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SUMMARY

A horse striking mosquitoes with its tail and a honeybee transporting pollen back to the

hive are both examples of animals dealing with the particles that surround them. Under-

standing these processes can inspire new methods for management of granular materials

in industry and insect pest control. This thesis presents experiments elucidating the me-

chanics of pollen transport in honeybees and tail swinging by mammals. Honey bees carry

pollen back to their hive by mixing it with nectar and forming it into a pellet, which they

carry in the corbicula, or pollen basket, on their hind legs. We measure the kinematics of

the leg movement during the pellet removal process and design and build an apparatus to

measure the forces during pellet removal. Faster removal speeds result in larger forces,

thus justifying why honey bees remove pollen pellets at a rate much slower than they are

capable of. The measured relaxation time of the pellet is far greater than the time scale of

removal, so it behaves as an elastic solid during removal and likely during transport. We

perform rheological experiments with pollen suspensions showing that the suspension is an

attractive yield stress �uid, and that the presence of pollenkitt decreases the viscosity of the

suspension. In our work with tail-swinging in mammals, we de�ne two modes of defense:

a swish and a swat. Through experiments with a tail mimic we show that the swish creates

air �ow strong enough to blow mosquitoes off course, preventing them from landing on

the animal's body. The swat targets insects that make it through this �rst line of defense

and hits on or near the insect before it has a chance to bite. We report the kinematics of

the tail swish and the dynamics of the tail swat. Throughout this thesis, efforts are made to

perform testing with physical mimics to understand the strategies employed in nature.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The motivation of this thesis is to understand the physical principles by which organisms

manipulate small solid particles. All organisms are surrounded by particles that they must

either collect and transport, navigate through, or remove from their bodies. This thesis

focuses on two cases in particular: honey bees that ef�ciently collect and transport millions

of microscopic pollen particles and mammals that use their tails to repel �ying insects, as

shown in Figure 1.1.

Figure 1.1: Honey bees and mammals interacting with small particles. (A) A honey bee on a
�ower with a pollen pellet in its corbicula. Image credit to Avi ben zaken, used under
license CC BY-SA. (B) SEM image of a honey bee pollen pellet. (C) A horse swishes its
tail to ward off attacking insects. Photo by Candler Hobbes. (D) A mosquito interacts
with the hairs of an imitation horse tail. Photo by Candler Hobbes.

We �rst consider the honey bee's method of collecting, transporting, and removing

pollen particles as inspiration to solve engineering problems involving microscopic parti-
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cles. The domesticated honeybee is one of the world's most important pollinators. Gather-

ing pollen is necessary for the honey bee's survival and for the pollination of various plants,

including the crops that we rely on for food. Pollen gathering has been traditionally studied

from a biological perspective, such as observing trips between the hive and �owers, and

describing the leg parts on the bee. However, pollen gathering and preparation is also an

intricate physical process that has received relatively less attention.

Plants present pollen in the form of individual grains or as a few grains stuck together.

To bring it back to the hive, the bee transforms it into a mass of thousands of grains that

adheres to the bee's legs. It does this without the large machinery typically used by indus-

try to manipulate materials, such as the planetary mixers used to turn �our and water into

dough or �ne particles and �uids into cosmetics. Instead, it adds small amounts of nectar

and performs micro-scale manipulation to adhere the pollen pellet on an array of hairs. Un-

derstanding how honey bees handle pollen particles to create a suspension with the desired

physical characteristics of reliable adhesion and easy removal can inspire new methods

in industries that rely on hard particle suspensions such as cosmetics, drug delivery, food

processing, and aerosols.

The honeybee's feat of collection, transport, and removal of the pollen is even more sur-

prising given that the process works for many different pollen sizes and shapes. It is known

that the rheology of suspensions is highly sensitive to grain shape and size. Therefore, it is

surprising that the bee has a successful one-size-�ts-all approach to collecting pollen.

While pollen is bene�cial to bees, sometimes organisms must repel or avoid particles.

For example, repelling insects is a life-saving activity for both humans and animals. Biting

insects spread diseases, lead to blood loss, and increased activity levels that require energy

expenditure. Mammals have developed a variety of behaviors and mechanisms that help

repel biting insects from their bodies. In the latter part of this thesis, we focus on the use of

the tail to shoo away insects, a process that has long been observed but has received little

scienti�c treatment. Understanding how the tail performs this function can lead to new
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methods of insect repellent that rely on less energy and fewer harmful chemicals.

1.2 Background

1.2.1 Honeybeebehaviorin pollencollection

Pollen is the main source of protein in a honey bee's diet and the primary food for the brood

in a hive [1]. To collect and transport pollen, honey bees mix it with nectar and form it into a

pellet, as shown in Figure 1.1A. As the bee continues to gather pollen, the pellet gradually

grows in size. She carries the pellet on her hind legs in a structure called the corbicula,

or pollen basket, which is shown in Figure 1.2A. Previous researchers have found that a

colony will collect 10 - 26 kg of pollen per year [1]. While the weights of a honey bee's

pollen pellets vary with the time of day and with the species of pollen, the average pollen

pellet weighs 7.9 mg [2], with the honey bee carrying two pollen pellets, one on each hind

leg. This means that a single colony's bees will embark on up to 1.6 million foraging trips

per year to collect the pollen they need to survive. It takes a short amount of time, between

2 and 10 minutes, for a honey bee to form a large pellet of cotton pollen, including the time

for the bee to travel from �ower to �ower [3]. Presumably, after foraging is complete, the

honey bee �ies straight back to the hive and deposits her pellets in a cell.

The process by which honey bees collect pollen from �owers and form a pollen pellet

has been well described [4, 5]. After collecting pollen from a �ower, the honey bee hovers

in the air. She uses her front legs to groom pollen particles from her head, abdomen, and

other body parts, facilitated by the hairs that cover her body [6]. She regurgitates nectar

and mixes it with pollen by rubbing her front legs along her proboscis. She then passes

the moistened pollen from her front legs to her middle legs, and then from her middle legs

to the pollen combs on the inside of her hind legs, which can be seen in Figure 1.2B by

the white arrow labeled PC. The hind legs are then rubbed vertically together to scrape

the contents of the pollen comb into the pollen press, shown in Figure 1.2B by the white

arrow labeled PP. The pollen press is composed of a joint extending into two nearly �at
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plates, each covered by spikes, as shown in Figure 1.2A-B. The honey bee �lls the press

with pollen and then closes the joint, which forces the moist pollen up into the corbicula,

the structure shown in Figure 1.2A. The bee repeats this behavior many times, gradually

growing the pellet. Once the pellet is suf�ciently large, honey bees have been observed to

pat it with their middle legs [4]. The purpose of this motion is not known, although it has

been speculated that this motion adds more pollen to the pellet, or smooths and compacts

the pellet [5].

Figure 1.2: The honey bee collecting pollen.(A) A view of the posterior side of a honey bee's hind
leg. The yellow clump of particles in the background is the pollen pellet. Arrow labeled
PC points to the hairs that form the pollen comb, �lled with pollen. Arrow labeled PP
points to the bottom segment of the pollen press and the small spikes located on the
bottom of the pollen press. The inset shows a zoom in of the �oor of the pollen press,
with the small spikes denoted with the arrow labeled PP. (B) A microCT scan of a
honey bee's hind leg. The top segment is the corbicula, which is fringed with long,
curved hairs. The joint in between the two segments is the pollen press. Inset shows
a close up of the spindle hair, denoted by the black arrow, just above the pollen press.
(C) The corbicular hairs embedded into the pollen pellet. The dark brown in the top
right is the honey bee's leg, the bright yellow particles are pollen, and the hairs are the
translucent cylinders extending from the leg into the pollen pellet.

The corbicula itself is a slightly concave, hairless plate surrounded on both sides by

long setae, or hairs, that curve inwards, as shown in Figure 1.2A. In addition to the outer

hairs, there is also a single spindle hair located just above the pollen press, shown in the

inset of Figure 1.2A. It is similar in diameter and length to the other corbicular hairs, and

is located an average of 364 µm (N=32) above the pollen press [7]. This spindle hair is

not surrounded by any other hairs, and its purpose is not fully understood. In experiments

where the spindle hair was removed from one leg but not the other, the honey bee formed
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signi�cantly smaller pellets on the leg without the spindle hair. It seems to play some role

in the maximum possible volume of the pellet [8]. The corbicular hairs are attached to

nerves and some of them can detect their angle of displacement, which signals to the bee

the size of the pollen load [9]. In the process of forming the pollen pellet, the hairs, at

least at the top of the corbicula, become embedded into the pellet, as shown in Figure 1.2C.

Honey bees also carry resin collected from plants in their corbicula [10].

Honey bees are polylectics, or generalists, meaning they will collect pollen from a

wide variety of plant species. Many other species of bees are oligolectic, or specialists,

that only collect pollen from a handful of plant species [11, 12]. Pollen can vary in size

between 7 and 617 µm [13], although most species have grains that are between 20 and 40

µm in size [14]. Pollen grains also vary greatly in surface structure, having either smooth,

grooved (reticulate), or very spiky (echinate) surfaces [15]. Somehow, honey bees and other

bees such as bumble bees, can collect and manipulate these wide ranging particles without

discrimination, at least based on size or structure. On the other hand, many specialist bee

species collect pollen using a structure called the scopa without mixing the pollen with

nectar [16]. The scopa is an area of densely packed hairs which pollen adheres to. The

geometry of the hair arrays seem to be optimized for the type of pollen that bee collects.

When the honey bee has �nished foraging, she returns to the hive and selects a cell

in which to deposit her pollen pellets. During this time, the corbicula must perform two

opposing functions: keep the pellet sturdily attached to the corbicula during transport, yet

allow quick removal of the pellet once in the hive. How the structure of the corbicula and

the mechanical properties of the pellet allow these diametric tasks to be accomplished has

yet to be answered.

The behavior of bees during pollen collection as well as the structures they use to ma-

nipulate and carry pollen have been described qualitatively in detail over the past century

[4, 5, 16, 17, 18], as described above. A few studies have measured the honey bee's be-

haviors and structures involved in pollination, such as the rate at which honey bees collect
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pollen [3] and how the area of pollen collecting structures correlates to the pollen they

collect [19] and the honey produced by the colony [20]. In this thesis, we will use the rhe-

ology and mechanics of the pollen pellet to rationalize the bee's structures and behaviors.

This approach will help inspire future biological studies and engineering applications of

granular materials.

1.2.2 Pollenkitt

Not only does the pellet contain pollen grains and nectar, it also has the pollenkitt that

was on the pollen grains when the bee collected them. Pollenkitt is a hydrophobic �uid,

comprised mostly of lipids, which covers the pollen grains of most animal pollinated plant

species [21]. Pollen that is wind pollinated generally has little to no pollenkitt [22], al-

though there are several exceptions [21]. Pollenkitt is produced by the anther, a part of the

stamen where male reproductive processes occur in an angiosperm [23]. Pollenkitt has long

been thought of as an adhesive �uid, playing a role in anchoring pollen to various surfaces

during the pollination process [21]. The review by Pacini and Hesse [21] lists 20 possible

functions of pollenkitt, and includes a helpful table of where in the pollination process each

function occurs. It is evident that pollenkitt plays an important role in pollination from start

to �nish. As we will show in this thesis, pollenkitt plays a role in the viscosity of a pollen

suspension, which may in�uence how easily it can be manipulated by the bee.

Recently, the effect of pollenkitt on pollen adhesion mechanics has been quantitatively

studied [24, 25, 26]. Shin et al. [24] found that pollenkitt spreads over nectar and prevents

excessive water absorption and drying under varying relative humidity. Without pollenkitt,

the adhesion of the tip of a sun�ower pollen grain's surface spine to a drop of nectar was

highly dependent on relative humidity as well as retraction speed. At high and low relative

humidity, the adhesion force was no more than half the maximum measured adhesion at

an intermediate humidity level. When pollenkitt was present, however, the decrease in

adhesion force at both low and high humidity was halved.
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Ito and Gorb also investigated the role of pollenkitt in adhesion during the pollination

process, speci�cally between pollen and surfaces of varying hydrophobicity [25] and on

the stigma and style of a �ower [26]. They studied fresh pollen and aged pollen, whose

pollenkitt had been degraded. Fresh pollen had higher adhesion on hydrophilic surfaces

under high relative humidity than under low relative humidity. Under the same conditions,

aged pollen showed an even higher difference in adhesion. They show that an abundance

of pollenkitt on the fresh pollen decreases the capillary force in high humidity because it

increases the wettability of the pollen and the �uid. The pollenkitt assists in the transfer

of pollen from the anther's high relative humidity environment to the hydrophobic surface

of an insect. Over long contact times, aged pollen has a higher adhesion on a �ower's

stigma, a part of its female reproductive system, than fresh pollen. Adhesion to the style,

a male reproductive structure, seems unaffected by aging. Stigmas secrete a liquid that is

mostly water, so a similar explanation can account for the increased adhesion force when

less pollenkitt is present.

These studies are the �rst to investigate quantitatively what role pollenkitt plays in

adhesion during the pollination process. What effect is has on the rheology of the pollen

pellet itself will be studied in this thesis.

1.2.3 Viscoelasticity

This thesis explores the viscoelastic properties of the pollen pellets carried by honey bees,

and so it is worthwhile reviewing the concept brie�y here. A material is viscoelastic if it

exhibits both viscous and elastic behavior under stress [27]. In other words, it shows both

solid and �uid responses to an applied stress. The �uid and solid responses cannot be at-

tributed to a certain material component. For example, the solid response is not necessarily

only due to the presence of the pollen particles, and the liquid response is not only due to

the presence of the nectar. Instead the material as a whole exhibits both solid and �uid re-

sponses. If a pollen pellet is viscoelastic, the speed at which the bee removes it will de�ne
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the mechanical behavior the pellet exhibits.

The Maxwell model of viscoelasticity is the most basic model for a viscoelastic material

[27]. The model predicts the behavior of the material by modeling it as a dash-pot in series

with a spring [28]. The spring represents the solid behavior and its stiffness is the Young's

ModulusE, given by the slope of the stress versus strain curve,� = E" where� is stress

and " is strain. The dash-pot represents the �uid behavior and is modeled as a piston-

cylinder assembly �lled with a �uid of viscosity� , where_" = �=� and _" is the strain rate,

or the derivative of strain with respect to time. The constitutive equation for the Maxwell

model is

� +
�
E

_� = � _": (1.1)

During a creep test, the applied stress is constant,� 0, so that_� = 0. Initially when

the stress is applied, the spring bears all the stress because it takes time for the dash-pot to

react to the stress. Thus, the Young's modulusE is the slope of stress versus strain curve

when the stress is being applied, i.e. before� 0 is reached. There is an initial condition of

the strain of"(t = 0) = � 0=E.

Combining those two facts, Equation 1.1 becomes

"(t) = � 0(
1
�

t +
1
E

) (1.2)

wheret is time. Equation 1.2 can be used to �nd the viscosity,� , of the pellet by isolating

the strain versus time data that corresponds to when the constant stress is applied. The

slope of that line is� 0=� .

1.2.4 Rheology

Rheology is the study of how a material �ows and deforms, and is a common viewpoint

from which to study suspensions, a mixture of solid particles dispersed in a liquid phase.
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Suspensions can be made from either granular particles or colloidal particles. Granular

particles have a particle size ofd � 50µm [29] and are not affected by Brownian or other

colloidal forces [30]. Colloidal particles have a particle sized � 1 µm [29] and are sub-

ject to such forces [30]. The pellets formed by honey bees can be classi�ed as a granular

suspension, as can be seen in Figure 1.1B. Due to their many industrial applications and

complex behavior, suspensions have long been an area of interest for physicists and engi-

neers [31].

Suspension particles are classi�ed according to the forces between particles, which can

be either attractive or repulsive. Suspensions with attractive particles will form particle

aggregates, which are evident in the rheology through the appearance of a yield stress and

shear thinning behavior [30]. Yield stress materials have a viscosity that diverges while

the applied stress is below a critical value. Once the applied stress exceeds this critical

value, the suspension will �ow. On a stress-viscosity plot, such behavior is evidenced

by a diverging viscosity until the yield stress is met, after which the viscosity decreases.

Shear thinning occurs if the viscosity of the suspension decreases with increasing shear

rate. Suspensions with repulsive particles exhibit shear thickening behavior if the viscosity

of the suspension increases with increasing shear stress [30].

An important factor that in�uences a suspension's rheology is its volume fraction� .

Volume fraction is the ratio of the volume of solid particles to the total suspension volume,

or � = Vp

Vp+ Vs
, whereVp is the volume of the particle andVs is the volume of the suspending

solvent. If the volume fraction is less than the jamming volume fraction,� J [32], it can still

�ow. At � J, the particles are arrested in place and the suspension behaves like a solid [29].

Measuring suspension rheology

A rheometer is an instrument commonly used to measure the rheology of suspensions and

other materials. In a plate-plate geometry, the sample material takes up all available volume

between two �at plates, a top one which rotates and a bottom one which is �xed. The
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rheometer applies either a certain torque to the top plate and measures the ensuing speed

of rotation, or vice versa. By this means a rheometer can measure many properties of a

material, such as how the viscosity of the material changes with shear stress or shear rate.

Rheometers can also use other geometries, such as cone-plate and concentric cylinders to

perform measurements [33]. All rheometer measurements in this thesis used a plate-plate

geometry.

There are some important experimental factors to consider when using a rheometer

to measure the rheological properties of a suspension [33]. The suspension must be well

mixed, meaning the solid particles are evenly distributed throughout the solvent. The gap

height h, or the height between the bottom and top plate, must be signi�cantly greater

than the length scale of interest in the sample. In the case of a suspension, this length

scale is the particle size. A phenomenon to be avoided is slip. If the particles slip on the

walls of the top and bottom plate, the measured viscosity will be lower than the actual

viscosity. Slip can be measured, and if slip is signi�cant the plates can be roughened to

increase friction between the walls and the particles. It is important to ensure that each

measurement in a rheological test is done for a time period that allows the suspension

viscosity to reach a steady-state. Otherwise, the rheometer's measurements may not truly

re�ect the sample's properties. Likewise, it is important that evaporation of the solvent does

not occur appreciably during testing. Solvent evaporation increases the volume fraction of

the suspension and thus lead to inaccurate results. All of these parameters are accounted

for in our experiments as described in section 3.1 and section 3.2.

As a suspension is sheared, granular particles have to move around each other causing

the material to dilate (increase in volume). This dilation is con�ned by the capillary stress

at the boundary of the suspension,� =a, where� is the surface tension of the solvent at the

boundary of the suspension anda is the radius of the solid particle. This capillary stress

is balanced throughout the suspension via force chains that form between particles. The

transmitted force is manifested by an increase in shear stress measured by the rheometer
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[34]. With further shearing, dilation continues until the suspension becomes jammed, at

which the stress in the suspension exceeds the con�nement stress. Before jamming, the

suspension appears glossy, and after jamming the surface will appear matte [35] as particles

begin to protrude from the surface of the suspension. When the suspension's stress exceeds

� =a, the sample is ejected from the rhemoeter. With less material between the rheometer

plates, the measured viscosity will decrease. Thus, the maximum measurable shear stress

for a suspension� max = � =a.

This completes our relevant background material for understanding rheology of pollen

pellets. We now turn to the background for the latter part of the thesis on mammal tails

used to repel particles.

1.2.5 MammalTails

Mammals have a rich suite of behaviors to repel insects from their bodies, including tail-

swatting, head-shaking, foot-stomping, and muscle-twitching [36]. Elephants will even

pick up fallen tree branches with their trunks and use them to swat at �ies on their backs

and sides [37]. In this study, we are interested in the role tails play in repelling insects.

Tails in mammals serve many purposes, including defense, balance, communication, and

locomotion [38]. Many investigators reporting defensive behavior against insects have

assumed that the tail is used to defend against insects [36, 38, 39, 40, 41], as it seems the

horse in Figure 1.1C is doing. The best evidence that tails are used to defend against biting

insects is that the frequency of tail swishes increases with the number of insects present

[36].

Biting insects, such as the mosquito shown in Figure 1.1D, black �ies, and horse �ies,

pose a signi�cant threat to both domestic and wild mammals. They can cause irritation,

loss of blood, loss of resting and feeding time, disease infection, and death [39, 36]. Up to

1000 �ies per hour have been observed to land on horses [42], and cows can lose 300 mL of

blood per day due to horse �ies [43]. Stable �ies alone are estimated to cost the U.S. cattle
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industry $2.2 billion per year through reduced milk production and reduced weight gain

[44]. Bot and warble �ies deposit their eggs on the hairs of mammals and cause myiasis,

the larval infestation of live vertebrates that eat the host's tissue. Bot �ies are highly host-

speci�c, ranging from mice to elephants [45], and can cause a reduction of weight gain

of 20 to 27 kg per year in cattle [46]. Clearly, any behavior that prevents such �ies from

landing and biting will be bene�cial to the host animal and be selected for in subsequent

generations.

Figure 1.3: Tail swishing by mammals. (A) Depiction of the Fly Whisk Incident of 1827 in Al-
giers. By Anonymous [public domain], via Wikimedia Commons. (B) A late 18th to
early 19th century �y whisk from the Austral Islands (Polynesia). By Demarque Denis
(own work) [CC BY-SA 4.0], via Wikimedia Commons.

The defensive behavior of various mammal species in response to biting insects has

been described many times [47, 48, 49, 50, 51, 52, 53]. Little is discussed of the mechanism

by which tails repel insects. Defensive behavior is a mammal's main repellent of insects

[37]. Likewise, when biting insects are choosing a host, the primary selection factor is the

type of defensive behavior exhibited [37]. Calves that defend themselves more are attacked

by fewer stable �ies than those who were less active [51]. Ungulates stand in large groups

to reduce the number of insect bites per individual by spreading the attacks among the

crowd [54]. Horses often stand next to one another head-to-tail or head-to-shoulder and

swish their tails to protect the head and hindquarters of their neighbors [40]. All of these
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defensive actions require the expenditure of energy. Howler monkeys use up to 24% of

their basal metabolism to slap their forearms to remove or deter insects [55].

Humans have designed a number of insect-repelling devices that mimic the mammal

tail. Fly whisks, as shown in Figure 1.3A, were designed to repel �ies and other insects.

They were made of the tail hair of yaks, oxen, or horses [56, 57]. In use for thousands of

years [58], they eventually became a symbol of royalty [56], or authority and power [58]. In

religions such as Buddhism or Jainism [56, 57], �y whisks ward off insects without killing

them. The �y whisk even led Algeria into war in 1827, when the Dey of Algiers angrily

struck the French ambassador three times with his �y whisk because France refused to pay

their debts. France responded by blockading the port of Algiers and led to the French rule

of Algeria that lasted 132 years [59]. Today, mammal tails continue to inspire the design

of insect-repelling devices. One example is the ShooAwayTM [60], a device advertised

“to effortlessly and ef�ciently keep �ies off your food” (www.shooawayusa.com, June 18,

2018). The device spins two blades with shiny, “holographmatic disks” on the end of the

blades. This thesis will compare the effectiveness of this device to that of a mammal tail.

1.3 Thesis outline

This thesis investigates the ways that organisms contend with environmental particulates. It

focuses on two case studies: the honey bee collecting pollen and mammals repelling insects

with their tails. This study is done through observation, kinematic analysis, mathematical

modeling, and experimental measurements.

In chapter 2, the removal of pollen pellets by the honey bee in the hive is described,

including the methods used, the kinematics of the removal process, and the experimental

measurements that quantify the force for removal and the viscoelastic properties of the

pellet.

In chapter 3, the rheology of pollen-sucrose suspensions is presented. The sucrose is a

substitute for the nectar regurgitated by honeybees. Particular attention is paid to measuring
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the rheology with and without pollenkitt. The point of jamming for these suspensions is

identi�ed, and the fracture behavior is measured below and above this point.

In chapter 4, we report on the swinging of mammal tails to deter �ying insects. The two

modes of tail defense mammals use, the tail swish and swat, are described. A mammal tail

simulator is designed and built to determine the interactions with mosquitoes and a moving

tail. We present the trajectories of mosquitoes in the path of the tail simulator, determining

the effect of tail frequency on a mosquito's ability to land on the animal. We thus rationalize

tail frequencies observed in nature. We further compare the mosquito-repelling abilities of

animals to commercial devices such as the ShooAwayTM device.

Finally, chapter 5 describes the thesis' overall conclusions and directions for future

work.
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CHAPTER 2

POLLEN PELLET REMOVAL BY THE HONEY BEE

We begin this thesis with an investigation of how a honey bee is able to remove its pollen

pellets after successfully collecting and transporting them to the hive. As described in the

previous chapter in subsection 1.2.1, honey bees collect pollen by mixing it with nectar and

forming it into a pellet which they carry on their hind legs. Pollen is an important nutrient

in a honey bee's diet, so collecting enough pollen is vital to the survival of the colony.

In this chapter, we explain how the viscoelastic properties of the pollen pellet enable its

ef�cient transportation and removal.

2.1 Methods

2.1.1 Imagingthepollenpelletandcorbicula

The honey bee's hind leg, including the corbicula, was imaged with a microCT scanner

(Scanco microCT50) as shown in Figure 1.2A. The close-ups of the pollen pellet-corbicula

interface in Figure 1.2B-C were captured using a BK PLUS lab system by Dun, Inc with a

20x microscope objective on a Canon DSLR camera.

2.1.2 Observinglive bees

We �lmed honey bees depositing their pollen loads into individual worker cells in August

of 2019. Both worker and drone cell types are oriented upwards at a 13� angle [61] to

the horizontal to ensure that the content of the cells do not fall out due to gravity. In

a Langstroth hive, gaps between frames are only 2.2 cm and the colony interior is dark,

making �lming challenging. To get around these issues, we initially attempted to �lm a

glass observation hive but this only allowed a dorsal view, which did not give access to the
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bee's leg movement.

To obtain a lateral view, we removed individual frames from the hive. We selected

frames that had both cells with freshly deposited pollen and cells with uncapped brood.

The presence of fresh pollen suggested that the honey bees had already chosen this as a

suitable area to deposit their pollen. The presence of uncapped brood would encourage the

bees to deposit their pollen into a nearby cell [62].

Once the frame was chosen, we gently brushed off the honey bees and placed the frame

on a surface with one side of the comb facing up. The frame was placed at least 10 feet away

from any other hives to ensure no other bees would land on our apparatus. We were able

to leave the exposed frame in the same general area as other colonies because we �lmed

during a nectar �ow in late summer mornings on sunny days. This minimized potential

robbing behavior from nearby colonies [63]. We used an aspirator (BioQuip 1135P, Rancho

Dominguez, CA, USA) to collect returning pollen foragers at the hive entrance from which

the frame was taken. When we had 15-20 honey bees in the aspirator collecting tube, we

returned to the removed frame and opened one end of the tube. The bees left the tube

and some �ew away, but many walked onto the frame. We followed their progress with a

video camera (Sony Handycam HDR-XR200V). When a bee inserted her head and front

(prothoracic) legs into a cell and inspected it, we trained the camera on her and waited for

her to deposit the pollen.

Tracker Video Analysis and Modeling Tool software (https://physlets.org/tracker/) was

used to track the motion of the bee's middle leg from the joint connecting the tibia (upper

segment) and tarsus (lower segment) of the middle (mesothoracic) leg [64], as shown in

Figure 2.1A. The videos were �lmed by hand and afterward digitally stabilized using Apple

iMovie. Additionally, the cartesian coordinates were �xed in Tracker to an arbitrary point

on the comb so that the tracking data would not be affected by the residual camera motion.
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Figure 2.1: Filming bees deposit pollen in hive.(A) - (B) Honey bees removing pollen pellets into
beeswax cells from (A) a lateral viewpoint and (B) a posterior viewpoint. The red mark
in (A) shows where on the middle leg kinematic data was tracked. The white coordinate
axis denotes the point where the coordinate axis was �xed to account for camera mo-
tion, and the positive x- and y-directions. In (A) and (B), arrows L point to the middle
leg of the bee that pushes off the pollen pellet, and arrows P point to the pollen pellet.
(C) Movement of the honey bee's middle leg while removing a pollen pellet in the x-
direction from the video referenced in (A). (D) Movement of the honey bee's middle
leg while removing a pollen pellet in the y-direction from the video referenced in (A).

2.1.3 Measuringtheforceandwork to removeapollenpellet

To measure the force to remove a pollen pellet, we designed an automated pollen scraper,

shown in Figure 2.2A, to mimic the behavior of the bee. We used an aspirator to catch

honey bees carrying pollen at the entrance of their hives in Atlanta, GA, USA. The bees

were brought back to the lab and anesthetized by placing them in a freezer at 0� C or lower

for 5 - 10 minutes. Once unconscious, they were removed from the freezer and their hind

legs, laden with pollen pellets, were carefully excised using microscissors (FST Item No.

15024-10). The bees were then returned to the freezer before regaining consciousness and
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were left there for at least 24 hours to ensure they did not regain consciousness.

Figure 2.2: Automated leg scraper(A) Overview of the setup to measure the force to remove the
pollen pellet. The steel frame holds the incoming removal rod without contacting the
analytical balance. Inset shows close up of the sample holder and bee leg. S denotes
the servo motor, L for the bee leg, H for the sample holder, R for the removal rod
which simulates the scraping motion of the bee. (B) Time lapse of a pollen pellet being
removed from the leg by the arm. Images are separated by 4 s.

UV curable adhesive (Loctite 4311) was used to glue the posterior side of the excised

leg to a rectangle made from plastic scrap. This rectangle facilitated manipulation and

placement of the leg. Care was taken to avoid gluing the pollen pellet. The rectangle was

attached with tape to a sample holder, composed of a corner bracket taped to a microscope

slide, which was in turn placed on an analytical balance (Mettler Toledo XS105), as shown

in the inset of Figure 2.2A. A servo motor (HiTec HS-625MG), controlled by an Arduino

Uno, was attached to a two-bar linkage that drove an arti�cial bee leg downward at either

0.76, 2.5, or 5 mm/s. The arti�cial leg, which simulates a bee's middle leg, is comprised

of a 0.05 mm diameter rod made from the tip of a medical syringe with the sharp point

removed. A honey bee's leg [6] is 0.3 mm in diameter, with additional hair that is 0.25 mm

long, which is wider in diameter than the rod used in our experiments. However, when a

larger rod was used in the experiment, it was nearly impossible to line the rod and pellet up

so that the rod would not come into contact with the leg. Thus, a smaller rod was chosen to

remove the pellet.

Initial tests showed dif�culty in aligning the arti�cial leg with the pollen pellet. To

ameliorate this problem, a 30 by 5 cm rectangular, laser-cut piece of acrylic was used as a
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spacer to align the bee leg with the removal arm. The spacer ensured that the arm came into

contact with the top of the pollen pellet, not the leg, and in the same place on each sample

to keep consistency in alignment between experiments. The spacer was removed prior to

beginning the test.

As the rod pushed the pellet off of the leg, the resistance force was recorded ten times

per second by the Mettler Toledo analytical balance's software, BalanceLink. A digital

USB microscope (Andonstar A1) simultaneously �lmed the removal from the side. After

the pellet was removed, it was weighed on the analytical balance and its mass recorded.

This setup and the process of removing the pellet can be seen in Figure 2.2A-B.

The work to remove the pellet was calculated by syncing the force data obtained from

the analytical balance and the video of the removal. The motion of the arti�cial leg was

tracked to �nd the relationship between force and displacement. To determine the work

done, the area under this curve was calculated in MATLAB using the trapz function.

All p-values used to compare means of force and work were calculated using a two-

tailed t-test with unequal variance in Microsoft Excel. The averages are considered statis-

tically signi�cant if p � 0:05.

2.1.4 Measuringthemechanicalpropertiesof thepellet

The mechanical properties of a pollen pellet were measured using a Zwick Roell Universal

Testing Machine (UTM). Honey bees carrying pollen pellets were caught at the hive in

Atlanta, GA, USA in October 2020. The bees were put into a freezer for 5 - 10 minutes

until they were unconscious, after which the pellets were then carefully pushed off the leg

with a pair of tweezers. Each pellet was placed on a glass microscope slide, oriented so the

small axis of the pellet was facing up and was imaged from above using a USB microscope

(Andonstar A1). From these images, ImageJ was used to calculate the cross-sectional area

of each pellet, which in turn was used to calculate the stress applied by the UTM. All

UTM tests were completed within 3 hours of catching the bees to reduce the effects of
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dehydration.

The pollen pellets were subjected to a creep test in the UTM at approach speeds of

the compression plate of either 0.1, 0.5, 1, or 2 mm/s until it measured a force of 20 mN.

Afterwards, the force was held constant and we measured the strain response for 120 s.

The value 20 mN was chosen as the target force because the force to remove the pellet

described in Section subsection 2.1.3 was approximately 20 mN at the speed bees remove

pellets, and because that force elicited a small strain, a necessary condition for the Maxwell

Model [28].

2.2 Results

2.2.1 Honeybeesremovingpelletsin thehive

In summer 2018 and summer 2019, through numerous attempts, we obtained four videos

of honey bees removing their pollen pellets. The honeybee �rst braces its front legs on the

outside of the hexagonal cell. It then presses the feet of its hind legs against the inside of

the cell. It uses its middle legs to push the pollen pellet off of the corbicula of the hind legs,

moving the middle legs in a back and forth, saw-like motion until the pollen falls off of the

corbicula and into the cell. The bee does this simultaneously to both of its pollen pellets.

On average, it took the honey beeT = 2.6 � 1.1 s (N = 4) to remove the pollen pellets.

The average length of a honey bee's corbicula [20] isL = 3.16� 0.0470 mm, yielding an

average removal speed ofU = L=T = 1.2� 0.5 mm/s.

One video captured the entire removal process from an angle that the middle leg's

trajectory could be seen (Figure 2.1A). The middle leg performs 13-15 periodic sawing

motions during the duration of the removal process, as can be seen in the time course of the

leg position in the x and y direction (horizontal and vertical directions) in Figure 2.1C-D.

The frequencies in the x and y directions were 4.0� 1.6 Hz and 4.1� 1.2 Hz, respectively.

In the x-direction, there seems to be a higher frequency motion in addition to the lower

frequency motion reported. In the y-direction, there is an overall downward trend, showing
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that the honey bee is moving it's middle leg down as it progresses in removing the pellet

from the corbicula. During these oscillatory motions, the leg itself moves at an average

speed of 3.9� 1.4 mm/s in the y-direction and 2.1� 0.82 mm/s in the x-direction.

Figure 2.3: Force to remove the pollen pellet measured by automated leg scraper.(A) Circles
are the peak force at different speeds measured by the analytical balance in the pellet re-
moval experiments. Bars on each data point are the 95% con�dence intervals. Squares
are the percentage of legs that had pollen residue left on them after the experiment was
run at each speed. (B) The work done by the pellet removal experiments at different
speeds. Bars on each data point are 95% con�dence intervals. (C) - (D) Examples of
force-time and force-distance relationships obtained by the analytical balance.

2.2.2 Forceto removeapellet

We now know the speed at which honey bees remove pollen pellets, but how does this

compare to the maximum speeds that bees can move their legs? We used videos of a bee

grooming pollen from a previous study [6] to answer this question. We use 23 total time

segments from videos of 3 individual bees to track the motion of the middle leg. The

maximum speed of the leg is 11 mm/s, the median speed is 4.0 mm/s, and the average

speed is 4.5 mm/s. Why does the honey bee choose to remove pollen pellets at half its
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maximum speed?

To answer this question, we designed and built an automated leg scraper that moves an

arti�cial leg at speeds 0.76, 2.5, or 5 mm/s, as described in subsection 2.1.3. The removal

speed of 0.76 mm/s is comparable to the bee's overall average removal speed of 1.2� 0.51

mm/s. We choose to compare the automated leg scraper's speed to the overall bee's removal

speed, as opposed to the speed of the leg during oscillations, because the automated leg

scraper moves in a linear fashion, not in an oscillatory manner like the honey bee's middle

leg during pellet removal.

The average peak force to remove the pollen pellets and 95% con�dence intervals

at each speed are shown in Figure 2.3A and Table 2.1. Sample force-time and force-

displacement relationships at each speed are shown in Figure 2.3C-D. Data for all ex-

periments are shown in Figure A.1, Figure A.2, and Figure A.3. In some instances, the

measured force does not return to zero at the end of the data collection. This is because the

pellet did not fall off of the rod once the rod was clear of the corbicula. The pellet adher-

ing to the rod and the bottom part of the leg caused a force to be recorded on the balance,

even after the pellet was removed from the corbicula. The total distance the rod moves

was dependent on the size of the pollen pellet. Data were taken beginning from the point

right before the rod made contact with the top of the pellet, so if the pellet was small the

�rst point would be closer to the bottom of the corbicula than if the pellet was very large.

Sometimes very large pellets will extend over the top of the corbicula, so the distance in

Figure 2.3D does not necessarily re�ect the length of the corbicula.

Table 2.1: The average measured peak pollen pellet removal force, the calculated work done at
various removal speeds, and the number of legs that had pollen residue left on them after
the experiment was completed. n is the number of trials at each speed.

Speed of re-
moval (mm/s)

Avg peak force �
std dev (mN)

Avg work done �
std dev (µJ)

Legs with
residue

n

0.76 23 � 7.8 41 � 6.9 3 5
2.5 43 � 6.9 52 � 12 0 4
5.0 34 � 13 59 � 28 4 16
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An important difference between our experiment and removal by the bee is the totality

of the removal. In the videos of the bees in the hive and through observations of bees caught

at the hive, there is little residue left on the corbicula once the pellet is removed. That is,

the bee is able to remove the pellet cleanly and as a whole, as shown in Figure 2.4A. In

many of our experiments, however, the pellet was fractured and a good amount of residue

was left in the corbicula, as shown in Figure 2.4B and Table 2.1. At 0.76 mm/s, the 95%

con�dence intervals in Figure 2.4C-D show that neither the peak force nor the work done

depends on whether or not residue was left.

Figure 2.4: Pollen residue after pellet removal.Example of a removal with (A) no pollen residue
and (B) residue left on the leg.(C) Average peak forces and (D) average work done for
removal trials when pollen residue was left on the leg and when no residue was left at
each speed. Bars shown are 95% con�dence intervals.

At 5.0 mm/s the average force and work done were both signi�cantly higher in trials

that left residue. Fracture can occur in viscoelastic materials at both high and low stresses

if the stress is applied over enough time [65]. Therefore, the force to remove the pellets at

0.76 mm/s may not depend on whether or not residue was left because the time elapsed was
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suf�cient to fracture the pellet. We surmise that at the higher speed of 5 mm/s, the shorter

time of removal would not be responsible for fracture, but instead fracture would occur due

to the magnitude of the applied force.

At the removal speed of the bee, 0.76 mm/s, the peak force required to remove the pellet

is 23� 7.8 mN, the lowest force for all measured speeds. The average peak force at 0.76

mm/s is signi�cantly different [66] from those at 2.5 and 5.0 mm/s (p = 0:004for 0.76 and

2.5 mm/s,p = 0:02 for 0.76 and 5.0 mm/s). The average peak forces at 2.5 and 5 mm/s,

however, are not signi�cantly different from one another (p = 0:1). Nonetheless, the data

seem to suggest that the force required to remove the pollen pellet depends on the speed of

the removal.

Another factor that could in�uence the bee's choice of leg speed is the work required

to remove the pellet. The average work done for each speed is shown in Figure 2.3B. The

only average work values that are signi�cantly different from one another are at removal

speeds of 0.76 mm/s and 5.0 mm/s (p = 0:04). The average work done at 0.76 and 2.5

mm/s havep = 0:23, and at 2.5 and 5.0 mm/s havep = 0:5. The work done is 1.3 times

greater at 5 mm/s than at the bee's speed of 0.76 mm/s. These results suggest that it takes

a slow removal process of order 3 seconds to reduce applied force and expended energy.

These results show that the material properties of the pollen pellet play an important role in

their removal. To quantify the material properties, we turn to more controlled experiments

with the pollen pellet alone.

2.2.3 ViscoelasticPropertiesof thePollenPellet

Figure 2.5A-B and Table 2.2 show the Young's Modulus,E, the viscosity,� , and the relax-

ation time,tR = �=E , of the pollen pellets, obtained from creep tests with approach speeds

of 0.1 (n=8), 0.5 (n=6), 1 (n=9), and 2 (n=2) mm/s. The average stress-strain curves for the

UTM creep experiments for all four speeds are shown in Figure A.4.

The average Young's modulusE ranges from 43 to 95 kPa, which is comparable to
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Figure 2.5: Viscoelastic properties of the pollen pellet.(A) The Young's ModulusE found for
the pollen pellet based on creep tests on the UTM at different approach speeds. (B)
The viscosity� found for the pollen pellet based on creep tests on the UTM at different
approach speeds. (C) The relaxation timetR = �=E of the pollen pellets at different
approach speeds.

the modulus of certain hydrogels [67, 68], human muscles [67], and mucus and blood

[68]. Because only two data sets were taken for an approach speed of 2 mm/s, a normal

distribution cannot be assumed, and the signi�cance of those results cannot be compared

to the other averages [66]. The only average value ofE that is signi�cantly different is that

of 0.5 and 1 mm/s (p = 0:04). This shows a slight decrease inE with increasing speed,

which is unexpected for viscoelastic materials [69].

As shown in Figure 2.5B, the viscosity increases as the test speed increases from 0.1

to 1 mm/s (p = 0:01). Interestingly, the relaxation times shown in Figure 2.5C at each

speed are on the order of minutes. The relaxation time is a measure for how long it takes

for the applied stress to relax [28], or in other words how long it takes for the viscous

material response to dominate. This is much longer than the timescales of the bee's pellet

removal, our automated pellet removal, and the pollen creep experiments. This suggests

that the pollen pellet behaves effectively as a solid during the entire removal process. This
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is advantageous for the honey bee because it will not lose its pollen load during �ight due

to the pellet �owing off.

Table 2.2: The average measured Young's Modulus,E , and viscosity,� , and the average calculated
relaxation time,tR with standard deviations. n is the number of trials at each speed.

Approach
speed (mm/s)

Avg E � std dev
(kPa)

Avg � � std dev
(MPa s)

Avg tR � std dev
(min)

n

0.1 77 � 18 26 � 4.4 6.1 � 2.4 8
0.5 95 � 20 43 � 18 7.4 � 2.3 6
1 68 � 23 39 � 11 11 � 5.4 9
2 43 � 7.5 42 � 6.7 16 � 0.24 2

2.3 Discussion

One of the key contributions of our study was the automated leg scraper. Our device does

not mimic the saw-like movement applied by the honey bee, nor does the smooth device

mimic the hairy bee's leg. Nevertheless, our experiment still shows the response of the

pollen pellet to removal at different speeds. Within the context of material behavior, the

pollen pellet's long relaxation time means there is no difference between one linear move-

ment and many oscillating movements as neither exceeds that relaxation time in duration.

For context on the magnitude of the removal force, we note that the average worker

honey bee has an average mass of116� 19mg [70], so the honeybee's pellet removal force

is 19 times greater than its body's gravitational force. It is known that bees, ants, and other

small insects can apply large forces for their body weight [71, 72], but the force we predict

for bees may be at the upper limits of what bees can produce.

The large attachment force to the leg also indicates that the pellet is well secured during

�ight. A honey bee's entire body experiences a drag force of 1.15 mN while �ying at 12

m/s [73]. The drag on the pellet is an order of magnitude smaller because of its smaller

surface area. Thus the drag force during �ight is unlikely to remove the pellet, ensuring

that the pellet will not be lost in transport.

The instances of pollen residue being left on the bee leg during our experiments stands

26



out against our observations of live bees in the hive. There are a few possible explanations

for this. One is the linear movement of the removal arm in our experiment as compared to

the oscillatory movement in honey bees. It is possible that the oscillatory movement allows

more �ne control, which ensures that all pollen is removed. Another possibility is that this

is a natural movement for a bee. Finally, it is possible that reaching the required push off

force is too dif�cult or impossible for the bee to do in one burst. Instead, the successive

pushes may require less peak force while still accomplishing the goal of removing the

pellet. While many studies have investigated the muscle mechanics and capabilities of

honey bee wing muscles [74, 75], the maximum force that can be exerted by their legs has

not yet been investigated. Future work could imitate the oscillating movement of the bee

leg to discover any differences in force and work to remove the pellet, as well as understand

its impact in fracturing the pellet.

The material property measurements show that the Young's Modulus of the pellet

changes only slightly with speed of stress application within the speed range we tested.

Taking that fact and the long relaxation time into account, the viscoelastic material proper-

ties of the pellet do not explain why peak removal force increases with increasing removal

speed. It is possible that a thin layer of nectar connects the pellet to the hairs and to the

surface of the corbicula. If this is true, the increase in speed would increase the friction

force in the lubrication �ow [76], explaining the increase in force with increasing speed.

Determining whether or not this layer exists is challenging and a possible area for future

work.

The pellet removal data in Figure 2.3C-D, Figure A.1, Figure A.2, and Figure A.3 show

that while removing the pellet at any speed, the largest force occurs at the beginning of the

removal process, and then the force quickly drops. In the videos of honey bees removing

pellets in the hive, the overall leg movement in the y-direction (downwards) is slower in

the �rst part of the removal, and then at 1.3 s in Figure 2.1D the leg begins to move more

quickly. Likewise, in a removal video in which the angle was not suf�cient to track the
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�ne movement of the middle leg, the leg's overall speed in the y-direction is much slower

in the beginning than at the end of the removal, as shown in Figure A.5. As described in

subsection 1.2.1, the hairs fringing the corbicula become embedded into the pellet. As the

bee removes the pellet, more and more hairs are removed from the pellet as can be seen

in Figure 2.2B. From these observations, we surmise that these hairs are the main source

of the adhesion force between the corbicula and the pellet. Once enough hairs have been

extracted from the pellet, the required force to remove the pellet drops signi�cantly.

An important difference in the removal and UTM experiments is the nature of the ap-

plied stress. When bees remove pollen pellets, as well as in our automated leg scraper, the

pellet undergoes shear. In contrast, in the UTM experiments, a normal, compressive stress

was applied. This could lead to differences in the behavior of the pellets.

In this study, we did not control for type of pollen or nectar because to do so would

require either moving the hive to an area with mostly one type of pollen available, or bring-

ing one type of plants with available pollen close to the hive. These tasks are dif�cult to

do in an urban environment. As discussed in subsection 1.2.1, honey bees will collect a

variety of pollen species which can vary greatly in shape and size. Nectar can vary in sugar

concentration and other constituents [77]. Thus it is possible that differences in pollen and

nectar type could lead to different removal forces and pellet behavior. That is a potential

for a follow up on this study.

2.4 Chapter Summary

The results presented in this chapter glean insight into how honey bees optimize their mo-

tion in order to ef�ciently remove pollen pellets in the hive. We have developed a method

for observing honey bees removing pollen pellets in the hive, measured the force to remove

pollen pellets at different speeds, and measured the mechanical properties of the pellet. Our

results suggest that the honey bees remove pollen pellets at a speed that minimizes the force

and work required for them to remove the pellets. We have also shown that pollen pellets,
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a mixture of pollen and nectar, are viscoelastic, but the relaxation time is long enough to

ensure that the pellets will exhibit primarily elastic behavior during removal. These results

can also inform the design of systems in which the adhesion of soft matter to a substrate is

desirable in some situations, but its easy removal is required in certain circumstances.

Now that we have investigated the mechanical properties of the fully formed pellet, we

will take a broader look at the properties of pollen in sucrose solution suspensions. In the

next chapter, we use rheology to investigate the role of pollenkitt in the material behavior

of the pellet and the behavior of pollen suspensions above the jamming mass fraction.
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CHAPTER 3

RHEOLOGY OF POLLEN-NECTAR SUSPENSIONS

In the previous chapter, we saw how the long relaxation times of the pollen pellet makes

it effectively a solid during the transportation and removal processes. In this chapter, we

investigate the material behavior of pollen-nectar suspensions from the perspective of rhe-

ology, the science of how materials �ow and deform. We will look at what role pollenkitt

plays in the rheological behavior of the pollen pellet. We will also draw parallels between

the macroscopic material behavior of the pollen-nectar suspensions and pellet removal be-

haviors by bees reported in the previous chapter.

3.1 Methods

3.1.1 Massfractionof honeybeepollenpellets

Measuring the volume fraction of suspensions can be quite dif�cult [78]. A simple and

straightforward way of measuring the volume fraction of suspensions created in the lab

is weighing the suspension constituents and using their known densities to calculate the

volume fraction. Unfortunately, this is impossible to do with honey bee pollen pellets

because the bees form them themselves from a variety of pollen and nectar sources. Even

using one species of pollen in the lab, the density of the pollen can be dif�cult to measure

[79]. Taking those things into account, this chapter will use mass fraction in lieu of volume

fraction. Unless otherwise stated,� refers to mass fraction.

First, we measure the mass fraction of honey bee pollen pellets so we can compare

results obtained for pollen-nectar suspensions to the real thing. Honey bees carrying pollen

pellets were caught at the entrance to their hives in April 2021. The pellets were removed

from the corbiculae and their masses,mpellet, were weighed individually on an analytical
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balance (Mettler Toledo XS105). The pellets were left in a desiccator for approximately

24 hours to remove all nectar. The pellets were weighed again, and the mass of nectar,mn,

was recorded as the change of mass ofmpellet. Shin et al. measured the mass fractions of

nectar and pollenkitt on Dandelion pollen (Taraxacum of�cinale) grains and found the mass

fraction of nectar to be� = 0:906[24]. We assume that this mass fraction is representative

of our pollen pellets from unknown �owers. The mass of pollenkitt,mk, in the pellets was

thus estimated as

mk = mn(
1
�

� 1): (3.1)

The mass of pollen,mp is calculated as

mp = mpellet � (mn + mk): (3.2)

3.1.2 Pollensuspensions

Dandelion pollen (Taraxacum of�cinale) was obtained from Stallergenes Greer (Lenoir,

NC, USA). The average size of the pollen grains, as reported by Greer, ranged from 40 -

47 µm, contained up to 5.6% other plant parts, and were contaminated with up to 0.7% of

foreign pollen, mold, smut, or rust spores. The pollen was collected by bees before being

collected and stored below 0� C. Before mixing suspensions, the pollen was kept in a freezer

at all times below 0� C. The solvent used in all pollen suspensions was 55% reagent grade

sucrose in distilled water by mass. A 55% sucrose solution was chosen because that is the

optimal sugar concentration for the type of nectar feeding honey bees employ [80].

We made suspensions using either unwashed or washed dandelion pollen. Unwashed

dandelion pollen consisted simply of the original pollen provided by Greer. Washed Dande-

lion pollen went through the following processing to remove pollenkitt and residual nectar.

The pollen was �rst centrifuged in a 3:1 chloroform/methanol solution [81] in a ratio of 1

g of pollen to 10 mL of solution at a speed of 3000 RPM for 10 minutes. The pollen was

then drained over �lter paper and rinsed with approximately 10 mL of ethanol. The pollen
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was left to dry in a fume hood for at least 24 hours. After the drying period, any pollen

that was not immediately mixed into a suspension was stored in a freezer at a temperature

below 0� C for use in future experiments.

Measurements were made on pollen-sucrose solution suspensions of mass fractions

varying from 0.31 to 0.58. We varied the procedure for both unwashed and washed pollen

and detail them both here. For high mass fraction unwashed suspension were most dif�cult

to prepare, requiring one day of mixing. We began by adding solvent until the suspension

was the maximum mass fraction, 58% for unwashed pollen and 54% for washed pollen.

This mixture was often lumpy and the pollen was not evenly mixed into solution. The

unwashed pollen suspensions were mixed on a vortex mixer for approximately 10 minutes

until the suspension was homogeneous. The washed pollen did not mix homogeneously

on a vortex mixer after 10 minutes, so the sample was put on a spinner for approximately

24 hours, which spun the container slowly and eventually created a homogeneously mixed

suspension. After performing tests on the the high mass fraction suspension, the tested

sample was discarded and the suspension remaining in the container was diluted to a lower

mass fraction according to the conservation of pollen mass, which states

� 2 = � 1(
ms1

ms2
); (3.3)

where� 1 and� 2 are the mass fractions of the original suspension and the new suspension,

respectively, andms1 andms2 are the original mass of the solvent and the new mass of the

solvent, respectively. In other words,ms2 is the original mass of solvent in the suspension

plus the mass of solvent added to dilute the suspension. After dilution, both the washed

and unwashed suspensions were mixed on the vortex mixer to ensure the suspension was

homogeneous. Samples of unwashed suspensions at each mass fraction can be seen in

Figure 3.1.

Our initial washed suspensions used 65% glycerol water as the solvent instead of the
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Figure 3.1: Unwashed pollen suspensions at varying mass fractions. Some images are before a
measurement was taken, and some are after.

55% sucrose solution. We later favored the sucrose solution over the glycerol water because

it is more similar to the nectar honey bees mix with pollen. Both sucrose solutions and

glycerol water are Newtonian �uids, so the measured viscosity,� , of the suspensions can

be divided by the solvent viscosity,� s, and the dimensionless rheology between the two

suspensions should be similar. The measured� s of the 55% sucrose solution is 0.0125

Pa s and the calculated viscosity of the glycerol water is similar at 0.0129 Pa s [82]. To

verify this, Figure 3.2 shows the rheology of unwashed dandelion suspensions in both 65%

glycerol water and 55% sucrose solution. The rheology is nearly the same, so we are

justi�ed in comparing the�=� s for the glycerol water suspensions and the sucrose solution

suspensions.

Figure 3.2: Comparing rheology of pollen in glycerol water and sucrose solution. The mea-
sured viscosity of unwashed Dandelion pollen in 55% sucrose solution (s in the legend)
and 65% glycerol water (g in the legend), normalized by each solvent's viscosity,� s.
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3.1.3 Rheometryexperimentaltechniques

All rheometry tests were run in a parallel-plate geometry. To reduce slip of the �uid on

the top and bottom plates, one of two setups were used. In our �rst setup, a 40 mm cross

hatched top plate and a 60 mm sand blasted bottom plate were used at a gap height, the

distance between the two plates that is �lled with the sample, ofh = 0:125mm. The surface

features of the cross-hatched plate have a depth of 0.5 mm, which ensures that con�nement

of the particles during �ow is not an issue. This setup was used on initial experiments,

those in Figure 3.2 and� = 0:42; 0:38; 0:33; 0:31 unwashed pollen in Figure 3.7A-C. We

later switched to a second setup that had the same surfaces on both top and bottom plates

for conformity's sake. This second setup involved two steel discs that were roughened

with a belt sander and taped to a 40 mm diameter smooth steel top plate and a 50 mm

diameter smooth steel bottom plate, as shown in Figure 3.3. Theses tests were run at a

gap height ofh = 0:6 mm. The unwashed pollen suspensions and the� = 0:54 washed

pollen suspension in Figure 3.7A-C were measured with this setup. All experiments were

run with an evaporation hood covering the plates. This hood completely covers the testing

area, reducing the effects of evaporation.

Figure 3.3: Roughened steel discs. Steel discs roughened using a belt sander to reduce slip. The
discs were taped using double-sided tape to smooth steel (A) top and (B) bottom parallel
plates.

Before measurements were taken, we performed a series of checks for evaporation,

swelling, and slip that can affect the reliability of the data collected. As described in sub-
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section 1.2.4, evaporation, swelling, and slip can affect the measured properties of the sam-

ple. First, the evaporation time was measured by subjecting the sample to a steady shear

rate of 1 s� 1 over multiple hours, with data taken once per second. The results of these

tests for washed and unwashed pollen are shown in Figure 3.4A. For the washed pollen,

the measurements shown in Figure 3.4A were taken immediately after running other tests

that lasted 6000 s. Therefore, evaporation does not affect the rheology until 7000 s, or ap-

proximately 2 hours, have elapsed for the washed suspensions. The unwashed suspension

did not show any evaporative effects on rheology over 10,000 s, or 2.8 hours. Based on

these results, we kept all measurement tests to below 2 hours.

Swelling of particles was checked by measuring the viscosity of both the washed and

unwashed suspensions shortly after the suspension was homogeneously mixed at a steady

shear rate, and then again approximately 24 hours later. The results from those tests are

shown in Figure 3.4B-C. Neither the washed nor the unwashed suspensions showed a dif-

ference in viscosity between the tests, so particle swelling was not an issue for either sus-

pension.

Slip was checked visually by lifting the evaporation hood and �lming the tests at various

shear rates. It was evident that the sample was �owing with the plates, and so slip is

considered negligible.

Steady shear rate sweeps were performed in two sweeps for each measurement. The

�rst sweep went from low to high shear rate, and the second sweep went from high to low

shear rate. Data was taken at a rate of 1 per second for each sweep and all data plotted to

ensure the sample reached steady-state. These data can be seen for all measurements in

Appendix B. The last 10% of the measurement points for sweep 2 were used to calculate

the reported values of average viscosity and shear stress. The values for both sweeps were

not averaged because in order to keep the tests below the evaporation time limit, the sweep

1 points did not have enough time to reach steady state. All sweep 2 points, however, did

reach steady state.
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Figure 3.4: Suspension evaporation and particle swelling. (A) Check for evaporation effects.
Washed and unwashed suspensions were measured at_
 = 1s� 1 over a long period of
time. Unwashed suspensions never show a change, and washed suspensions show a
change at 1000 s. However, this sample of washed suspension was measured directly
after other measurements lasting 6000 s, so the evaporation time for washed pollen is
7000 s. (B)-(C) Check for particle swelling. Viscosity was measured at_
 = 1s� 1 for
unwashed suspensions and_
 = 0 :1s� 1 for washed suspensions. Measurements were
done immediately after the suspension was made and approximately 24 hours later. No
signi�cant change in viscosity was observed in either suspension.

3.1.4 Compressiontests

The stress at which fracture occurs for the unwashed suspensions was determined through

compression tests on a Zwick Roell Universal Testing Machine (UTM). These tests were

done to understand the fracture behavior of pollen pellets during removal in the hive, so

only unwashed pollen was used. Honey bees do not collect pollen with no kitt in nature,

presumably. Compression tests were run on three samples each of unwashed dandelion in

55% sucrose solutions at mass fractions of 0.50, 0.54, and 0.70. In addition, the same test

was run on three pollen pellets made by honey bees, caught at the entrance of their hives

in April 2021. The sample was compressed at a steady rate of 0.01 mm/s until the gap
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Figure 3.5: Pollen pellet contains air. A cutaway of a microCT scan of a pollen pellet in the
corbicula of a honey bee leg. The cutaway shows the inside of the pellet. Black areas
are air and gray areas are either pollen, pollenkitt, or nectar.

between the tools was 0.01 mm. The compression tests were �lmed using a digital USB

microscope (Andonstar A1) to identify the point of fracture. It should be noted that only

one side of the experiment was �lmed, so it is possible that more fractures than what was

observed occurred. The data for all 12 runs are shown in Appendix C.

The stress at fracture was calculated by measuring the length of the sample in contact

with the descending tool at the moment of fracture. Assuming that the cross-sectional area

of the sample in contact with the descending tool was circular, the stress was calculated as

� f = F=�r 2, whereF is the force recorded by the UTM andr is the radius of the top of the

sample. The samples varied in size and shape, so the cross-sectional area in contact with

the descending tool was not constant throughout the test.
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3.2 Results

3.2.1 Massfractionof pollenpelletsandjamming

By removing the nectar and estimating the pollenkitt, the mass fraction of honey bee pollen

pellets was measured to be0:835� 0:044(N=3) using Equation 3.2. This mass fraction

does not account for air inside the pellet. As shown in the microCt scan in Figure 3.5, there

are open pockets available for air in the pellet. A microCT scan cannot be used to calulate

the volume fraction of the pellets, however, because the density of the pollen, nectar, and

pollenkitt are not different enough to be differentiated on a CT scan. The black areas in

Figure 3.5 are air and the gray areas are either pollen, pollenkitt, or nectar.

As described in subsection 1.2.4, a granular suspension will jam at a certain volume

or mass fraction,� J. To determine the jamming mass fraction for the unwashed pollen,

the pollen was mixed with 55% sucrose solution on a vortex mixer to an initial� = 0:80.

Solvent was added incrementally, then gently mixed with a spatula and on a vortex mixer

after each dilution. This was repeated to get a range of� from 0.80 to 0.64. As shown in

Figure 3.6, the suspension becomes-paste like at� = 0:67, so the jamming mass fraction

for this system is� J = 0:68.

Figure 3.6: Jamming mass fraction of pollen suspensions. Dilution of unwashed Dandelion
pollen in 55% sucrose solution starting from a mass fraction of� = 0 :80. The jam-
ming mass fraction is determined to be� J=0 :68, where the suspension transitions from
a granule into a paste with decreasing� .
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3.2.2 Rheologyof pollensuspensions

The relative viscosity,�=� s, of the washed and unwashed pollen suspensions as a function

of shear stress and shear rate are shown in Figure 3.7A-B, and the measured shear stress

as a function of the applied shear rate is shown in Figure 3.7C. The open circles in these

plots are the unwashed suspensions, which contain pollenkitt, and the closed circles are

the washed suspensions, which do not contain pollenkitt. Both suspensions show shear

thinning and yield stress behavior, indicating that the particles in both cases are attractive,

as discussed in subsection 1.2.4. Although the behavior of both suspensions are similar, the

washed suspensions have a relative viscosity that is 2.5 times greater than the unwashed

suspensions at similar mass fractions.

The suspensions were �lmed at high shear rates to visualize when failure occurs and

the sample is ejected from the rheometer. An image of the� = 0:54unwashed suspension

at _
 = 0:707s� 1 is shown in Figure 3.7D, with the edge of the rotating top plate (TP) and

the stationary bottom plate (BP) labelled. For all high� suspensions, failure occurred at

� r � 300Pa. Additionally, shear banding (SB) was observed at the bottom stationary plate

in high � , unwashed suspensions as shown in Figure 3.7D. The shear band did not appear

in the washed suspension at� = 0:54or the lowerphi unwashed suspensions.

The surface tension of a 55% sucrose solution is� = 76 :5 mN/m [83], and using a

Dandelion pollen diameter ofd = 44 µm, the maximum predicted shear stress for the

suspensions is� max = � =a = 3:5 kPa. However, experiments show a much smaller failure

stress� r � 0:3 kPa, as shown by the black vertical line in section 3.2A. All relevant stresses

for the natural pollen pellets and dandelion suspensions are given in Table 3.1.

3.2.3 Compressiontests

The force-displacement curves for the natural pollen pellets and dandelion pollen suspen-

sions (for mass fraction� =0.50, 0.54, and 0.70) were measured by the UTM and are shown

in Figure 3.8. A single curve for each sample are shown. Force-displacement curves for all
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Figure 3.7: Rheology of unwashed and washed Dandelion pollen. (A) - (C) Open circles are
unwashed pollen, and closed circles are washed pollen. The vertical line in (A) is
� r = 300 Pa where failure occurred and the sample was ejected from the rheometer.
The failure is evident by the drop in viscosity near 300 Pa. (D) Image of the� = 0 :54
unwashed pollen suspension during a measurement at_
 = 0 :707s� 1. Arrow TP points
to the edge of the top plate, BP points to the bottom plate, and SB points to the shear
band that has formed. The darker yellow area above SB is suspension that is �owing.

12 samples can be seen in Appendix C. The black circles represent observations of frac-

ture, as pointed out by the arrows in Figure 3.8B-C. The pellet and the� = 0:70suspension

slowly increase in force until the �rst fracture is observed, after which the force begins to

increase more rapidly. The lower� suspensions require more compression to reach this

uptick in force, and do not reach as high of force as the pellet and high� suspension.

Moreover, these suspensions did not fracture over the displacements tested.

The average stress at �rst fracture is� f = 26 � 4:7 kPa (N=3) for the natural pellet, and

� f = 15 � 0:09kPa (N=3) for the� = 0:70suspensions.
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Figure 3.8: Pollen suspension compression. (A) Response force as a function of compression dis-
tance for honey bee pollen pellets and Dandelion in 55% sucrose solution suspensions
at three different mass fractions. The black dots are points at which fracture was ob-
served in the pellets and� = 0 :70. No fracture was observed in the� = 0 :54 and0:50
samples. (B) - (C) Observed fracture, pointed out by the arrows, in (B) a natural pellet
and (C) a� = 0 :70unwashed dandelion pollen-sucrose solution suspension.

3.3 Discussion

3.3.1 Implicationsof rheologymeasurements

The shear banding observed in unwashed, high mass fraction suspensions is expected for

granular suspensions that are not precisely density matched [84]. A density matched sus-

pension consists of particles and a solvent that have the same density. This eliminates

gravity as an element that can affect the suspension's rheology. This may explain the ob-

servance of a yield stress, as Fall et al. found that in density matched suspensions this yield

stress did not occur at volume fractions below 0.63. This also explains why the failure

stress measured by the rheometer is an order of magnitude lower than the prediction from

capillarity, � =a. It may be very dif�cult to precisely density match a pollen suspension be-

cause the natural variance in pollen particle, size and shape, even among the same species.

Also, it is unlikely that honey bees precisely density match pollen and nectar when forming

their pellets.

Based on these experiments, the presence of pollenkitt causes a decrease in viscosity

at similar mass fractions. From a biological perspective, this is important because natural
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pollen suspensions would �ow more easily as the bee forms the pellet. Shear banding does

not occur at high mass fraction in the washed suspensions. It is possible that removing the

pollenkitt leads to a better density matched suspension. These results suggest that pollenkitt

allows the particle aggregates to break apart more easily. Breaking up particle aggregates

will increase� J of a suspension [32], so it is possible that pollenkitt acts as a lubricant and

allows the honey bee to increase the amount of pollen particles they are able to bring back

to the hive.

Table 3.1: Pollen pellet or suspension failure stresses, measured or calculated.
a - Average stress at �rst fracture for the natural pollen pellet.
b - Average stress at �rst fracture for the� = 0 :70unwashed suspension.

Failure Stress Symbol Value (kPa)
Rheometer, measured � r 0.3

Capillary maximum, calculated � max 3.5
Compression, measured � f 26� 4:7a

15� 0:09b

3.3.2 Implicationsof compressiontests

The fracture observed in the pellets and the� = 0:70suspension, both of which are above

the jamming mass fraction of� J = 0:68, is indicative of a brittle failure. In contrast, the

� = 0:54 and0:50 suspensions show ductile behavior [85]. Brittle fracture occurs when

there are vertical cluster networks of particles, indicating that the suspensions above� J

contain one or more areas of vertical particle clusters.

We can now compare the fracture stresses measured by the compression tests to the

stresses that occur during removal of the pollen pellet detailed in subsection 2.2.2. Based

on the measured force and the geometry of the removal arm, we can calculate the normal

stress applied by the removal arm and the shear stress between the pellet and the leg. The

removal arm has a diameter ofdarm = 0:05 mm. We estimate the length of the arm in

contact with the pellet as the average width of a corbicula,w = 1:15 mm [20]. Assuming

the bottom half of the rod comes into contact with the pellet, the contact surface area is
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Aarm = �
2 darmw = 0:090mm2. Dividing the lowest measured average force of 23 mN

by this area, the arm is exerting 260 kPa of normal stress on the pellet. A honey bee's

corbicula varies in area from 1.5 - 2.3 mm2 [20], so there is a maximum of 15 kPa of shear

stress between the pellet and the leg, assuming the pellet comes into contact with the entire

corbicular area.

The normal stress applied during removal exceeds the fracture stress measured in the

compression tests by an order of magnitude, but the shear stress experienced is approxi-

mately equal. This indicates that the lowest force measured during pellet removal is enough

to fracture it. Although as noted in section 2.3, it does not appear that honey bees fracture

the pellet so as to leave residue in the corbicula during removal, in one video of a honey

bee removing the pellet in the hive, the pellet fractures in half during the process. This

fracturing may enable the honey bee to remove the pellet more easily.

3.4 Chapter Summary

In this chapter, we measured the rheology of dandelion pollen with and without pollenkitt

in sucrose solution suspensions. We found that, qualitatively, the pollenkitt does not af-

fect the behavior of the pellets, but quantitatively the pollenkitt lowers the viscosity of the

suspension. We also found that washed pollen suspensions do not exhibit shear banding,

while high mass fraction unwashed suspensions do. This leads to the conclusion that the

pollenkitt is affecting the aggregation behavior of the pollen particles, possibly enabling

the bee to increase� J of the suspensions and bring more pollen back to the hive.

We also measured the behavior of pollen pellets and unwashed pollen suspensions under

compression. We found that at� > � J, brittle fracture occurs at� f � 101 kPa. This is an

order of magnitude greater than the capillary con�nement stress of� max = � =a, but equal

to the shear stress experienced by the pellet during removal. This brittle failure behavior

may enable the honey bee to more easily remove the pollen pellet in the hive.

This concludes our investigation of honey bee-pollen interactions. In the next chapter,
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we will look at interactions between mammals and the biting insects that harass them.
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CHAPTER 4

MAMMAL TAILS REPEL INSECTS

So far in this thesis, we have concentrated on the collection and manipulation of pollen

particles by the honey bee. In this chapter, we consider another animal-particle interaction:

mammal tails and biting insects. As discussed in subsection 1.2.5, biting insects can cause

great harm to both animals and humans. Mammals move their tails, among other behaviors,

to protect themselves against these attacks. Here we investigate the dynamics behind this

movement and explore ways that this knowledge can be used to create an insect repellent

that doesn't require chemicals or excessive energy.

4.1 Methods

4.1.1 Frequencyof tail swishes

The tail swishing behaviors of zebras (Equus quagga), giraffes (Giraffa camelopardalis),

and African elephants (Loxodonta africana) were �lmed at Zoo Atlanta, horses (Equus

caballus) were �lmed at Falcon Ridge Stables in Woodstock, GA, and dogs (Canis lupus

familiaris) were �lmed at a local dog park between the months of July and November.

This study was approved by the Of�ce of Research Integrity Assurance and conducted in

accordance with all protocols �led under the Georgia Tech Institutional Animal Care and

Use Committee in protocol A16097. Tracker Video Analysis and Modeling Tool software

(https://physlets.org/tracker/) was used to track the tail movements. MATLAB was used to

calculate �ts of the data using the least-squares method.

Swishing behavior was determined to be movements where the tail swung back and

forth but did not hit the animal's body. All swishing movements were modeled as a single

pendulum. The number of periods to measure the frequency and amplitude of the swish
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are: elephant - 9, giraffe - 7, zebra - 7, horse - 11, dogs - 8, 9, 5, 13, 17, 9, 16, and

9, respectively. The mass of the zoo animals, horse, Greyhound, Irish Setter, and mixed

breed dogs is the mass of the individual animal, while the mass of the other dogs is the

average mass of that breed and gender. The body mass, tail length, tail swish frequency, tip

speed, and amplitude for each animal are given in Table 4.1 and the sinusoidal �ts for each

animal's tail swing are given in Table 4.2.

Table 4.1: Body massM , tail lengthL , frequency of tail swishesf , number of periods measured
N , speed of the tip of the tailu, and amplitude of the swishA for each animal studied.

M (kg) L (m) f (Hz) N u (m/s) A (deg)
Elephant 4019 1.25 0.64� 0.03 9 0.85� 0.20 12.0� 0.1
Giraffe 655 0.90 1.16� 0.42 7 n/a n/a
Zebra 366 0.52 1.01� 0.09 7 1.13� 0.004 21.6� 10.6
Horse 703 0.51 0.66� 0.11 11 1.17� 0.001 62.1� 33.1
Greyhound 70 0.48 1.86� 0.31 8 4.23� 0.002 72.2� 31.3
Irish Setter 61 0.43 1.54� 0.13 9 3.69� 0.001 79.2� 11.6
Mixed
Breed

30 0.36 2.40� 0.4 5 5.48� 0.005 26.4� 11.8

Chihuahua 2.5 0.18 2.92� 0.96 13 2.90� 0.004 120.5� 16.7
Retriever 30 0.38 2.30� 0.22 17 3.92� 0.003 53.7� 4.3
Rottweiler 50 0.41 2.50� 0.15 9 5.52� 0.001 45.7� 6.4
Staffordshire 35 0.51 2.45� 0.28 16 6.31� 0.006 88.7� 8.0
Pitbull 15 0.28 2.68� 0.56 9 3.31� 0.003 79.4� 14.5

4.1.2 Mosquitoexperiments

We obtained mosquitoes (Aedes aegypti) from the Center for Disease Control and Preven-

tion in Atlanta, GA. The mammal tail simulator with the fan attachment consists of a black,

15.78 cm long and 1.7 cm wide plastic blade attached to a DC powered motor. The fan is

attached to a plastic board and placed on top of a 30 cm (1 ft) tall, 19 cm (7.65 in) inner

diameter clear acrylic cylinder with open top face, as shown in Figure 4.1A. The oscillat-

ing, single blade attachment setup uses the same cylinder and top board with a 12 V, 7.5

degree step stepper motor (SparkFun Electronics ROB-10551) run with an Arduino Uno.

A single, 7.9 cm long, 1.7 cm wide blade made of black construction paper is used to os-
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Figure 4.1: Effects of tail motion on mosquitoes.Schematic of the mammal tail simulator with
(A) fan attachment, (B) oscillating attachment, and (C) the inverted ShooAwayTM . (D)
- (F) Relationship between tip speedu and percentagep of mosquitoes that land on
the top of the mammal tail simulator for (D) the fan attachment, (E) the oscillating at-
tachment and (F) the ShooAwayTM at the average tip speed correlating to its varying
frequency. The insets show the simulator attachment corresponding to the data. The
rectangles in (D) represent the measured range for mammal tail tip speeds for the ele-
phant, zebra, and horse (blue rectangle) and mosquito �ight speed (green rectangle).
The solid lines are the linear �t for the data.

cillate over 180 degrees. A plastic sheet was used to divide the cylinder in half and contain

the mosquitoes in the area over which the blade oscillates, as shown in Figure 4.1B. For

the ShooAwayTM experiments, a cylinder made from clear plastic sheets was glued to a

cardboard square, and the ShooAwayTM was inverted so that the blades spun in the cylinder

just below the cardboard square, as shown in Figure 4.1C.

For each trial 10 mosquitoes were placed inside the container using an aspirator with a

HEPA �lter (BioQuip 1135Y). At the beginning of each trial, the cage is manually shaken
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until all mosquitoes have taken �ight. The fan is turned on immediately after all mosquitoes

take �ight. The fan is run for a time interval of 2 minutes, chosen because the mosquitoes

all landed well within 2 minutes, and once they land they tend not to move. At the end of

the trial the fan is turned off and the number of mosquitoes on the top of the setup (including

on or behind the fan blade itself) are recorded.

The �ight paths of mosquitoes are tracked with the fan either off or moving at a tip

speed of 380 cm/s (6Hz) using Tracker Video Analysis and Modeling Tool software.

4.1.3 Modelingthedoublependulum

To understand the dynamics behind tail swatting, we model the tail as a double pendulum,

a diagram of which is shown in Figure 4.5A. The swat is determined to be any period in

which the animal hits its body with its tail. The top hinge corresponds to the point where

the caudal vertebrae begin to extend away from the body, point 1, the hinge connecting the

two segments corresponds to the point where the bone and skin part of the tail end, point

2, and the bottom point corresponds to the end of the hair, point 3. The double pendulum

is modeled as having a center of mass at the midpoint of each pendulum. All swats are

modeled as a double pendulum. The equations of motion for this pendulum can be derived

using the Lagrangian equation,

@
@t

(
@L

@_� i

) �
@L
@�i

= � i (4.1)

whereL = T � V, T is the kinetic energy, andV is the potential energy of the system.

This leads to the equations of motion,
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_� 1

_� 2 sin(� 1 � � 2) + m2gL2 sin� 2 = 0
(4.3)

There is a torque input into the system only at point 1, with no input torque at point 2.

The initial conditions to the system are the pendulum at rest with� 1; � 2 = 0.

4.2 Results

4.2.1 Tail swishing

Frequency of tail swishes

We �lm 5 species of mammals at a series of locations including Zoo Atlanta, a stable, and

a dog park. In all, we �lm an African elephant, giraffe, zebra, horse and 8 dogs. All of

the animals observed perform swings with its tail as well as swats, where it strikes its own

body. We �lm between the months of July and November, and are harassed by many insects

while �lming, so we are assured that there are biting insects present. The insects are too

small to see in the videos, so we assume swats occur because the animal feels an insect

landing on it.

We track the end of the tail, de�ned as the end of the last bone in the tail as can be seen

in Figure 4.2A, using 5 - 17 periods for each animal. The average tail lengths of the zebra,

giraffe, and elephant are obtained from literature [86], while the tail lengths of the horse

and the 8 dogs are measured. We use body mass data from the past year, measured by the

animal's caretakers, for all animals except the dogs. Their body mass is the average for the

breed and gender of each dog.

Figure 4.2B,C shows a time lapse of the tail swish of an elephant and zebra, respec-

tively, and Figure 4.2D shows the time course of the angle� of the tail of a zebra, where

� = 0 is associated with the tail hanging vertically downward. Long, slender pendulums
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Figure 4.2: Mammal tail tracking. (A) Elephant tail showing where the bone and skin part of the
tail ends and the hairy part begins. Time-lapse image sequences of (B) elephant and (C)
zebra. Elephant images are separated by 0.33 s and zebra images are separated by 0.17
s. (D) Time course of the angle of a zebra's tail. Solid points are experimental data and
the solid line is a sinusoidal �t given in Table 4.2.

like the tail often follow simple harmonic motion, where the angle is prescribed by

� (t) = A sin(2�f t ); (4.4)

whereA is the amplitude of the motion,f is the frequency in Hz, andt is time. We apply

Equation 4.4 to all the �lms of mammal tails to infer their amplitude and frequency. For

example, such simple harmonic motion is a good �t (R2=0.84) to the motion of the zebra

tail, as shown in Figure 4.2D. The data are shown by the black points and the theoretical �t

is shown by the solid line. In this case, the theoretical �t is� (t) = 20 sin(6:0t), where� is

in degrees,t is in seconds, and the coef�cients are found using least-squares �tting.
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Table 4.2: Sinusoidal �ts for animals tail swings based on the tracking of the tail.

Fit R2

Elephant � = 8:06 sin (4:07t � 0:58) 0.73
Elephant � = 13:1 sin(4:02t � 4:7) 0.89
Zebra � = 20:6 sin(6:03t + 2:3) 0.84
Horse � = 38:4 sin(3:43t � 1:3) 0.37
Greyhound � = 44:2 sin(11:4t + 3:6) 0.23
Irish Setter � = 51:5 sin(9:5t + 2:7) 0.46
Mixed Breed � = 58:7 sin(15:1t � 2:4) 0.42
Chihuahua � = 52:3 sin(17:9t + 1:7) 0.24
Retriever � = 40:9 sin(14:4t � 0:04) 0.58
Rottweiler � = 49:6 sin(15:7t + 3:8) 0.94
Staffordshire � = 47:0 sin(15:2t � 3:7) 0.31
Pitbull � = 43:2 sin(15:7t + 0:26) 0.41

The rotational velocity may be written as_� � 2�Af , and the maximum tail tip speed is

therefore

u = 2�LAf; (4.5)

whereL is the length of the tail andA has been converted to radians. The zebra tail has

an average maximum tail tip speed of 1.1 m/s, frequency of 1.0 Hz and amplitude of 22

degrees.

The experimental measurements for the length, frequency, amplitude, and tip velocity

of the tail are given in Figure 4.3A-D. The values for each animal are given in Table 4.1.

The dashed lines in these �gures correspond to power law best �ts using least-squares,

L = 0:15M 0:24 (R2 = 0:85); (4.6)

f = 4:0M � 0:19 (R2 = 0:81); (4.7)

A = 140M � 0:22 (R2 = 0:56); (4.8)

u = 5:7M � 0:12 (R2 = 0:26): (4.9)

whereL is in m, f is in Hz,A is in degrees andu is in m/s. Equation 4.6 shows that larger

mammals have relatively shorter tails. In other words, tail length is not isometric, where
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isometry indicates that body proportions are independent of body size and thus scale with

mass to the power of 1/3 [87].

Figure 4.3: The kinematics of tail-swishing.Relationships between body mass and (A) tail length
L , (B) tail frequencyf , (C) tail amplitudeA, and (D) tail tip speedu. Dashed line
is �t of the data and error bars are the standard deviation of each measurement. In
(B), solid line is the natural frequency of the tail. The number of periods,N , used
for calculating the frequency, amplitude, and tip speed for each animal are given in
Table 4.1. The data in (A) are only one measurement for each animal, as described in
Section subsection 4.1.1.

Larger animals swish their tails less vigorously than smaller ones. Tail amplitude ranges

from 12 degrees in an elephant to 120 degrees in a dog. Body size also leads to associated

differences in tail swishing style. The tail swish of the giraffe, elephant, and zebra are

in plane, permitting the motion to be visualized from a single view behind the animal.

The horse swishes its tail in a similar manner, but because it has such long hair the swish

becomes three-dimensional, with the hairs wrapping around the animal's �anks at the end

of the swing. Dog's tails are often raised above their bodies instead of hanging down, and

they swish in a plane. Therefore, the angle of the dog tail is measured relative to the tail

pointing vertically upward.

We initially hypothesized that the animal should swish its tail at its natural frequency,
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the frequency of a gravity-driven pendulum,

f n =
1

2�

r
g
L

(4.10)

wheref is in radians per second,g is the acceleration of gravity, andL is the tail length.

This is the frequency that conserves the most energy for the animal because gravitational

potential energy is transferred to kinetic energy in each swing. To minimize the energy

consumed, most human-made devices such as grandfather clocks and metronomes swing

at their natural frequency. Surprisingly, as we will show, mammal tails do not swing at their

natural frequency.

By substituting Equation 4.6 into Equation 4.10, we write the natural frequency in terms

of body mass,

f n = 1:3M � 0:12: (4.11)

Figure 4.3B shows the best �t for tail frequencies in a dashed line and their natural frequen-

cies in a solid line. The two lines are nearly parallel, as can be seen from the comparable

exponents for these equations (-0.19 vs. -0.12). This suggests that physics of a gravity

driven pendulum can account for the trends according to body size. Most notably, how-

ever, is that the natural frequencies are 3.1 times lower in frequency, which can be seen

by the offset between the two lines, or by comparing the pre-factors in Equation 4.6 and

Equation 4.11. Why would mammals want to swing their tails three times faster than they

would naturally swing by gravity?

The costs of choosing such a high frequency are made clear by considering energetics.

An upper bound for the power required to swing the tails may be written

P =
1
2

mL _� 2(2�f ) = 4 � 2mLA 2f 3; (4.12)

wherem is the mass of the tail. This is an upper bound because we assume that the tail
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energy is dissipated on every swing. Since the tail frequencyf is 3 times greater than the

natural frequency, we conclude that the power use isPtail
Pgrav

= f 3

f 3
n

= 27 times greater. Why

would mammals want to expend so much energy in their tails?

Our �rst consideration is that the tail acts to de�ect mosquitoes by hitting them in mid-

air. Solving this problem is similar to counting the number of raindrops striking one's

head [88]. The density� of mosquitoes per volume is assumed by considering a square

lattice of mosquitoes near the ground where� = c
L andc is 80 mosquitoes per acre [89].

If we assume the mosquitoes are stationary objects in mid-air, how often does a swinging

tail make contact? Consider the tail as a square prism with lengthL and widthw. Using

conservation of mass, we can write the rate of mosquitoes_m �ying into the tail as

_m =
Z r = L

r =0
w�udr =

Z r = L

r =0
w� (2�Af )rdr = �w�AfL 2: (4.13)

whereA is in radians. We consider a horse with a measured frequency of 0.66 Hz, ampli-

tude of 63 degrees, tail width of 0.18 m, and full tail length, which includes both the bony

and hairy parts of the tail, of 1.4 m. Equation 4.13 shows that an insect is struck every 1.5

minutes by the tail, which does not seem very effective at repelling mosquitoes. How does

the tail effectively repel insects?

To answer this question, we purchased a horse whip made of horse tail hairs and try

to strike free-�ying mosquitoes with it in our laboratory. We �lmed the process and are

surprised to �nd that even near-misses with the horse tail cause a resting mosquito to take-

off. This led us to hypothesize that the tail generates air�ow that repels mosquitoes. To test

this hypothesis, we design and build a mammal tail simulator that tests the effectiveness of

our measured tail kinematics in repelling mosquitoes.
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Mammal tail simulator

Because mammal tails come in a variety of diameters and shapes, especially in the hair tufts

at the end, we perform experiments using a simpli�ed tail, consisting of a rectangular blade

with no hair tufts. We conduct tests with two types of attachments, a propeller like fan

(Figure 4.1A and the inset of Figure 4.1D) and a single blade attachment (Figure 4.1B and

the inset of Figure 4.1E). The fan is rotated in steady-state, and the single-blade performs

oscillatory motion. We discuss the results for each of these experiments in turn. We also

report tests with a commercial device, the ShooAwayTM (Figure 4.1C and the inset of Fig-

ure 4.1F), that is purported to repel insects by spinning two �exible arms. We observe that

mosquitoes do not like to land on smooth, curved surfaces and that they generally prefer

to �y up rather than down. Thus, we use a clear acrylic cylinder to contain the mosquitoes

during the experiment.

For the steady-state experiments, a DC motor spins a fan representing the tail, a black

rectangular plastic blade with a length 0.22 cm less than the inner diameter of the cylinder.

The fan is located at the top of the cylinder, facing down. The blade is black because most

mammal tails are black, although we did not try other colors of the blade. The DC motor

is af�xed to a plastic board, which represents the body of the animal and also prevents

the mosquitoes from escaping. The board was the uppermost surface in the experiment.

This arrangement ensures that most of the mosquitoes would attempt to �y up past the fan

and land on the board. This steady-state mammal tail simulator with the fan attachment is

shown in Figure 4.1A.

A mammal swishes its tail in a sinusoidal motion, like a pendulum, while our tail sim-

ulator rotates steadily. To ensure that the difference between the two motions does not

impact the simulator's ability to repel mosquitoes, we repeat the experiments using a single

blade driven by a stepper motor oscillating over 180 degrees in a periodic motion, as can

be seen in Figure 4.1B. The same clear acrylic cylinder is used, with the addition of a wall

made from a rigid plastic sheet dividing the cylinder in half. This divider wall ensures that
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the tail motion �lls the testing arena.

For each trial we place 10 mosquitoes in the simulator. At the beginning of the trial we

shake the container, causing all mosquitoes to take �ight. Each trial lasts for 2 minutes,

and we do experiments for a maximum of 1.5 hours at a time, allowing the mosquitoes

to rest with access to sugar water for at least 3 hours before beginning experiments again.

We conduct 51 trials total with the fan attachment, consisting of 17 different tip speeds

and 3 repeats of each speed. We run the fan at a constant speed between 0 and 8.75 Hz in

increments of approximately 0.5 Hz, leading to fan tip speedsu of 0 - 5.6 m/s. We conduct

15 trials with the single blade attachment, consisting of 5 different tip speeds and 3 repeats

of each speed. The frequencies of the single blade attachment very between 0 and 7.5 Hz

in increments of about 2Hz, corresponding to tip speeds between 0 - 4.9 m/s.

We �lmed mosquitoes moving in our simulator to understand how the moving tail in-

�uences their motion. Figure 4.4 compares the �ight trajectories of mosquitoes when the

fan is stationary (Figure 4.4A,B) and when the fan is moving at a speed of 380 cm/s (6Hz)

(Figure 4.4C,D). The initial location of the �ying mosquito is marked by circles in the �g-

ure. The mosquitoes �y upwards, reaching a peak position as shown, and the �nal resting

location of the mosquitoes is marked by the asterisks. When the fan is stationary, they �y

up to a maximum height ofz = 1:5� 3:3 cm below the fan and land at an average height of

z = 4:9 � 6:2 cm below the fan (n = 17). If the fan is moving, however, the mosquitoes �y

to an average height ofz = 1:6� 2:1 cm below the fan and then �y back down to a distance

of z = 9.0� 5.2 cm below the fan (n = 17). It appears the mosquitoes are not aware of the

fan until they are suf�ciently close, but then veer off and land farther away. When the fan

is moving, this landing distance is nearly twice as far as when the fan is stationary.

We now examine the fraction of mosquitoes that land above the blades,pf for the fan

attachment,po for the oscillating single blade attachment, andps for the ShooAwayTM.

Figure 4.1D-F shows the relationship betweenpf, po, andps and the tip speed, where the
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Figure 4.4: Mosquito tracks in the mammal tail simulator with the fan attachment. Examples
of �ight path of mosquitoes �ying in the mammal tail simulator with the fan off (A-
B) and the fan on (C-D). The red diamonds in (A) and (C) are the mosquitoes being
tracked by Tracker Software. Mosquitoes begin at the points marked by circles, reach
a maximum height and then eventually land at the points marked by the asterisks.

linear best �t line is given by

pf = � 8:0u + 37 (R2 = 0:73); (4.14)

po = � 3:5u + 21 (R2 = 0:73); (4.15)

ps = � 6:8u + 63 (R2 = 1) : (4.16)

For both the single-blade attachment and the fan attachment, faster motions repel more

mosquitoes, but with diminishing returns. This can be seen by comparing Figure 4.1D and

E as well as Equation 4.14 and Equation 4.15. To understand how mammals choose the

speed of their tails, we consider the speeds of mosquitoes and the animals in our study.

The average tail tip speeds for the animals measured in this study range from 0.85 m/s
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for an elephant and 6.31 m/s for a large dog. When comparing the tip speeds to the �ight

speed of mosquitoes, we only consider the horse, zebra, and elephant because these animals

swish their tails in response to insects during �lming, whereas dogs respond to other things

in their environments, such as the humans �lming them. The blue rectangle below the x-

axis in Figure 4.1D represents the 0.65 - 1.17 m/s range in tail tip speeds for the elephant,

horse, and zebra, including their standard deviations. When the fan spins at this range of

speeds, it prevents 60 to 85% of mosquitoes from landing. By comparing the percent that

land to the corresponding value when the fan is off (60%), we �nd that the steady-state

motion is 50% effective at repelling mosquitoes.

Oscillatory motions seem to be even less effective: at the speeds of mammal tails, the

oscillations prevent 82% of mosquitoes from landing. Comparing the landing percentage

to the corresponding value when the oscillation is off (20%), we �nd that the oscillation is

only 1% effective. The reason the oscillatory motion appears to be less effective than the

steady-state motion is because so few mosquitoes land on the top board when the motor

is off. The vertical wall dividing the cylinder in the oscillatory experiments provides the

mosquitoes a convenient place to land, so they do not continue �ying upward as they do in

the steady-state fan experiments. For that reason, we neglect results of the oscillatory tests

and consider only the steady-state tests as simulating the mammal tail. We thus conclude

that mammals can repel up to 50% of the mosquitoes from landing, relative to the number

that would land if the tail were stationary.

Mosquitoes �y at an average speed of approximately 0.3 m/s [90] and a maximum speed

of 1.4 - 1.8 m/s [91]. This region is represented by the green rectangle in Figure 4.1D,

which notably falls in the same regime as mammal tail speeds. Our experiments thus ratio-

nalize why animals swish their tails at such a high speed, to repel mosquitoes by generating

wind speeds comparable to the mosquito's �ight speed. Moving the tail at higher speeds

would indeed reduce the in�ux of mosquitoes, but may not be biologically possible for the

animals.
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We note that mosquitoes are unable to �y past the fan when it moves at speeds of 4.5

m/s, a speed that is much higher than the mosquito �ight speed. Mosquitoes that �y past

the fan in this case are likely taking advantage of artifacts in our apparatus, such as �ying

along the walls of the container where air speed is affected by boundary effects.

Using our measurements of the effect of air �ow on mosquitoes, we can now comment

on current devices that use such strategies to repel mosquitoes. The ShooAwayTM varies

its spinning frequency from 3 - 5 Hz, with corresponding tip speeds ranging from 4 -

6 m/s. To test the effectiveness of this device, the experiment was repeated using the

ShooAwayTM in place of the fan, as shown in Figure 4.1C. The ShooAwayTM prevents

70% of the mosquitoes from landing behind it, as shown in Figure 4.1F. Comparing the

percentage of mosquitoes that land when the ShooAwayTM is off (63%) and when it is

on, we �nd that it is 48% effective at repelling mosquitoes as compared to when it is

stationary. This is within the range of effectiveness of the fan when it is moving at tip

speeds comparable to the mammal tail tip speeds, making the ShooAwayTM just as effective

at repelling mosquitoes as a mammal tail. However, the ShooAwayTM spins much faster

than the mammal tails. We conclude that the speed of the device is far too high, at least for

repelling mosquitoes. Its average speed is 5x faster than that of a mammal tail, meaning it

uses 25x more power.

At its average tip speed the ShooAwayTM is not nearly as effective as the fan, which

repels nearly all the mosquitoes. This could be explained by the fact that the ShooAwayTM

varies its spinning speed. This variation in speed is likely giving the mosquitoes a greater

chance to �y past the blades. It should also be noted that that the ShooAwayTM blades

are longer than the blades on the simulator and are �exible enough that they droop under

gravity, leaving more space between them and the top of the container. This gap could give

the mosquitoes more room to �nd their way to the top, which in turn could partially account

for the greater number of mosquitoes that are able to �y past it.

In addition, the ShooAwayTM has a slightly different objective than mammal tails.
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Mammal tails likely want to �nd a balance between repelling enough insects and not ex-

pending too much energy. The ShooAwayTM wants to block all types of insects completely.

It also does not want to injure the comparatively thin skin of the humans using it, so it's

�exible blades have much different mechanical properties than the tail or the tail hairs. All

of these things can lead to the ShooAway'sTM effectiveness measured in our experiments.

To determine how much air �ow is created by the tail, we model the tail as Stokes'

oscillating plate. Consider an in�nite one-dimensional plate extending in thex direction.

We consider the effects of in-plane oscillations at frequencyf on the �ow as a distance

z from the plate. We consider the plate oscillating at a maximum speed,u0, of 380 cm/s

with a frequency,f , of 6 Hz. Solving the Navier-Stokes equations [92] yields the velocity

pro�le of the air below the fan,

u(z; t) = u0exp(� z

r
2�f
2�

)sin(2�f t � z

r
2�f
2�

); (4.17)

where� is the kinematic viscosity of air at room temperature, 1.46x10� 5 m2/s. The air

speed decays exponentially with distance. It is 380 cm/s atz = 0 cm, 1.3 cm/s atz = 0:5

cm, and 0.004 cm/s atz = 1 cm. Thus, at a distancez = 0.5 cm below the fan, the

mosquitoes still feel the effects of the fan. This critical distance explains why mosquitoes

�y close to the fan and then are repelled to a farther, and likely more comfortable, distance.

4.2.2 Thetail swat

What happens when an insect makes it through the wind barrier and lands on the animal? In

this section, we analyze and compare the dynamics of tail swats. The elephant and giraffe

have tail swatting motions that can easily be seen by �lming directly behind the animal, as

shown in Figure 4.5B,E. We assume the tail of the elephant is 11 kg [93], and Zoo Atlanta

staff Stephanie Braccini reports the giraffe tail to have a mass of 3 kg.

We use differential equations to model the tail, as shown in section subsection 4.1.3.
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Figure 4.5: Swatting by mammal tails.(A) Schematic of the tail, idealized as a double pendulum.
� 1 is angle of �rst link in the double pendulum,� 2 is angle of second link,L 1 is length
of the �rst link, L 2 is length of the second link, andg is gravity. 1, 2, and 3 denote
the points of the tail we track. (B,E) Time-lapse image sequence of an elephant and
giraffe swatting at an insect. Elephant images are separated by 0.23 seconds and giraffe
images are separated by 0.33 seconds. (C,F) Time course of the tail angles� 1 in degrees
of elephant and giraffe. Solid line represents the predictions of the theoretical model.
(D,G) Applied torque to the base of the tail.
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We idealize the tail as a double pendulum, consisting of two segments of lengthsL1 and

L2, corresponding to the base of the tail, the part that has bones, and the end part of the tail,

the part that is only hair. A schematic of this model and its corresponding sections on the

real elephant tail are shown in Figure 4.5A and the �rst frame of Figure 4.5B, respectively.

We track three points on the tail: the base of the tail, point 1 in Figure 4.5B, the end of the

bony part of the tail, point 2, and the end of the hairy part, point 3. Figure 4.5C,F shows

the time course of point B, where experiments are given by the closed symbols and the

predictions of our mathematical model are shown by the solid line.

The only free parameter to this model is the input torque at the base of the tail. The

values of the input torque for each animal are shown in Figure 4.5D,G. As shown by the

experimental and predicted trajectories in Figure 4.5C, the model is overall successful at

predicting the trajectories of both the initial swish of the tail and the swat in the elephant.

The swish phase is shown by the �rst 3 periods in Figure 4.5C. To generate these swings,

our model applies a base torque of 15 Nm for 1 second and then for the next 3.6 seconds

the pendulum was allowed to swing freely with no additional torque.

We now consider how the elephant swats the insect. A swat consists of three phases:

the preparatory swing (the �rst frame in Figure 4.5B), the strike (frames 2 through 4),

and the recovery swing (the last frame). During the preparatory swing, the elephant in-

creases the amplitude of its swing. While a typical amplitude of the swish phase is 17

degrees, the preparatory swing involves an amplitude of 40 degrees. During the strike

phase, the amplitude increases to 117 degrees. The frequency of the tail also increases,

but less so, increasing by 16% of the average swishing frequency. To create such a large

motion, the base of the tail requires a torque of 350 N-m. This torque is approximately the

same torque produced by a Honda Accord sedan (https://automobiles.honda.com/accord-

sedan#speci�cations, June 18, 2018). An elephant can produce a maximum torque of 2500

Nm to move its leg [94, 95, 96], so we surmise that a torque of 350 N-m is well within the

range of what an elephant can produce. Additionally, a torque of 200 Nm is required for a
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75 kg human to jump [97].

When the pendulum reaches its maximum amplitude, a substantial counter-clockwise

torque is required to slow it down. This braking is likely accomplished by the tendon and

muscles of the tail. This makes sense when thinking of a softball batter's swing. After the

batter has hit the ball and is following through on the swing, she must resist the motion

of the bat to stop it and prevent it from �ying out of her hands and over her shoulders.

Likewise, the elephant must control its tail so that it can regroup quickly and prepare to

swat again. The third and �nal stage of the swat involves a return to a normal swishing

amplitude and frequency in the recovery swing.

The giraffe tail behavior differs from the other animals in this study in that they do not

constantly exhibit the swishing behavior, maybe because of the long length of the tail, 0.9

m. Rather, they will swat their tails from a standstill, presumably when they feel an insect

land on them. The tail reaches a maximum amplitude of 85 degrees with a torque of 40

Nm over 0.2 s. Such torque values are feasible: a torque of 40 Nm is required to swing

a human leg at 1.1 Hz [98], and an average woman's leg weighs 3.3 kg [99], similar to

the giraffe tail. The giraffe swat actually decreases in frequency by 71% from the average

swishing frequency. This is the reverse of the change in frequency measured in the elephant

swat, and could be due to the differences in the general tail swishing behaviors of the two

animals.

The elephant took 1.3 s and the giraffe took 0.63 s to complete the swat, starting from

the beginning of the preparatory swing to the time when the tail reached its greatest am-

plitude in the strike phase. This time scale is on the same order as that required to swat

an insect before it bites. A �y will take off 200 ms after seeing an incoming object [100],

and biting insects spend only a few seconds biting and searching for a blood vessel [101,

102]. Clearly, speed is important to mammals attempting to defend themselves from biting

insects.
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4.3 Discussion

While it is widely observed that mammals use their tails to defend against insects, little is

understood of the mechanism. We have shown that the tail affords two means of defense,

wind generation and high-speed swatting. During the high frequency swishing phase, the

tail creates an air �ow suf�ciently high enough to blow insects away from the body of

the animal. Our results here agree with previous studies of mosquitoes �ying in the wind,

which show that wind negatively affects a mosquito's ability to detect and land on a host

[103, 104], as well as the number of mosquitoes caught in traps [90, 105].

We have shown the tail to be effective at repelling mosquitoes, but it may be less effec-

tive with faster insects. While small insects such as mosquitoes are limited to 1 m/s �ight

speeds [106], larger insects can �y much faster, with one study �nding that insects �y at

speeds from 0.4 to 8 m/s [106]. As the speed of the insect increases, the effectiveness of

the tail likely diminishes. However, a mammal's many other defensive behaviors such as

muscle twitching, head shaking, and ear twitching likely aid in protecting them from fast

insects. Additionally, most mammal tails are black or dark in color, so visual cues could

also help deter �ying insects [53]. The speed of the insect should not alter the effectiveness

of the tail swat, which acts when insects are stationary.

Tail swishing frequency decreases with increasing body size, which is consistent with

other observations of reciprocal motion in animals. Froude's law states that body speed

should scale with body length to the 1/2 power [107]. Using Equation 4.6 and assuming

amplitude is a constant, Froude's law givesf � M � 0:12, which is similar to the scaling we

�nd of f � M � 0:19. Mammals remove water from their bodies by shaking at a frequency of

f � M � 0:22 [108]. Stride frequency at the transition from trot to gallop in mammals scales

asf � M � 0:15, and the frequencies at the trot and gallop aref � M � 0:13 andf � M � 0:16,

respectively [109]. Wing beat frequencies scale asf � M � 0:26 in bats andf � M � 0:27 in

birds [110].
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The swatting motion is an example of an animal applying forces only at the base of a

�exible appendage yet still being very precise with its endpoint. While there are muscles

throughout the tail, our simulation suggests that the muscles do not need to be active to

score a precise hit. Swinging up a pendulum is a classic optimization and controls problem

that has long been of interest to roboticists [111]. Understanding how mammals control

their own tails could lead to solutions for legged robots [112, 113].

Our results expand our understanding of the use of tails in mammals, and can help us

understand how altering their tails can affect the well-being of an animal. For example,

tail docking is a procedure by which the distal tail vertebrae are amputated. It occurs in

large numbers of horses for aesthetic reasons, but recently this practice has been challenged

because it causes unnecessary pain and health risks to the animals [40]. While there are

arguments [40] that docking improves a horse's hygiene and welfare, the results of our

study suggest that shortening the tail length would inhibit a horse's ability to shoo away

hazardous biting insects.

4.4 Chapter Summary

In this chapter, we elucidate how mammals use their tails to repel insects. We show through

experiments that mammals swish their tails at the speed of a �ying mosquito, presenting a

physical as well as a wind barrier to prevent insects from landing. When mosquitoes land,

they can swat at them at a high speed before they have a chance to bite. The trajectory of

the swat is well-predicted by modeling it as a double pendulum and controlling the input

torque only at the base. Mosquitoes are responsible for the death of several million people

each year [114], and the results presented in this study could be used to create a low energy

device that creates a small air �ow and repels mosquitoes away from people.

This concludes the organism-particle interactions studied in this thesis. The next chap-

ter summarizes the �ndings of this thesis and its implications for engineering solutions to

problems involving small solid particles.
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CHAPTER 5

CONCLUSIONS

This thesis is driven by the question, “how do animals manipulate particles?” We turn to

nature because of the millions of years of evolution that have given animals a head start

in coming up with innovative ways to solve this problem. We focus on �ying insects and

pollen, which are just two of the many types of particles that surround us. In the honey

bee, particles are controlled by mixing them with nectar to create a granular suspension.

This suspension has advantageous properties for the bees, in particular the long relaxation

time that allows it to remain attached to the leg during transport. At the same time, the

material's solid state causes it to be easily fractured off the leg during removal. We also see

animals taking advantage of mechanics at a much larger length scale, that of the mammal's

tail. Here, mammal tails generate a mild curtain of breeze with their tail that can deter the

�ight of mosquitoes. Our work shows that animals of a range of sizes can take advantage of

mechanical properties to manipulate particles that would otherwise be dif�cult to manage.

Throughout this thesis, we design experiments in the lab that mimic the biological

behaviors we observe in the real organism. Namely, the automatic leg scraper mimics

honey bee pollen pellet removal and the mammal tail simulator mimics the mammal tail

swish. We designed the mimics so that as much of the natural material could be used as

possible. The real honey bee pollen pellets and legs were used in the automatic leg scraper,

and live mosquitoes were used in the mammal tail simulator. This setup maintained the

biological signi�cance of the experiments while also allowing us to measure the effect

of changing time scales. This enables us to rationalize and explain the time scale of the

observed behavior.

Below, we summarize some of our main conclusions for each part of the thesis and give

suggestions for future work.
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The behavior of a honey bee during pellet removal has been described many times

in the literature, but our work may be the �rst time it was captured on video. To further

characterize this process, we designed an experimental setup to measure the forces involved

in pellet removal. Using this device, we tested many conditions that would have been

dif�cult to do with the actual bee. For instance, we found that increasing speed of removal

requires increasing applied force. This behavior of the pellet justi�es the relatively leisurely

speed at which bees remove pellets in the hive. Contrary to this observation, the relaxation

time for the pellets was found to be on the order of minutes, making the pellet act as an

elastic solid during the removal process. Though these results are con�icting, the long

relaxation times of the pellet may make it easier for honey bees to transport pollen. They

do not have to worry about the pellets becoming viscous and �owing off of their legs before

they are ready to remove them.

Though the pellet's dominant solid behavior seems to be bene�cial during the transport

and removal of the pellet, when would the viscous effects prove to be useful? One hypoth-

esis is that the pellet's viscous properties dominate during its formation. As discussed in

subsection 1.2.1, the honey bee uses its pollen press to force the pollen-nectar-pollenkitt

suspension up into its corbicula. This means that at some point the suspension must �ow.

An area for future study would be to measure the time scales of the pollen press motion

and compare it to the viscoelastic properties measured in this thesis. How the pellet is

formed in general is still an open question. Other future work on this topic could explore

the importance of the saw-like movement of the leg, as our experiment did not account for

it. The mechanism of the adhesion force is also a potential area of future study. It is likely

the hairs embedded into the pellet or the capillary adhesion from the nectar and pollenkitt

play a role.

We next investigated honey bee pollen transport from a rheological perspective. The

presence of pollenkitt decreases the viscosity of pollen-sucrose solution suspensions. This

implies that pollenkitt plays a role in the microscopic behavior of pollen particles, possibly
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making them more attractive to each other. This �ts in with recent studies that show that

pollenkitt plays a role in adhesion of pollen to plants and honey bees [24, 25, 26]. Future

studies could investigate this microscopic change caused by pollenkitt.

A very interesting open question in the collection of pollen by bees is why this method

of mixing pollen with nectar works so well for a variety of pollen species. In subsec-

tion 1.2.1 we discussed how most bee species use scopa, very hairy areas of their bodies,

to collect pollen without mixing it with nectar. Most bees are specialists that only collect

a few different species of pollen. In contrast, the honey bee will collect almost any species

of pollen. Because pollen can vary so much in size and shape, the wide-ranging collecting

ability of honeybees seems quite special. The physics behind pollen transportation in bees

with scopa would be an interesting follow up study, as would a rheology study investigating

the change in the �ow behavior of suspensions made from pollen of different shape or size.

Brittle failure occurs in pollen pellets and pollen-sucrose suspensions above the jam-

ming mass fraction,� J. This behavior explains our observance of fracture in pollen removal

both by the honey bee and the automated pollen scraper that we designed. This ability to

fracture could make it easier for honey bees to remove the pellets in the hive.

Applications for the results presented on how honey bees transport and remove pollen

lie in the design of systems that require easy adhesion and removal. Moving solid particles

in the form of �owing suspensions is a frequent method in many industrial settings, but the

unpredictability of such suspensions can lead to blockages and jams. A solution to these

blockages may come from the honey bee. Instead of �owable materials, the suspension

could be created at high enough mass fractions to jam and then moved on hairy arrays

that mimic the corbciula. This would be a more predictable material and thus be easier to

manipulate.

Finally, we turned to the investigation of the repulsion of particles by studying how

mammals use their tails to repel biting insects. Like with the honey bee, we started by

observing the behavior of the animals themselves. We measured the kinematics of a tail
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swing and identi�ed two modes for tail defense: swishing and swatting. Swishing creates

an air barrier that repels insects, and swatting is a targeted attack on any insect that has

managed to make it past the swish defense. Swishing is done at higher than the natural fre-

quency, which would require less energy. The extra energy required to swish at the higher

frequency is more effective at repelling mosquitoes, however. The swat can be modeled as

a double pendulum, and by simply controlling the torque at the base the pendulum can ac-

curately mimic the tail movement. This study shows that insects, and other small particles,

can be repelled without using unnecessary energy.

As discussed in subsection 1.2.5, mammal tails serve many functions. This means that

the tail is not completely optimized for defense. The swishing and swatting motions we

studied may not therefore be the best design to repel �ying insects, but rather that they

perform well enough for the mammals.

In this study we studied mosquitoes as our fundamental insect of interest because of

the ease of obtaining a large quantity of them and because they pose such a large threat

to the health of both humans and animals. Devices such as bed nets are used in places

where mosquito-spread diseases, such as malaria, pose a signi�cant threat. In these places,

a fan that mimics a tail swish could be placed at the entrances or windows of homes to help

keep mosquitoes outside. In the results presented in subsubsection 4.2.1 we found that the

tip speed of the mammal tails is 50% effective at blocking mosquitoes. According to the

mammal tail simulator in Figure 4.1D moving at a tip speed of 4.5 m/s or greater would

block all mosquitoes. If energy is not an issue, it would be a better design to use a fan

with a tip speed of 4.5 m/s rather than the tail tip speed of 0.85 - 1.2 m/s. In places where

access to energy sources is limited, the tail tip speed may be a better choice than moving

at the higher speed, as it achieves a balance between repelling mosquitoes and minimizing

energy usage.

In this thesis, we have shown both the biological importance and the complex mechan-

ics involved in honey bee pollen collection and a mammal tail's role in defense against
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insects. The two topics both involve manipulation of solid particles, but the knowledge

gained from these studies can also bene�t each organism. Insecticides are commonly used

to protect crops from insects that would otherwise destroy them, but these chemicals also

kill bene�cial pollinators such as honey bees [115]. If mammal tail mimics were used to

protect crops from insects instead of insecticides, our global crop production would bene�t

from both the protection from harmful insects and the abundance of pollinators.

This thesis shows that a great deal can be learned by focusing on how animals deal with

small particles. This thesis has aimed to quantify just how some animals manage this, with

the idea that these strategies can be applied to engineering applications in areas as diverse

as food manufacturing, self-cleaning, and insect control. Similar studies have been used to

inspire solutions in applications as far �ung as medical patches for drug delivery [116].
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APPENDIX A

POLLEN PELLET REMOVAL PLOTS

Figure A.1: Pellet removal at 0.76 mm/s.Force-time and force-distance relationships for the au-
tomated leg scraper experiments described in subsection 2.1.3at 0.76 mm/s.

Figure A.2: Pellet removal at 2.5 mm/s.Force-time and force-distance relationships for the auto-
mated leg scraper experiments described in subsection 2.1.3at 2.5 mm/s.
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Figure A.3: Pellet removal at 5.0 mm/s.Force-time and force-distance relationships for the auto-
mated leg scraper experiments described in subsection 2.1.3at 5.0 mm/s.

Figure A.4: Stress-strain curves for pollen pellets.The averaged stress versus strain curve for
pollen pellets exposed to a creep test on the UTM. The lines represent average stress
and strain values of the experiments on individual pellets at each speed. The bands
represent the 95% con�dence intervals for the stress. The number of experiments is
given as N in the plot legend.
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Figure A.5: Tracking pellets during removal by the honey bee.The movement of the honey bee
middle leg during pollen pellet removal from the video in which �ne tracking was not
possible. It was not possible to track �ne movement due to the angle of �lming, but
instead only the y-direction could be tracked. Orange squares show the movement of
the right leg, and blue circles show the movement of the left leg.
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APPENDIX B

STEADY STATE RHEOLOGY
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Figure B.1: Steady state rheology for� = 0 :58 Unwashed Dandelion pollen.Shear stress and viscosity data collected at a rate of 1 point per
second.
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