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Chapter 1

General introduction



1.1. MACROSCOPICALLY DISORDERED SYSTEMS

From a soft matter perspective, order and disorder are key concepts in
understanding material organization and behavior. Order usually refers
to an arrangement or pattern in a system where its components, such
as atoms, molecules, or unit cells, have a high level of organization or
regularity. Systems with regular, structured arrangements, such as crys-
tals [1], self-assembled supramolecular structures [2], or metamaterials
with arranged unit cells [3, 4] exhibit order. On the contrary, disorder
is associated with structural components lacking a predictable spatial
organization, such as amorphous solids [5] and many polymers [6]. In
this thesis, entitled “From disorder to order: Shear rheology of macro-
scopically structured materials”, we will deal with structural (dis)order
in materials from a macroscopic perspective.

1.1 Macroscopically disordered systems

Disordered systems are ubiquitous in nature and in everyday life. Most
people might think of daily situations such as a disordered bedroom, a
messy office desk, or a crumpled paper ball. However, many soft mat-
ter physicists might think instead of glasses, polymers, gels, or emulsions.
All these cases share important traits: lack of an ordered spatial arrange-
ment, and some frustration that prevents their evolution to an ordered
configuration, at least for a period of time. However, there are clear dif-
ferences between everyday disordered systems and those studied in soft
matter physics, with the most obvious one being the scale of the system
at which we observe the disorder. We are familiar in daily life with dis-
ordered systems at the macroscopic scale, since we can clearly see the
components and the lack of any ordered spatial arrangement. However,
in the case of microscopic disordered systems, also known in the literature
as amorphous solids [5, 7], or materials with dynamic heterogeneity [8],
they might seem ordered at the macroscopic scale, but lack any spatial
long-range order at the microscopic scale. In the case of a window glass,
a mayonnaise, or a polymer melt, they appear uniform to the naked eye,
while they present profound disorder at the microscopic scale.

Studying the deformation of materials is a common way to charac-
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CHAPTER 1

terize their behavior under stress for practical applications and to un-
derstand the interplay of its structural elements when deformed [9]. No
material is used for construction without an analysis of its behavior un-
der stress, and no new food product is released on supermarket shelves
without studying its texture or viscosity. In the case of amorphous solids,
their study under deformation has long been employed by the scientific
community to understand what gives rise to their peculiar properties [10].
However, in many cases linking a certain mechanical response to specific
physical processes happening at the microscopic scale is challenging.

It is not surprising, therefore, that certain materials have arisen as
macroscopic candidates for model systems to study the physics of mi-
croscopic disordered materials. Two such systems mentioned in the lit-
erature, which are studied in this thesis, are crumpled materials and
entangled chains or ropes. Crumpled systems, such as a simple crumpled
paper ball, have been shown in the past to exhibit similarities with amor-
phous disordered solids, such as glasses [11]. In the case of amorphous
solids, there exists an energy landscape with large energy barriers and lo-
cal minima, which prevents the system from reaching a global minimum,
thereby remaining in a disordered or amorphous state [5, 12]. A similar
situation occurs in crumpled materials, where through the process of ran-
domly crumpling, a disordered structure is created with a self-avoiding
structure where the structural components do not intersect each other
and frustrated regions, which are prevented from reaching a global energy
minimum [11, 13]. We review the similarities between crumpled mate-
rials and disordered amorphous solids extensively in Chapter 2, and
study the deformation of crumpled materials under shear in Chapter 3.

In the case of entangled chains, their similarities with microscopic
polymer chains have been used in the past to better understand the ef-
fect of entanglements or entropy in polymer physics. Numerous models
have been created to elucidate the impact of entanglements on polymer
rheology. One notable example is the model introduced by de Gennes,
which incorporated the concept of reptation [14, 15]. This model was
later refined into reptation theory by Edwards and Doi, providing a ro-
bust framework for understanding entanglements in polymers [6, 16]. The
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1.1. MACROSCOPICALLY DISORDERED SYSTEMS

influence of topological constraints on polymer rheology and the physical
mechanisms governing the flow or deformation of systems such as polymer
gels or rubbers is key for understanding and predicting polymer behav-
ior. As the de Gennes-Edwards-Doi reptation theory builds on physical
constraints rather than specific particle interactions, and these physical
constraints are difficult to control at the microscopic level experimen-
tally, macroscopic models have been used to study polymer dynamics.
An example of this system is the granular chain with beads connected via
flexible links, which we can easily find in sink stopper chains or window
shade pulls. The granular chain is based on the theoretical model system
using freely jointed bead-rod chains which were already used by Kramers
in 1944 [17]. Ben-Naim, Daya, Ecke, and co-workers [18-20] introduced
this macroscopic model system as a means to study the opening time of
knots, the entropic tightening of chains, and the diffusion of rings. Since
then, these macroscopic versions of polymer chains have been used in
greater depth for polymer research, as they are easily cut and modified
physically [21-36]. These macroscale model systems with chains have al-
ready shown good compliance with nanoscale models for translocation or
diffusion [26, 37], and for compression experiments [31, 35, 38]. Granular
chains have also been used as a means of studying the physics behind the
glass transition, both alone [21], and together with spherical inclusions
[39, 40]. In Chapter 4, we study the behavior of entangled macroscopic
chains or ropes under shearing deformations.

However, how to use these macroscopic structures to gain insight into
microscopic systems is still an open question, mainly caused by the lack
of understanding of what happens to these macroscopically disordered
structures when they are deformed. Specifically, both crumpled systems
and entangled chains have been studied previously under uniaxial or
isotropic compression, but not under shear deformations, and therefore
a complete rheological characterization is still lacking.

12



CHAPTER 1

1.2 Macroscopically ordered systems

1.2.1 Anisotropy in meat (analogues)

Skeletal muscle tissue, commonly known as meat, has a hierarchical struc-
ture made up of fibers. At the microscopic level, these fibers are com-
posed of myofibrils, which are roughly in the pm range in diameter and
formed by fibrillar structures. Myofibrils are composed of sarcomers,
which are repeating units that contain myofilaments, specifically macro-
molecules myosin and actin, responsible for muscle contraction and re-
laxation [41]. In addition to fibers, each muscle fiber is surrounded by
connective tissue called endomysium, while several fibers are bundled to-
gether by perimysium [42]. Endomysium and perimysium allow proper
movement of the fibers during muscle contraction. While the main struc-
ture of muscle tissue is generally similar, there are variations between dif-
ferent muscles and animals [43]. Therefore, the meat structure consists
of roughly ordered arrangements of quasi-1D filaments, providing a sys-
tem with the same basic components of Chapter 4 but with increased
structural order.

Despite extensive research on meat structure, methods for quanti-
tative comparison of meat analogues with real whole-cut meat are still
limited [44]. The Warner-Bratzler test is commonly used to test shear
deformations of meat samples, which involves a V-shaped blade that ap-
plies a cutting deformation to the product [44]. However, this method
applies a combination of mechanical deformations and is primarily used
to assess quality attributes rather than precise physical attributes [45].
The Kramer Shear Cell, which uses multiple parallel blunt blades to sim-
ulate a bite into food, also suffers from a similar issue [44].

In order to develop meat analogues that mimic whole-cut meat, an
important step is to understand the effect of meat anisotropy on the
shear and shear-induced normal force responses. Specially for complex
deformations such as chewing, which occur outside the linear viscoelastic
(LVE) regime [46-49], understanding the normal force response induced
upon shear is important, and has been ignored in the previous litera-
ture on food products. In Chapter 5 we address this issue by studying
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1.2. MACROSCOPICALLY ORDERED SYSTEMS

the large amplitude oscillatory shear (LAOS) response of meat and meat
analogues with fiber orientations parallel or perpendicular to the shear
direction. Furthermore, we also studied the shear-induced normal force
response, in meat and meat analogues. These concepts were previously
studied on simple materials, but have been completely ignored in the
field of food science. Therefore, we provide a complete mechanical char-
acterization of meat and meat analogue samples that present anisotropy.
The linear and nonlinear rheology used in this thesis is explained in more
detail in section 1.4

1.2.2 Asymmetry in cylindrical shells

Cylindrical origami shells are commonly used to design new mechani-
cal metamaterials, engineered materials with properties not found in the
materials themselves, but derived from their specific structural arrange-
ment [3]. Applications range from shock absorption [50] to soft bistable
electricity generators [51], or self-deployable stent grafts for medical ap-
plications [52]. However, despite the practical applications for which the
origami bellows are being used, the shear resistance, and more specif-
ically, the shear-induced normal force response, remains largely unex-
plored. The origami shells, as well as the crumpled materials studied
experimentally in Chapter 3, present the same type of basic structural
units: folds arranged in creases and vertices. However, in the case of
origami patterns, this network of folds is arranged in a specific order,
whereas in crumpled materials it is completely random. Therefore, in
this thesis the origami studied in Chapter 6 represent the ordered ver-
sion of the structural components studied in Chapter 3.

In this thesis, three specific types of origami shells are studied: Yoshi-
mura, Kresling, and crumpled origami. The Yoshimura pattern arises
naturally under uniaxial compression with appropriate conditions of buck-
ling load, strain, and compression rate, and consists of a diamond pattern
with diagonal mountain folds and horizontal valley folds [53]. If instead
of uniaxial compression, a twist deformation is performed, a Kresling
design is obtained, which resembles the Yoshimura design, but with the

14



CHAPTER 1

diamonds tilted toward the direction of rotation [54, 55]. Therefore,
the Yoshimura and Kresling designs offer good candidates to study the
effect of structural arrangement and symmetry/asymmetry in cylindri-
cal shells, particularly because these properties arise from their ordered
folding patterns.

Although folded origami cylinders made with Yoshimura or Kresling
designs already contain the symmetry or asymmetry in their design, a
cylinder containing a pattern made randomly by uniaxial compression
was also compared. With a material such as paper, which can easily
buckle and bend, a pattern that resembles the Yoshimura design can be
obtained, as shown for conical paper shells in [56], while still presenting
randomness and imperfections. The pattern is therefore semi-ordered,
as some randomness is still present in the system, which is composed of
crumpled unit cells. This allowed us to study in Chapter 6 systems
where a well-defined asymmetry is present in the pattern, and compare
with a system where the asymmetry is introduced randomly upon com-
pression.

1.3 Core objective of this thesis

As indicated in section 1.1, crumpled materials and granular chains offer
interesting macroscopic systems to study due to their similarities with
disordered solids. However, before a direct comparison can be made be-
tween the macroscopic and microscopic systems, a deeper understanding
of the structures in these systems is needed. Furthermore, both crumpled
materials and entangled systems present interesting properties by them-
selves that make them good candidates for use for practical applications
as disordered mechanical metamaterials [57, 58], as we discuss in Chap-
ters 2, 3, and 4. The primary characteristics of these systems often
originate from their geometric structure. As such, these properties can
be considered generic, persisting across different length scales. However,
it is important to note that factors such as molecular interactions, ther-
mal fluctuations, and friction may induce variations, thereby influencing
the effect of the geometric structure at different length scales.
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1.3. CORE OBJECTIVE OF THIS THESIS

Shear rheology provides a valuable tool for studying how these struc-
tures respond under stress, and specifically large deformations have the
potential to provide rich information. Surprisingly, the response in shear
of these macroscopic disordered systems has been largely ignored in previ-
ous studies. Under shear deformations, it becomes clear how the internal
structures of these disordered systems play a role in their mechanical re-
sponse. The internal structures in crumpled materials can have preferred
orientations, which therefore result in anisotropy, as shown in Chapter
3. In the case of entangled chains or ropes studied in Chapter 4, the
shear rheology showed the effect of topological constraints on the sheared
area of the sample and the stiffening upon shear. These results were then
used to study two more applied systems, which present anisotropy, where
the components of previous chapters are used in more ordered arrange-
ments. In Chapter 5, we studied meat and plant-based meat analogues
where the samples presented anisotropy in the form of fiber orientations,
therefore being an ordered counterpart of the quasi-1D filaments used in
Chapter 4. Finally, in Chapter 6 we studied cylindrical paper shells
with well-defined symmetry/asymmetry and compared with asymmetry
formed randomly by crumpling. Chapter 6 contains therefore a more
ordered arrangement of the basic structures present in Chapter 3: folds
in the form of creases and vertices.

The primary objective of this thesis is therefore to understand the
role of structures within macroscopically disordered materials, such as
crumpled materials and entangled assemblies of filaments, by investigat-
ing their mechanical response under shear stress. By employing non-
linear shear rheology, we aim to uncover the role of internal structures,
anisotropy, and topological constraints in these systems. Afterward, we
explore the role of the same structures, but in more ordered arrangements
and more applied systems that present clear anistropy, such as meat and
plant-based meat analogues, as well as origami cylindrical paper shells
with defined symmetry /asymmetry.

In the following section, we provide an introduction to the shear rhe-
ology, both linear and non-linear, used in the experimental chapters of
this thesis. Finally, we present an overview of the thesis projects.
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CHAPTER 1

1.4 Introduction to shear rheology

1.4.1 Small amplitude oscillatory shear (SAOS)

Rheology is the field of science that focuses on studying the deformation
and flow of materials. First coined in the 1920s by Eugene C. Bingham,
it is formed from the ancient greek words “rhéo” (to flow), and the suffix
“logy” (study of) [46]. Rheology is now a well-established domain within
material sciences in general and is at the core of the study in miscella-
neous scientific fields where flow or deformations are involved, such as
polymers, foods, adhesives, cosmetics, geology, or waste industry, just to
name a few.

At its core, the rheological properties are well summarized by the
starting sentence of Ewoldt et al. [59]: “Rheological properties answer the
question, ‘What happens when I poke it?’”. While the general population
may be unaware of the scientific discipline of rheology, they are well aware
of the intuitive concept behind it: shaking a ketchup bottle to get it to
pour, squeezing a tube of toothpaste to dispense the paste, or running
on a cornstarch suspension without sinking. All of these are iconic cases
where the rheological properties of the material are at play and could be
quantified if desired.

When a force is applied to a material, a corresponding deformation
is induced resulting in a strain, which is a measure of the change in size
or shape of an object relative to its original dimensions. This deforma-
tion behavior can be described rheologically, and for most materials, the
response sits in between a purely elastic deformation where no energy
is lost, or a flow of viscous fluid, where all the energy is dissipated to
the medium. Therefore, most materials behave as viscoelastic materi-
als, where some of the mechanical energy applied is stored and some is
transformed into heat via viscous dissipation [46].

There are three main types of strain: 1) normal strain, resulting in
extension/contraction deformations, 2) shear strain, resulting in shear
deformations, and 3) volumetric (or bulk) strain, which changes the vol-
ume of the sample. Mostly, the first two are amply used in research and
industry, because they are easier to apply in a laboratory setting. In
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1.4. INTRODUCTION TO SHEAR RHEOLOGY

normal strains, two particles are displaced away or toward each other,
whereas in shear strains, two particles are displaced over or past each
other. These two different types of strain are represented in Figure (1.1).
From these simple deformations, we can already start defining the terms
that will be used throughout this thesis, where mainly shear deformations
were performed. Some simple mechanical characterizations were also per-
formed via compressive or extensional deformations, and are explained in
the corresponding chapters. For this reason, mostly shear rheology of soft
solid materials will be discussed in this general introduction (Chapter
1).

Extension

—

Compression

Figure 1.1: Schematic depiction of normal strain in the form of exten-
sion/compression on the left, and shear strain causing a shear deformation on
the right. Figure adapted from [60].

The force, F, applied to a material per unit area, A, is defined as
stress, o, applied on the material:

o=— (1.1)

When o is applied on the material, it will cause a deformation, or
relative change in length as mentioned earlier, defined as strain,
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v = % = tan@, (1.2)

where « is the change in length, and h is the original length of the
material. When a small shear deformation is applied to a purely elastic
material, the ratio of stress to deformation corresponds to a material
constant, the shear modulus G, so that

G 5 (1.3)
As far as that ratio remains constant, the material is within the so-
called linear elastic range, and G is a measure of the material rigidity
[61]. However, for viscoelastic materials the energy is not completely
stored, as mentioned earlier. A useful way to characterize viscoelastic
materials is through the use of oscillatory tests, which have been used
extensively in this thesis. In oscillatory tests a sinusoidal ~y is applied to
the material,

v(t) = o sin(wt), (1.4)

where 7y is the strain amplitude, w is the frequency, and t is the
time. The resulting o is then measured by the rheometer, and its analysis
offers a plethora of results to characterize material properties. Since for
viscoelastic materials part of the mechanical energy is stored, and part
is dissipated, the stress response is represented as a phase-shifted sine
function

o(t) = opsin(wt + 9), (1.5)

where oy is the stress amplitude and § corresponds to the phase shift
between the strain and stress signals, as indicated in Figure 1.2.

As was the case for simple shear deformations, the ratio between stress
and strain gives us a modulus, in this case the complex shear modulus,

o =70 (1.6)
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0o Yo \
Y

o

Figure 1.2: Sinusoidal strain, v, and resulting stress response, ¢. The ampli-
tude of strain and stress, vy and oy, respectively, and phase shift, §, are shown.

By analyzing the oscillatory o(t) via Fourier Transform, which de-
composes the signal into a sum of waves of varying amplitude and fre-
quency, og and ¢ are obtained from the amplitude and phase shift of the
fundamental sine wave (See Fig. 1.2). By this mean, the signal can be

decomposed into a real and imaginary part, orthogonal to each other, so
that [61]

G* = G'sinwt + G” cos wt, (1.7)

where G’ sinwt is the component in phase with the strain wave, G’
denotes the storage modulus, indicative of the stored energy, G” coswt
is the component 90° out of phase, and G” denotes the loss modulus,
indicative of the dissipated energy. Equation (1.7) can be rewritten as

G* =G +iG", (1.8)

where ¢ is the imaginary number. This relation and the orthogonality
between moduli is depicted in Figure (1.3).

Both G’ and G” are independent of the v and ¢ in the LVE regime,
and are measured in short amplitude oscillatory shear (SAOS) tests.
However, as the amplitude of deformation is extended into the non-
linear viscoelastic (NLVE) regime in large amplitude oscillatory shear
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Imaginary
S

G b-----oo o

| o/
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Figure 1.3: Vector diagram of the complex modulus G* and its components
in the real space (storage modulus G’), and imaginary space (loss modulus G").
¢ denotes the phase angle.

(LAOS) experiments, both moduli become functions of the strain ampli-
tude, G'(vp) and G”(79). When going into the NLVE regime, the stress
signal becomes distorted by the presence of higher harmonics, and there-
fore the analyses of G’ and G” performed from the first harmonic, become
mathematically inacurate [62] and different analyses are required. The
higher harmonics are waves with a frequency which is a positive integer
multiple of the first (or fundamental) harmonic, as shown in Figure 1.4.

1.4.2 Going into large amplitude oscillatory shear
(LAOS)

While SAOS tests fully describe the material response at small defor-
mations, and therefore gives a convenient rheological characterization of
soft materials, most real life deformations will be both large and fast,
happening in the NLVE regime [62]. In this thesis, we aimed to measure
the different materials not only in the small LVE regime, but also when
the deformations are in the NLVE regime, to obtain a richer mechanical
characterization of the materials and structures. Continuing with the de-
scription of oscillatory tests explained in the last section, we will extend
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1st
15t Harmonic

34 Harmonic

15t+ 3rd + 5th
5% Harmonic

T N

N\ N\ N\ =
S S NS\ SO

Figure 1.4: Representation of the first (fundamental) harmonic, as a simple
sine wave, and how the addition of odd higher harmonics (third and fifth) affect
the oscillatory signal (black). The amplitudes of the harmonics are 1 for the
1%t 0.5 for the 3¢, and 0.25 for the 5.

here the description for the LAOS techniques used in this thesis.

Since the calculation of G’ and G” performed by the rheometer makes
use of the first harmonic in the oscillatory stress signal, rich information
on the material behavior at LAOS deformations is lost. Simply by plot-
ting parametrically the v vs ¢ signals, we can obtain information in the
LAOS regime. This type of plots are known as Lissajous-Bowditch [63]
plots (referred simply as Lissajous plots from now on). In Figure (1.5A-
C), examples of responses in the LVE regime are shown, with a purely
elastic response (phase angles of 0°, slightly shifted for visualization pur-
pose), a purely viscous response (phase angle of 90°), a linear viscoelastic
response (phase angle of 45Y). A non-linear viscoelastic response is also
shown (Fig. (1.5D)) with higher harmonics present in the stress signal.
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Figure 1.5: Example of linear elastic response (A), linear viscous response (B),
linear viscoelastic response (C), and non-linear viscoelastic response (D). Blue
line corresponds to 7(t), and orange to o(t).

LAOS rheology is by no means new, since early publications in the
1960s already studied the non-linearity phenomena of viscoelastic ma-
terials in oscillatory shear, such as the study from Payne [64]. In that
study, the author observed the dependence of shear moduli on strain
amplitude for rubber filled with carbon black particles, and reported
the non-linear behavior as “dynamic stress softening”, which is currently
known as “Payne effect” [64]. It was during the 1990s that book chap-
ters by Giacomin and Dealy [65] and Dealy and Wissbrun [66] offered
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more detailed protocols for LAOS experiments, and the interpretation of
the data via Fourier series, hence giving rise to the Fourier Transform
(FT)-rheology. While eq. 1.5 describes the sinusoidal stress oscillation
in the LVE regime, such as that shown in Fig. (1.5A-C), becomes clear
that contributions from higher harmonics are needed to explain the os-
cillatory stress curve in Fig. (1.5D). Assuming the shear stress response
is symmetric when shearing in both directions, i.e. independent of the
shear direction, then the stress must be an odd function (i.e., present
only odd harmonics) with respect to the shear deformation direction.
This is also assumed throughout the experimental chapters in this thesis
(except in Chapter 6, where we used samples presenting asymmetry in
both shear directions). Therefore, the stress response can be represented
as a Fourier series of odd harmonics [62]

o(t) = Z oy sin(nwt + dy,), (1.9)
n=1, odd

where o, represents the stress amplitude of the n harmonic, and
6n, the phase shift of the n harmonic. However, while FT-rheology is a
very sensitive indicator of non-linearity, the FT-rheology framework lacks
clear physical interpretation of the higher harmonics coefficients. There-
fore, in our experimental chapters (Chapters 3 and 5), we use mostly
the methodology developed by Randy Ewoldt and coworkers in the late
2000s [63, 67]. In Chapter 4, however, we used a four blade vane ge-
ometry, which has ill-defined stress and strain fields, and therefore we
limit ourselves to plotting the raw torque as function of deflection angles
to construct the Lissajous curves. In [63, 67], the authors developed a
framework that makes use of the previously reported F'T higher coeffi-
cients describing the non-linear stress responses via the use of Chebyshev
polynomials of the first kind. Two of the parameters defined to quantify
the LAOS response that we used in the current thesis are the strain-
stiffening ratio (S) and the dissipation ratio ®. The S ratio is defined as
[63]
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G — Gy
S = SR (1.10)
where G, = %|7:AYO is the shear elastic large-strain modulus at g,
and Gy, = fl—j‘/h:o the shear elastic minimum-strain modulus. Both the

G and G'); are schematically represented in Figure 1.6. The S ratio
indicates then the strain stiffening (or softening) within a cycle (intracycle
stiffening), as it is obtained from the local slopes of the Lissajous curves.
If the sample is in the linear regime, then the Lissajous has an ellipsoidal
shape, such as that shown in Fig. 1.5C, and G, = G, = G', so S =0,
and thus the G’ obtained from the first harmonic captures accurately the
rheological response. However, this intracycle information is lost if one
only looks at the G’ and G” curves obtained from the first harmonic [63]
for measurements performed outside the NLVE regime.

Gy | G
= N O
a a
g g
3 e 5
Strain [v] Strain [v]

Figure 1.6: Example of Lissajous-Bowditch curve indicating the elastic mod-
ulus at largest strain, G7 , and the elastic modulus at minimum strain, G’,
on the left. And the dissipation ratio represented by the area enclosed within
the Lissajous-Bowditch curve (hatched pattern) over the total possible plastic
energy dissipation (blue rectangle) on the right.

An analogous ratio, the shear-thickening ratio, T', was also defined
from the viscous Lissajous curves (stress vs shear rate) [63], but will not
be discussed here as our materials, being soft solids, exhibit a mostly
elastic response.
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1.4. INTRODUCTION TO SHEAR RHEOLOGY

The second parameter used in this thesis is the dissipation ratio ()
defined as [67]

Ed . s ’YoGlll
(Ea)pp  40maz’

with Eg = § ody = 7773G’1’ being the energy dissipated per unit vol-
ume within a LAOS oscillation cycle (hatched pattern in right Lissajous,
Fig. 1.6), and (Eq)pp = (270)(20maz) the possible maximum energy dissi-
pated by a perfect plastic material an oscillation cycle (blue rectangle in
right Lissajous, Fig. 1.6). GY corresponds to the first harmonic loss mod-
ulus, which is the only one contributing to the total energy dissipation
[67, 68].

o= (1.11)

1.4.3 Normal response induced by shear

So far, we have described in sections 1.4.1 and 1.4.2 the shear stress
response during shear deformations. However, shearing a material also
induces a normal force response, which in most literature on shear defor-
mations is largely ignored. Already in 1909, Poynting discovered when
twisting piano wires, that the torsion induced an axial dilation, or a nor-
mal force induced by shear [69, 70]. This normal force follows a quadratic
relation with v with a coefficient known as Poynting modulus, Gy, so
that

on =GN 72, (1.12)

where o, is the normal stress [71, 72]. For most materials, Gy, takes
on positive values, which leads to the conventional Poynting effect [72].
However, more recently some complex materials have been observed to
exhibit a reversed Poynting effect, i.e., negative G, such as biopolymer
gels [73].

Eq. 1.12 holds true for isotropic materials, or anisotropic materials
that show symmetry on both positive and negative direction of shear.
However, for anisotropic materials that do not show symmetry on positive
and negative direction of shear, the normal force response usually obtains
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linear terms as a function of shear, i.e. one direction of shear causes
a positive normal force response and the opposite direction results in
a negative normal force response. Therefore, the shear-induced normal
force can be used to get insigt into the structural properties of the system.
In Chapter 6, we show this is true with origami cylinder designed with
symmetric and asymmetric patterns with the shear directions.

While egs. 1.12 and 1.3 can be used directly for rheometer geometries
such as the cone-plate and plate-plate geometry (used in Chapter 5) to
obtain Gy and G, this is not the case for cylindrical shells, which we
studied in Chapter 6. For cylindrical shells with an inner radius R,
and an outer radius R, the normal force response during shear can
be written as [72]

0\ 2
Fy =Gy J (ﬁ) , (1.13)
where J = Z(Rp},, — Rib;,) is the second moment of inertia, ¢ is

the deflection angle, and h is the height of the shell. Taking an average
radius for the shell, so that R = (Ryaz + Rmin)/2, the shear force for the
shell is written as [72]

T  GJp

Fo=— = 1.14
S R th ( )

where 7 is the torque around the axis of the shell. In Chapter 6
we show that eqs. 1.13 and 1.14 are applicable for an origami cylindrical
shell which has a symmetric pattern in positive and negative directions of
shear, a Yoshimura design. For an origami cylindrical shell which shows
asymmetry in both directions of shear such as the Kresling design, eq.
1.13 fails to fit adequately the shear-induced normal force response, and
therefore a linear approximation via Taylor’s expansion was used.

1.5 Thesis aim and overview

As we generally explained in this general introduction, we aim to inves-
tigate specific systems in each Chapter (2-6), with a focus on systems
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presenting different ordering level at the macroscopic scale. Here we
provide an overview of the systems we studied and our approaches.

1.5.1 Studied systems and approaches

We started the thesis by researching the rheology of macroscopically
disordered materials. First, in Chapter 2 we performed a review on
crumpled materials, understood from a disordered or amorphous solid
perspective, and provided examples for designing disordered mechanical
metamaterials by introducing crumpling.

In Chapter 3 we addressed an area of crumpled materials still to be
explored: shear deformations. All previous literature on crumpled mate-
rials so far has focused on uni-axial or isotropic compressions. However,
comprehending their behavior under shear is crucial for effectively uti-
lizing these systems in practical applications. In this chapter we studied
the shear behavior of crumpled materials, individually investigating the
effect of material training, internal morphology, friction, and plasticity,
through non-linear shear rheology.

In Chapter 4 we moved to another macroscopically disordered sys-
tem amply used in literature as polymer analogue, macroscale granular
chains, and compared the results also to cooked spaghetti. As for the
crumpled materials, the deformation behavior of entangled macroscale
chains and spaghetti has so far been studied under compression or pene-
tration tests, but not under shear deformations. Using a vane geometry
and a rheometer head, we studied the effect of chain length on the rheo-
logical properties of granular chains and spaghetti, combining the results
with image analysis and simulations.

Then, we studied two more application-driven systems, where the
level of order was increased, applying part of the knowledge found in
Chapters 2-4. In Chapter 5, we studied the effect of fiber orienta-
tion on the rheological response of meat and meat analogues. Using a
combination of shear stress together with shear-induced normal stress,
we explain how the structure of the samples affects the mechanical re-
sponse. This allowed us to develop a novel methodology to quantitatively
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compare whole-cut meat samples with plant-based meat analogues mim-
icking the meat fibrous structure, and potentially other food samples
presenting structural anisotropy.

Finally, in Chapter 6 we investigated a specific class of mechanical
metamaterials, origami bellows, and the effect of introducing disorder
with a crumpled cylinder mimicking an origami bellow. By integrating
the analysis of shear stress and shear-induced normal stress as done in
Chapter 5, and combining it with simulations of the unit cells of the
systems, and image analysis of the crumpled pattern, we performed a
complete mechanical characterization of the origami cylinders. This ap-
proach allowed us to relate the structural arrangement and (a)symmetry
with the shear direction to the normal stress response.

1.5.2 Structure of the thesis

In addition to the General Introduction (current Chapter 1), this thesis
consists of one review chapter (Chapter 2), four experimental chapters
(Chapters 3-6), a general discussion (Chapter 7), and summary. Some
of the chapters contain Supplementary Information (provided after the
main text in the corresponding chapter). The references for the whole
thesis are listed after Chapter 7, before the summary.
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Chapter 2

Crumpled structures as
robust disordered
mechanical metamaterials

This chapter is published in a revised version as:

G. Giménez-Ribes, M. Motaghian, E. van der Linden, & M. Habibi, Crum-
pled structures as robust disordered mechanical metamaterials. Materials €
Design, 232 (2023), 112159.
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Abstract

Mechanical metamaterials such as origami or ordered 3D printed struc-
tures have shown tremendous applications in science and technology.
However, the main disadvantage of these systems is their dependency on a
perfectly ordered structure, making them sensitive to defects. Disordered
metamaterials offer a way to circumvent this sensitivity. Within disor-
dered metamaterials, crumpled systems have recently received increased
attention due to their intriguing properties such as negative Poisson’s ra-
tio, low density, high mechanical shock absorption, and easy manufactur-
ing process. Mechanical relaxation of these systems was successfully ex-
plained by stretched exponential and logarithmic models, typically used
for complex relaxation in amorphous systems. This drove researchers
to study crumpled systems as amorphous systems with a complex en-
ergy landscape. Further research remarked similarities between crumpled
structures and other metastable systems such as glasses, by studying the
mechanical memory effect. Edward’s statistical mechanics was also ap-
plied to crumpled systems to unravel their statistical properties. In this
review, we summarize different aspects of crumpled materials and their
potential to be exploited for designing new robust disordered metamate-
rials. Finally, we build on the current knowledge and introduce a design
principle to make crumpled origami-like structures with robust mechani-
cal responses and briefly compare them with ordered origami structures.

32



CHAPTER 2

2.1 Introduction

Overcoming fundamental restrictions to tailoring the functionality of nat-
ural materials has been an aim of science throughout history. Through-
out history human life was revolutionized by utilizing novel materials in
such a way that different eras of civilization are named by these ma-
terials: e.g. the stone, bronze and silicon age. Now we live in a new
era where recent developments in science and technology have helped us
to go beyond what nature has offered us, and scientists and engineers
are trying to create materials that can be precisely programmed for the
desired purposes.

It was already in the 1960s when the concept of metamaterial ap-
peared to designate materials with electromagnetic properties not found
in nature [74]. Later on, the concept of metamaterial expanded to all
sorts of materials whose properties arise from the design of the material
rather than its composition. As a result, nowadays, a rough classifica-
tion of metamaterials in four different categories exists, i.e., electromag-
netic metamaterials, acoustic metamaterials, thermal metamaterials, and
mechanical metamaterials [74]. Research on mechanical metamaterials
focuses on the mechanical energy, motion, stress or deformation of meta-
materials [3]. These structures have been engineered in a way that the
material exhibits mechanical characteristics that cannot be found in con-
ventional materials, for instance: negative Poisson’s ration [75-77], or
negative bulk moduli [78]. One of the reasons for the success of mechan-
ical metamaterials in recent years is undoubtedly the rise of 3D printing
technologies for creating novel complex structures [4]. Figure 2.1, shows
some examples of cylindrical mechanical metamaterials fabricated by 3D
printing of soft elastomers. Mechanical metamaterials are often designed
by repeating a unit-cell in a symmetric lattice, and therefore, they are
dependent on specific geometrical restrictions and the interplay between
their subunits. In turn, this deteriorates the functionality of mechanical
metamaterials when any imperfection appears in their structure. Disor-
dered mechanical metamaterials can offer a solution, and therefore can
provide more robustness for tailoring functionality without requiring all
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Figure 2.1: Examples of cylindrical mechanical metamaterials with different
properties: (A) Auxetic structure designed with circular voids that show neg-
ative radial strain under axial compression, (B) Network of nonuniform beams
designed with four-fold symmetric voids that exhibits shear (torsion) under ax-
ial compression and is capable of programming the sign and magnitude of the
shear-induced axial response (See ref. [72]).

cells to follow the exact same rearrangements [79].

In the quest for new robust disordered metamaterials with low sensi-
tivity to imperfections that retain peculiar desired mechanical function-
alities, crumpled structures offer a promising perspective for a designer.
Crumpled systems can be considered as disordered systems which show a
solid-like behavior. Other categories of disordered solid-like systems are
glasses [8], granular systems [80], and densely packed (jammed) emulsions
containing a high volume fraction of dispersed phase [81], all of which
have tremendous applications in life and technology. Crumpled mate-
rials exhibit far from equilibrium properties, and thus similarities with
jammed and glassy systems have been mentioned before in literature
[11, 82]. However, understanding the mechanical responses of crumpled
systems based on glassy dynamics theories is still an open question [83].

In this article, our aim is to show the peculiarities of crumpled sys-
tems, and how these can be integrated into mechanical metamaterial
design. The structure that we follow in this review is to first show the im-
portance of disordered mechanical metamaterials, with examples present
in literature. Then we delve into a specific disordered material, crum-
pled systems, and review the available literature on crumpled materials
and their peculiar properties as disordered solids. We highlight simi-
larities that crumpled materials have with other disordered solids in an
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attempt to shed light on the understanding of crumpled structures from
an amorphous material perspective, and remark how crumpled materials
serve also as interesting model systems to understand amorphous mate-
rials where the constituents are present at a macroscopic level. Then,
we provide an overview of how some of these crumpled structures are
already being used for different purposes, and at different length scales.
Finally, we provide a connection with mechanical metamaterial design,
showing how a bottom-up approach can be used to overcome the diffi-
cult to control behavior of purely crumpled bulk materials. Based on the
state-of-the-art studies on crumpled systems and disordered mechanical
metamaterials we introduce a new concept of crumpled origami mate-
rial as a robust material with low sensitivity to defects for everyday life
applications.

2.2 Mechanical metamaterials: order vs.
disorder

Most mechanical metamaterials are usually composed of periodically re-
peating building blocks that can deform, move or rotate, and together
with their spacial arrangements and mutual interactions define the over-
all response of the material to the applied stresses or deformations [3].
Auxetic materials are among the most well-known mechanical metama-
terials. The unique feature of auxetic systems is their negative Pois-
son’s ratio. The Poisson’s ratio is the ratio between the perpendicu-
lar and the axial strains in the direction of compression, v = —ep/ey
[84]. Most of the conventional materials have a positive Poisson’s ra-
tio meaning that they orthogonally expand/contract in response to a
uni-axial tension/compression. Conversely, auxetic materials expand in
both orthogonal directions while they are subject to a uni-axial tension.
These materials were first observed in the 19" century, and since then
a plethora of work has been dedicated to studying and designing auxetic
structures [79, 84-91]. Re-entrant [92, 93] and chiral networks [94] are
two examples of auxetic structures, shown in Figure 2.2. The building
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Figure 2.2: Schematic representations of chiral (A) and re-entrant (B) net-
works.

blocks in a re-entrant structure are bow-tie shapes that can be formed by
protruding two opposite angles of a hexagonal honeycomb (Fig. 2.2B).
When a horizontal tensile force is applied, the lateral ribs of each cell can
move vertically which results in a vertical expansion and consequently,
a negative Poisson’s ratio [95-97]. On the other hand, chiral networks
are composed of bendable ligaments tangentially attached to nodes (Fig.
2.2A). An extensive review on chiral networks has been recently done by
Wu et al., [98]. Based on how many ligaments are attached to each node
(order of symmetry) different types of chiral tessellations can be formed
[99]. Under mechanical loading the ligaments slightly bend around the
nodes and, depending on the spatial arrangements of the nodes, this can
lead to a negative Poisson’s ratio. In addition to re-entrant and chiral tes-
sellations, in recent years advances in additive manufacturing techniques
have allowed for other topologies with different stiffness and compress-
ibility to be designed as auxetic materials. These materials exhibit a high
indentation resistance [100], which promotes their utility in the produc-
tion of shock-absorbing structures for many different industrial purposes
[95].

The Japanese art of paper folding, origami, has recently attracted
much interest in designing mechanical metamaterials with programmable
functionality and negative Poisson’s ratio [101-104]. Origami structures
exhibit exceptional mechanical properties that can be used to tailor the
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mechanical response and shape of the structure. The importance of
origami design for manufacturing metamaterials can easily be seen from
the tremendous amount of reviews on the topic in only the last ten years
[105-127]. However, highly ordered origami structures have both advan-
tages and disadvantages. The most important advantage is that they are
simple to model and relatively easy to customize or manufacture. On
the other hand, origami structures, like other ordered metamaterials, are
typically constrained by strict geometric relationships and symmetries,
which can easily be violated in real-life applications; random disloca-
tions and imperfections introduced during the manufacturing process or
under working conditions affect their mechanical functionality [57, 128
130]. The effect that small imperfections have on the performance of
Miura-ori origami structures was recently studied [130], and the authors
found that random geometric imperfections resulted in large variability
of the subsequent performance. At the same time, the imperfections
could also be exploited to increase the stiffness [130], and hence might
be interesting for tuning the amount of energy stored or dissipated. An
extensive body of work is available to describe how the imperfections in-
fluence the general response of various ordered metamaterials [96, 131—
135]. One should note that the transition from delicate laboratory-level
production to industrialized manufacturing and real-life application of
metamaterials, requires a certain level of robustness against defects and
imperfections. Therefore, designing metamaterials with low sensitivity
to randomness and dislocation is of great importance and opens the way
for practical metamaterial designs. For this reason, a family of metama-
terials has been introduced that intrinsically contain imperfections and
these defects can be even employed to improve their functionality [96,
132, 136].

2.3 Disordered mechanical metamaterials

Disordered mechanical metamaterials can be generated through differ-
ent methods. One strategy is to start from a perfectly ordered structure
and rationally introduce topological defects. For instance, in a perfect
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re-entrant network, we can randomly select some of the unit cells and
replace them with conventional hexagonal honeycombs [96]. In another
scenario, defects were introduced in a perfect re-entrant tessellation by
moving vertices of the cells randomly by a displacement vector [136]. The
latter method has been also adapted to form disordered chiral networks
[132]. Pozniak et al., [134], had introduced disorder to anti-chiral struc-
tures by a stochastic distribution of nod sizes. The degree of randomness
and number of defects, of course, will be a determinant factor in the final
mechanical parameters of the structure, which has been thoroughly dis-
cussed in the mentioned studies. In another study, Meeussen et al., [137],
started with an anisotropic triangular network with auxetic properties,
since the symmetry of this system can be locally broken by rotating two
adjacent unit cells. It was shown that such imperfections can be em-
ployed to guide the applied stress or deformations to a complementary
part of the network.

A second approach to build randomness in networked materials is
based on starting from a completely random structure and employing a
correction protocol to adjust a certain mechanical property of the system
to the desired level. An example is a system of random nods and springs
that are pruned by removing the weakest connections at each level until
each node has a maximum of three connections. Simulations have shown
that such a system exhibits a negative Poisson’s ratio [138]. By deter-
mining different bond-removing protocols, one can deliberately introduce
a variety of disorders into the system and exploit them to obtain specific
mechanical qualities [139-141].

Another family of metamaterials is a perforated system with differ-
ent shapes of holes and patterns of slits in a lattice of specific symmetry
which results in auxetic behavior [86, 142], in some cases even with a very
large negative Poisson’s ratio (close to -12 for a microporous anisotropic
model [143]). Grima et al., [144], showed by randomly orienting cuts in
an elastic sheet, auxetic behavior can be easily achieved. This proves that
the lattice of specific symmetry is not always needed to harness auxetic
behavior. Later, Chaudhary et al., [145], used geometric concepts to de-
sign random kirigami (japanese art of paper cutting) 3D structures with
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different regimes of deformations. They provided scaling arguments de-
scribing different regimes by approximating the loaded sheets as a compo-
sition of developable units such as cylinders, flats, compressed elasticae,
and cones. Their simple approach facilitates the design of novel random
kirigami for engineering applications.

Most of the above-mentioned methods of designing disordered meta-
materials are based on advanced computation, complicated modeling,
and difficult fabrication processes for scaling up. In contrast to these
systems, we can consider a completely random structure made by crum-
pling and confining a thin sheet. In the following, we review interesting
properties of the crumpled systems that can be exploited for metamate-
rial design and explain design principles for using crumpling as a method
of designing robust random metamaterials.

2.4 The prospect of crumpled materials

Crumpling of objects is a common phenomenon that happens over a
wide range of length scales, from DNA packing inside viral capsids [146]
protein folding [147, 148], and crumpled graphene [149, 150], to geological
plates [151, 152]. Every day we form crumpled structures by crumpling
paper balls [153] or aluminum foils [154]. Our own brains present folded
cortices which show similarities with crumpled papers [155], and even
the vehicles we use are designed so that, upon impact, the mechanical
energy can be dissipated through crumpling to reduce the damage to
the passengers [156]. Some examples of crumpled systems are shown in
Figure 2.3.

The interest in studying crumpled materials arises from their excep-
tional properties. These materials present low-density structures; for
instance, crumpled papers contain more than 75% air in their structure
[13] and often show complex fractal topology [153, 158-164]. Crumpled
materials, furthermore, present similarities with cellular materials such as
solid foams [165]. For instance, when using crumpled paper for creating
low-cost bio-based materials, Martoia et al., [166], reported the crumpled
papers to have mechanical properties similar to those of flexible and rigid
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Figure 2.3: (A) Scanning electron microscopy images of crumpled graphene
oxide balls. Figure reprinted with permission from ref. [157]. Copyright 2021
Elsevier. (B) Crumpled geological strata. (C) Crumpled flower petals. (D)
Butterfly wings still crumpled while leaving a cocoon.

foams. However, contrary to the complicated manufacturing process of
cellular materials, crumpling is based on a simple process [167], thus re-
sulting in reduced manufacturing costs [154] to create structures with
low density and a remarkable ability to absorb mechanical energy [13,
168-171].

Crumpled structures are often made by deforming elastoplastic sheets
while applying a high level of confinement. Elastic plates can deform in
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CHAPTER 3

3.2.2 Shear rheology measurements

A standard Anton Paar rheometer (Anton Paar MCR 302, Graz, Aus-
tria) with a 50 mm parallel plate geometry was used for applying shear
deformation on the samples. After placing the sample in between the
plates covered with double-sided tape, the measuring system was low-
ered to the desired level of compaction. The maximum normal force of
the rheometer (50 N) determined also the maximum possible lowering of
the probe, achieving a gap which was around the level of compression
made with the texture analyzer.

When the probes were positioned, a time sweep at constant amplitude
(0.1 % strain) and frequency (1 Hz) was started for 30 min, where further
relaxation of the sample occurred. The values of the storage modulus G’
after the 30 minutes pre-shear were used as the storage modulus shown
in this study. The diameter of some of the paper crumpled disk samples
was slightly smaller than the diameter of the plates. For those samples
the shear modulus was corrected to Gy.q;, defined by [286]

Rapp \?
Greal - Gapp (Rr:jl) 5 (31)

where G, is the shear modulus as obtained by the rheometer, Ry,
is the radius of the plates (2.5 cm), and R,y is the radius of the crum-
pled disk as averaged from 10 lateral measurements after compression.
Eq. 3.1 was checked with experimental data for polydimethylsiloxane
(PDMS) disc samples with known G,.q (Data provided in Supplemen-
tary Information).

After the time sweep, an amplitude sweep with increasing strain
(0.01% to 5 %) and constant frequency (1 Hz) was performed to ob-
serve the LAOS region, when higher harmonics can affect the oscillatory
response [62]. The strain stiffening ratio (S-factor) was used as a quan-
titative measure in the LAOS regime, and defined as [63]

G — Gy

S = a (3.2)
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with G, = %H:% being the shear elastic modulus at the largest strain

and G, = Z—g\fy:o the shear elastic modulus at the minimum strain. o
corresponds to the shear stress, v the shear strain, and 7y the shear
strain amplitude in the oscillation cycle. The second parameter used is
the dissipation ratio (®) defined as [67]

Ed _ s ’Y()Glll
(Ea)pp  40maz’

with Eg = § ody = 712G/ being the energy dissipated per unit vol-
ume within a LAOS oscillation cycle (area within a stress-strain Lissajous
plot), and (Eq)pp = (270)(20maz) the possible maximum energy dissi-
pated by a perfect plastic material in LAOS. G/ corresponds to the first
harmonic loss modulus, which is the only one contributing to the total
energy dissipation as mentioned in refs. [67, 68].

o= (3.3)

3.2.3 Compression experiments

The compression of the samples was performed using a texture analyzer
TA.XT plus (Stable Micro Systems-SMS, Surrey, United Kingdom) with
a circular plate of diameter 50 mm, and 50 Kg load cell. The slow
compression (with a speed of 0.1 mm/s) of the samples was confined
inside a cylinder with a diameter of 50 mm, to prevent the sample from
coming out or expanding more than the diameter of the plate. From the
compression of the hand crumpled sheets in the cylinder, an apparent
Young’s modulus (Fgpp) was obtained as

doapp

Eopp = (3.4)

de H ’
where o4y, is the apparent stress considering the whole area of the
plate as the contact area, and ey is the Hencky strain. The modulus was
calculated from 6 repetitions.
For determining the Young’s modulus, F,,., of the different sheets,
extension experiments were performed on a ribbon shape sample and
analyzed as
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o
Enat = 5’ (3.5)

with e being the engineering strain. A rectangular piece of material
with dimensions 18x40 mm was fixed between two clamps, and stretched
at a speed of 0.01 mm/s. The measurements were performed in triplicate.

3.2.4 Verticality index

We performed a relative quantification of the vertical orientations in the
cross-section of a crumpled disc by means of image analysis. The crum-
pled materials were prepared as indicated in section 3.2.1, and then com-
pressed and hold with a bench vise. The sample was cut at the middle,
and the images of the cross-section were collected for further analysis.
A procedure similar to that used in [287] for measuring the alignment
of fibers was used here. First, the images were filtered using a Laplacian
filter to reduce noise with the OpenCV.Laplacian function from OpenCV
library [288] in Python. A 2D Fast Fourier Transform (FFT) was then
computed on the filtered images using the Python function numpy.fft.fft2
from the Numpy library [289], resulting in a matrix with the same di-
mension as the original image, but with the information in the frequency
domain (FFT power spectrum). By performing an azimuthal summation
across the FFT spectrum, the intensity for each angle was obtained (See
Fig. 3.3 as an example). Intensities close to 0 and 7 radians correspond
s

to repetitive vertical elements, and intensities close to 5 to repetitive

horizontal elements. The sum of all intensities between 0 to 7, and ?jT’T to
7 was taken as quantification of vertical elements (/y/), and between 7
and %Tﬂ as quantification of horizontal elements (If7). A simple verticality
index, 0y, was then defined as a ratio between the vertical and horizontal

orientations:
Iy
Oy = —
\% IH )
with 6y > 1 indicating a dominance of vertical (normal to shear
direction) orientations, fy ~ 1 a similar amount, and 6y < 1 a dominance

(3.6)
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of horizontal (parallel to shear direction) orientations. The measurements
were performed in triplicate.
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Figure 3.3: Example of middle section of randomly crumpled paper com-
pressed to a disk of 20 mm thickness (A) and semi-random crumpling (D), the
corresponding 2D FFT spectrum (B, E), and the alignment plots obtained per-
forming the azimuthal summation (C, F). The height of the peak (y axis) in the
2D FFT alignment plots represents the relative degree of alignment.

3.2.5 Friction measurement

The friction coefficient of the polymeric sheet was measured using the
same protocol as van Bruggen et al., [215]. In short, a glass sphere was
attached to a rheometer plate. Both the sphere and the bottom plate were
covered with the sheet. The upper plate was then lowered until a certain
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normal force, and then rotated. The torque 7 was converted to shear force
Fs = 7/r. By using Fs and the normal force Fl, both measured during
shear, a friction coefficient was calculated as u = Fg/Fx. p exhibits a
peak at small deformations, which corresponds to the static friction, ps,
followed by a slip and a lower plateau representing the dynamic friction,
pi. Measurements were performed in triplicate.

3.3 Results and discussion

3.3.1 Sheet training and orientation

In Fig. 3.4 the shear storage modulus, G’, over the elastic modulus of the
sheet, F,,qt, and the apparent elastic modulus of the crumpled structure,
Epp, are plotted as a function of the compaction level for the printing
paper samples. The compaction level is represented in a dimensionless
form based on the ratio of the area of the sheet over the area of the
imaginary encompassing cylinder, A/A.,;. Here G’ represents the storage
modulus; the loss modulus G” was accounted in the dissipation ratio (see
eq. 3.3) and will be discussed later.

In Fig. 3.4A, G’ over the Young’s modulus of the paper (Eq¢ ~
0.9GPa) is shown as a function of compaction level. The ratio G'/Epat
remains mostly constant with increasing compaction for paper samples,
and it shows a slight increase on compaction for trained paper samples.
This small dependency of the shear moduli on compaction was unex-
pected since, according to literature, the force needed to compress crum-
pled paper balls shows a large dependency on compaction, yielding a scal-
ing with the size of the ball in a power-law manner: F(A) = a(A/D)™?,
where « is a characteristic force coefficient that depends on the bend-
ing modulus of the sheet, A is the size of the compact object, and D
is its initial size [168, 277]. The exponent 8 depends on material prop-
erties, self-avoiding constraints, and dimensionality of compaction [167,
168, 171, 215, 277]. Therefore, the force increases significantly upon com-
paction, as can be observed also from the o — e curves in Fig. 3.5A in
our experiments. Thus, our findings indicate that the shear modulus is
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Figure 3.4: (A) Storage modulus (G’) over the elastic modulus of the material
(Emat), and (B) storage modulus over the apparent elastic modulus (Eqpp) of the
crumpled structure for paper samples at different compaction levels (A/A¢y).
P: Paper, TP: Trained Paper, PV: Paper with Vertical layers, TPV: Trained
Paper with Vertical layers.

not as sensitive to compaction as the compression modulus is. A conse-
quence of this is that the ratio G'/Eqp, decreases monotonically as the
compaction increases for the paper samples (Fig. 3.4B). Although these
two moduli have the same order of magnitude, G’ is larger than E,,,, for
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low compaction levels and it becomes almost the same as Fgp, at the
highest compaction. The results are unexpected, as the shear modulus
rarely is larger than the compression modulus for most materials. This
exemplifies the interesting properties of crumpled materials for develop-
ing new applications. Furthermore, the level of compaction allows for
tuning the ratio between the shear and the compaction modulus.

For an isotropic bulk material in small deformations, the shear mod-
ulus is defined as [71]

E

where the Poisson’s ratio v ranges from 0-0.5 for most conventional
materials, and therefore the shear modulus G should be lower than
Young’s modulus E. When G > E [249], the above relation predicts
a negative Poisson’s ratio for the material and the material is known as
an auxetic material. The auxetic property is considered as a peculiar
property and is mostly observed in rationally designed metamaterials
[290]. Auxetic materials often expand perpendicular to the direction
of extension. Expansion and lateral unfolding of a crumpled ball while
stretching perpendicularly is a signature of auxetic property, which has
been observed experimentally [245]. Such an inhomogeneous unfolding
was also observed while stretching crumpled balls, from two sides due
to long-range correlations [247]. For our crumpled samples, using G’ in-
stead of G, and E,p, as E in eq. (3.7) predicts a Poisson’s ratio ranging
from -0.9 to -0.3 with increasing the compaction level. However, it is
important to mention that eq. (3.7) is valid on isotropic materials, and
can only be used to have a rough estimation of the Poisson’s ratio of
crumpled systems. A negative Poisson ratio of v ~ —0.65 was also re-
ported in literature for crumpled samples with a relative density (po/ps)
of 0.05 upon unloading [165], where py is the sample density and pg
the bulk material density. Only at (po/ps) > 0.15 v was reported as
positive [165]. In our crumpled paper experiments, (po/ps) ranged from
~ 0.1—0.4 with only negative Poisson’s ratios going from -0.9 to -0.3 with
increasing compaction. Even though the Poisson’s ratios estimated by eq.
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Figure 3.5: (A) Stress ( o) as a function of strain () in uniaxial compression,
and (B) apparent elastic modulus (E,p,) for the compaction level (A/Acy).
P: Paper, TP: Trained Paper, PV: Paper with Vertical layers, TPV: Trained
Paper with Vertical layers, PS: Polymeric Sheet, PSSanded: Polymeric Sheet
Sandblasted, PPStarch: Polymeric Sheet Starch-coated, AF: Aluminum Foil.

(3.7) are only rough estimations and have to be taken with caution, they
clearly reflect the auxetic nature of crumpled materials. Recently, disor-
dered mechanical metamaterials have been fabricated using 3D printing,
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so that a negative Poisson’s ratio could be achieved for efficient stress
distribution [255]. Mechanical metamaterials with the negative Poisson’s
ratio have been also designed for cushioning and vibration damping appli-
cations [254]. Therefore, our results remark the possible use of crumpled
(disordered) mechanical metamaterials with a negative Poisson’s ratio as
viable options for mechanical energy absorption applications.

The differences in the magnitude of G’/ E,,, between paper and trained
paper experiments are small and within the experimental error bars (Fig.
3.4B). However, for trained paper, the G’ show a slight increase with in-
creasing A/A.y, while for the paper without training, data points are
scattered and do not show a clear trend with increasing A/A., (Fig.
3.4A). This is most likely due to the presence of long-range correlation in
the crumpled paper without training. Long-range correlations were also
shown to guide the complex unfolding of crumpled balls [247]. These cor-
relations are reduced for the trained paper, where a network of creases
is extensively developed by successive crumpling-unfolding [177]. In the
study by Gottesman et al., [291], the authors demonstrated that the
total crease length that increases upon subsequent compactions can cap-
ture the crumpling dynamics. To have an increase in the total length
of the creases, new creases should be created by folding previously flat
facets over subsequent compactions or repeated crumpling. By folding
large facets, long-range correlations in the structure will be reduced. The
increase in the total crease length is significant for ~10-15 times unfold-
ing and crumpling, and then approaches a saturated value [291]. More
steps of crumpling and unfolding would result in small changes in the
facet sizes, and therefore smaller differences in their mechanical response.
Crumpling and unfolding the paper many times can also cause fracture
formation, which we wanted to avoid. Therefore, in our study, we crum-
pled and unfolded the paper 10 times, and compared the mechanical
responses of this system with a paper that is crumpled only once. A
schematic representation is included in Fig. (3.6), where for paper with-
out training, the network of creases due to plastic deformations is less
developed (Fig. 3.6A). When the paper is trained, the network of creases
is much more developed, with no remaining big facets and thus having
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no creases that span a long distance, capable of holding the stress (Fig.
3.6B).

Figure 3.6: Schematic representation of the long-range correlations resulting
in force chains for (A) paper without training, having less and larger creases,
and (B) trained paper, having a well-developed network of creases.

Regarding the internal orientation, the semi-random crumpling with
more layers perpendicular to the shear plates results in higher G’ (Fig.
3.4B). Equivalently, more layers with parallel orientation to the shear
direction results in higher dissipation through friction and lower G’. The
presence of layers positioned vertically in the semi-random crumpled pa-
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Figure 3.7: Verticality index 6y of paper and trained paper with the different
layer orientations. P: Paper, PV: Paper with Vertical layers, TP: Trained Paper,
TP: Trained Paper with Vertical layers.

per is confirmed by doing image analysis of the material’s cross-section
after cutting and using the verticality index 6y (eq. 3.6). The difference
is more noticeable at the lower A/A,; values of 7.9 and 8.8 for the semi-
random crumpled samples, with 6y ~ 1, indicating a large intensity for
vertical orientations in the sample. For samples with higher compaction
(A/Acy between 9.9 and 11.3) 6y < 1, indicating that orientations par-
allel to the shear plates are dominant. For randomly crumpled samples,
Oy < 1 over the whole range of compression, indicating formation of
layers parallel to the plates even at small compression levels. These re-
sults further confirm the previous findings by Cambou and Menon [258,
259] and Lin et al. [256] on the existence of nematic (stacked) domains
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inhomogeneously distributed, even at volume fractions as low as 8-20%
[259]. The presence of stacking domains in the crumpled paper was ob-
served also experimentally when creating low-cost bio-based materials
[166]. Furthermore, simulation of crumpled balls with sticky adhesive
layers predicted the occurrence of more ordered lamellar patterns [260],
due to significant self-contact and self-folding [261].

Even though from the image analysis, the dominance of vertical ori-
entation characterized by 6y > 1 does not happen at larger compression
levels of A/Aqy = 9.9 and 11.3, Oy is still larger than the randomly
crumpled samples (within experimental error). This indicates that even
at large compression levels, the structures in semi-random crumpled sam-
ples show fewer stacked layers in the direction of shear than the random
crumpled samples. Because of that, the semi-random samples exhibited
a larger G’ than the randomly crumpled samples over the whole range of
A/Aqy (Fig. 3.4A).

For samples with more layers parallel to the shear direction it is ex-
pected that a higher dissipation of energy through friction occurs, which
will be more pronounced for larger deformations. In Fig. 3.8 the dissipa-
tion ratio, ® as defined by Ewoldt et al., [67], in strain sweeps is plotted
as a function of the shear strain and compaction level. It is important
to note, that for the larger A/A.y, some samples could not reach the
imposed shear strain of 5 % due to the maximum torque limit of the
rheometer, and therefore the data points stop before strain of 5 %.

For all paper samples, with increasing shear strain, the dissipation
increased. A larger deformation implies that either the samples yield by
creating new creases, or that the layers slide over each other, dissipating
energy via friction. For the samples which were randomly crumpled and
contained more layers parallel to the shearing plates (Fig. 3.8A,B), the
dissipation increases with the compaction, ranging from ® ~ 0.23 to 0.33
for paper, and from ® ~ 0.18 to 0.27 for trained paper, for small strains.
The increase of dissipation by compaction is due to the fact that the con-
tacts and forces between sliding layers increase by compaction, and thus
more energy is dissipated through friction even at small strains. When
the samples are semi-randomly crumpled (Fig. 3.8C,D), the presence
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Figure 3.8: Dissipation ratio (®) as a function of shear strain (¢g) and com-
paction level (A/A.y) for paper (A), trained paper (B), paper with vertical
layers (C), and trained paper with vertical layers (D).

of layers with orientation normal to the shearing plates resulted in less
sliding and lower dissipation ratios, while the storage modulus was larger
(Fig. 3.4A). Here, applying a shear deformation on the structures with
more layers perpendicular to the shear direction, tilting and bending of
the vertical layers is induced, resulting in larger G’ and lower dissipa-
tion. In micro and nano systems such as fluids containing glass fibers
[292], carbon nano-tubes [293], and flexible fibers [294], reorientation of
the micro-structures parallel to the shear field reduces the resistance to
shear. This is similar to what we observe in crumpled systems with layers
parallel to the shearing plane exhibiting a lower G'.
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3.3.2 Effect of friction

To unravel the effect of friction on shear resistance of crumpled systems
we used polymeric sheets with modifications to achieve different friction
properties. We chose polymeric sheets, instead of paper or aluminum,
to study the effect of friction because polymeric sheets exhibit the least
plastic response compared to paper and aluminum, and their friction
coefficient changes significantly by treatment with a powder, allowing us
to disentangle the effect of friction from plasticity. We measured the
friction coefficient of the polymeric sheet without any treatment, after
sandblasting, and after starch powder treatment. The results are shown
in Table 3.1, including the static us and dynamic py friction coefficients.
In Fig. 3.9 the ratios G'/E;q and G'/Eg,,, are plotted as function
of A/A.y for these samples. Contrary to the paper samples, for the
polymeric sheet samples the o requires a larger ey before it increases
noticeably (Fig. 3.5). This translates in the Egp, being much lower at
A/Acy values comparable to the paper samples. At the same time, the
G'/Epaqt increases linearly with A/A.,; (Fig. 3.9A).

Table 3.1: Static and dynamic friction coefficients for the polymeric sheet
(PS), sanded polymeric sheet (PSSanded) and starch coated polymeric sheet
(PSStarch).

Sample Static friction yus; Dynamic Friction py

PS 0.70 &£ 0.14 0.49 £ 0.05
PSSanded 0.60 = 0.03 0.38 £ 0.05
PSStarch 0.18 £ 0.02 0.15 + 0.01

As aresult, the G’/ Eqy, for polymeric sheets exhibits a non-monotonic
decrease, with a maximum peak at A/A.,; between 9 and 10. Once the
Eqpp increases, the G'/E,p, shows the same decreasing trend as the pa-
per samples (Fig. 3.4). The higher values of G’/ E,, compared to paper
samples result in estimated v (based on eq. 3.7) ranging from —0.97
to —0.91 with increasing A/A.y, indicating an even more pronounced
auxetic behavior for polymeric sheets than paper.
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Figure 3.9: (A) Storage modulus (G’) over the elastic modulus of the material
(Emat), and (B) storage modulus over the apparent elastic modulus (Eqpp)
of the crumpled structure for polymeric sheet samples at different compaction
levels (A/Acy). PS: Polymeric Sheet, PSSanded: Polymeric Sheet Sandblasted,
PSStarch: Polymeric Sheet Starch-coated.

By applying a starch coating, both us and pi greatly decreased.
Surprisingly, sandblasted samples, also show smaller friction coefficients
compared to non-treated samples. This can be attributed to micropar-
ticles being formed during sandblasting, which lubricate the movements
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of layers. As shown in Fig. 3.9 the starch coating resulted in a de-
crease of both G'/E,y, and G'/E;,4, demonstrating that friction plays
an important role in the shear resistance of crumpled systems. Alter-
natively, it is shown when the adhesion of a PDMS crumpled system is
increased by adding a sticky coating, the compression modulus increases
both in experiments and in simulations [260]. This is complementary to
what we observed here, as by decreasing the friction, we observed lower
Eopp (Fig. 3.4B), as well as the lower G'/Eqy,, (Fig. 3.9B). This means
that an easier sliding of the material results in lower moduli both in
compression and shear. Previous numerical studies have also predicted
that plasticity and friction [188, 189], resulted in less effective packing
with respect to pure elastic frictionless crumpling [187]. This is mostly
due to easier movement of energy-focusing regions in frictionless sheets,
thus minimizing their energy more easily by rearrangements. It was also
observed experimentally that the bending energy increases slower than
the predictions due to local relaxations in the form of rearrangements
of energy-focusing regions [190]. Van Bruggen et al., [215] also observed
higher energy storage and less rearrangement in high friction samples,
compared to starch coated crumpled samples. In general, lower friction
facilitates sliding between layers and rearrangement of the layers which
results in lower shear strengths and lower elastic energy.

In Fig. 3.10, the dissipation ratio and strain stiffening factor (S-
factor) are plotted as function of compaction level. Interestingly the
dissipation ratio ® does not change appreciably for the samples with
different friction coeflficients. The starch coated samples exhibit a low
friction coefficient (cf. Table 3.1), but a dissipation ratio equal to the
high friction samples. From energy conservation this means that more
rearrangement events must occur.

In order to further study the response in LAOS, the S-factor was
used. This is used to look at the raw oscillation data, as the typical
plots for amplitude sweeps show storage (G’) and loss (G”) modulus as
a function of strain obtained only from the first harmonic. The S-factor
is a measure for the intracycle strain stiffening or softening. This may
give additional information to the overall strain behavior in typical am-
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Figure 3.10: Dissipation ratio (®, left figures) or S-factor (right figures) as
function of shear strain (eg) and compaction (A/A.y;) of polymeric sheet (A-B),
sand blasted polymeric sheet (C-D), and starch-coated polymeric sheet (E-F).
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plitude sweeps plots in the form of higher harmonics [63]. When looking
at the S-factor in our samples, we observe values around 0 at low strains.
This is characteristic of the sample being in the linear viscoelastic regime,
where the G, = G, = G'. As the strain increases, the S-factor values
become positive, meaning that there is intracycle strain stiffening. Intra-
cycle strain stiffening has been observed before, for instance, in colloidal
glasses [295], gelatinized crosslinked starch [296], and debranched waxy
rice starch [297].

The S-factor shows a similar increase for both untreated and sand-
blasted polymer sheets (Fig. 3.10B,D) at A/A.,; < 10, and did not
increase at A/A., > 10 due to reaching the maximum torque. However,
there is a noticeable change for the lowest friction sample (starch-coated,
Fig. 3.10F). In this case, the S-factor starts increasing already at lower
strains than for the other samples. In other words, already at smaller
strains, the sample exhibits intracycle strain stiffening. The stiffening in
crumpled materials arises from the stretching of the planar facets within
the crumpled structure. An explanation for the earlier onset of strain
stiffening for the starch coated, low friction sample, could be that in
this case, less energy has to be overcome before a stretching deformation
occurs. Another reason for an early onset of strain stiffening is that
the material contains less creases due to a better packing with the low
friction allowing for rearrangements [189, 215, 277]. For crumpling of
2D macro-molecular sheets, it is also reported that an increase in self-
adhesion results in a less efficient packing [262], which is not only in line
with our findings, but also suggests the validity of these results at much
smaller length scales.

We note that the starch low friction sample can rearrange even at high
compaction levels, and show stiffening, while higher friction samples do
not show any rearrangements (cf. 3.10 F versus B and D, respectively).
This is due to the fact that in the experiments with untreated and sand-
blasted samples a maximum torque was reached during the experiment,
and that this torque was not large enough to induce rearrangements.
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3.3.3 Effect of plasticity

In this section, we compare the results for different materials to under-
stand how the plasticity of the material can affect the shear strength of
a crumpled system. In Fig. 3.11 G'/Eyq and G'/E,y,, are plotted as
function of A/A.y, for paper, polymeric sheets, and aluminum foil; all
randomly crumpled, without training nor modifying the friction prop-
erties. The ratio G'/Eq is also plotted as a function of the normal
force (NF) measured by the rheometer at the moment of shearing. The
three samples have different material properties such as elasticity and
plasticity /ductility. The polymeric sheet exhibits less plasticity than pa-
per and aluminum foil. The elastic modulus of aluminum foil, as ob-
tained from literature, is Fpq = 69G Pa, about an order of magnitude
larger than that of paper and polymeric sheets with, E,,.s = 0.9GPa and
Ermat = 1.2GPa, respectively. According to Fig. 3.11B, G'/E,,, for alu-
minum foil falls in between those of the paper and polymeric sheet. Alu-
minum foil exhibits a monotonic decrease upon increasing compaction,
similar to paper. In contrast, a polymeric sheet, with its very low duc-
tility, shows a non-monotonic trend for G'/E,,, as a function of com-
paction. This can be attributed to the low FEg,, of crumpled polymeric
sheets at low compaction levels, as noted already above 3.3.2.
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Figure 3.11: (A) Storage modulus over the elastic modulus. (B) Storage
modulus over the apparent elastic modulus of the crumpled system. (C) Storage
modulus over the elastic modulus of the material as a function of the normal
force measured by the rheometer during determination of G’. P: Paper, PS:
Polymeric Sheet, AF: Aluminum Foil.
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When considering the effect of the Young’s modulus of the material,
we observe that the aluminum foil shows a much lower G’/ E,,4; compared
to the other materials (Fig. 3.11A), caused by high E,,.:. G’ of the
aluminum foil slightly decreases by increasing the compaction, in clear
contrast to the increase for the polymeric sheet and a non-changing value
for the paper (Fig. 3.4). The behaviour of aluminum foil and paper is
suspected to be caused by the presence of long-range correlations that
hold the stress independent of compaction level. In ref. [277] a number
between 0 and 1 is introduced as a foldability index representing the
degree of ductility of the material. The foldability index is lower when the
material is less ductile. The foldability index was quantified for aluminum
foil, printing paper, and mylar sheets as 0.86, 0.74 and 0.55 respectively
[277]. Since the three materials used in our study are of the same type
we assume that the reported foldability indexes hold for our work.

In numerical simulations, Tallinen et al., [189], found that the relax-
ation of deformation towards a lower energy minimum is hampered by
plasticity. In turn, this results in a less effective packing, i.e. a lower
fractal dimension. It also leads to a more heterogeneous structure, and
likely to more force chains, analogous to those found in granular mate-
rials [298]. Although the presence of force chains in granular materials
is well known, these chain forces have been reported recently for other
types of materials, such as topologically interlocked assemblies [299], or
disordered heterogeneous materials consisting of fiber networks [300] or
extracellular matrix bridging cells [301]. We thus expect that in our alu-
minum foil and paper samples more force chains would arise than in a
polymeric sheet (See scheme in Fig 3.6 made for paper). Visualization
experiments during the shear deformations would be a direct method to
confirm the presence of such force chains. Unfortunately, we were not
able to visualize the force chains in our systems. To find indications
for the presence of the force chains in our structures, the shear modulus
G’/ Epmat was measured and plotted as a function of the normal force as
measured by the rheometer during the shear deformation (Fig. 3.11C).
For both paper and aluminum foil, all the G’ values are measured at high
normal forces and show very little dependence on the compaction. This
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is not the case for the polymeric sheet, where G’ monotonically increases
by increasing the normal force, due to the lack of force chains that would
hold the stress and keep the normal force high. We conclude that force
chains are likely to be present in the case of aluminum foil and paper,
and not in a polymeric sheet. It is important to note that the materials
used here had different thicknesses: paper = 100 um, polymeric sheet =
30 pm, and aluminum foil = 20 pm. It is shown that the crumpling force
scales with the thickness of the plate in a quadratic way [277]. There-
fore, the effective stiffness of the crumpled structure is scalable with the
thickness of the sheet. However, the crumpling exponents and general
behavior do not change [277]. Besides, dimensionless parameters such
as G'/Eqpp are independent of the thickness of the sheet. We believe
that, while differences in the thickness of our samples would affect the
overall magnitude of the response, this would not affect the trends that
we observe, nor our interpretation of the results.

3.4 Conclusions

In conclusion, we investigated the shear response of different crumpled
materials at different compaction levels, using oscillatory rheology mea-
surements. We compared the shear resistance with the compression stiff-
ness. In contrast to compaction stiffness, the shear modulus is not very
sensitive to the compaction level. Although these two moduli have the
same order of magnitude, often the shear modulus is larger than the
stiffness modulus at low compaction levels, and they become compara-
ble at high compaction levels. In addition, we estimated the Poisson’s
ratio of crumpled systems which shows an auxetic nature. The effect of
training, orientation, friction and plasticity on the shear response were
studied systematically. We found that the shear response is affected by
all parameters. Some of these parameters are largely omitted in other
crumpled material studies, such as friction and internal orientation of
the stacked layers.

The effect of training and internal orientation was studied using regu-
lar printing paper. By randomly crumpling the paper balls, the structure
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revealed stacked layers parallel to the shear direction, which resulted in
lower resistance to shear, and higher energy dissipation through internal
sliding, compared to semi-random crumpled samples. By training the
paper through folding-unfolding, the samples exhibited a more clear in-
crease in G’ with increasing compaction, which is likely the result of less
long-range correlations compared to paper without training (due to the
more developed network of creases).

The effect of internal friction in the crumpled sample was studied by
treating a polymeric sheet with sandpaper and applying a starch coating.
We greatly reduced the friction with the starch coating, which resulted
in a lower G’ while at the same time not increasing the dissipation. The
lower friction allowed for more internal rearrangements in the sample,
and was argued to result in strain hardening behavior.

These results further deepen the current knowledge of crumpled ma-
terials, which so far have been studied only under compression or exten-
sion experiments. By changing the different parameters, including com-
paction level and orientation of layers the ratio of shear-to-compression
response can be tuned. This is important in developing new robust crum-
pled materials for shock-absorbing applications or designing sustainable
lightweight packaging materials to reduce manufacturing and recycling
energy costs.

3.5 Supplementary Material

The calculation of the real complex modulus G* for sample with a radius
smaller than the radius of the plate was done as [286]

Rapp \ 2
Greal = Gapp (R_ppl) 5 (3-8)

where G, is the shear modulus as obtained by the rheometer, Ry,
is the radius of the plates, and R,.,; is the radius of the sample.

To check the validity of this correction with experimental data we
used two polydimethylsiloxane (PDMS) discs with two different diame-
ters and measured their shear modulus using a 25 mm diameter plate-
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plate geometry. One of the disc has the same diameter as the plate
geometry and the other one has a diameter of 20mm. We used the above
equation to recalculate the shear modulus of the smaller disc and com-
pared it with the value found for the larger disc. The results are shown
in Figure 3.12 where measured and corrected values of G* are shown as
a function of the ratio of radius of the sample over radius of the disc.

4 E+05
3EH05
E‘ | ® Uncorrected
= 2E+05 | J_
(e}
Corrected with Eq.1
1E+05 |
0 E+00 |||||||||||||||||||||||||
0.75 0.8 0.85 09 0.95 1

Rapp/Rrea\ (=)

Figure 3.12: Complex modulus G* as function of the ratio of the sample
radius over radius of the plate, for apparent (blue) and corrected (orange) data.
Dashed black line shows the value of G* of PDMS as measured for the sample
with the same radius as the radius of the plate.

As the G* of the PDMS is the same for both samples, the corrected
value should be comparable to the value measured for the larger disc in
the range of experimental error bars. The horizontal dashed line repre-
sent the real G* of the PDMS. Without any correction, the shear modulus
reported by the rheometer for the smaller sample was greatly underesti-
mated (blue data point) due to the consideration of a full plate by the
rheometer for calculating the modulus. The slight deviation and the ex-
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perimental error are expected to be from the small deviation between
the position of the center of the disc respect to the center of the plate
upon loading the samples. There is no wall slip effect due to strong
adhesiveness between PDMS and steel plates.
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Abstract

Macroscale chains have been proposed to give insight into the physics
of molecular polymer systems. Nevertheless, understanding the rheolog-
ical response of systems of quasi-one-dimensional semiflexible materials,
such as bead-chain packings, is currently a great challenge. We study
the nonlinear rheology of random assemblies of macroscale chains— in-
cluding steel bead chains and cooked spaghetti— under oscillatory shear.
We show that a universal transition from localized to wide shear zones
occurs upon increasing the strain amplitude, for a wide range of lengths,
flexibilities, and other structural parameters of the constituent elements.
The critical strain amplitude coincides with the onset of strain stiffen-
ing development in the system. We obtain scaling laws for transition
sharpness, shear-zone width, and stiffness enhancement as a function of
chain length. Our findings suggest that the entanglements between the
constituent elements strengthen when approaching the critical strain am-
plitude and rapidly become long range, even spanning the entire finite
system for long enough chains. We show that the nonlinear rheological
response is governed by the interplay between increasing stored elastic
forces due to entanglements and increasing contribution of dissipation
with shear rate and interlocking between chains.
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4.1 Introduction

Disordered assemblies of long semiflexible objects are a class of mate-
rials ubiquitously observed in nature and daily life. Examples are bird
nests [302], aegagropila networks [303], and unwoven textiles [58]. An
intriguing and important property of such entangled assemblies is their
mechanical response and yielding when subject to external stresses. For
example, packings of bead chains exhibit a striking strain stiffening un-
der shear [304, 305]. The complexity arises from the presence of topo-
logical constraints such as (semi)loops, knots, and interlocking between
the constituent elements [18, 33, 305-309]. The behavior differs con-
siderably from that of packings of rodlike objects, where the physics is
mainly governed by frictional interactions, volume exclusion, and aspect
ratio of rods. Despite the analogies with polymeric materials [310, 311],
developing a quantitative theory of stability and unjamming response
of macroscale chain assemblies requires a detailed understanding of the
roles of entanglements and friction, which is still lacking. The insight
from the mechanical response of entangled-driven athermal systems of
long semiflexible objects can guide future design of new smart unwoven
textiles [312-314], knitted fabrics [315], and artificial mussels and tissues
[316].

Upon yielding, slowly sheared packings of individual beads often form
rigid regions separated by narrow shear zones near moving boundaries
where the material flows with a shear-rate-independent profile shape [317,
318] (though wide shear zones have also been reported when shearing the
bulk material away from the boundaries [319, 320]). While shear band-
ing in frictional granular materials can be understood based on energy
dissipation considerations [321, 322], much less is known about the yield-
ing of semiflexible chain assemblies, particularly, whether and how far
entanglements and chain length and flexibility broaden the shear zones
and extend them into the bulk. Since shear zones mark regions of mate-
rial failure and energy dissipation, understanding the yielding behavior
of chain assemblies is crucial in industrial processes and for design of new
disordered meta materials [58, 284, 303, 323]. As a daily-life application,
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by twisting cooked spaghetti on a plate with a fork, an interesting ques-
tion is how the amount of rolled spaghetti around the fork depends on
length, softness, and adhesion of the strands?

The rheological response of viscoelastic materials is of fundamental
importance in physics, engineering, and biology. There has been grow-
ing interest in nonlinear viscoelastic responses to large strains [324-327],
e.g., to differentiate between materials with similar linear but drastically
different nonlinear responses.— A highly informative protocol is to ap-
ply an oscillatory shear strain [326-328]: After many cycles to become
independent of the prior history of the sample, the steady-state stress
response can be probed over a wide strain range from below to above
the yield point.— Nevertheless, the rheology of macroscale chain assem-
blies remains less explored [22]. It is unclear how the interplay between
topological constraints and dissipation governs the nonlinear rheological
physics of these systems.

In the present work, we study the rheological response of bead-chain
assemblies to oscillatory shear deformations in experiments and numeri-
cal simulations and compare it to that of cooked spaghetti. We observe a
striking universal transition from narrow shear zones at small amplitude
oscillatory shear (SAOS) to wide shear zones at large amplitude oscil-
latory shear (LAOS). Increasing the length of the constituent elements
sharpens the transition and enhances the extent of the wide shear zone,
for which power-law scaling relations are obtained. Our results show that
the system undergoes a rather sharp crossover from inactive entangle-
ments in SAOS to system-spanning activated entanglements in LAOS.
We demonstrate that the nonlinear rheological physics of macroscale
chain assemblies is governed by the competition between stored elas-
tic and dissipative (viscous) forces: The applied shear strain enhances
the elastic contribution to stress by strengthening the topological con-
straints while the contribution of dissipation— which is proportional to
the shear rate— grows above the yield point and also with increasing the
interlocking between the constituent elements.

Our rheometer setup shown in Fig. 4.1A consists of a cylindrical con-
tainer of inner radius R and a rotating four-blade vane with blade radius
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R, which applies a sinusoidal deformation

¢ = ¢o sin(27 ft), (4.1)

where ¢ is the deflection angle, and ¢, and f=0.1 Hz denote the rotation
amplitude and frequency, respectively. As a model material, we use either
cooked spaghetti (which is cut into equal pieces) or bead chains consisting
of hollow spherical beads with diameter d flexibly connected to each other
by enclosing dog-bone-shaped links. The induced gap size ¢ between the
neighboring beads varies in the range 0</</,.x. The links also limit
the local turning angle 6 of the chain to 0<0<6,.x; see Fig.4.1B and
Materials and Methods section for details. An instantaneous persistence
p=cos(f) can be assigned to the chain nodes [329] from which the local
persistence length ¢, can be obtained via p=et/t [6, 26, 311]. We also
perform extensive contact dynamics (CD) simulations [330] of spherical
rigid beads in a setup similar to our experiments. We impose upper
bounds on the distance between the centers of neighboring beads and
on the angle between lines connecting three neighboring beads along
the chain. This concept is suited very well to the CD method where
interparticle forces are handled as constraint forces [331, 332].

4.2 Materials and methods

4.2.1 Vane rheometer

A rheometer measuring head (Anton-Paar DSR 502, Austria, Graz) was
mounted on a vertically moving frame with a digimatic indicator (ID-
H Series, Mitutoyo, The Netherlands, Veenendaal) to accurately adjust
the height of the probe. A custom made cup, consisting of a 250 mL
glass beaker roughened with bead chains, was attached to the bottom
plate. A four-blade vane (ST22-4V-40, Serial No.: 18180, Anton-Paar,
Austria, Graz) of 22 mm diameter and 40 mm height was used. To
record the movements at the top surface, a GoPro Hero 4 Silver camera
(GoPro, U.S., San Mateo) was used with a frame rate of 25 frames/s.
The probe was first inserted into the cup and secured by hand while
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loading the sample. To avoid exceeding the maximum torque that the
rheometer could apply, the bead chains or spaghetti were loaded into
the cup up to 2 cm and 4 c¢m height, respectively. After loading the
spaghetti samples, they were gently pushed downwards without being
fractured. For experiments with spaghetti a lid, made of a low-density
polyethylene petri dish and secured between an additional layer of chains
on the beaker wall, was used to prevent the samples from ascending above
the probe. In case of bead chains, the beaker was vibrated for 2 mins on
a Vortex-Genie 2 test tube shaker (Scientific Industries, U.S., Bohemia)
to reach the maximum possible packing fraction. Next, the probe was
connected to the rheometer head and pre-sheared at 1 Hz frequency and
63 mrad rotation amplitude for 4 mins. Finally, the oscillatory shear
tests were carried out at 0.1 Hz frequency and over a rotation amplitude
range limited by the maximum torque that the rheometer could apply
(¢po<0.6 rad for bead chains and ¢,<1.9rad for spaghetti).

4.2.2 Bead chains

Stainless steel granular bead chains (Grootspul, The Netherlands, Drieber-
gen) were used with a bead diameter of 2.4 mm, a maximum distance of

2.8 mm between the centers of neighboring beads, and a maximum turn-

ing angle of 40°, resulting in a minimum loop circumference of 9 beads.

The bead chains were cut into lengths of 3, 9, and 45 beads, as well as

monomers. Sunflower oil (Vandemoortele Nederland BV, The Nether-

lands, Zeewolde) was used as a lubricant to reduce the friction coefficient

to =~ 0.2; the chains were coated by shaking them for 10 mins in plastic

containers using 0.02 mL of oil per gram of beads.

4.2.3 Cooked spaghetti

Dehydrated dry spaghetti (Jumbo Spaghetti Naturel, The Netherlands,
Veghel) were cut into lengths of 1.0, 3.0, 9.0 and 15.0 cm. Excess starch
was cleaned by submerging the spaghetti in cold tap water for 10 s twice,
while gently stirring using a spatula. The samples were subsequently
boiled for 9 mins and cooled in a sieve using running cold tap water. The
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majority of the water was drained. Next, sunflower oil (Vandemoortele
Nederland BV, The Netherlands, Zeewolde) was used as a lubricant; the
samples were coated using 0.02 mL oil per gram of boiled spaghetti by
stirring and subsequent shaking by hand for 5 mins in a closed plastic
container. Due to swelling of the spaghetti during cooking, the final
strand lengths were 1.3+ 0.2, 3.5+ 0.1, 12.3 £ 0.2 and 19.6 £ 0.2 cm. The
spaghetti samples were stored in closed containers at room temperature
and measured within eight hours after preparation.

4.2.4 Image processing

Particle image velocimetry (PIV) was performed using PIVlab 2.55 plu-
gin [333], a tool developed for MATLAB R2019b (MathWorks, U.S., Nat-
ick). The settings for PIVlab were used as described in [334]. Four passes
were applied for PIV estimation with the first being approximately four
times and the last about a half of the bead diameter. The images were
calibrated for time and space using the time between successive frames
and the width of the beaker at the sample surface, respectively.

4.2.5 Simulation method

Simulations of bead chains were performed using the contact dynamics
(CD) method [330, 331]. To construct the chains, spherical rigid beads
of diameter d were connected to each other by imposing an upper bound
on the distance d+¢ between the centers of neighboring beads, with ¢
being the gap between the surfaces of the two beads. The maximum
gap size lyax varied within 0 < /.« < 0.4 d in different simulations; thus,
the gap between beads on the same chain was always smaller than the
bead radius to ensure that the neighboring beads remain so close to each
other that the imaginary bonds between the beads of different chains
never touch. To tune the flexibility of the chains, the angle # between
the lines connecting the centers of successive bead pairs on the chain
was limited to an upper bound fpax (Omax € {20°,30°,40°,50°,60°, 70°}
in different simulations). The bead chain length was varied from N=1
(individual beads) to N=100.
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A layer of beads was fixed at the lateral and bottom walls of a cylin-
drical container of height 20d to provide rough boundaries. The inner
diameter of the container was 29d and a rotating four-blade vane of di-
ameter 9d was constructed by touching rigid beads. The container was
first loaded with chains of equal size and relaxed into equilibrium under
gravity. Next, the vane was rotated in an oscillatory fashion with 1Hz
frequency and 7/50rad amplitude for 240 s. The oscillatory shear tests
were carried out at 0.1Hz frequency and for different amplitudes. The
total torque exerted on the vane was measured after each A¢p=10"3rad
change in the deflection angle.

4.3 Results and discussion

4.3.1 Universal transition to wide shear zones

We start the experiments in the SAOS regime, i.e. with small rotation
amplitudes. In this regime, the surface velocity profiles reveal that the
movements diminish rapidly with increasing distance from the rotating
blades, independent of the chain length N; see e.g. the experiments at
¢o =0.063rad in Suppl. Movie S1. Denoting the mean velocity at the
radial coordinate r with v(r), Fig. 4.2A shows that v decays fast with r; a
jammed immobile region is reached after 1-2 bead diameter distance. The
velocity fluctuations are relatively small and the profiles are reproducible
to a large extent independent of the initial conditions. Formation of
narrow localized shear zones near moving boundaries was observed in
quasistatic shear of granular materials [317, 318]. Here, the independence
of the results from N indicates that the topological constraints have not
been activated yet and do not play a role in the SAOS regime.

To quantify the extent of the shear zone, we assign a width r. to
the shear zone as the radial distance from the cylinder axis at which the
velocity drops below a threshold value; see Fig. 4.2B. Here we report the
results for the threshold velocity ve =4x107° m/s; however, we checked
that the observed trends and our conclusions are insensitive to this choice
in a moderate range of velocities.
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top view
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Figure 4.1: Setup and bead-chain geometries. (A) Four-blade vane rheometer
setup. Upper inset: top view of the cell, not to scale. R, =11mm; R~ 34 mm.
Lower insets: images of shear experiments with steel bead chains or cooked
spaghetti. (B) Schematic of the bead chain with ¢ and 6 indicating the bond
length and turning angle, respectively, and d =2.4 mm being the bead diameter.
{ is variable from 0 to £ynax = 0.4 mm and 6 from 0 to 6. ~2 40° in experiments.

The behavior is markedly different in the LAOS regime: The shear
zone extends to the bulk of the system, as shown in Fig.4.2A (see also
Suppl. Movie S1 for experiments at ¢, =0.632rad). It was previously
reported that oscillatory shear of granular materials with large ampli-
tudes broadens the shear zone up to a few bead diameters, as the shear
stress drops at the shear direction reversals [335]. Our notable observa-
tion is the influence of chain length on the shear deformation at large
strains: With increasing N, the shear zone becomes much wider, the ve-
locity profile strongly depends on the initial condition, and large velocity
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Figure 4.2: Chain dynamics in oscillatory shear. (A) Mean bead velocity v
as a function of distance r from the cylinder axis for different values of rotation
amplitude ¢, and chain length N. The dotted line denotes the threshold velocity
ve. (B) Definition of the shear-zone width r.. The velocity field is sketched
with vertical arrows. (C) Shear-zone width r. versus rotation amplitude ¢,.
The yielded and frozen regions for N=1 are indicated with different colors. (D)
Saturation width 7. o of the shear zone and transition sharpness W (indicating
the range of rotation amplitudes over which the transition occurs) in terms of N.
Full (open) symbols correspond to experimental (numerical) results. Blue open
symbols represent the simulation results for a larger container with R ~ 100 mm.
The black dashed line is a fit to Eq. (4.2), and the red dotted line represents a
growth according to Eq. (4.3), as a guide to the eye. (E) Collapse of all rescaled
shear-zone widths 7, = —<—"=0_ a5 a function of rescaled rotation amplitude

Te,00 — Tc,0
b= 9%, obtained for different chain lengths in experiments (full symbols)
and simulations (open symbols). The simulation results for a chain with zero
bond length ¢,,,,x = 0 (pluses) or high flexibility 0,,,x = 70° (crosses) at N=45 are
also presented. The dashed line is a fit to the error function (4.4). (F) Transition
center ¢, versus maximum bond length £, or maximum turning angle 6,.x
obtained from simulations for N=45. The line represents ¢¢ = {max/ Ry

fluctuations along the radial coordinate are observed even for a single
experiment.
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To understand how the system crosses over from narrow shear zones
in SAOS to wide system-spanning ones in LAOS, we vary systematically
¢o for different chain lengths and repeat the measurement for different
non-consecutive cycles in each sample to smoothen the velocity fields.
The width r. of the shear zone as a function of ¢, is shown in Fig. 4.2C.
Interestingly, the change of r. when moving from the SAOS to the LAOS
regime is not gradual but happens over a narrow range W of rotation
amplitudes. For longer chains the transition is sharper, corresponding to
a smaller W. By fitting each r.—¢, curve to an error function, we assign
a W to it. The plot of the resulting W values in terms of N in Fig.4.2D
implies that W scales as

W~ N9, (4.2)
with the exponent o~ 0.5.
A B 07 glci:‘l::r faghem C
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Figure 4.3: Stiffening of macroscale chains. (A) Torque 7 versus rotation
amplitude ¢, for different bead chain lengths. Inset: 7 vs ¢, in shear exper-
iments with cooked spaghetti of length L. (B) Volume fraction of bead chain
or spaghetti assemblies. (C) Example of surface roughening of spaghetti due to
oscillatory shear. (D) 7 versus N for different values of ¢, in experiments (full
symbols) and simulations (open symbols). The lines represent power-law fits to
N>3 data.

Figure 4.2C also reveals that r. reaches a plateau level at large ¢,,
which is higher for longer chains. Denoting this maximum shear-zone
width with r¢ o, Fig.4.2D shows that r. initially grows with N but
gradually approaches the inner radius R of the container (full triangles).
The saturation behavior at larger N is more visible in the simulation re-
sults (red open triangles). The question arises whether the shear zone for
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long chains can penetrate further into the bulk of the system in an infinite
system (i.e. when R—00). To answer this, we perform simulations with
chain lengths up to N=100 and increase the container radius from R~ 34
to 67 and 100 mm. As the resulting 7¢ o, values for the two latter system
sizes are the same (within the error bars), we conclude that the shear
zones for chain lengths 1</N<100 cannot be wider if the system size is
further increased beyond R =100mm. A comparison between the results
at R =34 (open red triangles) and R=100mm (open blue triangles) in
Fig.4.2D shows the finite-size effects on r. ., values for longer chains.
The system-size-independent width of the shear zone (blue symbols) can
be approximately described by

Teoo(N) = Teoo(N=1) ~ N¥, (4.3)

with §~0.5. The radius of gyration of a flexible chain similarly scales
with /N [6]. This suggests that in the LAOS regime the topological
constraints are fully activated along the entire length of the chains that
are moved by the rotating blades. As a result, their motion can influence
a bulk region of size proportional to their radius of gyration, i.e., &< v/N.

Figure4.2E illustrates our main result: After proper rescaling, all
re—¢o data collapse on a universal curve which is well fitted by an error

Te —Tc0

Tc,o0 = Tc,0 ’
with 7o being the minimum shear-zone width. Thus, the dimensionless
number 7, takes values in [0, 1]. All rescaled shear-zone widths follow a
universal master curve

function. We introduce the rescaled shear-zone width 7. =

-1 Po — Pc
Te = 5(1 + erf( W )), (4.4)
where W is the range of amplitudes over which the transition occurs
(transition width) and ¢, is the rotation amplitude at the center of the
error function (transition center). We checked that the spaghetti data
and also simulation results for 1< N <100 and other values of the maxi-

mum bond length in the range 0 < £;,,x < d/2 or maximum turning angle
in the range 20° <Oy < 70° are well fitted to Eq. (4.4).
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From the fits of r.—¢, curves to an error function, we find that the
transition center ¢. does not depend on IN. This can be also seen from
Fig. 4.2C; we get ¢.~0.07rad by averaging over experiments with dif-
ferent N. Simulations with different values of 0, or £nax shown in
Fig. 4.2F reveal that ¢, is independent of the chain flexibility Oyax. More-
over, @ is insensitive to variation of £, for small bond lengths but grows
approximately linearly for fyax = 0.8 mm.

A plausible scenario is that the transition center ¢. is the onset at
which the shearing brings the bonds between neighboring beads to their
maximum possible length £, quickly after each shear direction reversal.
Above this threshold rotation amplitude, the chains are in a stretched
form in the absence of the internal degrees of freedom of having variable
bond lengths. This would lead to the prediction ¢, ~ fgix, i.e. a linear in-
crease of ¢, with £,,x. Figure 4.2F shows that this simple model captures
the behavior for long bonds. But why does not ¢. grow proportionally
to fmax for short bonds? From simulations with N=1, we observe that a
minimum rotation amplitude of the order of 0.06—0.07 rad is required to
generate wide shear zones in packings of individual beads. That is why
the increase of ¢, with £y .y is only visible for bond lengths ¢;,,x = 0.8 mm
for which ¢, 2 0.07 rad.

4.3.2 Stiffening upon increasing strain amplitude

The crossover from narrow to wide shear zones suggests the presence
of entanglements above the transition threshold ¢.. One of the entan-
glement mechanisms is the interlocking between the beads of different
chains. We expect that stretching of bonds to fpax at ¢ immediately
activates this type of topological constraints for all chain lengths N>3.
Formation of (semi)loops is another entanglement mechanism, which
strengthens with increasing N and/or ¢, above ¢.. Note that a full
ring requires a minimum chain length N=9. The fact that the shear-
zone width rapidly saturates above ¢, for all N shows that interlocking
is the major entanglement mechanism affecting the flow properties of
chain assemblies. Loop formation induces weak entanglements for N <9
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and, moreover, should lead to ¢.-dependent wide shear zones which is
not observed. It is however expected that semiloops play the major role
in the strain stiffening phenomenon [304, 305].

chain flexibility @

bond length gmax
v =

o

Figure 4.4: Schematic phase diagram of entanglement mechanisms at a given
chain length. The contribution of (semi)loops grows with increasing chain flex-
ibility from rod-like chains; however, extremely flexible chains promote knot
formation. Increasing bond length gradually enhances the contribution of inter-
locking between chains. Gradients of red and blue colors qualitatively indicate
variations in the contributions of interlocking and semiloops, respectively.

As a direct proof of the activation of entanglements, we probe the
mechanical response of the system upon increasing ¢,. By measuring
the maximum exerted torque 7 by the rheometer on the system in an
oscillatory shear cycle for a given rotation amplitude ¢, and repeating
it for different ¢, values, we plot 7 as a function of ¢, in Fig.4.3A. In
the absence of entanglements at small strains, shearing the packings of
individual beads (IN=1) requires a larger 7 compared to long-chain pack-
ings, due to having a higher packing fraction; see Fig. 4.3B and Ref. [306]
(Although packing structure strongly depends on the interparticle fric-
tion [336-338], we assume that it affects the assemblies with different N
in a similar way). In contrast, at large amplitude oscillations, yielding
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occurs for N=1 while assemblies of longer chains exhibit shear stiffening.
The crossover point in Fig. 4.3A interestingly coincides with the onset ¢
of the transition to wide shear zones. We observe a similar transition
point and mechanical response trend in the case of spaghetti (inset of
Fig.4.3A), even though they cannot sustain large torques in the strain
stiffening regime: Large amplitude shear of spaghetti leads to roughening
of strand surfaces (Fig. 4.3C), cutting of strands into shorter pieces, and
ascending and ordering of strands above the probe. Moreover, it was
previously reported that shear rate (which increases with ¢, in our ex-
periments) and interfilament overlap length enhance the sliding friction
between filaments [339]. Nevertheless, observing a similar onset of stiff-
ening for bead chains and spaghetti is striking and it possibly points to a
universal mechanical response of assemblies of long semiflexible objects.
Figure 4.3A shows that the degree of stiffening not only depends on ¢,
but also on N [304]. When plotting 7 vs N for different ¢, in Fig.4.3D,
we find that 7 scales as a power-law with the chain length (for N>3)

T~ NY%), (4.5)

The exponent v depends on ¢,; it increases from v=0 at ¢po=¢, and
reaches, e.g., y~0.5 at ¢, ~0.64rad. By varying fmax in simulations
from 0 to ~d/3 to increase the contribution of interlocking, we find a
nearly 20% increase in 7, reflecting the greater contribution of semiloops
to the mechanical response. For a given chain length, Fig. 4.4 summarizes
the effective entanglement mechanisms in the (/pax, Omax) Space, i.e. upon
varying chain flexibility and interparticle bond length.

4.3.3 Nonlinear rheological response

To clarify the similarities and differences between the rheological response
of bead-chain and spaghetti assemblies, we apply many cycles of oscilla-
tory shear to reach the steady-state stress response. Next, we plot the
torque 7 and the deflection angle ¢ in one shear cycle in the form of para-
metric Lissajous-Bowditch curves, similar to the stress vs strain curves
commonly used in the literature [63] (As the calculation of stress and
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Figure 4.5: Elastic Lissajous curves of sheared bead chains and spaghetti. (A)
Lissajous plots of torque vs deflection angle ¢ (scaled by ¢,) for bead chains
of length N=1 (green) and N=45 (red). (B) Similar plots for assemblies of
spaghetti with length L=13 mm (green) and L=196 mm (red).

strain in our inhomogeneously sheared system involves approximations,
here we use raw 7-¢ data to avoid approximation errors). In the SAOS
regime (Fig.4.5, top row), we observe that the spaghetti data display
an ellipsoidal shape, characteristic of a linear viscoelastic response. The
response of granular chains displays a rhomboidal shape. The nonlin-
ear behavior indicates that higher harmonics are present in the signal.
The degree of stiffening is larger for shorter constituent elements (being
bead chains or spaghetti strands) in agreement with Fig.4.3A. Around
the transition amplitude ¢, (middle row), a highly nonlinear torque re-
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Figure 4.6: Chain-length dependence of the loss tangent. The main panel
represents the loss tangent tan(d) versus rotation amplitude ¢, for different bead
chain lengths. The inset represents a similar comparison between assemblies of
spaghetti with different lengths.

sponse develops in both systems, evidencing the emergence of intracycle
stiffening. Here, the curves develop a larger degree of stiffening for as-
semblies of longer constituent elements. We also note that the stiffening
in bead-chain Lissajous curves is more pronounced due to the simultane-
ous formation of loops and activation of interlocking; the latter is absent
in spaghetti assemblies. The main difference between the rheological re-
sponse of bead-chain and spaghetti assemblies arises in the LAOS regime
(bottom row): In bead chains, while packings of individual beads (N=1)
yield, assemblies of longer chains exhibit an even stronger response. In
contrast, spaghetti assemblies are unable to develop higher stress and
yield at all strand lengths; still, the response remains steeper for longer
spaghetti strands.

Finally, we clarify how viscous stresses develop with increasing the ro-
tation amplitude ¢, in macroscale chain assemblies. This can be achieved,
e.g., by analyzing viscous Lissajous curves of 7 vs ¢. Here, we alterna-
tively consider the loss tangent, tan(d), which is a dimensionless param-
eter that measures the ratio of dissipated to stored energy in one cycle
of oscillation. The results shown in Fig.4.6 reveal that packings of in-
dividual beads dissipate a larger fraction of energy compared to chain
assemblies, even in SAOS. The difference becomes more pronounced in

121




4.4. CONCLUSIONS

LAOS due to the frictional flow of the yielded assemblies of individual
beads as well as the increased contribution of the stored elastic energy in
chain packings upon strengthening the entanglements. A similar trend is
observed in shearing of spaghetti, i.e., longer strands dissipate less energy.
Here, the role of the stored elastic energy is less important since longer
strands fail to develop entanglements at large shear strains. Instead, the
frictional flow of shorter strands is more dissipative.

4.4 Conclusions

In conclusion, we have studied the nonlinear rheology of entangled as-
semblies of long semiflexible objects. Unveiling the rheological response
of externally-driven interacting particle assemblies— particularly quasi-
1D materials such as (bio)polymers and granular chains— is currently a
great challenge for statistical physics. Our results demonstrate a univer-
sal transition from narrow shear zones at low amplitudes of oscillatory
shear to broad ones at large amplitudes with a width that scales with
the chain length. We have linked this intriguing rheological response
to the development of topological and geometrical constraints: The sys-
tem undergoes a sharp crossover from lacking entanglements to a highly
entangled environment. Nevertheless, entanglements are not the only
influential factor in determining the mechanical response and yielding
of macroscale chain assemblies. Friction is known to play a crucial role
in packings of individual beads and networks of fibres [340-342]. Un-
derstanding how the interplay of friction and entanglements governs the
rheological response of chain assemblies is a future challenge toward an-
swering the question of how assemblies of long flexible objects flow. The
insight from the present study can also help for better understanding
the compaction and packaging of quasi-1D semiflexible objects [171, 343,
344] and can be used as a guide to design the micro/nano-structure of
new materials.

122



CHAPTER 4

4.5 Supplementary Material

Video 1. Examples of oscillatory shear experiments with chain length
N=1 or 9 and rotation amplitude ¢$=0.063 or 0.632 rad. Link to video.
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Effect of fiber orientation
on the shear rheology and
Poynting effect in meat and
meat analogues

This chapter has been submitted as:

Giménez-Ribes, G., Oostendorp, M., van der Goot, A. J., van der Linden,
E., & Habibi, M. Effect of fiber orientation on the shear rheology and Poynting
effect in meat and meat analogues.
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Abstract

The development of plant-based meat analogues is an important aspect
of the transition towards using more plant based proteins. Production
of such structures with texture, rheology, and sensory properties ade-
quate for consumer acceptance similar to meats is a great challenge. An
important step is to quantify the similarities and differences of plant-
based meat analogues and whole cut meats. However, there is a cur-
rent lack in quantitative methods that compare whole cut meats and
plant-based analogues taking into consideration the effect of fiber ori-
entation. We tackled this problem by combining the non-linear shear
rheology and shear-induced normal stress measurements on whole cut
meats (beef and chicken) and plant-based fibrous model systems for meat
analogues made with soy or pea protein isolates combined with wheat
gluten (SPI-WG and PPI-WG, respectively) via shear cell technology.
We found differences in G’ and G” between different fiber orientations
for beef, chicken and SPI-WG. Meat samples showed rearrangements at
small strains, whereas at large strains exhibited a lower energy dissipation
and higher intracycle strain stiffening than plant-based fibrous systems,
likely due to more elastic fibers. The plant-based fibrous products be-
have more solid-like until a larger strain, but the fibrous structures break
down at large deformations resulting in higher energy dissipation than
meat. The more elastic fibers in meat samples also exhibited a larger
normal stress response (larger Poynting modulus) and showed large dif-
ferences in magnitude between different fiber orientations. We therefore
explore the importance of fiber orientation on the nonlinear rheology of
fibrous model systems for meat analogues which has been largely ignored
previously. We also provide a robust methodology combining nonlin-
ear shear rheology with the measurement of shear-induced normal stress
to quantitatively compare different mechanical responses of meat and
fibrous plant-based meat analogues (that contribute to sensory percep-
tion), thereby allowing to compare and possibly tune the mechanical
responses of plant-based meat analogue products towards real meat.
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5.1 Introduction

Research on plant-based meat analogues has increased tremendously in
recent years. The main reasons prompting a transition from meat prod-
ucts to plant-based analogues are from environmental and sustainability
[345], ethical [346], and health [347, 348] concerns. However, one of the
ongoing problems in producing meat analogues that consumers like, is
achieving a texture which resembles that of real meat. This can be seen
by the number of methods developed for mimicking meat texture includ-
ing shear cell technology and high-moisture extrusion [349, 350]. Current
meat analogues can be roughly classified into two different types: 1) those
that mimic processed meats, such as sausages, hamburgers, or meatballs,
and 2) those that mimic the whole cut meats, such as chicken, beef, or
pork skeletal muscle cuts. In the case of “processed” meat analogues,
acceptability is already high [351], since the structures in the original
meat-based products are to a large extent broken down, which facilitates
replicating the resulting texture. However, in the case of “whole cut”
analogues, a similar experience to their counterparts meat whole cuts
remains a great challenge [351], especially concerning the fibrous texture
and juiciness.

Meat, or skeletal muscle tissue, has a complex hierarchical structure
composed of fibers. Roughly, the fibers are formed by bundled fibril-
lar structures, myofibrils, which are in the pm range in diameter. The
myofibrils are in turn composed of myofilaments, repeating units of sar-
comers. If one zooms into the sarcomers, then one would find myosin
and actin macromolecues as building blocks [41], which are responsible
for the muscle contraction and relaxation. However, the individual mus-
cle fibers (bundled fibrillar structures), are surrounded by endomysium,
and in turn several fibers are bundled together by perimysium [42]. Both
endomysium and perimysium are not fibers themselves, but connective
tissue that allows for the adequate fiber movement upon muscle con-
traction [42]. While this description is just a generalization of the main
muscle structure, and structural differences will always exist between
different muscles and species of animals [43], it shows the complex hi-
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erarchical structures which composes the whole cut meats. This unique
fibrous structure, which is not found naturally in any plant products, sig-
nificantly determines the sensory perception of meat. Meat consumers
often find the presence of fibrous texture very important [352]. There-
fore, to mimic real meat such structures should be created by processing
plant-based ingredients into fibrous products.

Although the structural characteristics of meat and tissues have been
widely studied, comprehensive scientific methodologies that quantita-
tively compare meat analogues with real meat are still scarce, as pointed
out in the review by [44]. In the case of shear deformations of meat sam-
ples the Warner-Bratzler test is widely used. This method consists of a
V-shaped blade that applies a cutting deformation to a meat product.
However, the Warner-Bratzler method applies a combination of shearing,
tensile stress and compression, which makes it more a measure for quality
attributes than a method to precisely quantify physical attributes [45].
A similar issue is present also with the Kramer Shear Cell, which mimics
a bite into a food piece using multiple parallel blunt blades, and therefore
results also in a combination of mechanical deformations [44].

Despite the advances in the production of plant-based meat ana-
logues, achieving a texture that mimics that of whole cut meat samples is
still an ongoing quest. While the aforementioned methods to assess meat
texture have an important body of research available, studies applying
purely shearing deformations on meat or meat analogues using a shear
rheometer are still scarce. The use of shear rheometers to study several
food products from very different natures is widespread, with examples
such as cheese [353], plant-based cheese analogues [354, 355], ice-cream
[356], or protein oleogels [357]. Even mozzarella cheese, which also has
a fibrous structure due to being a pulled-curd type of cheese, was com-
pared with other cheeses using non-linear shear rheology, although the
effect of the filaments orientation was not considered [48]. Therefore,
shear rheometers can be used to quantitatively measure meat samples,
thus allowing direct comparison with meat analogues.

Most of the shear rheology research on soft tissues focuses on organ
tissue for medical purposes, such as liver [358-362] or brain tissues [363—
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365]. But only a few address the skeletal muscle, which is the vast major-
ity of meats we consume. Furthermore, most of these shear rheological
studies, focus on measuring the dynamic moduli in the linear viscoelastic
(LVE) region, whereas mastication and many food production processes
occur well beyond the LVE regime [46, 47], and thus small deformation
rheology does not provide a good approximation to the oral processing
[49]. In a study by Melito et al. [366], the authors found correlations be-
tween the non-LVE regime and certain textural properties perceived in
sensory tests, indicating that non-linear rheology is a better fingerprint of
food texture than small amplitude rheology. A recent study by Schreud-
ers et al. [367], studied the non-linear shear rheology of meat and meat
analogue samples using a closed cavity rheometer at 4.5 bar, proving it
to be a valuable method for quantitatively comparing the meat cuts and
meat analogues. However, in that study the orientation of meat and meat
analogue fibers was not taken into consideration. In the study by Tan
et al. [368], the effect of post-mortem time and fiber orientation in raw
bovine skeletal muscle was studied using large amplitude eccentric and
Fourier Transform-rheology. The authors found the storage modulus, G’,
for perpendicular alignments to be higher than for parallel alignments.
Therefore, studies on the non-linear shear rheology of cooked meat that
compare the results to meat analogue samples considering the effect of
fiber orientation are still lacking. Furthermore, the texture of cultured
meats was recently measured via shear rheology, albeit focusing only in
the small shear amplitude parameters G’ and G” [369], and would ben-
efit from applying non-linear rheology for a deeper understanding of the
mechanical properties as well.

For most materials, shearing induces a dilation, which translates as a
normal stress response when the sample is sandwiched between parallel
plate or cone-plate geometries (and the gap is kept constant). Interest-
ingly, we could not find any literature that studied the shear-induced
normal stress response in combination to the shear stress for any food
products. Previous literature has highlighted the significance of non-
linear shear rheology in improving the correlation between instrumental
measurement and sensory properties [46-49, 366]. Therefore, in scenar-
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ios involving complex deformations such as chewing the shear-induced
normal force would also be expected to play a role in sensory perception.
This shear-induced normal stress response is also known in literature as
Poynting effect, and has been known for isotropic materials for over a
century [69]. When a material is sheared, or a torsional deformation is
applied in between parallel plates, it leads to expansion in the normal
direction, with the normal stress difference, Np = Gx~?, thus following
a quadratic relation with the shear strain [69, 70]. The coefficient for
such quadratic relation, G, is known in literature as the Poynting mod-
ulus [72], and for most materials it has a positive sign, known as positive
Poynting modulus. Only in recent years a negative Poynting modulus, i.e.
contraction of the sample, has been observed also for specific biopolymer
gel systems, such as fibrin protein gels [73]. Later, this negative Poynt-
ing effect was attributed to biopolymer gels, with relatively large pore
sizes in the pum range, that are able to expel fluid to relax the pressure
gradients [370, 371]. For meat and meat analogues we expect a positive
Poynting modulus, since those products do not possess those large pores
through which water can freely flow. The question, however, remains on
whether the measurement of the Poynting modulus magnitude allows for
quantitative comparison of meat and meat analogues samples, including
the effect of fiber orientation in the samples.

It is therefore the aim of this study to compare the non-linear shear
and shear-induced normal force response of whole meat cuts and meat
analogues that contain anisotropic structures trying to mimic the meat
fibrous properties. We do so by measuring the shear response both in
small amplitude oscillatory shear (SAOS) and large amplitude oscillatory
shear (LAOS), as well as the normal stress difference measured by the
rheometer during oscillatory measurements. We believe this is relevant
for a deeper understanding of meat texture under deformations, and the
formulation of meat analogues trying to mimic meat texture. Our results
therefore provide a detailed quantitative method to measure plant-based
analogues and compare them to meat samples using a shear rheometer.
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5.2 Materials and methods

5.2.1 Materials

Beef (Iers rundvlees: Biefstuk) and chicken meat (Scharrelkip: Kipfilet)
were purchased from a local supermarket (Jumbo, Wageningen, The
Netherlands). For the meat analogues, two types of couette cell shear-
structured plant protein blends were used. Soy protein isolate (SPI)
SUPRO 500E A (94% DM with 90% protein in dry base) was obtained
from WLT distributors inc. (Winnipeg, Manitoba, Canada). Pea pro-
tein isolate (PPI) Pisane M9 (96% DM with 85.2% protein in dry base)
was purchased from Cosucra (Warcoing, Belgium). Wheat gluten (WG)
VITEN Vital (92% DM with 83% protein in dry base) was acquired from
Roquette Belgium (Brussels, Belgium). SPI-WG and PPI-WG blends
were prepared according to protocols from Schreuders et al. [372], with
the final composition in the samples as shown in Table 5.1. Briefly, SPI
or PPI powder was dispersed in a sodium chloride solution and hydrated
for 30 min stirring. Then, WG was mixed into the protein dispersion. To
obtain the oriented structures, mimicking meat fibers, the mixtures were
added to a high-temperature up-scaled Couette Cell (explained in detail
in [373]) ) based on the concentric cylinder rheology geometry. The pro-
tein mixtures were then processed at 120°C for 30 min, at a shear rate
of 30 rpm.

Table 5.1: Composition of the samples at the end of processing steps, in %.

Sample | PPI/SPI | Water | Salt | WG
SPI-WG 15 69.5 0.5 15
PPI-WG 17.5 64.5 0.5 | 17.5

For the meat samples, raw and heat treated samples were studied
to mimic the state of the fiber structures upon consumption. The heat
treatment was performed by placing the samples in plastic bags, remov-
ing as much air as possible by submerging it in water, after which the
product was placed in a water bath for 60 min at the chosen temperature.
Cooking temperatures for the meat were chosen based on literature at
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70°C for beef [374] and 66°C for chicken [375]. For comparison, SPI-WG
samples were also given heat treatment at 66°C.

Samples were cut into the right size for rheology tests by first slicing
3 mm thick slices with a meat slicer (Solida 4, Ritter, Germany), cutting
either parallel to the fiber orientation or perpendicular to the fibers.
Then, disk-shaped slices were cut with a cylindrical cheese slicer of 25
mm internal diameter. A schematic representation of how the samples
were position under the rheometer geometry, as well as the coordinates
used for the rheological study are shown in Figure 5.1.

g R

Figure 5.1: Schematical representation of the fiber orientations studied in the
plate-plate geometry, with fibers perpendicular (A) or parallel (B) to the shear
direction. The coordinates considered in the geometry are also indicated, with x
being the azimuthal (shear) direction, and z being the shear gradient direction.

5.2.2 Shear rheological experiments

A standard Anton Paar MCR rheometer (Anton Paar MCR 301, Graz,
Austria) was used together with a 25mm diameter plate-plate geometry.
To avoid wall slip, grooved plate geometries were used in combination
with a 10% preload. This was done by lowering the plate until a 0.1 N
was reached, to ensure homogeneous contact with the sample, then the
upper plate was lowered until achieving the 10% compressive strain [368].
We employed two different oscillatory protocols on the samples. First,
a standard amplitude sweep, performed at constant frequency of 0.1 Hz
with increasing strains from 0.01 % to 100 %. During the amplitude
sweeps, the oscillatory signal of the shear stress o5 was defined as
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os (t) = 04 (t) = Z o sin(nwt + dy,), (5.1)
n=1, odd

where o, represents the shear stress amplitude of the n harmonic, and
On, the phase shift of the n harmonic. For each strain amplitude point, the
oscillatory stress and strain data were used for plotting Lissajous curves
and calculate the LAOS parameters strain stiffening ratio, .S — ratio, and
dissipation ratio, ®. Both of these parameters are defined, respectively,
as [63]

G, -G
=L M (5.2)
&
and [67]
P — Ed . 7T’Y()Glll (5 3)
(BEd)pp ~ 40s,maz’ .
where G} = %H:% is the large-strain modulus at 79 and G, =

%2]7:0 the shear elastic minimum-strain modulus, and E; = ¢ o5dy =

73 G being the energy dissipated per unit volume within a LAOS oscil-
lation cycle, and (Egq)pp = (270)(205 maz) the possible maximum energy
dissipated by a perfect plastic material in an oscillation cycle.

To obtain also the oscillatory normal stress difference Np during the
strain oscillations we performed a second protocol with a built-in project
for sine-wave generator from the RheoCompass software (Anton Paar
GmbH, Graz, Austria), as done by Martikainen et al. [376]. This allowed
us to perform oscillations and record all the parameters in real time
during 10 cycles of oscillation, at 5 different strain points (0.05%, 0.1%,
0.5%, 1%, and 5%), which were selected from the amplitude sweep curves.
The Np, is then [377]

Np = N; — Ny = Gnr2. (5.4)

It is important to note that for plate-plate geometries, deformation
across the sample is not uniform, and thus the first normal stress differ-
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ence (N1) is not explicitly given by the measured normal force divided by
the area of the sample. Therefore, we use a normal stress difference, given
by N1 — Ny in parallel plate geometry, as reported from the rheometer
and as used before in literature [378]. Previous literature has also men-
tioned that the normal stress difference as determined from parallel plate
geometry is a good approximation of Nj [46].

5.3 Results and discussion

5.3.1 Shear stress response: SAOS and LAOS

The amplitude sweeps for the four raw samples, i.e., beef, chicken, SPI-
WG, and PPI-WG are shown in Figure 5.2. The values of storage mod-
ulus G’ for all the samples are similar, with values around 10-20 kPa,
and larger than the loss modulus G” indicating the solid-like behavior.
Furthermore, for all samples the moduli are larger for perpendicular fiber
orientations (with respect to the shear direction), indicating a stiffer re-
sponse. Only in the case of PPI-WG, for both orientations the moduli
are comparable with overlapping of the experimental errors. In the case
of raw chicken samples, the orientation parallel to shear have the lower
moduli, which indicates more mobility of the structural components in
the direction of the shear. While the amplitude sweeps were performed
up to v =100%, we observed wall slip at v > 20%, and thus used that cut-
off value for our interpretations. Therefore, besides the case of chicken
with parallel orientations, all samples behave similarly when comparing
the G’ and G” in the LVE regime when the meat samples are not cooked.

Differences became apparent between the meat and plant-based fi-
brous samples in the extent of the LVE regime. For the meat samples
both G’ and G” start decreasing at lower strains, indicating a softening
of the sample. On the contrary for the plant-based samples G” remains
constant until a larger strain, indicating a decrease of elasticity, and a
more dissipative behavior than meat samples.

Since in most cases meat samples are not consumed raw, we stud-
ied the effect of heating to temperatures commonly used for cooking the

134



CHAPTER 5

A B
i1iiile hasdnny
1o A ot gy
g B, T | i
= "?‘?‘H’ﬁé‘?‘??‘?‘?ﬁﬂéééﬁ ) - Hh““u“ﬁi’gé,}g 1
o ‘I’éa‘ag% Bl ©
© 10%k s | © 103 HpHHIERIEEHE
¥ G’ Beef Perp } G’ Chicken Perp
G’ Beef Para 4 G’ Chicken Para
1072 1071 10° 10t 1072 107 10°
Strain [%] Strain [%]
C [1111ITTTTINN D
- oooﬂo".‘.. - _HHHHHHH“&““““
]
F | E .
5 Wit | o ééééH5666&&6&66566&66&66556;82
© 103} © 103k
¢ G’ SPIPerp ¢ G'PPIPerp
G’ SPI Para G’ PPI Para
1072 1071 100 10! 1072 107t 10° 10!
Strain [%] Strain [%]

Figure 5.2: Amplitude sweeps curves for raw beef (A), raw chicken (B), raw
SPI-WG (indicated as SPI, C), and raw PPI-WG (indicated as PPI, D). Closed
symbols indicate the storage modulus G’, and open symbols the loss modulus
G"'. Darker colors used for the samples oriented perpendicular to shear direction,
and lighter color for the samples orientated parallel to shear direction.

meat. The results for cooked beef, chicken and SPI-WG are shown in
Figure 5.3. In the case of meat it is well known that cooking affects its
structure [379], as we see also in our results where the G’ increases ~
5-fold for beef and ~ 2-fold for chicken. Meat is very sensitive to temper-
ature, due to different chemical reactions occurring upon heating such as
hydrolytic degradation or protein denaturation [379] which significantly
changes its mechanical properties. On the other hand the mechanical
properties of our meat analogue samples do not change significantly af-
ter heating process and remain almost the same within the experimental
errors. This is in accordance with previous studies comparing meat and
meat analogues [367], and is not unexpected considering that these plant-
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based samples have been processed at 120° C, and their proteins have
already been denatured. Therefore, one could consider these plant-based
fibrous systems to be already cooked during the fabrication step. For
this reason, in the remaining of the paper we compare mostly the overall
rheological behavior of cooked meat and “uncooked” plant-based fibrous
model systems.
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Figure 5.3: Amplitude sweeps curves for cooked (heat treated) beef (A),
cooked chicken (B), and cooked SPI-WG (indicated as SPI, C). Closed sym-
bols indicate the storage modulus G’, and open symbols the loss modulus G”.
Darker colors used for the samples oriented perpendicular to shear direction,
and lighter color for the samples orientated parallel to shear direction.

From Figs. 5.2 and 5.3 we clearly observe differences in the me-
chanical responses for different orientation of the fibrous structures. The
orientations perpendicular to shear exhibit a stiffer response compared to
the parallel ones. However the information provided in the LVE regime is
always limited. The NLVE regime provides crucial information for study-
ing the mechanical responses of food products under large deformations
such as mastication or processing [47, 366]. Plotting the intracycle stress
oscillations as a function of the strain in the form of Lissajous plots is
one way to study the nonlinear properties. In Figure 5.4 we show the
Lissajous plots at selected strains.

Lissajous curves provide a clearer indication of why the storage modu-
lus is larger for the fiber orientations perpendicular to the shear direction.
The samples with perpendicular orientations, in orange in Fig. 5.4, give
a higher maximum shear stress response than parallel for all samples
except PPI-WG. This is an indication of the strong anisotropy in these
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samples, as deformation in different directions result in different mechan-
ical responses. Furthermore, the Lissajous curves for meat samples are
much thinner than those of SPI-WG and PPI-WG, indicating less rela-
tive energy dissipation and a more elastic response. This is quantified by
the dissipation ratio ® in Figure 5.5.

For the meat samples at about 1% strain the Lissajous curves start
showing a slight pointing shape at the extremes. This becomes more pro-
nounced when looking at 5% and 15% strains, resulting in an inverted
sigmoidal shape. This is an indication of intracycle strain stiffening, and
is quantified in the strain stiffening ratio, S — Factor, below in Figure
5.5. In contrast, for the plant-based analogues at low strains they still
have more ellipsoidal shape with respect to beef and chicken. This again
indicates that the nonlinear regime starts at larger strains for the plant-
based analogues, as was observed from the amplitude sweeps as well.
Interestingly, we observed superimposed oscillations in the Lissajous for
SPI-WG and PPI-WG at the strain of 0.5% and 1% (Fig. 5.4). Often su-
perimposed oscillations are considered as unwanted inertial effects [380].
However, in this case, considering the low strain amplitude at which we
observe the superimposed oscillations, low frequency, and relatively high
G’ (in the range of 10 kPa) of the samples, the inertial effects are neg-
ligible. We therefore expect that the superimposed oscillations in the
Lissajous curves are due to the presence of relatively large voids in the
samples. The size of the voids are comparable to the deflection angle
exerted by the rheometer at low amplitudes, and at large deformations
their effect become less pronounced in the Lissajous curves. The pres-
ence of voids in this type of SPI-WG and PPI-WG samples has been
mentioned before in the literature, and is considered to be an essential
structural component contributing to the anisotropy of these samples
[372]. For example in Figure 4 of ref. Schreuders et al. [372] the X-ray
microtomography of such samples was shown, where the voids are clearly
visible.

In Figure 5.5A and C, the & is shown for the meat samples and plant-
based analogues, respectively. In the case of beef and chicken, ® starts
increasing at smaller strains, in line with the smaller range of LVE for this
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Figure 5.4: Elastic lissajous curves of shear stress, o, versus shear strain for
cooked beef, cooked chicken, SPI-WG (indicated as SPI), and PPI-WG (indi-
cated as PPI), at 5 different strain points.

samples. While for chicken the fiber orientation does have a considerable
effect to cause differences in ® values, in the case of beef the perpendicular
fiber orientation shows lower energy dissipation than the parallel one. At
the same time, the perpendicular beef fiber orientation exhibited a larger
G'. These effects were observed before for sheared crumpled materials
with orientations perpendicular or parallel to the shear direction [173],
and were attributed to sliding of stacked layers over each other, parallel
to the shear direction. The sliding movement of fibers will result in a
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higher ® than perpendicular ones.
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Figure 5.5: Dissipation ratio (A) and strain stiffening ratio (B) for cooked
meats, and dissipation ratio (C) and strain stiffening ratio (D) for meat ana-
logues.

For the meat samples, ® exhibits a plateau at ~0.3 for strains >
2%, whereas for the plant-based analogues ® starts increasing at larger
strains, but then increases very steeply to values between 0.4-0.5. This
results indicate that for the meat samples, some breakage of weaker fibers
or connective tissue takes place at small strains, but at larger strains the
stronger meat fibers withstand the deformations without increasing the

139



5.3. RESULTS AND DISCUSSION

relative dissipation. On the other hand, the plant-based analogues behave
more elastically until larger strains, but once a critical strain is reached,
the fibrous structures break down to a larger extent than meat fibers.
Therefore, the structures in meat are stronger at large deformations, and
behave more elastically than the plant-based analogues, as seen also in
the Lissajous curves in Fig. 5.4. The large error bars ranging from
around 0.1 to 3% in 5.5 D are attributed to voids being present in the
meat analogue samples, as has been discussed earlier. This results in
slight changes of the local slopes of the Lissajous at small deformations
(See 5.4), and becomes less pronounced at larger deformations.

For the strain stiffening ratio (Fig. 5.5B and D), a similar situation to
® occurs, with S— factor increasing earlier for meat than meat analogues.
However, at the maximum studied strains, the meat samples and plant-
based analogues show a similar S — Factor ~ 0.8. These results are
similar to those shown in [367] for meat, fish, and commercially available
meat analogues. While at ~ 20% strain the S — Factor ~ 0.8 for both
meats and plant-based analogues, the Lissajous curves for meat indicate
a more pronounced stiffening. Therefore, the increase of the S — Factor
observed for the meat analogues comes from an artifact in the definition
on the S— Factor, as discussed in the paper from Mermet-Guyennet et al.
[381]. This is mainly due to considering the local moduli for calculating
the S— Factor. Therefore, the combination of ® and S— Factor, together
with a critical evaluation of the Lissajous curves themselves is necessary,
when interpreting the data. Considering only the S — Factor could cause
a misinterpretation of the results.

Overall, the LAOS results together indicate that the fibrous struc-
tures in meat show a more elastic behavior, with real intracycle strain
stiffening. In the study of Garcia-Segovia et al. [382], beef meat mi-
crostructure cooked at 70°C was investigated, where shrinkage of meat
fibers and the shortening and solubilization of connective tissue were ob-
served, causing the creation of small voids in between the muscle fibers.
Furthermore, for raw skeletal muscle under large shear deformations, Tan
et al. [368] observed connective tissue damage above 10% strain, being ex-
plained by the authors at the onset of microstructure rearrangement. In
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their study, the authors found that for parallel orientations, the stress is
localized in the extracellular matrix around the muscle fibers, resulting in
a degradation of the endomyssium [368]. Therefore, together these results
support our hypothesis that, at relatively small deformations v ~ 0.5%,
meat samples have some rearrangement due to the strain localization
in already damaged connective tissue, increasing the dissipation due to
sliding of the fibers. Then, at larger strains exhibit a plateau due to
stretching of fibers which had become stronger after shrinkage during
cooking. We did not observe the plateau in the dissipation ratio for the
raw meat samples (provided as Supplementary Materials), remarking the
importance of having damaged connective tissue and fiber shrinkage for
the plateau in .

It is important to remark the differences between overall softening
with increasing strain amplitudes (intercycle softening), as seen in the
amplitude sweeps, from the local intracycle strain stiffening, observed in
the Lissajous curves [381]. If the Lissajous curves were to be plot with
the same Y axis limits, the overall softening would become more clear,
at the expense of not showing clearly the Lissajous shapes. Therefore,
the overall behavior of these samples is still strain softening.

5.3.2 Normal stress response

While measuring the non-linear shear rheology of meat samples is still
scarcely found in literature, it is becoming more popular for other sorts
of food products. Shear deformation can induce dilation or contraction
perpendicular to the shear direction. This highly nonlinear response is
known as Poynting effect. Dilation and contraction can represent them-
selves as normal force when the sample is sandwiched between two plates
with a fixed gap. Interestingly, there is no study of the shear-induced
normal stress response in any food products. However, since previous
literature remarks the importance of non-linear shear rheology to bet-
ter correlate instrumental measurements with sensory properties [46-49,
366], it is expected that the shear-induced normal force would also play
a role in the sensory perception with complex deformations such as mas-
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tication.

The normal force response data can be already measured by most
commercial rheometers, and allows to analyze the non linear response of
the material. This normal response can unravel more information about
the anisotropic structure of the samples such as meat and plant-based
analogues with anisotropic fibrous structures. To record the normal force
response of the sample under shear deformation in a cycle an oscilloscope
can be used [371]. In our study we performed a built-in project template
available in RheoCompass software consisting of a sine wave generator
as done by Martikainen et al. [376], which allows to manually instruct
the rheometer which strain amplitude, frequency, and number of cycles
to perform. Using this approach, the normal force data (or stress) is
collected in real time during the whole oscillatory test, thereby allowing
for representation of the data also as Lissajous curves, in this case by
plotting normal stress versus strain, as shown in Figure 5.6.
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Figure 5.6: Lissajous curves of the normal stress difference, Np, for the cooked
beef (A), cooked chicken (B), SPI-WG (C), and PPI-WG (D) during the oscil-

latory shear strain deformations at 5% strain.

In Fig. 5.6, not only the differences between whole cut meats and
plant-based analogues become clear, but also the fiber orientations for
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the meat cuts show differences. In the case of cooked beef and chicken,
the parabola (quadratic response) is more pronounced for the orientations
perpendicular to shear, represented in orange in Fig. 5.6AB. On the con-
trary, for the plant-based analogues the differences between orientations
were much smaller. The differences between Np in these Lissajous can
also be quantified by fitting the quadratic equation 5.4 to the parabola
to obtain the Poynting modulus Gpy. The resulting Gy are shown in
Figure 5.7. In all our results we observed a positive Poynting modulus,
as observed before for instance from brain soft tissue [383].
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Figure 5.7: Poynting modulus, Gy, calculated from the oscillatory normal
stress difference, Np, using equation 5.4. C: Cooked, R: Raw

Gy shows clear differences between the fiber orientation for cooked
meats, as already inferred from the Lissajous shapes. SPI-WG, also shows
difference in G for the different orientations, which coincides with this
sample also having more clearly defined fibrous structures and show-
ing differences in G’ and G” for the two different orientations. In the
case of PPI-WG, Gy also increases for the perpendicular orientations,
the differences are small and within experimental error. In the study
of Schreuders et al. [372] who studied the macro- and microstructure of
these plant based analogues, it is observed that while both samples pro-
duced fibrous structures at 120°C, the SPI-WG produced more fibrous
materials. Furthermore, the authors found the SPI-WG sample to en-
trap more air and have more extensive deformation of the air bubbles
than PPI-WG when sheared at 120°C, which also contributes to the pro-
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duction of more clearly observed fibers [372]. Therefore, the presence
of more fibrous structures for SPI-WG, together with the larger amount
of deformed air bubbles, explains the more anisotropic structure that
results in a different G for the different orientations. Further studies
comparing the shear-induced normal force response to sensory tests is
needed to shed more light on this relation.

As we already observed in the amplitude sweeps data, the different
fiber orientations result in different mechanical responses for the whole
meat cuts. These differences, which we observe also for the Gy, are
a result of the complex hierarchical structure present in the whole meat
cuts, which is not present in plant-based analogue samples. Furthermore,
from the shear Lissajous at 5%, which are at the same shear strain as the
Np Lissajous in Fig. 5.6, we observed the meat samples to present more
elastic behavior, with intracycle stiffening due to stiffer fibers of meat.
Therefore, the larger G for the meat samples is also due to the stiffer
fibers and the parabolic curve appears complementary to the intracycle
strain stiffening. While we performed the sine-wave generator experi-
ments also at smaller amplitudes of 0.05%, 0.1%, 0.5%, 1% strain, these
samples did not show a quadratic response (Provided in Supplementary
Material), and thus remarks the need of an intracycle strain stiffening
behavior to clearly observe the quadratic response in Np in our samples.
The main rheological results obtained in our study are briefly summa-
rized in Table 5.2

5.4 Conclusions

We quantitatively compared whole cut meat samples (beef and chicken)
with couette cell shear-structured plant-based fibrous products, which
are model systems for meat analogues made of soy protein isolate or pea
protein isolate in combination with wheat gluten (SPI-WG and PPI-WG,
respectively). To have a comprehensive analysis we developed a new rheo-
logical methodology and investigated the shear induced normal response
and Poynting effect along with analyzing shear moduli and Lissajous
curves. The storage, G’, and loss, G”, moduli in the linear viscoelastic
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G,, G//
LVE
(Orienta- v . P S—Factor | Gn
. Region
tions)
Increase Increase
Cooked Different Shorter early, early, true Large.
Beef oo magnitude
plateau stiffening
Increase Increase
Co9ked Different Shorter early, early, true Large.
Chicken o magnitude
plateau stiffening
Increase Increase Small
SPI-WG Different Longer late, later, .
. magnitude
steeply artifact
Increase Increase
PPI-WG N(.)t Longer late, later, Small.
Different . magnitude
steeply artifact

Table 5.2: Summary of the results obtained for each rheological parameter
from the different tests performed.

(LVE) regime allowed for studying the effect of orientation in the fibrous
structures. The raw meat samples exhibited similar G’ and G” to the
studied plant-based fibrous analogues, but differences became apparent
after cooking. When the fibers were oriented perpendicular to the shear
direction, G’ and G” were higher with respect to parallel orientations
for beef, chicken and SPI-WG, whereas PPI-WG samples did not show
significant differences beyond the experimental error. The use of large
amplitude oscillatory shear (LAOS) allowed to further differentiate the
role of structural components. The dissipation ® and strain stiffening
S — Factor ratios showed the onset of non-linearity for meat samples at
small strains due to rearrangements of fibers and breakage of weaker com-
ponents such as connective tissues. At large strains the stiff elastic fibers
resulted in lower dissipation and stronger intracycle stiffening than the
plant-based analogue samples. On the contrary, the plant-based ana-
logue samples showed a more solid-like structure at small strains than
meat, but at larger strains the weaker fibrous structures broke down,
increasing the energy dissipation.

The fiber orientation for the different samples resulted also in quan-

145




5.4. CONCLUSIONS

titative differences in their normal stress responses via studying the os-
cillatory normal stress difference Np. Via fitting a quadratic relation
to the Np vs strain Lissajous curves, we obtained the Poynting modu-
lus Gy, which showed differences for beef, chicken and SPI-WG for the
two different orientations. As with G’ and G”, the meat samples had a
stronger Gy than those of plant-based analogue samples.

Besides the differences between whole meat cuts and plant-based ana-
logues, the results also indicated differences between SPI-WG and PPI-
WG. For SPI-WG, in all tests we found differences between the two
different orientations, indicating that the anisotropy in SPI-WG is more
predominant than in PPI-WG@G, and thus exhibits a behavior somewhat
closer to meat samples, albeit at different magnitude. These differences
were likely to be due to the stronger structures and the presence of more
voids in the SPI-WG samples than in PPI-WG, as also mentioned in ear-
lier studies. Therefore, not only the strength of fibrous structures, but
also their orientation together with distribution of voids play roles in the
nonlinear mechanical response due to structural anisotropy.

Based on our study we suggest that the efforts to mimic the whole
cut meat structure should be directed to reinforce the strength of fibers,
and anisotropic distribution of pores with specific size in the structure.
Our novel rheological approach based on analyzing both shear and shear
induced normal responses opens an avenue for comprehensive and quan-
titative comparison of mechanical responses of meat and plant-based
counterparts. This approach facilitates future research into the effect
of formulations and structuring processes to create new generations of
plant-based meat analogues.
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5.5 Supplementary Material
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Figure 5.8: Elastic lissajous curves of shear stress, o, versus shear strain for
raw beef and raw chicken, at 5 different strain points.
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Figure 5.9: Dissipation ratio (A) and strain stiffening ratio (B) for raw meats.
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Figure 5.10: Lissajous curves of the normal stress difference, Np, for the
cooked beef (A), cooked chicken (B), SPI-WG (C), and PPI-WG (D) during
the oscillatory shear strain deformations.

148



Chapter 6

Shear and shear-induced
normal responses of origami
cylinders

This chapter is to be submitted as:

Giménez-Ribes, G., Ghorbani, A., Teng, S. Y., van der Linden, E., & Habibi,
M. Shear and shear-induced normal responses of origami cylinders: normal re-
sponse reveals structural asymmetries.
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Abstract

The interest in mechanical metamaterials such as origami structures with
desired mechanical properties has increased in recent years. For exam-
ple, origami bellows have been used for diverse applications and often
studied under uni-axial deformation, however their mechanical response
under shear, is poorly investigated. Specifically the shear-induced nor-
mal force response of such structures has received little attention. In
this study, we investigated the shear and shear-induced normal response
(Poynting effect) in structured thin cylindrical origami shells based on
well-known Yoshimura and Kresling origami designs, experimentally and
theoretically. Both designs present ordered structural arrangements, but
with different symmetry with respect to the shear direction. In addi-
tion, we studied a third type of cylindrical shell made by crumpling a
thin paper cylindrical shell under uni-axial compression, which presents
semi-ordered patterns in the form of crumpled unit cells. The normal
stress response of the Yoshimura design under shear was well fit with a
quadratic relation, whereas the asymmetric Kresling cylinder showed a
linear relation with a positive or negative normal force depending on the
direction of shear. For the Crumpled cylinders the level of asymmetry
in the semi-random folds pattern was quantified via an asymmetry in-
dex from the 2D Fast Fourier transform spectrum of the crease pattern
images, which was well correlated to the asymmetry of the normal force
response. We found that the shear-induced normal force in all structures
is linked to the structural arrangement and asymmetry. In addition,
we suggested opportunities of programming the Poynting response via
origami design. Our findings provide a deeper understanding of the non-
linear mechanical response of origami bellows and the role of structural
arrangements and (a)symmetry in their Poynting response. These find-
ings provide opportunities for programming the shear and shear-induced
normal responses of origami cylinders, and using crumpling as a design
principle for fabricating meta structures. Potential applications of our
findings range from soft robotics to sustainable design of packaging ma-
terials and medical devices.
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6.1 Introduction

In recent years, research on mechanical metamaterials has gained in-
creased popularity. This is mostly because these designed materials have
exceptional mechanical properties and functionality that arise from their
structure and conformation after processing rather than the composition
of the material itself [3]. Origami structures are well-known examples of
mechanical metamaterials. These days material engineers use the ancient
Japanese art of paper folding to design structures with exceptional ability
to absorb mechanical energy or adaptability to morph complex shapes
and curvatures [384] and expressing a negative Poisson’s ratio [385]. The
properties of origami structures arise from their predefined periodic pat-
tern of folds, on an initially flat surface with creating so-called unit cells
[127].

Among origami structures, origami cylinders, also known as origami
bellows, have found interesting applications in diverse fields of research.
Examples include shock and energy absorption [50, 386], soft bistable
electricity generator [51], self-deployable stent grafts for medical applica-
tions [52], origami swimming robots [387], dynamically dexterous robots
[388], or even functional structures for cryogenic applications [389], just to
name a few. Understanding the mechanical responses of such structures
plays a crucial role in adapting them for a specific application. How-
ever, origami structures are mostly studied under uni-axial compression
[50, 390] and hardly under torsion deformations. In all above examples,
the origami bellows were investigated only under uni-axial compression
or extension. Using such structures in real life applications means that
torsional deformations coupled to uni-axial deformations would be un-
avoidable. This remarks the need to understand how origami bellows
behave under shear deformations and how their unit cells contribute to
their shear mechanical responses.

The most commonly used origami cylinder is designed based on the
Yoshimura pattern [391]. This design consists of a diamond (rhomboid)
pattern with mountain diagonal folds and horizontal valley folds, which
interestingly often arises naturally upon compression of a thin confined
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cylindrical shell, given appropriate conditions of strain and compression
rate [53] (Fig. 6.1). By tilting the Yoshimura patterns, a so-called Kres-
ling pattern arises [54] (Fig. 6.1), with a diamond pattern similar to
Yoshimura but with a certain angle of inclination. Both the Yoshimura
and Kresling patterns therefore feature an identical structural order of
folds, consisting of rhomboid unit cells, but present different symmetries
in the shear direction: while Yoshimura is symmetric in both shear di-
rections, the Kresling pattern is asymmetric. These properties make the
Yoshimura and Kresling patterns ideal candidates for studying the ef-
fect of structural asymmetry with different structural orientations under
torsional deformations.

Already in 1909 Poynting demonstrated that a steel piano wire un-
der torsion exhibited a shear-induced positive normal force, leading to
its elongation [69, 70]. This result translates in the material exhibit-
ing positive normal stress when twisted, and is known as the Poynting
effect. The positive normal stress follows a quadratic relation with a
positive coefficient, which has recently been named in the literature the
Poynting modulus [72]. This inherently nonlinear response of the normal
stress upon shear therefore differs from the linear shear stress response
commonly studied at small deformations. Such Poynting modulus has,
to the best of our knowledge, never been studied before for origami de-
signs of any nature. Origami bellows have the potential to also exhibit
a Poynting modulus which can be programmed for sign and magnitude,
but first the torsion-induced normal response of the origami and its unit
cells require a deeper understanding. Taking inspiration in methodology
from the study of Ghorbani et al., [72], where the Poynting modulus was
characterized for 3D printed cylindrical shells, we aim to study the Poynt-
ing moduli of Yoshimura and Kresling origami shells and compare them
with their shear moduli. In this regard, combining the study of shear
and shear-induced normal stresses offers a comprehensive approach to
characterize the response of origami cylindrical structures under shear
and at the same time shed light on the interplay between their structural
asymmetries and mechanical responses.

Origami structures, like other highly ordered metastructures with
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well-defined unit cells, are sensitive to imperfections [128-130], and there-
fore are vulnerable to defects introduced under working conditions or
manufacturing processes. Designing robust origami materials for real-life
applications with a simple design principle is a goal for origami designer.
Therefore, beside the two well-known origami cylinders, we introduce a
third system which presents some level of inherent randomness: a crum-
pled cylinder. While a perfect Yoshimura pattern might be obtained
under certain conditions as mentioned above, most often a crumpled
pattern roughly resembling the Yoshimura arises for some materials such
as paper. Similar phenomenon has been studied by Gottesman et al.,
[56], when crushing paper conical shells. Therefore, via a uni-axial com-
pression of cylinders, we can obtain a semi-ordered pattern (from now on
referred as crumpled pattern) that resembles the Yoshimura design, but
still contains a level of disorder in its structure via crumpled unit cells,
as opposed to a perfectly designed Yoshimura bellow. To the best of our
knowledge, no attempt has been made to study the mechanical response
of such easy to manufacture structure with a semi-random pattern. This
crumpled cylinder will therefore also be present some order (semi-order),
as the Yoshimura and Kresling designs, but the asymmetry of the design
is a priori unknown, due to the inherent level of randomness that arises
when compressing a the initial cylindrical shell. We expect the mechani-
cal response of the crumpled cylinder to depend to a large extent on this
semi-random pattern of crumpled creases and vertices. For this reason,
we combine the study of the mechanical response with an analysis of
the crease pattern images, in an attempt to connect the morphology of
patterns to its mechanical response.

Despite the interesting characteristics of these cylindrical structures
made with different patterns, namely Yoshimura, Kresling, and crum-
pled cylinders, their non-linear response has so far been studied to a
limited extent, and their shear-induced normal force response remains
largely unexplored. In this research, our aim is therefore two-fold. First,
to characterize the shear and shear-induced mechanical responses of or-
dered origami bellows in connection to structural ordering of folds and
(a)symmetry, both experimentally and via modeling. Second, to investi-
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gate the shear and shear-induced response of crumpled bellows contain-
ing some level of disorder, and connect such response with the structural
asymmetry present in the crease patterns measured via image analy-
sis. All together, we perform a comprehensive study of how structural
arrangements in cylindrical shells, both ordered and disordered, affect
their shear and shear-induced normal responses. Our results provide
new insights into the nonlinear mechanical response of origami bellows,
as well as the role of structural asymmetry in the shear-induced nor-
mal force response. These results are relevant for diverse applications,
ranging from soft robotic elements to sustainable packaging materials or
medical origami devices.

6.2 Materials and Methods

For our experiments, paper sheets of A4 standard size (UPM, Lahti, Fin-
land), density 80 g m~3, and 0.1 mm thickness were used. The different
designs were made so that they could be adjusted to the A4 paper sheets.

6.2.1 Cylinder structures

We made the samples by folding the paper into specific origami patterns
(Yoshimura, Kresling), or by compressing a paper roll with a thickness
of 3 layers inside a plexiglass cylinder (15 mm radius) using a texture an-
alyzer TA.XT plus (Stable Micro System — SMS, Surrey, United King-
dom). The three different types of cylinders are shown in Figure 6.1.
Both Yoshimura and Kresling cylinders were fixed via a small overlap-
ping area glued together. The crumpled cylinder was made by rolling a
paper to obtain three layers, and fixing the edges with a very thin cello-
phane tape. This was done to favor the formation of the pattern, as using
a single layer of paper resulted in more random crumpling of the whole
structure upon compression in the plexiglass cylinder. The cylinder was
then compressed from an initial height of 70 mm to 10 mm at a slow
compression of 0.5 mm s~!. We performed pretests to compare the effect
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of gluing or fixing with thin cellophane tape the edges of the cylinders
under compression and found no significant difference.

Figure 6.1: Example of the unit cells (red) accounted for the Kresling (A),
Yoshimura (B), and Crumpled (C) cylinders. The parameters n and « represent
the cells in the vertical, and horizontal directions, respectively. hg shows the
height in the resting state. (D) Unit cells used for the numerical calculations,
with the diagonal spring at initial length, ag, and after shearing deformation, a.

6.2.2 Rheological experiments

All the measurements were performed using a standard Anton Paar MCR
rheometer (Anton Paar MCR 302, Graz, Austria), with a 50 mm paral-
lel plate geometry. Both plates were covered with double-sided tape to
prevent any wall slip.

Shear deformation

The three types of cylinders were subjected to a small deflection angle,
p, of 30 or 100 mrad in both clockwise and counterclockwise shear di-
rections. For each sample and repetition, the zero compression strain,
€. = 0, was defined as the gap where the compression force was 0 N.
We performed the torsional deformations for all samples at ¢, = 0 and
also at increasing €. for the Yoshimura and Kresling cylinders, whereas
the crumpled cylinder exhibited a large effect of relaxations, as will be
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discussed below. To reduce any torsional stress build-up, the compres-
sion between gaps for Yoshimura and Kresling was performed at a low
speed of 0.01 mm s~! and the upper plate was let to rotate freely. Before
starting to apply the shear deformations, all the samples were let to relax
for 1 h. All measurements were performed at least in triplicate.

For each gap, the resulting Poynting modulus, G, was calculated as

B 2
EV:GNJ<f7ﬁ@), (6.1)

where Fly is the normal force, J = (7/2)(R2,.. — R:. ) the second
moment of area of the cylindrical shell, ¢ the deflection angle, ¢y the
deflection angle at the center of symmetry, and h the gap [72]. Due
to the asymmetry in the Kresling cylinder, the normal force does not
follow a parabola, and thus we used a linear approximation of eq. 6.1 via

Taylor’s expansion:

GnJ¢o
FN ~ - ( 12 ) ©s (62)
where g was calculated as
= (hu> tan(v)) (6.3)
Yo = R ) .

with h, being the height of a unit cell, ¢ the angle of a unit cell
(shown in Fig. 6.1), and R = (Ryuaz + Rmin)/2 the average radius. Since
1 changes at each compression level, as shown in Figure 6.2, this was
calculated as 1(e) = arccos[(1 — &) costp|, with ¢9 = 57° being the
angle without compression.

Besides the Poynting modulus, also the shear modulus, G, was cal-
culated for each cylinder under different compression levels as [72]

T @
Fg===G,J|=]. 6.4
TR <Rh> (64)
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Figure 6.2: Kresling unit cell, with ¥y = 57° and how it changes (V) upon
compression from hg to h coupled with torsion. The sides of the unit cell, [,
remain constant during the compression.

6.2.3 Image analysis of angle orientation

We performed image analysis on the crumpled cylinder in order to obtain
an estimation of the average angle of the diamond shape patterns after the
sample is made under compression, as indicated in Section 6.2.1. After
measuring the crumpled cylinders under shear deformation, it was cut in
half and unfolded to take an image of the crease pattern. The image was
analyzed with a method modified from [287], and as previously used also
to quantify internal morphology in crumpled materials [173]. The image
was first filtered to reduce noise using the OpenCV.GaussianBlur filter
from the OpenCV library in Python [288]. Then the edges were detected
with the OpenCYV.Laplacian function, and a 2D Fast Fourier Transform
was performed on the image using the function numpy.fft.fft2 to obtain
a matrix in the frequency domain (FFT power spectrum) [289]. By
performing a summation in the azimuthal direction, we could draw FFT
alignment plots where the peaks correspond to the dominating angles.

From the FFT alignment plots, we define an asymmetry index, I, as
a percentage

_ A A

= 22—t
AL+ As

100, (6.5)

where A7 = ffgo Ippr df corresponds to the integrated area from

0 = —90° to 6 = 0° of the FFT alignment plots, and Ay = f(?o Ippr do to
the integrated area from 6 = 0° to § = 90° of the FFT alignment plots.
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Table 6.1: Dimensions of the designed cylinders and parameters used for the
calculations.

Cylinder | Rpae [mm] | Rpyip [mm] | n | «
Yoshimura 17.1 8.8 6|3
Kresling 20.15 11.75 6|6

Uniaxial compression

To calculate the spring constants of the unit cells for the designed cylin-
ders, we performed uni-axial compression tests at a constant speed of
0.01 mm s~!'. Two different types of compression tests were performed:
a rotation-free mode (Free), where the upper plate was let to rotate
freely under compression, and a “clamped” compression (Fixed), where
the upper plate was fixed. In both types, the normal force exerted during
compression was measured, and in the “rotation-free” tests, also the de-
flection angle of the upper plate was measured. All measurements were
performed in triplicate and averaged.

The compression strain was calculated as e, = (ho — h)/h, where
ho is the height of the cylinder at F)y = 0, and h is the height during
compression. The cross-sectional area of the cylinder was approximated
as A ~ m(R2,,, — R2,..), where R4, is the outer radius of the shell, and
R,in is the inner radius. The compression stress was then calculated as
o = Fy/A. From the linear o vs ¢, region before buckling of the cylinder
under compression, we calculated an effective Young’s modulus, Y.;s.
The Rz and Ry, for each cylinder are indicated in Table (6.1).

Since the compression is applied uniformly from the top layer of the
cylindrical shell, each horizontal layer of cells remains horizontal. An
effective spring constant for the whole cylinder is estimated by

YerrA

K =
ho

(6.6)

Each layer n of the different cylinders consists of a unit cells, and
thus the spring constant of each unit cell is calculated as
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k=— (6.7)

The n and « parameters for each cylinder are indicated in Table (6.1).

6.2.4 Modeling of unit cells

Here we introduce a simple spring model to analytically study our origami
systems. The Yoshimura unit cell consists of a rhombus-like design with
relatively stiff edges that allow for bending at the nodes. We assume that
the edges are infinitely stiff and that bending of the nodes is the only
mode of deformation that this unit cell can acquire. As shown in Fig.
6.1D, such a unit cell effectively can be represented by a spring on one
diagonal of the rhombus (here the vertical diagonal), where its spring co-
efficient depends on the bending stiffness of the nodes. In such a system,
stretching/contraction and bending stiffness are two parameters that can
contribute to the variation of the energy under deformation (Fig. 6.1).
We assumed the spring is linear, and its strain (stretching/contraction)
and bending coefficients are given by k and kp, respectively. One can
realize that the Kresling unit cell is the same as the Yoshimura unit cell
but with a different angle, shown by 6y. The energy of the system under
deformation is given by E = (1/2)kaoe? + ky(0 — 6p)?, where ay is the
initial length, e; is the strain, and 6 is the deflection of the unit cell. We
obtained e; and 6 for different boundary conditions by minimizing the
energy function.

The strain coefficient of the Yoshimura (k = ky and ayp = agy) unit
cell is obtained from its force-compression strain data based on the com-
pression experiment under zero rotation (fixed), assuming that the bend-
ing of the unit cells is negligible. The strain coefficient of the Kresling
unit cell (with & = kg and ap = agx) is obtained by re-scaling ky for the
initial length of the Kresling unit cell, using kx = (agx/aoy)ky. The
bending coefficients are set to reproduce the shear stiffness of the system
under small torsional deformations.
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6.3 Results and discussion

6.3.1 Shear experiments

We performed the characterization of the mechanical response of the
different cylinders under shear, or torsional deformations. In addition
to the shear response, we also investigated the normal force response
arising from the shear deformation, as this is still scarcely studied in
the literature for mechanical metamaterials such as origami cylinders.
Examples of the shear-induced normal and shear force responses as a
function of the deflection angle for the Yoshimura and Kresling cylinders
at . = 0 are presented in Fig. 6.3. The results obtained from modeling
unit cells are included as an inset for each figure (the spring constant
for the unit cells are included in Supplementary materials). The fit with
black lines corresponds to eq. 6.2 (Fig. 6.3A), and eq 6.1 (Fig. 6.3B).

It is evident from Fig. 6.3 how measuring only the shear response
from the rheometer measurement results in a loss of valuable information
about the structures. While the torque as a function of deflection curves
for both cylinders look similar, albeit reaching different magnitudes, their
corresponding normal force responses are strikingly different. For the
Yoshimura cylinder (Fig. 6.3B), which has a symmetric structure, the
normal force response during the torsion experiments follows a parabola,
characteristic of the Poynting effect. A concave-shaped parabola, i.e. the
cylinder contracts under shear, indicates a negative Poynting modulus,
while a convex-shaped parabola, i.e. expansion under shear, corresponds
to a positive Poynting modulus. In our experiments, the Yoshimura
cylinder measured at €. = 0 results in a positive Poynting response. The
parabolic shape for the normal force response in the Yoshimura cylinder
is due to the quadratic relation in eq. (6.1), where the turning point
of the parabola is ¢g. The slight variations of g, as well as the noise
around the fit are assumed to be due to imperfections created during
hand-folding and gluing the cylinders.

When the origami pattern exhibits asymmetry, as is the case for the
Kresling cylinder (Fig. 6.3A), the normal force increases or decreases
depending on the positive or negative deflection angle. Therefore, we ob-
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Figure 6.3: Upper row: example of shear-induced normal force responses for
Kresling cylinder (A), and Yoshimura cylinder (B). Lower row: example of shear
force responses under torsion for Kresling cylinder (C), and Yoshimura cylinder
(D). Each shear force showed in the bottom row corresponds to the respective
measurement of normal force in the upper row. Insets shows the numerical
results of our model.

served a quasi-linear response, with the small deviations from a straight
line being due to relaxation of the paper material. Since the Kresling
cylinder has an asymmetric pattern, similar to the Yoshimura pattern,
but with a certain degree of inclination, the ¢¢ is not close to 0. There-
fore, we used Taylor’s expansion of eq. (6.1), resulting in eq. (6.2), to fit
the linear relation of normal force as a function of deflection angle. This
can be clearly seen with the inset in Fig. 6.3A, where the ¢q is shifted
to negative deflection angles when modeling a Kresling unit cell. The ex-
pansion at ® = 0 corresponds to the experimental data we observe and
confirms the validity of using Taylor’s expansion to measure the Poynting
modulus of asymmetric samples.

While the crumpled cylinder has a semi-organized pattern that arises
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naturally from compression, resembling the Yoshimura cylinder, the ran-
domness is still present in the pattern resulting in a more complex re-
sponse. While we expected to obtain also a parabolic curve of the normal
force, similar to that of Yoshimura, this was not the case. Instead, we
observed quasi-linear relations of the normal force with the deflection
angle with varying slopes, as shown for two different repetitions as ex-
ample in Fig. 6.4AB. These linear relations resemble that of the Kresling
cylinder, and thus are indicative of asymmetry in the crumpled pattern
that results from the compression. These differences, as in Fig. 6.3 for
Kresling and Yoshimura, would be completely omitted if looking only at
the shear response. For the crumpled cylinders the shear responses are
strikingly similar, but their normal force responses show even different
signs, thereby remarking the importance of measuring the shear-induced
normal response for a complete characterization of the mechanical re-
sponse.

Since both the Yoshimura and Kresling cylinders’ mechanical re-
sponses agree with the simulations of their unit cells, and therefore with
their patterned designs, we would expect the crumpled cylinder response
to depend also on the morphology of its crease patterns. However, for the
crumpled cylinders the crumpled unit cells exhibit inherent randomness,
and therefore, via image analysis of the crease patterns we can get an
estimation for the asymmetry in the crumpled pattern. This relation of
the normal force with the level of asymmetry in the crumpled pattern
is further discussed below. For the crumpled cylinders we first tested
large deflection angles, reaching 100 mrad as with the Yoshimura cylin-
der, however, we observed that the samples were sliding at the boundary
conditions, rendering the data unusable. Therefore, we decided to limit
ourselves to smaller deflection angles.

So far our results remark the usefulness of studying the shear-induced
normal force responses to reveal the structural asymmetry and to better
characterize the structural arrangement role on the mechanical response.
In our particular case, where the materials present markedly ordered de-
sign, such as many origami samples, the effect of symmetry/asymmetry
can be better understood via the coupling of shear and normal force. This
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is a topic that has received attention, mostly theoretically, for cylindrical
samples presenting anisotropy, such as biological soft tissues [392, 393],
but not yet for thin shells. This approach could also be used to under-
stand the effect of orientation and internal rearrangements under shear
in disordered bulk materials, such as crumpled balls [173].
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Figure 6.4: Upper row: example of shear-induced normal force responses of
crumpled cylinder in two separate repetitions (A, B). Lower row: example of
shear force responses upon shear for crumpled cylinder in two separate repeti-
tions (C, D). Each shear force showed in the bottom row corresponds to the
respective measurement of normal force in the upper row.

6.3.2 Shear and Poynting moduli

The results of the Poynting and shear moduli calculated for the Yoshimura
and Kresling cylinders are presented in Figure 6.5A-C, where the values
are re-scaled with the Y., from the compression test with a fixed upper
plate before buckling. In order to prevent large relaxations of the sample
during the torsional deformations, the sample was left to relax for 1 h be-
fore applying torsion at each gap. The lines correspond to the numerical
results obtained modeling with unit cells.

The Yoshimura cylinder shows a positive Poynting modulus at gaps
corresponding to €, = 0, as discussed earlier. If the compression level is
increased, the Poynting modulus increases. This behavior is in agreement
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Figure 6.5: Poynting (A) and shear (B) moduli re-scaled by the effective
Young’s modulus before buckling. Solid lines indicate the numerical results of
modeling the unit cells.

with the numerical prediction of our model, indicating that the stress
during deformations is localized in the pattern of folds that form the
unit cells except for large deformations, where the disagreement indicates
possible buckling of the facets due to imperfections. Interestingly, if
the Yoshimura cylinder was stretched to €, < 0 a negative Poynting
modulus was obtained. Transition in the sign of the normal response in
the shells can be rooted in the non-linearity of the system. We argue
that the extension of the unit cells leads to variation in their elastic
coefficients and makes them prone to local buckling when sheared. Such
nonlinear behaviors also occur under large shear deformations, where
local buckling of facets of the unit cells is expected, which are absent in
our simple spring model. We should note that in our model, we only
take the strain and the bending coefficients of the unit cells into account,
which are constant values. Therefore, the transition in the sign of the
normal response cannot be captured by our simple model.

For the Kresling cylinder, the Poynting modulus G,,/Ycsy is always
positive for the studied gaps, and its magnitude decreases with decreas-
ing the gap. These results therefore differ from the results of the model
for the Kresling cylinder, which show a slight increase. The fact that
the Poynting modulus for the Kresling cylinder decreases with increasing
compression level (decreasing the gap size), can be better understood
from the design of its unit cell. At €., our cylinder has a Wy = 57°,
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which increases upon compression as mentioned earlier due to the tor-
sion coupled with compression. This torsion is shown in Figure 6.6, which
corresponds to the decrease of the gap between rheometer plates, with
the upper plate being free to rotate and deflection angle being recorded.
This causes the unit cell to become gradually more symmetric, with ¥
gradually increasing. Therefore, the g, moves further to the negative
strain at each compression level, thereby decreasing G, as calculated
from eq. 6.2. Furthermore, from Fig. 6.6, it is shown that ¢ changes
linearly at the beginning, but becomes sublinear by increasing strains, in-
dicating also how, at larger compression levels, the torsion reduces. This
can be translated to the shear-induced normal force in the vertical axis
exhibiting less changes when the Kresling cylinder is oscillating by shear
around such deflection angle, thereby resulting in the lower G, /Yess.
Nevertheless, despite the different tendency of the experimental results
upon compression and the simulations, the magnitude of G,/ Yy is well
captured by the numerical results.

While the Yoshimura and Kresling cylinders have remarkably differ-
ent structures and different order of magnitude of normal forces upon
shear, they exhibit similar normal force behaviour when their normal
forces are re-scaled with their Y. ;. These results remark the effectiveness
of rescaling by Y.rr, to compare the normal force response for different
cylindrical origami designs.

When looking at the Gs/Yerr (Fig. 6.5B), clear differences in the
magnitude appear between the samples, where G/Y,¢s of Yoshimura is
larger than the Kresling. The behavior of both cylinders is very well
captured by the numerical predictions as shown in Fig. 6.5B. However,
for G,/ Yeys, deviation between experimental data and prediction of the
model occurs at the maximum studied strains due to buckling of facets.
These local buckling at large deformations cannot be captured by our
simple models of unit cells.

Negative Poynting effect (as we observed for the Yoshimura cylinder
when the material is stretched) was observed mostly in bio-polymer gels
[73, 370, 371, 376]. Besides that it has scarcely been reported in the
literature for other systems. For example, in the study by Criscione et
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Figure 6.6: Deflection angle of the cylinders upon compression with the upper
plate free to rotate. Inset shows the linear change in deflection angle for the
Kresling cylinder with the compression strain €.. This indicates that the cou-
pling between torsion and compression is linear.

al., [394], a negative strain of just 0.04, resulted in the reverse Poynt-
ing effect for rabbit papillary muscle, where the muscle fibers tended to
shorten on twisting. The data from [394] was also supported later nu-
merically in a study by Horgan and Murphy for anisotropic soft tissues,
[395]. Kanner and Horgan, [396], showed that whether an incompress-
ible isotropic cylinder elongates or shortens upon twisting depends on a
transition value at strain € = ;. If € < g, or the sample is stretched as
in our negative strains, the sample tends to shorten upon twisting (neg-
ative or reverse Poynting effect), whereas at ¢ > ¢4, or when the sample
is compressed, it tends to expand upon twisting (positive Poynting ef-
fect) [396]. These results have been validated recently also for isotropic
rubber-like tubes [397]. Recently, Ghorbani et al., [72], showed also how
the couplings between shear and normal responses can be programmed
by using rational design of cylindrical shell mechanical metamaterials.
Our results demonstrate that the same is true for origami bellows.

Our results of G,, and G, ranging from negative to positive values
show how these cylinders can be employed to tune the Poynting modulus,
both in sign and magnitude, using the compression level or the orientation
of the unit cells. Unfortunately, for the crumpled cylinder we could not
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obtain values for the Poynting modulus, due to the asymmetries present
in the crumpled pattern as mentioned earlier, and will be discussed in
the next section.

6.3.3 Pattern analysis of the crumpled cylinder

As mentioned in the introduction, one limitation of origami (or other
mechanical metamaterials) is their sensitivity to defects and the role
imperfections play on designs of well arranged unit cells [128-130]. A
possible solution to these geometrical limitations is to design crumpled
structures with randomness in their design, e.g. the crumpled cylinder
presented here. Such structures are more adjustable to specific shapes
and curvature and less sensitive to imperfections [277]. Crumpled struc-
tures are, however, still poorly understood and most of the research on
these structures has been focused on uniaxial or isotropic compression
of bulk crumpled materials [57, 171, 277, 284]. Ounly very recently shear
response of bulk crumpled materials have been studied [173]. To exploit
the advantage of crumpling for designing robust origami structure crum-
pled origami structure with semi random patterns should be designed.
The introduction of crumpling to origami to form so-called origami crum-
pled surfaces [278] has been used in the past only for artistic purposes,
but could provide a new way to design mechanical metamaterials which
contain some structural disorder in their periodic patterns. In this sec-
tion we attempt to study how the semi-random crumpled pattern of our
crumpled cylindrical shell affects its mechanical response.

Based on the results of Fig. 6.4, we studied the relation between level
of symmetry in the crease pattern of crumple network with the observed
mechanical response for several crumpled cylinders. To determine the
level of symmetry in the crease patterns we performed an image analy-
sis, and tried to connect the results to its mechanical response. In order
to test the validity of our image analysis method, we first studied the well
defined patterns for the Kresling and Yoshimura cylinders. The results
are shown in Figure 6.7. By applying a 2D Fast Fourier Transform on
the image (Fig 6.7, top row), we obtained an FFT frequency spectrum,
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which we then transferred to an FFT alignment plot via an azimuthal
summation (Fig. 6.7, bottom row), as performed in [173] for cross sec-
tions of crumpled materials. We checked the method for the asymmetric
Kresling pattern, and could confirm that the resulting peaks in the FF'T
alignment coincide with the angles of the patterns. Furthermore, we
tested the method both in the digital fold , before folding, and in cylin-
ders opened after being measured in the rheometer. Using the cylinders
after being cut and opened results in the same location of the peaks as
the computer based images, but with more noise in the image due to im-
perfections and lightning effects, validating the method to be used also
in cut and opened crumpled cylinders.
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Figure 6.7: Image analysis as measured from the pattern directly on the com-
puter image, or from the opened cylinder of the Yoshimura (A: computer image,
B: opened cylinder) and Kresling designs (C: computer image, D: opened cylin-
der).

When we measured the pattern of creases from the crumpled cylinder
(See Fig. 6.8), we observed a distribution, rather than well defined peaks.
The distribution was centered at 0°, and spread almost from —90° to 90°,
with the distribution decreasing rapidly around < —45° and > 45°. This
means the crumpled pattern shows a distribution of creases that range
(approximately) from -45° to 45°, with the most abundant orientation
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being flat lines at ~ 0°. As the crumpled cylinder is formed by compress-
ing uniaxially, it is not surprising that the most creases are found as
horizontal lines. In fact, from Fig. 6.6, we observed that when the cylin-
der is compressed with a free to rotate upper plate, the deflection angle
remains close to zero, indicating no torsion induced by the compression,
which supports this distribution to be centered around ~ 0°

The asymmetry of the pattern was calculated based on the areas un-
der the distribution curves below and above 0°, as indicated in eq. 6.5,
resulting in an asymmetry index in %. This asymmetry index, I, was
then linked to the slope of the Fy vs. & curve (Figure 6.8). For a
symmetric structure such as Yoshimura, we expect a quadratic relation
between normal force and deflection angle with either a positive or neg-
ative Poynting moduli. Whereas an asymmetric structure, such as those
from the Kresling origami cylinder, would results in a linear response. For
our crumpled cylinders we see responses similar to the Kresling origami
cylinders, indicating asymmetry in their structure. To understand it
better we plotted the slope of the F vs. ® curves as a function of the
asymmetry index for seven different cylinders (Fig. 6.8), where we found
a good correlation. The individual mechanical response and the 2D FFT
alignment plots for the seven cylinders are provided as Supplementary
material. Figure 6.8 shows that with increasing the asymmetry index, the
slope increases as well. Looking at the uniaxial compression results (Fig.
6.6) or shear responses (Fig. 6.4CD) we do not see significant differences
or clear correlations with the asymmetry index. This indicates that the
shear-induced normal force is more sensitive to the asymmetry in the
structure, while the uniaxial compression results or shear resistance fail
to probe the asymmetry in the semi-random structures.

These results, to the best of our knowledge, are the first attempt
relating the crumpled structure pattern to its mechanical response under
shearing deformations, and indicate that using a simple asymmetry index
obtained from image analysis of the patterns, the level of asymmetry
in the mechanical response can be predicted to a large extent. These
findings can find applications across diverse disciplines. For instance,
this approach might extend into areas such as tissue engineering, where
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random cells, without a clear anisotropic orientation [398, 399], could be
analyzed via simple image analysis, to predict the resulting shear-induced
normal force response.
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Figure 6.8: Relation between the slope of the mechanical response, and the
asymmetry index calculated from the image analysis. Two of the individual
tests are included as examples.

Although the asymmetry index of the crumpled patterns predicts
the asymmetry in the normal force behavior it does not fully explain
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the normal force behavior. As discussed in [173], for bulk crumpled
papers, force chains can arise due to long range correlations and/or due to
formation of large creases. A similar story can be valid for the crumpled
cylinders, as all the creases are not likely to play the same role in the
mechanical response, and some paths through the network of folds would
contribute more to the normal force response than others. Therefore, it
would be necessary to determine the stress focusing regions in each of
the individual crumpled unit cells to fully understand the normal force
response of the crumpled cylinders. However, this is beyond the scope of
the current study and offers interesting directions to further elucidate the
mechanical behavior of crumpled mechanical materials in future studies.

6.4 Conclusion

In this paper we studied the shear and shear-induced normal stress of
three types of origami bellows: Yoshimura (symmetric), Kresling (asym-
metric), and crumpled cylindrical shells (semi-random). All cylinders
present levels of structural order, with different levels of symmetry (with
respect to the shearing direction) and randomness. We show how, by
changing the orientation of the unit cell, and therefore changing the sym-
metry, we can change and tune the Poynting effect (shear-induced normal
force) while the shear response remain almost the same.

The normal force response of the symmetric Yoshimura cylinder upon
torsion was successfully fit with a quadratic relation, whereas the normal
force response of the asymmetric Kresling cylinder was well captured
with a linear Taylor’s expansion of the Poynting equation at ¢ = 0. The
experimental results of shear and shear-induced normal forces of both
origami bellows were well captured by a simple spring model except for
the normal force of the Kresling cylinder, due to stress localization in the
pattern of folds at large compression levels.

Interestingly, while a symmetric response was expected for the crum-
pled cylinders due to the resemblance to a Yoshimura pattern, we found
slight asymmetry in the distribution of crease angles that was successfully
detected via image analysis, and quantified with a simple asymmetry in-
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dex, I. We linked the mechanical response to the structure by showing
that I is correlated with the slope of the normal force response, indicating
that the slight asymmetry in the distribution of the crease angles results
in asymmetric shear-induced normal force response. This approach may
provide a platform for other disciplines (e.g. tissue engineering) to pre-
dict the shear-induced normal force responses of random structures such
as tissue, by analyzing the orientation distribution of cells.

Our results pave the way for programing the shear and shear-induced
normal force response of origami bellows and the coupling between the
torsion and compression, based on the geometry of the unit cells. We
also showed that structural imperfections in crumpled cylinders control
the normal force response under torsion. These finding are essential for
designing robust origami bellows for diverse real life applications from soft
robotics to sustainable packaging materials or medical origami devices.
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6.5 Supplementary Material

Table 6.2: Results for energy dissipation (E), effective Young’s modulus (Y ry),
spring constant (K'), and spring constant per unit cell (k). Name of the cylinders
abbreviated as: Crumpled (C), Kresling (K), and Yoshimura (Y).

Sample  E [J] Yesr [Pa] K [Nm™!] k [Nm™]

Y Free 0.0114£0.001  1378.15+£107.95 40.24£3.15 80.47+6.3

Y Fixed 0.012+0.001 1477.13£234.35 43.13+6.84 86.25+£13.68
K Free 0.007£0.002 536.0£46.08 7.8440.67 7.8440.67

K Fixed  0.135+0.011 5115.644+2247.06  74.85+£32.88 74.85+£32.88
C Free 0.171+0.01 12462.75+1512.41  72.66+8.82 137.58+16.7
C Fixed 0.151£0.045 11402.88+1731.54 66.48+10.1 125.88+19.12

173



6.5. SUPPLEMENTARY MATERIAL

aole=d
< 008 1=36%
35
006
004 30

FuN)
sbb5b0 0
282888

FFT Alignment
o m omomom
§5L8 %
°>

o 5 % S0 45 a5 o
o (mrad) Angle of arientation [Degree]
le-3
008 -
Ssb 1=17%
006
008 30

Slope =-0.08 Nirad

Fu N
sb5b 00
282888

FFT Alignment.
PRI
S5 L85
<,>

0 ) 20 K Ty a5
o tmrad) Angle of orientation (Degree]
o aole=3
1=02%
006 3s
004 0
25

20
15
-0.04 1o

Slope = 0.28 Nirad 0s

FuIN]
bbb oo
§88288%¢

FFT Alignment
°>

0 1) 2 90 45 a5 %0
® (mrad] Angle of orientation [Degreel
- aole=3
1=05%
005 35
30

Slope =-0.36 Nirad

FuIN)
b5 4b5000
8828R88R3¢%

-20 o 20 I s
o (mrad) Angle of orientation (Degree]
aoles3
o8 sl 1m18%
0.06
0.04 30
25

20
15
10
Slope =-0.64 Nirad 0s

FuN)
bbb o o
g8288¢%

FFT Alignment
a>

-2 o B %0 a5 s
o (mrad) Angle of orientation (Degree]
o aole=2
1=11%
35

Slope =123 Nirad

FuN)
sbbbooo
2888388 ¢%
FFT Alignment
PRt v
R
°>

0 3 20 %0 4 a5
o mrad) Angle of orientation [Degree]

le-3
008 1=16%

‘Slope =-1.22 Nirad

3

|

FuIN)
Lbbbooo
388888¢%
FFT Aligament
SE5L SRS
<)>

0 20 0 0

] 0 5
o (mrad] Angle of arientation [Degree]

Figure 6.9: Individual repetitions of the mechanical response and image anal-
ysis of the crumpled cylinders.
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7.1. OBJECTIVES

In this final chapter, we present the main results of this thesis and
discuss them from an integrated perspective. We also address the im-
plications of our findings from a food science perspective and provide
examples of possible future applications.

7.1 Objectives

Understanding how different materials respond under deformations is a
paramount necessity to effectively use such materials in real-world appli-
cations. From the ongoing quest to find new mechanical metamaterials
which exhibit interesting properties, to the protein transition towards
more sustainable food products, all fields require a deeper understanding
of structure-property relationships to develop and optimize new products.
In the case of macroscopically disordered metamaterials, in practical ap-
plications, the systems will have to sustain deformations of all kinds.
However, these systems are mostly studied under uniaxial deformations,
and shear deformations are often ignored. Ignoring the response of these
systems under shear can not only cause safety concerns due to mate-
rial failure, but it also misses the opportunities to exploit their peculiar
shear behavior. On the other hand, for ordered structures, studying shear
opens avenues for designing new functional materials by elucidating the
interplay between structural components under deformations.

In this thesis, we aimed to investigate the shear response of materials
containing different ordering level at the macroscopic scale, and relate the
response to their structural components. We do so by investigating the
systems extensively under direct shear using rotational shear rheometers,
focusing on the nonlinear responses. In some of the chapters, shear rheol-
ogy was also combined with simulations and/or image analysis to better
understand the role of particular structural components or topological
constraints.
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7.2 Overview of the main findings

In this section, we first highlight the main findings of this research. Then,
in the next section, we will explain the relation between each chapter
and the relevance of each system in a broader perspective. In Figure
7.1 we summarize the systems we studied in this thesis. In the figure we
schematically depict the type of deformation studied in each chapter, and
how their main structural components locate in the space from disordered
to ordered.

In Chapter 2, we started by reviewing the state of the art in crum-
pled materials from an amorphous solid perspective. By doing so, we
provided an overview of the interesting characteristics that these systems
contain. Crumpled materials are the perfect example of a disordered sys-
tem, which still lack a clear physical understanding, despite being largely
present in our daily lives. The simple act of crumpling a sheet of paper
into a ball results in a highly complex structure with inherent randomness
in it, and represents a case of highly non-linear physics. When crumpling
a paper sheet, we embed a 2D planar shape into a confined 3D space,
creating a fractal structure and causing frustrated regions. This causes
the crumpled structure to be in a metastable state, where there is a
complex energy landscape with local minima that prevent the structure
from reaching a global minimum. As a result, the system presents a
complex relaxation which has been fit previously in the literature with
both stretched exponential and logarithmic models. Both of these relax-
ation models are amply used for studying also the relaxation dynamics
of glassy disordered systems, and other out-of-equilibrium systems such
as emulsions, gels, or granular materials.

However, a striking difference between crumpled materials and the
other mentioned out-of-equilibrium systems is the scale of its compo-
nents. In the case of glassy materials, such as those formed by entangled
polymers, or colloidal systems, the components are usually at the mi-
croscopic or nanoscopic scale, whereas in crumpled materials, the com-
ponents are at the macroscopic scale. Therefore, this difference makes
crumpled systems excellent candidates to study disordered solids, having
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Chapter 6: Chapter 2:
Origami and Review on crumpled
crumpled cylinders materials

Chapter 3:
é ‘A,xsrumpled materials

Pasapiosi@

)

Chapter 5: el & N
Meat (analogues) ( ,{// b e ) Chapter 4:
fibres wp & Entangled filaments

Figure 7.1: Overview of the chapters in this thesis and their interrelationships.
The inner layer of the wheel diagram shows the type of deformation we used
to study each material. The outer layer shows how each chapter is placed from

disordered to more ordered arrangements. The pictures indicate the relevant
structures of each chapter.

the components much more easily accessed. After reviewing crumpled
systems, we provided examples to introduce disorder via crumpling in
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the design of mechanical metamaterials to create new disordered meta-
materials. Such designs are inspired by a bottom-up approach, where
crumpled unit cells can be combined to form a mechanical metamate-
rial, thereby harnessing benefits from crumpled materials such as lower
sensitivity to imperfections, while still having systems which are not com-
pletely disordered as crumpled bulk materials.

In Chapter 3, we studied bulk crumpled materials under shear de-
formations, which have been largely neglected in previous studies of
crumpled materials that used uniaxial or isotropic compactions. Crum-
pled materials are disordered arrangements of frustrated regions created
through random crumpling, and thus formed through bending deforma-
tions where the stress is focused in narrow regions where the material
yields. During shear deformations, the total density within the crumpled
structure remains unchanged in between the parallel plates. Therefore,
the mechanical response can be more easily attributed to the movement
(or lack thereof) of the internal structures in the crumpled systems. We
studied the role of different parameters, i.e. compaction level, sheet train-
ing, internal orientation, friction, and plasticity on the shear response.
We unraveled how large creases contribute to the creation of force chains,
analogously to granular systems, which are decreased by training the pa-
per sheets. Regarding the internal morphology, internal layers parallel
to the shear direction resulted in layers sliding over each other, thereby
increasing the dissipation compared to layers perpendicular to the shear-
ing plane. Decreasing the friction coefficient of the system facilitates the
internal rearrangement of energy-focusing regions. Understanding how
the different parameters play a role in the deformation of crumpled ma-
terials allows for the fine-tuning and programming of desired responses
for practical applications.

In Chapter 4, we investigate another fully disordered system: entan-
gled quasi-1D filaments, which in our case consist of granular chains and
ropes. As in the case of crumpled materials, where similarities have been
drawn in the literature with microscopically disordered solids, the same
holds for granular chains. Systems such as granular chains have been used
in the previous literature as macroscale analogues of linear polymers to

179




7.2. OVERVIEW OF THE MAIN FINDINGS

study the effect of topological constraints. And, as with crumpled mate-
rials, these systems have been studied under uniaxial deformations, but
the shear resistance has been largely neglected. We studied the deforma-
tion mechanics under shear, combining shear rheology with image anal-
ysis through particle image velocimetry and simulations. We observed
a transition from narrow to wide shear zones, which followed a sigmoid
curve. We found the width of the sheared area to scale with the length of
the chain. Furthermore, the entanglements go from “inactive” in small
deformations, to system-spanning “active” in large deformations. At de-
formation amplitudes where the entanglements are active, we found the
stiffness of the system to increase in a power-law manner with the chain
length, similarly to polymers.

In Chapter 5, we studied whole cut meat samples and plant-based
meat analogues of whole cuts. Effectively, this is a system where we
increased the order of the basic components in Chapter 4: quasi 1D
filaments. For meat whole cuts, the filaments are arranged naturally in a
particular order within skeletal muscle, whereas for plat-based analogues
(soy protein or pea protein mixed with wheat gluten), the structuring
process using shear cell technology results in oriented fibrous structures.
In both cases, the orientations result in clear anisotropic structures. Via
shear rheology, we studied the mechanical response of the samples, tak-
ing into account the orientation of the fibrous materials. In addition
to shear resistance, we also studied the normal force response to pro-
vide a complete mechanical characterization of the sample. Similarly
as observed in Chapter 3 for crumpled materials, we found that the
orientations perpendicular to shear result in higher storage moduli, ex-
cept for the sample with pea protein isolate-wheat gluten, which shows
a less marked anisotropic structure. The LAOS methodology allowed
us to infer the effect of stronger fibers in meat and the rearrangements
occurring at intermediate strains. The more elastic meat fibers also ex-
hibited a larger normal stress response (larger Poynting modulus) and
showed large differences in magnitude between different fiber orienta-
tions. Therefore, we provided a robust methodology to quantitatively
compare whole meat cuts and meat analogues using a combination of
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shear and normal stresses.

In Chapter 6, we studied the more ordered version of the structural
components of Chapter 3: creases and vertices created by folding a
planar shape. We used well-known cylindrical origami designs based on
similar unit cells, but being either symmetric (Yoshimura) or asymmetric
(Kresling) with respect to the shear direction. This allowed us to observe
how the samples exhibit a comparable response in shear force but a rad-
ically different shear-induced normal force response. Then, we compared
a third type of cylinder that we called crumpled cylinder, made by com-
pressing a paper cylinder, which results in a semi-random pattern of folds
arising as a result. We analyzed such pattern or folds via image analysis,
and found it to have a good correlation with the shear-induced normal
response of the crumpled cylinders, which evidences how the stress is
localized in the folds. Therefore, these results facilitate the development
of new mechanical metamaterials based on origami bellows and the use
of the fold pattern to program the shear-induced normal response.

7.3 Linking shear response to structural
components

A common theme encompassing all the chapters in this thesis, as just
summarized, is the use of shear rheology to understand the role struc-
tural components play in different complex materials. The role of such
structural components is inferred from the different stress and/or strain
localization in the varied systems, from disordered to ordered arrange-
ments. In this section, we put the results of the thesis in a broader
context.

7.3.1 Disordered materials

The study of the deformation of amorphous (disordered) materials that
exhibit solid-like behavior has a rich history and encompasses a wide
range of materials such as glassy polymers, dense colloidal suspensions,
metallic glasses, or biological substances [9]. On the other hand, for com-
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pletely ordered simple crystal lattices, the lattice dynamics framework
provides a good connection between the macroscopic properties and the
atomic-level structure [1]. In crystal lattices, a line defect in the form
of dislocation is the major deformation mechanism [400]. However, our
understanding of the basic deformation event is still limited in systems
with significant structural disorder, such as glasses, liquids, emulsions
or foams; also known as amorphous solids [401, 402]. For amorphous
solids, a similar concept was proposed in analogy to dislocations, the
shear transformation zone (STZ) [403], based on previous works on flow-
defect theories in metallic glasses [404]. These STZs consist of compact
areas, with possibly as few as five to ten particles, in specific spatial
configurations that make them more vulnerable to undergo plastic rear-
rangements upon external stresses than surrounding particles [403]. This
defect can be seen as a basic deformation unit or plastic event [405]. One
problem is that STZs are not clearly observed under high-resolution elec-
tron microscopy, as are the dislocations in crystals [406].

The current theory on STZ introduces a notion of (configurational) ef-
fective temperature, T¢s; as an internal variable, characterizing the state
of the material. This effective temperature is then T,y = 0Uc/0Sc, with
U being the configurational energy of the subsystem, and .S its entropy
[9]. The concept of effective temperature was developed early on also for
athermal systems first by Edwards in his development of statistical me-
chanics of granular systems [230]. Later, as we indicate in our review in
Chapter 2, the concept of effective or configurational temperature has
also been applied to crumpled networks [170, 229, 238]. In fact, STZ,
while extensively researched for disordered thermal systems where tem-
perature plays a role, have also been studied for athermal systems [407].
At the core, the STZ assume configurational hot spots at the mesoscale,
which are more prone to deformation under external stress than the sur-
rounding material [407]. To some extent, this is effectively the same as
we observed in Chapter 3 when shearing the crumpled materials. To
perform rearrangements, there is some energetic cost such as frictional
interactions [408]. By reducing friction as we did with starch powder, en-
ergy foci or energy-focusing regions can move more freely (see Figure 7.2),

182



CHAPTER 7

thereby remarking the resemblance of these areas of localized deforma-
tion to STZs. This rearranging of energy foci regions was also previously
mentioned for crumpled materials under compression both in simula-
tions [187] and experiments [190]. Therefore, shearing causes local rear-
rangements, facilitating that the system explores neighboring metastable
states, analogously to how temperature would excite molecules in thermal
disordered systems to other metastable states [408].

Crumpled Paper
Training of Layer

paper . 7 orientation
‘ )

e P L L

[ Untrained ] [ Trained ] Parallel Perpendicular

Polymeric sheet High friction ﬁt

Lower friction allows
rearranging under shear
il
e —» Starch
Low friction — granule
ebe——

Figure 7.2: Schematic depiction of some of the parameters studied in Chapter
3. Part of the graphical abstract used for the publication of the chapter in [173].

In addition to the effect of friction, in Chapter 3 we also studied the
effect of internal morphology and training of the material on the shear de-
formations. In both cases, we also observed the effect of strain or stress
localization. When the internal morphology was parallel to the shear

183




7.3. LINKING SHEAR RESPONSE TO STRUCTURAL
COMPONENTS

direction, which appears naturally perpendicular to the uniaxial com-
pression after random crumpling [259], we observed the effect of sliding
between layers when sheared. This then indicates localizations of strain,
which cannot extend to large areas, since the parallel orientations are still
located as inhomogeneously distributed stacks, as indicated earlier in lit-
erature [259] (See also Fig. 7.2 for the cross-section of crumpled paper at
the rheometer). Furthermore, when the strain localization grows enough
to form shear bands, previous literature on LAOS has reported the pres-
ence of an overshoot in the instantaneous shear stress in the elastic Lis-
sajous curves for worm-like micellar solutions [409], polymers [410] and
soft glassy materials [411], which we did not observe. Similar phenom-
ena of strain localization in layers occurs at different length scales. For
example, when studying large deformations of calcium silicate hidrates
(which form both crystalline and amorphous regions), using simulations
the authors in [412] found the strain to localize in interlayer spaces with
higher water content, which screens the ionocovalent interactions of the
calcium silicates.

In the case of training the material, we hypothesized that the un-
trained paper presented force chains, which were reduced to a great ex-
tent upon training due to the development of a more extensive network
of creases and vertices. Force chains are known in other domains to be
filament-like regions where the stress is concentrated and have been found
in disordered systems as varied as granular materials [413], emulsions
[414], foams [415], microbial populations [416], or dense active matter
with self-propelled particles [417]. The presence of local rearrangements
in crumpled materials, together with strain and stress localization, re-
marks the example of these systems as a paradigm of complexity, which
can be used as a macroscopic model to understand deformations in other
amorphous solids.

It is important to note that, while we remark similarities in strain
localization in crumpled materials with other amorphous solids, STZs
have a microscopic character, and thus we do not intend to claim the
presence of STZ in crumpled materials. Nevertheless, STZ have also been
used to explain the microscopic physical basis of large-scale events, such
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as fault gouge causing earthquakes [418]. Daub & Carlson [418] explained
how with the STZ theory, dynamic rupture causes spontaneous formation
and growth of shear bands, thus providing a description of fault friction
based on an effective temperature quantifying configurational disorder.
Tectonic earthquakes are different from other types of earthquakes in
that they exhibit shear banding effects in addition to seismic vibrations.
These shear banding effects can account for up to 90% of the total energy
released during the earthquake [419]. In the case of other microscopic
disordered materials, STZ can explain the spontaneous formation, and
subsequent growth of shear bands [407, 420]. Shear bands are a form
of strain localization, where the strain can take much larger values than
in other zones of the sample. The formation of shear bands is a known
phenomenon found extensively in complex fluids, such as polymeric fluids
or soft glassy materials [421]. This phenomenon of strain localization is
what we studied in Chapter 4, with the effect of chain length on the
shear rheology of granular chains and spaghetti.

For granular systems, marked rigid regions usually form upon yield-
ing, separated by narrow shear zones, or shear bands, where the strain
is localized [317, 318] (see Figure 7.3 AB). Wider shear zones can also
arise when shearing the bulk material away from the boundaries [319,
320]. But this behavior is different in the case of disordered assemblies
of quasi-1D objects. This is because for frictional granular materials,
the shear banding can be explained by considerations of energy dissipa-
tion [321, 322]. However, the yielding and shear banding formation for
longer, filament-like objects is much less known. In the case of linear
polymers, the molecular weight (analogous to the chain length in Chap-
ter 4), has been observed before to affect the shear banding phenomena
as well. Shearing entangled solutions of low molecular weight polybuta-
diene (PBD) (1.5 kg mol~!) wall slip was observed, and thus the stress
is not well transferred to the whole sample in the gap. On the contrary,
with entangled solutions of high molecular weight PBD (10 kg mol~!)
reduced the slip length, and shear bands appeared in the bulk, indicating
the higher transfer of stress to the bulk [422]. This is similar to what we
observe with macroscale chains.
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Figure 7.3: Schematic depiction of the stress localization in a sample with
monomers before (A) and after shear (B), and in a sample with long chains
of linked monomers before (C) and after shear (D). Scheme depicted with a
four-blade vane geometry as experiments in Chapter 4. In blue are indicated
the monomers which do not experience stress, and in red the monomers which
experience stress.

By analyzing the velocity profiles of the sheared samples in Chap-
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ter 4 we observed the transition from narrow shear zones in small de-
formations to wide shear zones in large deformations. This transition
followed a sigmoid curve, where the plateau radius at large deformations
was lower for the granular material, indicating indeed the narrower shear
bands mentioned above. When the chains were longer, the sheared region
could extend until the beaker walls, which can be seen as wider shear
bands (Figure 7.3). This indicates how, when topological constraints
are present in disordered assemblies of semiflexible objects, the stress is
more distributed along the network of entanglements, in opposition to
the localized yielding and dissipation of the granular systems. We found
scaling relations for the width of the area being sheared, as well as the
width of the transition from narrow to wide shear zones. Interestingly,
both of these relations scaled with v/ N (with N being the chain length);
positively in the case of the shear zone width and negatively for the tran-
sition width, i.e., longer chains had sharper transitions. In the case of
polymers modeled with flexible chains, the radius of gyration also scales
with v/N [6]. Therefore, this suggests that for our macroscale models,
the topological constraints become active in LAOS deformations along
the entire chain length and that these scale as a “radius of gyration” of
the macroscale chains.

7.3.2 Ordered materials

In Chapters 5 and 6 we studied more ordered versions of the previous
chapters, but strain or stress localization was still present in our experi-
ments. When studying ordered arrangements of quasi-1D filaments, such
as the fibers arranged anisotropically in meat and plant-based meat ana-
logues, the effect of entanglement was not considered, as the formation
of knots, loops, or interlocking is not possible. Instead, we observed that
the stress was localized in different regions, depending on the sample.
For the meat samples after cooking, which contained strong shrunken
muscle fibers, we observed by the dissipation ratio that some rearranging
ocurred at intermediate strains, meaning that the strain was localized in
the connective tissue between the fibers. This was related to the con-
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nective tissue having been degraded during cooking [382], allowing the
sliding between the fibers in a similar way to how we observed sliding
in stacked layers of crumpled papers in Chapter 3. But, since in a
rotational motion the fibers cannot slide indefinitely due to the twisting
motion, at increasing strain the fibers start being deformed, thus resulting
in a stress localization in the fibers. This leads to the observed intracycle
stiffening in the Lissajous curves and increase in normal force perpendic-
ular to shear. Our elastic Lissajous curves for the cooked meats, which
contain elastic fibres as mentioned, look similar to those observed also
in LAOS deformations for mozzarella cheese [48]. Mozzarella cheese is
a type of pasta filata cheese, also called stretched or pulled curd, which
due to its mode of fabrication also contains a macroscopic fibrous protein
network. Therefore, observing intracycle strain stiffening in the results
of [48], for mozzarella samples positioned perpendicular to the shear di-
rection, agrees with our results indicating fiber elasticity.

As happened with the shearing of crumpled papers in Chapter 3,
when the orientations are perpendicular to the shear direction, beef
showed a lower dissipation and a higher storage modulus G’. This re-
marks the importance of considering structural components for under-
standing the shear response of various materials. For both beef and
crumpled papers, we observe a stress localization in orientations perpen-
dicular to shear that result in a lower dissipation with respect to orienta-
tions parallel to shear. When the samples are parallel to the shear plane,
the structural components can slide, thus exhibiting strain localization.

In contrast, for the fibrous plant-based analogues, the connective tis-
sue is not present, and as a result, we do not observe rearrangements nor
increase in dissipation at intermediate strains. The samples behave more
solid-like until larger strains, when the stress localization in the fibrous
structures starts breaking them, indicating weaker structures than the
whole cut meat samples. For understanding the differences observed be-
tween the meat analogues and the plant-based fibrous structures, the use
of non-linear rheology was essential. If one were to compare the linear
G’ and G” of the two different types of samples, most of this information
would be missed, only finding the cooked meat to behave stiffer than the
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plant-based fibrous structures.

A similar situation happened in Chapter 6 with the origami shells
that we studied. When comparing the Yoshimura, Kresling, and crum-
pled shells, studying only the linear shear response of the different designs
would render little information beyond the differences in stiffness (G).
The case of the Kresling cylinder is notable, where the rotated cells result
in anisotropy and asymmetry with respect to the shear direction. This
would normally result in different stress responses in the negative and
positive shear directions, which we did not observe, as Kresling showed
the same shear force response curve as the symmetric Yoshimura cylin-
der. However, when combined with the study of nonlinear shear-induced
normal stress, we could find clear differences between the samples, at-
tributing these differences to the different types of unit cells present for
Yoshimura and Kresling, as also shown by the numerical results. For
the crumpled cylinder, we found a good correlation between the level of
asymmetry in the pattern and the asymmetry in the normal force re-
sponse. These findings remark, as was the case in the previous chapters,
the stress localization in specific regions of the samples when sheared.

The stress distribution in origami is a well-studied phenomenon via
numerical simulations [50, 386, 423], where most simulations show the
localization of stress in the networks of folds. This is also true in our sam-
ples, where the modeling of unit cells using springs is in good agreement
with the shear and shear-induced normal stress responses. In the case
of the crumpled cylinder, the fact that we observed a good correlation
between the pattern asymmetry and the mechanical response confirms
that the stress is mostly localized in the crumpled folds. However, it is
important to note that the specific path in which the stress accumulates
is not known, and some folds will likely play a larger role in bearing
stress than others. We observed this phenomenon in Chapter 3, where
crumpled papers formed force chains in which stress accumulated.
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7.4 Structural components applied to foods

It is well known that structures in foods play an important role in how
we perceive foods. An important aspect from the point of view of food
physics is how structural components and ingredients affect the texture
of foods. Structuring processes allow us to go beyond what ingredients
alone and formulation provide [424, 425]. A clear example of this is moz-
zarella cheese. Despite differences in milk (animal) origin, there are only
minor differences in the formulation of the ingredients in cheeses, but vast
differences in the fabrication processes result in different types of cheese.
In the case of mozzarella, the pulling of the curd results in macroscopic
structures of the casein protein fibers, as mentioned earlier, which creates
a completely different sensory experience upon consumption from other
cheeses, such as cheddar cheese [48]. Although the aroma and taste of
foods involve the interaction of receptors with specific molecules, the tex-
ture of food is perceived by vision and touch (also oral processing) [425].
According to the ISO vocabulary for sensory analysis, texture is defined
as “all of the mechanical, geometrical, surface and body attributes of
a product perceptible by means of kinaesthesis and somesthesis recep-
tors and (where appropriate) visual and auditory receptors from the first
bite to final swallowing” [426]. In other words, we perceive structures in
foods.

Many of the structures we studied in this thesis can already be found
in foods and therefore offer starting ideas to develop new food products
or packaging. For example, crumpled structures, which we studied in
Chapter 3 can be found as crumpled chocolate structures found in the
famous Cadbury Flakes product, [427]. Although the website states that
its fabrication process is a well-protected secret, there are several avail-
able videos demonstrating how to recreate the structures by scraping a
thin film of chocolate, which results in wrinkling and crumpling of the
chocolate to create the airy structures [428]. When the cream layers
of cow milk are deposited onto a surface, they crumple into a state of
low volume fraction [429]. Therefore, crumpling offers a way to create
lightweight structures in foods. When it comes to culinary molds, designs
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have been proposed in the past inspired by crumpled papers [430]. At
the same time, crumpling consists of embedding a 2D structure into a
3D space, and thus consists of a large surface area for its volume. This
means that crumpled morphologies offer a good system for controlled
release, as shown with crumpled graphene used to deliver the antibiotic
vancomycin [431], and could be adapted for controlled release in foods.

In Chapter 4 we studied quasi 1-D filaments. A common hot topic
for discussion at the dinner table that involves quasi-1D objects is re-
garding whether or not to break spaghetti before boiling. With shear
deformations, we showed how having longer chains or ropes results in
an “activation” of the entanglements, which can be translated into the
effect of twirling the spaghetti with the fork to collect more sample. But
spaghetti are not the only filaments found in foods. Another food struc-
ture formed by entangled filaments is cotton candy, and in recent years
it has attracted the interest of several chefs to design novel dishes, both
sweet and savory [432]. Therefore, the information from Chapter 4
can also help to achieve novel textures with cotton candy-like structures,
understanding how entanglements play a role in such configurations.

In Chapter 5 we have already discussed the presence of 1-D filaments
present as oriented fibers in meat and shear-cell structured plant-based
fibrous samples. Today, the transformation of sustainable ingredients,
such as wheat and pulses, is already underway, as can be seen from the
large volume of plant-based meat analogues that appear in the supermar-
ket. With the methodology that we proposed in Chapter 5 measuring
both the shear resistance and Poynting modulus, we successfully quanti-
fied differences between samples that have different orientations, as well
as different types of fiber. Therefore, this method can aid in the current
protein transition by allowing for clear comparison between samples with
different formulations, origin (such as cultured meat), or structuring pro-
cesses. Furthermore, with the rise of 3D printed structured foods, the
presence of filaments resulting from the nozzle at the printing will play
a role in the mechanical response of such products [433, 434], and thus
the methodology proposed in Chapter 5 can provide valuable insights.

While in Chapter 6 we studied origami (or crumpled) designs and
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thus the most logical applications are regarding food packaging, such as
a Kresling-inspired wine bag shown in [435], there are also applications
to food itself. As just mentioned in the previous paragraph, there is
a rise in 3D printing food products, but some researchers are already
studying the so-called 4D printing. This essentially consists of a 3D
printed product, which contain as 4** dimension the time, meaning that
the 3D printed shape will change over time, for example, with external
stimuli [436, 437]. In this regard, designing origami shapes which, upon
heating or altering the pH of the medium, changes shape, would benefit
from the results in Chapter 6. Understanding how the unit cells in such
structures localize the stress upon external deformations would greatly
aid in designing appropriate shapes, even in the case of semi-organized
configurations as our crumpled cylinder.

7.5 General conclusion

Understanding the structure-properties relationship in complex materials
is essential for using such materials in practical applications. In this the-
sis, we have employed nonlinear shear rheology extensively to elucidate
the role that diverse structural components play under deformations. In
some of the chapters, shear deformations were also combined with image
analysis and simulations to clearly recognize the structures present in
the samples. From completely disordered materials, such as crumpled
systems and entangled assemblies of filaments, to ordered arrangements
such as anisotropic fibers in meat and anisotropic folds in origami, non-
linear shear rheology sheds light on the material’s behavior. Each chapter
focused on different aspects of these systems and explored the effects of
various parameters on their mechanical response.

In the case of completely disordered materials, the large amplitude os-
cillatory shear (LAOS) deformations unraveled the localization of strain
and stress when the materials were deformed. In crumpled materials the
tuning of friction, training, internal morphology, and plasticity can be
used to program the response by altering the interplay between struc-
tural parts. For macroscopically entangled quasi-1D filaments, changing
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the chain length allows for the creation of entanglements to distribute
the stress to larger areas of the sample, avoiding a pronounced localized
yielding.

When studying the arranged counterparts, we demonstrated that
combining the study of shear and shear-induced normal stresses allows
for a more comprehensive mechanical characterization of the samples.
In both meat whole cuts and origami shells, studying only deformations
under shear in the linear regime would miss the rich behavior that these
different samples can exhibit, traced back to their architectural elements.

The studies in this thesis unveil new possibilities for controlling the
interplay between stress-bearing elements in macroscale model systems.
The insights gained from our study can potentially contribute to the
development of new materials and structures with tunable mechanical
properties for various applications. Furthermore, these insights can in-
form our understanding of the fundamental principles that govern the
behavior of different systems under stress.
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Summary

All materials present different levels of structural order at different length
scales. From a soft matter perspective, microscopically ordered materials
are often represented by crystalline lattices, whereas disordered materi-
als are most often depicted by glasses or other amorphous solids such
as foams or emulsions. For such materials, understanding the relation
between the structural components and the response under deformations
is a requirement to employ them in any practical application. However,
this proves to be a difficult task when the components are at the micro-
scopic scale. It is therefore not surprising that model systems have arisen
to understand microscopic structures with macroscopic analogues, where
the structural components are more easily accessed or visualized. In this
regard, studying the behavior of materials under shearing deformations
can help elucidate how the specific structures respond to stress and inter-
act in the system. Therefore, studying the materials with different levels
of order at the macroscopic scale under shearing deformations can lead
to future insights into geometric ingredients and the behavior of ordered
or disordered solids at different length scales. Furthermore, a deeper
understanding of how macroscopic structures behave under large shear
deformations, where is the stress localized, and how is the energy dissi-
pated or stored, will facilitate the future employment of such structures
for building new materials ranging from metamaterials to food products.

When it comes to macroscopic model systems for disordered mate-
rials, crumpled materials and granular chains have been previously pro-
posed in literature. In Chapter 1 we provide a brief introduction to
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these two systems, and how they have been previously used in literature
to obtain insights into microscopic disordered solids. We then intro-
duce our chosen systems for studying the structural components of the
disordered systems, but in ordered arrangements. The structural compo-
nents of crumpled materials, a random network of folds and vertices, is
present in an ordered manner in origami shells with ordered patterns of
folds. Whereas the structural components of granular chains and ropes,
semi-flexible quasi-1D objects, are present in anisotropic meat and meat
analogues in the form of fibrous structures. Then we introduce the shear
rheology, both linear and nonlinear, used throughout this thesis to un-
derstand the different systems.

In chapter Chapter 2 we performed a review on the current under-
standing of crumpled materials, from an amorphous solid perspective.
We discuss how these systems have been studied in the past, and what
previous literature has reported on similarities between crumpled mate-
rials and other disordered systems such as glasses, emulsions, or granular
materials. Crumpled materials present a metastable energy landscape
where the frustration of components prevents the relaxation to global
energy minima. Mostly the study of the material’s relaxation, or defor-
mation under a constant force, i.e., creep experiments, have pointed to
these similarities, where the results in different studies were interpreted
using stretched exponential or logarithmic models, commonly applied in
the study of complex relaxation of amorphous systems. Further research
drew parallels between the memory effect of crumpled structures and
glasses. Attempts have also arisen in recent years to apply the statis-
tical mechanics of athermal solids to crumpled configurations. We end
the review by proposing a design principle to make crumpled origami-
like structures where disorder is introduced into the otherwise ordered
configuration that is origami.

In chapter Chapter 3, we studied how bulk crumpled configurations
behave under shear, both in short and large amplitude oscillatory defor-
mations. We systematically modified different parameters, i.e., training
of the material, internal morphology, friction, and plasticity effect to
study each parameter’s individual contribution to the shear response.
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By training crumpled paper, we observed a decrease in long range cor-
relations that formed force chains, which lead to an increase of shear
modulus with compaction, not observed for untrained paper. The orien-
tation of the internal stacked layers also influenced the shear response:
layers parallel to shear resulted in lower storage modulus and increased
dissipation via layer sliding, as opposed to perpendicular layer orienta-
tions. Lower surface friction facilitated the internal rearrangement of
energy-focusing regions during shear deformations.

Changing to a different disordered material, in Chapter 4 we stud-
ied the effect of chain length on entangled granular chains and ropes.
We combined short and large amplitude oscillatory shear experiments
with image analysis and simulations to understand the effect of entan-
glements. We observed that a universal transition occurs from narrow
to wide shear zones encompassing various lengths, flexibilities, and ma-
terials. The critical deflection angle for the transition is aligned with the
onset of stiffening in the system as measured directly from the torque.
We found scaling laws for the width of the transition and the shear zone,
and for the increase of stiffness with chain length. Our results indicate
that the entanglements become activated under increasing deformations,
and span through the system for sufficiently long chains.

We studied two ordered systems in this thesis. First, in Chapter 5
we studied meat and meat analogue samples with anisotropic structure in
an ordered arrangement. Meat contains a naturally created anisotropic
structure, where the skeletal muscle fibers have a specific orientation.
Meat analogues trying to mimic whole-cut meat sample contain fibrous
structures created, in this case, via shear structuring plant protein sam-
ples inside a Couette cell. Methods that quantitatively compare the
structures of whole-cut meat samples and meat analogues under defor-
mations, taking into consideration the fibrous structure orientation, are
still scarce. For this reason, we used a combination of non-linear shear
rheology and shear-induced normal stress measurements to study the
effect of structure orientations in beef, chicken, and fibrous model sys-
tems made with soy or pea protein isolates combined with wheat gluten.
We observed differences in the mechanical response with different ori-
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entations for all samples, except the pea protein-wheat gluten sample.
Furthermore, via large amplitude oscillatory rheology we observed re-
arrangements in meat at small strains, and lower energy dissipation at
large strains. The more elastic fibers in the meat samples at the same
time showed a larger normal stress response (larger Poynting modulus)
and showed large differences in magnitude between different fiber orien-
tations. The meat analogues, on the contrary, behave more solid-like at
small strains where rearrangements cannot occur, and showed greater en-
ergy dissipation than meat at larger strains due to structure breakdown.
The study, therefore, emphasizes the importance of fiber orientation in
the rheology of plant-based meat analogues, and provides a methodol-
ogy to quantitatively compare their mechanical responses to real meat,
aiding in the development of new plant-based alternatives.

In our last experimental chapter, Chapter 6, we studied the second
ordered system: Kresling and Yoshimura origami bellows presenting an
ordered arrangement with well-defined patterns of folds, but different
symmetry with respect to the shear direction. In addition, we inves-
tigated a third sample with a semi-ordered pattern: crumpled cylinder
created via buckling under compression, which presents a semi-ordered
arrangement but an a priori unknown asymmetry. Origami bellows are
often studied under uni-axial deformations, but their mechanical response
under shear is still poorly investigated. Specifically, the shear-induced
normal force response of such structures has received little attention. For
the Yoshimura design, having a symmetric structure with both shear di-
rections, a Poynting effect was observed and fit with a quadratic relation
to obtain the Poynting modulus. The Kresling design, having an asym-
metric structure with the shear directions showed a linear relation with
a positive or negative normal force depending on the direction of shear,
and was fit with a linear approximation of the shifted (due to asymme-
try) quadratic Poynting relation. For the crumpled cylinders the level of
asymmetry in the pattern of the semi-random folds was quantified via
an asymmetry index from the 2D Fast Fourier transform spectrum of the
crease pattern images, which was well correlated to the asymmetry of the
normal force response. Therefore, we found that in all these structures,
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the shear-induced normal force response is linked to the structural imper-
fections, order, and (a)symmetry, and provided a deeper understanding
of the nonlinear mechanical response of origami bellows. These find-
ings provide opportunities for programming the shear and shear-induced
normal responses of origami cylinders, and using crumpling as a design
principle for fabricating new metastructures.

Finally, in the general discussion in Chapter 7 we provided an
overview of the studied systems and main results. Then, we discussed
the results of the thesis from a broader perspective of material defor-
mations and stress/strain localization at different length scales. While
the deformations in crystalline solids are generally well understood, me-
chanics of disordered solids such as glasses is still ill understood. We
explain how the deformations in our macroscopically disordered system
(crumpled materials) show similarities with the proposed basic units of
plastic deformations in literature, known as shear transformation zones
(STZs). Such STZs, have been used to understand deformations from the
microscopic scale with glasses, to the macroscopic scale with geological
faults. STZs are furthermore hypothesized to act as nucleation points for
the formation of macroscopic shear bands in literature, which we linked
to our study with granular chains and width of sheared zones through
the stress localization on the chains. Therefore, both crumpled systems
and granular chains could be used in future studies to understand the
deformation events in other types of disordered solids at different length
scales. In the two ordered systems we studied, the use of non-linear rhe-
ology also informed us about the stress localization in such systems: in
the connective tissue between fibers in the case of meat samples, and
in the pattern of folds in ordered and disordered origami bellows. The
results from this thesis, therefore, unveil new possibilities for controlling
the interplay between stress-bearing elements in macroscale model sys-
tems. The insights gained from our study can potentially contribute to
the future development of new materials and structures with tunable me-
chanical properties for various applications. Furthermore, these insights
can inform our understanding of the fundamental principles governing
the behavior of different systems under stress.
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