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Some Topics in Topological Mechanics

ABSTRACT

We apply mechanical theories of the elasticity of thin rods and topological theories of entan-
glement to model experimental systems of detangling hair with a comb and the internal structure
of bird’s nests. By applying these theoretical frameworks to novel systems, we open up new ways
of studying classes of problems including the above, the carding and decarding of textiles, and
biologically-inspired materials engineering. In the first section, we take a pedagogical approach to
analyzing the topology, geometry and mechanics of a single elastic filament. We walk advanced
undergraduate or early graduate student readers through Cosserat elastic rod theory. We then in-
troduce a topological quantity called Link and connect it to the geometry and mechanics of a sin-
gle filament. In the experimental sections that follow, we investigate physical entanglement in two
model systems: detangling filaments in a double helix and analyzing the relationship between physi-
cal stress and internal geometry and topology of a system of randomly packed steel rods. In the first
system, we use a double helix filament geometry as a simplified model for detangling hair by comb-
ing. We investigate the relationships between geometry, mechanics and topology of the double helix
to analyze the key role that topology plays in the mechanics of detangling. We also use the model to
design a feedback-driven hair combing robot that uses force-sensing and computer vision to find an
optimal hair combing procedure. In the second system, we use a network of randomly packed steel
rods as a simplified model to study the roles of geometry and topology in the mechanical proper-
ties of bird’s nests made of entangled sticks. Finally, we discuss areas for further research including:
studying detangling in more varieties of human and animal hair, characterizing more complex hair

interactions using topology and studying disentanglement in randomly packed steel rods.
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Introduction



What is the difference between a pile of sticks and a bird’s nest? What is the optimal strategy for
combing hair? Simplified answers to these questions can be intuited through experience or com-
mon sense. However, a scientific approach to resolving these questions incorporates theories of
elasticity and topological notions of entanglement. The physical component at the heart of both
hair combing and bird’s nests is the thin elastic rod (or string or filament). Rods appear ubiqui-
tously across many different facets of the human and natural worlds: from detangling headphones
in your pocket, to bridge construction, to unravelling DNA during transcription and duplication.
What particularly unites hair combing and bird’s nests is the many-body and geometrically complex
nature of the two systems.

When combing hair to detangle it, the soft individual hair fibers are easily contorted by the move-
ment of the comb. However, through their interactions with each other, they can be entangled and
become materially stiff, causing sharp increases in the force against the comb. This stiffness arises
from what is colloquially called a tangle and it leads to the pain and frustration often associated
with combing and taming hair. Figure o.1 depicts a scene of the quotidian combing task rendered
by Edgar Degas, featuring a young woman with an enigmatic facial expression and bodily position
that could convey pain, frustration, boredom—or a mixture thereof. The ideal combing strategy, as
many people who deal with long hair may already know, is to start near the free hair ends and work
upwards towards the scalp. In the Degas painting, the maid holds the ostensibly detangled section
of the hair in her left hand, while the sitter’s hand suggests more painful tangles closer to the scalp.
Shorter brush strokes can also ease the process of detangling hair, but at the expense of a longer time
to completion. The maid combing the hair is presumably sensitive to the feelings of her employer
and adjusting her behavior accordingly. The feedback-controlled hair combing robot described in
Chapter 3 of this dissertation presents the possibility of optimized, responsive help combing hair in
the twenty-first century.

Analyzing the problem of entanglement in hair combing is complicated by the many filaments



Figure 0.1: Combing the Hair (‘La Coiffure’), Edgar Degas, c. 1896, oil on canvas, The National Gallery, UK.

potentially involved as well as the extended nature of their interactions. Inserting a comb and mov-
ing it through a bundle of interacting hairs (in this dissertation, we call this a curl) can necessitate
accounting for 2-, 3-, ..., n-body interaction types that could change character and position over
the length of a single brush stroke, as well as affect the up- and downstream configurations of the
hairs. We simplify this problem by first considering the dry combing (no treatments or lubricants)
of hair, where the hairs have an average radius of curvature on the order of their length (i.e., rela-
tively straight). Through computational and experimental analysis we determine that, for this type
of hair, 2-body intersections (used as an upper bound on entanglement) dominate higher order
interactions between hairs over the length scale of the curliest section of the hairs (the free ends).
Focusing the 2-body regime, we create a minimal model to explore hair combing: a double helix,

fixed at one end and free at the other, and pierced by a single stiff tine and pulled until the helices are



separated. This model gives us some important results for understanding the fuller hair combing
problem. Using a combination of experiments and numerical modeling, we are able to explore the
effects of hair geometry (in the form of the pitch and radius of the double helix) and starting comb
position on the mechanics of hair detangling. We also identify the role of an important topologi-
cal quantity in the hair detangling process: Link. Examining the link of the double helix, a measure
of the entanglement of two curves, and how it changes during detangling (via discontinuities and
currents) gives us valuable insight into the process. This allows us to formulate and quantify a cost
function and optimal combing strategy (starting near the free ends of the hair and working up-
wards).

Building oft the insights from the minimal model, in Chapter 3 we develop a feedback driven hair
combing robot with collaborators at MIT. This robot is able to visually determine the curliness of a
head of hair in order to pick an initial combing stroke length and comb starting point. Using force
teedback, the robot is also able to adjust its combing procedure based on a chosen pain criteria. The
simplicity and flexibility of the robot allows it to adapt and optimize hair combing across a variety
of hair types. This work also validates our geometric and topological modeling of hair detangling
(Chapter 2) in a more applied setting. We are able to benchmark the performance of our hair comb-
ing strategy against both a human and a naive robot and found the optimized robot compared favor-
ably across a wide range of hair types and multiple performance metrics. This work could provide a
template for using robots to interact non-destructively with soft, complex materials.

In Chapter 4, we are interested in studying another system that exhibits an interesting relation-
ship between its mechanics and its topology. Taking a common bird’s nest as the inspiration for
a biologically-inspired material, we explore how geometric relations between the individual con-
stituents (rods) of the randomly packed network related to its material response to stress. Where
entangled hairs are a more ordered system due to the interplay between gravity and their relatively

soft material stiffness (i.e., long hairs on a head mostly hang in the same direction; see Chapter 2



Figure 0.2: Photographs of nests made by large birds. (a) A red-tailed hawk’s nest constructed from smaller (2-5 cm
diameter) sticks.”” (b) An osprey’s nest constructed from larger sticks as well as scavenged man-made materials.*” (c) A
crow’s nest showing a looser construction with smaller sticks.”® (d) An eagle’s nest made from a base of large sticks with
softer nesting material on top.61

Appendix for more details), the rigid rods that make up the entangled networks we study are more
naturally disordered and only slightly affected by gravity (see Chapter 4 SI for more details). We
examine the mechanical response of these disordered, entangled networks to see what role geome-
try and topology play in their bulk material properties. This involves connecting the macroscopic
story (mechanical stress-strain behavior) with the internal one (geometric and topological). This
connection presents potential insights into how to optimize the design and preparation of randomly
packed entangled materials.

Our mechanical tests of the rod networks show clear elasto-plastic deformation and aging across

the small-strain regime (¢ < 0.15). We use X-ray computed tomography to reconstruct 3-D images



of the rod networks before and after compression. We are then able to examine internal changes in
both coarse-grained (contact number) and fine (volume fraction, orientational order, and entan-
glement field) geometric and topological properties of the networks in response to strain. We relate
the macroscopic compressive stress response to changes in the internal configurations of groups of
interacting rods. These geometric and topological tools can be used to characterize many material
systems in which physical entanglement is an important characteristic, such as cotton or wool fibers
and fiber-reinforced concrete.

Finally, we present some findings for future research directions related to both the hair combing
and bird’s nests projects. We look at data on combing real curls of horse and human hair and how
we can further refine the double helix minimal model for detangling. We also look at ways to ac-
count for curlier hair types via applications of braid theory on more complex hair interaction types.
Lastly, we examine mechanical data on disentangling rigid rod networks to further our understand-

ing of the physical properties of entangled materials.



A main task on the border between geometria situs and
geometria magnitudinus is to count the windings of two
closed or infinite lines... m is the number of windings.

This value is shared, i.e., it remains the same if the lines

are interchanged.

Carl Friedrich Gauss

Modeling Elastic Filaments



Communicating science and making complex and interesting subjects accessible and understand-
able to the general public is a key motivating factor in the work of this dissertation. Using science
to help explain seemingly mundane phenomena like hair combing is a way to communicate the
diverse uses of science in understanding and unpacking the everyday world. This chapter will fo-
cus on making an accessible treatment of the geometric, topological and mechanical properties of
thin elastic rods that forms the backbone of the study of any number of interesting topics. For full
comprehension, this treatment will assume some background physics knowledge at the level of an
advanced undergraduate or early graduate student but with the hope that others can still take away
some understanding and insight. This work was completed with the help of L. Mahadevan and

Nicholas Charles.



Figure 1.1: Some examples of physical systems at the intersection of elastic rod theory and topology. (a) Image (left) and
model (right) of magnetic field lines in solar coronae.”” (b) Images of relaxed (left) and supercoiled (right) circular DNA

strands.®® (c) Images of the optimally stable shoelace knot. 20 (d) Industrial carding machine for straightening tangled

wool fibers to be spun into yarns.71

1.1 INTRODUCTION

Rods, or filaments or strings, and their interactions play a ubiquitous role in physical systems across
many orders of magnitude in size, including: DNA winding and unwinding, polymer entanglement
in chemistry, vortex line dynamics in fluids, magnetic braids in solar coronae, shoelaces and head-
phones tangling and detangling, and the carding of fibers in textiles (see Figure 1.1). The unique
geometry of thin rods (length L >> 7, the radius) simplifies studying their mechanics. Thin rods
can also host a number of interesting geometric phenomena (bending, twisting, braiding, knotting,
tangling, weaving, etc.).

The rod’s high aspect ratio (¢ = L/ >> 1) allows for a separation of energy scales for different
deformation modes. Observe how much easier it is to bend or twist an electronics power cord or

phone charging cable than it is to stretch or compress it. Taking this scale separation as a full con-



straint on the motion (no stretching or shearing allowed, though they can be accounted for), we can
review a framework for analyzing the deformations of a thin filament.

We will walk through parameterizing the geometry of the rod (how to mathematically describe its
shape), accounting for the physical nature of the object (how a rod responds to internal and exter-
nal forces and torques), and finally introduce the important topological quantity of link. A helical
spring will be the case study for the relationships between these geometric, mechanical, and topolog-
ical descriptions. By the end of this chapter, one example of the relationship between the topology
and the mechanics of thin rods will be fully introduced, along with the theoretical tools for analyz-

ing further related problems.

I.2 GEOMETRY, TOPOLOGY, AND MECHANICS OF ELASTIC FILAMENTS

1.2.1 GEOMETRY

We start by assigning a function to trace the shape of the rod (more specifically, its centerline) with
respect to a static (also known as lab) reference frame. We will call this parameterization 7(s) where s
is a variable (parameter) ranging from the start to the end of the rod s € (0, L). Functions that have
a shape that can only be fully described in three Euclidean dimensions are known as space curves.
Two nineteenth-century French mathematicians, Joseph Serret and Jean Frenet, independently
formulated a coordinate system that could describe the geometric properties of a given space curve.
This Frenet-Serret frame (FSF) and the accompanying formulas allow one to parameterize a space
curve and carry out simple derivative and vector operations to analyze its geometric features. The

Frenet-Serret coordinate system is an orthonormal basis (3D Euclidean space is a common example)

I0



consisting of:

T:% (r.1)
1T

N = ;; (I.Z)

B=TxN (1.3)

where T is the tangent vector, N is the normal vector, B is the binormal vector and x = |dT /ds| is
the curvature. The FSF attaches to every point along the curve. How it changes from point to point

defines the geometry of the space curve through the following relations:

daT
& kN (1.4)
dN
— = —«xT + 7B (1.5)
ds
dB
E = —7N (I 6)
where 7 = —N - dB/ds is the geometric torsion and measures how out of a plane a space curve is.

For example, a flat circle in the 7f-plane parameterized as a pseudo-space curve (because it is only two
dimensional) in cylindrical coordinates has a tangent vector T = 6,anormal vector N = —7and a
binormal vector B = Z. Its curvature is x = 1/R where R is the radius of the circle and its torsion is
7 = 0 because the curve is contained completely in one plane (flat).

Figure 1.2(a) shows another way to visualize and understand torsion. The tangent and normal
vectors define a plane called the osculating plane at all points along the space curve. If this plane ever
changes orientation, it is because the curve itself is not confined to a single plane and it therefore has
some torsion. Equivalently, changes in the binormal vector are directly proportional to this “out-of-
planeness” called torsion, as can be seen in Figure 1.2(b) where the binormal vector of a helical space

curve tilts away from a vertical orientation as the helix winds upward from its starting point.
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(b)

B

Figure 1.2: The Frenet-Serret frame and torsion. (a) lllustration of the orthonormal basis of the FSF and the osculating
plane defined by the tangent and binormal vectors.”” (b) The FSF at different points along a helical space curve.®

While a curve parameterization, the FSF and its accompanying relations can fully describe the
shape of the centerline of a rod, we must also attend to the fact that it is a physical object with an
independently defined shape, inertia and material properties. In other words, it takes energy, exter-
nal forces, and torques to deform a rod that is not fully captured by only using its centerline geo-
metric description. Based on a modernized formulation of work by Kirchoff, Love and Cosserat,
we first introduce physical dimensions to the space curve by defining a material body-oriented or-
thonormal basis of vectors (called directors) {dy, d, d3 } where d3 points along the centerline tan-
gent (when there is no shear) t and d; and d, define the normal-binormal plane. > The dynamics
of this new basis differ from the FSF because they describe the orientations of cross-sections of the
physical material making up the rod at each point along its arclength 5. We can define a rotation ma-
trix Q = {dj, d2,d3} from the directors that can convert generic vectors from the body-centered

frame of reference to the lab (or global) frame by x = Qx/, where x and x” are lab and body-centered

I2



vectors, respectively (see Figure 1.4 for an illustration of the schema).
If the shape of the rod changes over time, we can describe its centerline with a (lab) parameter-

ization r(s, #) and (local) material frame Q(s, #). The generalized curvaturex = {1, x2,x3} and

angular velocity w will be defined by changes in the directors over space and time, respectively, such

that:
8;; =x x d; (1.7)
d;
%[ =wxd, (1.8)
The curvature x and angular velocity o can be equivalently defined by
(1:9)

% = vec[(0Q/5) Q]
» = vec[(0Q/1)1Q] (1.10)

where vec[M] is the 3-vector associated with the skew symmetric matrix M (a 3 X 3 skew symmetric

matrix only has three unique oft-diagonal elements). We can then add a full kinematic description

of the rod to our geometric one by using the equations

0
Linear velocity: (BTZ =v (r.11)
. a 7 T
Angular velocity: i (Q w) x d, (1.12)
(1.13)

+ Initial and Boundary Conditions

where the linear and angular velocities are written in the lab and material frames, respectively.
Because the rod may have a non-uniform cross-sectional shape, we must define two curvatures

x1 and x, associated with bending the rod about the two principal cross-sectional axes defined by d;

13



Figure 1.3: An initially straight elastic bar with a square cross section, fixed at one end, is loaded with an external torque

at the free end. The bar gains an intrinsic twist at its newly deformed equilibrium. !

and d,. Another type of curvature, 3, and deformation is associated with twisting the rod about
the tangentially-oriented vector d3. This curvature is closely related to but not necessarily equal to
the geometric torsion .

We can understand this fuller description of torsion by considering a straight segment of a rigid
bar which, by definition, would have zero geometric torsion. The bar is fixed at one end and we grip
the bar firmly at the free end and twist our wrist to apply an external torque. The rod will remain
straight but we will still exert energy and feel resistance as we twist (see Figure 1.3). This is because
cross-sections of the material are being stressed and there is a resultant internal torque and associated
energy. In analogy to the FSF, we can think of the osculating plane formed by the directors changing
orientation or one of the other directors revolving around d33 like the binormal did around the
tangent. This type of torsion can be referred to as intrinsic twist.

A full treatment, like the one first developed by the Cosserat brothers, would also include stretch-
ing and shearing deformations of the rod.® In these deformation modes, the material vector dj can
change length and orientation relative to the centerline tangent vector. External loads can distort
the material frame by changing the length of the rod (stretching) and rotating the d3 director away

from being parallel to the tangent vector (shearing). See Figure 1.4 for a fuller schematic picture. We

14



bend twist shear stretch/compression

Figure 1.4: lllustration of the Cosserat theory for elastic filaments showing the material-oriented director frame as well
as the deformation modes and their associated geometric quantities.

will assume that the separation of energy scales between bending and twisting, and stretching and
shearing, is sufficiently large so that we can neglect the latter two. This assumption is especially valid

for high aspect ratio rods, as will become clear when we do a fuller treatment of a helical spring.

1.2.2 TororLoGY

Analyzing the geometry of an object without respect to its specific size or shape is the key use of
topology with regards to thin elastic rods. It can be hard to imagine that we can make simple pre-
dictions about the overall shape of a rod after deformations but, under certain conditions—like the
rod being a closed loop or held fixed in some way at both ends—we can do exactly that. This under-

standing relies upon the Calugareanu-Fuller-White (CFW) Theorem, which articulates the funda-
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(D00

linking number -2 linking number —1 linking number 0
linking number 1 linking number 2 linking number 3

Figure 1.5: The linking number of two closed space curves is a well-defined topological invariant that measures how
connected they are to each other.*’

mental connection between three relevant geometric and topological attributes of rods, and more
specifically helical springs. These attributes— Twist, Writhe and Link—give important information
about the configuration of a rod, and their interrelation can be a powerful analytical tool.

While each quantity is relatively true to its name, Link is the easiest to describe and conceptualize
of the three. Link was first fully conceived by Gauss in the nineteenth century.*> While studying the
line integral of a magnetic field along a closed loop I” intersecting a current carrying wire in another

closed loop I' (now recognizable as an example of Ampere’s law), Gauss found an interesting result:

1

n=-—
471 I

B() - dx’ (1.14)

where B(x') is the field of a wire with current equal to 1. Gauss showed that the integer 7 is depen-
dent only on how many times the closed loop I" passes through the current carrying loop I'. This
makes Gauss’s integral a topological quantity that is invariant to the size or shape of either curve

as long as they do not cross through each other. This integer is called Link and it is a measure of

how topologically entangled (or inseparable) two closed curves are with each other (see Figure 1.5).

16



Figure 1.6: The linking number can be calculated by adding the number of signed crossings of two closed curves accord-
ing to the rules shown above. It can also be calculated using Gauss's linking integral (equation 1.15). 36

Given two closed curves x; and x,, the Link can be calculated with the Gauss linking integral:

r —rp
- (dry X 1p). (1.15)
47[ yi yi |r1 - r2|

Link Lk can equivalently be calculated by adding the number of signed crossings of two closed
curves and dividing by two, as in Figure 1.6.

To get a better understanding of Twist and Writhe, we will introduce the mathematical concept
of aribbon. A ribbon is defined by space curve (like the centerline of a rod) together with a unit
vector perpendicular to the space curve at every point (like the normal or binormal vectors). The
dynamics of this ribbon as it varies along the arclength of a space curve or rod will define Twist and
Writhe.

Twist is defined as the total integral of the torsion over the arclength s,

L
Tw:/0 7(s5)ds. (1.16)

For physical rods, the torsion includes the geometric part and the intrinsic twist. In this way, Twist
quantifies both how far out of a single plane the rod centerline deviates, as well as how much in-
trinsic twist is present in the rod (think of the ribbon vector as one of the non-tangential material

directors). See Figure 1.7 for an example of a planar rod with non-zero Twist.
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Figure 1.7: Simulation of a circular elastic rod with zero geometric torsion but non-zero intrinsic twist. *¢

Writhe is a measure of how coiled a curve is. Consider the centerlines of helical curves of different
radii and pitches. Looking along the vertical axis, the centerline of a helix with a large radius and
small pitch crosses over itself extensively over its arclength, while the helix itself has a small height.
On the other hand, a helix with the same arclength but a smaller radius and larger pitch crosses over
itself with much less overlap, while being much taller in height. Colloquially, the larger radius helix
takes up more three-dimensional space while the smaller radius helix is almost one-dimensional (see
Figure 1.9(b)). Writhe is a measure of this “three-dimensionality” and the wider, shorter helix has a
larger writhing number than the skinny, stretched one. It’s often difficult to calculate a standalone
value for Writhe, so we’ll study it further in relation to its two previously mentioned counterparts.

In the mid-twentieth century, Calugareanu ', White®" and Fuller*? formulated the attributes
of Link (Lk), Twist (7w) and Writhe (777) and developed an equation on the relationship between
them:

Lk = Tw+ Wr, (1.17)
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now commonly referred to as the CFW theorem. We can derive this theorem by applying Gauss’s
linking integral to two curves in a ribbon configuration, where r; (1) = x(¢) and r2(¢) = x(7) +
gu(z). The vector u(z)is perpendicular to x(#) at all points and the small parameter ¢ is varied to zero
so that the linking integral can be split in two pieces. One piece is the Writhe and is a double integral

over the same space curve:

r —r
4”7{ L2 (dr x 1) (1.18)

xJx ‘rl - 1‘2‘3

where ry and r; are separate points on a single curve x. The other piece is the Twist and is the same
as the earlier definition.

We can consider these three quantities (Lk, 7w, W) in the context of a thin elastic rod to see
how the CFW theorem can be used to predict configuration dynamics. Let the curve r; be the cen-
terline of the rod and the second curve r; be one of the normal-binormal plane directors to form a
ribbon. For a closed rod (or one fixed at both ends), when the centerline changes shape, the Writhe
must change value as well. Through the CFW theorem, we know the total Link of the rod is fixed,
so the Twist must also change accordingly. In this way, the centerline of the rod and its material-
oriented frame (the directors) are not independent of each other. See Figure 1.8 for a clear exam-
ple of how the CFW theorem converts an initially straight but twisted elastic ribbon into a coiled,
writhed shape.

That the CFW theorem only applies to closed or fixed-boundary curves would seem to limit its
general usefulness. However, we can relax these conditions somewhat by considering how Link
changes if, say, only one end of the rod is fixed and the other is allowed to move freely. In this sys-

tem, Link could enter or leave according to a Link current ; that obeys the local conservation law:

U = 02 @ . <8t X t) (1.19)
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Lk (-2) = Wr (0) + Tw (-2)

(a)

(b) Lk (-2) = Wr (-2) + Tw (0)

Figure 1.8: An elastic ribbon is fixed at both ends to keep the linking number constant. (a) With the ends far apart, the
ribbon is in a twisted state. (b) When the ends are brought together, the Twist is converted to two loops (Writhe) and
the linking number remains invariant.”®

where A is Twist density and t is the FSF tangent vector. This equation implies two principal defor-
mation modes in which Link can move into, out of or through a system: crankshaft-like whirling

motions of the centerline or twirling motions of the torsional modes. *°

1.2.3 MECHANICS

We will now introduce physical descriptors of deformations called bending and twisting that di-
rectly affect the dynamics of the directors. We also assume that the rod is perfectly elastic so that
deformations and their corresponding forces and torques are linearly related. To further study the

effects of external loads (forces and torques) on thin elastic rods, we will introduce the relevant con-

20



stitutive relations and dynamic equations.
In the elastic regime, external torques can generate bending and twisting deformations that are

related to internal torques through geometry and continuity as

7=B(x — xo) (1.20)

where the vector 7 is the internal torque, the matrix B is the bending stiffness and the vector x =
{x1, %2, %3} is the curvature associated with bending about the same-indexed directors. The cur-
vature Ko accounts for objects with unstressed initial shapes other than a straight line (like a helical

spring). The bending stiffness matrix is defined as

EL
B= EL (r.21)

GI,

where the diagonal terms define the bending stiffness about each director, with the tangential di-
rector d3 related to the twisting stiffness. £ and G are the Young’s modulus and shear modulus,
respectively, and /; is the second area moment of inertia about each director.

Similarly, external forces can generate straining and shearing deformations that are related to
internal forces by

n=S8(c—o0y) (1.22)

where the vector n is the internal force, the matrix S is the shearing stiffness and the vector ¢ is the

shear and strain associated with each director. The vector oy accounts for any initial unstressed shear

21



or strain in the rod. The shearing stiffness matrix S'is defined as

a,GA
S= 2,GA (1.23)

E4

where A is the cross sectional area and the constant «, is 4/3 for a circular cross section.
Finally, we can add the dynamical governing equations for changes in linear and angular momen-

tum to the kinematic equations (1.11 and 1.12) we introduced earlier.

A
Linear momentum: a(gtv) = %I; +f (1.24)
d(plw) Ot  Or
Angular momentum: ~50 "~ + R Xn+c (1.25)

where p is the mass density, I is the second area moment matrix , n is the external force line density,
and c is the external torque line density. The second area moment is a diagonal matrix whose values
quantify how the area of a cross-section perpendicular to the tangent director is distributed relative
to each director. Equation 1.24 relates the internal forces (proportional to the shearing stifftness and
shear/strain) and the external forces to changes in the linear momentum of the rod. Equation 1.25
relates the internal torques (proportional to the bending stiffness and curvatures), external torques,
and external forces not acting along the centerline tangent to changes in angular momentum of the
rod. For quasi-static or equilibrium analysis, the left-hand sides of all governing equations (1.11,
1.12, 1.24, 1.25) will be zero and external forces and torques will be balanced by internal changes in
curvature x and shear/strain o.

Moving forward, we will ignore external and internal forces associated with straining and shear-
ing. They are much more energetically costly than bending or twisting for a high aspect ratio object

like a helical spring formed from a thin rod. For a circular cross-section rod, each component of the

22



bending stiffness is scaled by a factor of 7 compared to the corresponding shearing stiftness compo-
nent. When » << L, then the total energy (integrated over the length of the rod) to bend or twist

the rod is significantly less than the energy to shear or strain it.

1.3 ANALYZING A HELICAL SPRING

Now we will bring the geometric, topological, and mechanical framework we’ve walked through to
bear on the system of a thin elastic rod initially shaped into a helix (a helical spring). A helix with
pitch p and radius 7 can be defined by a single pitch angle @ = arctan(p/277), which is an angle
measuring the slope of a single turn of the helix (p is the vertical displacement of the turn and 277 is

the horizontal). We parameterize the centerline of the helix in cylindrical coordinates as:

X = 17+ rabz. (1.26)

Using the FSF and Cosserat framework for an non-sheared and non-strained rod, we get values for

the geometric torsion and curvature in the unstressed state of:

T = ﬁ (1.27)
1
X9 = m. (1.28)

Helices are unique among space curves for having constant and non-zero torsion and curvature.
The total arclength of the helix is § = 277NV/1 + «? where N is the number of turns of the helix.
We can now define our two curves to analyse Link, Twist and Writhe. We will create a ribbon
using the centerline of the helix as the base curve and the FSF normal vector as the other curve. As

previously discussed, the geometric torsion measures the rate at which the normal vector rotates

around the tangent vector. The Twist is the integral of the geometric torsion over the length of the
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curve (equation 1.16) plus any intrinsic twist. Parameterizing the arclength for a helix with /N turns,
we get:

N [ o«
Tw = ——rV 1+ a?dp

T )y r(1+2)

o

- (129)

This gives us the total geometric twist and we will assume that there is no intrinsic twist in the un-
stressed state of the physical helix.

To calculate Link, we can count the oriented crossings of the curve defined by the helix centerline
and the vertical central axis. Though the helix is not technically a closed curve, for our analysis we
can assume it is fixed at both ends (no twirling or whirling) so that no Link can leave the system
(the Link current from equation 1.19 is zero at the boundaries). Alternatively, we could imagine
attaching simple segments that loop around so that two the curves are individually closed and linked
together. The centerline will rotate once around the vertical axis for every turn of the helix. Viewed
from a particular polar angle 8, like 7/4, the centerline will cross over the vertical axis twice. From
the counting method layed out in Figure 1.5, the total Link of the helix will be equal to the number
of turns N. Using the CFW theorem, we can then calculate the Writhe of the helix to be

Wr = N<1 — 1—de> . (I.}O)

We can check our intuition for these results by thinking about how Link, Twist and Writhe will in-
terplay as we vary the pitch parameter « of a closed helix with a fixed arclength (link current; = 0

and strain o3 = 0. Consequently, the pitch and radius are not independent geometric parameters.
For small #, the helix will have a larger radius and smaller pitch. For larger «, the opposite will be

true. However, both helices have the same linking number and thus there must be some trade-off
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between Twist and Writhe. We can see this clearly in Figure 1.9, where the wider, shorter helix is
more writhed and the thinner, taller helix is more twisted. This matches our earlier casual under-
standing of Writhe as a measure of the three-dimensionality of a curve centerline: the higher Writhe

helix expands in all directions more than the almost one-dimensional lower Writhe helix.

(2) Lk (b)

Wr
_—>

Increasing o

Figure 1.9: The relationship between Link (L), Twist (7w) and Writhe (7#7) for a single helix. (a) Plot of Lk, Tw, and
W as a function of helix pitch angle 2 = arctan(p/me). The CFW theorem and the changing geometry of the helix
(with a fixed arclength) determine their relations. All values have been normalized by the total Link. (b) Increasing the
pitch parameter while maintaining a fixed linking number (or number of turns /N) shifts the helix from a highly coiled
state (left) where the Writhe dominates to a highly twisted state (right) where the Twist dominates.

Finally, we can connect this topological viewpoint to help understand and predict the deforma-
tion of a helical spring under external loads. We know from our earlier mechanical framework (as-
suming no stretching or shearing forces) that, at equilibrium, any external forces or torques applied
to the ends of the helix will be balanced by internal changes in shape through bending and twisting

modes (equations 1.20 and 1.25). In the elastic regime, this will result in deformation to a new helix
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geometry with the same arclength S'and new radius » + 07 and new pitch angle « 4 dz. Using work
done by A.E.H. Love*#, we get the following equations of mechanical equilibrium for a helix with

an applied force F'and applied torque 7

1

F= ﬁ[SL(Ccosza + Bsin®a) + 27270N(C — B)sinacos] (1.31)
1

=3 [0L(C — B)sinacosa + 27r0N(Csin*« + Bcos*a)] (1.32)
7

where dN is the change in the number of turns, L is the change in the axial length of the helix, B is
the bending stiffness and Cis the twisting stiffness.
We will consider the case where we apply an axial external force to stretch the helix to a new axial

length L + JL with 7 = 0. Solving for the changes in the number of turns and axial length, we get

sin®a cos’a
L = F .
L = S < 7 ¢ ) (133)
S 1 1
ON = ésinacosa <C — B) F. (1.34)

If we enforce the constant Link constraint (N = 0) when applying the axial force (the ends of the
helix are not allowed to whirl or twirl, only move farther apart), a deformed helix must exchange
some Writhe for Twist. Through the unique geometry of the helix, this will correspond to a de-
creased radius and an increased pitch (see Figure 1.10). For a perfectly elastic helical spring with
constant link, we could stretch it until its centerline is straight and all Writhe has been converted to

Twist (in the form of intrinsic twist).

1.4 CONCLUSION

Combining Kirchoff’s rod theory for inextensible and un-shearable filaments with an understanding

of Link topology can help our understanding of a wide range of problems across length and time
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N=6 N=6

Figure 1.10: (a) A helix with pitch p, radius 7, pitch parameter «, axial length L, and number of turns IN. (b) The same
helix deformed by stretching it to an axial length L -+ JL while keeping the turn number NN constant. In other words,
there is no link currentj (equation 1.19) flowing out either end of the helix. 46

scales. This framework can help us understand and study coiling and overwinding in cucumber
tendrils**, the formation of solenoids and plectonemes in artificial muscle fibers*+ and the detan-
gling process in hair combing (see Chapter 2 of this dissertation). While fully analyzing elastic rod
dynamics can have some unavoidable complications (non-linearity/inelastic response, interactions
between multiple rods), understanding the underlying topology of the system can still help us make

testable predictions and validate results.
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The smallest hair casts a shadow.

Sir Francis Bacon

Combing a double helix

2.8



Now that we’ve established the framework for combining geometry, mechanics and topology to
study thin elastic rods, we can move on to applications. In 2021, Nicholas Charles, L. Mahade-
van and I wrote a paper, with a preprint published on ArXiv, on detangling hair with a comb as

a problem at the interaction of geometry, mechanics, and topology. This paper is included as the
first application of the theory from Chapter 1 because it represents a logical extension of elastic rod
topological mechanics: studying the interactions of two topologically entwined elastic filaments as
a minimal model for hair combing. The full paper is included here, with minor edits to the format.

The references are likewise altered from the original publications to fit this dissertation.
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2.1 ABSTRACT

Combing hair involves brushing away the topological tangles in a collective curl. Using a combina-
tion of experiment and computation, we study this problem that naturally links topology, geometry
and mechanics. Observations show that the dominant interactions in hair are those of a two-body
nature, corresponding to a braided homochiral double helix. Using this minimal model, we study
the detangling of an elastic double helix via a single stiff tine that moves along it, leaving two untan-
gled filaments in its wake. Our results quantify how the forces of detangling correlate with the link
density, a topological quantity, that propagates ahead of the tine and flows out the free end as a link
current. This in turn provides a measure of the maximum characteristic length of a single combing
stroke in the many-body problem on a head of hair, producing an optimal combing strategy that

balances trade-offs between comfort, efficiency and speed of combing in hair of various geometries.
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2.2 INTRODUCTION

Long-haired people are familiar with a well-known strategy for combing their hair: start combing
away the tangles close to the free hair ends, and work steadily upward towards the scalp. This al-
lows for the untangling of a collective c#7/—a bundle of interacting filaments, clamped at one end
and characterized by similar local geometry and length—to proceed more efficiently from the free
end, minimizing pain but at the expense of time. But how does a comb work its way through a curl?
This quotidian problem which lies at the intersection of mechanics, geometry and topology has
many cousins—the carding of textiles and felts>*#*, and the spontaneous tangling and detangling of
polymers in a flow”*5, of flux lines in superconductors 48 and of magnetic fields in solar coronae 8,
In the context of hair, there has been a recent resurgence of interest in characterizing the eftective
properties of fiber assemblies and packings??5"5>3%41,793513 ingpired by simple curiosity, techno-
logical applications to fields such as robotics, and even the need to model hair animation’®7. Much
of these studies neglect individual hair-hair interactions, and little is known about the dynamics of
detangling in complex packings of fibers and hair from a mechanical or topological point of view.

In the scant literature that addresses individual hair-hair contact*? and fiber assembly topology**»7,
the pervasive problem of global detangling an open curl by an external tine is not considered from a

mechanical or topological viewpoint.

2.3 MINIMAL MODEL OF HAIR CURL

The complexity of the combing problem is potentially associated with the many-body nature of in-
teracting filaments (hairs) and their potential for long-range interactions—that is, the potential for
local hair interactions in one location along the curl’s arclength to affect the local hair interactions at
another location along the curl, far away in terms of curl arclength. As an example, observations of a

curl of horse hairs (Figure 2.1(a)) show that they are mostly straight, enhanced by gravity that helps
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Figure 2.1 (following page): Tangles in hair. (a) Curl of horse hair. (b) Colored curl of 12 human hairs, clamped at one end.
(c) Schematics of N-body interactions (N = 2-5). (d) Histogram of N-body interactions for a sample similar to (b) with
P = number of interactions per unit length (in meters). We segment the curl into 20 sections, count the interaction
types within each section, as defined in (c), and average them across different curls (horse and human).
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Figure 2.1: (continued)




straighten the hairs; only near the free end can the hairs adopt their natural curvature (see appendix
for further discussion). To quantify the nature of these interactions, we digitally color each strand to
track their interactions with their neighbors in a curl (Figure 2.1(b)), segment the curl into sections,
and then count and characterize the internal interactions of each strand using the interaction defi-
nitions in Figure 2.1(c). Viewing the curl side-on (or equivalently, projecting the curl onto a plane
parallel to the curl axis), we define an interaction to be where strands cross each other. Counting
true interactions would require accounting for the sign of the crossing—i.e. if a hair moves over or
under another—so our metric acts as an upper bound on the true number of interactions. In Fig-
ure 2.1(d), we plot the number of N-body interactions, and see that pair-wise interactions form a
plurality of the tangle types in our analyzed curls (see appendix for further investigation). While this
plurality would likely be less pronounced for curlier hair, we restrict ourselves to relatively straight

curls—i.e., an individual hair’s radius of curvature is on the same order as its length.

2.4 EXPERIMENTAL OBSERVATIONS OF COMBING

Given the dominance of two-body interactions, we first consider a minimal model of the comb-
curl system: two homochiral entwined helices clamped at the top end and hanging freely at the
bottom. Although the curls we consider are relatively straight, we expect our double helix model to
effectively capture the most important interactions in the tangled parts of the curl. The filaments
are made of nylon (heated to force them to conform to 3-D printed helically grooved cylinders, and
then cooled). This assembly is then pierced at the midpoint of the double helix centerline by a single
stiff rod (the comb), producing an initial structure with links to both sides of the newly inserted
tine. The tine moves downward quasi-statically to detangle the downstream region of the curl. We
use an Instron 5566 material testing machine to measure the force extension curves of the rod-helix

combing system.
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In Figure 2.2(a) we show the response of the helix that can be associated with either kinking or
winding. While winding is inevitably required for helix untangling, we frequently observe kinking,
resulting from sliding and shear between the free-end sides of the two helices, leading to a char-
acteristic bent state (Fig 2.2(a,b)). This spontaneous relative sliding of filaments along their axial
direction appears topologically unnecessary for helix detangling, but may indicate a subtle instability
of the curl during combing. Over- and under-winding describes the stretching out of the helices be-
hind the tine and a concomittant compression of the free end. As the tine moves through and along
the double helix, the force-extension profile of the process evolves. We examine this in terms of the
helix radius R, filament radius 7, tine radius #, and helix pitch P (Figure 2.2b), expressed in terms of
the dimensionless ratios 71 = P/r, 7, = R/rand w3 = t/r, deferring variation of 3 to the sup-
porting information since ¢ appeared to have little impact on the nature of helix unwinding. Note
that we consider here only helices of constant geometry, acknowledging that, in reality, a curl’s pitch
and radius of curvature may vary over arclength. It is possible that one could infer the mechanical
and topological response of a non-uniform curl to combing by using the results obtained here to
interpolate between regions of different geometry. However, we leave the study of more complex
curls to future work, making our present goal establishing a connection between the topology and
mechanics of uniform curls of hair. Note also that, since combing experiments and simulations oc-
cur quasi-statically, precise rate of combing does not affect results. However, future studies could
also consider the dynamics and effect of combing rate on hair detangling.

In Figure 2.2(d,e) we show the scaled force on the tine f = FI3 /B as a function of the scaled tine
displacement x through the double helix. Smaller pitch and radius helices (more tightly wound)
require larger forces required to detangle. There is generally an initial rise in the force extension
curve before a leveling off, corresponding to overwinding of the helix in front of the tine. After
the initial rise, the force peaks when the tine jams, falling once the tine breaks through, although

there is no rise in the force or tine jamming for loose helices, i.e. P/r > ¢ ~20. We overlay the
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force required to equivalently stretch a single helix for comparison (initial angle & and helix radius
R extended to final radius angle 2; and helix radius R; *°; see appendix for details). In contrast with
the force-extension curve for a single helix wherein the force required to stretch diverges as the helix
is straightened out, combing through a double helix shows that the force flattens out before either
helix is significantly stretched. Instead, the moving tine untangles the two filaments, eventually

decoupling the helix strands as the force becomes vanishingly small.
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The unlinking of the homochiral helices during this process can be quantified in terms of the
Calugareanu-Fuller-White (CFW) theorem *#'%**, which states that L& = Tw + W7. Link
(Lk) quantifies the oriented crossing number of the two filaments averaged over all projection di-
rections (or Gauss Linking integral) and effectively counts the number of full turns one filament
makes around the other®*. Twist (7w) is the integrated rotation of one filament around the two-
filament-centerline. Writhe (777) is the (negative) integral of the geometric torsion of the centerline.
To quantify the topology of the double helix, we treat the two interwoven filaments as two edges of
aribbon and compute the local link density A(s). A(s) is defined as the link per unit length along the
double helix centerline as a function of the centerline arclength s and the twist density 7(s). Fora
relatively straight double helix, 77 & 0, so that 1(s) & 7(s) 3. Since Lk is topologically invariant
while 7w is not, we characterize the ribbon in terms of A. In Figure 2.2(e) we show the evolution
of the link density A calculated from images of the helix taken as the tine moved. We see that a rela-
tively uniform A(s) changes to a step-like A(s) as the tine induces a flow of link toward the free end
of the curl. This leads to overwinding in front of the tine and underwinding behind while link flows
through the helical braid from the clamped to the free end. For tine displacements x 2 0.2, the
scaled jump in the link density A4/4y > 0 across the tine (1o being the initial link density) increases
faster than the rate at which is expelled from the free end. This accumulation eventually reaches
a plateau as the tine gets closer to the free end, and then induces a flux of link at the free end that
unlinks the filaments, the end goal of combing.

We now turn to correlate the experimentally observed spatio-temporal evolution of link density
associated with the motion of the tine to the evolution of the force on the tine. For a double helix
that is tightly wound initially, as the tine propagates, A(s) ahead of the tine increases, and the scaled

pitch 71 = P/r decreases locally, leading to a localized link pulse®, the spatial extent of which is de-

"The abrupt change in link density, termed here a link pulse, is more visible in Figure 2.3(e) than its exper-
imental counterpart, since link density measurements could not be performed with as high of a resolution in
experimental curls as in simulated ones.
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Figure 2.2 (following page): Combing a double helix. (a) As the tine moves down the double helix, it forms a kink about
which the helix whirls as link flows out of the bundle. (b) Schematic of combing a double helix with pitch P, helix radius

R (half the distance between individual filament centerlines), filament radius 7, tine radius # and helix height L. (c-d)

2
Scaled forcef = Z%F applied by tine over scaled distance combed x = %,

distance combed, /o = 0.01m is a characteristic length, B is single filament bending rigidity and D is total tine displace-

where Fis unscaled force, d is unscaled

ment required to detangle the helices. Dashed curves show theoretical force predicted for stretching a single helix; black
curves show a single representative combing. We scan the parameter space varying (c) 7; = P/r and (d) 7, = R/r.
See appendix for details and variation of 73 = t/r. (e) Change in link density A2 normalized by initial link density A
for m;y = 18, 7, = 1, plotted for several normalized tine locations, showing flow of link from clamped to free side and
eventually out free end by twirling of the free ends about one another. In all experiments, » = 4.25 - 10™* m and helix
height » = 0.15 m.
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Figure 2.2: (continued)

A AN L
<€ >
== double helix =~ — double helix single run === single helix
H(¢) Tyt =18 =24 43 8 (d) 72l =1 =6 12
L om=1 6f  m=235
| ! g
L 45/
| . /
I o v f
T % 1

0 02 0.4x0.6 0.8

02 04 06 038
X




termined by tine, hair, and helix radii, as well as helix nominal pitch. Increasing link density causes
the double helix to stiffen and eventually the tine jams (measured as a sharp increase in the force
extension curve) when the local link density is larger than a threshold that depends on the helix ra-
dius, helix nominal pitch, filament radius and the coefficient of friction. When one of the filaments
slides relative to another, the relative shear often leads to the kinked configuration seen in Figure
2.2(a,b) accompanied by a peak in applied force. If the filament does not break, eventually the tine
breaks through and the force decreases, before the same cycle repeats again. During this process,
the kinked double helix twirls about the axis of tine motion (see Figure 2.11). If the double helix is
loose enough initially, link propagates more easily from the tine location to the free end, A(s) never
crosses the threshold needed for kinking, and the force required to comb never peaks (as seen for

71 = 48,7y = 1). These are the only ways by which link flows out of the free end, via untwisting
of the free ends of the individual filaments, and via the twirling rotation of the kinked portion of the
double helix (in a manner similar to what has been observed in viscous filaments ).

By using link, and in contrast to the use of curvature and torsion, we can completely characterize
the untangling of the double helix and conditions for kinking in terms of the local density of the
scalar quantity A(s). Furthermore, the flow of A out the free end of the double helix corresponds
well to the change in global Lk, which in turn characterizes the overall detangling of the helix in a

topologically invariant way.

2.5 NUMERICAL ANALYSIS OF COMBING

40



To quantify our experiments on the non-linear topological mechanics of interacting filaments,
we use a numerical approach that models each hair using the Kirchhoff-Cosserat theory '7>° and
solve the equations using the discretization, contact-force and numerical integration scheme de-
scribed in Gazzola et al. (2018).?7 In the limit of very thin filaments such as hair (where the length
>> the thickness), the model naturally reduces to the Kirchhoff-Love theory for inextensible, un-
shearable filaments*5. We defines € [0, L] as the material coordinate (also the arc length) of the
rod of rest length Ly, x(s) as the position vector of the centerline, and a triad of orthonormal direc-
tors di(s), da(s),ds(s) = O that defines the cross-section orientation. Then any body-convected
vector v with lab-frame coordinates o may be written as v = Qv, where Q(s) € SO(3) is a rotation
matrix, and the bending and twist strain vector is given by x = vec(8,Q7Q) (xy is rest-state cur-
vature). If N(s) is the internal force resultant, ]2 as gravitational force line density, the equilibrium

equations for the boundary value problem are’*”

0 :85N+fg (2.1)

0=0;(B(x—x0)) +0xXn (2.2)

where B is the matrix of bending and twisting stiffnesses, subject to the boundary conditions of the
filaments being clamped at one end and free at the other.

To simulate the initial state of a curl of hairs such as that depicted in Figure 2.1(b), we start with
a collection of clamped filaments hanging in a gravitational field D}\ = pdg(g = 9.8N/kg, pis
the filament mass density and 4 is the filament cross-sectional area), resulting in a curl such as that
shown in Fig 2.3(a). We then introduce a intrinsic curvature at each node, randomly drawn from
a Gaussian distribution with mean and variance matching the distribution of curvatures (see ap-
pendix for details), shown in Figure 2.1(b). Finally, we let the hairs relax elastically to their new rest

configurations, determined by a competition between nonzero intrinsic curvature and gravitational
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Figure 2.3 (following page): Numerical results. (a) Simulated curl of 12 hairs modeling those in Figure 2.1(b). (b) Hair in-
teractions as in Figure 2.1(d) for simulations similar to (a), where o = number of interactions per unit length (in meters).
Ly = 02m,7» = 7.5-10"°> mand £ = 1 GPa. See appendix for 3-dimensional curl results. (c-d) Scaled force

f = Z‘%F applied by tine over scaled distance combed x = %,
curves show theoretical force predicted for stretching single helix an equivalent distance; black curves show single rep-

where parameters are defined as in Figure 2.2. Dashed

resentative combing. We scan the parameter space varying (c) 7; = P/V and (d) 7, = R/V. See appendix for details
and variation of 73 = t/r. (e) Change in link density A1 normalized by initial link density A, for helix with 7; = 18,
7, = 1, plotted for several tine locations, qualitatively reproducing experimental trends from Figure 2.2(e). Filament

parameters are same as in Figure 2.2, except E values are scaled down by 0.078. See appendix for simulation settings.
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Figure 2.3: (continued)
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straightening (see appendix). After the hairs relax, we count interactions using the same method as
used in experiments, leading to the histogram of interactions per unit length in Figure 2.3(b). We
find that pairwise interactions dominate in agreement with experimental results (see appendix where
we show that these interactions do not change qualitatively in a 3-D array).

To follow the combing of an elastic double helix as in Figure 2.2, we start with a random distri-
bution of initial internal strains and anneal the pair of filaments into a double helix, clamped at one
end. We then insert a rigid rod as a tine between the two helices close to the clamped end and move
it quasi-statically towards the free end. As in experiments, the initial helix-tine system features links
to both sides of the tine insertion point; as the tine moves toward the free end, it detangles the curls
in its path. In Figure 2.3¢c-d we show the numerically computed force applied by the tine during
combing, and see that the results are similar to our experiments shown in Figure 2.2(c,d) T. Com-
paring the evolution of the helix topology computed using the algorithms described in Charles at al
(2019)," Figure 2.3(e) shows that this also matches the experimental pattern of overwinding and
underwinding shown in Figure 2.2(e); the oscillations in A(s) on the clamped side of the tine come
from slight periodic shearing of the clamped side filament segments with respect to each other, a
phenomenon that occurs on too fine a resolution to be observed in experiments. The small discrep-
ancies between the quantitative values observed in the numerical and experimental results may come

from our scaling of the simulated filaments’ bending stiffness i

"The high-frequency oscillations seen in the mean force curves are due to the oscillation in contact force
between the tine and double helix filaments as the tine passes by each discretization node in the double helix
filaments.

*Note that the numerical calculations presented here neglect contact friction. However, we tested a subset
of these simulations with contact friction and obtained force-displacement curves with the same qualitative
shape as the ones shown here. Hence, for simplicity, we neglect contact friction in all simulations shown here.
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2.6 OPTIMAL COMBING STRATEGY

Complementing our analysis of the topological mechanics of combing a double helix, we now con-
sider how a curl’s resistance to combing varies with the style of combing, e.g. short strokes ver-

sus long strokes. Noting that a single helix pitch corresponds to one helix filament revolving once
around the other helix filament, we fix R/» = 1and P/r = 24 and vary g, the number of pitches
that initially separate the tine from the free end of the double helix. In experiment (Figure 2.4(a))
and simulation (Figure 2.4(b)) we find that significant tine jamming—as indicated by the plateaus
in the force-displacement curves—occurs only when we start combing more than 4-5 helix pitches
away from the free end *.The differences between the two sets of curves is likely due to not account-
ing for friction in the computations, and explains the larger number of plateaus seen in the large-g
experiments relative to the more smooth force evolution seen in computations. Nevertheless, we see
that starting to comb nearer to the free end allows link to be expelled more easily, leading to com-
plete untangling before the differential link density across the tine surpasses the threshold for kink
formation and jamming, consistent with experience.

To quantify this intuitive result, we define a cost C(g) for combing a double helix of length L
using each strategy. To illustrate the trade-offs between fi.x, the maximum dimensionless force
during combing, and the amount of detanglement quantized in terms of the number of strokes
g0/q needed to complete the combing process (79 = 25 is a fixed number of pitches characteristic
to the g-values used in these combing strategies), we use the simplest linear cost that can interpolate
between pain and time. Writing this cost C(¢) = ¥fmax + (1 — ¥) %0 (see appendix for details), we
can vary the relative cost of the two effects by varying y. Varying y allows us to optimize a combing

strategy based on the initial nature of the double helix; for very curly hair, choosingy ~ O(1) is

$Quantitative differences in the shape of experimental and numerical force-displacement curves in Figure
2.4 could stem from our model’s neglect of contact friction.
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Figure 2.4: (a-b) Scaled forcefover scaled distance combed x for (a) experimental and (b) simulated double helices with
varying number of links. Scaling of x is different for each curve since the total raw tine displacement needed to comb
each curl is different. Below a certain link threshold, combing finishes without kink formation. Black curves show a
single representative combing forg = 25. Filament parameters are the same as in Figure 2.2. (c) Cost Cto comb a
10m double helix over number of downstream pitches g detangled per combing, using the strategies shown in (a-b).
Note that g is intrinsic to combing strategy. C combines effective pain and time required to comb; y = 0 considers
only time and corresponds to straight hair; ¥ = 1 considers only pain and corresponds to curly hair. Simulation and
experiment how optimal combing strategy shifts depending on hair curvature.

more sensible, while for straight hair, choosing  ~ 0 is better. Using the results for the maximum
force from Figure 2.2-2.3, we calculate the cost C(g) for the case of curly and straight hair. In Figure
2.4(c), we see that for straight hair (y ~ 0), the cost decreases as g increases, i.e. the number of
strokes decreases, while for curly hair (y ~ 1), the cost is lowest for small 4 as it is biased to minimize

the cost associated with the maximum force.

2.7 CONCLUSIONS

Our study has shown that the many-body problem of combing relatively straight hair can be sim-
plified to the problem of combing a double helix, and in this context, we have provided a measure
of link density during combing as a function of helix geometry and combing procedure. We have
connected topology, geometry and mechanics by quantifying the relation between flow of link
through the tine and out the free end, to the time-varying force felt on the tine. Our results also
suggest that the two-body problem also has the ability to capture the correct optimal strategy of
combing a tangle by balancing the cost of many short strokes relative to longer, potentially more

painful ones. While hair material and internal geometric properties such as stiffness, frictional coef-
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ficient, pretwist and cross-sectional shape would likely quantitatively impact our results, we expect
the connections presented here between mechanics, geometry, and topology to be applicable to any
curl of hair. Going forward, a natural next step is to account for variations in these material prop-
erties, hairs’ strong frictional anisotropy, and hairs’ response to combing as a function of humidity

and temperature.
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2.8 APPENDIX

HAIR CURL INTERACTIONS

In Figure 2.1(d) (main text), we show the number of N-body interactions as a function of Nin a
relatively straight curl of horse hair, finding that two-body interactions dominate. To quantify the
nature of these interactions, we segment the curl into sections, and then count and characterize the
internal interactions of each strand using the interaction definitions in Figure 2.1(c), noting that our
definition of interaction is an upper bound on the true number of interactions.

We note that the dominance of two-body interactions depends, to some degree, on the length of
segment used to compartmentalize the curl. Taking the limiting cases, one can see that as the seg-
ment length approaches zero, only two-body interactions will be seen, while as the segment length
approaches the total length of the curl, only a single interaction will be seen: that involving every
hair (except those hairs which never cross other hairs, which can effectively be excluded from the
bundle since they do not contribute to the tangle). Since our goal is to investigate the local interac-

tions making up the global tangling of the hair, we sought a segment length that would isolate local
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Figure 2.5: Hair curl interactions in three dimensions. Histogram of hair interaction types for simulated curls similar to
those used for Figure 2.3(b) of the main text. Here, we clamp the top of the hairs in a planar triangular lattice, letting

all hairs hang down in the same direction, loosely filling a volume of space below the triangular lattice. We segment

the curl into 20 layers, count interaction types defined in Figure 2.1(c) (main text) within each layer and average over

all layers and curls. In three dimensions we can no longer use projected intersections to define hair interactions. In (a)
we define an interaction by hairs being in contact. In (b), we use a linking number threshold to define interactions. In
particular, we segment the curl into twenty segments; in any single segment, if I,/e(A, B) > m, where 4 and B are the
parts of two hairs which lie in the given segment, then 4 and B interact. We empirically determine that m = 0.4 is
roughly the smallest linking threshold that provides nontrivial segregation of interaction types. Presumably, were 7z and
segment length scaled equivalently, results would change only as a function of segment length, not directly as a result of
changing 7. Here o = number of interactions per unit length (in meters), and we again find pairwise interactions to be
dominant. Bar height represents mean o while error bars show standard error in p.

interactions—i.e., those that take place over a length scale comparable to the characteristic length
over which the hair curves. We chose 20 segments empirically to produce a segment length roughly
equal to that characteristic length.

We also note that, while the plurality of two-body interactions would likely be less pronounced
for curlier hair, we restrict ourselves to relatively straight curls—i.e., an individual hair’s radius of
curvature is on the same order as its length. Other curl properties, such as volume density of hairs in
the region of space occupied by the curl, hair thickness, and average hair curvature, may also affect
the precise relative abundances of N-body interactions. However, for this study, we limit ourselves

to dry-combing of relatively straight horse and human hair, focusing on the potential to reduce a
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complex many-body problem to a feasible two-body problem, and leaving for future work a more
detailed investigation of variations between curls.

To reproduce the computation leading to Figure 2.3(b) of the main text, now generalizing the
result to hairs interacting in a fully three dimensional context, we simulate twelve hairs with their
top ends clamped in a planar triangular lattice. The hairs hang freely down from their clamped tops,
loosely filling the volume below the triangular lattice. As with the two-dimensional array of hairs
considered in Figure 2.3(b), we then introduce intrinsic curvature into the hairs. The random curva-
ture at each node of each hair is sampled from a Gaussian distribution of curvatures with mean o%
and standard deviation 69%, matching the local curvatures of the hairs used in experiment.

To study hair interactions, we use similar methods to those used in Figure 2.1(d) and 2.3(b) of
the main text. However, we can no longer use the crossing criterion for determining whether two
hairs interact, since this ignores the three dimensional nature of the curl. Instead, we employ two
interaction criteria which lead to similar results: in Figure 2.5(a), we use contact; in Figure 2.5(b) we
consider two hairs to interact within a single layer of the curl if the Lk between the segments of the
two hairs within that layer is greater than a fixed threshold, here set to Lkwyesh = 0.4, determined
empirically to maximize intersection classification accuracy. We again find pairwise interactions to
be the most prevalent, regardless of the definition of an interaction.

Although it is quite difficult to perform this same study on an experimental fully three-dimensional
curl of hairs, we can extrapolate from our numerical results that pairwise interactions would dom-
inate in such an experimental curl as well. In particular, the qualitative similarity between Figs.
2.1(d) and 2.3(b) of the main text suggests that real hair curvatures are distributed similarly to the
independently randomly sampled curvatures used in simulation. By comparison to the procedure
used in simulation, the similarity between simulated and experimental results (Figs. 2.1(d) and
2.3(b) of the main text) implies that for real hairs, there is significant statistical independence be-

tween the local hair curvatures at points close in arclength along the same hair and equivalent points
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on nearby hairs. To curls of hair characterized by such independence, we apply the term “thermal-
ized,” and hence conclude that our computational results on thermalized three-dimensional curls

should mimic what would be seen in a real curl.

ELASTICITY VERSUS GRAVITY IN FREE-HANGING HAIR

In Figure 2.1(b) of the main text, we show a curl of hair used in studying hair interactions. Upon
close inspection, one can see that at the bottom of this curl, the hairs appear to flair out — i.e. the
curvature of the hanging hairs appears to be greatest in a small region at the bottom of the hairs.
The characteristic length /, of an individual hair (radius 7, bending stiftness B) at which gravity is
balanced by elasticity is given by /, ~ (B/pgr?)'/® ~ (Er?/pg)"/?. For hair that has a natural
curvature ¥, when /,x* >> 1, gravity is unimportant. This is equivalent to stating that near the free
end of the hair, it naturally curls up into its rest curvature while straightening out elsewhere.

Thus, we should not then be surprised that, in Figure 2.1(b) of the main text, the region at the

bottom of the hairs in which the hairs flair out according to their natural curvatures is quite small.

APPLYING THE SINGLE HELIX EXTENSION CURVE TO COMBING A DOUBLE HELIX

To gain insight into the effects of inter-filament contact during combing, we compare our force-
displacement curves (Figures 2.2-2.3 in the main text) to the naive curves obtained using the analytic
force-extension curve predicted by Love#. Love considers a filament for which the rest configura-
tion is a single helix with angle « and helix radius R. If one end is clamped, the external load Fand

torque M which must be applied axially to the helix’s free endpoint to deform it to a helix along the
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same axis with angle ; and radius R; are shown to be

r Ccos a1 { sinay cosay sinz cosa sin &y cos® a1 cos® a (2.3)
_ _ — — 2.
Ry Ry R Ry Ry R 3
. . 2 2
sinaq cosa sina cosa cos” cos“ a
M =Csinay L L + Bcosay L (2.4)
Ry R Ry R

. We apply the above formula for Fto our experimental and numerical double helices.

To apply Love’s result to our experimental double helices, we assume that the tine initially sticks
to its initial position within the filaments—an assumption validated by the initial conservation of
link and overwinding early on in the combing experiments (Figure 2.2). We neglect the free side,
considering only the initially stretching of the clamped side, and compute the change in helix angle
throughout the clamped side of the double helix. In particular, if the tine sticks to the filaments,
then tine displacement 4 equals change in length AL of the clamped-side helix, and the arclength S
of the clamped side of the underlying filaments (i.e. the arclength of the section of the underlying
filaments extending from the clamp to the tine) remains constant. Usingae = sin™(L/S), we

compute the new helix angle

ay = sin (L +d)/S) (2.5)

where L is the initial length of the clamped side of the double helix.

How we compute the new helix radius R; relies on whether the double helix is tightly wound
(ie. R/r = 1).IfR = r, then the radius cannot change, so we set R; = R. If, on the other
hand, R > 7, we again apply the no-slip tine assumption. In particular, if the tine sticks to both
underlying filaments, then the angle traversed by each filament about the helix centerline from the

clamp to the tine remains constant. Calling this angle y, we have

Scosa

X="3 (2.6)
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as constant, so

cosay

Ri =Ry (2.7)

cos &

Combining this result (for R > 7, orusing R; = R for R = r) with our result for the new helix
angle a1, we can apply Love’s formula for Fabove.

Note that in Figure 2.2 of the main text, the single-helix curve hugely overestimates the force re-
quired to stretch a tightly-wound (R /7 = 1) double helix. We can understand this by noting that
to keep filament length constant, stretching a tightly-wound helix requires unwinding the helix. In
particular, since y = Scosa/R and « increases toward 7 /2 with stretching while S and R remain
constant, y will decrease toward o. As y approaches o, the filament becomes nearly straight and
the force required to continue stretching diverges. Hence, the theoretical single-helix force quickly
diverges for our tightly-wound double helices. Note that for tightly-wound helices, we cannot si-
multaneously apply a no-slip assumption, keep R; = R constant, and assume no stretching of the
underlying helix filaments. In reality, the tine likely does not entirely stick to the filaments even ini-
tially in the tightly-wound case. However, since twirling does not immediately begin in this case and
we see overwinding behind the tine, the tine must somewhat pull the underlying filaments along
with it, justifying the use of the no-slip assumption as a rough approximation of how the filaments
underlying the double helix are actually stretched. A similar failure of the no-slip condition likely ex-
plains why the single-helix curve also overestimates the true force felt in the experiments with R > 7.

When applying the single-helix extension formula to our numerical double helices, we have the
freedom to use the exact shape of the helix at each time step, since such data is readily accessible
from the simulation. However, for consistency, we apply the same no-slip assumption described
above to our simulated double helices. Hence, in Figure 2.3 of the main text we again sce that the

single-helix curve overestimates the combing force for the same reasons as in Figure 2.2.
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VARYING TINE RADIUS
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Figure 2.6: Force to comb a double helix under variation in tine radius # in (a) experiment and (b) simulation. We show
2
scaled forcef = l"% applied by tine over scaled distance combed x = %, where F'is unscaled force, d is unscaled

distance combed, /o = 0.01m is reference length, B is single filament bending rigidity and D is total tine displacement
required to fully unlink the tangle. Dashed curves show theoretical force predicted for stretching single helix an equiv-
alent distance. Black curves show a single representative combing, for 73 = t/r = 1.2'in(a) and 73 = 0.6 in (b). We
vary tine radius relative to hair radius 73 = #/7, keeping helix radius R = 7 and pitch P = 23.5r fixed. Comparing to
Figures 2.2 and 2.3 of the main text, ¢ affects combing force much less than R or P. Note that all combing experiments

and simulations in main text used 773 = 0.9.

To explore the double-helix parameter space, we varied three dimensionless ratios of length scales:
m = P/r,m = R/rand =3 = t/r. The effects of varying 7; and 7, are shown in Figures 2.2
and 2.3 of the main text. In Figure 2.6, we show the effect of varying z3. Contrasting Figure 2.6
to Figures 2.2 and 2.3, we see that the effect of tine radius on the force required to comb the curl is

much smaller than that of the helix pitch or radius.

UNCERTAINTY IN FORCE-DISPLACEMENT CURVES

In Figures 2.2(c,d), 2.3(c,d), 2.4(a,b) and 2.6, we show mean combing force as a function of tine
displacement, with a cloud depicting the standard deviations in force during combing. In Figure 2.7
we report quantitatively the mean of combing force standard deviation relative to mean combing
force o/ = (o(x)/f(x)) for each parameter set tested. In all cases except z = 4 in Figure 2.7(d),

corresponding to the force-displacement curves in Figure 2.4(b), o/f < 0.2. However, looking at
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Figure 2.7: Variations in force-displacement curves. We show the average (over time) of standard deviation relative to
mean combing forcef/x = <a’(x)/f(x)> for each parameter set in (a) Figs. 2.2c and 2.3c, (b) Figs. 2.2d and 2.3d, (c)
Figure 2.6 and (d) Figs. 2.4a-b. In most cases, combing force standard deviation is below the mean combing force by a
factor of 5-10.

the corresponding force-displacement curve in Figure 2.4(b), the larger value of o/ fappears to come,

at least partially, from the small mean combing force. We expect this run to have a smaller mean

combing force than the others, since we are detangling the fewest links in this case.
8 ghing

LINK CURRENT

In Figure 2.8 we show the rate at which Link leaves the double helix, or link current 4Lk /dx, through

the free end, for the experiment used in Figure 2.2(e) and simulation used in Figure 2.3(d). The ex-

perimental link current appears more jumpy because we are only able to sample the total Link at

discrete times during the experiment. From the experimental link current shown in Figure 2.8(b),

we can see a distinct trend: at first Link leaves the double helix slowly. Then, once the link density
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Figure 2.8: Link current. We show the rate of Link dL/e/dx flowing out the free end of the double helix as a function

of tine position x;, relative to initial total Link Lk, for (a) the experimental combing analyzed in Figure 2.2(e), and (b) the
simulated combing analyzed in Figure 2.3(e). The experimental link current appears jumpy due to the fact that we can
only sample the total link at discrete time intervals during the combing. In the numerical version of this experiment, we
sample the total link nearly continuously (solid blue curve shows continuous L% while dashed black curve shows moving
average) and find a distinct pattern of linking current: the current starts small and negative while the gradient in link
density builds up around the tine. As the link density gradient near the tine increases, Link is pushed toward the free
end and hence the magnitude of the linking current increases. As link starts to flow out the free end at a constant rate,
the link current plateaus, until finally the tine detangles the entire double helix.

gradient across the tine and, hence, the overwinding ahead of the tine, passes a critical threshold,

the magnitude of the link current increases to a plateau. This plateau value corresponds to the rate
at which Link is pushed out of the double helix through the free end while the tine forces more
Link from the clamped toward the free end as it leaves detangled filaments in its wake. Note that the
plateau value of link current and combing distance required before the link current plateaus depend
on the geometry of the particular helix being combed; e.g., tighter curls (smaller 2 and R) would
accelerate overwinding ahead of the time, and likely cause the link current to plateau earlier and ata

higher value. We show Figure 2.8 as a representative example for one choice of helix parameters.
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Note that Link is naturally defined as a global quantity ®*. While a local linking current has been
constructed > it is difficult to apply it to a series of discrete snapshots of a ribbon without accumu-
lating significant errors from finite time and space discretization. However, the centerline of the
double helices combed in Figures 2.2-2.3 of the main text remain nearly planar. Hence, there is no
global or local Writhe to speak of, and we can approximate local link density with local twist density,
~ 7. Fortunately, Twist 7w is naturally defined as an integral of the local twist density 7, making
7 much easier than A to compute accurately. Note that A shown in Figure 2.3(e) (main text) and Lk

shown in Figure 2.8 were computed for simulated double helices using the algorithms described in

Charles et al (2019)."5

CoOST OF COMBING

In Figure 2.4(c) of the main text, we show the cost of combing an imaginary L = 10m long dou-
ble helix using the combing strategies studied in Figure 2.4(a,b). Consistent with the experiments
shown in Figure 2.4(a) of the main text, we assume the imaginary double helix has » = 0.000425m
and P/r = 24. In the main text, we note that one pitch corresponds to one helix filament mak-
ing a single full revolution around the other helix filament, mathematically equivalent to one link.
We then define ¢ to be the number of pitches between the tine insertion point and braid free end.
Hence the length-L braid has gior = L/P = 1000 links that must be combed through.

We imagine combing the long double helix using a sequence of combings, each of which detan-
gles ¢ links, or pitches, of the long double helix. For the first combing, the tine is inserted g pitches
away from the free end, and is pulled through to the free end, detangling those ¢ links. For each
subsequent combing, the tine is inserted g pitches further away from the free end than it was in-
serted for the previous combing. Each time, it is pulled through to the free end, detangling g new
pitches. In all combings after the first one, the tine must push the ¢ pitches through some amount

of previously-detangled helix arclength. During this part of the combing, no new links build up in
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front of the tine; rather, the tine causes the g links to translate down the double helix to the free end.
Our cost function incorporates effective pain inflicted and time spent combing the curl; letting
A . . . . . .
fmax = Finax (ﬁ) be the maximum dimensionless force felt during combing, we choose the simplest

cost that can interpolate between these two contributions:

Cost C(q) = Yfumax + (1 — ) %0 (2.8)

where g9 = 25 is a fixed number of pitches characteristic to the g-values used in these combing
strategies, and ¥ € [0, 1] spans possible hair geometries. In particular, as indicated by the force-
displacement curves in Figures 2.2-2.3 of the main text, combing curly hair requires more force,
hence more pain, while combing straight hair is rather painless. Hence, setting y = 1 selects the pain
term from the cost and corresponds to combing curly hair, while y = 0 chooses the time term and
corresponds to combing straight hair.

Note that our cost function implicitly incorporates an approximate mechanical work performed

in combing the length-Z helix using each combing strategy. To see this, consider C(g)?:

2
C(9)* = (Yfiman)* + 291 — 7>fmax§ +(1- 7)2% (2.9)

Vi

The cross-term is proportional to a product of fi.x and ;’t , the latter of which is the total number

of combings 7(g) required to detangle the length-¢ braid. Since most combing occurs after over-

winding has occurred, the mechanical work performed by the tine is

7(q)

W X fmax Zz’ X frnax (77 +7) - (2.10)

=1

The cross term in C(g)? incorporates the linear term in this expression for work; hence, while not
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directly incorporating mechanical work, our cost is closely related to the work done by the tine.

SIMULATION SETTINGS

We model each hair using the Cosserat theory of elastic rods'7>°, and solve the governing equations
using the numerical method of Gazzola et al. (2018) and Charles et al. (2019)*7" To simulate large
numbers of hairs at once, we parallelize the integration scheme within each timestep, computing
forces and torques and updating filament positions, velocities and other quantities for all filaments
simultaneously. To parallelize computation of contact forces, we check each filament separately for
contact with other filaments, and only update the given filament’s external forces, avoiding multiple
calls to the same memory block by different threads at the same time.

We use the simulation and filament parameters laid out in Figures 2.9 and 2.10, where we define

the characteristic damping coefficient as

Yebar — m/(ZO ) tdmr)v Lehar = ZO/Ucharv Uchar = \/FCZO/m = \/WZE]/(WZ[()) (2.11)

for a filament of total mass 7 with characteristic length scale /o, stretched by the characteristic force

Fe = n*El / l%, the critical compressive buckling force of an inextensible filament. Thus,

topar =\ 4mby | (Ertn3) seconds, 7y, = \/Ermdm/(48). (2.12)

For double helix simulations, we use /g = 0.01 m, m = [y, where 1 = (6.65 - 107%) (kg/m) is
a typical mass per unit length for nylon filaments of radius » = 4.25 - 10~*. Since the simulations
occur quasi-statically, we rescale mass 7 and gravitational field g inversely, keeping 72¢ constant
while increasing 7 by a factor of 7.52 - 10° to increase simulation stability.

For hair bundle simulations, we use ; = 0.0l m and m = oA with 1 = 3.1-107° m. We again
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Figure 2.9: Table: double helix simulation parameters

radius » 4.25-107%m
helix height 0.15m
damping y 353 kg/(ms) ~ 164y,
mean E 0.27 GPa
Poisson ratio » 0.5
spatial discretization o/ 0.014 m
time discretization J¢ (0.08%) dl

Figure 2.10: Table: hair crossings simulation parameters

radius » 7.5-107°m
hair length L, 0.2m
damping y 800 kg/(ms) ~ 9.2 - 10%y,
E 1 GPa
Poisson ratio » 0.5
spatial discretization J/ 0.002 m
time discretization or (0.00S%) Jl

rescale 72 and ¢ inversely keeping m2¢ constant, this time increasing 7 by a factor of 108 to increase

simulation stability.
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EXPERIMENTAL AND COMPUTATIONAL IMAGES OF COMBING A DOUBLE HELIX

Figure 2.11: Experimental combing of a double helix. We mold two nylon filaments around a helically-grooved cylinder,
forming them into two identical helices that we entwine into a single double helix. We clamp the double helix at one
end and let the other end hang freely. This assembly is then pierced at the midpoint of the double helix centerline
arclength by a single stiff rod which moves downward to detangle the curl. We use an Instron 5566 material testing
machine to measure the force extension curves of a stiff rod piercing and pulling downward on the pinned, hanging
helices. Here we show the combing process and corresponding force-displacement curve. The experiment shown is the
same as that used to generate Figure 2.2(e) of the main text, with 77 = 18, 7, = 1.
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Figure 2.12: Simulated combing of a double helix. We clamp a double helix at the top allowing it to hang free. We insert
a tine halfway down the tangle and gradually displace the tine toward the free end at a constant rate. The simulation
proceeds quasi-statically. We show simultaneously a visualization of the combing process, the force-displacement
curve and the local change in link density as a function of rescaled arclength s and rescaled tine displacement x. The
simulation shown corresponds to the one used to generate Figure 2.3(e) of the main text, with 77 = 18, 7, = 1. See

Tables 2.9 and 2.10 for simulation settings.
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Prose is like hair; it shines with combing.

Gustave Flaubert

Detangling hair using feedback-driven

robotic brushing
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Building on the results of the paper presented in Chapter 2, with Josie Hughes, Nicolas Charles, L.
Mahadevan, and Daniela Rus, we published a paper on feedback-controlled robotic hair brushing
in the proceedings of the 2021 IEEE International Conference on Soft Robotics. This work also
validates our geometric and topological modeling of hair detangling in a more applied setting. The
full paper is included here, with minor edits to the format. The references are likewise altered from

the original publications to fit this dissertation.
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3.1 ABSTRACT

The brushing of hair requires a complex understanding of the interaction between soft hair fibers
and the soft brushing device. It is also reliant on having both visual and tactile information. Guided
by a recently developed model of soft tangled fiber bundles, we develop a method for optimizing
hair brushing by robots which seeks to minimize pain and avoid the build up of jammed entang]e-
ments. Using an experimental setup with a custom force measuring sensor and a soft brush end
effector, we perform closed-loop experiments on hair brushing of difterent curliness. This utilizes
computer vision to assess the curliness of the hair, after which the hair is brushed using a closed loop
controller. To demonstrate this approach hair brushing experiments have been performed on a wide
variety of wigs with differing amounts of curl. In addition to hair brushing the insight provided by

this model driven approach could be applied to brushing of fibers for textiles, or animal fibers.

3.2 INTRODUCTION

Soft robotics is rapidly furthering our understanding of the design, control and fabrication of softer
structures and systems“®. It is also extending our understanding of how we interact with complex
soft objects and environments®® through the provision of improved modeling techniques and con-
trollers. This expands the range of materials and environments within which robots can operate
effectively, allowing robots to perform some of the more complex tasks that humans perform with
ease. One such application where this is particularly true is in assistance and care robots *®. With the
globally increasing population, longer life expectancy and growing demands on health care systems,
the use of robots in personal care and assistance is one area where robots could make a significant
humanitarian impact®.

With current advances in soft robotic technologies, machine learning and modelling, developing

robots for care and health care applications is becoming increasing feasible ®. Within this domain
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Figure 3.1: Experimental setup for the investigation of robotic hair brushing showing the wig, sensorized brush and
robot arm.

one task which has had limited exploration is hair-brushing. Although a routine tasks for humans,
it relies on a complex understanding between the interaction between the deformable brush bristles
and the soft hair fibers, and requires both visual and tactile feedback. Hair brushing is typically a
self-care task, however for those who cannot perform the task, it has been shown that having assis-
tance in this task benefits both mental and physical health.

Within the domain of robots for personal care, there have been a number of notable examples.
There has been the development of robotic systems for hair washing*#, shaving and make-up assis-

tant robots7+73, and rehabilitation robots5® . There is also increasing interest in the possibilities for
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robotic care-givers, or robots that support human care-givers . To allow robots to extend their task
solving abilities to more complex tasks such as hairbrushing, we need not only novel safe hardware,
but also an understanding of the complex behavior of the soft hair and tangled fibers.

The goal of this work is to develop a platform to explore the complex task of the manipulation
and brushing of hair fibers —in particular, to develop a model of soft fiber bundles which accounts
for complex tangling behavior when undergoing manipulation or brushing interactions. The ability
to manipulate soft fiber bundles has a wide range of applications including hair brushing or textile
fiber manipulation. In this project we will focus on how the model can be applied to the problem of
hair brushing, developing a control approach to allow a robot with a sensorized soft bristle brush to
comb hair using an approach which minimizes the pain felt by the user, and the time spent under-
taking the procedure.

This task is complex as every head of hair is different, and the interaction between hairs when
combing is highly complex, with jamming and tangles forming depending on the brushing strat-
egy used. If the incorrect brushing strategy is used, the process can be very painful and damaging
to the hair. Thus, we need to understand the interactions between the soft hair strands to identify
the principles of an efficient hair brushing technique. In addition, we need to develop methods of
incorporating sensory information (visual and force feedback) to create an effective brushing strat-
egy. Whilst there has been some prior modelling and investigation of hair brushing and combing,
the focus has predominantly been on the mechanical, dynamic and visual properties of hair 265,64 a5
opposed to the tangling and combing behavior.

Our approach to robot hair brushing utilizes a model of entangled soft fiber bundles as sets of
entwined double helices. This provides an improved understanding of hair brushing and entangled
hairs and allows us to identify the key characteristics of soft hair which influence brushing strategies.
To brush and manipulate the hair we have created a soft bristle end effector which is sensorized to al-

low forces during brushing to be measured. Using this sensorized soft brushing end effector (Figure
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3.1), we can explore how this model can be used to optimize the control strategy for hair brushing.
Using this setup, we propose a control strategy that uses force-feedback from the sensorized brush.
We demonstrate this approach on a number of wigs which represent a wide range of different hair
styles and types, and demonstrate how our control approach utilizes our improved understanding of

hair combing to minimize both time and pain. As such, we make a number of contributions:

* A robotic setup with a sensorized soft brushing end effector that allows for hair-brushing to

be investigated
* A control strategy based on a novel model of the tangling of soft bundles of fibers

* Demonstration of the approach on a number of different hair types

The remainder of the paper is organized as follows. Section II introduces the methods, including
the model of tangled fibers used, and how this has been used to inform the development of a con-
trol strategy. Section III presents the experimental setup for the hair brushing experiments, and the
methods of sensorizing the system and implementing the control strategy. The results from exper-
iments are given in Section IV, which is followed by Section V, a discussion of the outcomes of the

paper and a review of the main conclusions.

3.3 METHODS

MoDEL OF UNTANGLING NATURAL CURL

The complexity of modeling hair combing arises from the many-body and extended nature of the
entangled hair interactions. To better understand the behavior of untangling, we consider a minimal
model for the combing of a double helix 56, Although combing involves interactions with the many-

56

body bundle of entangled hairs, recent experimental results in Plumb-Reyes et al. (2021)°° suggest
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that the dominant interactions are of a pairwise (i.e., two-body) nature. Thus a model that considers
two entwined helices of the same chirality, clamped at the top end and hanging freely at the bottom

(Figure 3.2), with a single, stift comb bristle moving through the double-helix is sufficient to explain
the mechanics of combing qualitatively.

There are two key phenomena involved in this interaction: link current and over/under winding.
Over- and under-winding describe the stretching of the clamped end of the helices (between the
fixed upper base and the comb) and the compression of the free end, respectively. When the comb is
moved through the helix there is generally an initial rise in the force extension curve before a leveling
off, corresponding to an initial over-winding of the helix in front of the tine before a current of
link®?, a topological measure of entanglement, leaves through the free end and softens the curve.

Considering these phenomena can also help explain the utility of the minimal model in rela-
tion to the complex reality. The likelihood of an interaction more complex than the pairwise one
modeled by the entwined helices increases with the curliness (later defined by equation 3.13) of the
hairs5°. However, the closer an entanglement is to the free end, the closer it is to being removed
from the hairs. This is captured in the dynamical balance between the jamming-like over-winding
of the helices and the detangling loss of link through the free end. Additionally, combing nearer the
free ends reduces this many-body complexity concern as pairwise links are removed before neighbor-
ing hairs can get more involved.

From this model, there are two key results which inform the development of a brushing con-
troller. Firstly, small pitch and more tightly wound helices lead to larger forces required, thus the
curlier the hair, the greater the resultant brushing forces. Secondly, starting combing nearer to the
free end allows link to propagate out the free end faster and easier. This allows for untangling before
the link density in front of the comb becomes too high and the comb/tine begins to jam. Hence we
recover the intuitive result that one should start combing ones hair far from the scalp and gradually

work upward. Thus, to detangle hair, the hair should be brushed starting from near the free ends
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and working up, optimally removing a given amount of link entanglements with each brush stroke.

Figure 3.2(a) shows an illustration of this model, and the key parameters which define the dou-
ble helix model. These are P, the length of one entanglement which corresponds to the length of
one period of the double helix, R the radius of the curl, 7 the radius of this hair and /y, the length
of the hair. From this, 2 measure of the amount of curl can be given by P/ R, and the number of
entanglements to remove through brushing is given by P//. In this work we make the simplifying
assumption that 7 is approximately constant for human hair.

5¢ can be extended to model the

We note that the simulations used in Plumb-Reyes et al. (2021)
brushing of a many-body tangle of hair. In such a model, each hair would be treated as a Cosserat
elastic rod °° and each comb tine as a rigid rod, with all tines and hairs interacting via contact forces.
A demonstration of how a hair bundle can be modeled numerically is shown in Plumb-Reyes et al.
(2021)5¢. We propose applying this simulation scheme to a large bundle of hairs combed by several
tines. In such a simulation, we could track over what combing length scale two-body interactions
accumulate into many-body interactions and produce more complex tangles in the bundle. These
results could further inform the control algorithm to design a combing strategy that maximizes the

stroke length of each brushing iteration while avoiding the build-up of two-body interactions into

many-body tangles.

PrOBLEM DEFINITION

Given this model, we can define the hair brushing problem. This is the removal of entanglements
from hair which is hanging free from the top of the head. The hair can be described by the length,

1y, and we define a curliness ratio as:

Rc=R/P (3.1)
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Figure 3.2: (a) Simplified minimal model of a double helix of hair undergoing combing. (b) Model of the hair brushing
problem showing the hair brush and the quantities that describe the problem.

such that the number of entanglements in the section of the hair can be given by:

qgo = lo/P (3.2)

A control approach must be developed to optimize for brushing time, whilst ensuring that the
maximum force when brushing (F;,,,) does not exceed the pain threshold F7. This pain threshold
has been identified experimentally by brushing hair with a sensorized hairbrush, and identifying
the force at which pain starts to be felt. Using the principles identified by the model, the brushing
should start from the free end and work upwards to gradually release entanglements. The length
and height of the brushing process should be optimized for a given hair type and length. The brush
length, &, for a specific iteration of brushing is measured from the bottom of the hair to the height

at which the brushing starts. The combing device is kept parallel to the ground and brushed down-
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wards. The force during brushing is measured in the direction of brushing.

OPTIMIZATION

The cost of hair brushing has two key components: pain inflicted and time taken. The brushing
length (4;), and hence number of entanglements removed in each brush must optimized with re-
spect to these two costs. The relative costs of these two metrics varies for different amount of curl
and entanglements (R¢).

The cost related to pain can be considered to be proportional to the maximum force experienced,
and thus is high for longer brushing lengths on curlier hair. In contrast, the cost relating to time is
determined by the number of brushing cycles, so longer brush lengths across any hair will minimize
this cost. For straight hair with low values of R the time cost will dominate, thus longer brushing
value should be selected. In contrast, for curlier hair, the pain cost will dominate so shorter brush
lengths should be selected. From the model of hair entangling, we know the relationship between
force and curliness is not linear, thus we need a more representative way of formulating this opti-
mization problem.

We propose using an adapted Sigmoid function, specifically the Logistic function, to map from
curliness (R ), to the selection of the initial brushing height (4;9). A Sigmoid function offers a
monotonically decreasing function in which for low values of curliness we get a large brushing
length, whereas for high curliness we get a shorter brushing length. This is illustrated in Figure 3.3.
Although other non-linear functions are suitable, this function is particularly suited as a single pa-
rameter can be used to capture the rate of change of the ‘S’-shaped properties of the function. Using

this function, we can describe the optimal brushing height as a function of R¢ using:

R
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Figure 3.3: lllustration of the optimization problem showing the different regions in which different costs (i.e. pain or
time) dominate.

where the value of £ should be optimized experimentally by finding the maximum brush length

(&1/1y) for a hair with a given curl ratio that does not exceed Fr-

CONTROL APPROACH

Using the optimized mapping identified in equation 3.3, an estimation of the initial brushing height
can be identified. Although, as a base strategy we can iterate each brush stroke until the full length is
brushed. This strategy assumes ideal behavior and that each entanglement is fully removed and the

hair behaves as a perfect helix.
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Using a closed-loop controller allows for online optimization and customization in response to
the specific hair being combed. In particular, if there are especially entangled areas, we can adapt
the brushing height to ensure the maximum pain threshold £ is not exceeded. We propose the fol-
lowing closed-loop controller for iterative brushes which is based upon the optimized brush length
identified in equation 3.3. Under this controller, after starting from the height optimized for the
specific curl ratio, the following round of brushing is adapted if the force experienced is too high, al-
lowing for repeated brushing at low heights if knots occur, or if entanglements are not brushed out
in a single iteration. In addition, the incremental length added can be increased if forces are signifi-
cantly lower than the maximum threshold.

An additional component of this controller is identifying when the hair section is fully brushed.
We define this as when the full length of the hair is being brushed, and there is minimal change in

the maximum force between brushing iterations (7). This boolean condition is defined as:

17 if max, i~ | max, i— < 0.4 & b 21
finished = Vonas, # = Foas i P= (3.4)

0 otherwise

where the threshold value was found experimentally.

VisioN PIPELINE

The control approach relies on having an estimation of the metric that defines the curl of the hair,
R.. To estimate this, an image is taken at a fixed distance away from the head. The image is cropped
to include only the hair and is converted to a greyscale image. From the greyscale image the x and

y direction image gradients (G, and G,) are found using the Sobel gradient operator*°. Gradients
have been shown to be useful in other texture identification tasks®. Images of straighter hair have
a far higher component of edges in the x direction, while images that are curlier have a more equal

distribution of edges in the x and y plane. This is visually demonstrated in the gradient plots in Fig-
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Algorithm 1: Closed-loop brushing control

Take picture, compute R, (eqn. 3.5), by (eqn. 3.3);
Initialize sensor and arm;
iteration, i = o;
b7 = b;
while finished != true do
move to brushing height 4;[];
start brushing in -z direction ;
f=o0;
while brush beight < bottom of hair do
f= [f; read force] ;
if f> frthen
‘ stop brushing, break;
end
end
stop brushing;
fmax = max(f)?
if f,0c > frthen
‘ bili + 1) = by[d)(Fr/Fax);
else
| il + 1] = bid] + b; — bi(Fpuan/0.5Fr);
end
i=174+1;

end

ure 3.4. Thus, by taking the ratio between the sum of these two gradient fields we can calculate a

metric that provides a ratio of the ‘straightness’, to the ‘curliness’ of the hair:

RC—abs<§gy) . (3.5)

For straight hair, > G, is very small, and thus the ratio R, is approximately 0. For curly hair, the

> G, starts to become closer to ) | G, resulting in a ratio closer to 1. By placing an upper bound

on R, of 1, R, provides an alternate metric for the ratio of Pto R.
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We demonstrate that these metrics are a reasonable measure of the curliness of hair by computing
the ratio R,, for a number of different images of hair, and plotting them alongside the measured
ratio (R /P), which forms the ground truth for this experiment. This results are shown in shown in

Figure 3.4.

3.4 EXPERIMENTAL SETUP

To explore the control strategies for hair brushing we have developed an instrumented soft brushing
end effector which is mounted on the end of a robot arm. The setup is shown in Figure 3.5. The
robot arm allows for a wide variety of trajectories to be performed and provides speed control. The
end effector is constructed from a hairbrush which has soft bristles. The brush is mounted on a load
cell which is connected to the end effector of the robot arm. This allows the force normal to the
load cell to be measured. The signal from the load cell is amplified using an instrumental amplifier
and measured with an microcontroller. The load cell has been calibrated, and the readings are con-
verted into Newtons and sent through a serial bus to the control PC at toHz. The control policy is
implemented, and the hairbrush is mechanically controlled by sending position commands to the
robot arm and attached hair brush. A diagram of the system is shown in Figure 3.s.

To test the system and controller, we use a head mount on which various wigs can be attached
using hair pins. The head is mounted on a variable height mount such that the bottom of the hair
is kept in a fixed location relative to the robot and camera setup. Each wig is set in to a ‘pre-brushed’
state by turning upside down and shaking for 1o-15 seconds. This returns the wigs to an entangled
state and allows experiments to be repeated with a similar state of entanglement.

The wig is placed such that the free end of the hair is at a fixed point relative to the arm. A web-
cam is also mounted in a fixed position relative to this position, and is used to capture the image to

determine the curl ratio R,. The brushing height can then be determined, and the brush moved to
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Figure 3.4: (Top) the vision pipeline on example images: cropping, conversion to greyscale, determining gradients and
then determining the ratio. (Bottom) figure showing the R, captured using vision, and the measured (R/P) value.

this height before the brushing regime starts. The brush is moved from the brush height in a fixed
plane downwards to below the end of the hair. This is repeated until the robot determines the pro-

cess is finished. The depth of brushing (horizontal distance between the hair and the brush) is kept
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constant for all experiments and was chosen experimentally such that brush bristles interact with

both straight hair which has less volume, and also curly hair.

Interchangeable
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Figure 3.5: (Top) The experimental setup and the sensorized hair brush. (Bottom) Block diagram of the hair brushing
system.

3.5 EXPERIMENTAL RESULTS

EXPLORATION OF HAIR BRUSHING

To demonstrate and validate the model, we have performed a set of brushing experiments for which
we show the progression of the force with brushing time. First, we show repeated brushing of a
single wig with the brushing height fixed. We see the expected rise in force as the hair fibers start to
jam, after which the force applied to the brush overcomes this jamming force and brushes free. The

brush force is the highest for the first brush, however, and reduces with subsequent iterations as
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entanglements are removed. After three brush cycles the maximum forces measured on each brush
cycle start to plateau, demonstrating that entanglements and potential jams are being removed. This
validates the method of identifying when brushing has finished as given in equation 3.4.

We next perform a similar experiment but where the brushing height is varied. Each height ex-
periment was repeated s times, with the hair ‘reset’ between experiments. The average of each set of
experiments is shown in Figure 3.6(ii). When brushing the entire length of the hair fibers we mea-
sure building force, with the rate increasing as the fibers jam, until the brush finally pulls through
these entanglements. When the brush height is reduced, the maximum force reached reduces signifi-

cantly, and we also see more reliability in the repeated experiments.

i) Repeated Brushing

10 20 ii) Varying Height

Bottom
Middle
Top

s B s B B
1"

1
=44 I O O T

Force(N)
I
Force(M}

-5 I I I .
0 o5 1 15 2 25 5 : . . P .
Time (s) Time (s)

Figure 3.6: Exemplar timeseries from the sensorized hairbrush when brushing (i) the same hair at a repeated high for 6
iterations, (i) varying the height of brushing.

The model suggests that the velocity of brushing should have a minimal effect on the experienced
force. To test this we use the hair brushing platform to explore the variation in force measured for
different speeds of brushing. Figure 3.8 shows the variation in maximum brushing force for dif-
ferent brushing speeds. This is performed for the two wigs, one straight and one curly, with the

brushing height fixed. The wigs are reset between each test.
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Figure 3.8: Average maximum force for different velocities and orientations of brushing for a fixed brush length, and on
the same hair (R, = 0.4).

As expected we see that the velocity has minimal effect on the brushing force, in particular for
straight hair. For curly hair, whilst the maximum force is approximately constant, there is far greater
uncertainty for slower motion. This suggests that although velocity does not affect the maximum
force, a slightly faster speed reduces variability in the forces experienced. The maximum speed of

these experiments were limited by the capabilities of the robot arm, and thus it remains relatively
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low; further work could explore the effects of faster, jerkier hair brushing motions.

OPTIMIZATION

To optimize the selection of brushing height, we must fit the sigmoid function proposed in equa-
tion 3.3 to experimental data. For a number of wigs with different hair types, we identify the max-
imum normalized brushing length that can be performed without exceeding the brushing force
threshold, F7. We can then fit a sigmoid function to these data points to identify the optimal value
of k to ensure efficient brushing without exceeding the maximum force threshold.

The results of this process are shown in Figure 3.9, where the optimal value of % is found to be
8.5. It can be seen that the sigmoid function has been fitted to the points such that the curve is lower
than any of the experimental results to ensure that the maximum force threshold is not exceeded
atany point. There is close agreement between the experimental results and the sigmoid function,

validiating this choice of function.
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Figure 3.9: Optimized sigmoid function (equation 3.3) to allow identification of the optimal starting brush height for hair
with different amounts of curl.
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BrRUSHING DEMONSTRATION

To demonstrate the hair brushing approach, we test the controller on a number of wigs which have
been selected to show a variety of different lengths, hair types and curl ratios. We have selected four
examples with varying hair type to demonstrate the process. In each of these, we show the iterative
brush height that is selected, and the measured maximum force for each of these iterations. This is
shown in Figure 3.10 alongside before and after photos of the hair. The visual results of the hair
before and after are also shown. We observe that, in the case of straight hair, the approach is sim-
plistic, the estimated ratio performs well and minimal iterations are required. As the amount of curl
increases, more brush strokes are required, and the forces increase. Finally, when we move to the
curliest hair we see the ratio predicted using vision is initially too high, and thus the brush height
must be reduced to remove some of the entanglements that form. In all cases we can see an improve-
ment to the hair after brushing.

To benchmark and contrast the performance of the control approach developed, we compare the
performance to a ‘naive’ brushing approach and human brushing. In the ‘naive’ approach we brush
at a fixed interval which increases by thirds each time (e.g. B, = 0.33,0.67,1). We also compare
to a human baseline where the human was asked to brush the section of hair using the sensorized
hairbrush. Whilst this human baseline considers only a single person and therefore their specific ap-
proach, it can provide an order of magnitude estimate of human performance. All control strategies
were repeated on wigs with a variety of curl ratio with the total time to brush, and also the maxi-
mum force recorded. This comparison between approaches is shown in Figure 3.11.

When considering the maximum force that is achieved the optimized robot solutions show sim-
ilar response to that of human brushing, although the human performs marginally better at the
extremes. The naive approach leads to significantly higher forces for the curly hair, significantly ex-

ceeding the pain threshold (F7 ~ 10N). However, this approach is still faster than the optimized
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Figure 3.10 (following page): Demonstration of hair with increasing curliness using the control approach showing the
maximum force and normalized brushing length for each iteration.
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Figure 3.10: (continued)
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solution. Throughout the experiments the human performs faster, however the robot’s movement
is limited by the capabilities of the robot arm, and thus there is considerable room to optimize this

process and close the performance gap.
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Figure 3.11: Comparison between developed controller, human brushing and also a naive controller for the considera-
tion of maximum force (top) and brushing time (bottom).
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3.6 DiscussioN & CONCLUSION

In this work we introduce an experimental model for the combing of entangled chiral hairs using a
visuo-motor feedback loop that builds on recent work to comb a double helix’®. Our model pro-
vides significant insight into the behaviors of the combing of hair with respect to the number of
entanglements, and how these can be efficiently and effectively brushed out by choosing appropri-
ate brushing lengths. We propose using a sigmoid function to select brushing height for different
hair, where computer vision is used to identify the curliness of hair.

Using this model, we have developed a control approach for brushing hair for various hair types.
By developing a sensorized soft brush end effector, we have validated this approach experimentally
and benchmarked it in comparison to a human approach and a naive approach. While this work has
demonstrated effective hair-brushing, there is significant room for improvement, including inves-
tigating more complex combing trajectories and increasing the complexity of our model through
many-hair combing simulations. Performing such simulations would allow us to increase the com-
plexity of our algorithm to capture nuances in the differences in the mechanics of combing across
different hair types and hair styles.

Another area for future work is performing more realistic experiments on humans, to gain more
subjective feedback from the experimental subjects. Pain is a highly complex phenomena, and to
truly understand the performance of the robot with respect to this metric, human experiments are
required.

One advantage of this approach presented its adaptability, due to the use of a sigmoid function
to optimize the starting brush height. This allows the model to be easily adapted when the task
is varied by using a different brushing device or a different task, such as brushing wider/complex
complex textile-based fibers. By fitting the sigmoid function to a set of minimal experimental data

the approach can be readily adapted.
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In addition to further exploration of hair brushing, the model of entwined soft hairs could have
significant further applications. For example, it could be used to develop robotic approaches to

dealing with ropes and other fibrous systems, or even robots that efficiently manipulate spaghetti.
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Whenever I mess up an experiment I just think of what a

pigeon considers a successful nest.

Dr. Nick Chiappini

Topology and Mechanics of Entangled
Rigid Rods
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In this chapter we are interested in studying another system that exhibits an interesting relation-
ship between its mechanics and its topology. Taking a common bird’s nest as the inspiration for

a biologically-inspired material, we explored how geometric relations between the individual con-
stituents (rods) of the randomly packed network related to its material response to stress. This in-
volved connecting the macroscopic story (mechanical stress-strain behavior) with the internal one
(areas of entanglement between groups of rods). This connection presents potential insights into
how to optimize the design and preparation of randomly packed entangled materials. This work was
completed with L. Mahadevan, Yeonsu Jung, Elodie Couttenier, Hunter S. King, and Hao-Yu Greg

Lin.
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4.1 ABSTRACT

We examine the mechanical response and geometric configuration of randomly packed thin steel
rods as a biologically-inspired material analogue of a bird’s nest. We find that the rod networks ex-
hibit clear plastic deformation and aging across the small-strain regime (¢ < 0.15). We use X-ray
CT to reconstruct 3-D images of the rod networks before and after compression. We define and cal-
culate an entanglement field ¢(X, Y, Z) over intermediate length scales within the network. We also
calculate the volume fraction and orientational order parameter. We relate the macroscopic com-
pressive stress response to changes in the internal configurations of groups of rods. These geometric
and topological tools can be used to characterize many material systems in which physical entangle-

ment is an important characteristic, such as cotton or wool fibers and fiber-reinforced concrete.

4.2 INTRODUCTION

Gather a pile of sticks off the forest floor and shake or drop them, and they will struggle to hold
any cohesive shape or structure. A bird’s nest of the types shown in Fig. 3.1, however, is carefully
constructed to hold its shape and provide shelter for the bird and its offspring. A single bird’s nest
can be made from many different types and shapes of materials (i.e., twigs, leaves, grass, spider silk,
plastic bags, etc), including mud or saliva to strengthen cohesion.” To specifically study the role of
physical entanglement, we will consider a minimal model for a nest: a randomly packed volume of
thin, rigid rods. This minimal model will allow us to isolate one important facet of a nest or nest-like
material: how the physical entanglement of groups of rods plays a role in the material cohesion and
mechanical response of the bulk material. The phenomenon of randomly packed objects forming
a solid-like state is called jamming.** The formation of these jammed states is an ongoing area of
study in condensed matter physics.** *> Macroscopic cohesion and mechanical response for these

types of systems has been studied for various particle shapes like staples or stars.>*5 We will treat the
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jammed state as the starting point for analyzing how shifts in the configurations of groups of rods

on the intermediate scale relate to the macroscopic stress-strain relationship of the conglomerate.

Figure 4.1: Bird’s nest and the model system for the present study. (a) Bird's nest. (b) An entangled pile of steel rods in
an acrylic container. The rods in the container were shaken so that they were randomly oriented. (c) 3-D reconstruc-
tion of each rod from X-ray CT scans. (d) Example rod configuration in a local subdomain. Centerline coordinates were
obtained from a custom image segmentation method (see Sl for more details).

4.3 REsuULTS

4.3.1 MECHANICAL DEFORMATION

We know bulk properties of the rod network are related to the geometry of the constituent parts
(e.g., average contact number and stress value for a given strain). More interesting features can be

observed by looking at the shape of the stress-strain curves for a given rod geometry. These features
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imply that the configurations of the rods with respect to each other (and the way these configura-
tions change under stress) is an important factor in the network’s material response. In other words,
the networks made of these stiff steel rods do not simply behave as an extension of their individual
material properties, but rather as a system driven by the internal interactions between groups of
rods.

Do these jammed rod networks behave like an elastic material in any strain regime? As seen in
Fig. 4.2(b and c), even for very low applied tensile and compressive strains, the networks show clear
hysteresis and non-linearity in their stress-strain curves. This implies that plastic deformations play
an important role alongside any elastic response from bending, even in the very low strain regime.
Irreversible configuration changes between rods in response to deformation could give rise to this
behavior. To test whether dissipation factors in to this behavior, the strain rate was also varied. Even
s0, no significant difference in the hysteresis was observed (see Fig. 4.2(b)).

The elasto-plasticity of the rod network was further examined by testing the memory of the sys-
tem. Aging in the network is shown in Fig. 4.2(d), where a single rod network undergoes an initial
larger stress softening, before the softening decreases more steadily in subsequent equal deforma-
tions. This implies the network is damaged (equivalently, the rods are reconfigured) through re-
peated loading. This general behavior is similar to that observed in rubber [*,7,"°] and crumpled
sheets [ *], where logarithmically decreasing trends in softening rate over repeated cycles are observed
(see Fig. 4.2(d) inset).

Stress softening behavior and clear elasto-plastic stress-strain response could imply that changing
rod configurations and interactions are an important driver of the mechanical response of the rod
networks. It is therefore important to analyze and characterize the internal geometry of the system.
However, because the internal geometry of the rods is extremely complex and will vary with every
randomly packed network of rods assembled, it is useful to choose a metric that is invariant to the

specific positions of every rod, while still capturing the importance of their relative entanglements.
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The linking number, a topological invariant that characterizes the entanglement of two closed
space curves, can be adapted to these randomly packed rod networks to give a quantitative upper
bound on the entanglement of groups of straight rods. This entanglement field is an adaption of

Gauss’s linking integral and is defined as

(dr; ><dr (r;— 1)
X,Y,Z) ;> dy) - (5~ .
( 4%// r;, — _]P (41)

where r; and r; are the positions along the centerline of each rod and the domain (X, Y, Z) of the

integral is a chosen sub-volume of the entire entangled rod network. For a single pair of rods, Eq. 4.1
will be minimized when the two rods are parallel, and/or the rods are far apart from each other. In
this way, the entanglement field can give a quantitative upper bound on its namesake. The actual
value of this integral corresponds to Average Crossing Number (ACN) which is defined as the num-
ber of crossings of a curve via every viewing angle on the rod network '". It is still elusive whether
ACN as an entanglement parameter can effectively capture how much rods are entangled, outside
of extreme examples. For instance, the entanglement map of a group of highly and regularly inter-
woven rods (such as a 3-D textile) will have a greater value and hold together more cohesively than
an equivalent number of rods all packed in the same orientation (like a bundle of firewood). How-
ever, observing how the distribution of ACN changes (both numerically and spatially) between the
neutral and deformed states of the rod networks can still shed light on the role of local entanglement
in determining the bulk mechanical properties. This topological measurement can be generally ap-
plicable to various filamentary objects regardless of disorder, thickness, flexibility, and closed-ness of

curves. '
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Figure 4.2: Mechanical testing of rod networks. (a) (i) Rod dimensions (ii) Compressive strain cycle (iii) Compressive-
tensile strain cycle. (b) Load (N) measured by the INSTRON in a compressive-tensile strain cycle ¢ = =£0.04. Mea-
surements done with a rod network made of 4 = 0.25mm rods. To apply a pulling force, rods in contact with top and
bottom plates were fixed with epoxy. The attached rods were kept connected with top and bottom plates while the
cycle was running (see (iii)). (c) Load (N) measured by the INSTRON in a compressive-tensile strain cyclee = £0.01
for different rates of applied strain between Imm/min and 50 mm/min with three different ¢,,,, = 0.015, 0.02, and
0.04. £, means the maximum strain that each compressive-tensile strain cycle attains. Measurements done with a rod
network made of 4 = 0.25mm rods. (e) Load (N) measured by the Instron for repeated compressive cycles up to strain
£ = 0.15 (See (ii)). Measurements done with a rod network made of & = 0.25mm rods. Inset shows maximum load (N)
measured by INSTRON over repeated compressive cycles up to strain ¢ = 0.15 for rod networks of different diameters.

4.3.2 EXPLORING THE CONFIGURATION OF A ROD NETWORK

X-ray tomographic images allowed us to observe configuration parameters in a entangled rod net-
work. From a stack of x-ray cross-sectional images, we obtained centerlines of every rod in a rod
network so that useful information could be obtained. The typical number of rods in a container of
150 mm diameter is 3,000 for these experiments. The typical height of the rod network is 1oo mm
so that the typical number density of rod networks presented in the study is 10> mm™>. This is

slightly above the concentrated regime (7 ~ 1/4L*) of a solution of rod-like chains*>. This implies
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that the rod networks are highly entangled with isotropic orientational distribution. While the real
orientational distribution from X-ray images tends to be slightly oriented in the horizontal direction
most probably due to gravity, it is sufficient to assume isotropic orientation of rods (see SI).

The hallmark of entangled rod networks is the highly restricted motion of each rod despite the
low volume fraction of rods, @_ ~ 0.01. As shown in Fig. 4.1(d), the motion along a rod is almost
free, while the motion perpendicular to the polymer is restricted by neighboring rods. The average
distance that the rod can move perpendicular to its longitudinal axis, the tube radius*?, is given by
b =1/nL* ~ 1 mm. In the concentrated regime, n & 1/aL?, it s trivial that the tube radius is close
to the rod diameter. Thus, the sliding of rods along its axis is the principal mode of movement in the
entangled rod network.

The number of contacts per rod, ¢, can also confirm the restricted motion of each rod (see SI).
The average number of contacts per rod, (¢), measured (¢) /= 5 from these experiments, agrees with
the prediction (with ¢ ~ 0.01) in Philipse (1996)°° under the assumption of isotropic orientation.
This tells us that each rod on average is in contact with around five different rods, which severely

limits perpendicular motions (translation and rotation).

4.3.3 OBSERVATION IN LOCAL STATISTICS AND CORRELATION

Observation in an intermediate scale, whose characteristic dimension is larger than rod diameter
but is smaller than rod length, allows for better understanding of disorder in a network of rods.
Because the entire domain is in the same order of magnitude as the rod length, observation at the
rod length scale might not be able to resolve fine structural characteristics. Taking a closer look at
how rods are in contact with each other above the rod diameter scale, we could investigate geometric
and topological properties associated with contacts between rods.

We define a cube-shaped neighborhood Q(r; /) with side length of /;, thatis, Q(r; /) = {r/| ||t —

r]loo < I }. Local properties defined in this scale fluctuate with finite spatial correlation. Even local
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Figure 4.3: Visualization of volume fraction, orientational order parameter, and entanglement. Maximum intensity
projection of volume fraction in the initial (a) and deformed states (¢ = 0.15) (b) shows local volume fractions increases
due to the compression. 2D visualization of depth-averaged volume fraction (b and c), orientational order parameter (d
and e), and entanglement field (f and g) shows how each local quantity respond to the compression (c,e, and g) from the
initial state (b,d, and f). Depth-averaged quantity was calculated by *(x, y) = fOH *(x, y, z)dz where * can be @, S,
and e.

volume fraction in the rod network, @(r) = Vyoqs(r) /22 with Vo4(r) being the total volume of
rods in Q(r; ;) fluctuates significantly as shown in Fig. 4.3.

Orientational order parameter in Q, S(r) = 1 (3 cos*(6;) — 1), with @ being the angle between
the 7th rod and the average angle of every rod in Q, also fluctuates but in a different manner than
the volume fraction. Likewise, entanglement as defined in Eq. 4.1 fluctuates over the subdomains.
Volume fraction, entanglement field, and orientational order defined in Q(r; /i) are local quantities

that fluctuate with finite spatial correlation and they provide spatial information on what regions of

the network are more or less crowded, randomly oriented, and entangled, respectively.
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4.3.4 PERTURBED DISORDER DUE TO COMPRESSION
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Figure 4.4: Perturbed disorder in volume fraction, orientational order parameter, and entanglement due to the com-
pression (¢ = 0.15) from the initial state (¢ = 0). Histograms of volume fraction (a), orientational order parameter

(b), and entanglement (c) in Q(x, ZS) with /;, = 104 for the rod aspect ratio of 76 (¢ = 0.66 mmand/ = S0 mm).
Less occupied regions in the rod network becomes more occupied due to the compression, as shown in the shift of his-
tograms (a-c) and reduced population peaks at the unoccupied regions (regions having P = 0). Note that .S is shifted
toward zero with the reduced peak at.§ = 1, meaning that rods slid to less occupied regions with high orientational
disorder. Spatial auto-correlations of ¢ (d), S'(e), and ¢ (f) and cross-correlations of @ (g), S (h), and ¢ (i). Correlation C4p
is defined in Eq. (4.2) where 4 and B can be any combination among P, S, and ¢. To obtain numerical values for C 43, we

calculated numerical correlation coefficients R(z, 7, k) = ZP Zq >, Ap,q)B(p+i,q+j,r+ k) /(N — ijk) with
N the number of 3D grid points and spherically averaged R(z',j, k).
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The fluctuations in local variables are shown in Fig. 4.3. In the initial state, there are numerous
positions where the volume fraction is null (where orientational order would be unity) and entan-
glement would be null. These sparse or unoccupied regions become occupied when the rod net-
work is compressed. As shown in Fig. 4.4(a-c), the fraction of unoccupied regions is reduced for
¢ = 0.15. The local volume fraction itself can be viewed as the degree to which the local domain is
occupied by rods. As such, compressive strain causes the histogram of volume fraction to shift in the
right-hand direction. We can expect that more occupied regions will usually have lower S and higher
¢, from the fact that the rods are randomly oriented.

Spatial correlation function between 4 and B is defined as

Caz = ((4(x) — (x)))(B(x) — (x)))) (4.2)

where (-) denotes the ensemble average over local subdomains. Auto-correlation and cross-correlation
correspond to the cases where 4 = Band A # B, respectively. As shown in Fig. 4.4(d-i), auto- and
cross-correlations of local quantities decrease exponentially in general with different correlation
lengths. This exponential decay in correlations implies that the locations of highly occupied re-

gions occurs randomly. Typical correlation lengths of all correlation curves (d-i) is on the order of ,
meaning that these local quantities are in fact highly uncorrelated (between themselves and between
each other). It can be hypothesized that contact events in a network of rods occur locally and do

not propagate spatially. Compression likely reduces the correlation lengths because of the reduced

height of the entire domain.

4.4 DiscussioN

The results of our mechanical testing of the entangled rigid rod networks showed that the stress-

strain response was a combination of elastic and plastic deformations. In order to connect these
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observations to the many-body internal interactions inherent in the network, we reconstructed a
3-D image of the rods from X-ray CT scans. We computed the coarse-grained internal feature of
rod contact number and found evidence that rods moving via relative sliding motion was the princi-
pal plastic deformation mode. We also analyzed finer internal features to get a fuller picture of how
plastic deformation occurred in the network. We found that average volume fraction ¢ increased
overall under compression and that the tail of the volume fraction distribution extended as previ-
ously sparse or unoccupied areas were filled in with rods. Orientational order decreased for similar
reasons to volume fraction; initially sparse or unoccupied regions in the network with higher ori-
entational order were replaced by groups of disordered rods. We saw a shift in entanglement field
values through a large decrease in areas with initially low or zero entanglement and a shift to the
right end of the field distribution. This implied that compression principally recruited new areas of
entanglement within the network. These observations can explain how the entangled rod networks
respond to compressive strain on multiple length scales and can inform the design of entangled ma-

terials with specific mechanical, geometric and topological properties.

4.5 MATERIALS AND METHODS

4.5.1  SAMPLE PREPARATION

This work focuses on the random packing of high aspect ratio (« between 33 and 333) objects to
form a complex network that can be studied for its bulk and internal structural properties. For this
experiment, the constituent parts of the randomly packed networks were made by cutting stainless
steel rods of varying diameters (d between 0.15 and 0.76 mm) to a uniform length/ = 50.5 £ 1.6
mm. The rods (a single diameter value per network) were dropped steadily and in small numbers—
so as to avoid adding any pre-entangled groups—into a cylindrical container with a diameter three

times the length of a single rod. This larger size minimized the undue influence of the container it-

98



self on the final orientation of the rods. In test runs while designing the experiment, we observed
that as the container diameter approached the length of a single rod, the orientation of the rod net-
work was strongly vertical. For the purely mechanical stress measurements, rods were added until
the network reached a height » ~ 110 mm. For the analysis of stress and internal geometry and
topology, the rods were added to a height of » ~ 80 mm. During the network preparation, the
container was jostled by a motor and inverted by hand several times to excite the rods and reach a
predicted steady-state packing fraction @ s determined by the rod aspect ratio (¢ @ A constant,

see SI).>5 Both network heights of 110 mm and 80 mm showed similar final packing fractions and
uniformity. Overall, we observed that the final configurations of rods were not very sensitive to the
specifics of the preparation procedure (in terms of speed or strength of the jostling and rod addition

rate).

4.5.2 MECHANICAL TESTING

The physical properties of the rod networks were tested using an INSTRON universal testing ma-
chine to study their compressive and tensile response. To test compression, a load was applied ver-
tically downward on the still-contained rod network to focus on the vertical response. To study
tension, a petri dish containing a few millimeters of epoxy resin was added to the bottom of the
container before the rods were added and randomly packed. After curing, another dish was placed
on top, and the network was flipped to secure both surfaces. The lower surface was fixed while the
upper surface was attached to the load cell of the INSTRON, which pulled the top petri dish up-
ward, applying tensile stress to the network. Mechanical testing focused on the low strain regime
(¢ < 0.15) to try to study any elastic response.

To analyze the internal structure, rod networks were prepared using the same procedure for me-
chanical testing but using fewer rods (thereby achieving lower network height) to cut back on com-

putational time and cost. The rod packing fraction ¢ ) Was kept consistent across network heights of
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~ 110mm and ~ 80mm. The unloaded rod networks were scanned using x-ray computed tomog-
raphy and a full 3-D image of the network was reconstructed. Then, after putting the rod networks
under compressive strains ¢ = 0 — 0.15, they were imaged again in order to quantitatively compare

the data sets and to analyze the relationship between internal structure and stress response.

4.5.3 IMAGE ANALYSIS

The x-ray tomography images were first filtered and binarized to split foreground (rods) and back-
ground (void) images. The binarized images were processed with the Euclidean distance transform
to obtain the catchment basins for the watershed algorithm. The watershed algorithm based on the
distance transformed basin usually brings about oversegmentation and inappropriate segmenta-
tion near close contacts. For reliable segmentation of close contacts among rods, we skeletonized
the watershed-segmented image, located branch points of the resulting skeleton, and removed the
branch points from the image. The remaining skeleton image only contains the line segments to be
merged. To merge the line segments, we developed a custom algorithm to determine which line seg-
ments were originally connected, based on geometric variables such as distance and angle (see SI for

further details).
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4.6 SUPPLEMENTAL INFORMATION

VOLUME FRACTION AS A FUNCTION OF ASPECT RATIO
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Figure 4.5: Volume fraction of randomly packed entangled rigid rods as a function of individual rod aspect ratio. Curved
fitted to « = 3.2. Results are in agreement with model in Philipse et al. (1996). 55
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CYCLIC SOFTENING

Load (N)

Strain (%)

Figure 4.6: Cyclic uniaxial compressive straining of a rod network starting at ¢ = 0.06 and increasing by 0 = 0.03
each cycle until¢ = 0.30 maximum strain (blue curves) compared to a single (non-cycled) deformationto¢ = 0.30
(red curve). Softening behavior similar to that of the Mullins effect in rubber is observed.?!
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ORIENTATIONAL ORDER DISTRIBUTION
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Figure 4.7: Orientational distribution of an entangled network of rods withd = 0.76 mmand L = S0 mm. (a)
Definitions of polar angle & and azimuthal angle @ of arod axis. (b) Distribution of orientations as points over an unit
hemisphere. (c) Distribution of polar angle. Compression makes rods horizontally oriented. (d) Distribution of azimuthal
angle. Unlike polar angle, azimuthal orientational distribution was rarely affected by compression.
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ROD CONTACT NUMBER DISTRIBUTION
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Figure 4.8: Rod contact number distribution of an entangled network of rods withd = 0.76 mmand L = 50 mm.
Only neglgibile shifts in the distribution of and average (inset) contact numbers are observed before and after applied
compressive strain.

104



ROD SEGMENTATION PROCEDURE

Figure 4.9: (Left) Even after watershed transform, there were still connected rods in the stack. (Center) After the branch
removal, we could separate rods, but we obtained over-segmented components. (Right) By carefully checking angles and
distance between components, over-segmented rods were merged into a single rod.

We present a walk-through of how we reconstructed a 3-D image of each individual rod in the
randomly packed rods X-ray CT imaging data. The whole image processing procedure was done

by MATLAB scripts using MATLAB functions and some custom-written functions and classes.

‘When we denote a MATLAB built-in function below, we use ‘function name’ format.

PRE-PROCESSING

We read the X-ray tomographic images read and cropped them to size. Typically, the stack of x-ray
images contains about 500 X s00 X s00 voxels. We reduced noise in the stack by edge-preserving
anisotropic diffusion filtering (‘imdiffusefilt’). We were then able to identify the background (air)

and foreground (rods) in the voxels by global thresholding with an optimal value.
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WATERSHED SEGMENTATION

To obtain catchment basins, we applied 3-D distance transform (‘bwdist’) for the binarized stack.
To obtain a mask for watershed algorithm, we found regional minima of H-minima transform us-
ing ‘imextendedmin’ and imposed the extended minima voxels in the biniarized stack using ‘imim-

posemin’. We performed a watershed transform (‘watershed’) with the mask.

ELIMINATING FALSE BRANCH POINTS

Most of the rods in this step were still inappropriately segmented, and multiple rods that were close
to each other were labeled as a single connected component. To eliminate those false branch points
between individual rods, we first skeletonized the connected components using ‘bwskel‘, and found
the branch points using ‘bwmorph3’. We performed another watershed transform with the updated

mask that did not contain any branch points.

REPAIR PROCESS

Even after the branch removal, there were still many inappropriately segmented components. This
is due to the usual watershed transform algorithm over-segmentation issue. Thus, we developed a
custom algorithm for a repair process to merge lines that should have been labeled as a single com-
ponent. This custom algorithm checks the distance between line endpoints, the angle between line
directions, and the angle between the line direction and the direction from rod center to rod center.
If these three values are lower than certain chosen values, the algorithm connects the over-segmented

components into a single rod (see Figure 4.9 for a demonstration of this repair process).
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Conclusion and Future Directions
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In this dissertation, we presented a framework for studying interacting thin elastic rods using geo-
metric, topological and mechanical methods. We then applied different facets of this framework to
two interesting systems inspired by detangling hair and constructing a bird’s nest. We focused on
one important aspect shared by both the hair and nest problems: physical entanglement. We showed
results on the connections between the mechanical behavior and the topological properties of the
models, including: force-displacement and the link current in the detangling of a double helix, and
stress-strain behavior and the entanglement map in randomly packed rods. In this concluding sec-
tion we will present ideas and preliminary results that can further explore our model systems and

make for interesting future research directions.

DETANGLING REAL HAIR

(a) (b) 450
Closer to
3751 —zu=g.§5 scalp (blue)
L L=V,
300 20=0.75 x JIII
225 {a\
/ |
N Closer to
| Uy || ends
0 e , “i (yellow)
0 0.2 04 0.6 0.8 1

Figure 5.1: (a) Image of the experimental hair combing set up. A common pocket comb is fixed to an Instron testing
machine and puIIedzdownward through a curl of hanging hair (horse, in this case) from different starting heights. (b)
Scaled forcef = %: applied by pocket comb over scaled distance combed x = %, where F'is unscaled force, d is
unscaled distance combed, » = 107~ 4m is the characteristic radius of hair, B is the bending rigidity of hair and D is
the total tine displacement through the hair curl. Different curves are different scaled starting heights 2y = % where
L = 20cm is the total length of the curl.

Building on the work from Chapter 2, we conducted some preliminary combing experiments

108



with curls of horse and human hair. Using an Instron 5566 material testing machine and a standard
plastic pocket comb (Fig. 5.1(a)), we measured the force extension curves for different comb starting
heights (Fig s.1(b)). The curls of hair were prepared by randomly jostling them while hanging under
gravity to create groups of initially entangled hairs. Similar to the experimental and numerical re-
sults for combing a double helix (Fig. 2.4(a,b)), we see the obvious advantage in maximum force of
starting the combing process closer to the free ends of the hairs. In Fig. 5.1(b), we can see that even
repeating the yellow curve three times would be less total work than following the blue curve once
(for the same total combing length). There are, however, some noticeable qualitative differences be-
tween the double helix minimal model and detangling real hair that merit further investigation. For
example, the increasing region of each real hair force extension curve is noticeably longer (as a pro-
portion of the total length of the curve) than for the double helix, and the region where the real hair
curves level off is noticeably shorter. This could be due to more complex interactions between the
many tines and many hairs of the pocket comb-hair curl system and potentially lower link density
compared to the model system from Chapter 2. Our minimal model provides the basis for further
experiments that could build new understanding and help further investigate questions related to

the many-body interactions of entangled filaments.

TOPOLOGY OF CURLY HAIR

We focused our combing model on characterizing the detangling process in relatively straight hair
(1/x ~ [, where x is the curvature of the hair and / is the length). We found (Fig. 2.1) that the ma-
jority of hair-hair interactions in the relatively straight regime were pairwise, which influenced our
choice of the double helix as the minimal geometric model. For curlier hair types, the dominance of
pair-wise interactions may not hold true. However, there are still topological invariants that could

prove useful in characterizing higher order (3—, 4—, ..., —body) interactions and that could shed
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Figure 5.2: Borromean rings. The three rings together are linked topologically while no two pairs of rings are linked at
all. This is the simplest example of a Brunnian link and one potential complex interaction that neighboring hairs could
exhibit during detangling.*

light on the detangling process. One example of such a topological invariant is shown in Fig. 5.2,
which shows a Borromean ring, the simplest version of a Brunnian link. A Brunnian link is any set
of closed curves that are non-trivially linked but that become un-linked if any one of the curves is re-
moved. Thinking back to the link counting rules laid out in Fig. 1.6, we can see that no two pairs of
the curves in Fig. 5.2 are linked but that through their triplet interaction a topological invariant ap-
pears and they cannot be separated trivially. These types of interactions may be increasingly present
in curlier hair types. Studying how they are removed mechanically (from some simplified higher
order analogue to the double helix, for example) would help us model how detangling happens in a

wider range of systems.

DISENTANGLING RANDOMLY PACKED RODS

In Chapter 3, we analyzed the relationship between small strains applied to randomly packed rods

and internal changes in their geometry, topology and structure. We focused on how the internal
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Figure 5.3: (a) Schematic of the randomly packed rods with attached petri dishes on the top and bottom that are then
pulled apart in an Instron material testing machine. (b) Load-strain curve for disentangling the rods and weight of the top
part of the rods as they are pulled upward by the Instron load cell. The difference between the two curves (highlighted
in blue) represents the total disentanglement energy. (c) Elongation of the system of randomly packed rods when the
top and bottom parts separate from each other for different individual rod diameters. Separation is defined as when

the weight measured on the scale converges to the force measured by the load cell. (d) Total disentanglement energy
measured for different individual rod diameters.

structure of the rods changed under mechanical compression. We can also ask how the same ran-
domly packed rods respond to tensile strain. By attaching petri dishes with a few millimeters of
epoxy to the top and bottom of the randomly packed rods (Fig. 5.3(a)), we were able to use an In-
stron material testing machine to pull apart the rods while measuring the applied force. We were
interested in the force necessary to disentangle the rods, which we measured by using a scale to sub-
tract the weight of the top section of rods hanging on the load cell during separation. We were also

able to numerically integrate the difference between the load cell force and the weight of the hanging



rods to get the total disentanglement energy (Fig. 5.3(b)). We calculated this energy for different
diameters of randomly packed rods and observed that the thinner, denser rods actually took more
energy to disentangle even though they weighed less and the total force measured by the load cell
was lower (Fig. 5.3(d)). We also measured how much the rods would extend before breaking apart
and saw a similar inverse relationship with individual rod diameter (Fig. 5.3(c)). Connecting this
mechanical data with quantitative observations of the internal geometry and topology of the rods
(as in Chapter 4) would provide understanding of how the system responds to tensile strain. These
experiments would involve a specialized setup that could simultaneously collect X-ray CT data and
mechanical stress-strain data. With these insights we could more completely model, predict and

design the properties of these types of entangled, packed materials.
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