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ABSTRACT

The design and fabrication of easy-to-assemble structural materials with enhanced
mechanical performance and the capability to self-repair autonomously will pave the way toward
future sustainable constructions. The development of hybrid structures—material composites
comprising two or more materials with synergistic and complementary properties—will enlarge
the range of mechanical properties accessible by conventional homogeneous materials.
Unfortunately, the cohesion bonds among the components of hybrid structures often impede the
removal and re-addition of components, limiting the simple reconfiguration of hybrid structures
into different designs. Hook-and-loop fasteners, on the other hand, provides a strong and reversible
connection based on mechanical interlocking that allows the attachment and detachment of two
surfaces expanding their use in engineering applications.

The effective mechanical response of the hook-and-loop fasteners strongly depends on the
ability of the hooks to engage with the loops at the sub-millimeter level. New computational
models will help in the design and manufacturing of hook-and-loop fastening products by
providing a quick turnaround time with minimal prototyping and testing. The development of such
computational models will enable the analysis of these fasteners at both micro- and macro-scales.
The two-scale model strategy have demonstrated to predict the mechanical behavior of
hook-and-loop fastener and, as a design predictive tool, capture the main deformation and
dissipative mechanisms at the relevant length scales.

This Ph.D. dissertation focuses on the bioinspired design and fabrication of structural
materials with enhanced mechanical performance and the capability to self-repair autonomously.
The resulting scalable and modular structural materials are easy-to-assemble and
easy-to-disassemble at room temperature, serving as an attractive strategy for the development of
resilient, deployable, convertible, and temporary constructions capable to meet the rapidly

increasing modern demands.
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1 INTRODUCTION

1.1 Motivation

Nature, through years of evolution, has developed intricate multiscale structures and
materials that overcome severe limitations commonly faced by human-made systems.
Improvements to artificial systems are often bounded by the difficulty of simultaneously enhance
two mutually exclusive mechanical properties, such as strength and toughness. These difficulties
are often addressed by natural systems through their architectural microstructure, which allows
them to display remarkable mechanical performance under extreme conditions.*? By looking and
learning how and why biological materials attain these advantageous mechanical functionalities,
we can pave the way to the design and creation of new bioinspired synthetic materials that display
unique and attractive combinations of mechanical properties. These new materials and structures
would be able to remain functional under extreme conditions (loading, size, temperature, pressure,
etc.) and could be employed to improve a wide range of fields, such as medicine, transportation,
and construction.

The expansion of modern construction technologies demands materials with improved
structural performance and the capability to be easily reconfigured into a variety of structural
designs.®* This need has led to the development of a variety of hybrid structures that enlarge the
range of mechanical properties accessible by conventional homogeneous materials.>® The
fabrication of hybrid structures has often benefited from the notion of mimicking the design and
composition of structures occurring in nature.®! This bioinspired design approach has produced
hybrid structures with unique combinations of stiffness,'? strength,**4 and toughness”!>
through the judicious arrangement of hard and soft materials. Unfortunately, heuristic and
bioinspired approaches to design hybrid structures often fail to adequately replicate the complex
hierarchical architecture that imbues natural composites with enhanced mechanical properties.'®
Additionally, the cohesion bonds among the components of hybrid structures often impede the
removal and re-addition of components, limiting the simple reconfiguration of hybrid structures

into different designs.®-?!
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1.2 Structure of the Dissertation

The following document is organized in five main parts: Chapter 1 introduces the idea of
using bioinspired designs towards the fabrication of construction material with enhanced
mechanical properties. This chapter also reviews in detail current state-of-the-art of the different
nature-inspired approaches relevant to my graduate research. Chapter 2 propose a two-scale
computational model for hook-and-loop fasteners based on a real geometry and material
properties. This chapter aims to develop a predictive two-scale finite element model (i.e., both at
the micro- and macro-scales) that capture the mechanical behavior of the hook-and-loop fastener.
Chapters 3 and 4 describe the experimental methods, analytical formulation, and the results
obtained during the manufacturing of bioinspired structural systems inspired by nacre. Finally,
Chapter 5 summarizes the conclusions and provides details of the future work developed in this

dissertation.

1.3 Background and Literature Review
1.3.1 Hook-like Connections in Nature

Natural organisms have design features that grant them ability to adhere to surfaces for
locomotion such as geckos, lizards, and spiders.?? Geckos, for example, have the exceptional
ability to climb vertical surfaces due to the presence of a hundred thousand keratinous hairs or
setae.?® Similarly, the ventral segments of the spiders’ legs are covered by microtrichia with
spatula-like tips that increase friction considerably friction when climbing steep surfaces.?*
Although the presence of hook-like surface in the structure of some species can facilitate
movements in high steep surfaces by enhancing adhesion and friction, other species such as
Stylasterias forreri (also called “Velcro” sea stars) and Azteca Andreae ants are well-known to
use hook-like teeth and hook-shaped claws to capture prey.

Birds feather structures are another example in nature with hook-like connections. The
architecture of the feather contains barbs branching out from the main shaft. These barbs also
contain small barbules with microhooks that facilitate the connection between barbs. This type of
connection provides a self-repair mechanism through the re-attachment of un-hooked junctions.?
Hui et al.?” studied the crack trapping effect enabled by the architecture of the base plate of Balanus
amphitrite which allows them to attach strongly to submerged surfaces in tidal waters. Recently,

14



Morano et al.?®® used computational modeling and additive manufacturing to explain the

mechanisms that contribute to such strong adhesion.

1.3.2 Hook-like Connections in Engineering

The first mechanical adhesives, based on hook-and-loop fasteners, were bio-inspired by the
burrs of burdocks.?® Burdocks are small plants covered by several spines with hook-like shaped
ends. When the burrs come in contact with fibrous surfaces (such as cloths or hair), they are hard
to remove. This observation resulted in the development of hook-and-loop fasteners.
Hook-and-loop fasteners consist of two components: i) hooks tape and ii) loops with fibrous
surfaces. Once contact occurs (i.e., by pressing two tape surfaces together), loops in the fibrous
surface engage and entangled with the hooks providing a strong connection based on mechanical
interlocking. Separation can be attained by either pulling-out or peeling-off the two surfaces.*°

Mechanical fasteners have been widely employed in engineering applications and in
medicine. For instance, Restrepo and Martinez3! developed a reconfigurable elastomeric
cementitious structure—comprised of cementitious bricks joined by hook and loop mechanical
adhesive interfaces and organized in nacre inspired brick and mortar structures—with the
capability to concentrate the formation and propagation of cracks along the mechanical adhesive
interfaces, which efficiently distribute loading forces and accommodate deformation. Similarly,
Hebeler et al.®? proposed and interface between geomembrane and geotextile containing hook-
and-loops fasteners to improve the connection and increase shear strength. On the other hand,
Meislin®® demonstrated how surgical muscle repair can be accomplished by connecting separated
tendons and muscles using hook-and-loops fasteners. Although these examples illustrate the
benefits of using hook-and-loop fasteners and the demands for such fasteners keeps increasing
with new applications, there are not many computational models and tools that can be employed
to study and understand their mechanical behavior.>*3" The development of such computational
models would enable the prediction of the analysis of these fasteners and help shorten the design
and production process. Such models will assist designers in making decisions and provide a

virtual test bed to evaluate the performance of a new fastener.
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1.3.3 Multi-scale Computational Models

Previous works have demonstrated the ability of multiscale homogenization technique as an
effective way to predict the behavior of the large homogenized systems by considering the details
and heterogeneities at lower scales. Nguyen et al.®® successfully predicted the macroscopic failure
behavior of the concrete by considering micro-scale details using a multistep model. In these
models, the time-dependent mechanical properties of the cement paste as a purely brittle material
is considered at the microscale. Following a continuous-discontinuous multiscale method, using
cohesive models, they then predict the quasi-brittle mechanical properties of concrete at the
macroscale. Using this approach, the first scale considered the mesoscale geometry of the mortar,
(e.g., Cement paste with fine aggregates) and the second scale consisted of the homogenized
mortar (obtained from the mesoscale simulations) and coarse aggregates. Cracks were allowed to
initiate, propagate, and interact on the cement paste fine/coarse aggregates, mortar and in their
respective interfaces *°. In general, these multiscale approaches allows us to couple both micro and
macro scales and predict the homogenized behavior of the macroscale model even when fracture
leads to localizations making the homogenization process more difficult in these cases 442,

1.3.4 Hybrid Structures

Construction hybrid structures comprising brittle elements, such as most cementitious
composites, are susceptible to microcracking after enduring multiple stress loading and thermal
expansion cycles.*® The coalescence of these microcracks results in larger damages that rapidly
degrade the structural performance of the composite.** Several approaches, inspired by
self-healing natural materials such as bone or insect cuticle, have been developed to enlarge the
service life of cementitious composites by conferring them with the ability to self-repair small
cracks before the damage causes catastrophic failure.*® The addition of mineral admixtures,%46-48
polymeric additives,*>*° and expansive chemical compounds®!®? as healing agents in cementitious
composites served to demonstrate the autonomic healing of microcracks in these composites.
Unfortunately, adding healing agents into the cementitious matrix without appropriate
encapsulation causes their immediate reaction, reducing the efficiency of the self-healing when a
crack originates and introducing undesirable side-effects on the mechanical properties of the

composite.>
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The addition of unprotected expansive chemical compounds into the cementitious
composites leads to uncontrolled reactions with water across the cementitious matrix, which
trigger the expansion the compounds not only on the cracked zone, but inside the matrix,
originating more cracks.>* To improve this limited self-healing performance, the incorporation of
microcapsules and hollow fibers filled with healing agents into cementitious composites have been
explored to ensure the activation of the self-healing behavior of the composite only at the location
and time the crack forms.*>* Following this strategy, polyvinyl alcohol (PVA) has been used to
coat powder mineral pellets and expansive agent granules, demonstrating crack self-healing on
several cement-based materials after rainwater dissolves the PVA coating and releases the
self-healing agents across the crack.>® Unfortunately, for the self-healing to be successful, the
location of the microcracks need to coincide with the random positioning of the discrete domains
of healing agents dispersed inside the cementitious matrix.>” Harnessing bacterial activity to fill
up cement cracks with calcium carbonate has been explored by embedding bacterial spores into
concrete composites. 8 While this approach demonstrated the complete sealing of 700 pm wide
cracks, spore viability inside the composite was significantly reduced after 30 days due to the high
pH (pH > 11) and low moisture inside the cementitious matrix.>®

1.3.5 Transformable Structures for Sustainable Construction

While traditional construction technologies often conceive built structures as permanent,
modern techniques aim to minimize waste by designing structures that can be disassembled and
reconfigured to meet new requirements.® Additionally, structures designed and fabricated for their
future disassembly and reconfiguration offer the possibility to easily exchange damage
components for new ones, enlarging their service life. Unfortunately, disassembly processes are
often labor-intensive, require qualified personnel, and have greater costs than demolition and
disposal.®’ The design of new hybrid structures that can be easily disassembled and reconfigured
in order to exchange broken components or meeting new structural demands would be desirable

to improve sustainable construction and development.
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1.3.6 Nacre-inspired Self-healing Composites

Natural self-healing composites are fabricated using a bottom-up approach using scalable
arrangements of soft and stiff materials that propagate the self-healing behavior across scales. For
example, nacre can be described as a multilayered brick-and-mortar structure comprising stiff
nanometer-thick aragonite platelets (bricks) bonded by soft and elastic biopolymers (mortar).5*
This brick-and-mortar structure inhibits transverse crack propagation through nacre and provides
this natural material with enhanced strength and toughness,*? since the sacrificial bonds generated
between the biopolymers and the aragonite platelets efficiently dissipate energy from external
loads.%? Additionally, after fracture, the elastic biopolymers can regenerate their sacrificial bonds
with the aragonite platelets in presence of moisture, imparting self-healing properties to nacre.®

Large-scale bio-inspired materials mimicking nacre’s brick-and-mortar structure have been
developed by combining thin plates of alumina bonded with a stretchable polymeric mixture (PVA
and polymethyl methacrylate, PMMA).®* These multilayered hybrid structures exhibited a
toughness one order of magnitude higher than bulk alumina due to the efficient energy dissipation
at their interlocking soft/hard interfaces. Similarly, hybrid structures fabricated using hard
interlocking components, such as ABS or cement bricks, and soft highly deformable adhesives,
such as epoxy or silicone rubber, exhibited enhanced toughness and resistance to transverse
forces.20%® Recently, structural brick-and-mortar composites comprising micrometer-thick glass
bricks joined by thin layers of a supramolecular polymer (poly-borosiloxane, PBS) demonstrated
that composites with a nacre-inspired microstructure can repeatedly achieve complete self-healing
at room temperature.r® Unfortunately, brick-and-mortar composites using supramolecular
polymers as sacrificial bonds require several hours to complete the self-healing, impeding the
avoidance of catastrophic failure of structures exposed to loads switching directions at moderate
frequencies. Using stronger elastic bonding materials can improve the load-bearing capability of
brick-and-mortar composites; however, triggering the self-healing behavior of these soft interfaces

often requires the external application of heat,®® water,®” or UV light.®

1.3.7 Nacre-Inspired Self-Healing Interfaces

Studies of the mechanism behind the toughness of nacre have shown that the adhesive that

holds the tablets together (protein named Lustrin A)®® forms a structure that is highly modular.”®"
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These highly modular proteins consist of long molecules with entangled or “hidden length”
domains that unravel sequentially upon the application of external loads.”®'? The extra lengths for
the proteins to unfold generates large extensibility enhancing the dissipation of energy. Previous
studies have borrowed the concept of modular unfolding proteins to improve the performance of
adhesive materials. As an example, nanometer-thick polyelectrolyte multilayers (PEMs) mimics
the proteins in organic materials by breaking and reforming their electrostatic bonds, imparting
partial self-healing properties to the PEMs, and substantially increasing the energy required to fail
under shear loads.”® Similarly, reversible unfolding modular cross-linker design has been proposed
to increase the stiffness and tensile strength of a poly(n-butyl acrylate) networks without

sacrificing its extensibility.”
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2 A TWO-SCALE STRATEGY FOR THE MODELING OF
HOOK-AND-LOOP FASTENERS

Motivation and rationale: Hook-and-loop-like joints have been widely used in many
engineering applications and even observed in nature. The demand for computational models to
predict the behavior of fasteners is increasing as they will be key for reducing the design process
time and manufacturing costs. Here, we develop a bottom-up two-scale modeling strategy, which
enables us to capture the mechanical performance of a hook-and-loop fastener at both micro- and
macro-scales. In particular, we study a two-scale homogenization approach that first starts with a
micromechanical model of a hook-and-loop fastener, through a so-called Representative
Hook-and-Loop Element (RHLE) computational domain, that considers the detailed geometry of
the individual building blocks of the hook-and-loop fastener and their statistical geometrical
variability. The model is capable of capturing the mechanical behavior of the hook-and-loop
fastener during the engaging and detachment processes. The computational results are then
validated with tensile tests done to the hook-and-loop fasteners. The second scale considers the
homogenization of the micromechanical model into a Detachment Process Zone (DPZ) which
reveals an emerging length scale. The resulting effective traction-separation law concept is then
employed at the macroscale in a Double Cantilever Beam (DCB) test using a macroscale model,
which is then validated with our experiments. The results suggest that the two-scale model strategy
is able to predict the mechanical behavior of hook-and-loop fastener and, as a design predictive

tool, capture the main deformation and dissipative mechanisms at the relevant length scales.

2.1 Introduction

This chapter presents a two-scale computational model for hook-and-loop fasteners based
on a real geometry and material properties. This study aims to develop a predictive two-scale finite
element model (i.e., both at the micro- and macroscales) that enables us to capture the mechanical
behavior of the hook-and-loop fastener. In the first part of this study, we provide details of the
micromechanical models of both hooks and loops, including both geometry of hooks and fibrous
loops and material properties. Following a two-step homogenization technique, the results from

the micromechanical models are used as an input in the macromechanical model to predict the
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performance of Double Cantilever Beam (DCB) under mode-1 loading. For both micromechanical
and macromechanical models, the results from the numerical simulations are validated with the
experiments. The remainder of the chapter is organized as follows. Section 2.2 presents the
geometrical and physical length scales in the micro and macro-scale, respectively. Section 2.3
explains the two-scale modeling approach that is used in this study. The micromechanical results
of the hook-and-loop fastener along with experimental validations are presented in Section 2.3.1.
Section 2.3.2 discusses the numerical and experimental results of the DCB test (macro-scale model)
using the two-scale modeling approach. Finally, the discussion and conclusions are presented in

Section 2.4 and Section 2.5, respectively.

2.2 Geometrical and physical length scales in a hook-and-loop fastener
2.2.1 Geometrical length scale

The mechanical performance of the hook-and-loop fastener depends on the ability of the
loops to engage within the hooks at the sub-millimeter level. Hook-and-loop fasteners are typically
available in different shapes, forms, and sizes. However, for this present work, we focus on a
double-arm-hook model geometry, in which each hook is composed of two individual and
opposing arms, as shown in Figure 2.1a. The multiscale characteristics and dimensions of these
hooks and loops are presented in Figure 2.1a and b, respectively. The loop and hook tapes consist
of columns with several loops and hooks, as shown in Figure 2.1. In this section, we present the
geometrical details of the hook-and-loop fastener (micromechanical scale). The orientation of the
hooks is described in terms of their principal direction axis 123. Hooks are arranged in a square
pattern, spaced 1.4 mm and 0.5 mm in direction 1 and 2, respectively. The loops have an initial
arch-shape geometry and are arranged in columns, as shown in the Scanning Electron Microscope
(SEM) image in Figure 2.1b. During the engagement process, before a pullout experiment,
hook-and-loop tapes are typically oriented parallel to direction 2 and facing each other in direction
3 to proceed with the engagement. The loop length ranges between 3 and 7 mm, and a diameter of

22+2 microns.
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2.2.2 Physical length scale

Figure 2.1a and b illustrates the presence of various geometrical length scales in the
hook-and-loop fasteners at the micromechanical scale. Understanding the mechanical behavior of
the system and the relationship between geometrical and material length scales is essential to get
the correct behavior of the fasteners “>7°, Various standard test methods (i.e., peel tests, DCB test)
exist to measure the mechanical properties of the hook-and-loop fasteners on the macro scale.
Figure 2.1c presents the schematic of a typical peel tests under mode-I loading conditions which
illustrates an emerging region that denotes a new length scale associated to the dissipative and
irreversible process of the detachment of the hooks and loos. In particular we call this region the
Detachment Process Zone (DPZ) as shown in Figure 2.1d. The DPZ is defined as the area around
the crack tip of the sample where the hooks and deformed loops are still in contact. Inside the DPZ
model A, D represents the characteristic length scale for deformed hook-and-loop system and
detachment process zone length, respectively (see Figure 2.1d). The effective traction o,/ is
defined by a total force divided by the hook tape area. By using the stress-displacement curve from
the micromechanical model, one can calculate the maximum effective traction, o max, and the total
energy dissipation per unit area, ¢ (the area below the stress-displacement curve, Figure 2.1d), of
a hook-and-loop fastener. This information can be used as an input to develop a macromechanical
models which are discussed later in the paper. Finally, one should consider that the process of fiber
pullout is irreversible, and this mechanism is responsible for energy dissipation during detachment

of the hook-and-loop fastener.

2.3 The two-scale model strategy of hook-and-loop fastener

Here, we propose a two-scale model strategy to study the behavior of hook-and-loop
fasteners. Here two-scale means that simulations will be done at two distinction scales: using only
basic information about the geometry and mechanical behavior of the basic building blocks, such
strategy will allow to make predictions of larger structural joints that use hook-and-loop fasteners,
connecting the output from the micromechanical to the macromechanical scale. The concept of
connecting various scales through multiscale strategies like this has been gaining popularity in the
last few years. For example, the multi-scale cohesive model was used to obtain the homogenized

macroscopic properties of the adhesives by capturing the details of failure at the microscopic level.”®
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Figure 2.1. Geometrical length and physical length scales in the hook-and-loop tape.
SEM images and schematic representation of (a) hook tape (b) and loop tape. (c) Schematic representation of a peel
test with applied forces and the total length of the sample. (d) Detailed representation of the DPZ connecting the results
of micromechanical model as an input for the macromechanical model.

For the micromechanical model considered in this work, we consider both material
properties and detailed geometry of the hook-and-loop fasteners. To this aim, we define a small
Representative Hook and Loop Element (RHLE) domain to represent the mechanisms acting
inside the DPZ at the microscopic level. In general, the RHLE should contain the most important
details of individual building blocks (e.g., loops and hooks), and be large enough to statistically
represent the collective behavior of the hooks and loops (including their material and geometrical
variability); however, it should also be small enough to make the computational process more
effective. Based on this multi-scale approach, the output from the RHLE domain is then used to
predict the behavior of the fastener at the macro-scale (i.e., for instance to capture the mechanical

behavior during a peel test, or a DCB test). The two-scale model strategy is valid if the two
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following conditions are satisfied: i) the size of the RHLE domain should be selected much smaller
with respect to DPZ in order to satisfy uniform conditions in the traction-displacement field and
as a result, represent the mechanical behavior inside the DPZ. ii) the entire detachment steps (i.e.,
steps (i)-(v) in Figure 2.1d) can be represented by a unique traction-separation law. The DPZ
describes the behavior of the interface when two interlocking surfaces (i.e., such as those of the
hooks and loops), during the detachment process up to the point of separation. In the DCB
geometry with hooks and loops, for instance, the DPZ is described by a traction-separation law, in
which the main parameters are the peak stress, the displacement at failure, and the separation
energy (or work of fracture/separation) which can be obtained directly from the micromechanical
model. This simple concept constitute the main basis of our two-scales approach and therefore, it
is necessary to keep all the material-related and geometry-related characteristic length scales in
consideration. We postulate that, such connection between length scales can be attained employing
a cohesive zone-type method, such as the cohesive zone model (CZM model) at the macroscopic
scale (Figure 2.1d). Finally, such macro-scale model will be able to predict the mechanical
response of a mechanical systems (i.e., the DCB geometry, a peel test or any other mechanical test
that involve hooks and loops) as shown in Figure 2.1d.

2.3.1 Micromechanical model: Stage (I)

The material properties of a single hook and single loop fastener were characterized using
experiments. A schematic of the hook-and-loop fastener at the microscopic level is shown in
Figure 2.2a. For this particular system, the total displacement (A) is defined as the sum of hooks
and loops deformation on the vertical direction (direction 3) as shown with (A;) and (4,),
respectively, until total failure. The effective traction, o, is the force divided by the equivalent
cross section area (i.e., is 0.125 mm? for the single hook tape shown in Figure 2.2a). The hooks
are made of polypropylene (PP) and deformed elastically during the tests. The material property
of the hook is defined by Young’s modulus of En = 1.3 GPa and Poisson’s ratio of v =0.45 (see
Figure 2.2a). The loops consist of non-woven fibers and their diameter have certain variability
along the length of the fiber. The mechanical property of an individual fiber is determined
experimentally by measuring the required force to fracture it under tension. Since the single fiber
can be considered to be under uniaxial stress conditions, the experimental force-displacement

response (gray line in Figure 2.2b) is then converted into stress and strain using Equations 1 and 2.
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The mechanical behavior of an individual loop is assumed to be elastic-plastic and it is

described in terms of stress and strain by Equation 3.

Ere ife<d’/E
B A A ©
Ke" if e>0Y/Ef
Where K = 0% (Ef/d”)", Ef is the loop Young’s Modulus (E; = 251.89 MPa), o” is the
yield stress (6¥ = 68 MPa), and n is the strain-hardening exponent (n = 0.2). The fiber is then

assumed to fail at a fracture stress (¢* = 135 MPa), as shown in Figure 2.2b).
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Figure 2.2. Description of the micromechanical model.
(a) Schematic representation of a hook-and-loop fastener with the mechanical behavior of individual hook and loop.
Hooks only deform elastically, while loops are assumed to be elastic-plastic (b) stress vs strain curve for the fibers.
The grey curve (experimental) depicts the averaged experimental data obtained through the pull-out test. The red curve
(analytical) is the results of the mathematical formulation.

2.3.1.1 Experimental Approach

The loops in this study are mainly made from non-woven polypropylene fibers. Since the
mechanical behavior and properties of the single polypropylene fiber are not available, we
characterized single fibers by performing pull-out tests directly from the loop tape using a
universal tensile testing machine (MTS Insight 10) as shown in Figure 2.3a and b. We used a single
metal hook to perform the pull-out test, and a total of 8 tensile tests was performed by engaging

various number of loops. Since the length and cross-section of the loops change throughout the
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loop tape, we observe some variability in the force-displacement. Figure 2.3c shows the
load-per-loop vs. displacement for all the tests. These values are obtained by dividing the total
pull-out forces by the number of loops engaged with a metal hook during the experiment. The
variability in the force-displacement curves can be explained due to several factors such as load
distribution when multiple fibers of variable length engaged in the pullout process, the way fibers
are connected to the film, the intrinsic material and diameter variability of the fibers. As a result
of this variability, we use the averaged value of total tests (including multiple fibers) to gain more
fundamental statistical distribution of the properties of an individual fiber 7’. Finally, these results

reveal that the fibers behave as linear elastic-plastic materials which is typical of polymers (Figure
2.3¢).

10 fibers

/

Figure 2.3. Material characterization of the loops.
(a) Experimental setup. (b) Schematics of the single fiber pullout experiment. (c) Experimental load-per-fiber vs.
displacement curves for different tests done with varying number of fibers.

2.3.1.2 Numerical Approach

In this section, the analysis of the mechanical response of a single loop is presented. The
load-displacement curves of a single loop under displacement-controlled conditions is shown in
Figure 2.4a. Both ends of the fiber are fixed preventing translations and rotations. The load is
applied at the middle point of the loop using a rigid pin (replicating the experimental setup
described in Figure 2.3). For small values of the applied displacement, the loop begins to straighten
with zero reaction force (from point (1) to (2) in Figure 2.4a). As the displacement increases, the
loop begins to stretch elastically and deforms leading to a triangular shape (point 2 in Figure 2.4a).
The deformation continues until it reaches the plastic yield stress of the material (point (3) in Figure
2.4a). After the yield point, the fiber deforms plastically until it reaches the maximum stress
(failure stress) of the fiber (point (4) in Figure 2.4a), and it breaks at point (5).

26



An additional comparative study was performed to understand the role of fiber geometrical
features such as cross-section and length in the mechanical performance of the fiber under tensile
loading. To this aim, three fibers with various diameters (® = 20.746 um, 21.11 ym, 22.93 um)
and lengths (I = 4.487mm, 5.62mm, 6.137 mm) were considered. The comparison between the
load-displacement curves of these three fibers shows a similar trend as the one shown Figure 2.4a.
However, load required to yield the material plastically, the peak loads and failure strain are
different as expected due to the variation in length and diameter (see Figure 2.4b). Moreover,
Figure 2.4b confirms that as the diameter and length of the fibers increases, higher peak load and
failure strain are obtained. Finally, a finite element model of the pull-out test for these three fibers
is presented in Figure 2.4c. The numerical results confirm the trend observed in Figure 2.4a and b.
However, the maximum peak load and failure strain are higher in comparison to the single fiber.
Besides, at the failure point, three snap-through events can be observed. These events are related
to the failure of each individual fiber. For instance, the first instability is associated with the fiber
with smaller diameter and length while the last instability is related to the fiber with the largest
geometrical features. Figure 2.2b presents the average stress-strain curve for an individual fibrous
loop under tensile load. Initially the fiber, with a height (H) and length (2L,), is stretched from the
middle point a distance (D), creating a triangular shape. The two straight sides of the deformed
loop form an angle 6 which is equal to (2(L, + d)). The cross-section area (4,) and distance
between ends (L,) are considered to be constant. The stress (o) and strain (&) included in Figure

2.2b are calculated using Equations 1-3.
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Figure 2.4. Force-displacement curve of a simple pull-out test of representative loops.
(a) Pull-out test of one loop, where (1) undeformed shape of the loop; (2) straightening; (3) elastic stretching;
(4) plastic deformation at peak load until final failure (5), (b) Force-displacement curves of simple pull-out test for
three individual loops with different length and cross-section areas. (c) Force-displacement curve of a simple pull-out
test of three different loops. A rigid pin with a diameter @ ~ 0.1mm is used to pull the fibers.
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2.3.1.3 Loop generator

To the best of our knowledge, there is no software currently available to generate finite
element (FE) meshes using beam elements that mimics the geometries of the loop material
considered in this research. For this reason, the loop mesh was generated by an algorithm written
in C-language that creates each loop as a unique beam part with random changes in the shape,
length, and cross-sectional area, following a normal distribution based in experimental
observations as shown in Figure 2.5. Loops are manufactured by extrusion; this fabrication process
generates a variability in the diameters along each loop (Figure 2.5a). However, for the purposes
of the numerical model, it is possible to assign a single diameter value per loop while maintaining
the normal distribution of diameters throughout the sample. That is, each loop in the sample is
assigned a different but constant diameter following the experimental results. Similarly, the
fabrication process of the loop tape generates uneven arches length that follows a normal
distribution as well (Figure 2.5b). The implementation of those changes allows the computational
model to be more realistic bringing the model closer to the real sample material behavior. The
algorithm generates each loop and places it in specific locations across the tape until the desired

dimension is achieved as shown in Figure 2.6.
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Figure 2.5. Variation of (a) diameters and (b) length along the loop tape following a normal distribution.
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Figure 2.6. Loop Generator algorithm that creates the beam finite element mesh for the loop material.
The code follows a dynamic and sequential packing algorithm where fibers are introduced one by one, checking for
interference and contact with other fibers until the desired volume fraction is reached. Randomness in the position,
shape, and angles, as well as stochastic distribution of defects, is considered in the code.

2.3.1.4 Mechanical behavior of the hooks

In this section, the role of an individual hook at the separation point is analyzed. In particular,
we seek to determine the value of the maximum force required by a given number of fibers to
bend the hook elastically in order to enable the fibers to be released from the hook. This analysis
is independent from the fact that the loops may undergo plastic deformation and even fail before
they can be released. Using a simplified analytical model,’®"® the geometry of a single hook can
be estimated by three geometric lengths; L, L,,, and L,. (L, = 0.37mm, L,, = 0.30mm, and L, =
0.13mm), as presented in Figure 2.7. Here, we describe a geometry of hook as a series of
connected beams subjected to bending moments due to an applied force F as shown in Figure 2.7.
In the analytical models, the dimensions of the beam are selected in such a way that all the beam
dimensions satisfy the following equilibrium.

L, <Ly L,<L,, L3 <L, (4)

Where the values of L; = 0.30mm, L, = 0.20mm, and L; = 0.05mm for this particular
geometry. Similarly, both in-plane and out of plane thicknesses of all the beam cross-sections
remain constant and are equal to 0.14 mm and 0.15 mm, respectively. These values are selected
based on average values of thickness along with the hook geometry.



L, '

Figure 2.7. Schematic simplification of the hook with respective measurements.’®

In this simplified analytical model, fiber pull-out occurs when the segment of L; becomes
horizontal. Thus, these beams are needed to bend in such a way that the sum of the deflection
angles is equal to 90 (Equation 5).

(6, +6, =1/2) (5)
Using a beam theory,’®° the deflection for each beam can be calculated as follows:

_ FLy® _
0, = > and 6, =

FL{L

CEL ©

where F is peak force, E is the elastic modulus of the beam, I is a moment of inertia for the
beam cross-section, and L1 and L> are the lengths of the beam. For this particular problem, the
values of E and | are equal to 1.3 GPa and 3.43 x 10~> mm?*, respectively. By substituting

Equation 6 into Equation 5 we can find the values of peak load.

2
01+0; = I;L;I + FLE11L2 = %
Ly242L,1, _z
F( 2EI ) = 2
F = 0.875N (7)

Finally, the result of the numerical simulation of the pull-out test, including a single hook
and loop, is compared with the peak force obtained from the analytical calculation, as shown in
Figure 2.8. The comparison between the analytical model and numerical simulation confirms a
good agreement in the values of peak load. As such, one could use an analytical model to predict
the required force in order to pull-out occurs, the analytical model cannot predict the entire
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behavior of hook-and-loop fastener for the history of detachment process (i.e., interaction between
the hook and the loop).
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Figure 2.8. Force-displacement curve required to bend a single arm of the hook compared with the analytical
solution.
Oscillations in the measures are due to instabilities of the process captured with Abaqus/Explicit formulation

The observations during the detachment process of a hook-and-loop fastener from both
numerical simulations and experiments confirm that each hook at least engages with 3 to 4 fibers.
Therefore, for most cases, the required force to bend a single hook exceeds the required force to

break a single fiber.

2.3.1.5 Two-step process: engagement and pull-out

The RHLE model in this study consists of a total of six hooks and thirty-two loops as
previously described in Section 2.1. During the analysis, the ends of the loops were fixed and
clamped to the substrate (i.e., both translation and rotation degrees of freedom were constrained).
The origin of the coordinate system was placed at the lowest corner of the loops tape (Figure 2.9a).
General contact with no-penetration and no-friction was assigned between all the loops and hooks.
Two loading steps are considered: (i) engagement and (ii) pull-out, as shown in Figure 2.9. At the
beginning of the engagement step, the hooks tape is placed at Ay= 2 mm (with respect to the
origin of the coordinate system). At such distance, there is no contact between loops and hooks
(initial step in Figure 2.9). In the engagement step, a uniform displacement rate is applied on the
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top surface of the hook tape towards the loops tape compressing the hooks into the fibers. This
loading step continues until it reaches to A;= 0.8 mm. This final height in the engagement step is
selected such that it enables all the loops (even the loops with the lowest height) to come into
contact with the hooks, maximizing the engagement and promoting interlocking with the hooks,
while keeping the top surfaces of the hooks away from the bottom surface of the loops to avoid
higher forces and plastic deformation (i.e., due to the geometry and material properties, the
computational cost increases significantly, leading to nonlinear behavior and potential numerical
instabilities). Similar to what it was shown in Figure 2.2a, the effective traction, ces, IS obtained
by the total force applied to the hook tape divided by its area (the area of the RHLE is 6.88 mm?).
The numerical implementation of this steps is done with Abaqus/Standard using an implicit
scheme which is computationally efficient as it is unconditionally stable.® The process then
continues with the detachment process (i.e., pull-out) by applying opening displacement, starting
at A,= 0.8 mm, until the complete separation occurs. This pull-out step could, in principle, be
assumed to be quasi-static; however, due to the snap-through instabilities caused by the sudden
release or fracture of some fibers, dynamic effects should be expected. As such, and only for the
pullout process, we switch the analysis to dynamic explicit using Abaqus/Explicit® which
performs better in terms of damage, failure, and instabilities. In order to replicate the quasi-static
conditions of the experiments, a very slow displacement rate was applied on the top surface of the
hook. In the pull-out step, the hook tape moves upward until the complete separation observed at

around A,= 6.8 mm.
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Figure 2.9. Deformation process for the micromechanical model of the RHLE.
(a) initial position, (b) engagement step, (c) pull-out step.

32



2.3.1.6 Boundary conditions

In order to mimic the correct behavior of hook-and-loop fasteners in the micromechanical
model regardless of the sample size, we employ periodic boundary conditions (PBC) at selected
loops located at the boundaries of the RHLE domain (Figure 2.10). The PBC enables us to produce
a model that represents an infinite system by using small computational domains such as the
RHLE. Figure 2.10a shows an SEM image of the loops and their arrangements inside the tapes.
Based on experimental observation, loops in the adjacent columns do not interact with each other;
therefore, periodicity was only considered in direction 1, as shown in Figure 2.10a. and b shows a
10 mm by 10 mm hook-and-loop fastener with 144 hooks and 600 loops. Figure 2.10c and d shows
good qualitative agreement between the finite element analysis and the experiments for the
selected RHLE.
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Figure 2.10. Selection of Representative Hook and Loop Element (RHLE).
(a) SEM image of loop tape with initial considerations, no interaction between columns of loops and periodicity
direction (b) Schematic of a large hook-and-loop fastener. (c) Experimental observation of hook-and-loop tape in
pull-out step. (d) RHLE is composed by 6 hooks and 32 loops showing good agreement with the experimental
observations.
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To achieve periodicity for the loops inside the RHLE, the loops at the one end of the borders
(“master loops”) are replicated and translated to the other end of the boundary domain (“slave
loops™), as shown in Figure 2.11. Then, for each master loop, an identical slave loop exists (see
Figure 2.11a) where the nodes on the slave loop are kinematically coupled to their respective nodes
in a master loop. As a result, the same displacement and constraints are applied to both master and
slave loops during the attachment and detachment processes. In our RHLE, the PBC are applied
to the last three loops in the boundary domain (Figure 2.11b). The kinematic constraints between
master and slave loops enable the nodes in both master or slave to move with each other regardless
of their contact with the hooks. This process ensure that contact also occurs in the slave loops. All
other loops in the middle of the RHLE (denoted as “random loops” in Figure 2.11c), which are not
either master or slave, can move independently. Finally, Figure 2.11d shows the pull-out process
showing deformation of the loops (including the salves and masters).
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Figure 2.11. Periodic Boundary Conditions (PBCs).
(a) the master and slave loop are connected with kinematic constrains. (b) three sets of slave and master loops are
placed at each end of the RHLE to simulate periodicity in the longitudinal direction (i.e., direction 1). (c) individual
loops with statistical variability are placed in the middle to fill the rest of the RHLE. (d) pull-out step with the RHLE
showing the equal deformation pattern of the coupled loops.

2.3.1.7 Results for the micromechanical model

We created and analyzed 15 different RHLE finite element models; each one with a unique
combination of loops with geometrical variability that follows a statistical distribution as described
in Section 2.3.1.3. This will provide a statistical range of the mechanical response of the RHLE
considering material and geometrical variability. The resulting effective traction-displacement
(0¢ff — A) obtained from these numerical simulations are shown in Figure 2.12a. While the entire
simulation consists of the engaging and pullout process (as described in Figure 2.9) only the
pullout portion is plotted, initiating at A;= 0.8 mm (minimum displacement reached during the

engagement step), until complete separation at A,= 6.8 mm. The result of the engaging process is
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a system of hooks engaging a given number of loops. Due to the statistical distribution of the
geometrical variation of the loops, each simulation ends up with different number of loops being
engaged to the hooks which, as consequence, determines the mechanical behavior during the
pullout process. The individual simulations are shown in dashed grey lines. The solid green line
describes the average values of g, — A and the light green area bounds the maximum and
minimum standard deviation. Figure 2.12b-d describes the deformation sequence of one of the
RHLE illustrating three distinct mechanisms found during the engagement (Figure 2.12b) and pull-
out (Figure 2.12c) process. In particular, Figure 2.12d shows fiber entanglement and interlocking
at an advanced stage of the pull-out process.
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Figure 2.12. Numerical simulation for the micromechanical model. Pull-out step.

(a) g.f7-A curves for the 15 numerical simulations (gray) with average curve (green), within a light green area
computed from the maximum and minimum standard deviation. The dashed black vertical lines correspond to the
deformation position of panels (b), (c), and (d) (b) hook and loop engagement at the initial state of pull-out step.
(c) deformation of the fibers that reveals different pull-out angles. (d) fiber entanglement during the pull-out process
which increases the interaction between loops inducing their interlocking.

The result of these simulations allows us to make several observations. First, we notice that

the fracture of the loops do not take place simultaneously. Instead, the individual loops fracture
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one at the time. The collective behavior of individual mechanisms such as these fibers resemble a
similar behavior exhibited by protein and long molecules found in the interface of some naturally-
occurring materials such as nacre.®® The values of the force shown in Figure 2.12 depends on the
number of loops that are engaged in the pullout process. The cases with higher number of loops
being pulled out by the hooks (e.g., typically around 15 loops) are the ones exhibiting higher values
of oerf , Whereas the ones with 7 or less loops engaged in the pullout process are the ones giving
the lower values of owt. The maximum value of cetr, which can represent the strength of the RHLE,
depends on two competing mechanisms: fracture of the individual loops versus the release of the
loops by elastic deformation of the hooks. This competition heavily relies on the number of loops
that are engaged with a single hook. In average, each individual hook engages about 3 loops. Under
tensile deformation, the force required to fracture three loops oscillates around 0.27 N (Figure
2.4¢). On the other hand, each individual hook requires a force of approximately 0.875N to deform,
bend and release the loops (Figure 2.8). This means that 3 loops are more likely to fracture than to
bend the hook.

The geometrical variability of the individual fibers also causes the loops to fracture at
different force levels. Shorter loops tend to fracture earlier than the longer loops during the pull-
out deformation process. The fiber diameter also plays an important role in determining when the
fibers break. Since the loops are mostly subjected to uniaxial stress conditions, except where they
contact the hooks, the loops fracture when their stress reach the fracture stress (¢* = 135 MPa).
As such, the shortest fibers tend to break at A = 2.1 mm, while the longest at A = 6 mm, and the
average fiber will break at around A= 4 mm. The collective contribution of these mechanisms
leads to oefr VS. A curves that exhibit several peaks and drops of the stress denoting local snap-
through instabilities driven by the fracture or sudden release of the fibers. Figure 2.13 describes
two representative cases in more details. The grey line represents one of the cases with higher
resulting peak stress, whereas the blue curve represents a case with low peak stress, both with their
corresponding number of loops that are engaged at some selected steps. For instance, the case that
leads to higher stress initially pulls 15 loops, until it reaches the first peak at about 0.14 MPa (which
correspond to a total force of 0.95 N). The sudden drop corresponds to the fracture of the first fiber,
leaving only 14 fibers until the second and highest peak at about 0.15 MPa (with a total force of
1.1 N) in Figure 2.13i . The subsequent drops correspond to a series of fracture events that affect

6 loops (Figure 2.13ii). The final large drop corresponds to a group of 5 loops leaving only 3 loops
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(Figure 2.13iii) that are being stretched at a force lower than 0.3 N (or at a stress lower than 0.04
MPa). The blue line corresponds to one of the cases that engages a lower number of loops (i.e., 7
loops); however, the pull-out process follows a similar trend. The number of loops that can fracture
at once, does seem to be more stochastic in nature due to the material and geometrical variability.
Shorter loops contribute to increase the force at shorter distances (higher initial slope) and longer
loops contribute to extend this force for larger displacements. Additionally, we observe relatively
long fibers engaging more than one hook (both cases can be observed in Figure 2.13). This uneven
fracture process of the loops, which results in the jagged stress-displacement curve in the current
RHLE, is expected to become smooth as larger collections of hooks and loops are considered. On
the other hand, the average behavior shown as a green curve in Figure 2.12, which considers a
group of individual simulations with statistical variations of the loops geometry, can also be
representative of larger RHLEs.

7 loops
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Figure 2.13. Detailed description of two different numerical simulations for the micromechanical model.
The gray line represents the force-displacement for 15 loops engaged (high force) while the blue curve represents the
force-displacement for 7 loops engaged (low force).

The results in Figure 2.12 and Figure 2.13 also reveal general mechanical behavior like total
energy dissipated through the pullout process (or work of separation) of the RHLE, which can be
calculated as the area below the curve. As we can observe, the multiple fracture events promote
energy dissipation per unit area in the system. The more distributed the fracture events are, leading

to a smoother decaying/degrading curve, the more energy is dissipated through the process.
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2.3.1.8 Effect of the RHLE size

The RHLE size was chosen based on the material behavior and the capability of the RHLE
domains with different sizes to reproduce the same result. However, the selection of the hook tape
size was done in the undeformed configuration. Figure 2.14 shows the comparison between the
two RHLE of different sizes. From the deformed configuration of the RHLE with 6 loops (Figure
2.144a) it is evident that the loops are pushed away and spread out of the sample arising the question
if more hooks are needed to fulfill the requirements of periodicity. Consequently, the second set
of simulations was performed with a slightly larger RHLE, with 8 hooks, adding one extra hook
to the ends of each row, Figure 2.14b. The load-displacement curve was recorded for both cases
(Figure 2.14c) and can be concluded that the difference in engagement is subtle . The result from
this numerical test validate the assumption that 6 hooks is sufficient to capture the “real area” of

engagement between hooks and loops.

A (mm)

Figure 2.14. Effect of the RHLE size.
(@ RHLE size with six hooks and (b) RHLE size with eight hooks, one added to each end of the tape.
(c) Force-displacement curve comparing the two RHLES.

2.3.1.9 Hook rotation analysis

As discussed in Section 3, the output results from micromechanical models are used as an
input for macromechanical analysis. During the detachment process in the micromechanical
models, both hooks and loops are placed on top of each other, parallel the plane 1-2 and faced in
the direction perpendicular to 3, as shown in Figure 2.1. On the other hand, the interaction between
hooks and loops right at DPZ during the DCB test takes place at an angle ¢ (Figure 2.17). In order
to assess the effect of using data from the micromechanical model (that assume pure mode |

conditions) on the micromechanical model, we investigated the effect of hooks rotation on the
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mechanical response of the micromechanical model. To this aim, two sets of micromechanical
models with and without hooks rotation were developed, as presented in Figure 2.15a and b,
respectively. The comparison between the load-displacement of these two cases is presented in
Figure 2.15c. The results state that the model with rotated hooks tape (solid red curve) shows
higher values of reaction force in comparison to the case without rotation (solid blue curve). Figure
2.15c also presents the numerical results of zero rotated hooks with a variety of loops statistically
oriented. The results comparison showed good consistency between two models and also
confirmed that the current assumption on micromechanical modeling of a hook-and-loop fastener
is valid to use as an input for macromechanical model (i.e., peel test in DCB) and as a result, the

effect of initial hooks rotation can be ignored.
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Figure 2.15. Schematics of hook-and-loop fastener.
(a) hooks tape without rotation, (b) hooks tape with rotation. (c) The load-displacement curves of hook-and-loop
fastener with and without hooks tape rotation, and various loops orientations (shown in grey) for hooks tape without
rotation.

2.3.1.10 Micromechanical experimental tests

The primary purpose of the experimental tests is to validate the numerical results obtained
in Section 2.3.1.7. The experiments consisted in testing a set of 40 mm by 40 mm hook-and-loop

fasteners already engaged under tensile load and quasi-static conditions until complete separation.
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Both hooks and loops tapes were attached to 3D printed T-shaped grips using a strong adhesive
(See Figure 2.16a). The adhesive was monitored during the experiments to ensure there was no
delamination. Each test starts with an initial engaging process. The process starts by aligning and
pressing the two parts against each other. To have a consistent engagement process among samples,
each sample was also subjected to 10 cycles and shear deformation with a nominal load of
approximately 10 kPa. We observed that this procedure ensures an average of at least three fibers
engagement per single hook arm (similar to the numerical simulations). The samples were placed
in a universal tensile testing machine (MTS Insight 10) with a 1 kN load cell. A series of tests at
different low loading rates were performed, and it was found that applying a displacement rate of
3 mm/min on the top surfaces of the hooks guarantees no loading-rate or viscoelastic effect. The

resulting effective traction vs. displacement ( g, — A) curves are shown as dashed grey lines in

Figure 2.16b representing the test done on ten different specimens. The average values of these
curves is represented by the blue solid curve, whereas the light blue area is delimited by the
standard deviation. Optical micrographs of the pull-out process of the hook-and-loop fastener are
presented in Figure 2.16¢c-e. These images reveal three distinct mechanisms: loop engagement,
pull-out, and loop interlocking; similar to was predicted by the FE models (Figure 2.12b-d). The
variability on the initial loading slope observed in both numerical simulations and experiments can
be attributed to the statistical distribution of the loops geometry and loop lengths, as well as
variation in the number of loops that engage during the interaction. As previously discussed, the
initial number of engagements and the variability in length of the loops are responsible for the
variation in stiffness. Finally, the comparison between experimental results and FE simulations is
shown as an inset figure in Figure 2.16b. This comparison confirms that the loops deformation and
fracture is a dominant mechanism in the pullout process. Careful inspection of the hooks specimens
after each test indicated that the hooks did not deform inelastically or underwent any damage
during the pullout process, validating our hypothesis that the hooks only deform elastically in these
hook-and-loop systems. However, we observed two failure mechanisms depending on the length
of the loop: pull-out and fracture. For very short fibers, the fracture was observed inside the loops
while in this set of experiments most of the loops deformed plastically until the final sudden release

of the individual loops as observed in most cases in our simulations.
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Figure 2.16. Micromechanical experimental test.

(a) “T” shape samples with hook and loops (top) and assembly placed in the grips of the MTS machine (bottom).
(b) Experimental results for the micromechanical test (gray lines) with average curve (blue) within a light blue area
computed from the maximum and minimum standard deviation of the experimental results. In the inset, the
comparison between the average experimental results (blue line) and the average numerical simulations results (green
line) for the micromechanical test, the light green area is defined by the standard deviation of the numerical results.
Dashed black lines correspond to the deformation position of panels (c), (d), and (e). (c) hook and loop engagement
at the initial state of the experimental pull-out step. (d) engagement and deformation of fibers reveal different pull-out
angles. (e) pull-out process increases the interaction between loops inducing their interlocking.

2.3.2 Macromechanical model: Stage (I1)

In this section, the information from the high-fidelity micromechanical model is employed
to capture the macroscopic behavior of fasteners in the macromechanical stage, such as the DCB
test. Figure 2.17 represents the schematic of the transition from microscopic to macroscopic model
(DCB peel model) where the effective traction-separation (o.rr —A ) results from the
micromechanical model is used as an input for the cohesive zone layer as previously discussed.
The DCB model depicted in Figure 2.17 consist of two strips made of a homogeneous elastic
material with part of its length (L-a) connected using a hook and a loop tape glued on both sides

of the strip. a is the initial length of the crack and L is the entire length of the DCB. As the load is
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applied at the ends of the individual beams, the crack propagates from left to right as shown in
Figure 2.17. The DPZ then develops ahead of the crack tip. To obtain the correct of g.rf — A
response, we adopt a potential-based cohesive model®'8? which is available as a user-defined
element (UEL) and allows us to capture the correct shape of traction-separation model that
observed numerically and experimentally. While the micromechanical model provides the
necessary of g, — A response under pure opening (Mode I) mode, there are certain aspects of
the DCB that need to be considered. First, the DCB needs to be symmetric in order to replicate
mode | conditions at the crack tip. This is partially true considering that the hook-and-loop tapes
can be glued to two elastic strips of equal thickness and mechanical properties. Considering that
the bending stiffness of the strips is high enough, any asymmetry given by the fact that one strip
contains the hooks and the other strip has the loops is minimized. The other geometrical aspect is
related to the angle, ¢ between the strip and the horizontal line right at the crack tip (Figure 2.17b).
If ¢ is significant, then the loops and hooks will be subject to side loads (as opposed to the ideal
condition depicted in Figure 2.9-Figure 2.11). The effect of ¢ on micromechanical model was
investigated and presented in Section 2.3.1.9. For the scope of this work, we consider that ¢ is
small enough (smaller than 25°).

(@

Figure 2.17. The transition between micromechanical and micromechanical model.
(a) A schematic of the DCB specimen employed in this study. (b) The specimens are loaded on both free end with a
force (F) perpendicular to the hook and loop surfaces to separate them. To ensure mode | conditions only, the geometry
of the beam was controlled such as the curvature induced by the bending moment and the local rotation angle between
the two surfaces, ¢,was kept under 25°degrees.
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2.3.2.1 Detachment Process Zone (DPZ)

As previously discussed, the DPZ, which emerges from the interaction of the loops and
hooks ahead of the crack tip in a crack propagation situations such as those depicted in the DCB
case (Figure 2.1 and Figure 2.17) can be described by a cohesive model. The cohesive zone model
adopted for this work is described in terms of its normal and tangential cohesive tractions in

Equation 8 and Equation 9.%2

ot = [ (-2 €42 (1) @03 e[ -8 G
B+ (e — )] @
o0 o (18 (429" 0 (a8 (2] - 2
)"+ (g — 90| 21 ©

In Equation 4, @ and S represent the shape parameters; &, A, ¢, accounts for final crack
opening width, separation distance, and work of separation (or fracture energy), respectively.
Sub-indices n and t indicate the normal and tangential direction, respectively. The variables m and
n are the exponents associated with the initial slope and calculated as
m= ala—11,°/(1-ar,®) andn = (B — 1DA.>/(1 - BA.>). The work of separation in
normal and tangential directions are defined by I, = —¢,(a/m)™ and I = (f/n)" ,
respectively. Considering only mode |, as discussed in the previous section, we assumed the
tangential and normal parameters to be equal and constant (4,, = A;, ¢, =¢; , 8, =6;, a =

f8). Finally, the maximum traction can be calculated using Equation 9.82

Omax = S @y (1 = )" G+ DG Ay + D™ (10)

Based on Equation 5, a,d, and A are the three main parameters in cohesive traction-
separation law under mode-I loading, the effect of each parameter is shown in Figure 2.18a-c. By
keeping the values of work of separation constant and keeping a reference case for comparison
purposes (shown as a solid black line), we can illustrate the individual contributions of the main
parameters to cohesive traction-separation shape. By increasing the values of a, the softening
response of the curve changes from convex to a concave shape decreasing the peak traction value

(Figure 2.18a). Similarly, when the values of final crack opening width J increases, both peak
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traction and initial slope (stiffness) decrease (Figure 2.18b). However, when we increase the values
of initial slope A, an irregular variation on the peak traction was observed as well as a change from
concave to convex in the softening response (Figure 2.18c). The comparison between material
characterization using the PPR model and results from the micromechanical model (i.e., average
line within a light gray area computed from the maximum and minimum standard deviation from
the micromechanical model) is presented in Figure 2.18d. Additionally, the parameters used for

the material characterization are presented in Table 2-1.
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Figure 2.18. Incidence of main parameters on the shape of the traction separation law for a constant fracture
energy value in mode I.

(a) shape parameter a, (b) final crack opening parameter 9, and (¢) initial slope parameter A. Black curves sever as

reference. (d) Average traction separation curve obtained from the PPR cohesive element (solid black line), with light

gray area between the lower and upper bounds computed from the micromechanical model results. In the inset, the

comparison between the PPR cohesive element (solid black line) and the average numerical simulations results (green

line), the light green area correspond to the maximum and minimum standard deviation of the numerical results.

Based on the results of the micromechanical numerical model (i.e., o, — A curves from

Figure 2.12a), we took the average curve and identified: (i) the total separation distance

(6, = 6 mm where all the fibers were fractured); (ii) the value for peak stress (o,,qx = 0.11 MPa
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for the average case); and (iii) the critical opening width (8, = 3 mm separation at which we
reach the peak stress). Subsequently, we calculated the energy required to separate the hook and

loop (i.e., work of separation) as the area below the average o.rs — A curve obtained from the

model, ¢ = 0.37 N/mm. Based on the previous parameters, we then obtained the initial slope
1, = 6"0/ 5. = 0.5). Finally, the parameter o is obtained by fitting the cohesive model to the
n

average o.sr — A curves, following the concept depicted in Figure 2.18a, after all the other
parameters are plugged into Equations 9 and 10. The lower and upper bounds of all these
parameters, which were obtained using the same procedure on the o,rf — A curves that have the

standard deviation, are also reported in Table 2-1.

Table 2-1. Main cohesive zone parameters

Parameter o 6(max) (MPa) ® (N/mm) A (MPa/mm)
Minimum 3.8 0.08 0.26 0.44
Average 3.1 0.11 0.37 0.45
Maximum 2.5 0.13 0.48 0.48

2.3.2.2 Loading and unloading mechanical response of the PPR cohesive model

The behavior of the cohesive model under cyclic loading can be used to capture the
irreversible process of the inelastic behavior of the hook-and-loop fastener; more precisely in our
case, the plastic deformation and fracture of some of the hooks, and snap through events observed
during the sudden release of some of the loops. Figure 2.19 depicts the finite element simulation
of the behavior of the cohesive traction-separation law based on the PPR potential under different
loading/unloading cycles.88 In the first cycle AB, all the loops deform in their elastic regime and
therefore the unloading takes place following the same load-displacement path. However, in the
cycle AC, the load is very close to the required load to break the first loop, and therefore, point C
denotes the last point where reversible unloading can take place. For a cycle that undergoes larger
deformation, (for instance, until point D) the unloading process follows a different path, denoting
an irreversible process. The area enclosed by the curve connecting the points ABCD and back to A

is the energy that has been dissipated by the irreversible process previously described as the
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inelastic mechanical response of the loops, fracture and instabilities related to the release of elastic
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Figure 2.19. Loading-unloading behavior of PPR cohesive model.
(a) Schematic representation of the DCB with the location of hook-and-loop cohesive element during deformation.
(b) Loading and unloading path followed by the hook-and-loop cohesive element under tensile loading conditions.

2.3.2.3 Results of the macromechanical model

A total of five DCB specimens comprising Nylon strips as beams with hooks and loops tapes
were prepared and tested under quasi-static conditions, as shown in Figure 2.20. The Nylon beams
dimensions are 250 mm (length) x 25.4 mm (width) x 2 mm (thickness). The hooks and loops
tapes were bonded to the beams using Instant-Bonding Adhesive Loctite® and were left to dried
at room temperature for 24 hours before testing. To avoid delamination between the tapes and
Nylon strips, the surfaces of the tapes and Nylon strip were hand-sanded prior to bonding in order
to increase adherence. The tapes (both hooks and loops) cover the entire width of the sample and
have a length of 200 mm, leaving an initial crack of a = 50 mm. The total thickness of the fastener
(including both hooks and loops tapes under attachment) is equal to 0.8 mm. Before testing, the
two strips were attached by applying a relative shear movement to achieve a consistent engagement,
similar to the process used in Section 2.3.1.10. Subsequently, the sample was tested using a
universal tensile testing machine (MTS Insight 10) with a load cell of 100 N by applying a
displacement rate equal of 3mm/min at the ends of the upper beam as shown in Figure 2.20a. The
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measured force F and mouth opening D are plotted in Figure 2.20b. The blue curve and light blue
region denote the average, lower and upper bounds.

Similarly, a 2D finite element model of the DCB (with the same dimensions used in the
experiments) was developed using ABAQUS. The individual beams were modeled as elastic
materials, assuming Young’s Modulus and Poisson’s ratio of Nylon ( Enyion= 2.2 GPa and
vhylon = 0.45). The hook-and-loop interface was modeled as a cohesive layer with the average
properties reported in Table 2-1. Additional simulations were also done considering the lower and
upper bounds reported in Table 2-1. The interface is modeled considering an initial thickness of
A1 = 0.8 mm, as explained in Figure 2.18. A comparison between the numerical simulations and
the average experimental response is shown in inset in Figure 2.20b. The green curve shows the
numerical simulations using the average values from Table 2-1. The light green region denotes the
lower and upper bounds. While the variation between peak loads and initial stiffness can be
explained in terms of the geometrical variability of the loops and hooks, the general decaying
portion of the curve, which represents the typical behavior of the DCB was well captured by our
two-scale approach.
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Figure 2.20. Macromechanical experimental test.
(a) details of the experimental setup used to test the DCB specimen applying a force (F) and a displacement (D) to
separate the hook-and-loop tapes. (b) Experimental results for the macromechanical test (gray lines) with average
curve (blue) within a light blue area computed from the maximum and minimum standard deviation of the
experimental results. In the inset, the comparison between the average experimental results (blue line) and the average
numerical simulations results (green line) for the macromechanical test, the light green area correspond to the lower
and upper bounds given by the standard deviation.
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2.4 Discussion

In general, the results presented in Section 2.3 confirm a good agreement between our
numerical simulations and the experiments at two specific scales. While the experiments were
done to validate the models at the two scales, we demonstrate that the two-scale approach presented
here is capable of predicting the behavior of macroscale structures, such as a DCB, using basic
mechanical behavior of the individual building blocks at the microscale. On one hand, the high-
fidelity micromechanical model demonstrated to be efficient at capturing the proper mechanisms
typically found in these types of hooks-and-loops systems. Such mechanisms are mostly related to
the inelastic behavior of the loops in terms of elastic-plastic deformation followed by fracture, and
the elastic response of the hooks. The micromechanical model is capable of replicating the same
type of entanglements observed in the experiments, as shown in Figure 2.10,Figure 2.11, Figure
2.13 and Figure 2.16. As discussed, a relatively small group of hooks and loops selected as the
RHLE is sufficient to represent the mechanical behavior inside the detachment process zone. These
RHLE not only capture the main averaged properties such as overall stiffness, strength, and work
of separation, but also the variability measured in the experiments (see Figure 2.16b). The model
is also able to reproduce the main mechanisms that contribute to the initial stiffness and strength.
Since the loop variability is directly taken from measurements (as described in Section 2.3.1.3)
and explicitly implemented in the micromechanical model with loops of different lengths and cross
section areas, it manifests directly in the spread of the initial stiffness and strength of the RHLE.
Careful observation of the models, and their corresponding experiments, reveal that most hooks
engage three loops in average. Such level of engagement typically leads to fiber fracture as it
typically requires 10 to 15 loops to bend a hook. The load required to deform and fracture a loop
varies from 0.06 to 0.08 N whereas the force require to bend a single hook is 0.8-0.9N.

It is worth noticing that the experiments reported in Figure 2.16 are merely a checkpoint in
our two-scale strategy, as they do not provide any input for our model. Moreover, our numerical
results, as reported in Figure 2.12), are then employed as cohesive properties of the DPZ for a
larger system, e.g., DCB, which is then validated with another set of experiments as shown in
Figure 2.20. The experimental results presented in Section 2.3.2.3 confirm the efficacy of our
strategy, demonstrating that one could use these models to predict the behavior of a larger system
by simply providing some key geometrical details and basic mechanical properties of the building
blocks at the microscale.
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While the scope of the present work and example presented in this paper only considers
monotonically increasing loads, the mechanical behavior of the hook-and-loop system under cyclic
load can also be handled by proposed modeling strategy. The irreversible processes that take place
during the detachment process (e.g., plastic deformation and fracture of the loops, snap-through
behavior of the sudden release of energy when the loops are either fracture or released from the
hooks, friction, etc.) can be considered in the cohesive model by providing a path dependent
traction-separation law. The details of such model are included in the Section 2.3.2.2 and will be
included in future work considering the reformulated version of the PPR model into the anisotropic

Helmholtz form as reported by.%

2.5 Conclusions

In this study, we employed the multi-scale approach to understand the mechanical behavior
of the hook-and-loop fastener at the micro- and macroscales. The multi-scale approach enabled us
to connect the results from the RHLE model (micromechanical model) to a larger scale structures,
such as the DCB or peel tests (macromechanical model). We first presented a new computational
high-fidelity micromechanical model that includes detailed information of the hooks and loops
geometry and basic mechanical behavior. This model captures the general behavior and response
of the fastener, such as detachment and pull-out under mode-1 loading condition. By establishing
a general contact formulation between hooks and loops, we were able to capture both engagement
and pull-out process similar to experimental observation. Hook-and-loop fastener are made of
polypropylene, and the mechanical behavior of individual loops was characterized by performing
pull-out tests on a single and multiple fibers. Based on the experiments, the fibers behave
elastoplastic while the hooks remained elastic during the tests. To increase the accuracy of this
model, we developed a loop mesh generator code to account for the statistical variation in geometry,
volume fraction , diameter, and length of an individual fiber. The loop generator code enabled us
to capture the statistical variations that we observed the loops fibrous tape.

The computational domain (RHLE) represents the detachment zone process (DPZ) in the
micromechanical model and the DPZ is defined as a new emerging length scale in the
macromechanical model. The relationship between RHLE size and DPZ length plays an important
role in multiscale modeling. During the analysis, we selected the size of the RHLE much smaller

in comparison to the DPZ to satisfy the uniform field conditions in the applied displacement-
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traction field and, as a result, represent the mechanical behavior inside the DPZ in macro-scale.
Additionally, the entire detachment process at the macroscale model was analyzed using a unique
effective traction-separation law obtained directly as the output of RHLE model. The comparison
between FE results and experiments of both the RHLE model (micro-scale) and DCB test (macro-
scale) shows a good consistency between the results and validated the idea of using the two-sale
approach in modeling the hook-and-loop fastener at different scales.

Finally, we successfully developed the multi-scale to predict the mechanical performance of
hook-and-loop fastener under mode-1 loading conditions. This method could also be extended for
various loading conditions scenarios (i.e., mode Il, multiaxial loading). The results from
computational multi-scale models provide us with new insight through the mechanics of the
fastener and significantly decrease the design and production cost by avoiding unnecessary
production and experimental testing.
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3 BIOINSPIRED FABRICATION OF RECONFIGURABLE
ELASTOMERIC CEMENTITIOUS STRUCTURES USING
SELF-HEALING MECHANICAL ADHESIVES

Copyright 2021 Elsevier. Original source from Ref.3

Motivation and rationale: Modern construction technologies are in high demand of new
highly customizable and easy-to-assemble structural materials with enhanced mechanical
performance and the capability to self-repair autonomously. This article describes the simple and
cost-effective manufacturing of Self-Healing Elastomeric/Cementitious/Mechanical Adhesive
Structures (SECMAS). SECMAS are comprised of cementitious bricks joined by mechanical
adhesive interfaces and organized in nacre-inspired, brick-and-mortar structures. This scalable
staggered design provides SECMAS with the capability to concentrate the formation and
propagation of cracks along the mechanical adhesive interfaces, which efficiently distribute
loading forces and accommodate deformation. The periodic distribution of elastomeric reinforcing
layers inside the SECMAS facilitates its elastic self-recovery after severe deformation, restoring
the interlocking of the mechanical adhesive interfaces and enabling SECMAS to autonomously
recover their original mechanical properties at room temperature. Moreover, the rapid recovery of
the mechanical adhesive interfaces enables repeated self-healing under cycling bidirectional
loading forces. The modular structure of SECMAS and their easy-to-assemble and
easy-to-disassemble mechanical adhesive interfaces facilitates the rapid exchange of damaged
components for new ones, enlarging service life. Furthermore, the simple and scalable design rules
derived for the construction of SECMAS facilitate their rapid reconfiguration into a variety of

self-repairing structural elements, promoting sustainable construction.

3.1 Introduction

This chapter presents Self-Healing Elastomeric/Cementitious/Mechanical Adhesive
Structures (SECMAS), nacre-inspired hybrid structures capable to be easily reconfigured into a
variety of designs. SECMAS are comprised of regularly staggered cementitious bricks
(99% in mass), joined by mechanical adhesive (0.2% in mass), and reinforced by elastomeric
layers (0.8% in mass). The structure of SECMAS concentrates crack formation and propagation
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along the mechanical adhesive interfaces, which rapidly self-repair after the load disappears thanks
to the elastic recovery of the elastomeric layers. SECMAS can be easily and rapidly assembled
and disassembled using a scalable staggered layout that enables the rapid exchange of damaged
bricks for new ones. Moreover, SECMAS self-repair repeatedly and autonomously at room
temperature, completely recovering their strength and toughness after loads inducing severe cyclic
bidirectional deformation (ef =0.21). We demonstrate that SECMAS exhibit flexural and
compression toughness values 50 and 12 times greater than their monolithic counterparts,
respectively, and are able to remain functional after failure. When compared with other
cementitious/polymeric self-healing composites,?8 SECMAS are assembled structures capable
of enduring multiple large deformations cycles by exploiting the elastic recovery of their
elastomeric layers to repair the mechanical adhesive interfaces that concentrate crack formation.
We expect SECMAS to serve as an attractive strategy for the development of resilient
self-repairing structures shed light on the design of new deployable, convertible, and temporary

constructions capable to meet the rapidly increasing modern demands.®®

3.2 Nacre Inspired Design of SECMAS

Nacre exhibits an organic-inorganic brick-and-mortar structure (Figure 3.1a) that provides
this biomaterial with outstanding toughness and self-healing properties.%® External forces are
efficiently distributed across the organic adhesive interfaces (5 vol%) serving as the mortar for the
aragonite platelets (95 vol%) in nacre. These protein-based adhesive interfaces joining aragonite
platelets unfold into biopolymer fibrils (Figure 3.1b, ¢) upon elongation but can restore their folded
configuration in the presence of moisture, providing self-healing properties to nacre.®* Inspired by
nacre, SECMAS brick-and-mortar structure is comprised of staggered cementitious bricks
(99% in mass), bonded by mechanical adhesive (0.2% in mass), and reinforced by elastomeric
layers (0.8% in mass), Figure 3.1d. The mechanical adhesive interfaces of SECMAS comprise
arrays of polymeric hook and loops fasteners (Figure 3.1e). Upon contact, the hooks in one side of
the interface engage and get entangled with the loop on the other side, creating a strong mechanical
interlocking across the interface. Under increasing external loads (Figure 3.1f), the hook-and-loop
fasteners in the interface stretch first and then detach, maintaining their capability to restore their

attachment when there are brought into contact again.
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3.3 Experimental Details
3.3.1 Fabrication of SECMAS

Cement bricks were fabricated by casting Portland Cement CEM-1 (TXI Industries Inc.,
chemical composition in Table 3-1) with water/cement ratio of 0.42 in 10 mm x 28 mm x 50 mm
silicone molds. The molds were vibrated for 45 s to help the paste settle and consolidate. The
molds were hardened at 23°C and 90% relative humidity for 24 h. After unmolding, the cement
bricks were submerged in water at 45°C for 7 days for maturation. Prior to assembly the SECMAS,
cement bricks were removed from the water bath and dried at 45°C for 6h. Hook-and-loop
mechanical adhesive (3/4-US-41FT; JIHO Inc.) was attached to each of the cement bricks using a
cyanoacrylate adhesive gel (Loctite 409; Henkel Ltd.) so that the hooks cover the bottom and one
side of the brick and the loops cover the top and the opposite side of the brick. Hook-and-loop
covered bricks were attached to each other following a staggered brick-and-mortar pattern. The
elastomeric layers of the SECMAS were fabricated using a two-component platinum-catalyzed
silicone elastomer, produced by Smooth On, Inc. and commercially known as Ecoflex 00-30. This
elastomer has excellent elongation capabilities (elongation at break, efrac ~600%), a tensile
strength, 1= 1.38 MPa, and an elastic modulus, E = 125 KPa.?” The fabrication process of the
elastomeric layers followed a two-step process: First, the inter-brick space of a single layer of
bricks assembled over a dense loop casting surface was filled with Ecoflex 00-30. Second, after
curing the elastomer at room temperature for 2 h, the dense loop mechanical adhesive surface used

to prevent the penetration of the elastomer to the bottom surface of the bricks was removed.
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Figure 3.1. Nacre-inspired design of SECMAS.

(a) Brick-and-mortar structure of nacre comprising stiff ~500-nm-thick aragonite platelets bonded by soft and elastic
biopolymers. (b) The application of a tensile force induces the delamination of two aragonite platelets, showing their
protein adhesive interfaces.®! (c) Transmission electron microscope image of the adhesive biopolymer fibrils bonding
two aragonite platelets in nacre.® (d) Nacre-inspired design of SECMAS composed of brittle cement bricks assembled
in a brick-and-mortar pattern, joined by mechanical adhesive interfaces, and reinforced with elastomeric layers (at the
top and the bottom). (e) Optical image from the area highlighted in (d), showing the mechanical adhesive interface
between two cement bricks in a SECMAS. (f) Stretching of the hook-and-loop mechanical adhesive interface between
two cement bricks upon tensile forces.

3.3.2 Mechanical Characterization of SECMAS Constituents

SECMAS benefit from the synergistic collaboration of each of its constituents to exhibit
high toughness and self-repairing properties (Figure 3.2a). The staggered bricks in SECMAS have
high compression strength (~90 MPa)® but exhibit a brittle behavior which impede them to sustain
deformations larger than 1.8% flexural strain (Figure 3.2b and Figure 3.3). Under external loads,
the stretching and detaching of the hook-and-loop mechanical adhesive interfaces exhibit a
characteristic stress-strain “saw-tooth” response similar to nacre.> where the peaks correspond to
hook-and-loop detachment events. The continuous detachment of the hook-and-loop bonds across
the mechanical adhesive interface efficiently dissipate tensile and shear stresses applied to the
SECMAS (Figure 3.2c, d, and Figure 3.3). Note that, due to the direction of staggering and the
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different mechanical properties of the mechanical adhesive interfaces under pure shear and pure
tension forces (Figure 3.2c, d) make SECMAS to exhibit strong mechanical anisotropy along
orthogonal directions. These mechanical adhesive interfaces, however, efficiently concentrate
deformation and crack formation/propagation along the interfaces of SECMAS preserving the
integrity of the cement bricks. To provide SECMAS with the capability to restore the attachment
between separated mechanical adhesive interfaces, we reinforce its brick-and-mortar structure by
introducing elastomeric Ecoflex layers between every four rows of bricks (Figure 3.2a, €). After
the dissipation of a deforming load, the elastic recovery of SECMAS brings back into contact the
separated mechanicals adhesive interfaces, restoring the binding between their hooks-and-loops.

Tensile, compression, and three-point bending tests were performed in a universal testing
machine (MTS ESM1500; Mark-10 Corp.) equipped with a 1 kN load cell (model MR01-1000).
To characterize the tensile properties of the elastomer used, dogbone-shaped Ecoflex 00-30
samples were tested according to ASTM D412-16 at a crosshead speed of 3 mm/min. Compression
tests were performed according to ASTM D575-91 at a crosshead speed of 3 mm/min. Three-point
bending tests were performed according to ASTM D7264-15 at a crosshead speed of 3 mm/min.
The adhesion of 19 mm x 40 mm hook-and-loop surfaces was characterized at pure tension and
pure shear according to ASTM D4541-17 and D5169-98 at a crosshead speed of 3 mm/min.

3.3.2.1 Mechanical Adhesive

The performance of the mechanical adhesive under pure tension and shear was characterized
by attaching a 19 mm x 40 mm hook-and-loop surfaces to opposite faces of 3D printed samples
(Figure 3.3a, b). The two samples were first aligned together and pressed against each other. Then,
the samples were mounted in a universal tensile testing machine (MTS ESM1500; Mark-10 Corp.)
with a 1 kN load cell (model MR01-1000) and pulled at a crosshead speed of 3 mm/min to

guarantee quasi-static equilibrium, which allowed us to neglect viscoelastic effects.
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Figure 3.2. Mechanical properties of the constituents of SECMAS.
(a) SECMAS beam with elastomeric layers at the top and the bottom. (b) Flexural behavior of the cement bricks during
a three-point bending test with 40 mm span length. (c, d) Performance of the mechanical adhesive interface during a
pure shear test (c) and a pure tension test (d). (e) Stress-strain response of Ecoflex 00-30 under uniaxial tension.

3.3.2.2 Bricks

To characterize the mechanical performance of the bricks used in SECMAS, | placed the
bricks on two steel supports and performed a three-point bending test using a loading pin moving

at a crosshead speed of 3 mm/min, midway between the supports (Figure 3.3c). The span-length
between supports was 40 mm.
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Figure 3.3. Mechanical characterization of SECMAS constituents.

Mechanical adhesive interface in pure traction (a) and pure shear (b). c) Cementitious bricks under three-point bending
loads. All scale bars are 2 cm.
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Table 3-1. Chemical composition and phase compounds for Portland cement — Type I.,
in compliance with the ASTM C150, AASHTO M85, and CSA-3001_GU specifications.

Chemical Data (%)
Silicon Dioxide (SiO2) 19.54
Aluminum Oxide (Al2O3) 5.26
Ferric Oxide (Fe203) 2.71
Calcium Oxide (Ca0) 63.49
Magnesium Oxide (MgO) 2.18
Sulfur Trioxide (SOz) 3.12
Loss on Ignition 2.85
Insoluble Residue 0.39
Carbon Dioxide (CO2) in Cement 1.67
Limestone 3.94

Calcium Carbonate (CaCOg) in Limestone 96.7

Phase Compounds (%)
Tricalcium Silicate (C3S) 59.5
Dicalcium Silicate (C2S) 9.0

Tricalcium Aluminate (C3A) 9.0

Tetracalcium Aluminoferrite (C4AF) 7.9
Sodium Oxide (Na2O) Equivalent 0.62
Free Calcium Oxide (CaO) 1.05

3.3.2.3 Elastomeric Layers

The elastomeric layers of the SECMAS were fabricated using a two-component platinum-
catalyzed silicone elastomer called Ecoflex 00-30 (Smooth On, Inc.). After mixing the two
components of Ecoflex 00-30 in liquid form at a 1:1 weight ratio, the prepolymer cures into a solid
elastomer according to a hydrosilylation curing mechanism. This curing process is based on the
addition of Si-H bonds via unsaturated C=C, C—O, and C=N bonds in presence of a platinum-
based Karsted catalyst.®® The performance of the silicone elastomer used to fabricate the

elastomeric layers was characterized by placing dogbone-shaped Ecoflex 00-30 samples in a
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universal tensile testing machine (MTS ESM1500; Mark-10 Corp.) with a 1 kN load cell (model
MRO01-1000) and pulled at a crosshead speed of 3 mm/min according to ASTM D412 16 to
guarantee quasi-static equilibrium, which allowed us to neglect viscoelastic effects. A
representative result from these experiments is displayed in Figure 3.4.

3.3.2.4 Ogden model describing the hyperelastic behavior of the elastomeric layers in
SECMAS

The Ogden model has been used to describe the hyperelastic behavior of a variety of highly

stretchable elastomers.®

U=3 G O+ 4+ 2 = 3) + S 5 0 - 1) (11)

This model describes the volumetric response of a material to stretching by expressing the
strain energy potential (U) as a function of the principal stretches (Ai), the shear modulus (i), and
the volumetric material parameters (Di). Note that ai, pi, and Di are all temperature-dependent

material parameters that can be obtained by fitting the Ogden model using the experimental results
obtained during the tensile testing of Ecoflex 00-30 (Figure 3.4).
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Figure 3.4. Mechanical characterization of SECMAS elastomeric layers.
Experimental true stress vs strain curves of Ecoflex 00-30 obtained during a uniaxial tensile test (green dots) fitted
using a three-term Ogden model (solid blue line).
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3.3.3 Finite Element Model of the Mechanical Performance of SECMAS

Simulations modeling the behavior of SECMAS were performed using a commercial finite
element solver (Abaqus/CAE 6.13-1; Simulia Corp.). The experimental elastomeric behavior of
Ecoflex 0030 (p = 1.06 g/cm?®) was approximated using a hyperelastic three-term Ogden model
09 with the following parameters: p=1.887x10°MPa, p2=2.225x1072 MPa,
u3 = 3.574x10° MPa, al = -3.848, 02 =0.6632, a3 =4.225, D1 =2.9259 MPa?l, D2=D3=0
(Figure 3.4). Cement bricks were simulated using an elastic model with a density p = 1.8 g/cm?,
Young’s modulus E = 10 MPa, and a Poisson's ratio v = 0.49. The mechanical adhesive interfaces
were approximated by a bilinear traction-separation law using a nominal stress of 0.045 MPa and
a fracture energy of 0.27 N/mm, p = 0.9 g/cm?, and E = 0.033 MPa. The interfaces between the
mechanical adhesive and their corresponding cement bricks were connected using a surface-based
tie constrain formulation.®% Three-point bending steel supports and loading pin were simulated
using an elastic model with p = 8.05 g/cm®, E = 200 GPa, and v = 0.30. Elastomeric layers and
cement bricks were discretized using solid first order hexahedral C3D8 elements, while the
mechanical adhesive was discretized with linear tridimensional cohesive COH3D8 elements.
Three-point bending supports and loading pin were discretized using solid tetrahedral C3D4
elements. The supports were restricted from motion and rotation in all directions, while the top
loading pin was constraint to move vertically at a loading speed of 3 mm/min.

To replicate the experimental conditions of the three-point bending tests, the SECMAS beam
is placed on top of the two steel supports (span length 150 mm) and loaded by a loading pin (Figure
3.5). The contact between the steel supports and the elastomeric layer in the SECMAS is defined
using a master/slave condition where the upper surfaces of the supports are the “master” and the
elastic layer is the “slave”. The rest of the contacts in the SECMAS (brick mechanical adhesive
interfaces) were defined using general contact conditions. Restriction of interpenetration and

frictionless conditions were imposed in the model.
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Figure 3.5. Finite element modeling of a SECMAS beam using Abaqus/CAE software.

3.4 Results and Discussion
3.4.1 Mechanical Performance of SECMAS

Figure 3.6 shows the comparison between the mechanical performance of SECMAS and
their monolithic cementitious counterpart while undergoing three-point bending and compression
tests. Upon flexural deformation, a monolithic cementitious beam exhibit higher Young’s modulus
(~700 MPa) than a SECMAS of the same dimensions. The brittle behavior of cementitious
materials limits their capability to accommodate deformation to a mere flexural strain at fracture
effrac = 0.0019 (Figure 3.6a). After reaching effrac, Cementitious materials develop cracks that
rapidly propagate through their structure,®? leading to catastrophic failure (Figure 3.6a, bottom).
The reduced maximum deformation (erfrac = 0.0019) of monolithic cementitious counterparts
hinders their toughness (Usiex = 1.3 KJ/m®) and limits the tolerance of conventional brick walls
joined by brittle mortar interfaces to cycling loading forces of large amplitude, such as
earthquakes.® On the other hand, SECMAS, while exhibiting lower Young’s modulus that their
monolithic cementitious counterparts, exhibit flexural toughness values 50 times greater
(Usiex = 65 KJ/m®) than their monolithic counterparts, since the mechanical adhesive interfaces
joining the cementitious bricks efficiently dissipate tensile and shear forces (Figure 3.6b).
SECMAS exhibit a remarkable 39.4% maximum flexural strain (strain at which the first brick in
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the SECMAS breaks). When subjected to compressive forces, the mechanical adhesive interfaces
accommodate deformation and distribute the pressure over the surface of the bricks, retarding
crack formation (Figure 3.6c, d), imparting the reconfigurable bricks in SECMAS with a
compression toughness 12 times greater (Ucomp = 78 KJ/m®) than their cementitious counterparts.
Furthermore, even after some bricks fracture, the mechanical adhesive interfaces in SECMAS
maintain the cohesion between bricks in the structure, avoiding catastrophic failure and enabling

the further dissipation of applied loads.

Ueomy=6.4 KJ-m™3
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Figure 3.6. Mechanical performance of SECMAS compared with its monolithic cementitious counterpart.
(a) Dependence of the pure bending (flexural) stress induced on a 53 x 28 x 235 mm monolithic cement block as a
function of its vertical flexural strain at the center. This cement block experiences catastrophic failure (marked with
an asterisk) after a flexural strain ef-frac = 0.0019. The red colored area under the stress-strain curve prior to fracture
corresponds to the flexural toughness of the cement block. (b) Flexural stress-strain response of a beam-like SECMAS
with the same dimensions of the cement block shown in (a). The flexural strain at which the first brick in the SECMAS
breaks is ef-frac = 0.3940. The flexural toughness of the SECMAS is calculated as the area below the flexural stress-
strain curve (green colored) until the first brick in its structure fails (event marked with an asterisk). After the fracture
of the first brick, the mechanical interfaces between the bricks continue accommodating the deformation and
distributing the bending load, preventing the sudden catastrophic failure of the SECMAS. (c) Dependence of the
compressive stress induced on two 10 x 28 x 50 mm overlapping cement bricks (no mechanical adhesive interface) as
a function of its vertical strain. The fracture of the top brick (point 1) induces the accumulation of the load across the
crack, which leads to the fracture of the bottom brick (point 2). (d) Compressive stress-strain response two overlapping
SECMAS bricks with the same dimensions of the cement bricks shown in (c). The incorporation of compliant
mechanical adhesive interfaces enables the distribution of compression loads over their surface, delaying crack
formation and enhancing compression toughness (Movie 1).
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3.4.2 Autonomous Self-healing of SECMAS at Room Temperature

Even after enduring loads inducing large deformations, SECMAS can rapidly, repeatedly,
and autonomously recover their mechanical performance at room temperature thanks to the facility
with which their mechanical adhesive interfaces can restore their bonds upon contact. This self-
healing capability is illustrated in Figure 3.7, which shows the recovery of the mechanical
properties of a SECMAS beam after the application of bidirectional cycling loads inducing flexural
strains up to 20%. While bidirectional cycling loads inducing such flexural strains often cause the
cracking of cement structures, these loads are not sufficient are not sufficient to induce the cracking
of the cement SECMAS bricks. During odd loading cycles (1, 3...), a bending force is applied at
the top surface of the SECMAS, in a direction perpendicular to its elastomeric layers (Figure 3.7a).
The continuous bending of the SECMAS induces the accumulation of compressive forces at the
mechanical adhesive interfaces closer to the loading pin, reducing the distance between the
hook-and-loop fasteners and enhancing their attachment. Simultaneously, tensile forces are
generated on the opposite side of the bending SECMAS, leading to the dissipation of energy
through the detachment of the mechanical adhesive interfaces on that region. When the bending
load is removed, the elastic recovery of the SECMAS induced by the elastomeric layers embedded
in its structure brings the mechanical adhesive interfaces back into contact, restoring the binding
of their hook-and-loop fasteners (Figure 3.7c). The self-healing of SECMAS, however, is limited
by the capability of the elastomeric layer to absorb the deformation within its elastic deformation
range (€ < 600%, Figure 3.2e). During even loading cycles (2, 4...), the SECMAS beam is loaded
in the opposite direction (load applied perpendicularly to its bottom surface, Figure 3.7b). This
load now compresses the mechanically adhesive interfaces stretched during cycle 1, enhancing
their contact and completely restoring their attachment. Similarly, layers previously compressed
during cycle 1 are now stretched during cycle 2, dissipating energy. It is important to note that,
upon the application of punctual loads, the strength of the SECMAS depends on the location of
the load relative to the brick-and-mortar pattern (see differences between cycles 1 and 2, Figure
3.7c). These differences in strength minimize when the load is distributed along the length of the
SECMAS, as it often occurs in construction structures.®*

By comparing the material response of SECMAS during odd or even cycles (Figure 3.7c),
we observe that the elastic recovery based self-healing of SECMAS at room temperature
efficiently restores their strength and toughness. The capability of SECMAS to efficiently dissipate
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energy from external loads through their mechanical adhesive interfaces and to elastically recover
provide them with values of flexural strain and toughness higher than several previously reported
self-repairing structures®*®® (Table 3-4). It is important to highlight, that the use of Ecoflex 00-
30—a highly stretchable elastomer with a low elastic constant—in SECMAS optimizes their
stretchability but limits their elastic recovery force, impeding them to completely recover their
initial configuration after one loading/unloading cycle (ef = 0.075, Figure 3.7¢). To minimize this
permanent deformation in SECMAS, which could in turn limit their serviceability, elastomers less
stretchable but with higher elastic constants could be used in their elastomeric layers. However,
the capability of the proposed cementitious staggered structures to autonomously regain their
mechanical performance after flexural strains up to 20% makes SECMAS a promising structural
material to build reconfigurable constructions that might be subjected to cycling loading forces of

large amplitude, such as ground-borne vibrations, earthquakes and/or extreme weather conditions.
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Figure 3.7. Self-healing capability of SECMAS exposed to cycling bidirectional bending loads.
(a, b) Cycling three-point bending tests simulating the effect of a bidirectional bending load on a beam-like SECMAS.
The bending force is applied to the top of the SECMAS in cycles 1 and 3 (a) and to the bottom of the SECMAS in
cycles 2 and 4 (b). (c) Dependence of the flexural bending stress applied to the SECMAS as a function of the flexural
vertical strain at its center. This graph shows the complete autonomous self-healing of the SECMAS at room
temperature after withstanding repeated bidirectional bending loads (see Movie 2).
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3.4.3 Rapid Exchange of SECMAS

SECMAS, as staggered cementitious bricks joined by mechanical adhesive interfaces, can
be rapidly disassembled and re-assembled at room temperature, without requiring curing time.
Figure 3.8 demonstrates how, after the fracture of one or several bricks in their structure, the
modular design of SECMAS facilitates the rapid exchange of the damaged bricks for new ones,
restoring the mechanical performance of the assembled structure. To demonstrate the rapid
reparation of SECMAS by exchanging damaged components, we performed three consecutive
loading cycles applying a bending force perpendicular to the top surface of a SECMAS beam:
During the first cycle, the SECMAS beam experiences a flexural strain of 21%, which the
SECMAS can withstand and recover from thanks to the elastomeric layers in its structure. After
the SECMAS autonomously recovers its mechanical properties, we applied a second loading cycle,
which exposed the SECMAS beam to a flexural strain of 42%. Such flexural strain caused the
failure of one of the bricks on the SECMAS (see point Il in Figure 3.8c). After the removal of the
bending load, the elastomeric layers restored the original shape of the SECMAS beam. The
maximum flexural strain that SECMAS are able to endure before their elastomeric layers
delaminate from the bricks was 62%. After the second loading cycle, we benefited from the rapid
detachment and reattachment of the mechanical adhesive interfaces of the SECMAS to replace the
fractured brick for a new one in only 21s (see Movie 3). We tested the mechanical performance of
the repaired SECMAS by applying a third cycle replicating the loading conditions of the first cycle.
When comparing these first and third loading cycles (red solid and blue dashed lines in Figure
3.8¢), we observed the SECMAS regained its original mechanical performance completely after

the replacement of the broken component.
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Figure 3.8. Restoring the mechanical performance of SECMAS by rapidly replacing its damaged
components.

(a, b) Match between the experimental three-point bending tests and FEA simulations showing the distribution of
stress across the SECMAS for a flexural vertical strain of &f =0.17 at point | (a) and &f =0.24 at point Il (b).
(c) Three-point bending tests for three different loading cycles. During cycle 1, the SECMAS is bent until it reaches
ef = 0.21, crossing point | (panel a). During cycle 2, the SECMAS is bent until the first fracture event occurs in one
of'its bricks at ef-frac = 0.394 (point Il1), after crossing points | and Il (panels a, b). Even after the mechanical failure
of one of their bricks, SECMAS remain capable of bearing load (ef = 0.42 at point IV). After the bending load is
removed and the broken brick is replaced by a new one (see Movie 3), a three-point bending cycle 3 is performed at
the loading conditions of cycle 1, demonstrating the complete recovery of the mechanical properties of the SECMAS
after the replacement of the broken component.

3.4.4 Scalable Design Rules for SECMAS

The mechanical properties of SECMAS beams can be tailored, even after fixing the choice
of fabrication materials, by modifying the length (b.), thickness (bt), and overlapping (bo) of its
staggered bricks. Based on previous theoretical models for staggered structures across scales,'® we
developed an analytical formulation for SECMAS that enables the rapid determination of the
geometry of the bricks required to achieve a desired mechanical performance (Figure 3.9a and

Section S3 in the Supplementary Information). This formulation facilitates the understanding of
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the effect that the geometry of the bricks has on the mechanical performance (toughness Ufsiex,
flexural strain at fracture e frac, maximum strength at fracture or max, and flexural stiffness Es) of
the SECMAS beams. The toughness of a SECMAS beam rapidly decreases when the thickness of
its bricks increases, independently of the length of the bricks, due to the increase in the spacing
between the horizontal mechanical adhesive interfaces (Figure 3.9a-1). On the other hand, the
flexural strain that can be sustained by a SECMAS increases rapidly when the length of the bricks
decreases, independently of the thickness of the bricks (Figure 3.9a-11). Both the maximum
flexural strength and flexural stiffness of the SECMAS increase with the aspect ratio (b./by) of the
bricks (Figure 3.9a-11l, IV). Reducing the overlap (b,) among bricks reduces the overall
mechanical performance of the SECMAS beams (Figure 3.11). Increasing the thickness of the
mechanical adhesive interfaces reduces the flexural stiffness of the SECMAS beam (Figure 3.12).

After using Figure 6a to calculate the design parameters of a SECMAS beam, a simple
scalable design rule can be applied to the construction of larger SECMAS by simply stacking, in
a staggered configuration, SECMAS beams (Figure 3.9b, top). Our analytical formulation can be
extended to these SECMAS-based structures, allowing us to determine the relationship between
the length (s.), thickness (st), and overlapping (so) of the SECMAS beam used as unit cell and the
mechanical properties of the resulting assembled structure (Figure 3.9b). The toughness of
SECMAS-based structures, constructed by staggering SECMAS beams, decreases with the
thickness of the SECMAS beam, as this correlates with the thickness of its bricks (Figure 3.9a, b-1).
Similarly, the maximum strain supported by SECMAS-based structures, decreases with the length
of the SECMAS beams, as this corresponds to a decrease in the length of the bricks on each
SECMAS beam (Figure 3.9a, b-11). As expected, both the maximum flexural strength and flexural
stiffness of SECMAS-based structures increase with the aspect ratio of the SECMAS beams (SL/st)
as this aspect ratio is proportional to the aspect ratio of the bricks (b./bt), Figure 3.9a, b-11l and
Figure 3.9a, b-1V. Since SECMAS exhibit higher compression resistances than their monolithic
cementitious counterparts (Figure 3.6¢, d), we expect that, after properly scaling their design,
SECMAS-based walls will serve as structural supports with a similar compression performance as

conventional brick and mortar walls.®®
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Figure 3.9. Scalable design rules of SECMAS.
(a) Dependence of the mechanical properties of the proposed SECMAS beams (brick overlap, bo=bL/2; as shown in
Figure 3.1d and Figure 3.2a) on their geometrical parameters (brick length bL and thickness bt). (b) Dependence of
the mechanical properties of a SECMAS-based structure composed of staggered SECMAS beams (beam overlap,
s0=sL/2) on the geometrical parameters of the SECMAS beam (length sL and thickness st).

3.45 SECMAS Analytical Model

I elaborate an analytical model that serves as a guideline for the optimization of SECMAS-
like structures at different scales using previous theoretical models for staggered composites across
scales.!3%97 My analytical formulation predicts the mechanical performance of the SECMAS by
inputting the geometrical parameters and material properties of its constituents (Figure 3.10).
When the required mechanical performance of the SECMAS is known, this formulation facilitates
the rapid selection of constituents that will achieve the desired mechanical behavior. This
analytical model assumes that only the top and bottom surface of the bricks are covered by
mechanical adhesive interfaces (there is no mechanical adhesive interfaces in vertical junctions
among the bricks). As seen in Figure 3.9, Figure 3.11, and Figure 3.12, this model highlights the
following two design rules for SECMAS:

(i) The thickness of the bricks should be small to increase the toughness, stiffness and strength

of the staggered composite.%°
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(ii) The overlap between the bricks should be close to b./2 to promote strength, and
toughness,®:9:100101 35 shown in Figure 3.12.

Table 3-2 and Table 3-3 summarize the analytical equations used to predict the mechanical
behavior of SECMAS by varying the brick thickness (bt) and brick length (b.), and the mechanical
behavior of SECMAS-based structures by varying the SECMAS beam thickness (st) and
length (sv). The parameters marked with an asterisk (*) are required inputs in order to calculate

the predicted mechanical behavior of the staggered composite.

| |nterlace

Figure 3.10. Schematics of the geometrical parameters of staggered composites.
(a) SECMAS beam. (b) SECMAS-based structure comprising several staggered SECMAS beams.

b,=b, /2

b,=b,/3

b, /4

b,=

Figure 3.11. Dependence of the mechanical response of a SECMAS beam on the overlap of its bricks.
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Figure 3.12. Dependence of the flexural stiffness (Ef) of a SECMAS beam on the thickness of the bricks (bt)
for different thicknesses of its mechanical adhesive interfaces (bi).
Brick length bL=100 mm.

3.4.6 Mechanical Performance of SECMAS Compared to Similar Self-healing Composites.

Table 3-4 and Figure 3.13 summarize the maximum toughness and flexural strains exhibited
by previously reported self-healing staggered composites. SECMAS exhibit higher values of
flexural strain and toughness than previously reported self-healing composites, opening up an
avenue toward the development of a new generation of reconfigurable self-healing structural
elements, promoting sustainable construction. It is important to remark that several self-healing
composites previously reported®*® exhibit a superior mechanical performance when compared
with SECMAS; however, their ability to restore their mechanical properties after failure is limited
to one cycle, while SECMAS can self-heal multiple times. Additionally, by changing the
components of SECMAS it will be possible to tailor the mechanical properties of the resulting
hybrid structure. For example, thermoplastic polyurethanes (TPU) could be used as elastic layers,
since they can be easily reshaped when the temperature is increased over their glass transition
(~80 °C) and their elasticity is re-gained upon cooling at room temperature. The higher strength of
TPUs, when compared with silicone elastomers, will lead to hybrid structures with higher stiffness,

but less capability to withstand large deformations than SECMAS.
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Table 3-2. Analytical equations for SECMAS composite

Geometrical inputs SECMAS
brick thickness (*) b; 10 [mm]
interface thickness (*) b; 2 [mm]
brick length (*) b, 50 [mm]
brick overlap (*) b, 25 [mm]
Composite properties SECMAS
volume fraction ¢ = bf/(bt + b)) 0.833[-]
L
aspect ratio brick p="bu /bt 5.0 [-]
aspect ratio overlap Po = b O/bt 25[]
overlap ratio k = bO/bL 0.5 [-]
Material properties of tablets SECMAS
brick stiffness (*) E; 10.756 [MPa]
fracture toughness (*) Kic 0.165 [MPa\m]
initial crack length (*) a 0.002 [mm]
geometrical factor fo 1.12 []
- — KIC
tensile strength Ot £,Vma 1.858 [MP3]
Material properties of interface SECMAS
interface stiffness (*) E; 0.0075 [MPa]
interface strength (*) Oj 0.047 [MPa]
l(rl';erface tensile strain failure e, 6.22 [-]
interface shear strength T; = 04 0.047 [MPa]
interface shear strain Yi=§ 6.22 [-]
interface toughness U; = o8 292 [KJ/m?]
Mechanical properties of the composite SECMAS
. 153 [-
shear transfer number Bo = Po\/E‘(p/gE ) 0153
t
. g, = PE: 0.24 [MPa]
SECMAS stiffness f (1+E—2—+ S
Bo “tanh(Bo)  tanh(*g, )
SECMAS strength oF = (bOTi/(bt n bi)) 0.098 [MPa]
SECMAS strain & = ((1 —®)i /¢p) 0.249 []
SECMAS toughness Utiex = 0rgrt+U, 24.4 [KJ/m?]
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Table 3-3. Analytical equations for SECMAS-based structures

Geometrical inputs SECMAS’ wall
beam thickness (*) St 53 [mm]
interface thickness (*) S 3 [mm]
beam length (*) S 235 [mm]
beam overlap (*) So 117.5 [mm]
Composite properties SECMAS’ wall
- — St .946 [-
volume fraction ¢="(s, +s,) 0.946 []
aspect ratio beam p="1/s, 4.43[-]
aspect ratio overlap po = s, 2.22 []
overlap ratio ="/, 05[]
Material properties of beams SECMAS’ wall
SECMAS stiffness Ef 2.04 [MPa]
SECMAS strength of 0.098 [MPa]
SECMAS strain & 0.259 []
SECMAS toughness Uflex 64.3 [KJ/m?]
Material properties of interface SECMAS’ wall
interface stiffness (*) E; 0.072 [MPa]
interface strength (*) o; 0.37 [MPa]
tensile strain failure (*) € 514 []
shear strength T = Gi/ 3 0.21 [MPa]
shear strain Yi = V3¢ 8.90 [-]
energy dissipated U; = 0§ 1900 [KJ/m?3]
Mechanical properties of the composite SECMAS’ wall
0.0763 []

elastic shear transfer number

E;
Bo =P0\/ ¢/3Ef(1_¢)

SECMAS’ wall modulus

1

SECMAS’ wall strength O wau = 0" Jes, + )
SECMAS’ wall strain & wall = 1- ¢)Vi/¢p

SECMAS’ wall energy Ufiex wail = Of wall&f wall

Ef wan = PEr 1
wa K
_ 14X
1+ Bo [tanh(ﬁo) + tanh(%kﬁo

)])

0.00532 [MPa]

0.4483 [MPa]
0.113[]

50.65 [KJ/m?]
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Table 3-4. Comparison between the mechanical properties of SECMAS and those of
self-healing staggered composites previously reported.

Staggered self-healing Toughness (KJ/m3 Strain Healing efficiency (%)

composite
137 0.98
SECMAS 66.2 0.394 ~0.97
45.5 0.21
0.016 0.01
Smart Nacre!? 0.17 0.034 ~0.97
0.31 0.099
Autonomous Self-healing 53.527 0.0654 06
Composite'® 32.213 0.0503 '
1000
SECMAS .
100 1
— ® L] -
ME °
—_— L t
S 10 Wneae
s 1}
[
= .'
01} smart nacre |
°
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00 02 04 06 08 1.0
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Figure 3.13. Maximum values of toughness and flexural strain of self-healing staggered composites under
three-point bending loading.

Smart na(:re,102 Autonomous Self-healing composite,103 and SECMAS.

3.4.7 Rapid Reconfigurability of SECMAS

The simple assembly and disassembly of SECMAS facilitates their rapid reconfigurability
into a variety of structures, such as pillars, slabs, stairs, domes, or bridges (Figure 3.14). These
structures benefit from the flexibility (Figure 3.14a), modularity (Figure 3.14b), self-healing
properties (Figure 3.14c), and high resistance to compression (Figure 3.14a, d, e) provided by the
mechanical adhesive interfaces and the elastomeric layers in SECMAS. Additionally, the

modularity of SECMAS enables their fast dismantling, reconfiguration, and expansion into
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different structures in order to meet new requirements (see how a dome-like SECMAS is

reconfigured into a bridge, Figure 3.14d, e).

Figure 3.14. Rapid reconfigurability of SECMAS.
(a) flexible and strong SECMAS pillar holding a 10 Ib. weight. (b) SECMAS stairs. (c) Flexible SECMAS slab.
(d) SECMAS dome holding a 15 Ib. weight. () SECMAS bridge holding a 15 Ib. weight. All scale bars are 5 cm.

3.5 Conclusions

In summary, this work presents SECMAS, self-healing elastomeric/cementitious
/mechanical adhesive structures easy to assemble and reconfigure into a variety of designs.
SECMAS have a nacre-inspired structure composed of staggered cementitious bricks
(99% in mass) connected by mechanical adhesive interfaces (0.2% in mass) and reinforced by
elastomeric layers (0.8% in mass). Upon external loading, the mechanical adhesive interfaces of
SECMAS efficiently distribute stresses, accommodate deformation, and concentrate crack
formation and propagation. After the load disappears, the elastic recovery of the elastomeric layers
in SECMAS brings back into contact the separated mechanical adhesive interfaces, restoring their
binding and self-repairing SECMAS autonomously at room temperature. The rapid self-repairing
of SECMAS allows them to recover their original strength and toughness after loads inducing
severe cyclic bidirectional deformation (gr=0.21). When compared with their monolithic

counterparts, SECMAS exhibit flexural and compression toughness values 50 and 12 times greater,
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respectively. Additionally, even after the mechanical failure of some of the bricks in their structure,
the mechanical adhesive interfaces in SECMAS maintain the cohesion between the bricks,
retarding catastrophic failure and enabling further dissipation of applied loads. SECMAS, at their
present level of development, also have four limitations: (i) the rapidly self-healing but relatively
weak mechanical adhesive interfaces reduce the maximum strength and stiffness of these
composites assembled structures; (ii) the layer of glue needed to attach the mechanical adhesive
interfaces to the surfaces of the cementitious bricks could be subject to delamination in the long
term; (iii) The self-healing property of SECMAS is limited by the capability of the elastomeric
layer to absorb the deformation within its elastic deformation range (e < 600%); (iv) the polymeric
materials in SECMAS limit the capability of these assembled structures to endure extreme
temperatures or fire. However, due to their simplicity, modularity, and rapid reconfigurability,
SECMAS are versatile and can be extended, with the proper choice of materials, to the fabrication
of resilient self-repairing structures for the rapid setup of new temporary and convertible

constructions.
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4 SELF-HEALING INTERFACES INSPIRED BY THE MOLECULAR
UNFOLDING OF SELF-ASSEMBLED PROTEINS

4.1 Introduction

This chapter presents self-healing interfaces inspired by the molecular unfolding of
self-assembled proteins. These interfaces are comprised of a set of adhesive materials placed
between two magnets forming a ‘“sandwich” structure. The judicious arrangement of its
components makes the proposed interfaces monostable—the interface returns to the
undeformed/close stable state upon the removal of the external load—which imparts self-assembly
and self-healing capabilities to the interfaces. Furthermore, the bio-inspired modular unfolding
mechanism of the interfaces endows the system with the ability to dissipate energy. | aim to
provide a comprehensive analytical and experimental characterization of these self-healing
interfaces to elucidate the design guidelines for the development of materials with high-energy
dissipative characteristics. | also expect to extend the proposed methodology to different structural
interfaces with improved performance under cycling loading conditions, expanding the design

spectrum of resilient self-healing composites.

4.2  Problem Description

Advances in experimental, theoretical, and computational materials science have led to a
deeper understanding of the proteins at the nacre interface and the important role they play in the
overall material behavior as an energy dissipation mechanism.1%* Sacrificial bonds, hidden length
in structural molecules, and modular elongation mechanism have been found to considerably
increase the fracture toughness of biomaterials by providing a reversible, high energy dissipation
mechanism, and self-healing property.1® Schematics of the behavior of long modular molecules
compared with short and long molecules are shown in Figure 4.1. The idealized curve for a fiber
made of long molecules shows a gradual increment in the force as the material is stretched until it
breaks. On the other hand, a fiber made of short molecules reaches the maximum force with less
deformation compared to a fiber made of long molecules. Despite the differences in the mechanical
behavior of both fibers (short and long molecules), the energy dissipated—measured as the area

below the force-extension curve—in the deformation process is far from optimal. Therefore, a
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fiber that display a force-extension curve that reaches a large force after a small deformation, but
then maintains this force over large extensions dissipates more energy. This fiber would consist of
molecules with modules that display a “saw-tooth” response where the peaks correspond to
modules unfolding events.

4+ short molecule

molecule with modules

Jddd

extension

force

short molecule
molecule with

7

Figure 4.1. Schematics of the force-extension behavior of modular molecules compared with short and long
molecules.!%*

The protein-based adhesive interfaces—joining aragonite platelets to form nacre—unfold
into biopolymer fibrils upon elongation exhibiting a mechanical behavior similar to a molecule
with modules (Figure 4.2a). The biopolymer fibrils can restore their folded configuration in the
presence of moisture providing self-healing properties to nacre.'® Similarly, organic interfaces
and hook-and-loop mechanical adhesives have shown an analogous behavior to nacre’s
proteins-based interface. Under external loads, the attaching and detaching of the mechanical
adhesive interfaces exhibit a characteristic force-extension response similar to nacre (Figure
4.2b, c), where the peaks correspond to ligaments or hook and loop detachment events. Shorter
loops dominate the initial force-extension behavior (first peaks to appear in the force-extension
curve, Figure 4.2b) and then longer loops carry out the loading upon larger deformation, enhancing

the total energy dissipation at the interface.
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Figure 4.2. Nacre-inspired self-healing interfaces.
(a) SEM and transmission electron microscope image of the adhesive biopolymer fibrils bonding two aragonite
platelets in nacre upon deformation (top).5® Force-extension curve of the cyclic deformation process obtained by
pulling two aragonite platelets using an atomic force microscope (bottom).104 (b) and (c) Mechanical deformation and
magnetic recovery cycles of the adhesive interfaces employed in this study (organic and mechanical adhesive
interfaces, respectively).

4.3  Analytical Model for Self-Healing Interfaces Under Tension
4.3.1 Simplified Mathematical Formulation for One Simple Interface

First, 1 propose an analytical model for the mechanical behavior of the self-healing
interfaces and its constituents, organic adhesive, hook-and-loop mechanical adhesive, and
magnetic links. This simplified mathematical formulation is applicable in situations where the
behavior of a mechanical adhesive interface can be described with a bi-linear force-displacement
curve, such is the case for conventional adhesives like double-sided tape (Figure 4.3a). Upon
tensile deformation of the conventional adhesive interface, the reaction force increases with an
initial slope (k;) until reaching a maximum (F,,,.1), following by a linearly decrement with slope
(k3). On the other hand, the magnet link is described with an initial linear increment of the force
(initial slope k3) and a post-peak force decrement that follow a non-linear behavior (Figure 4.3a).

The overall mechanical behavior of the self-healing conventional adhesive interface can be
decomposed in the individual contribution of its constituents working synergistically—similar to
a damper/spring system connected in parallel. Upon external deformation, the separation of the

self-healing interface A; is equal to the separation of the mechanical adhesive fastener A; and the
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magnetic links A, (A,= A;= A,). Conversely, the total force exerted by this self-healing interface

F; is the contribution the mechanical adhesive fasteners (F;) and magnetic links (F; = F; + F,).

simple interfaces
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Figure 4.3. Schematic representation of the proposed self-healing interfaces.
(2) Mechanical adhesive fastener is placed between two cuboidal magnets to form a “sandwich” structure. The
mechanical behavior of the self-healing interface can be taken/decouple as the combined reaction/behavior of its
constituents. bilinear force displacement curve for the fasteners and non-linear performance for the magnetic links.
(b) Stacked set of three self-healing interfaces with its force-displacement curve

The energy dissipated by the mechanical adhesive fasteners is calculated as the area below
the curve: ¢ (Equation 12). The bi-linear force-displacement curve for the conventional adhesive
can be described according to Equation 13, where the total displacement is given by
Ac= Fpax1/ k1| + Fnaxi/ k2| and the maximum force is reached at the displacement given by
A*= F4.1/1k1]. On the other hand, the non-linear behavior of the magnets can be described
according to Equation 14 where the displacement to reach the maximum force in the magnets is
given by A™ = F, .../|ks|. The total force produced by the synergistic contribution of the
constituents in the conventional self-healing interface can be calculated as the sum of the force
exerted by the adhesive and the magnets (Equation 15).
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d) — AcFmaxl _ Fmax1(|k1|+|k2|) (12)
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1= 2 A=A, +e] 2 |a,—AS" +e] max1
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1 15
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4.3.2 Simplified Mathematical Formulation for Stacked Simple Interfaces

Displacement control analysis is performed on a set of stacked self-healing interfaces.
Starting from the initial close configuration where all the interfaces have an inherent thickness t,
(size of the interface) Figure 4.3b-1, the stacked interfaces are deformed until the maximum
magnetic force was reached (Figure 4.3b-2). Until point 2, the magnetic links dominate the initial
slope for the force-extension curve. Continuing with the deformation process, the conventional
adhesive in each interface carried out the reaction force of the system reaching the maximum force
for the system (Figure 4.3b-3). If an infinitesimal displacement is applied at this point, given the
irregularities and defects at the interfaces, one of the interfaces is triggered and starts to deform
beyond the maximum force (Figure 4.3b-4), which implies a sudden reduce of the force. However,
since the analysis is performed under displacement control, the other “sill open” interfaces take
over the sudden change in displacement, recovering the equivalent displacement. The overall
displacement is not affected, but the forces at the interfaces are subjected to sudden changes. This
phenomenon is captured as a jump in the force-displacement curve of the system (See Figure
4.3b-5).

4.3.3 Refined Mathematical Formulation for One Complex Interface
4.3.3.1 Organic and Mechanical Adhesives

In Chapter 2, | developed and exhaustive numerical model that captures the mechanical
performance of the mechanical adhesives, which can be used to describe a wide set of complex

interfaces including the organic interfaces. The average traction-separation curve, obtained from
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the experimental characterization of the complex adhesive interfaces, can be described
mathematically with a potential-based cohesive model (PPR).882 As explained in greater detail in
Section 2.3.2.1, the PPR cohesive model will allow to capture the correct shape of the
traction-separation model, by modifying its constitutive parameters (shape parameter «, final
crack opening width &, initial slope indicator A, and fracture energy ¢ ) in the effective
traction-separation curve (cef-An), See Figure 2.18. The cohesive model with respect to normal
tractions is presented in Equation 16.8? This mathematical derivation, compared with Equation 8,
focus only in normal/tensile forces and omits the effect of tangential cohesive traction. The energy
constants I; = —¢(a/m)™ and I, = (a¢/m)™, and exponent associated with the initial slope
m = a(a — 1A,° /(1 - al,?) are implemented in a Matlab code for effective manipulation of

the parameters. The resulting parameters that replicates the average traction-separation curve can

be found in Table 4-1.

Table 4-1. Analytical parameters for complex interfaces

Parameter Organic Interface Mechanical Interface
a 90[—] 65[—]
b, 001 [N/mm] 0.02 [N/mm]
An 02[MPa/mm)] 03[MPa/mm]
S, 5[mm] 5[mm]
@ = m(1-3) (G 45)" —a (-39 G +3) x[B ()] (19)

4.3.3.2 Cuboidal Magnets

Akoun et al,'% presented an analytical calculation to quantify the interaction forces exerted
between two cuboidal magnets in a three-dimensional space, Equation 19. The authors approach
considers the different spatial interaction (separation in X, Y or Z direction with centers shifted a
distance a, 8 and y, respectively) between two cuboidal magnets with dimensions 2a X 2b X 2c¢
and 2A x 2B x 2C (Figure 4.4). Despite the complexity of the mathematical calculation, this
section  focuses on  capturing the behavior of two identical  magnets
(a= A= 12.7[mm],b = B = 12.7[mm],c = C = 1.5875[mm] ) aligned in X and Y
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direction (o« = B =0) experiencing separation only in the Z direction (y = A,). Made of
Machinable Rare Earth Magnetic Bar (J =]’ = 0.0038 [mT],u, = 0.0001 [mm T / Amp]), the
exerted force between the magnets is strictly correlated with their dimensions. The interaction
energy between the magnets depends on the separation and is calculated with the Equation 17,

with the displacements in X, Y, Z, and radius r.
ul-j =a+ (—1)]
vij=p+ (-1

Wpq =V + (1)1

1
r=(uf + v + wi) /2 (17)
@, = —uwln(r —u) —vuln(r — v) + uv tan™! (%) —rw (18)
F(Ay) = %ZLO Z}':o lec=0 lezo Zé:o Zé:o(—l)i+j+k+l+p+q sz(uij , Ukl;qu'r) (19)
1.6 .
1.2 B
3 g
o~ 0.8 2 g
L —
2c\. <
0.4 b
0 1 2 3 4 5

Figure 4.4. Force exerted by two cuboidal magnets of different sizes.106
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4.4  Materials and Methods
4.4.1 Nacre-Inspired Self-Healing Interfaces

The process of unfolding self-healing molecules with modules is reproduced by placing an
interface of adhesive materials between two cuboidal magnets forming a “sandwich” structure that
efficiently captures the modular behavior, while preserving the ability to self-assemble, of a
molecule when removing external load. Upon the application of tensile forces, the self-healing
interface experiences two combined forces acting on it: the complex interface (organic or
mechanical adhesive) and the magnetic link. Assembled sequentially, several independent
interfaces are connected by strong but flexible threads that allow the distribution of tensile forces
between neighboring interfaces. Following the complete detachment of one interface, the thread

transfers the tensile force to the following interface.

4.4.2 Fabrication of Supports and Sample Preparation

Organic adhesive material were fabricated by mixing beef gelatin (Aspen Naturals) with
egg whites in a 1:5 weight ratio. The mixture was then homogenized by increasing its temperature
up to 80°F and then poured into the flat surface of the 3D printed supports. Mechanical adhesive
interfaces were constructed by bonding 24.5 mm x 40 mm hook-and-loop surfaces to opposite
faces of 3D printed supports using a cyanoacrylate adhesive gel (Loctite 409; Henkel Ltd.). The
3D supports have a square opening in the middle to place the Neodymium Grade N10 (Rare Earth)
cuboidal magnets (25.4 mm x 25.4 mm x 3.175 mm). Strong and flexible Nylon threads (0.032”
diameter) connect neighboring interfaces limiting their deformation and allowing sequential
activation of the stacked structure. An aluminum rail constrains the stacked interfaces to move

only vertically while restricting their rotation in all directions.

4.4.3 Mechanical Performance of Self-healing Interfaces

Figure 4.5 and Figure 4.6 shows the mechanical performance of self-healing interfaces under
tension forces, for one and three stacked interfaces, respectively. For one interface, the refined
analytical model accurately capture the behavior of the self-healing interface. These results open
the possibility to fine-tune key parameters in the architecture design of the self-healing interface
(such as peak-force, displacement to reach maximum force, initial slope, etc.) to optimize the
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overall system performance. For the case of three interfaces, the number of peaks in force-
extension curve matches the number of interfaces. Such behavior can be comparable to the
modular unfolding of the proteins, in which case, each module/domain would correspond to an
interface. Furthermore, the three stacked interfaces display an ascending peak-force pattern in its

force-extension curve.
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Figure 4.5. Comparison between experimental results and the refined analytic model for tensile loading
condition.
(a) magnet only. (b) organic interface only. (c) organic interface and magnet. (d) mechanical adhesive interface
only. () mechanical adhesive interface and magnet.

The force required to detach an interface increases with each successive break (e.g., the
first peak reports a lower force value than the third peak). The random distribution of fibers in the
hook-and-loop mechanical adhesive introduces variability in the adhesion of mechanical adhesive
interfaces. As result, the weakest interface is more likely to detach first leaving the stronger
interfaces for the consecutive detachment (higher maximum force). The mechanical
characterization experiments were performed in a universal tensile testing machine (MTS
ESM1500; Mark10 Corp.) equipped with a 100 N load cell (model MR011000). at a loading rate
of 3 mm/min.
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Figure 4.6: Comparison between experimental results and the refined analytic model for three stacked
interfaces under tensile loading condition.
(a) organic interfaces and magnets. (b) mechanical adhesive interfaces and magnets.

45 Conclusions

In summary, this work presents self-healing interfaces inspired by the molecular unfolding
of self-assembled proteins. These interfaces are comprised of a set of adhesive materials placed
between two magnets forming a layered structure. The judicious arrangement of its components
imparts self-assembly and self-healing capabilities to the proposed interfaces. Furthermore, the
bio-inspired modular unfolding mechanism of the interfaces endows the system with the ability to
dissipate energy. The comprehensive analytical and experimental characterization of self-healing
interfaces proposed here enables the development of materials with high energy dissipative
characteristics. The number of peaks in load matched the number of interfaces opening the
possibility to extend the numbers of interfaces and improve the energy absorption property of the
structure. The force increased as the interfaces were stretched, and the reversible adhesive
remained attached. However, when the bond starts to break the force decreased, and then built up
again as interface was slowly pulled apart. The measured force reached a higher peak with each
successive break, the non-uniformity and the randomly distribution of fibers in the mechanical
adhesives, generates weaker bonds in the interface. As result, the weakest interface is more likely
to detach first leaving the stronger ones for the consecutive detachment (higher maximum force).
Unloading curves followed a different path back to zero extension compared with loading, with

the corresponding load decreasing along the y-axis over time. An analytical and experimental
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characterization of stacked set of self-healing interfaces arranged in series was performed. The
experimental results with three interfaces exhibit a pattern that mimics the proteins’ unfolding
mechanism in loading mode. | expect to extend the methodology to different structural interfaces
with improved performance under cycling loading conditions, expanding the design spectrum of

resilient self-healing composites.
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5 CONCLUSIONS

In summary, this Ph.D. dissertation demonstrates scalable and modular structural materials
that have enhanced mechanical performance and the capability to self-repair autonomously. The
bioinspired self-healing composite and modular interfaces introduced in Chapter 3 and 4, benefit
from the hook-and-loop mechanical adhesive interfaces developed in Chapter 2.

In Chapter 2, I employed the multi-scale approach to understand the mechanical behavior of
the hook-and-loop fastener at the micro- and macroscales. The two-scale approach enabled me to
connect the results from the RHLE model (micromechanical model) to a larger scale structures,
such as the DCB or peel tests (macromechanical model). | first presented a new computational
high-fidelity micromechanical model that includes detailed information of the hooks and loops
geometry and basic mechanical behavior. This model captures the general behavior and response
of the fastener, such as detachment and pull-out under mode-1 loading condition. By establishing
a general contact formulation between hooks and loops, | was able to capture both engagement
and pull-out process similar to experimental observation. Hook-and-loop fastener are made of
polypropylene, and the mechanical behavior of individual loops was characterized by performing
pull-out tests on a single and multiple fibers. Based on the experiments, the fibers behave
elastoplastic while the hooks remained elastic during the tests. To increase the accuracy of this
model, | developed a loop mesh generator code to account for the statistical variation in geometry,
volume fraction , diameter, and length of an individual fiber. The loop generator code enabled me
to capture the statistical variations that we observed the loops fibrous tape.

In Chapter 3, | presented SECMAS, self-healing elastomeric/cementitious/mechanical
adhesive structures easy to assemble and reconfigure into a variety of designs. SECMAS have a
nacre-inspired structure composed of staggered cementitious bricks (99% in mass) connected by
mechanical adhesive interfaces (0.2% inmass) and reinforced by elastomeric layers
(0.8% in mass). Upon external loading, the mechanical adhesive interfaces of SECMAS efficiently
distribute stresses, accommodate deformation, and concentrate crack formation and propagation.
After the load disappears, the elastic recovery of the elastomeric layers in SECMAS brings back
into contact the separated mechanical adhesive interfaces, restoring their binding and self-repairing
SECMAS autonomously at room temperature. The rapid self-repairing of SECMAS allows them

to recover their original strength and toughness after loads inducing severe cyclic bidirectional
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deformation (ef=0.21). When compared with their monolithic counterparts, SECMAS exhibit
flexural and compression toughness values 50 and 12 times greater, respectively. Additionally,
even after the mechanical failure of some of the bricks in their structure, the mechanical adhesive
interfaces in SECMAS maintain the cohesion between the bricks, retarding catastrophic failure
and enabling further dissipation of applied loads. SECMAS, at their present level of development,
also have four limitations: (i) the rapidly self-healing but relatively weak mechanical adhesive
interfaces reduce the maximum strength and stiffness of these composites assembled structures;
(ii) the layer of glue needed to attach the mechanical adhesive interfaces to the surfaces of the
cementitious bricks could be subject to delamination in the long term; (iii) The self-healing
property of SECMAS is limited by the capability of the elastomeric layer to absorb the deformation
within its elastic deformation range (e < 600%); (iv) the polymeric materials in SECMAS limit the
capability of these assembled structures to endure extreme temperatures or fire. However, due to
their simplicity, modularity, and rapid reconfigurability, SECMAS are versatile and can be
extended, with the proper choice of materials, to the fabrication of resilient self-repairing structures
for the rapid setup of new temporary and convertible constructions.

Finally, in Chapter 4, | provided a comprehensive analytical and experimental
characterization of two self-healing interfaces inspired by the molecular unfolding of
self-assembled proteins. These adhesive interfaces are monostable—the interface returns to the
undeformed/close stable state upon the removal of the external load—which imparts self-assembly
and self-healing capabilities to the interfaces. Furthermore, the bio inspired modular unfolding
mechanism of the interfaces endows the system with the ability to dissipate energy. It is expected
that the proposed methodology sheds light on the design guidelines for the development of
materials with high energy dissipative characteristics. It is also expected to extend the
methodology to different structural interfaces with improved performance under cycling loading
conditions, expanding the design spectrum of resilient self-healing composites.

| envision that the results from this dissertation provide new insight through the design and
fabrication of mechanics of scalable and modular structural materials and serves as an attractive
strategy for the development of resilient, deployable, convertible, and temporary constructions

capable to meet the rapidly increasing modern demands.
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