2.16into Equation 2.18
1

~bh+ bd

n 1 : n
A/ ébh+bd g sin 5 3 g

> (2.19)

whereb s a function of both the gap angleand tilt-angle . Equation 2.19 gives this

relationship between and , shown by the dashed red curveFigure 2.3h.
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CHAPTER 3
INTESTINES OF NON-UNIFORM STIFFNESS MOLD THE CORNERS OF
WOMBAT FECES

3.1 Introduction

In our previous chapter, we saw how divots in the star nosed bubbles can help stabilize it.
In this chapter, we transition from gases to solids, and examine the formation of corners
in a wombat's feces. After considering the area minimizing effects of surface tension in
bubbles and other soft materials, it is surprising to nd corners appearing in soft objects in
nature. As we will see in this chapter, the wombat uses a combination of intestinal material
properties and repeated contractions to form these corners.

The ability of wombats to form relatively uniform, clean cut, cubic feces—as opposed to
the tapered cylindrical feces of most animals— is unique in the animal kingdom. The earliest
documented observation of wombat cubic feces is by Eric Guiler (1960), who states: “The
droppings of wombats are of a characteristic rectangular shape” [43]. The next publication
dates 1979 [44], although the droppings were known within Australia well prior to both
these references. It is currently poorly understood how these animals produce geometric
scats. With no immediately apparent explanation as to how an animal's defecation process
could produce cube-shaped scats, a range of hypotheses have been proposed over decades
[45, 46, 47]. A sample of hypotheses include compression of fecal material between pelvic
bones, a relatively geometric-shaped sphincter, and parallel blocks of longitudinal intesti-
nal smooth muscles in the cecum. Notably, all hypotheses have exclusively remained the
matter of objective speculation and assumed mechanism, rather than subject to actual in-
vestigation.

The ability of wombats to form cubic feces is of both general and practical interest.
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How animals engage in varying forms of communication, and the underlying evolutionary
forces driving them, have been of interest to ecologists for decades. Recent uid dynamic
modelling has investigated cylindrical scat formation [48], with clinical application to di-
arrhea and constipation disorders [49], however mechanisms leading to the formation of
diverse fecal shapes is less understood. In the built world, cubes and shapes with sharp
edges are made by cutting, molding or extrusion. Examples include extruded pasta, hay
cubes and injection-moulded plastics. Cube formation in animal models appears to be a
new method, and may inform manufacturing processes, particularly if soft biological mate-
rials are of interest. Another application may be in the care of captive animals. In Australia,
wombats are kept in captivity in zoos and wildlife parks, and their feces are cleared on a
daily basis. Quantifying a wombat's scat shape may be a useful metric for non-invasively
assessing the quality of a wombat's diet, digestive health, or level of hydration.

In this study, we will focus on the bare-nosed womWaimbatus ursinyswhich pro-
duces the most cubic feces of the three species of wombat. The bare-nosed wombat, shown
in Figure 3.1a has an adult body length 1 m and mass 20-35 kg. It is drought-tolerant and
lives a solitary lifestyle in underground burrows. It typically produces 80-100 cubic feces
per day mostly above ground [45]. Wombats generally have low-nutrient diets, primarily
consisting of grasses and sedges [50]. To compensate, they have long, spacious intestines
of length 6-9 m (Seé€&igure 3.18, utilize hind-gut fermentation, and have a mean food pas-
sage retention time of 40-80 hr [50, 51]. In comparison, a human of 100 kg has an intestinal
length of 8 m, fore-gut fermentation, and a mean food passage retention time of 50 hr [52,
53]. The extended digestion period of wombats allows them to maintain exceptionally low
metabolic rates [54, 55] and also an energetically expensive digging lifestyle [56]. These
attributes allow the wombat to survive droughts that would challenge most other mammals.

Animals have long been known for using their urine and feces to communicate. How-
ever, wombats have a unigue way of using their feces as markings. Wombats, particularly

bare-nosed wombats, have a propensity to deposit feces in aggregations called latrines.
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Figure 3.1: Wombats form cubic feces. All scalebars represent 5 cm. (a) A female wombat
with her joey. (b) A typical wombat latrine consisting of feces placed on a low rock or
stump. (c) A 2019 dissection of a wombat shows the cubic feces fully formed within the
mid-distal colon, (d) The excised 3 m of wombat intestine shows feces transforming from
a yellow yogurt-like slurry near the stomach to darkened dry cubes near the anus.
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Such latrines are found on or next to distinctive landscape features such as prominent rocks,
logs and small rises, and burrow entrances within their home ranges [45, 57], as shown in
Figure 3.1b. Latrines are generally found with ve or more wombat scats indicating that
one or several wombats may be involved. It is generally believed that prominent latrines
facilitate visual or olfactory communication between wombats or other nearby animals. It
has been proposed that the at sides of the feces serves the purpose of latrine stability by
preventing the feces from rolling off these raised surfaces [45, 46, 47]. Understanding how
wombats produce cubes may provide insight into how such a unique adaptation evolved.

In this study we investigate cube formation in the wombat using dissections, material
measurements, and mathematical modeling. We begin in section 2 with the histological and
tensile experiments performed on wombat intestine samples as well as 2D phenomenolog-
ical modeling informed by these experiments. In section 3, we discuss the implications
of our work and provide suggestions for future research. In section 4, we summarize the

contributions of our study. In section 5, we provide the detailed methods.

3.2 Results

3.2.1 Wombatexperiments

Among Australians, a popular hypothesis is that wombats produce cubes by extruding feces
out of a square anal sphincter. In 2019, we obtain a CT scan of a live adult female wombat.
The scan shows that the wombat's anus is round, a feature consistent with all other animals.
Also, the pelvic bones, which the feces were once proposed to glide past, are nowhere in
the vicinity of the colon. We thus conclude that wombats do not change their feces shape
through extrusion. We obtain further evidence that extrusion does not in uence shape with
a series of dissections of wombats.

In this study, we present data from three dissected wombats, all obtained following
euthanasia by veterinarian owing to vehicle collisions in 2018-2020. Unfortunately, vehicle

collisions are a source of wombat and other marsupial mortality events in Australia. In
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2018, we dissect a young female wombat (2-3 years old). In 2019, we dissect an adult
male wombat¥ 2 years old). And in 2020, we dissect a young male wombag {/ears

old). Given the similarity in age and size of all wombats, we expect feces and intestinal
measurements to be comparable. All dissected wombats are referred to by the year of
dissection. From the 2018 wombat, cubic feces are removed from the end of the distal
colon and unformed feces removed from the end of the proximal colon.

The wombat intestine of 6-9 m length (approximate length for a fully grown wombat)
consists of four sections after the oesophagus: these include the stomach (0.14 m), a rel-
atively short small intestine (3.2 m), long proximal colon (3.9 m) and distal colon (last
1.8 m). Figure 3.1d shows the shape of feces with relation to their position in the intes-
tine (lower proximal colon to lower distal colon). In the proximal colon, the feces are a
yellow-green slurry of digesta. As the fecal material approaches the anus, it becomes in-
creasingly dry, as shown by the darker color. The beveled edges and at faces also become
increasingly prominent.

The removal of water from the feces may help it to better retain its shape. Generally,
at higher solid fractions, mammalian feces are more viscous and behave viscoplastically
[58]. To measure the level of dryness we begin by removing feces samples from both the

proximal and distal colons. By weighing a scat, we obtaip:, and by drying them in an

Mwet  Mgry
Mwet

oven, we obtaimyg,,. We de ne the water content of each sample using
Feces from the proximal colon have a water contew &f 0:81 and show an amorphous
shape. Feces from the distal colon, the last 1 m (or 17 percent) of the 6 m digestive tract,
have a much lower water contentwf = 0:53. This water content is lower than many
mammals: for example, humans have a fecal water contemt=00:74 [59].

The fecal cubes have dimensions: heigf® 0:3cm, width2,5 0:3 cm, and axial
length4:0 0:6 cm (SeeFigure 3.2), and the edges of the feces are beveled. Thus, the
aspect ratio of the feces is 1:1:1.6, and so technically the feces are rectangular prisms, but

for simplicity, we continue to refer to them as cubes in this paper.
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To understand the formation of the cubes, we hang an intact intestine vertically allow-
ing the bottom end to swing and rotate freely. We observe that the corners of the cubes
are aligned, suggesting that the intestine itself has a coordinate system to dictate corner
formation. We hypothesize that this coordinate system is written in the intestines in terms
of its thickness and its material properties. To explore this idea, we turn to histology and

material testing.

Figure 3.2: Feces measurements from 2018 dissection. a) Measured feces length, height,
and width inside the intestines. b) Location of feces within intestines measured as dis-
tance from the anus. Orange dotted line marks 1.5 m from the anus. c) Last 1.5 m shows
dimensions becoming consistentdat 2.3 2:.5cm.

3.2.2 Material propertiesof wombatintestine

From the 2019 wombat, two cross sections of the intestines are hematoxylin and eosin
stained and the thickness of the tissue layers are measured under a microscope. Since
the cubes form in the distal colon, and are amorphous in the proximal colon, we obtain
cross sections from both the proximal and distal colon and perform histological staining.

These sections are 50 cm and 200 cm away from the anus. We observe the four major
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tissue layers, arranged external to internal: longitudinal muscle, circular muscle, glandular
tissue, and mucosa, as labelledrigure 3.3abwith the letters L, C, G, M, respectively. In
particular, the circular and longitudinal muscle thickness varies greatly between different
azimuthal locations, and so we focus on these two layers from hereon.

Figure 3.3cd shows the relationship between tissue thickness and azimuthal position
in the proximal and distal colon. We arbitrarily assigsr O as the position of observed
lowest thickness of the intestine. The longitudinal muscle, the circular muscle, and the
total thickness of both muscles are shown by the blue, red, and black lines, respectively.
Examining the distal colon section rst, shownhkiigure 3.3d, the longitudinal tissue layer
more than doubles in thickness, from 1@ to 25 m, with the peak occurring at= 270 .

The circular muscle also has a 50% increase from@20 35 m, with peak at = 90 .
It is noteworthy that the peaks at80 out of phase, as shown by the the total thickness,
which has peaks &0 and270.

As shown inFigure 3.3¢ the proximal colon also has two peaks. The azimuthal lo-
cation may not match that of the distal colon because we could not maintain azimuthal
alignment between the two sections. The presence of thickness peaks combined with the
absence of the cubic feces in the proximal region indicates to us that both feces dryness
and intestinal properties must be present to enable cubing to occur.

From the 2020 wombat we test the tensile material properties to determine the effects
of non-uniform tissue thickness. We cut two sequential cross sections of the distal colon
to perform material testing. These circular bands arel80t out of phase so that we can
obtain data in regions that have been clamped during the testing~{§ee 3.3e). We
perform tensile testing to measure stiffness as a function of azimuthal position. We infer
stiffness by the strain measured between lines drawn at increments of 4igumne 3.3g
shows the relationship between stiffness and azimuthal position, where the blue and red
points are stiffness from each of the two cross sections, and the black is the average stiffness

of each30 region. We observe a single peak in stiffness a 90 in the distal colon,
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Figure 3.3: Non-uniform thickness and stiffness of the wombat intestine. (ab) Histology
of the distal colon, with the longitudinal muscle, circular muscle, glandular tissue, and
mucosa layer labelled with the letters L, C, G, M, respectively. Scale bar, 20 microns. (a)
Staining corresponds to the azimuthal position40 and shows the thinnest longitudinal
muscle thickness. (b) Staining corresponds t0240 and shows the largest longitudinal
thickness. (cd) The relationship between azimuthal position and tissue thickness, with the
longitudinal muscle, circular muscle and total muscle thickness given by the blue, red, and
black lines, respectively. (c) is from the proximal colon, and (d) from the distal colon. (e)
Custom-built tensile testing setup for the wombat intestines. Scalebar, 1 cm. (f) Schematic
showing two sequential cross sections cull@D offset to obtain tensile testing data of

the full 360. Cuts are made at the dotted red lines and tick marks are drawn using the
blue lines. (g) The relationship between azimuthal position and tissue stiffness. The blue
and red points correspond to each of the adjacent cross sections and the black line to the
average stiffness.
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where = 0 s set to be the location of lowest stiffness. Because the two cross sections
are sequential we expect them to have comparable trends. Wide discrepancies in the data
near =0 andat =180 are likely due to the tissue being clamped near those regions,

which affects its ability to stretch laterally, affecting the stiffness measurement.

3.2.3 Simulationof intestinalcontractions

We continue with our study using a theoretical model that assumes that there are two bands
of increased stiffness locatekB0 out of phase. Tensile testing of passive tissue only
displays a single stiff region, but this test only measures azimuthal stretching. A peristaltic
contraction relies upon muscles in both the azimuthal and the longitudinal directions. We
surmise that the peak in stiffness observed in the tensile test may correspond to the factor of
three increase thickness in the longitudinal muscle. The 0.5 factor of increased thickness
in the circular muscle apparently was not detected by our tensile test. We hypothesize
that the increased circular muscle thickness results in a locally stronger muscle contraction
during peristalsis. This locally increased contraction would phenomenologically be similar
to an increased stiffness. For simplicity, we develop our model as having two stiff regions
to represent the increased thickness of longitudinal and circular muscles. An important
parameter in this model is the stiffness rafipthe ratio between maximum and minimum
stiffness, which we observe in our tensile tests to be 4 Figare 3.3g peak stiffness is 4

times that of baseline stiffness).

We propose a phenonemological model to investigate how non-uniform intestinal prop-
erties can in uence feces shape during peristaltic contractions. The goal of our model is to
rationalize how two regions of stiffness can result in four corners of the feces. A square is
de ned as having 8 regions of differing curvature: zero curvature at the at sides, and steep
peaks at each of the corners. It is thus not obvious how the contraction of a band with 2
regions of stiffness can result in 4 peaks in curvature.

We begin with a few caveats on our model. The real wombat intestines are three-
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dimensional and lled with viscoelastic feces. The peristaltic contractions occur at an un-
known intensity for an unknown duration. Thus, a fully accurate three-dimensional model
cannot be done with the current knowledge about the intestine material dynamics. Instead,
we take a simpli ed approach: our model is two dimensional, considering a circular cross-
section of the intestine. Rather than modeling the interaction between the intestines and
the viscoelastic feces, the feces are represented as added mass along the intestinal walls as
well as a linear damping in all directions.

We conduct our modeling in two phases, beginning with an equilibrium phase to cre-
ate an initial strained state of the intestine, and followed by a non-equilibrium series of
contractions. In the rst phase, feces are initially pushed into the 2D cross-section of our
model. We assume the feces exerts a constant pressure against the intestinal walls until the
system comes to equilibrium. We nd that this equilibrium state is necessary to prevent
unphysical behavior in the second phase of the model.

Once the initial equilibrium state of strain is found, the intestine begins contracting by
shortening the springs' rest length, Multiple contractions are simulated by changing the
rest length to a contracted value, holding the contraction, and then taking a relaxed value,
and holding this length. The contraction dynamics are thus idealized as a square wave. The
governing equations arise from the damping force in all directions and the elastic spring
forces of the intestinal walls. The evolution of the solution shape is recorded as a function
of time. Since the wombat feces change shape as it travels down the intestine over 2-4
days, it is not clear whether it reaches an equilibrium shape before it is ejected. Thus, our
goal is notto nd an equilibrium shape for the feces but to record how transient square-like
shapes can arise. We also use this method to determine how different intestinal and fecal
parameters may in uence the shape.

Now that we have discussed the general idea of the model, we turn to the speci cs of
the implementation. We divide the intestine into a ringlefnodes, each of mass. Each

node is connected to its neighboring nodes using linear springs of varying stiffness. We
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divide the ring into 4 quadrants of nodes each. The regions are sequentially soft and
stiff in an alternating ABAB pattern, shown Figure 3.4a and similar to the variation in
thickness we observe from the wombat histology. The soft zones have springs of stiffness
4nk, and the stiff zones have stiffness4sf nk, where the stiffness ratiG > 1. Including

n as a factor in the stiffness allows the overall stiffness of the system to be independent of
the number of nodes in the ring.

To nd the initial con guration for the model, we solve for the equilibrium state. This
state will depend on the minimum and maximum spring stiffrffgsand4Cnk, and the
spring lengthd;. It does not depend on mass or damping, which arise in the contraction
phase. As the feces are pushed into the 2D intestinal ring, it exerts an outward constant
pressure®.

The equilibrium arrangement of nodes is found from the local force balance on the
individual nodes. Consider a node within the soft region (Sigere 3.4b). Attached to
it are two springs of stiffnesdnk, stretched to lengthls andl,, respectively. The angle
formed between the springs is The pressure force exerted on the node is perpendicular to
the spring and proportional to the spring Ien@ﬁ,ll and%P l,. We draw our axis parallel
and perpendicular to the angular bisector. By considering the force balance perpendicular
to the angular bisector, we see that= |,. This also holds true for nodes within the stiff
region. We can also show that if all of the spring lengths are the same, the aobéach
of those nodes must also be the same.

We then have 5 unknownk; and A for the soft regiondg and g for the stiff regions,
and g, the angle at the 4 interfacial nodes between the stiff and soft regions. We therefore
require 5 equations. Four equations come from local force balances, and the nal equation
comes from the assumed convex geometry of the equilibrium shape. This calculation is
described in more detail in section 5.

The equilibrium shape is used as the initial condition of the intestine before the con-

traction begins. The contraction of the intestinal wall is simulated by alternating the rest
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length of each spring frory to 1,=4 using a square wave with period As wombat intes-
tine contractions occur at an unknown intensity and period, these parameters were chosen
arbitrarily. 8

2 lo cos(2t= )< O

IO:> (3.1)
T lo=4 cos(2t= ) O

The net force comes from the two spring forces attached to each node and a damping
force by opposing the direction of motion, whekels a damping coef cient ands is
the velocity of thei™™ node. The mass of each node,accounts not only for the mass of
the intestinal tissue, which is likely negligible, but also the added mass of the feces as it is
displaced along the digestive tract.

Figure 3.4cdeshows the progression of wombat feces shape during a series of contrac-
tions, usingn = 50 nodes for each region, a stiffness rafic= 4, dampingb = 45 g/sec,
and added mass = 0:045¢g. Figure 3.4fgh shows the curvature measured around the fe-
ces. The initial equilibrium shape of the intestine is fairly circular, as shown by the nearly
constant curvature ifrigure 3.4f. Figure 3.4d shows the peak squareness during mid-
contraction, where the feces shows the start of 4 corners, and the curvatigera 3.49
shows 4 peaks. The intestine displays this transient square state and then passes out of
the square state as the contractions continue. We show a point later in the contractions in

Figure 3.4ehshowing the feces is clearly less square.

3.2.4 Simulationanalysis

While it is easy to qualitatively distinguish between circles and squares in both the simu-
lation shape and the curvaturg, ), graphs, we require a way to quantitatively measure

the squareness of the shape. There exist many simple methods to measure how round an
object is [60], and we nd one potential way to measure squareness based on the de nition
of the squircle [61]. However, the method based on the squircle de nition is not robust to

the noise found when applied to natural wombat feces. It evaluates most samples as very
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Figure 3.4: The mathematical model of contracting wombat intestines. (a) Schematic
of the elastic ring simulating the intestine. Blue and red regions indicate low and high
stiffness zones, respectively. This color scheme is valid for (c-e) as well. (b) Close-up
of the variables de ned at a single node. The equilibrium shape of the intestine arises
from solving the force balances perpendicular and parallel to the angular bisector shown.
(c-e) Sequence of intestine shapes during a series of contractions and the corresponding
relationships (f-h) between curvature and aziumuthal positions for each of these shapes.
For these simulation€; = 4, and Re = 10°. (c) Attimet = 0 sec, the equilibrium shape

is close to circular, and the curvature (f) is near constant. (d) After several contractions,
the intestine becomes increasingly square 7:9 sec), as shown. Note that depending on

the Reynolds number and stiffness, some shapes are are more square than others. The four
peaks curvature in (g) correspond to the four corners. (e) Past the peak squareness, S, the
contraction continues to deform the intestine, and the shape begins to resemble an ellipse.
This frame corresponds to a tinhe= 30 sec.
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square, but for a few, visually similar samples, it evaluates them as very round.

We proceed by proposing a squareness metric that employg theignal and cross-
correlates it to idealized reference curvatures going from the at curvature of a circle to the
in nitely peaked curvature of a square (Seigure 3.59. Our nal squarenesS is de ned
in Equation 3.17in the Methods section, and varies between 0 and 1, with 1 as being most
square.

Figure 3.5b shows the time course of feces squareness during the simulation. We per-
form 40 sequential contractions, with each oscillation in the gure marking a contraction.
The squareness has a sharp increage at5 sec with a peak squareness®f= 0:3 at
t = 7:9 sec. Subsequently, the squareness decreases, demonstrating the transient nature of
the square shape in the simulation.

To determine if our simulation captures the squareness of actual wombat Feges,
ure 3.5cshows 36 wombat feces collected around Maria Island, off of Tasmania, Australia.

A histogram of the squareness of these samples is showgume 3.5d, and we nd that

the feces have a mean squareness of 0.14 with a standard deviation of 0.1. These lower
values appear to be due to sensitivity to the shape's aspect ratio. For rectangular shapes,
the corners are not spaced apart azimuthally in a way that matches the reference curvature.
Nevertheless, our metric gives similar values to visually similar shapes. We proceed by
using our squareness metric to explore the effect that different simulation parameters have
on the resulting feces shape.

We consider two dimensionless groups as the independent variables that characterize
the intestinal contraction: the stiffness raioand the Reynolds number, Re. The stiffness

ratio is de ned as
_ stiffness of stiff region
stiffness of soft regioh

(3.2)

where we observe wombat feces has a stiffness ratib®# . We conduct simulations by

matching simulation Reynolds number Re with the biological Reynolds number, de ned as
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Figure 3.5: Squareness for simulated and actual wombat feces. (a) The relationship be-
tween curvature and aziumthal position. The curvature at one point in tim&.Q sec)

during a contraction is shown by the black solid line. To evaluate squareness this curva-
ture is correlated to the corresponding reference curvature shown by the blue dotted line.
The reference curvature shape is de ned using the variab@ecreasing corresponds to
greater peaks in curvature, and greater squarefieds The time course of squareness

during a series of intestinal contractions. Insets show the simulation sheg@ &t9, and

30 sec. The oscillations in squareness correspond to each contraction. (c) An array of 36
wombat feces picked from Maria Island in Tasmania for their exceptionally cubic shape.
The blue outlines indicate the measured shape using image analysis. The numbers below
each feces correspond to the calculated squareness. (d) A histogram of squareness of nat-
ural wombat feces from part (c), demonstrating a mean squareness of 0.14 and a standard
deviation of 0.1.
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