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ABSTRACT OF THE DISSERTATION

Adventitious Bioinspiration: Understudied Loading Modes of Wood and Hierarchical Structures

in Soft Robot Materials

by

Albert Keisuke Matsushita
Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2020
Professor Marc A. Meyers, Co-Chair

Professor Vlado Lubarda, Co-chair

Adventitious bioinspiration describes the observation of a biological phenomenon and
work to understand and replicate it. The dissertation examines how this philosophy can be
applied to familiar model organisms in understudied loading modes, or familiar bioinspired
concepts to understudied applications. That wood achieves high strength and toughness through
its cellular solid structure is well known, but how this macrostructure interacts with its

mesostructural anatomy of distinct cell types and cell wall behavior is less understood, especially
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in non-quasistatic, compressive loading modes. We propose that by studying wood in impact and
torsion, novel bioinspiration may be obtained from perhaps the oldest known and most widely
used biological material.

First, impact testing was performed to understand why only certain species of wood were
used to craft striking weapons and fortifications across eras and civilizations. It was hypothesized
that these tree species combined unigque anatomical features that allowed high energy absorption
in low velocity dynamic loading. Scanning electron microscopy (SEM) and micro-computed
tomography (u-CT) revealed that trees with the greatest energy absorption per unit density
combined uniform vessel distribution, intermittent rays, interlocking grain growth, and optimal
fiber adhesion. In particular, a new hierarchical progressive delamination was observed in which
not only tracheids ruptured and tore out, but their helically wound cell walls also unraveled to
absorb energy. This contrasted from wood quasi-static behavior in which density was a reliable
predictor of mechanical behavior without accounting for these mesostructural features.

Next, torsional testing on cholla cacti were conducted to understand their adaptations to
twisting induced by high winds. Though tall trees are typically bent by wind loading, shorter,
branching plants with high skewness (like cholla) are twisted instead. It was hypothesized that
the helical macroporosity winding around their hollow wooden stalk was an adaptation to
maximize torsional stiffness while minimizing mass in the resource-poor desert. Novel
mesostructural characterization methods of laser- scanning and photogrammetry were used
alongside traditional optical microscopy, SEM, and u-CT to identify mechanisms responsible for
torsional resistance. These methods, in combination with finite element analysis (FEA) revealed
how cholla meso and macro-porosity and fibril orientation contributed to highly density-efficient

mechanical behavior. Selective lignification and macroscopic tubercle pore geometry contributed
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to density-efficient shear stiffness, while mesoscopic wood fiber straightening, delamination,
pore collapse, and fiber pullout provided extrinsic toughening mechanisms. These energy
absorbing mechanisms were enabled by the hydrated material level properties. Together, these
hierarchical behaviors allowed the cholla to far exceed bamboo and trabecular bone in its ability
to combine specific torsional stiffness, strength, and toughness.

This dissertation also explores how familiar bioinspired concepts can be applied to
understudied applications by designing and testing hierarchically structured jamming devices. In
the soft-robotics field, bio-inspiration is often cited, pointing to the animal-like forms created—
however, the concept of hierarchical architecture common to biological materials has yet to be
applied effectively. It was shown how that by considering the hierarchical structure of the
medium (primary level), the organization of jamming media (secondary level), and the
organization of jammers (tertiary level) new functionalities not possible with conventional
jamming technology could be obtained. At the primary level, optimal compositions of fibrous
flakes and grains were identified to improve stiffness and strength per unit weight; fish-inspired
ganoid scales were used to create flexible armors. At the secondary level, layers and grains were
combined in the tensile and compressive faces of beams to maximize mechanical properties,
while ganoid scales of different compositions were layered to create mechanical gradients,
among other combinations of jamming media. Finally, at the tertiary level, the isotropy of
triaxially woven jammers was demonstrated relative to traditional biaxial jammers; a cylindrical
“finger-trap” weave with adjustable radius was shown. The improved mechanical weight-
efficiency, anisotropy control, mechanical property gradients, and other features enabled by
considering hierarchical design in jamming promise new application spaces for an established

field, such as reactive wearable armors.
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Finally, wood-templated silicon carbides were infiltrated with epoxy to investigate a
scalable method of fabricating easily shapable ceramic-polymer composites with both flexural
strength (o Fiexure) and fracture toughness (Kic). In situ SEM and p-CT of fracture toughness
samples indicated a lack of interaction between the ceramic and epoxy phases, leading to only
marginal improvement over the rule of mixtures for Kic and underperformance for o riexure.
Preliminary tests of surface oxidized wood-templated SiC showed qualitatively improved crack

stability in in situ SEM.
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1 Patterns in Bioinspiration

1.1  The Breadth of Bioinspiration—L.ife as a Muse

It is inevitable that a word combining the Greek root for “life” and the high promise of
creativity would encompass avenues of scientific exploration as diverse as nature herself. In
ecology, the philosophy of “nature knows best” empowers us to heal entire ecosystems as in
Yellowstone, where the conservation tool of “re-wilding” was pioneered. For decades, the
absence of wolves and cougars due to over-hunting had allowed the explosive growth of
herbivore populations which ravaged local flora. After a half century of laboriously culling
herbivore populations and replanting trees, the park re-introduced wolves in the 1980s to mimic
the extant ecosystem in a last-ditch effort. The results were remarkable: while the immediate
predation minimally reduced elk numbers, the wolves’ presence forced herbivores to remain on
high alert and reduced their concentrated, sedentary grazing. Over the next several decades,
plants and saplings were able to recover and restore forest habitats as well as riverbanks which
had been eroded by constant grazing. Small birds and mammals returned under the canopy’s
protection, as did beavers to the now firm and forested riverbanks (which in turn created even
more protected habitats by their dam-building) [1]. This bioinspired terraforming has roused
similar efforts across the globe, from the ambitious “Rewilding Europe” non-profit which has
successfully restored swathes of forest and wetland in Europe [2] to the more fantastically named
“Pleistocene Park,” which aims to restore Siberian permafrost by the re-introduction of
megafauna [3].

In computer science, bioinspiration was applied as early as 1943 to treat the abstract

process of learning as a statistical problem. McCulloch and Pitts [4] noted how learning was an



emergent property of individual neurons firing and triggering (or failing to trigger) signal
cascades. Hypothetically, they argued, a “neural net” could be artificially constructed to produce
similarly complex behavior from simple underlying mechanisms. A simple neural net may be
demonstrated by a bird’s decision to eat blueberries: a neuron that triggers the signal to “eat”
may be activated by two upstream (i.e. presynaptic) neurons, one which is triggered by the
perception of a round object and another which is triggered by the perception of a blue object. If
both neurons for roundness and blueness are triggered, the downstream “eat” neuron is activated.
A golf ball, however, would only trigger the “roundness” neuron, and the “eat” neuron would not
reach a sufficient threshold of activation [5]. More discerning and complex behaviors could be
obtained by adding more neurons, or “nodes,” to the net (e.g. adding a neuron that perceives
“softness” such that the bird would not eat a blue marble, as the threshold for the “eat” neuron
would be increased to three signals). The paper represented a leap for computer science in that it
created a framework to reduce complex behaviors to a flow of simple yes or no questions, laying
the foundation for modern machine learning and ever more complex tasks as recognizing speech,
faces, or one’s movie preferences on Netflix [6].

Still other fields of research combine multiple meanings of “bioinspiration.” For example,
the prosthetic ankles developed by Herr et al. [7], [8] are not only bioinspired in their articulation
and shape but also in their controls and feedback loops, which mimic the body’s natural flexion
and shifting of weight during walking. Bioinspired shape and motion go hand in hand in robots
inspired by cheetahs [9], snakes [10], [11], fish [12], and still other animals [13], [14].

The basic tenet that unifies this diverse research is to examine natural phenomena and use
that understanding as a lens to approach engineering challenges. That versatility has triggered an

exponential growth of bioinspired research according to publication analytics [15], but caution



should be taken. Passing resemblances to natural structures are retroactively labeled as
bioinspired with no connection to an organism’s natural function [16]. Superficial aping of an
organism with vague, dubious purpose is similarly “bioinspired” [17]. Because of the dizzying
variety of bioinspired research, and lest we diminish its Bio—L.ife and Spiritus—Breath through

trivialization, it is critical to define how we implement bioinspiration in structural materials.
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Figure 1.1 “Bioinspiration” can be applied to diverse fields of research. (a) In ecology,
“rewilding,” a bioinspired approach to environmental restoration was pioneered in Yellowstone
National Park via the reintroduction of wolves in the late 80s [18]. (b) In computer science
McCulloch and Pitts [4] lay the foundation for machine learning in 1943. They hypothesized that
by creating a “neural net” of artificial signal cascades, complex emergent behavior could be
obtained. (c) In prosthetics, Herr et al. developed prosthetic ankles that are bioinspired not only
in their articulation but in their controls and feedback loops that mimic the body’s natural gait
[19]. (d) Superficial aping of organisms with dubious purpose, however, is sometimes claimed as
bioinspiration [20]. Because of the dizzying varieties of bioinspired research, and to avoid a
cheapening of the term, it is crucial to properly define how we use the term in structural
biological materials. Figures adapted from cited sources.



1.2 Bioinspiration for Structural Materials

Structural biological materials typically demonstrate three characteristics that are difficult
to achieve with traditional engineering materials: (1) self-assembly into macroscopic structures
at room temperature from non-toxic component, (2) high property efficiency per unit density,
and (3) combinations of disparate mechanical properties (most notably, strength and toughness)
[21]. All three traits are related by the concept of hierarchical architecture, or the interconnected
structure of the material at all length-scales ranging from the molecular (~ nm) to the macro (~
cm) [22]-[25].

Collagen, for example, is one of the most ubiquitous proteins of the human body and
accounts for 30% of its mass, but its structure begins at the nanometer scale with the smallest
functional unit of tropocollagen. Roughly 300 nm long and 1.6 nm in diameter, it comprises
three helically winding polypeptides. Consecutive tropocollagen are separated by a gap region of
~36 nm, but are held by their parallel neighbors in a staggered, twisted fibril. The gap regions of
overlapping tropocollagen ends and sparse regions repeat in a pattern known as D-banding with a
periodicity of 67 nm. The banded fibrils in turn are bound together into larger bundles called
collagen fibers by cross-linking proteoglycans [26]. Finally, these collagen fibers (along with
similarly complex hierarchical proteins such as elastin) make up the load-bearing dermis which
in turn lies between the exterior, hardened epidermis and interior, fatty hypodermis [27]. This
hierarchical architecture is a product of trait (1), in that linear amino acid chains fold themselves
into a complex triple helix based on favorable interactions of side-groups in a hydrated
environment. Even the fibrils emerge naturally, complete with D-bands, from interactions
between tropocollagen as demonstrated by atomistic simulations [26]. The hierarchical

architecture also enables deformation mechanisms at several length scales, leading to a high



specific toughness and strength in tension, or trait (2): deformation initially re-orients and then
straightens disordered and curved collagen fibers along the axis of tension, before fibrils begin to
slide and delaminate past one another as they helically unwind (first in gap regions and then in
the entire fibril). Finally, the fibrils are completely straightened which causes the tropocollagen
to uncoil and stretch before they rupture [26]-[28]. Trait (3), or the ability of biological materials
to combine disparate traits, is most well demonstrated by collagen’s union with the mineral
hydroxyapatite to form bone. The hydroxyapatite and collagen fibers form an interpenetrating
network of mineral and protein to form larger sheets called lamellae, which are wrapped into
concentric layers to form osteons (the functional unit of bone) [29], [30]. Whereas the rule-of-
mixtures for engineering composites would predict a stiffness and fracture toughness
intermediate that of the mineral and protein, bone’s properties exceed both predicted values due
to its hierarchical structure [21], [22].

If these three traits of (1) self-assembly, (2) property efficiency, and (3) marriage of
disparate properties motivate scientists and engineers to study biological materials, how are they
investigated? The most common approach is the adventitious method, in which researchers
observe some biological phenomenon and work to understand and replicate it [31]. Velcro is
perhaps one of the most well-known examples: in the 1940s, Swiss electrical engineer George de
Mestral noted how burdock seeds stuck to his dog’s coat and observed under a microscope how
the burrs terminated in small hooks to attach themselves to passing animals [32]. In 1955, he
successfully patented a fastener system comprising a surface of tiny hooks and a complementary
surface of looping fabric that artificially replicated the phenomenon [33]. This represents an
extremely simple case, however. We turn to a specific case study of bioinspiration for structural

materials to better understand the life cycle of the adventitious approach: abalone nacre.



1.2.1 Adventitious bioinspiration and abalone nacre

Nacre is the mineralized biological material secreted by mollusks to form their protective
shell. It comprises a ceramic reinforcement of aragonite (a stiff and brittle ceramic formed by a
specific crystal structure of calcium carbonate, or CaCO3) in the form of plates (t ~ 0.3-0.5 um),
embedded in a ductile, tough protein matrix (5 wt %). This structure was noted as early as 1977,
when Currey [34] first mechanically tested nacre from various mollusks. Currey noted how the
“precise and regular spatial arrangement of the plates” contributed to a work of fracture much
greater than that of pure aragonite via “crack stopping.” Similarly, he noted how the “small
crystals of stiff ‘fibre’ bonded in a matrix of more pliant protein” provided a shearing resistance
to tension, greatly improving the tensile strength compared to pure aragonite. Studies in the
1980s [35] and 1990s [36], [37] continued to characterize nacre’s mechanical properties with
particular attention to its toughness (J) and fracture toughness in mode I loading (Kic).
Undergoing crack propagation perpendicular to the layers of plates, nacre exhibited J roughly
3000 times [35] and Kic eight times [36] greater than monolithic aragonite.

Because these investigations focused on how the brick and mortar structure toughened
the material via plate sliding, crack deflection, and adhesive shearing of the protein matrix, early
attempts to replicate nacre focused on replicating the brick and mortar structure [38]. In 1998,
Sellinger et al. [39] used a self-assembling system of silica-surfactant-monomer micelles into a
nanolaminate of organic and inorganic phases. In the same year, Kato et al. [40] obtained nacre-
like structures in solution by functionalizing insoluble chitosan matrices with linker molecules
that covalently bonded CaCOs (a template-inhibition strategy). Both Sellinger and Kato had
attempted biomineralization techniques, which take advantage of kinetically guided self-

assembly to not only mimic the final structure of nacre but its bottom-up fabrication [41]. A



solution of organic macromolecules is added to a supersaturated solution of inorganic (i.e.
mineral) components, inducing crystal precipitation in which the organic macromolecules act as
nucleating templates. In 2000, Wang et al. [42] departed from self-assembly using a top-down
approach of roll-compacting and hot-press sintering SizN4 / BN composites, successfully
improving Kic by a factor 400 compared to monolithic silicon nitride.

While it was originally believed that a combination of crack deflection by the
interdigitation of the ceramic plates and pull-out resistance from the protein matrix were the
primary sources of toughening, closer scrutiny began to reveal new hierarchical mechanisms in
the 2000s [38]. Mineral bridges connecting aragonite plates [43], [44] and textured bumps
(nanoasperities) on the surface of the plates [45]-[47] were found to greatly increase the friction
between plates. The protein itself was revealed to comprise heavily cross-linked beta-pleated
sheets full of hydrogen bonds which could break, reform, and break as plates sheared past one
another, absorbing large amounts of energy via sacrificial bonds [48], [49]. Simultaneously,
understanding of the nacre structure formation improved. Through the aggregation of nano-scale
pherulites and needle-like crystals of calcite on the organic matrix, a phase change to aragonite is
induced. The aragonite crystals then grow anisotropically until they abut one another in a
hexagonal close-packed structure [50]. Although the process is not yet fully understood, the
protein matrix appears key in determining mineral phase growth: Gehrke et al. [51] demonstrated
in 2006 that demineralizing natural nacre and remineralizing the insoluble protein matrix in
calcium chloride and polyaspartic acid solution yields a near identical structure, albeit composed

of calcite.



These advancements in understanding natural nacre warranted more sophisticated
approaches to bioinspired nacre. Tseng et al. [52] for example reacted zinc nitrate and
hexamethylenetetramine in gelatin to obtain zinc oxide nanoparticles. Like aragonite in nacre,
the zinc oxide formed hexagonal and layered nanoplates and even exhibited mineral bridging,
improving on previous biomineralization [39], [40]. Gehrke et al. [51] similarly formed
amorphous calcium carbonate (calcite) nanoparticles in a nacre-derived organic matrix: although
the geometry of the plates and the brick-and-mortar structure were similar to natural nacre, the
mechanical properties were lacking. Compared to nacre’s stiffness of 53.6 GPa in compressive
loading normal to plate alignment, the artificial nacre’s average stiffness was only 16.1 GPa.
Varying degrees of mineralization, a different crystal structure (calcite instead of aragonite), and
deterioration of the organic matrix during processing likely contributed to the weakness. While
biomineralization captures some of the hierarchical features of nacre anatomy, it has yet to
approach its mechanical properties [41].

Freeze-casting followed by polymer infiltration was also explored to combine a
hierarchical, self-assembled ceramic and with top-down polymer processing. Freeze-casting
yields a lamellar, unidirectionally porous ceramic by unidirectionally freezing a ceramic slurry.
The formation of ice expels and compacts solute in between, leaving a porous green-body
following sublimation. A sacrificial polymer phase can then infiltrate the green-body to allow
densification of the lamellae in the direction normal to pore orientation. After packing the porous
geometry into a brick-and mortar structure, the green-body can be sintered. This final heating
cycle expels the sacrificial phase and finally allows infiltration by a reinforcing polymer phase.
This technique has been used to fabricate alumina-PMMA, alumina-epoxy, hydroxyapatite-

epoxy, and other composites [53]-[55]. Unlike the biomineralization approach, the ceramic



plates formed by freeze-casting and densification were an order of magnitude larger than natural
nacre platelets and are several microns thick and up to 100 um long. Even so, they still captured
hierarchical features such as mineral bridges and plate surface roughness. More importantly, like
nacre, these composites consistently exceeded mechanical properties predicted by the rule of
mixtures [41]: Munch, E. et al. [56] fabricated alumina-PMMA composites with fracture
toughness 35 MPa*m*?, a full order of magnitude greater than that predicted by rule-of-mixtures.
Furthermore, these alumina-PMMA composites also combined specific strength and toughness
of the ceramic and polymer phase without compromise. Examination using scanning electron
microscopy (SEM) of specimens bent to failure revealed crack deflection, plate pull-out, and
polymer tearing and stretching at the micro-length scale all reminiscent of the natural extrinsic
toughening mechanisms of nacre. Albeit at a larger length-scale, freeze-casting combined with
densification and polymer infiltration yielded composites that mimic nacre in structure and

performance.
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Figure 1.2 (a) The functional unit of natural nacre (the aragonite tablet) is formed by protein
matrix-mediated growth of the nanocrystals into a hexagonal plate. (b) Several of these plates
stacked in a staggering manner bound by a protein matrix form nacre. (c) Mineral bridges in
between the tablets can form. (d) Hierarchical mechanisms of extrinsic toughening yield to
strong and tough behavior and (e) high crack deflection and tensile properties that outperform the
rule of mixtures. Figure adapted from [57].

By understanding the history of nacre and nacre-inspired materials research, we discern
adventitious bioinspiration’s pattern in structural biological materials. (1) A model organism
material is identified. (2) Specific loading modes in which the biological material excels are
identified. (3) Mechanisms by which that loading are resisted are identified and (4) replicated,
with a continuous cycle between steps (3) and (4) at varying length scales. This cycle is evident
in the study of several model organisms and is the mechanism by which now commonly known
structural motifs were discovered and catalogued, several of them often operating at different
hierarchical levels in the same biological material [58]. To discover new structural motifs, then,
it is not essentially to study a new, exotic organism. Instead, an unconventional loading mode

may be investigated in a well studied species.

10



1. Model organism ]

!

O &
%
2. Loading mode ]
Biological Structural
Design Elements
Exploration at multiple
length-scales matures
bioinspired structure

(a) [
o 3. Mechanism o > o ;
. ¢ >
T - R yere
feature e resistance ~
Zupuvet

Figure 1.3 (a) The cycle of adventitious bioinspiration as applied to various organisms has
identified (b) numerous structural motifs shared across length scales [58].

1.3 Wood

Out of all biological materials, wood is perhaps the most familiar. Its use stretches from
the dawn of humanity to the modern era where the global, annual production of timber rivals that
of steel at roughly 10° tons [59]. Wood is a cellular solid characterized by three mesostructural
features: tracheids and fibers, rays, and vessels (Figure 1.4). Tracheids and fibers describe the
long, axially growing cells comprising the bulk of gymnospermous (e.g. conifers, ginkgo, &
cycads.) and angiospermous (flowering) trees, respectively. Rays are rectangular, radial arrays of
cells responsible for the transport of nutrients and fluids from the center of a tree to the periphery,
where tree growth occurs. Vessels provide a similar function in that they conduct fluids up a tree
through their enlarged, thin walled pores, but are found only in angiosperms. In general, the
mesostructure of gymnosperms is simpler and consists almost entirely of tracheids while
angiosperms exhibit greater diversity. The mesostructures of trees vary greatly from species to

species but retain these three characteristics [59].
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Figure 1.4 (a) At the macroscopic level, wood is a closed foam cellular solid comprising
tracheids, rays, and vessels. Tracheids are the most abundant and support the weight of the tree.
(b) Each tracheid cell wall is a multi-layered laminate composite formed by the outermost
middle lamellae (ML) and primary (P) layers, followed by the secondary 1 (S1) layer, S2 layer
(the principle load bearing element), and innermost S3 layer [60]. (c) In the S2 layer, aligned
fibrils of semi-crystalline cellulose wrap around the tracheid like the grip-tape of a tennis racket
handle. The fibrils are embedded within an amorphous matrix of highly branched pectin and
lignin polysaccharides, bonded together by hemicellulose. Figures are adapted from cited sources
[3, 29, 30].

The material forming the tracheid, ray, and vessel walls is a composite of semi-crystalline
cellulose fibers (CsH100s)n embedded within an amorphous matrix of highly branched pectin
(CsH1007)n or lignin (Ca1H34011)n. polysaccharides. The matrix composition depends on the
stage of growth of the cell: young cell walls tend to be composed of pectin whereas older cell
walls are composed of mostly lignin. The cellulose polysaccharides are arranged as
macromolecular fibrils providing high tensile strength and are bound to the compression resistant
matrix by smaller, branched hemicellulose (Cs1Hz4011)n. As wood tissue matures, the matrix is

increasingly reinforced by the highly cross-linked lignin. The matrix composition and cellulose
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fibril arrangement depend on the cell wall layer: from outermost to innermost they are the middle
lamella (ML), primary (P), secondary 1 (S1), S2, and S3 wall, shown in Figure 1.4b. The ML is
the lignin rich layer of the cell wall responsible for binding neighboring cells. The P wall interior
to the ML is thin and difficult to distinguish from the ML, but is characterized by randomly
oriented cellulose microfibrils embedded in a pectin matrix. The subsequent S1 layer in contrast
is made of cellulose microfibrils aligned in a helical fashion at a large angle of 50° to 70°
between the direction of tree growth. The S2 layer also contains aligned microfibrils with a
microfibril angle (MFA) of 0° to 45° to the longitudinal direction, but is far thicker (accounting
for 80-90% of a tracheid’s mass) and bears most of the load on the tracheid. The final S3 layer
contains microfibrils aligned >70° to the longitudinal direction and is thin with the lowest lignin

content of all layers [61], [62].

1.3.1 Wood mechanical properties

A typical stress-strain curve of wood in compression exhibits three distinct regions.
Initially, wood behaves linear elastically as the cell walls bend uniformly (in tangential and
radial loading) or cells compress uniaxially (in axial loading) before yielding at ~0.02 strain. A
plateau stress is then reached as plastic collapse of the cell walls propagates from the loaded face
into the specimen (tangential and radial) or occurs in bands in the bulk of the wood (axial) until
the wood is densified, at which point stress increases sharply. Radial and tangential loading
behavior are comparable while axial loading exhibits greater stiffness, strength, and other
mechanical properties [59]. The bulk of wood is composed of and supported by tracheids—
therefore, mechanical models of wood typically ignore structures such as vessels and rays and
reduce the cellular solid to idealized tracheid elements. Gibson and Ashby [59] developed the

most well known models of wood behavior by approximating tracheids as elongated hexagonal
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prisms, the dimensions of which are arbitrary as they are incorporated into a value of relative

density. The equations are summarized in Table 1.1.

Table 1.1 Gibson-Ashby equations for anisotropic material properties

Property Direction of loading
Tangential Radial Axial
Young’s Er 2 E p Ex _ ('
dul — = 0.54 (—) X -08 (—) - = (—)
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Wood quasi-static behavior is determined not only by its cellular solid geometry, but also
by the cell wall material itself. The winding orientation of microfibrils in the S2 layer allows
tracheids to behave like springs in axial loading, resulting in higher stiffness and strength in that
direction [64], [65]. In large deformations, hemicellulose chains between microfibrils mediate a
Velcro-like mechanism in which hydrogen bonds constantly break and reform at the interface of
fibrils and matrix, preserving stiff albeit inelastic cell wall behavior even as crushing progresses
[62]. Competition of the interfaces between and within cell walls also define mechanical
behavior, as crack propagation can occur between or through tracheids depending on the

weakness of the ML layer’s bonding [59].

14



1.3.2 Wood strain rate dependent behavior

Due to its viscoelastic polymer components, wood is a strain rate dependent material that
exhibits softening and strengthening in creep and dynamic loading, respectively. Long-term
loading in construction has warranted careful study of the relation of wood strength to load
duration, as wood undergoes creep-rupture and loses strength under sustained load [30, 33]. This
trend of decreased strength with increased load duration was described using the Madison curve
(Figure 1.5), which was developed by subjecting Douglas fir beams to constant loads ranging
from 60 — 95% of the average failure load of static bending tests (time to failure = 5 minutes). An
empirical relationship was derived between strength and load duration to failure over a data set

with loading times ranging from 10 years to less than a second.
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Figure 1.5 The Madison curve was developed by subjecting Douglas fir beams to constant loads
ranging from 60 — 95% of the average failure load of static bending tests (time to failure = 300
seconds). An empirical relationship was derived between strength and load duration to failure
over a data set with loading times ranging from 10 years to less than a second. SL is the stress
level as a percent of ultimate strength in static loading and ts is time to failure (s).
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The stress level (SL) as a percent of ultimate strength in static loading with tr as time to
failure (s) [66] is given as:
SL = 1.83 + 108.4t7%0%%* 1)

Since the 1950s this equation has informed allowable construction designs in the National
Design Specification for Wood Construction [67]. This empirical equation, however, draws from
only a single data set for impact loading conditions (loading duration = 0.015 s) by Elmendorf
[68] which indicated a ratio of 1.78 maximum impact load to static load. Recent work with split
Hopkinson pressure bar tests on various species by Gilbertson [69] and Reid and Peng [70] have
supported the Madison curve even at load durations of tens of microseconds. Reid and Peng
attributed the enhanced dynamic crushing strength to micro-inertial effects of the cell walls,but
what remained unclear was the mechanism behind the observation that certain species exhibited

more consistent or greater increases in compressive strength than others.

1.3.3 Wood torsional behavior

Plant adaptations to torsion broadly fit into the categories of minimizing or maximizing
torsional stiffness [64]. Petioles (leaf stems) exemplify the former: their cross-sections maximize
the bending moment to support leaves for proper exposure to the sun, but minimize the torsional
moment to allow twisting under high winds, thereby reducing drag [71]. On the other hand,
primary structural materials (i.e. tree stalks and trunks) typically exhibit torsional stiffness. We
hereby focus on this latter category of adaptation as it is applicable to structures such as
driveshafts.

Wood is weaker in longitudinal shear (shear plane parallel to longitudinal axis) than in

transverse shear (shear plane perpendicular to longitudinal axis); pure torsion about the
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longitudinal axis results in failure along the axial direction (although shear stiffness in the radial-
tangential (R-T) plane is the lowest, shear strength is lowest in the axial-radial (A-R) plane).
Evenly exposed to a uniform wind field, a radially symmetric plant would strictly bend—such a
condition, however, is exceedingly rare. A non-uniform wind field, radial asymmetry in the
canopy or the roots, and shielding by neighboring features of the landscape can all cause a plant
to undergo additionally torsion [72]. In modeling the bending and twisting of a tree due to wind,
Skatter and Kucera [73] found that isolated spruce trees were as likely to fail in either mode. This
finding was supported by the observation that after a storm in Switzerland, 11% of fell spruces
failed in bending and 17% in torsion [74]. As the ratio of a tree’s height to its skewness (the
projected offset of the plant’s crown from its roots) decreases, the likelihood of twisting failure
linearly increases. Thus, tall and slender trees with a tight crown of low skewness, such as spruce,
are as likely to fail in bending as in torsion, while shorter trees with a distributed and highly
skewed crown are more likely to fail in torsion.

Trees possess several adaptations to resist these torsional loads. At the macroscopic scale,
Norwegian spruce trees can grow axially spiraling fibers (called spiral grain) that become visible
in trunks or logs split along fibers in the A-R plane. The torsional strength is increased in the
direction of chirality, and depending on prevailing wind direction, trees of the same species can
grow spirals of different handedness and even grow branches asymmetrically to encourage
twisting in the stronger direction [72], [73], [75]. More generally, a tree can grow or shed
branches to act as dynamic mass dampers and mitigate harmonic and resonant swaying
frequencies, minimizing the transfer of wind bending and torsion to the trunk and root system
[76]. Trees also exhibit a gradient of increasing axial stiffness from the center to the periphery,

with an order of magnitude difference in Young’s modulus. The gradient reflects an optimization
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for flexibility during the tree’s early life, but as the tree matures and grows a larger crown it
requires greater stiffness to prevent Euler buckling [22]. The increased stiffness at the tree’s
periphery also enhances its torsional strength as the stresses increase linearly with distance from
the neutral axis [64], [77], [78].

Bamboo has also been studied in torsion for new potential applications in construction
that go beyond its traditional known strengths in axial compression and bending [77], [79].
Consisting of a hollow shaft separated by nodes into sections called culms or internodes, bamboo
is a natural composite. At the meso-scale it comprises dense vascular bundles of heavily lignified
structural cells embedded in a matrix of thin-walled living (parenchyma) cells. From the inner to
the outer surface of the culm, the frequency of vascular bundles and their volume fraction
increases to produce a positive radial density gradient, which leads to correspondingly increasing
gradients of stiffness and strength. This arrangement allows the bamboo to optimize the moment
of inertia to resist bending and axial compression [59], [78]. Askarinejad et al. [77] tested whole
internode sections of bamboo in torsion at varying degrees of environmental humidity, and found
that the shear strain at failure increases with humidity (as in other plants) [80]. Samples
conditioned at approximately 60% humidity had the highest average shear modulus and strength
of 1.2 + 0.35 GPa and 15 + 8.6 MPa, respectively. Samples failed via brittle fracture consisting
of a single crack propagating along the length of the internode. Their simulations revealed that
the radial stiffness gradient of bamboo matches the stress gradient induced by torsion. The study
did not reveal new micro or meso-structural adaptations, since the stiffness gradient documented

had already been noted by several researchers [64], [77], [78], [81].
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1.4  Soft robotics and jamming

Traditional robots are products of industrial automation: they are fast, precise, rigid, and
powerful to guarantee a high through-put of manufactured products. The surroundings and
objects these robots encounter do not change, and so they are unadaptive. Their human operators
are trained to work safely in their presence to avoid injury [82]. It is obvious that by design, such
robots cannot be more widely integrated into society where they may encounter unusual
obstacles or harm human bystanders. Therefore, soft robots have been explored as an alternative
because their compliance lets them safely interact with bodies and navigate dynamic
environments [83]. The adoption of bioinspiration, then, is logical: what better model for safe
interaction with humans and navigation through human-centric environments than a human (or
more generally, an animal)?

One such enabling technology is jamming, in which fluid-tight envelopes filled with
loose media (e.g. grains, layers, wires, and other materials) are evacuated to bring the
components into contact with one another and generate frictional stiffness. Brown et al. first
coined the term in 2010 [84] for the development of a robotic gripper, but the technology in fact
dates back to the 1970s. Originally, grain jamming was used to form negative molds of pilots’
rears to create custom fiberglass seats and were adapted by Povey, R.W. [85] as “vacuum splints”
to immobilize patient limbs during surgery. Filled with soft polystyrene beads, they were not
meant to provide substantial mechanical support. Letts, R.M. [86] proposed the use of vacuum
splinting to stabilize fractures in emergency situations in 1973 but would not go on to
demonstrate their efficacy. The fundamental problem of grain jamming that prevents its use in
such an application is the unlocking of grains: bending an evacuated envelope results in a

compressive face and a tensile face, and while grains in compression generate high friction the
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grains in tension simply separate from one another. Modern studies of grain jamming
demonstrate this inability to provide weight-efficient stiffness as by Bean, E.T. et al. [87], who
attempted to create a grain jamming-based exoskeleton. Commercially available vacuum splints
do exist, but rely on large, rigid, plastic boards within to provide the actual rigidity needed to
stabilize patient limbs thereby negating benefits of portability or complete adaptability to all
geometries [88].

To meet these challenges, layer jamming was developed as an alternative at the MIT
Media Lab [89], [90]. Fundamentally, the technology is similar: a reversibly stiffening device is
created by sealing layered materials in an air-tight envelope, resulting in a thinner, lighter means
of generating high friction and thus stiffness. Ou et al. [90] presented potential applications
(furniture, footware, deformation sensing layers, programmably self-assembling containers),
comparison of layer materials (sand paper, leather, Tyvek), and unique assembly geometries
(folding, weaving, crease patterns, geometrical pattern cuts). Layer jamming is not without its
drawbacks, however. First, the layers are not malleable even when the jammer is not evacuated.
While the small particles of grain jammers can be distributed to accommodate a variety of
surfaces with which the device comes into contact, layer jammers are unable to conform closely
to surfaces. This limits its applications in creating comfortable or supportive wearable
technologies. Another limitation is that if an external force is applied in a direction not parallel
with the layers, the layers bend. Therefore, even sheet materials “with high friction coefficients
do not necessarily result in a layer-jamming system with significant bending stiffness” [90].
Finally, layer jammers are typically assembled in a plain weave pattern. The first and second sets
of bladders are interwoven so that “each respective bladder in the first set goes over at least two

bladders in the second set of bladders and under at least one bladder in the second set of
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bladders.” While this pattern is simple and stable, it is highly inefficient when the axis of
bending is parallel to either set of jammers as that set will not resist deformation [91].

Works citing bioinspiration have become commonplace since these initial types of
jamming: in their mode of locomotion (e.g. as being cell-like [92], shown in Figure 1.6a), in the
geometry of their components (e.g. scale-like [93], [94] , Figure 1.6b), the organization of their
jamming media (e.g. inspired by eukaryotic flagellum [95], Figure 1.6c), or their general

function (e.g. muscle-like [10], [96], [97], Figure 1.6d).
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W
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Figure 1.6 Bioinspired jammers reference (a) cells for their locomotion [92], (b) snakes or fish
for their jamming component geometries [95], (c) eukaryotic flagella for their jamming
component arrangements [97], and (d) muscles for their general function [98].

However, the field has yet to employ hierarchical architecture, one of the most
fundamental concepts of bioinspired design. Natural materials comprise structures at multiple

length-scales from the molecular to the macro-level that together allow high mechanical
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performance [21], [22], [99]. From this perspective of hierarchical structure, three unexplored,
interacting design spaces for jamming become evident: the primary secondary, and tertiary levels,
comprising the constituent materials of the jamming media, their organization within a jamming

unit, and the organization of several jamming units, respectively.

1.5  Wood-templated silicon carbide

Wood-templated silicon carbide may present an alternative method of combining self-assembling
and top-down fabrication to create nacre-like composites discussed in Chapter 1.2.1 (albeit one
in which the self-assembly is done by nature). By slowly pyrolyzing wood (i.e. heating to a
temperature above 700°C in an inert atmosphere), it is possible to decompose the constituent
polysaccharides to carbon in the gross shape of the original wood mesostructure with some
shrinkage. This cellular solid can then be used as a carbon template into which liquid or gaseous
silicon may be infiltrated to react and form wood-templated silicon carbide (WTSIC) of the low-
temperature beta phase. Without sintering aids, high temperature processing, or high purity
silicon carbide (SiC) powders, this technique yields unidirectionally porous and net-shapeable
silicon carbide with residual silicon in pores [63], [100]-[102]. The method is a specific type of
reaction-formed (or reaction-bonded) silicon carbide (RFSiC) which more generally involves the
silicon infiltration of a carbon template obtained by pyrolyzing a cast polymer [103]. The
advantage in using wood is that the native mesostructure confers superior compressive and four-

point flexural strength at comparable relative densities as RFSiC [101], [104].

1.5.1 Pyrolysis
As mentioned, the process comprises (1) wood pyrolysis, (2) template infiltration, and
(3) diffusion controlled reaction of silicon through silicon carbide into carbon [63]. Wood
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pyrolysis is characterized by three overlapping stages of hemicellulose, cellulose, and lignin
decomposition. Hydrogen and oxygen are removed via gaseous products (CHs, CO, CO», Ho,
C2H4, and C2He) and tars consisting of heavier hydrocarbons, leaving behind solid char. ~85%
carbon, char is a complex mixture of oxygenated aliphatic and aromatic compounds. Slower and
higher temperature pyrolysis yields char of a greater carbon content and aromaticity, making it
more chemically stable [105]. Because the resulting thermogravimetric analysis (TGA) curve
appears as one large decline, the process was traditionally modelled as a one-step global reaction
with an activation energy (Ea) ranging from 60—170 kJ/mol [106]. Gregnli [107] more accurately

described the process as three parallel first order reactions:

da;

E; 2
d_tj=AjeXp<_ﬁ>(1_aj) @)

In which « is the volatile fraction, A is the pre-exponential factor, and E is the activation energy

. . dycalc .
of component j. The overall mass-loss rate normalized to one (T) is then expressed as a

linear combination:

dycalc M daj (3)
dc Z 9ar

Jj=1

In which cj is the fraction of total volatiles produced by component j. For most wood species, the

following parameters can be used to model the pyrolysis:
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Table 1.2 Parameters for modeling wood pyrolysis

Component  Ej[kJ/mol]  log (A)) [s7]

hemicellulose 100 6.33—6.88
cellulose 236 17.4—18.0
lignin 46 0.53—0.60

Using equations (2) and (3) and parameters of Table 1.2 allows full modeling of the first
derivative of the TGA curve, including the onset temperature of hemicellulose decomposition
(Tonset), peak temperature of hemicellulose decomposition (Tshoulder), and peak temperature of
cellulose decomposition (Tpeak). Typical temperatures across tree species are ~237 °C, ~287 °C,
and ~347 °C, respectively.

Pyrolysis not only converts the polysaccharides into char but alters the cell wall microstructure
and mesostructure shown in Figure 1.4. Zollfrank et al. [108] used transmission electron
microscopy (TEM) and an elemental analyzer to investigate the structural evolution of the cell
wall S2 layer in pyrolysis up to 600 °C. At Tonset, hemicellulose decomposition provided free
space for reorientation of cellulose microfibrils and slightly broadens the MFA distribution from
the native mesostructure observed in TEM. At Tsnouicer, the rapid decomposition of hemicellulose
and fragmentation of cellulose microfibrils further broadened the MFA distribution. Between
Tshoutder and Tpeak, decomposition and amorphization of cellulose microfibrils accelerated, with
remaining fragments in iso-orientation at 300 °C. Though TEM could not discern any further
microstructural or mesostructural evolution past 300 °C, it was proposed that the apparently
homogenized, amorphous cellulose fragments continued to decompose until Tpeak [108]. As
pyrolysis proceeds to higher temperatures, aromatic compounds continue to form as more

hydrogen and oxygen are ejected. Greil et al. [63] used X-ray diffraction to show that growth of
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the aromatic compounds was anisotropic, such that the planes of carbon rings are parallel to the

tracheid axial surface.

1.5.2 Silicon infiltration

Silicon infiltration of the pyrolyzed wood is accomplished by placing the template in a Si powder
bed and heating well past the melting temperature of silicon (1410 °C) in an inert atmosphere at
1 atm, allowing spontaneous capillary action to drive the process. Char aromaticity and high
temperature enhance wetting and lower viscosity, respectively . This combination of the
properties of the material, infiltrating liquid, and mesostructure are captured in Washburn’s

equation of the volume change rate of capillary flow :

dV _ mriycos® (4)
dt  4nx

In which y is surface tension, @ is wetting angle, # is viscosity, x is infiltration depth, and r is the
capillary radius [109]. With Si heated to T = 1600 °C (y=0.82 Nm?, ®=10°, 4 =0.7 mPas),
a typical wood template (r = ~1—10 pum) of an axial length of x = 0.10 m would be infiltrated in
10—1 seconds [63]. Spontaneous capillary wetting imposes an upper limit to tracheid radius,
however, of 60 um, as confirmed by experimental results [101], [110]. To overcome this
limitation a vacuum may be applied. Alternatively, gaseous infiltration of silicon monoxide may
be used to react the carbon template. Vogli et al. [102] used the below reaction to create wood-

templated SiC without residual silicon remaining in tracheid pores:
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SiO(g) was produced from a reaction of Si and SiOa:

Which was then transported to the carbon template via argon flow.

1.5.3 Silicon carbide formation

Greil et al. [63] originally proposed -SiC formation in wood templated SiC occurred via
diffusion limited growth: that after an initial layer of SiC formation on the C-Si interface, Si
would have to diffuse through SiC to reach the unreacted carbon template. Using the Gaussian
solution to Fick’s first law of diffusion [111] it is possible to calculate the kinetics of reaction

layer formation of thickness dsic at time t :
dsic = Deffective t (7)
In which Defrective, the diffusivity, is calculated by:

Q 8
Deffective = Dy exp (— ﬁ) ®)

In which Q is the activation energy, R is the gas constant, and T is temperature. Using parameters

Q =132 kI mol?, T=1600°C, dsic=10 pm, and Do = 2 x 10 cm? s, Greil [63] claimed that a
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hold time of 40 minutes was sufficient for full conversion of carbon walls into SiC, which he
supported with XRD and SEM of the RT planes of WTSIC. Others have cited this mechanism
[104], [110]. Although full reaction of the carbon by t = 40 min was indisputable, the source of
the Do value was unclear. That reported diffusivity of Siq) through polycrystalline B-SiC is
several orders of magnitude lower (Do = 4.17 x 10°° cm? s'1) [112], [113] casts further doubt on
diffusion as the reaction mechanism, as this would yield a hold time of t = 33 hours for complete
reaction. Others [114], [115] have instead proposed solution reprecipitation, in which there is an
initial diffusion of Si into the carbon template near the melting temperature of Si. Volume
mismatch between carbon and B-SiC causes the initial SiC grains to fragment off the template
surface, exposing new unreacted carbon. While the dissolved SiC grains continue to grow, new
SiC grows on the template to repeat the cycle to eventually yield a mixture of coarse and nano-
grained SiC[116].

This doctoral dissertation explores adventitious bioinspiration through the study of wood
in the under-investigated loading modes of 1) impact and 2) torsion, and the application of that
knowledge in 3) wood-inspired soft robot materials and 4) wood templated silicon carbide. In
impact studies, it was revealed that unlike quasistatic behavior of wood which is well predicted
by relative density, impact behavior was determined by mesostructural features such as vessel
distribution, interlocking grain, and fiber adhesion. In torsional studies, hierarchical mechanisms
of torsional stiffness and toughness were identified in cholla cacti. While finite element analysis
pointed to the cholla’s helical macroporosity as the source of its lightweight stiffness,
experiments pointed to the fiber adhesion and fiber geometry as being critical to its toughness.

The effect of hierarchical fiber adhesion on mechanical properties was more generally explored
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via frictional resistance to deformation in soft robot materials, while geometric contributions
were explored via wood templated silicon carbide

Chapter 1, in part, is a reprint of the material as it appears in “Beyond density:
Mesostructural features of impact resistant wood” Materials Today Communications, vol. 22,
2020. The dissertation author was one of the primary investigators and authors on this paper.
This paper was co-authored by Damian Gonzalez, Meng Wang, Jennifer Doan, Yu Qiao, and

Joanna McKittrick.
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2 Mesostructural features of impact resistant wood

Millennia of evolution have honed biological materials into highly efficient structures for
their specialized roles [22], [62], [117]. They combine features such as density gradients,
hierarchical architectures, cellular configurations, layered composites, and more to maximize
performance while minimizing mass (a penalty in terms of the energy and resources required to
grow it and for the organism to remain mobile) [78], [118]-[120]. Impact resistant biological
materials are no exception as research continues to unlock the structural features behind the
shock absorbent properties of woodpecker skulls [121] , ram horns [122], mantis shrimp dactyl
clubs [123], and other animal parts [99]. Wood, however, represents an entire class of biological
material that has been neglected in the field of bio-inspired impact resistant materials, despite
their ubiquity in human tools and weapons (Table 2.1). In sports they are used in everything from
baseball bats (Figure 2.1a, [124]) to bowling alley flooring (Figure 2.1b, [125]) and in historic
weapons such as the ramming Ancient Greek triremes (Figure 2.1c, [126]) and shields (Figure
2.1d, [127]). Americans may be familiar with the southern live oak-hulled USS Constitution
(Figure 2.1e, [128]): a frigate that earned the moniker “Old Ironsides” after defeating several
British ships in the War of 1812 and surviving cannon barrages with little damage [128]. The
Aztecs used the same species in their obsidian-laced clubs called “macuahuitl” (Figure 2.1f,
[129]) hundreds of years before [130]. Even in modern warfare, wood has been used to build
WWII bombers [131] (Figure 2.1g, [132]) and machine gun stocks [133] (Figure 2.1h, [134]).
Across time and civilizations certain tree species including southern live oak, white ash, sugar
maple, and others have been used for impact resistant applications and have well known

properties (Table 2.1), yet the common features between these species are not known. Very few
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adaptations to impact (or the environmental pressures to force them) have been identified in
wood or plants in general: giant sequoia, for example, grow a thick and spongy bark to protect
against rockslides compared to non-mountainous trees, and coconut hulls combine puncture and
impact resistance to protect against predators and cushion landings, respectively [135]-[137].
Therefore, cultural knowledge, accumulated over thousands of years of craftsmanship, can serve

as a wealth of information to translate into rigorous engineering principles.

Table 2.1 Examples of impact resistant wood species, their uses, and quasi-static mechanical
properties at 12% moisture content (oy = yield strength, or maximum load and E = stiffness)

Wood Fracture Work to
Species Uses toughness Maximum Load E (GPa) 6y (MPa) Source
P (kPavm) (kd m?)
Black 7 (©)
Walnut Furniture, gunstocks 74 T116 (b) 152 (c) [59], [80]
Black Cricket bats, 3 (0)
Willow flooring, prosthetic 61 T7 () L [59], [80]
. 28 (c)
limbs
Sugar Baseball bats,
. 480 (Mode I, T T10 (c)
Maple bowling _alleys, L 3pt. bend) 114 12.6 (b) 154 (c) [59], [80]
flooring
Aztec broadsword
Southern . - T20 (c)
Live Oak (Fig. 1f), USS 130 13.7 (b) 61 (0) [80]
Constitution
. Baseball bats, oars, 790 (Mode I, T T8 (c)
White Ash tool handles TL, 3pt. bend) 115 12 (6) L51 (c) [23-25]

(b) = beam bending test results, (c) = compression test results, T = transverse direction, - = longitudinal direction
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Figure 2.1 Examples of tools and weapons using impact resistant wood. (a) Louisville slugger
[124], (b) bowling alley flooring [125], (c) ancient Greek Trireme [126], (d) Viking shields
[127], (e) USS Constitution (“Old Ironsides”) [128], (f) Macuahuitl (Aztec broadsword) [129],
(g) DH-98 Mosquito bomber [132], and (h) Degtyaryov hand-held machine gun stock [139].
Figures are adapted from cited sources.

While much of that complexity can be simplified in predicting quasi-static behaviors,
observations in dynamic experiments (discussed in Section 1.3.2) and that only certain species
are used in impact-resistant applications suggest unique features in impact resistant trees. In this
study, drop-tower testing, micro-computed tomography (u-CT), and scanning electron
microscopy (SEM) were used to characterize the impact behavior of four species historically
known for their use in impact resistant applications (black walnut, sugar maple, southern live oak,
white ash) and four which are traditionally not (African mahogany, pecan, red alder, and white

oak).

2.1  Materials and Methods
Plainsawn planks of African mahogany (Khaya ivorensis), black walnut (Juglans nigra),
pecan (Carya illinoinensis), red alder (Alnus rubra), sugar maple (Acer saccharum), white ash

(Fraxinus americana), and white oak (Quercus alba) were purchased from commercial locations
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in San Diego, CA. These planks were kiln dried to ~12% moisture content. The southern live oak
(Quercus virginiana) was generously supplied by the Berdoll Sawmill company of Austin, TX.
This plainsawn plank had already been kiln dried to ~8% moisture content and sourced from a
single ~180 year old tree growing in the region. The planks were not rehydrated to ~12%
moisture content to avoid potential additional damage by swelling. Of these species, black
walnut, pecan, sugar maple, white ash, and southern live oak are used in impact resistant
applications while the others are common structural timbers.

A modified ASTM standard D7136/D7136 M-07 drop-tower apparatus was used to test
the impact strength. The standard is typically used to examine the impact properties of polymer
matrix composite laminate specimens of 125 mm x 75 mm dimensions. While wooden samples
of such size could have easily been prepared, a custom drop-tower built at 1:5 scale by Lee et al.
[140] was used to compare with previous biological materials studies. The custom drop tower
comprises a 3.2 mm diameter impactor tip, 1.2 kg crosshead (with maximum height 0.74 m for
maximum velocity of 3.8 m/s), and 12.69 mm diameter free-standing specimen area (Figure
2.2a). Using a table saw the plainsawn planks were cut into 20 mm x 20 mm x 6 mm prisms and
polished for impact testing in radial loading conditions, with the 6 mm thickness in the radial
direction. Samples far from the longitudinal axis of the tree were selected to ensure growth rings
were as flat and parallel to the AT plane as possible. Axial and tangential loading conditions
were neglected as these are highly unusual loading directions given the typical use of impact

resistant woods.
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Figure 2.2 (a) Schematic of the custom built drop tower (1:5 scale of a normal drop tower),
adapted from [140]. (b) The damage progression of white ash. Most wood species failed in the
splitting manner in which a clean fracture surface is formed along the grain of the wood (the
axial-radial, or AR plane). Some species including white ash also exhibited a unique failure
mode of rupture in which internal delamination and damage on the opposite face of the impacted
surface were visible.

The sawn specimens were kept in a desiccator to maintain ambient moisture by which
internal moisture content may be controlled according to a lumber storage protocol [141].
Specimens were weighed at ~12% moisture content (except for southern live oak at ~8%) to
calculate density. Seventy-one samples of African mahogany, 64 samples of black walnut, 35
samples of pecan, 45 samples of red alder, 79 samples of sugar maple, 37 samples of white ash,
and 45 samples of white oak were prepared. The impact energy was chosen starting from a
failure energy followed by reducing the impact energy at intervals, with at least five samples

tested per interval. The impact energy was calculated as:

IE 9)

Where IE, is impact energy normalized by sample thickness (t) and cover plate aperture

diameter (ds). The impact energy (IE) is calculated as:
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IE = mgh (10)

These calculations are according to the ASTM standard D7136/D7136 M-07 [142]. The
standard determines impact failure strength as the normalized impact energy at which 50% or
more of samples fail (i.e. punctured by the tip or fractured). By taking the ratio of the impact
energy to sample density, wood species that combine impact resistance and light-weight can be
identified.

It is well established that in quasi-static conditions wood mechanical properties are
density dependent [22], [65], [99] but the aim of this study was to investigate wood behavior in
dynamic conditions. To understand whether the observed phenomena were a consequence of
dynamic loading or not, quasi-static compressive tests in the radial loading direction were
conducted on wood samples except for live oak due to insufficient volume of clear wood (i.e.
knot and crack free). Sample geometry and tip dimensions were identical as those described for
the custom drop-tower. Samples were tested to failure at displacement rate of 0.2 mm/s to allow
comparison of the relative amount of energy absorbed by each wood species to failure in quasi-
static and dynamic conditions. Live oak was not included due to its different heat treatment and
moisture content, both of which influence mechanical properties [141]. Failed specimens of
white ash, pecan, and African mahogany were then scanned using a Zeiss Xradia Versa 510 x-
ray microscope (Pleasanton, CA).

The custom drop-tower provided damage histograms and impact strength and allowed
comparisons to previously studied biological materials. It did not provide information of the
material loading and strain, which can reveal mechanisms of energy absorption. Therefore, an
instrumented Instron CEAST Model 9350 drop-tower (Norwood, MA) equipped with an

instrumented tip was used to obtain the time, displacement, and loading data of impacting the

34



samples. The instrumented drop-tower was fitted with an impactor tip and cover plate of the
same dimensions as the custom drop-tower and samples were cut into 8 mm?® cubes using a table
saw. Five samples of each wood species were impacted in radial loading at low velocity impacts
of 1.6 m/s and impact energy of 2.9 J. The samples were thicker and the impact slower as the
information desired was not the damage progression but the manner of the load-displacement
curve (i.e. peak load, displacement, deceleration). Impacted samples were then sputter coated
with iridium at 85 pA for 10 seconds to reduce charging using an Emitech K575X Sputter Coater
(West Sussex, England). Samples were then imaged using a Zeiss Sigma 500 field emission
scanning electron microscope (Thornwood, NY) at an accelerating voltage of 2 keV to examine

damage.

2.2 Results and Discussion

Cut samples were measured, weighed, and examined to obtain density values and visually
identify mesostructural properties according to the International Association of Wood Anatomist
(IAWA) guidelines [143]. The unique mesostructures of each species (shown in Table 2) are

later discussed regarding their prominent effect on impact resistance.
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Table 2.2 Mesostructure of studied tree species, identified according to the International
Association of Wood Anatomists (IAWA) guidelines [143]

- : Vessel Grain Rays
3

Wood species  Density (kg/m°) distribution
SOUtT)ZT live 1100 + 100 Diffuse-porous Interlocking Aggregate
Pecan 820 + 35 Ring-porous Straight to wavy  Intermittent
White oak 740 + 38 Ring-porous Straight Aggregate
Sugar maple 710 + 53 Diffuse-porous Straight Intermittent
African 670 + 57 Diffuse-porous Interlocking Intermittent

mahogany

Black walnut 650 + 32 Semi-ring-porous Straight Intermittent
White ash 600 + 26 Ring-porous Straight Intermittent
Yellow birch 600 + 15 Diffuse-porous Straight Intermittent
Yellow poplar 560 + 19 Diffuse-porous Straight Intermittent
Red alder 450 + 16 Diffuse-porous Straight Intermittent

The damage mode of the impacted wood was visually assessed according to the modified
ASTM standard D7136/D7136 M-07. In addition to the damage modes of dimpling, cracking,
delamination, and failure described in the ASTM a failure mode of splitting along the wood grain
was commonly observed. Most woods split as their main failure mode with no damage visible
on the face opposite of the impacted surface, and rupturing was observed only in pecan, red alder,
and white ash. Ruptured wood did not shatter and the sections remained cohesive even after
failing, confirming the anecdotal observation that white ash baseball bats are safer than maple
baseball bats in that they do not fragment into large, sharp flying pieces and remain stuck

together on breaking [43, 44]. Figure 2.2b exhibits representative damage progressions of
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splitting and rupturing: The damage histograms immediately revealed that several species were
comparable or superior to previously tested biological materials in impact resistance. The three
most impact resistant species were African mahogany (impact strength = 42 kJ/m?), black walnut
(33 kJ/m?), and sugar maple (29 kJ/m?). This is fitting considering that black walnut is used in
gunstocks and sugar maple in baseball bats [23, 45].

For comparison, a previous impact study on biological materials [140] determined the IE,
for materials such as elk antler (58 kJ/m?), hydrated ram horn (32 kJ/m?), armadillo scute (18
kJ/m?), and others. It should be noted that all these biological materials are denser and heavier
than wood, which performed comparably despite a complete lack of mineralization. The plot of
normalized impact strength and density shown in Figure 2.3 further highlights the efficiency of
wood among biological materials: elk antler, bovine femur, and nacre represent dense,

mineralized materials while ram horn represents lighter, keratin-based materials.
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Figure 2.3 (a) Histogram of normalized impact energy failure for various natural materials
(grey) compared to values for wood species (red), which performed comparably in addition to
being less dense. (b) Plot of normalized impact energy as a function of density. Literature values
taken from [140].
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The normalized failure energy can be plotted against density to better understand the
efficiency of each wood species relative to one another in both quasi-static and impact conditions
(Figure 2.4a, b, respectively). A general linear regression was calculated to predict normalized
failure energy based on density without distinction of species as a categorical variable. For quasi-
static conditions (n = 45), a regression equation was found (F(1, 43) = 6.72, p < 0.0130), with an
R? of 0.368. For impact conditions (n = 102), a regression equation was found (F(1, 100) = 4.45,
p < 0.037), with an R? of 0.0330. The t-statistic was found to be 4.4 and 0.31 for quasi-static and
impact loading, respectively, both of which had normal distributions of residuals with only slight
single tails (which, given the sample size, the t-test is robust enough to handle [147])._ Despite the
low coefficients of determination in both loading conditions (somewhat to be expected because
of the heterogeneity of wood [59]), the overall result is that the p-values and t-statistics indicate a
much weaker relationship between density and energy to failure in impact. Certain species such
as white oak perform poorly in both impact and quasi-static conditions, while others such as
African mahogany and pecan perform well in one or the other conditions. Following is a

description of the unique mesostructural features that contribute to these behaviors.
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Figure 2.4 Normalized impact failure energy as a function of density for different wood species

in (a) quasi-static and (b) impact conditions. The plots show that in general there is a positive

correlation between density and failure energy, except white oak, which performs poorly in both

conditions.
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2.2.1 The effect of organization of tracheids, rays, and vessels

Under impact conditions it was observed that increased density led to higher toughness (Figure
2.4b), except for in white ash, pecan, and white oak. In these species, despite densities ranging
from ~550-850 kg/m? all samples failed at low energies between ~15-22 kJ/m?, while a
comparable density difference of 550-700 kJ/m? in other species (except red alder) led to a range
of ~25-42 kJ/m?. Additionally, white ash, pecan, and white oak did not split but instead exhibited
rupturing or cell wall breaking failure, which is usually observed in low-density species such as
red alder. What distinguished the three species (white ash, pecan, and white oak) was their ring
porosity, or tangential bands of vessels. Because wood tissue outside vessel areas mainly
determines overall density [148], even the densest ring porous samples of pecan and white oak
comprised concentrated layers of thin-walled pores which functioned as defects. Other literature
[47, 48] have reported vessels as TR crack arresters, which was indeed observed in ring-porous
species (such as in the white ash in Figure 8, where TR crack arresting is highlighted by black

39



circles). However, using micro-CT it was also observed in the AR plane (in which the length of
tracheids and vessels are visible) that vessels were also initiators for large, internal delaminations
as marked by the red circles in Figure 2.5. The presence of several adjacent vessels in tangential
bands magnified the effect, resulting in rupturing even in the densest ring porous species. In
comparison, rupturing was unlikely to occur in diffuse-porous woods because of the uniform

distribution of vessels.
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Figure 2.5 Ring porous species such as the pictured white ash tended to fail via rupturing
(Figure 2.2b) and did not exhibit improved impact resistance with increased density, unlike
diffuse-porous species. Micro-computed tomography images of the axial-radial (AR) planes
revealed that (a) 400 um from the impact site, vessels are compressed and deformed
progressively from the loading face (outlined in yellow). (b) 300 pum from the impact site, the
arrest of RT crack propagation by vessels is observed (outlined in black) as observed in previous
literature [138], [149]. However, it is also clear that vessels were initiation points of
delamination at the edge of impact (outlined in red). (c) 200 um and (d) 100 um from the impact
site, the delaminations become more severe and bulk fiber pullout initiated at vessel regions is
observed.

Even amongst the ring-porous species, white oak’s normalized failure energy is
exceptionally poor under both loading rates and was characterized by exceptionally flat fracture

surfaces indicating few extrinsic crack toughening mechanisms, i.e. low energy to drive a crack
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through the material [150]. It is likely that the aggregated ray cells played a large role—in a
previous impact study of wood by Reid and Peng [70] it was found that ray cells act as rigid
plates which stiffen the wood but also concentrate deformation in other cells. Additionally,
quasi-static fracture studies of wood found that cracks oriented in the TR orientation propagate
along ray cells as a type of crack path confinement [59]. While most species of wood have
bundles of several ray cells distributed throughout, species such as white oak with aggregate rays
have significantly wider groupings of rays (~0.1-1mm) intermittently dispersed. These aggregate
rays shown on Figure 2.6a restricted deformation into the zone of tracheids and vessels
immediately surrounding the loading site, preventing other material from being recruited and
confining the crack path. The effect is clearly visible in white oak (ring-porous) and southern live
oak (diffuse-porous) shown in Figures 2.6ali, aii, respectively. The confinement of deformation
and crack pathing are especially apparent when compared to species such as African mahogany
(Figure 2.6bi), which lack aggregate rays and possesses interlocking grains. In the same manner
as Bouligand structures found in mantis shrimp dactyl clubs [119] and arapaima scales [151], the
non-parallel alignment of fibers makes for winding crack paths which increases the energy
required to drive a crack through the material (an extrinsic toughening mechanism) [10, 11].
Southern live oak’s fibers also grow in an interlocking pattern, but the species also possesses
aggregate rays which restrict deformation and cracking. The Southern live oak was also tested at
a significantly lower moisture content which increased the frequency of unstable crack growth,
further contributing to its brittle behavior [152]. Further research should be conducted to
determine whether Southern live oak’s mesostructure combining stiffening aggregate rays and
interlocking grain could make it an impact resistant biological material at a different moisture

content.
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Figure 2.6 (a) (i) White oak’s highly brittle behavior in both impact and quasi-static loading can
be attributed to the confinement of crack propagation by its aggregate rays (highlighted in red)
and straight grain boundaries, which limit material recruitment in absorbing deformation.
Exceptionally straight crack paths are observed. (ii) Southern live oak exhibited a limited ability
to re-direct cracks due to its interlocking grains, but was limited by the aggregate rays. (b)
Intermittent, non-aggregate rays can bend with deformation and allow energy to be dissipated
over a greater volume. (i) African mahogany’s interlocking grain, combined with a lack of
aggregate rays, allow winding crack paths increase the amount of crack propagation energy
(extrinsic toughening).

Why the vessels did not function as defects in quasi-static loading may be due to the
viscoelastic nature of the cell wall material and the composition of vessels. Though thin-walled,
vessels are more lignified than tracheids to help resist cavitation caused by negative pressure
from transpiration [153]. In quasi-static conditions a sufficiently slow deformation may allow
stress-relaxation and the consequent gradual crushing of vessels (and hence, wood behavior that
is well predicted by its treatment as a cellular solid). Under impact, however, a brittle and non-
flowing response of the vessel walls may be more pronounced than that of neighboring tracheids
due to a higher portion of lignin, causing the vessels to act as crack initiators. Considering the
viscoelastic nature of cell walls (i.e. dominance of cellular solid deformation in quasi-static

loading) also explains why interlocked grain extrinsically toughened the wood, but only under
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impact—>by its nature, density-dependent cellular solid behavior is independent of the geometry

[59]. The orientation of the cellular solid elements in an interlocking fashion would be irrelevant.

2.2.2 Fiber-composite-like behavior of impact resistant wood

Studying the area of damage directly below the indenter tip revealed stark differences in
failure between African mahogany (diffuse-porous) and pecan (ring-porous). These woods were
exceptionally damage resistant in impact and quasi-static loading, respectively, and the data
reinforce the importance of crack pathing behavior. Under impact, African mahogany exhibited a
high density of winding crack paths in both the endgrain and the AR plane (Figure 2.7ai, ii)
compared to pecan shown in Figure 2.7av, vi, allowing for greater energy dissipation. Both
species exhibited a mixture of cell wall breaking and peeling, consistent with the behavior of
denser woods according to previous literature on cellular solids [48, 52]. Repeating the analysis
for quasi-statically failed samples showed a similar trend: in African mahogany, the indenter tip
densified the surrounding volume until it reached a critical depth after which the wood
catastrophically failed via TR crack propagation, splitting the wood (Figure 2.7aiii, iv). In pecan,
instead of a splitting mode of failure, rupturing was more commonly observed in which on top of
densification an extensive network of cracks was formed before reaching failure (Figure 2.7avii).
Fibers were bent and snapped in the AR plane (Figure 2.7aviii) rather than being simply
densified as in African mahogany. Normalizing the total crack length by the area of the damaged
cross-section quantifies the “windingness” of the crack path. By this measurement a single, a
straight crack path leads to a low ratio of crack length to cross-sectional area whereas several,
winding crack paths lead to a high ratio as shown in the plot of Figure 2.7b, with each bar

corresponding to the sample of the same number in Figure 2.7a. The ability of African mahogany
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and pecan to absorb damage in impact and quasi-static loading, respectively, depend on this
serpentine crack propagation. The absence of this crack behavior in African mahogany and pecan
in quasi-static and impact loading, respectively, explain their far poorer performance. The
CEAST 9350 drop-tower was deployed to understand the time, displacement, and loading data of
the various wood species in impact—the samples were thicker (20x20x20 mm) and the impact
slower (1.6 m/s) as the information desired was not the damage progression but the peak load,
displacement, deceleration. Lower peak forces coincided with greater penetration depth and
lower deceleration, analogous to how the crumple zone of a car disperses energy from a collision.
Again, African mahogany exhibited notable results: in addition to being the most impact resistant
wood species identified in the custom drop-tower testing, it maintained a low average peak force
of ~500 N with low amplitude discontinuities and high average displacement of 6.1 mm, as
shown in Figure 2.8. Black walnut, the second most impact resistant species identified, behaved
similarly with a low average peak force (640 N), moderate displacement (4.9 mm), and low
oscillation amplitude ( < 10 N). Sugar maple, the third most impact resistant species, exhibited
lower displacement and a higher load shoulder indicating that it primarily absorbed impact
through greater fracture initiation energy than extrinsic toughening mechanisms as in African
mahogany and black walnut. The least impact resistant species diverged in their behavior,
however, as exemplified by red alder and white oak and pecan. Red alder absorbed impacts with
high displacement and low peak forces ( < 300 N) while white oak and pecan exhibited low
displacement with high peak forces and discontinuities. In summary, low impact resistance was
observed in overly stiff species of wood, which failed in splitting, brittle failure and overly
ductile species which failed via rupture. The most impact resistant species of wood combined a

mixture of rigidity and ductility in their loading response. Scanning electron micrographs offered
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insight into just how the tracheids contributed to the bulk behavior: red alder absorbed the impact
by a combination of fiber bending and fiber breaking and pullout (Figure 2.8). The crack
breaking the cell walls suggests, however, that the low density of the wood posed a limitation to

red alder’s damage absorption ability.
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Figure 2.7 (a) Micro-computed tomography images of damage. (i) In impacted African
mahogany, tortuous cracks are observed in the radial-transverse (RT) plane, (ii) while in the
axial-radial (AR) plane fiber failure and delamination resembling the cross-sectional
fractographs of fiber composites failed via progressive delamination are observed. In quasi-
statically loaded African mahogany, hardly any cracks were observed in the (iii) RT plane as
well as in (iv) the AR plane. (v) Impacted pecan exhibited comparably limited cracking in both
the RT and (vi) AR planes. (vii) Quasi-statically loaded pecan exhibited a high density of
winding cracks in the RT plane (viii) and in the AR plane showed signs of progressive
delamination. (b) Crack lengths were measured and normalized by the area of damage.
Although the study of wood failure behavior tends to focus on cracking and peeling in the RT
plane, quantitatively the AR plane seems to have as significant a role in determining the
toughness of woods.
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Figure 2.8 The impact load-displacement of tree species showed a range of responses from those
with high deformation and low peak forces and discontinuities (red alder) and those with low
deformation and high peak forces and discontinuities (white oak). African mahogany, one of the
most impact resistant species, exhibited an intermediate response. Red alder absorbed impact
through fiber bending and breakage. African mahogany absorbed impact through fiber bending
and pullout, with closer inspection of the frayed tracheid ends revealing helical unwinding of the
cell walls. White oak absorbed impact through highly brittle fiber failure with few signs of
bending, with broken tracheid ends appearing to be cleanly cleaved.

African mahogany also exhibited tracheid bending and pullout (Figure 2.8), consistent
with its similar load-displacement response to red alder. Entire segments of tracheids were bent,
exhibiting tensile mechanisms of impact absorption through weak adhesion. Unlike red alder,
however, the denser mahogany exhibited no rupturing behaviors below the impact site allowing
greater impact resistance. Closer examination of the bent tracheid frayed ends (Figure 2.8)
revealed a combination of cell wall delamination and unwinding of the cell walls, indicating
damage in the P/ML and S layers, respectively. In white oak, the tracheids appeared to contribute

very little in the way of tensile resistance to fracture (Figure 2.8). The samples appear highly
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fragmented with an uneven surface, and the tracheids appear fractured and largely unbent.
Broken tracheid ends (Figure 2.8) show no signs of unwinding and the mode of failure appears to
be highly brittle.

The different failure mechanisms of Figure 2.8 can be understood in the context of fiber-
reinforced composite failure in which the degree of adhesion between the fibers and matrix plays
a major role. At high degrees, brittle failure occurs in the composite with little energy absorption,
while at low levels multiple delaminations occur simultaneously without significant fiber failure.
At an optimal degree of adhesion delamination occurs sequentially: an advancing crack
delaminates a fiber, loads the fiber in tension until failure, and then delaminates the subsequent
fiber to repeat the process. This mechanism (progressive delamination) allows well designed
fiber-reinforced composites to absorb large amounts of impact energy [91]. White oak showed
signs of high adhesion failure with little fiber pullout and indications of brittle tracheid fracture
(Figure 2.8). This is concordant with its high peak forces, indicating that this species primarily
absorbed impact through high fracture initiation energy but had few mechanisms to prevent
propagation. In addition to the sequential breaking mechanism it is likely that these species had a
rigid body response contributing to the large load discontinuities of Figure 2.8. Red alder and
African mahogany on the other hand showed extensive signs of tensile damage and deformation
in the tracheids. The low density of red alder caused ruptures and cell wall breaking, however,
which limited the tensile absorption of damage compared to the denser African mahogany.
African mahogany’s optimal adhesion was even further enhanced by the additional damage
absorption mechanism of helical tracheid unwinding observed.

Prior work exists describing the composite-like behavior of wood: Mark [155] modeled

the cell walls of independent tracheids as fiber-reinforced laminates successfully, Gordon &
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Jeronimidis [156] noted that the helical winding pattern of the fibrils in the cell walls enabled a
large increase in work to fracture and replicated the effect in tubules of epoxy resin with
embedded glass fibers, among others as noted in reviews [60], [62]. These understandings of the
composite-nature of wood focus entirely on the cell wall aspect of the wood, however, and the
frictional work of interfibrillar shear. Gordon & Jeronimidis [157] dismissed the idea of inter-
tracheid shear for example on the basis of SEM of impacted Sitka spruce, but this work showed
that at the same moisture content different wood species exhibit failure mechanisms some of
which are characteristic of sacrificial bonds allowing unraveling and elongation at multiple
length scales, increasing wood toughness [158]. Understanding wood as a fiber-reinforced
composite sheds additional light on why interlocked grain extrinsically toughened wood, but
only in impact loading. Fiber-reinforced composite failure is not only determined by adhesion
between fibers, but also by time-dependent shear-stress transfer between fibers and the matrix.
As strain rate decreases viscous behavior is more pronounced, and vice versa [159], [160]. In
quasi-static conditions viscoelastic shear-stress transfer between fibers is of minimal importance
as global stress is largely uniform [59]. In wood, this translated to mechanical behavior that is
largely determined by density in quasi-static loading. Under impact, however, elastic, non-
flowing behavior is increased at the inter-fiber level as shear-stresses develop between tracheids
and adhesion played a more critical role, and different types of fiber-composite like failure were

observed in wood. Only in this situation would the winding layup of interlocked grain come into

play.

2.3  Conclusions
Eight wood species: African mahogany (Khaya ivorensis), black walnut (Juglans nigra),

pecan (Carya illinoinensis), red alder (Alnus rubra), sugar maple (Acer saccharum), white ash
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(Fraxinus americana), and white oak (Quercus alba) with 12% moisture content were subjected
to drop-tower testing and quasi-static compression in the radial loading direction and then
characterized using scanning electron microscopy (SEM) and micro-computed tomography (J-
CT). The mesostructural features that distinguish impact resistant wood from others were
identified for the first time in the radial-tangential (RT) plane and axial-radial (AR) plane,
including diffuse porosity, intermittent rays, interlocking grain, and optimal adhesion between
tracheids. In agreement with previous literature, tracheids can act to dissipate mechanical energy
by helical unwinding. Certain tree species, however, also exhibit fiber pullout of entire tracheids,
indicating that certain woods act as hierarchical impact resistant materials that act like fiber-
reinforced composites at multiple length scales. The major findings are:

e Drop-tower testing on a custom-built instrument at 1:5 scale was used to perform low
velocity ( < 3 m/s) impact tests on wood specimens. Plotting the normalized impact
energy of failure against the density of samples revealed comparable performance at
lower densities relative to other biological materials.

¢ In addition to density, wood mesostructure strongly contributed to impact behavior:

o Diffuse porous wood species (African mahogany, red alder, sugar maple, yellow
birch, and yellow poplar), with uniformly distributed vessels, absorbed increasing
impact energy with increased density unlike ring porous species, which contain
tangential bands of vessels. In the latter, large delaminations and rupturing events
were initiated at the concentrated regions of low density characteristic of vessel
bands—therefore, these species did exhibit improved impact resistance with

increased density.
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o Intermittent rays (African mahogany, black walnut, sugar maple, yellow birch,
yellow poplar) allowed greater volumes of wood near the impact site to absorb
deformation, while aggregate rays in white oak and southern live oak tended to
confine crack paths and contribute to a brittle response.

o Interlocking grain caused winding crack paths in African mahogany and Southern
live oak, increasing the crack propagation energy via extrinsic toughening.

o An optimal degree of adhesion between tracheids in African mahogany enabled
progressive delamination-like failure, in which tracheid pullout, bending,
breaking, and unwinding absorbed impacts with low peak forces and

displacement.

Some of the mesostructural features identified in this paper may be translated into bio-
inspired designs, particularly with fiber-laminate composites: orthogonal panels of aggregate
ray-like structures, for example, can be integrated into fiber-laminates to increase stiffness with
the tradeoff of confined crack-pathing. Interlocking-grain mimicking layups can be explored as
an alternative to Bouligand structures, and rather than single tubules that replicate the helical
unwinding of tracheids whole arrays of such structures can be incorporated into new composites.
Processes such as wood-based silicon carbide templating [58-60] and hot-pressing delignified
wood [61, 62] would also benefit from identifying naturally impact resistant wood species in
their materials selection.

Chapter 2, in part, is a reprint of the material as it appears in “Beyond Density:
Mesostructural Features of Impact Resistant Wood” Materials Today Communications, vol. 22,

pp 1-12, 2020. The dissertation author was one of the primary investigators and authors on this
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paper. This paper was co-authored by Damian Gonzalez, Meng Wang, Jennifer Doan, Yu Qiao

and Joanna McKittrick.
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3 Cholla cactus frames as lightweight and torsionally tough biological materials

In the southwestern deserts of North America one may find exquisite structures of hollow
wooden cylinders, the walls of which are perforated by spiraling arrangements of holes (Figure
3.1c, i). These are the remains of cholla cacti (genus Cylindropuntia): spiny and ranging in size
from shrub-like to 4.6 m tall, they are characterized by extensive cylindrical branches [163]. On
death, the cholla leaves behind wooden “skeletons” of hierarchically porous hollow tubes
sometimes used by artists to craft objects such walking sticks, chairs, and other furniture (Figure
3.1c, ii) [164]. These skeletons are formed by the vascular cambium, a growth layer which
produces xylem on the interior and phloem on the exterior. The xylem comprises thick cell walls
reinforced by lignin, a highly branched and compressively stiff (but brittle) polysaccharide [60],
[165]. The support of lignin allows the xylem to conduct fluid and provide structural integrity for
the phloem which comprises still living parenchyma responsible for nutrient storage and
transport, lacking lignified cell walls [61]. A young cholla cactus forms a net-like series of
vascular bundles with soft parenchyma cells in between, and as the cactus matures, the vascular
bundles and bridges between them lignify to form the wood skeleton. The parenchyma cells in
between remain unlignified, maintaining centimeters wide holes in the wood skeleton to
maintain the succulence of tubercles (i.e. the fleshy projections tipped with spines). As the cactus
grows taller, a new tubercle will grow roughly ~137 ° away about the vertical axis at a slightly
higher position eventually resulting in a dense, spiral arrangement of tubercle pores shown in
Figure 3.1c, ii [164]. In some species such as Cylindropuntia leptocaulis, the holes are long and
narrow, but in species with wide tubercles the holes are more circular [164]. Botanists have
considered the positioning of these holes in context of the function of the tubercles: some

hypothesize that they maximize packing efficiency of spines to protect the plant while
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minimizing interference [166], while others that they confer thermal stability against the extreme
temperatures of the day and night of the desert [164]. It remains to be explored, however,
whether the positioning of the tubercle pores in the wood skeleton is an adaptation that confers
density-efficient torsional integrity in a resource-sparse desert environment. As highly branched
and squat plants, cholla are subjected to significant torsional loading compared to bending
according to the geometric criteria developed by Skatter and Kucera [72], [73]. The skeleton
must confer enough torsional integrity to not only bear the weight of the cactus but also desert

wind speeds of up to 28 m/s [167].

Figure 3.1 The structure of natural materials are characterized by adaptations to mechanical
loading, including torsion. (a) (i) Norwegian spruce trees can grow spiraling grain to increase
torsional strength in the direction of spirality [168]. (ii) Spiral handedness can differ from tree to
tree depending on the prevailing wind direction [72], [73], [169]. (b) (i) The hollow of bamboo
maximize its moment of inertia and beam-bending stiffness [170]. (ii) The macrostructure is
augmented by the mesostructure of a radial density gradient of denser, stiffer tissue at the
periphery, allowing rapid and material-efficient growth [78], [171], [172]. (c) (i) Cholla cacti
grow in harsh, windy deserts of the North American southwest [173]. (ii) The fleshy, succulent
tissue is supported by an internal lignified “skeleton” of wood with helical porosity. Previous
work that examined the tubercle pores hypothesized they help optimize spine-packing density or
thermal stability of the cactus [164], [166]. Figures adapted from cited sources.
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This work characterizes the macro-structure, meso-structure, and mechanical properties
of the wooden cholla cactus skeleton from Cylindropuntia acanthocarpa (common names:
staghorn or buckhorn stick cholla) via experimental techniques, and finite element analysis. The
meso-structure of the wooden skeleton of Cylindropuntia ramosissima (common name: pencil
cholla) was also characterized to investigate the level of detail captured by laser scanning. This
different, smaller species of cholla was selected for the laser scanning technique due to the size

limitations of the scanner.

3.1 Materials and Methods

3.1.1 External mesostructure characterization

Eight dried specimens of staghorn cholla wood were obtained from the Superstition
Mountains, AZ and locally in San Diego, CA; one specimen of pencil cholla wood was obtained
locally in San Diego, CA, for external mesostructural characterization as received in dry
conditions. A NextEngine 3D Scanner (Santa Monica, CA) was used to obtain the 3D model of a
pencil cholla (n = 1 samples) via a laser array scanning the skeleton in parallel, each scan of
which was then stitched in ScanStudio software (Santa Monica, CA). To solve the accuracy and
resolution challenges of laser-scanning, another technique known as close range photogrammetry
[174] was implemented on specimens of staghorn cholla (n = 8 samples) using a Sony Alpha a71l
Digital camera (Tokyo, Japan) with a resolution of 24.3 effective megapixel, together with a
Sony FE 90mm f/2.8 Macro Lens (Tokyo, Japan). The combination of the high-resolution
camera and the macro lens allowed the acquisition of several hundred zoomed, high-resolution
images of small regions of interest on the staghorn cholla surface. These images were then

processed using Agisoft Metashape (St. Petersburg, Russia), a software specialized in
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photogrammetric processing of digital images for the generation of 3D spatial data. The average
angle from the R-T plane between nearest neighbor tubercle pores (0°) was then measured by
“un-rolling” the 3D model using CloudCompare (Paris, France) to obtain a planar surface from
the 3D cylindrical point cloud. These measurements were compared to a° values obtained by
physical measuring the cholla cactus, by which pore dimensions were also obtained. The pitch
(pore center-to-pore center distance), axial pore length (Lrore, A), and tangential pore width (Wpore,
T) were obtained as shown in Figure 3.2a. The bulk sample density (p*) was measured as that of

a hierarchical cellular solid using the equation:

. m (12)

= 2 2
Lyt (Tyter — Tinmer

p

In which La = the A length of the specimen, router = the outer radius of the wood, rinner = the inner

radius of the wood, and m = the hydrated mass of specimens.

3.1.2 Internal mesostructure characterization

A section of staghorn cholla wood was cut from a dry stalk used in external
mesostructural characterization, and the radial-tangential plane (wood endgrain) was examined
by cutting and polishing the axial face using progressively fine-grit sand paper and then imaged
in a Keyence VHX1000 optical microscope (Osaka, Japan). This was followed by sputter coating
with iridium at 85 pA for 10 seconds to reduce charging using an Emitech K575X Sputter Coater
(West Sussex, England). Samples were then imaged using the secondary electron detector of a
Zeiss Sigma 500 field emission scanning electron microscope (SEM, Thornwood, NY) at an

accelerating voltage of 2 keV and working distance of 10.4 mm. Unpolished, whole samples of
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cholla were also scanned in a Skyscan 1076 micro-computed tomography (u-CT) scanner
(Kontich, Belgium) both before and after mechanical testing to examine deformation
mechanisms. The imaging was performed at 35 pm isotropic voxel size for gross scans and 9 um

voxel size for finer scans.

3.1.3 Torsion testing

From the eight large stalks of staghorn cholla received for mesostructural characterization,
ten samples of staghorn cholla wood were cut into segments of varying length (13-18 cm) to
maximize the number of straight-edged cylinders that could be obtained from the curved bulk
material. After measuring the dry weight, length, inner radius, and outer radius of each sample,
the cholla were hydrated for a week in water to mimic in vivo conditions of being surrounded by
succulent cactus tissue which is typically ~80-95 wt.% water [164]. Following hydration, the
samples were re-measured to obtain hydrated mass and the length (L), inner radius (Finner), and
outer radius (router) Of each sample. The end of each cylinder was then reinforced with 25 g of
epoxy in a dog-bone mold (Figure 3.2a) to allow samples to be secured to a custom built torsion
testing device (Figure 3.2b) [175] mounted to an Instron 3367 Dual Column Testing Systems
device (Norwood, MA). The custom built device translated a linear displacement rate of 0.02
mm/s to a torsion rate of 2.0 x 10 radians/s, and the raw load v.s. displacement data were
translated into torque v.s. rotation data and then shear stress v.s. shear strain, according to the
procedures described by Porter et al. [175]. The calculation of shear stress required the sample
torsional moment of inertia (Js) which quantified the cross-sectional geometric resistance to
twisting. Rather than estimate sample torsional moment of inertia as that of a hollow tube, Js of

each sample was obtained via generating n = 9 models in finite element analysis that
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approximate the range of geometries to obtain a Js surface profile, the process of which is
described in section 2.4. A comparison of a typical cholla sample to the average geometry as
represented in FEA is shown in Figure 3.2c. To compare the hydrated cholla torsional
mechanical behavior to that of other biological materials, the shear strain results of whole
bamboo internode culms conditioned in 100% humidity were taken from Askarinejad et al. [77].
The literature values were normalized by bulk density, which were not reported by Askarinejad
et al. but could be inferred from the sample dimensions of the internode sections tested: Amada
et al. [176] have previously determined a relationship between culm width and length and the
culm number, which in turn determines bulk density. Literature values of physiologically
hydrated bovine trabecular bone under torsion were taken from Fatihhi et al., which provided
sample dimensions and density [177]. Five samples of balsa wood (Ochroma pyramidale) were
also tested in torsion alongside the staghorn cholla samples. Balsa was chosen due to its highly
hydrated physiological state, providing a similar wooden material of different macrostructure for
comparison [178]. The 12 w.t.% moisture content balsa was obtained from National Balsa (Ware,
MA) and prepared as cylindrical samples (L = 62 mm, r = 16.45 mm) cored from the centers of
plainsawn planks to obtain radial symmetry. The cylinder length corresponded to the axial
direction. As with the cholla samples, the end of each cylinder was reinforced with 25 g of epoxy
in a dog-bone mold, after which the samples were fully hydrated to reflect physiological

conditions.

3.1.4 Finite element analysis (FEA)
Finite element analysis (FEA) in SolidWorks was employed to (1) approximate the Js of

each physically tested sample, (2) understand the stress concentrations caused by torsional

57



loading and axial loading in isolation, and (3) investigate how the pore geometry affects the
cholla cactus mechanical properties. To the first end, an initial cholla cactus-like model was
developed using average relative dimensions of pore geometry and wall thickness. Then,
maintaining constant single pore area and cactus outer diameter while varying pore circularity
and stalk wall thickness-to-outer diameter ratio, a total of n =9 models were generated. The pore
circularity and the wall thickness-to-outer diameter ratio were varied each had three levels of

0.98, 0.78, and 0.54 and 0.0811, 0.135, and 0.189, respectively. Pore circularity was defined as:

(pore area)? (12)

Circularity = 4
rreutarity = sn (pore perimeter)?

In which a perfect circle has a circularity = 1. The pore circularity = 0.78 was based on the
average measurements of pore pitch, Lpore, A and Wpore, T, and «° collected from several specimens.
The wall thickness-to-outer diameter ratio of 0.135 was similarly based on average
measurements. The bulk material for the models was simulated as isotropic steel with E = 210
GPa and v = 0.3 and was subjected to torsion with torque (T) in the elastic regime with one fixed
end. From the angular displacement (¢) and known shear modulus, G, an approximation of Js
(which is a strictly geometric parameter) was obtained using the below equation for the torsional

deflection of a circular shaft:

LT (13)
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From the resulting surface profile of Js values, the torsional moment of physical samples were
approximated based on their pore circularity and wall-to-outer diameter ratio.

To the second aim of understanding stress concentrations caused by torsional loading and
axial loading separately, it was necessary to obtain material parameters of the anisotropic cholla
wood. Using the density of the dry cholla wood, an initial set of estimates for Young’s moduli
(Ea, Er, ET), shear moduli (Gar, GrT), crushing strength (oc, A, oc,r, oc, T), tensile strength (ot A,
o R, o, 7), mode | fracture toughness (K'ic. A, K'ic, rt), and Poisson’s ratios (var, VTr) Were
obtained via Gibson-Ashby equations summarized in Table 1.1 (see section 1.3.1.) [59]. These

values were then adjusted for their moisture content [80] using the equation:

P12 12—-M (14)
— —Z\Mp—12
p PlZ(Rg) P

In which P = property at moisture content M, P> = property at 12% moisture value (obtained
using Gibson-Ashby equations), Mp = 25 (fiber saturation point), and M = moisture content as

calculated by:

(15)

_ MasSary — MasSwer 100%
massgry

The moisture-adjusted material parameters were then input into FEA simulation. For each set of
material parameters, three simulations were run with prescribed torque corresponding to three
values of shear stress in the linear elastic range of an experimental curve. Simulation material

properties were adjusted iteratively and in proportion to one another according to Gibson-Ashby
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equations (Table 1.1) until the three points produced a shear stress-strain slope matching the
average experimental slope. Stress concentrations of this model were examined in torsion and in
axial loading.

Finally, to the third aim of understanding how pore geometry affected the cholla
mechanical properties, the material parameters obtained in the second aim were applied to all n =
9 models described in the first aim. All models were again prescribed axial compression and
torsion separately within the elastic regime, with one fixed face. The ratios of the effective axial
modulus to material axial modulus and effective shear modulus to material shear modulus were

then compared.

mm:

Tangential (T) E3 e

Figure 3.2 (a) Manual measurements of the tubercle dimensions, pitch, and angle of orientation
with respect to the radial-tangential plane were obtained for each cholla sample. Before testing,
all specimens were fully hydrated to mimic in vivo conditions. (b) A torsional adaptor from
previous work [175] was fitted to the Instron 3367 Dual Column Testing Systems device
(Norwood, MA). It comprises a rack and a pinion that translates the vertical displacement of the
Instron crosshead to torque on the sample. (c) To approximate the torsional moment (Js) of each
sample, a series of FEA models approximating the geometry of the cholla were generated and
prescribed with isotropic steel parameters. Because Js is a purely geometric constant, back-
calculating Gsteer provided an approximation applicable to the anisotropic cholla of similar
geometry. (d) A hydrated cholla sample with epoxy reinforcements at each end, fitted into the
torsion tester. Figure adapted from cited source.
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3.2 Results and Discussion

3.2.1 External mesostructure characterization

Despite its high cost, the laser scanner only captured the pencil cholla’s tubercle pores
without the complexity of its fiber orientations (Figure 3.3a). On the other hand, the
photogrammetry-produced model of the staghorn cholla more accurately reflecting the natural
material and captured the tubercle pores and fiber protrusions and troughs (Figure 3.3b). The
photogrammetric model clearly showed how fibers grow axially and diverted around, wove
between, or split into smaller fibers at a tubercle pores seemingly at random, as illustrated in the
magnified portion of Figure 3.3b. One growth step may not dictate the next: a fiber may weave
between pores only to split into smaller fibers at the next. Analysis of the “unrolled” staghorn
cholla model produced lower angle measurements (50 £ 1.5 °) compared to the physical
measurements (65 + 2.1 °). The digital measurements from the photogrammetric model provided
the line of best fit through several tubercle pores whereas the physical measurements were
obtained only by considering nearest neighbors, and so provided more accurate information of
the geometry of the cactus. Because of its low-cost and ease of use, photogrammetry presented a

powerful method in 3D characterization of biological materials.
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(b)

Unrolling the model
50 mm ¢

Figure 3.3 (a) Though useful for creating 3D models that capture the general shape of a
biological structure, the laser scanner was unable to capture the fiber complexity of the pencil
cholla skeleton imaged. (b) The photogrammetric model successfully captured the fiber
complexity of the staghorn cholla. By “unrolling” the model in MATLAB, a more accurate
assessment of overall tubercle arrangement could be obtained than by hand measurements: lines
can be drawn (red, dashed) through the centers of tubercle pores to examine the overall growth
pattern (i.e. angle of orientation with respect to the radial-tangential plane) rather than neighbor-
to-neighbor comparisons as was done manually (Figure 3.2a).

3.2.2 Internal mesostructure characterization

Polished cross sections of the cholla endgrain (Figure 3.4a, b) revealed a conventional
wood mesostructure that can be described using categories developed by the International
Association of Wood Anatomists (IAWA) [143]. The large, thin-walled tubules are vessels
responsible for axial nutrient conduction and are dispersed uniformly in a diffuse-porous
arrangement. The alternating bands of light and dark wood visible in the optical microscope
correspond to bands of aggregate rays and tracheids, respectively.

Gross p-CT (voxel size = 35 pm) revealed that like other woods, cholla was
characterized by alternating rings of light “earlywood” (colorized in blue in Figure 3.5a) and

denser “latewood,” (colorized in green in Figure 3.5a) which correspond to faster growth during
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the spring and summer and slower growth during cool autumn and winter. As observed from
photogrammetry, the fibers in the staghorn cholla diverted around, wove in between, or split into
smaller fibers at tubercle pores (Figure 3.5b). Compared to the photogrammetry scan however, it
was observed visually that the fibers were more densely packed in the interior with fewer voids
in between than at the surface, consistent with their growth pattern discussed in the Introduction.
Slowly raising the density threshold (Figure 3.5c, i—iii) exposed a network of discontinuous
“islands” of heavily lignified tissue embedded in the xylem in between the tubercle pores, in the
“ligaments.” Unlike in bamboo, which exhibits radial density gradients [78], the islands appeared
to be radially continuous, indicating that points of reinforcement were consistent over time
(Figure 3.5¢, iii). The tubercle pores edges were only somewhat discernable at the highest
density threshold, indicating that the ligaments were preferentially reinforced (a point that we

note for discussion in the results of the finite element model of the cholla in torsion, Section 3.4).
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Figure 3.4 (a) The endgrain of the cholla cactus as observed in optical microscopy features
aggregate rays and a diffuse-porous arrangement of vessel elements. (b) The same face examined
in scanning electron microscopy shows relatively small but numerous vessels to allow maximum
axial conduction of water during intermittent rain while preventing cavitation during dry seasons
[179]. The similar ray cells conduct water to fleshy succulent tissue for storage, and can store
water themselves [180]. (c) Clusters of vessels are highlighted in green, distributed amongst
tracheids.
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Figure 3.5 pu-CT of a specimen revealed (a) banding of latewood and earlywood in the radial-
transverse plane, corresponding to slow and fast growth periods respectively. (b) Fibers were
observed to weave in between, divert around, or split off into smaller fibers at tubercle pores. (c)
Slowly raising the density threshold progressively from (i—iii), radially continuous regions of
increased lignification were observed, mainly at the tubercle ligaments.

3.2.3 Torsion testing

Staghorn cholla shear stress-strain curves consistently exhibited a linear regime followed
by a decreasing, jagged plateau under torsion. The average shear modulus and strength (n = 8)
were found to substantially vary at 41 + 7.8 MPa and 2.7 £ 1.0 MPa, respectively, but when
normalized by hydrated bulk density showed more consistent behavior, typical of woody
structures: the specific effective shear modulus, G/p™ = 150 + 23 MPa (g/cm®) ™ and the specific
shear strength, oy/p” = 9.3 + 2.5 MPa (g/cm®)™. Most notably, the toughness was strikingly high

(1100 * 430 kJ/m®). Plotting the density-normalized behavior of cholla allowed comparisons to
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balsa wood, bamboo, and trabecular bone as well as account for sample-to-sample variation
(Figure 3.6). Though its curve profile was similar to the cholla cactus, hydrated balsa exhibited a
far lower density normalized shear stiffness, strength, and toughness indicating low mechanical
efficiency. Failure occurred via a single oblique fracture plane 45° to the axial length of wood.
The density normalized shear modulus of the bamboo was greater than that of the cholla (G/p" =
550 MPa (g/cm®)), but its strength comparable (11 MPa (g/cm?®)1) and toughness less than half
(350 kJ/m®). Bamboo’s ultimate failure strain occurred at less than 0.06, a full order of
magnitude below that of cholla, and was characterized by a single axial crack propagating along
the entire length of the bamboo internode culm [77]. Fatihhi et al. [177] showed trabecular
bone’s G/p” to be comparable to that of cholla but with lower ay/p". Like cholla, trabecular bone
exhibited torsional toughness but failed at a shear strain of 0.2—though Fatihhi et al. did not
report how trabecular bone failed under pure monotonic torsion, Bruyere-Garnier et al. [181]
reported that torsion induced an oblique fracture plane 45° to the axial length of trabecular bone.
Thus, while torsion in bamboo generated shear failure (creating A-R plane cracks), in balsa and
trabecular bone the tension caused by torsion resulted in a tensile failure oriented 45° to the A

axis. The properties of each material were summarized in Table 3.1.
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Table 3.1 Summarized torsional properties

Material Effective shear modulus Torsional strength &Lﬂ
(in physiological fougness
conditions)
MPa MPa
(MPa) G/em? (MPa) Py (kJ/m?)
Staghorn cholla 41 +7.8 150 + 23 27+1.0 93+£25 1100 + 430
(n=8)
Balsa wood 33+4.6 31+3.7 1.7 + 0.64 1.6 £ 0.33 160 + 12
(n=15)
Bamboo culm 470 550 9.4 11 350
Trabecular bone 63 57 4.5 4.1 540

That cholla, like balsa and bone, decomposed torsion into tension and compression is key
to its high toughness. As evidenced by the sequence of deformation in Figure 3.6c¢, initially
elliptical tubercle pores were compressed tangentially and stretched axially at a coordinate offset
of 45° to the A axis of the plant, prior to tensile failure in which fibers ruptured. The difference
between bamboo (shearing decomposition) and balsa and cholla (tensile and compressive
decomposition) was that the fibers in the latter were highly saturated with water, reducing the
stiffness and strength of the wood [182]. Water hydrated the hemicellulose matrix between fibers
and facilitated inter-fiber sliding while retaining some stiffness via constant breaking and
reforming of hydrogen bonds [60], [62], [117]. With less moisture in their physiological state,
bamboo fibers were over-adhered to one another and unable to bend or slide past one another.
Instead, they failed at their interfaces to produce clean A-R plane cracks. The balsa fibers were
clearly able to bend and slide, but due to their lower density cell walls and higher state of
hydration exhibited lower mechanical efficiency. Bone is a markedly different material than

wood, but according to literature deforms via a similar flowing mechanism between mineralized
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collagen fibrils in its hydrated physiological state—the fibrils themselves and the mineral
platelets experience very little deformation [117].

The unique deformation mode in cholla was due to the hierarchical arrangement of fibers
which is quite different from balsa, in spite of similarities in composition and hydration. The
cholla’s hydrated material properties determined four mesostructural deformation mechanisms
illustrated in Figure 3.6d: fiber straightening, fiber delamination, pore collapse and friction, and
ultimately fiber rupture and pullout. As noted in Figure 3.5b, the cholla fibers grew in serpentine
paths in the axial direction. As the wood began to plastically deform in torsion, individual fibers
were elongated in the direction of tension and absorbed energy via straightening and then elastic
stretching of the fiber itself. As the fibers straightened, however, they separated from
neighboring fibers and further energy was absorbed via delamination. All the while, the
macroscopic tubercle pores were flattened by the compressive force in the perpendicular
direction until they collapsed. Like the densification effect of a cellular solid under compression,
each collapsed tubercle pore newly offered compressive and frictional resistance under torsion.
The pores did not deform simultaneously but sequentially from the loading face. Once the fibers
were fully straightened in tension at an extreme shear strain (~0.6), an energy-absorbing fiber
failure occured in the R-T plane. At this point the cholla lost its cylindrical shape as sections of
the wall twisted inward, but even then the wood did not catastrophically fail and still retained
some stiffness. Due to the sequential nature of the post-elasticity in cholla torsional deformation,
these four mechanisms (fiber straightening, fiber delamination, pore collapse and friction, and
fiber rupture and pullout) happened in parallel and avoided catastrophic failure, resulting in a

gradual decrease of torsional load.
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Compared to other biological materials, it was this toughness that was most striking. As
previously discussed, the squat and branched geometry of the cactus creates a strong
evolutionary pressure to adapt accordingly for torsion. The question remains, however, on why
toughness was seemingly prioritized. High stiffness and strength would require either devoting
more bulk material growth to the plant or increased lignification. In a resource poor environment,
these may not be feasible. Alternatively, reduced hydration stiffens and strengthens the stalk, but
this may interfere with other biological functions of the plant. Additionally, a lower fiber
hydration embrittles the wood as in bamboo, making catastrophic A-R failure more likely from
which recovery would be near impossible [183]. It may be that the cactus’ primary response to
torsion in a non-catastrophic, localized, and staggered failure sequences helps it to recover from
damage and uses resources most sparingly. Rather than regrow entire sections of plant or heal
massive cracks spread throughout the plant, it is more efficient to seal and regrow smaller,
distributed delaminations [183], [184].

Micro-CT images of the cholla after torsion (Figure 3.7a) showed further detail in the
tensile fiber failure: in Figure 3.7b, i, fiber rupturing was shown to be caused by fiber pullout in a
mixture of delamination and tensile fiber failure. This mode is known as “progressive
delamination” in the field of composite failure and describes optimally adhered fibers that are
neither over nor under adhered to allow maximum energy absorption in failure [91]. In some
cases this delamination terminated at another tubercle pore in a process akin to crack blunting
(Figure 3.7Db, ii), while in others the delamination was diverted around a neighboring tubercle.
This was determined by whether the fibers along which the crack propagated diverted around,

wove between, or split into smaller fibers at a tubercle pore. In Figure 3.7b iii & iv, for example,
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the criss-crossing of fibers deflected an incoming crack to force a more tortuous path. All these

mechanisms enhanced the torsional toughness of the cholla.
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Figure 3.6 (a) Compared to the density-normalized performance of bamboo [77], balsa, and
trabecular bone [177], cholla exhibited a far greater combination of stiffness, strength, and
toughness. (b) While bamboo decomposed torsion into shear as evidenced by its failure mode
(adopted from [77]), cholla, balsa, and trabecular bone decomposed torsion into a combination of
tension and compression. (c) That cholla decomposed torsion into tension and compression was
especially evident by examining the elongation and flattening of the tubercle pores. (d) Several

mesostructural deformation mechanisms contributed to the highly tough torsional behavior.
Figure adapted from cited source.
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Figure 3.7 (a) Micro-computed tomography images of a specimen (i) before and (ii) after torsion
revealed several extrinsic toughening mechanisms. (b) (i) Fiber rupture of the wood showed
signs of highly energy absorbant progressive delamination. (ii) A-R delamination was blunted by
tubercle pores, slowing its advance. (iii, iv) Alternatively, the weaving and criss-crossing fibers
would divert the A-R delamination on a still more tortuous path.

3.2.4 Finite element analysis (FEA)

FEA was implemented with three aims: (1) to capture the variation of torsional moment
Js (with parameters of pore circularity and stalk wall thickness-to-diameter), from which
torsional stress was calculated, (2) to understand stress concentrations caused by torsional and
axial loading acting separately on cholla models with appropriate anisotropic wooden material
parameters and (3) to understand the effect of pore geometry and wall thickness-to-diameter ratio
on the cholla’s ability to resist torsional and axial loads. Boundary conditions were validated by
simulating solid-walled tubes with isotropic steel parameters and back-calculating input material

parameters.
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While the first aim was a means to analyze experimental data, the second and third aims
provided significant insight into the material behavior of the cactus. By inputting a relative
density of 0.15 into equations summarized in Table 1 and adjusting with M = 25 % according to
Equation 4, an effective shear modulus (i.e., the slope of the three simulated shear stress-strain
values) within 10% of the experimental shear modulus was obtained, the results of which are
shown in Figure 3.6a. Because the Gibson-Ashby equations were not meant to calculate precise
mechanical properties from relative density but rather estimates, it was not a significant
discrepancy that the average cholla relative density was in fact 0.23 + 0.017 [59]. It should be re-
emphasized that the average experimental “shear modulus” calculated using Equation 3 (Geffective,
experimental = 41 = 7.8 MPa) represented the tube’s resistance to torsion and not its material shear
stiffness. As discussed in Section 3.3, the torsional shear can be decomposed into tensile and
compressive loads acting at + 45° to it. The cholla wood’s true shear stiffness is likely Ga-r,
material ~ 340 MPa which was input into the material simulation to obtain Geffective, simulation = 50
MPa shown in Figure 3.6a. Because all material properties were simultaneously adjusted using
relative density for the simulation, it is possible that in the actual wood some properties were
separately higher or lower than the relative values predicted by the Gibson-Ashby equations (i.e.
the wood’s shear stiffness may be lower than the Gibson-Ashby equations predict, while the
wood’s axial stiffness may be higher).

With anisotropic material parameters verified against experimental results, it was
possible to examine stress concentrations produced by torsional and axial loading. It was clear
that torsion produced stress concentrations in the middle of the ligaments between tubercle pores
(Figure 3.84a, 1), while axial compression produced stress concentrations at the axial ends of the

tubercle pores (Figure 3.8a, ii). The regions of heavy lignification observed in u-CT (Figure 3.5c¢,
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iii) matched the points of stress concentration in torsion rather than compression. Because woody
plants reinforce branch junctures [185], taproots [186], and other stem portions [64], [186]-[189]
in response to mechanical stress, it is likely that cholla selectively increased lignification to
create a mechanically efficient stalk of high torsional stiffness.

The models in Figure 3.8a represented the average geometries of the measured cholla: to
investigate the effect of the pore geometry on the cactus, pore circularity and stalk wall
thickness-to-diameter ratio were varied with three levels each. The centers of the heat maps of
Figure 3.8b reflect the average cholla pore circularity and wall thickness-to-stalk diameter ratio,
while the color intensity reflects the effective stiffness as a percentage of the prescribed material
stiffness. It was observed that for thin walled tubes, a higher pore circularity improved the
effective shear stiffness whereas in thicker walled tubes there were diminishing returns past
circularity ~ 0.65 (Figure 3.8Db, i). In axial loading, the wall thickness-to-diameter ratio had little
effect on the effective compressive stiffness while a lower pore circularity improved the effective
stiffness (Figure 3.8Db, ii). At approximately the average geometry of the staghorn cholla there
was a balanced compromise between the effective axial and shear stiffnesses, indicating that the
macrostructure of the cholla is an adaptation to bear both torsional loads due to wind and axial
load due to its own weight. As observed in Figure 3.2d, however, cholla pore geometry can vary
even on a single stalk—it may be that a cholla cactus can locally adjust pore roundness as a
mechanism to control its stalk stiffness.

This FEA analysis was limited, however, in that staghorn cholla wood may be optimized
simultaneously for several factors such as other loading modes (e.g. radial compression due to
tissue swelling, bending) and biological functions. For example, plant xylem is responsible for

nutrient and fluid conduction which are of particular importance in the desert, where cacti must
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be able to rapidly take-up liquid during rare instances of rain fall [190]. Unique adaptations to
this end have been observed at all hierarchical levels of cacti: these include a shallow, spreading
root system (ideal for transient rainfall) [164], a relatively thin living-cell layer in the roots to
maximize axial conduction [190], small and numerous vessels in the stem to maximize
conduction and prevent cavitation during drying [179], [180], and larger vessels at the root-stem
juncture to induce air bubbles and prevent water loss from the succulent stem into the dry soil
[190]. It is possible that too oblique a mesopore distribution in the wood (i.e. too oblique a fiber
angle of the wood that must wrap around them) interferes with this critical function of xylem,
explaining why the cholla cacti mesopores are distributed at an angle greater than 45 °. Another
example of a biological function that our analysis did not account for is spine distribution (each
tubercle pore corresponds to the placement of spines). We have already mentioned the theory
that the helical geometry of the tubercles allows maximum packing density of spines while
minimizing spine overlap for efficient protection against would-be water thieves [166]. Another
function of the spines, however, is to collect moisture from air and transport droplets by their
aligned grooves to fine, water-absorbing outgrowths at the spine base (trichomes) [191]. The
mesopore distribution may optimize for spine packing efficiency not just for protection but water
condensation, too. A final, major biological function unaccounted by our analysis is that of the
surrounding living tissue: compared to the parenchyma of conventional plants, the parenchyma
of cacti are extremely hydrated. The elastic yet strong bark combined with this succulence confer
high turgor pressure which substantially augments the cactus’ mechanical properties [192]-[194].
The results of our FEA show a compromise between torsional and axial loading of the cholla
wooden frame, but can provide only a partial insight as to the evolutionary reasons for the

cholla’s mesopore distribution.
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Figure 3.8 (a) Finite element analysis (FEA) was used to model an average cholla sample in (i)
elastic torsion and (ii) compression using anisotropic material parameters validated by
comparison to experiments in Figure 3.6a. It was clear that regions of heavy lignin self-
reinforcement observed in Figure 3.5c¢, iii corresponded to torsional stress concentrations in the
ligaments between pores. (b) By plotting the ratio of the effective stiffness to the prescribed
material stiffness in (i) torsion and (ii) compression, it was observed that the cholla pore
geometry confers a compromise between torsional and axial stiffness.

3.3  Conclusions

To understand how cholla cacti withstand torsion induced by high desert winds,
specimens of staghorn cholla were characterized using photogrammetry, optical microscopy, and
scanning electron microscopy (SEM), and then hydrated and tested in quasi-static torsion.
Photogrammetry proved to be a cost-efficient method of producing a 3D model relative to laser-
scanning that could still capture fine features such as fiber orientation, while SEM revealed a

conventional diffuse-porous and aggregate ray wood mesostructure. Specimens tested in torsion
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exhibited density-normalized torsional stiffness and strength comparable to that of bamboo, but
their most remarkable property was their toughness (1100 + 430 kJ/m®) far exceeding that of
other biological materials. The cholla’s highly hydrated physiological state allowed the wood
material to decompose the torsion into tension and compression rather than shear via fibril
sliding and bending. These material properties were further enhanced by the mesostructural
deformation mechanisms that absorbed high amounts of energy. Post-damage characterization in
M-CT revealed that fiber rupture occurred via progressive delamination, and that crack blunting
by tubercle pores and winding fiber growth impeded delamination in the A-R plane.

FEA revealed how the cholla pore geometry provided a compromise of density-efficient
axial compressive stiffness and torsional stiffness, while p-CT revealed how regions of
lignification matched FEA stress concentrations under torsion. These were our major findings:

e Cholla’s physiological hydration reduced torsional stiffness by allowing fibril sliding and
bending, but in turn improved toughness.

e These material properties were hierarchically complemented by mesostructural
deformations of fiber straightening, fiber delamination, pore collapse and friction, and
ultimately fiber rupture via progressive delamination.

e FEA demonstrated that pore geometry macrostructure provided a balance between
torsional and axial stiffness, highlighting the need for the cholla to resist twisting forces
while supporting its own mass.

o Torsional loading stress concentrations in FEA corresponded to regions of
extensive lignification in the cactus, demonstrating a feedback between local

material properties and macroscopic structure.
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The mesostructural features identified in this paper may be translated into bio-inspired
designs, particularly with fiber-laminate composites that could combine the cholla’s use of
geometry and fiber-toughening mechanisms. In drive-shafts or lower limb prostheses for
example, cholla-inspired helical porosity can be implemented via topology optimization while
also using winding fiber patterns to create torsionally stiff, strong, and tough columns using
minimal material (Figure 3.9a). Furthermore, a similar approach as this study may be used to
examine species such as the cirio tree (Fouquieria columnaris) shown in Figure 3.9b. This North
American desert plant, only distantly related by clade, grows its wood with a helical porosity that
hints at convergent evolution in the Sonoran desert. Future work should investigate how
topology optimization and FEA could be used to investigate the fiber orientations of the cholla
cactus, and provide a more complete picture of how stresses are distributed in the natural
material. Additionally, fiber composites may be fabricated mimicking the cholla structure while
tuning adhesion, pore geometry, pitch, and angle to determine how desirable mechanical
properties and failure modes may be obtained. Alternatively, cholla-like structures may be
explored via multi-material 3D printing. These would present the added benefit of being able to

mimic the cholla’s local stiff inclusions and fabricate more complex and varying pore geometries.
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Figure 3.9 (a) Cholla inspired hierarchical architecture such as optimally adhered fibers, fiber-
criss crossing, and helical macroporosity may be combined to inspire light, torsionally stiff and
tough composites. Applications could include prosthetics or next-generation driveshafts where
catastrophic failure is highly undesirable. (b) The approach used in this study may be applied to
distantly related desert plants such as Fouquieria columnaris which exhibit signs of convergent
evolution.

Chapter 3, in part, is a reprint of the material as it appears in “Cholla Cactus Frames as
Lightweight and Torsionally Tough Biological Materials” Acta Biomaterialia, vol. 112, pp 213-
224, 2020. The dissertation author was one of the primary investigators and authors on this paper.
This paper was co-authored by Luca De Vivo, Daniel Kupor, Josue Luna, Beatrice Tierra, Robert

Sah, Vlado Lubarda, Marc Meyers, Joanna McKittrick, Petr Krysl, and Falko Kuester.
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4 Applying bioinspired hierarchical design to jamming technology: improving

density-efficient mechanical properties and opening application spaces

4.1 Introduction and Background

Works in the field of jamming (and soft robotics in general) often cite bio-sinspired
designs in the geometry of their jamming media (e.g. being scale-like [93], [94]), the
organization of their jamming media (e.g. inspired by eukaryotic flagellum [95]), or their general
shape (e.g. being snake-like [10], [96], [97]). However, the field has yet to employ hierarchical
architecture, one of the most fundamental concepts of bioinspired design. Natural materials
comprise structures at multiple length-scales from the molecular to the macro-level that together
allow high mechanical performance [21], [22], [99]. From this perspective of hierarchical
structure, three interacting design spaces for jamming become evident: the primary secondary,
and tertiary levels, comprising the constituent materials of the jamming media, their

organization within a jamming unit, and the organization of several jamming units, respectively.

4.1.1 Primary level

Granular materials were the first medium to be employed in jamming technology (as
early as the 1960s): jammers filled with polystyrene beads were used to form negative molds of
pilots’ rears to create custom fiberglass seats [195] and were tested as “vacuum splints” to
immobilize patient limbs during surgery [85]. It was not until 2010 that the term “grain jamming”
was coined and used in multifunctional robotic gripping and releasing devices, the idea being
that a loose grain jammer can conform around any randomly shaped object (from plastic jacks to
eggs), stiffen, and pick up said object [84]. Letts and Hobson [86] proposed the use of vacuum
splinting to stabilize fractures in emergency situations but would not go on to demonstrate their
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efficacy. Grain jamming is unable to provide significant mechanical stiffness in bending due the
unlocking of grains: bending an evacuated envelope results in compressive and tensile faces, and
while grains in compression generate high friction the grains in tension simply separate from one
another. Modern studies of grain jamming demonstrated this inability to provide weight-efficient
stiffness; Bean et al. [87] attempted to create a grain jamming-based exoskeleton. Sridar et al.
[196] adapted grain jammers to a successful load-bearing exoskeleton but limited loading to pure
axial compression, defeating the purpose of using a highly conformal material. Similarly,
commercially available vacuum splints do exist, but rely on large, rigid, plastic boards within to
provide the actual rigidity needed to stabilize patient limbs thereby negating benefits of
portability or complete adaptability to all geometries [88].

Layer jamming was developed as an alternative at the MIT Media Lab [89], [90].
Fundamentally, the technology is similar: a reversibly stiffening device is created by sealing
layered materials in an air-tight envelope, resulting in a thinner, lighter means of generating high
friction and thus stiffness (e.g. a layer jammer roughly the size of a yoga mat is able to support
up to 55 kg). Layer jammers can work in small-volume units unlike grain jammers [97]. Layer
jamming is not without its drawbacks, however. First, the layers are not malleable even when the
jammer is not evacuated. While the small particles of grain jammers can be distributed to
accommodate a variety of surfaces with which the device comes into contact, layer jammers are
unable to conform closely to surfaces. Novel layer geometries can overcome this problem to a
degree: certain patterned cuts into the layered media can allow greater flexibility in areas with
less material [90]. Another limitation is that if an external force is applied in a direction not

parallel to the layers, they bend easily. Hence, high friction sheet materials do not necessarily
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generate high bending stiffness, as was found when exploring different layer materials including
paper, sandpaper, leather, and Tyvek ® [90].

Wire jammers are like layer jammers in that they are longitudinal elements, but because
they are not planar, they have a higher degree of maneuverability. Moses et al. [95] used a series
of interlocking plastic fiber elements to create a continuum manipulator with, among others,
surgical applications. Still others have used large, interlocking segments such as Zuo et al. [94]
and Sadati et al. [93] who created rigid scale-like structures textured with interlocking teeth.
These are dubbed interlocking segment or geometrical jamming due to the generation of stiffness

by stacking formation rather than friction [197].

4.1.2 Secondary level

Jamming media can be organized in unique ways with respect to one another or their
membranes to improve mechanical performance or enable new functionality: layers, for example,
can be fashioned into interleaving segments arranged in a circle around a cavity (like interleaving
skirts) to overcome their limited flexibility compared to other jammers, opening endoscopic
applications [97]. Similarly, the previously mentioned interlocking plastic fiber segments by
Moses et al. were arranged in a circle like protein microtubules in bacterial flagella to create a
continuum manipulator for endoscopy. The hollow circular cross-section of both secondary
structures helps to maximize bending stiffness by increasing the moment of inertia while
minimizing material used, similar to bamboo culms [198]. Sadati et al.’s [2] geometrical jammer
comprised interlocking segments of curved grooves to produce a helical continuum manipulator,
the stiffness of which could be uniquely tuned not only by increasing the vacuum pressure but
also by expanding or contracting the diameter of the helix [93]. Secondary organization can also

include components other than the jamming media: Jiang et al. [96] for example used latex
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rubber sheets with a bumpy surface as the air-tight envelope material to couple granular jamming

media to the membrane, improving beam bending stiffness.

4.1.3 Tertiary level

Both the primary and secondary levels describe an individual jamming unit, or single
enclosed envelope. Multiple jamming units can be assembled together into a tertiary structure.
However, the only type available in the literature is the plain biaxial weave as implemented using
layer jammers, in which each “finger” or “warp” of a larger jammer is woven over a
perpendicular jammer’s finger or “weft” and then under another weft [90]. A porous woven
structure allows greater conformality than a single jammer, and also allows for anisotropic

stiffening by selectively vacuuming only one set of jammers and not the orthogonal set.

4.2 Materials and Methods

4.2.1 Static prototypes

The membranes of all jammers were formed using heat-sealed high-density polyethylene.
Nylon hexagonal nuts and panel mount adaptors (U.S. Plastic Corp. Lima, OH) form the air inlet
joints (see Figure 4.1). A variety of jamming media were used: coffee grounds (J.M. Smucker Co.
Orville, OH), sketch paper (Pacon Corp. Appleton, WI), 6.35mm chopped graphite fibers (Fibre
Glast. Brookville, OH), and 3D printed parts fabricated on a Connex 3 Objet500 using VeroClear,
Tango Plus, and Tango Black Plus (Stratasys. Eden Prairie, MN). The design of the ganoids was
borrowed from Sherman et al. [151]. Cloth fabric was used to contain non-layered jamming
media and prevent suction—sachets were sewed to enclose coffee grounds and chopped fibers.

Plain sheets of fabric were used as backing layers onto which ganoids were taped to form layers.
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Latex sheets from Letsfit (Shenzhen, China) were also used as backing layers for ganoids and
sketch-paper to form an extendable substrate.

To form the woven jammers, layer jammers comprising five layers of sketch paper (15.5
mm X 220 mm) were assembled in plain biaxial weaves, bi-plain triaxial weaves, and open
triaxial weaves. To compare biaxial and bi-plain triaxial weaves, dense tertiary structures of 5 x
5 jammers and 3 x 3 x 4 jammers were assembled. To compare biaxial and open triaxial weaves,
a sparse tertiary structure of 3 x 3 jammers and 2 x 2 x 2 jammers were assembled.

Three-point bending tests were performed on an Instron 3367 Dual Column Testing
Systems (Instron. Norwood, MA) using an 80 mm loading span, except for the ganoid jammer
and accompanying grain jammer experiments conducted with 60 mm loading span. Tertiary

structures were tested with 160 mm loading span.

4.2.2 Actuated prototypes

Higher density-efficiency of mechanical properties may be obtained by applying the
principle of hierarchical architecture. Therefore, we explored the concept of wearable jamming
devices (previously considered unfeasible due to low stiffness per unit weight and volume [87])
that may be actuated by a solenoid valve triggered by acceleration. The prototype was inspired
by the literature on concussions in contact sport: violent collisions can cause an athlete’s skull
and brain to rapidly accelerate in one direction, only for the brain to crash into the skull as the
head begins to whip in the opposite direction [199], [200]. A jammer may be able to react to an
initial acceleration and safely decelerate a head in motion before it can whip in the opposite
direction, freezing it in place. To test this, an Adafruit Triple-Axis Accelerometer (New York
City, USA) was connected to an Arduino Uno (lvrea, Italy) to actuate a ¥%4”’ 12 V DC solenoid

valve (Islandia, USA) connected to a simple layer jammer. The actuated jammers were then
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flicked by hand (n = 5) in unjammed, jammed, and reactive jamming conditions with
acceleration being recorded. In this last condition, the threshold acceleration for solenoid

activation was set to 10 m/s?. Circuitry was arranged as shown in Figure 4.1.

Figure 4.1 (a) (i) When an athlete violently collides with another player, the sudden acceleration
and deceleration of the head can cause the still accelerating brain to crash into the skull and
cause a concussion [199], [200]. To test whether a jammer could reduce peak accelerations
caused by an impact, a jammer equipped with a solenoid valve actuated by an accelerometer
(threshold = 10 m/s?) was flicked by hand. (b) Circuity was assembled as shown, with parts
corresponding to (1) solenoid valve, (2) power adaptor of (3) Arduino Uno, (4) solderless
breadboard, (5) transistor, (6) diode, (7) resistor, (8) %’’ in vinyl tubing, and (9) %’ in outer
diameter male NPT compression connector.

4.3 Results and Discussion

4.3.1 Static prototypes

4.3.1.1 Primary level organization
The literature indicates that grains generate stiffness and compressive resistance but offer

no tensile resistance, precluding applications in areas such as exoskeletons that require a high
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degree of resistance to bending [87]. In one work grain jammers were used in an exoskeleton but
were confined to mostly axial loading and unloading, defeating the purpose of its phase-change
abilities. In our work we combined grains (coffee grounds) well-mixed with fibrous elements
(6.35 mm chopped graphite fibers from Fibre Glast) to increase the number of neighboring grain
interactions and provide a mechanism by which grains can resist separation through fiber
entanglement. Coffee grounds were used based on previous literature indicating their high
jamming stiffness and light-weight [84]. The addition of fibers improved stiffness in beam
bending but only to a degree: between ~13—25 wt.% flakes, the bending stiffness is diminished
by the decreasing proportion of grains able to resist compressive forces. An optimized ratio of
grains and fibers can help overcome the unlocking phenomenon that limits grain-jamming

applications.
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Figure 4.2 Grain jammers in bending suffer from the problem of grain separation. While grains
in the compressive face provide a high degree of stiffness, grains in the tensile face simply
separate from one another and are rendered dead-weight [87]. Additionally, frictional resistance
is only between nearest neighbors. The addition of fibers increases the number of indirect
interactions between non-nearest neighbors via entanglement. Furthermore, it provides a
mechanism by which grains can resist tensile forces.

84



Another innovation at the primary level is the use of arrays of abutting “ganoids” within
the jamming membrane. Previous literature [9-12] has examined the use of fish-like scales to
create jamming sheathes for surgical manipulators and actuators: in these prior devices, however,
the scales generate frictional resistance by a high degree of overlap. The term ‘ganoid’ used here
originates from ganoid scales studied by Sherman et al. [15]. These scales are contained within
flexible collagen- based envelopes akin to a skin. The motion of the ganoid scales, which have a
rhomboid shape, enables the flexing of the fish (alligator gar) while retaining the protection
offered by the hard ganoine layer and bony foundation, as shown in Figure 4.3a—c [16]. A high
degree of overlap (as in common elasmoid scales) produces a surface of non-uniform thickness,
and furthermore, severely restricts overall flexibility, especially against the direction of overlap
[93]. Ganoid scales, on the other hand, are chamfered to neatly fit against their adjacent
neighbors rather than directly overlap with one another and produce a surface of uniform
thickness, thereby distinct from elasmoid scales. The much lower degree of imbrication improves
the mobility of the ganoids relative to elasmoid scale geometries, and eliminates the weak
interfaces that exist in scale arrangements [13]. In this work, ganoids (the design of which was
borrowed from Sherman et al. [151]) were 3D printed using a Connex 3 Objet500 printer
(Stratasys. Eden Prairie, MN).

Ganoid-jamming enables a unique combination of ductility and penetration resistance
compared to other types of jammers. In contrast to traditional scale-jammers, for example, there
are no restrictions on the type of material or size of scales able to be used: while any sized scale
could be made out of paper for traditional scale-jamming due to the paper’s inherent ductility.
This would not be the case for silicon carbide, zirconia, or other ultra-hard ceramics. The high

degree of overlap would pose a problem for hard scales. With ganoids, however, there is no such
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restriction as exemplified by machined zirconia ganoids produced by Sherman et al. shown in
Figure 4.3d [151]. The armor flexibility is decoupled from the material properties. Though this
work only shows rhombohedral ganoids, hexagonal and other close-packing enabling geometries
are possible. In one experiment (Figure 4.3f), grains and ganoids of 80% Veroclear, 20% Tango
Pluswere 3D printed to compare ganoid jammers and grain jammers of identical mass and
volume and tested in three-point bending. Ganoids were taped into their imbricating pattern onto
a thin piece of fabric inserted into the membrane to prevent sliding. This assembly was inserted
into an envelope and evacuated. The ganoid assembly resisted a peak load 40% greater than the
grain jammers and exhibited more consistent mechanical behavior between tests. Grain jammers
are prone to bunching, which can produce uneven jamming media distribution and inconsistent
behavior, which the ganoids avoid by their chamfered geometry. Tests were also conducted with
a small, sharp indenter subjecting the jammers to bending instead of the traditional cylinder. The
peak-load strength of both the ganoid and grain jammers was reduced to about 60% of their
normal three-point bending value: it is hypothesized that the grain jammer’s mechanical
properties would be reduced to a greater extent because the more locally applied load may push
aside grains, even under vacuum. However, the reduction in mechanical properties was
consistent for both jammer types. Repeating this experiment in the future with ceramic ganoids
and grains may provide greater insight into how bulk vs. local stiffness and strength are affected
by the different jamming media, if at all. It should also be noted that unlike other grain jamming
experiments (see Figures 4.2, 4.4), no transition to plastic behavior is exhibited within the
comparable loading regime. This may be attributed to the fact that the 3D printed grains were

cubic (1 mm x 1 mm x 1 mm) unlike the irregularly shaped and finer coffee grounds. The
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stiffening mechanism therefore combines grain jamming as well as segment locking (geometric

jamming), allowing continuous deformation across the jammer and stiffer behavior [197].
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— Ganoid jammers
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Grain jammers
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Figure 4.3 (a)-(c) 3D printed ganoids are unlike traditional scales in that they have a low degree
of overlap due to their nestled, chamfered surfaces and produce a surface of uniform thickness.
This provides a much higher degree of flexibility combined with greater protection [16]. (d)
Machined zirconia ganoid-scale inspired rhombohedral elements[16]. (e) 3D printed ganoids
form a ganoid-jammer. (f) 3D printed ganoids and grains exhibited a similar 60% decrease in
stiffness between a standard three-point bending experiment and one in which an indentor
replaced the impinging bar. It was hypothesized that the grain jammer’s mechanical properties
would be reduced to a greater extent because the more locally applied load may push aside grains,
even under vacuum, but this effect was not observed. (a)-(d) adapted from [1].

4.3.1.2 Secondary level organization

Changes in the organization of the constituent materials relative to one another can
produce significant benefits at the secondary level. As previously discussed, grains generate
compressive resistance while layers generate tensile resistance when the containers are evacuated.
If a jammer is always bent in a certain direction so that one face is in compression and the other
in tension, then grains can be positioned in the appropriate compressive face while layers can be
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placedin the tensile face. This arrangement maximizes the density efficiency of the grain and
layer components in providing stiffness on evacuation of the fluid from the membrane. When
compared to pure grain and pure layer jamming, layer-grain jamming offers marked
improvements for the same mass of jamming materials. Grain, layer, and layer-grain jammers all
exhibited an initial linear regime of similar slope (m = 12.5 N/mm). Whereas this regime in grain
and layer jammers extended to about 1 mm of beam bending, in the layer-grain jammer it
extended to about 1.5 mm. In the second regime, the layer and layer-grain jammers exhibited
similar reduced stiffness (m = 4.5 N/mm), while the grain jammer diverged with a much reduced
stiffness (m = 2.5 N/mm). The combination of improved mechanical properties with the
conformability of grain jamming (on one surface) make the applications of wearables and

furniture proposed by Ou et al. [89], [90], [201] a far more attractive prospect.
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Figure 4.4 (a) A layer-grain jammer uses both layers and grains as jamming media. (b) By
placing layers in the tensile face and grains in the compressive face of bending, the efficiency of
mechanical properties per unit weight is greatly improved. (c) This is shown in the three-point
bending data of jamming units of equal mass show that a combination of layers and granular
materials far exceeds the stiffness and strength of both pure layer and grain jammers.
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Another type of unique secondary level organization uses multiple types of ganoids. A
useful feature of ganoids is that they produce surfaces of uniform thicknesses and can therefore
be stacked onto other ganoids. This means that layers of armor with gradients of mechanical
properties can be produced that retain the flexibility of a single layer of ganoids. In Figure 4.5,
ganoids of high stiffness Veroclear are layered atop more ductile ganoids made of a combination
of Veroclear and Tango Plus (Stratasys. Eden Prairie, MN). One can envision layers of silicon
carbide ganoids covering more ductile polymer ganoids for impact resistant applications,
reminiscent of the mechanical property gradients used by animals such as boxfish for protection
[99]. Ganoids can also be easily layered atop other jamming materials and fully accommodate

their motion, as shown when paired with a wire jammer shown in Figure 4.6.
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Figure 4.5 (a) Ganoids were 3D printed in two compositions: 100% Veroclear and 80%
Veroclear, 20% Tango Plus. The 100% Veroclear ganoids on top serve as a strong and stiff layer
suitable for penetration resistance and interface defeat. The 80% Veroclear 20% Tango Plus
ganoids below serve as a ductile, back-face deformation dampening layer. (b) The unique
imbrication of ganoids creates surfaces of uniform thickness which can be layered flush while
retaining flexibility. (c) Once sealed, the two ganoid layers can create a jammer with mechanical
gradient properties. (d) Three-point bending demonstrates equal flexibility in the opposite
direction as in (b).
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Figure 4.6 (a) Wires and ganoids can be assembled together (b) to form a tube with a wire core
and a ganoid exterior. (c) The result is a jammer that can bend in any direction with high
stiffness.

A final type of secondary level organization that was explored was the use of elastic
backing materials. Inspired by the self-lacing Nikes (Figure 4.7a i, ii) of the movie Back to the
Future Part 11 (1989), we created a type of jammer that could function as a strap that would fit
perfectly to a user’s contours to exert uniform pressure. This was accomplished by adhering
jamming materials to a latex sheet, as shown in Figure 4.7b i, ii with imbricating ganoids that can
be stretched apart from one another. Ordinarily, an elastic material stretched over a curve would
exert pressure due to contraction. By evacuating the stretched device, however, the jammer is
frozen in its elongated state. The stiffness of the jammed strap, rather than the elasticity, provides
the securing force and avoids over-exertion of pressure. This is demonstrated in Figure 4.7c i, ii

using unidirectionally overlapping layers of sketch paper adhered to latex rubber sheets.
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Figure 4.7 (a) In “Back to the Future Part I1,” (i) Marty McFly dons a pair of fly kicks that (ii)
lace themselves. (b) Inspired by this sci-fi technology, (i) ganoids were adhered to a latex sheet
(i) that functioned as an elastic substrate. (¢) By combining this elastic backing with jamming, it
was possible to create an elastic strap that could elongate into a desired length and then be frozen
in that state. Like the Nike laces of the future (as imagined in 1989), the straps can perfectly fit to
a body and relieve excess pressure on the body from elastic contraction.

4.3.1.3 Tertiary level organization

Finally, different jamming units can be organized in unique ways to enable new
functionalities. The MIT Media Lab has explored jammers organized as biaxial plain weaves in
which “each respective bladder in the first set of bladders goes over at least two bladders in the
second set of bladders and under at least one bladder in the second set of bladders” and vice
versa [89], [90]. Unlike a single jamming sheet, a woven sheet was able to more tightly conform
to curvature and provide anisotropic stiffening by selectively evacuating different sets of the
weave. Taking inspiration from the manufacture of fiber composite laminates [91], we explored
the use of plain and bi-plain triaxial weaves. In the former, three sets of bladders (A, B, and C)
are interwoven such that bladders in set A always go under bladders of set B and over bladders
of set C, resulting in an open hexagonal structure. In the bi-plain triaxial weave, three sets of
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bladders (A, B, and C) are interwoven such that each bladder of set A goes over (or under) at
least one bladder from set B and under (or over) at least one bladder from set C. The plain
triaxial weave was compared to a plain biaxial weave of similar mass and weave density using
the same number of jamming fingers in three-point bending. To compare the isotropy a three-
point bending test was conducted in different orientations. For the biaxial weave, three-point
bending was conducted such that the axis of bending was at an angle of 0° (i.e. supports parallel
to one set of weaves and orthogonal to the other) and 45° (i.e. supports at a 45° angle relative to
both sets of weaves). These orientations are illustrated in Figure 4.8. For the triaxial weave,
three-point bending was conducted such that the axis of bending was at an angle of 0° (i.e.
supports in parallel to one set of the weaves and at a 60 degree angle relative to the other two sets
of weaves) and 90° (i.e. supports orthogonal to one set of weaves and at a 30° angle relative to
the other two sets of weaves). Unjammed, the weaves performed similarly to one another in both
orientations indicating comparable conformability. When jammed, however, the biaxial weave
showed marked anisotropy with diminished stiffness and strength in the 0° orientation as half the
jamming units were effectively doing nothing to resist deformation. The triaxial weave exhibited
near isotropic performance, potentially allowing for more robust applications in wearable
technologies: not only in that there are three degrees of stiffness tuning rather than just two, but

in that there are no dramatically weak directions of bending that can negatively impact usability.
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Figure 4.8 (a) The plain biaxial weave was tested in three-point bending in two orientations. (i)
In the first, one set of jammers was parallel to the bending axis. (ii) In the second, neither set was
parallel. (iii) The weave was significantly less stiff in the first orientation as the parallel set of
jammers was not recruited in bending resistance. (b) A triaxial weave using the same number of
jamming units was similarly tested in two orientations such that (i) one set of jammers was
parallel to the bending axis (ii) and no jammers were parallel to the bending axis. (iii) Unlike in
the plain biaxial weave, the behavior was isotropic.

A bi-plain triaxial weave was also tested in another set of experiments against a different
plain biaxial weave of equal mass and jamming unit composition (Figure 4.9). Like the sparse
biaxial weave, the dense biaxial weave exhibited anisotropic behavior when jammed, with
improved stiffness and strength in the 45° orientation, in which both sets of orthogonal jammers
are able to provide bending resistance. In the 0° orientation parallel to one set of jammers, the
initial mechanical behavior of the jammed biaxial weave is undistinguishable from the
unjammed behavior—however, at 1.75mm of deflection there is a stiffening response, and the
peak load at 5 mm deflection approaches that of the 45° orientation. This was caused by

“crowding” of the jamming units being pushed together as the deflection became more
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pronounced, and may be used deliberately to compensate for the anisotropy of biaxial weaves.
Unlike the open triaxial weave, the bi-plain triaxial weave exhibited high anisotropy in both the
unjammed and jammed states. In the 0° orientation parallel to one set of jammers, the bi-plain
triaxial weave exhibited high stiffness in both the unjammed and jammed states, with a peak load
of 10 and 17 N, respectively. In the 90° orientation orthogonal to one set of jammers, the
jammed peak load at 12 N was only marginally greater than the unjammed 0° peak load. This
significant anisotropy is unexpected [91], and may be due to the fact that in this weave pattern a
warp does not weave through wefts as often as in the dense biaxial weave. Therefore, even with
the same number of identical jammers, one cannot create a tertiary structure with as many
complete “unit cells” so to speak. We can conclude bi-plain triaxial weaves are not as robust and

are sensitive to the specifications of jamming units.
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Figure 4.9 (a) A dense biaxial weave was tested in three-point bending in two orientations. (i) In
the first, one set of jammers was parallel to the bending axis. (ii) In the second, neither set was
parallel. (iii) Unlike the open biaxial weave (Figure 4.8, a), the dense biaxial exhibited a second
stiffening regime when bent in the parallel direction due to bunching of the parallel jammers. (b)
A bi-plain triaxial weave using the same number of jamming units was similarly tested in (i, ii)
two orientations. (iii) The lower frequency of intertwining of jammers resulted in fewer
interactions between differently oriented sets, leading to far more ductile behavior in the bending
orientation normal to one set of jammers.

Another unique weave explored was that of the Chinese finger trap, or a hollow tube with
a diameter adjusted by axial strain. Here, two or more bladders (A and B) are interwoven such
that one “arm” of A always goes over one arm of B and the other arm of A always goes under
the other arm of B. In this configuration, like a finger trap, the woven hollow tube can decrease
in radius by elongating and increase in radius by contracting. Such a device could provide a
reinforcing or actuating mechanism for length-change in soft robots, be used as an emergency

brace (as envisioned in Figure 4.10), or a new type of gripper like commercially available snake
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grippers or wire mesh grips. The elasticity and elongation of the weave can be further enhanced

by combining with the secondary level organization shown in Figure 4.7.

Figure 4.10 (a) Two mixed media jammers are woven into a finger trap, demonstrating the
relationship between extension and diameter. (b) A larger finger trap jammer is fitted around the
arm of a child, demonstrating a potential application as an emergency brace.

4.3.2 Actuated prototypes

Highest peak accelerations (50 + 6.2 m/s?) were observed in jammers that were flicked in
the already jammed state: due to their rigidity, kinetic energy was efficiently transmitted for the
jammer to reach the limit of its range of motion and return in the opposite direction at which
point it reached a deceleration of greater magnitude. The unjammed jammers exhibited an
initially high peak acceleration (41 + 4.0 m/s?) but did not snap back as violently in the opposite
direction when decelerating, due to their pliant nature. The reactive jammer also experienced
whiplash, but with a lower initial acceleration (29 + 2.8 m/s?) and subsequent deceleration from

the stiffening effect. Even though the reactive evacuation could not prevent the whiplashing
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motion, it clearly mitigated its effects. A video comparison of the unjammed and reactively

jamming units in Figure 4.11 visually illustrates the stark contrast.
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Figure 4.11 (a) Representative acceleration v.s. time responses of a layer jammer being flicked
in the jammed, unjammed, and reactively jamming configurations. (b) Peak accelerations were
of the greatest magnitude for the already-jammed unit, which experienced severe decelerations
on reaching the limit of their range of motion. The reactive jammer was able to decrease both the
initial acceleration of the flicking and the deceleration of whiplash.
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Figure 4.11 (continued)

Figure 4.11 (continued) (c) The unjammed jammers exhibited an initially high peak
acceleration (41 + 4.0 m/s?) but did not snap back as violently in the opposite direction when
decelerating, due to their pliant nature. (d) The reactive jammer also experienced whiplash, but
with a lower initial acceleration (29 + 2.8 m/s?) and subsequent deceleration from the stiffening

effect.
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4.4  Conclusions

Although jamming is an established technology, new functionalities are made possible by
seeking inspiration in the hierarchical structures of nature. . We demonstrated how changes to the
jamming media (primary level), the organization of jamming media within a membrane
(secondary level), and the woven structure of jammers (tertiary level) can enhance stiffness and
strength per unit weight, robustness, and protective functionality.

e At the primary level, jammers using “ganoids”, rhombohedral units inspired on ganoid
fish scales (specifically, the alligator gar, Actractosteus spatula) and jammers using a
mixture of grains and fibrils exhibited improved mechanical stiffness in bending

o Ganoid jammers compared to grain jammers of identical jamming media mass
and volume exhibited superior stiffness in both traditional 3-point bending and 3
point bending using a sharp indenter. This was due to the segment locking effect
which caused a continuous response along the jammer.

o The relative decrease in stiffness caused by the indenter tip was comparable
between the two types of jammers, contradicting the hypothesis that the sharper
indenter tip would be able to push aside grains and cause local unlocking.

o Grain jammers using only coffee grounds were compared to jammers using coffee
grounds and chopped carbon fiber flakes of varying proportions (all of equal
jamming mass media). The jammer mechanical performance was improved by
optimizing the ratio of grains to fibers

e At the secondary level, jammers using layers, grains, and ganoids jammers of different

compositions were combined.
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o Layer-grain jammers exhibited a marked improvement in mechanical properties—
although the stiffness of the jammers was comparable to layer jammers, the initial
linear regime was significantly extended by the addition of grains to add a more
compressively resistant element.

o Layers of ganoids of different materials can be stacked flush atop one another,
unlike traditional scales, allowing for flexible armors with mechanical property
gradients. The versatility of ganoids was further demonstrated by combining
ganoids with wires to create a column-geometry jammer with a protective layer.

o Jamming media can be adhered to elastic backing layers to produce jammers that
can elongate to a certain length and then, on evacuation, be frozen at that length.
These can be used as straps that can be stretched across a body part and then be
jammed, providing secure fit without excessive pressure from the contractile force.

e At the tertiary level, open plain triaxial and dense bi-plain triaxial weaves were compared
to sparse and dense biaxial weaves, respectively. The shape changeability of a tertiary
cylinder assembled by a Chinese finger-trap weave was also demonstrated

o Plain triaxial weaves are shown to be highly isotropic in both the unjammed and
jammed states, suitable for more robust applications than conventional biaxial
weaves.

o Bi-plain triaxial weaves are shown to be surprisingly anisotropic—this was due to
the low frequency of intertwining in this specific weave pattern. For the same
number of identical jammers as a comparable biaxial weave fewer points of

interaction between differently oriented jammers is achieved.
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Chapter 4, in part, is under review for publication as “Applying Bio-inspired Hierarchical Design
to Jamming Technology: Improving Density-Efficient Mechanical Properties and Opening
Application Spaces” 2020. The dissertation author is the primary investigators and authors on
this paper. The work is co-authored by Luis Garcia, Zida Liu, Jennifer Doan, Marc Meyers, and

Joanna McKittrick.
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5 Tough ceramic-epoxy composites from wood-templated silicon carbide

51 Materials and Methods

5.1.1 Sample preparation

5.1.1.1 Pyrolysis

Using a band saw, maple wood was cut into small beams of dimensions 3.5 cm in the
axial direction, 1 cm in the radial direction, and cm long in the tangential direction. The samples
were dried (70 °C, 48 h) and then pyrolyzed in a nitrogen atmosphere (1 atm, flow rate 20
mL/min). Ramp rates of 1 °C/min to 500 °C and 3 °C/min to 1100 °C were used, after which the
temperature was held at 1100 °C for 4 hours [63]. The low flow rate and slow ramp rates were
used to minimize collapse of the carbon template from thermal stresses and water evaporation
[202]. Because higher pyrolysis temperatures yield more stable carbon templates [105] that
improve silicon carbide formation [63], a second annealing step was used in another high-
temperature tube furnace with identical gas conditions but a faster ramp rate of 5 °C/min to
1500 °C held for 4 hours. It was necessary to perform the annealing separately after performing
most of the pyrolysis in a low temperature furnace, as the slow ramp rate would have damaged
the thermocoils of the high temperature furnace.

After pyrolysis (which shrunk samples by ~20%, 30%, and 40% in the axial, radial, and
tangential directions, respectively), the carbon templates were polished to dimensions of 2.8 cm,
0.6 cm, and 0.3 cm in the axial, radial, and tangential directions. These correspond to the
dimensions of length (L = 4.5w), width (w), and thickness (B) appropriate for flexural strength

testing [203] and single edge notch bend (SENB) fracture toughness testing [204].
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5.1.1.2 Silicon infiltration and silicon carbide formation

Carbon templates were lightly packed in silicon powder in alumina crucibles, with a thin
layer of alumina powder covering the crucible surface to facilitate sample removal. The quantity
of silicon powder was in stoichiometric excess to carbon by x1.5 fold, as enough Si was needed
to fill the pores completely for full silicon carbide conversion. Packed crucibles were heated to
1550 °C with 5 °C/min ramp rate and 4 hour hold time in argon at 1 atm and flow rate of 5

mL/min.

5.1.1.3 Residual silicon etching and epoxy infiltration

Si-SiC composites were left in 50 mL of 3:6:1 solution of hydrogen fluoride, nitric acid,
and acetic acid at room temperature [205] to etch residual silicon in pores. Two cycles of 48 hour
etches were used, with sonication in between the cycles of fresh solutions. Following two final
sonications in deionized water and drying, the mass and dimensions of the wood-templated SiC
was measured. Some samples were refired in air at 1100 °C for 1.5 hours to oxidize the surface
and improve epoxy adhesion prior to infiltration [206]. Finally, the samples were infiltrated with
epoxy by pulling vacuum for two minutes, venting, and repeating for 10 cycles. After curing, the
samples were excised from epoxy, polished, weighed, and measured. Fracture toughness samples
were machined and micro-notched at Lawrence Livermore National Laboratory with the help of

Dr. Qin Yu.

5.1.2 Microstructural characterization
X-ray diffraction (XRD) was performed using Cu Ko radiation in a Bruker D2 Phaser

(Bruker, Billerica, MA, USA). Pattern analysis was completed using DIFFRACplus software

104



(Bruker, Billerica, MA, USA). XRD patterns were matched using references from the Inorganic
Crystal Structure Database (ICSD).

To analyze grain morphology, etched samples were imaged using the secondary electron
detector of a Zeiss Sigma 500 field emission scanning electron microscope (SEM, Thornwood,
NY) at an accelerating voltage of 2 keV and working distance of 10.4 mm. Grain diameter was
measured using ImageJ software. Energy dispersive X-ray spectroscopy (EDS) was performed in

the same instrument to verify silicon infiltration.

5.1.3 Mechanical testing

Fracture toughness testing for Kic was conducted using ASTM E1820-18ael [207] and
strength testing for flexural strength (o Fiexural) using ASTM C1161-18 [203], as had been done
for similar SIC-PMMA composites fabricated using freeze-casting in the literature [208]. The

equations used were as follows. For Kic :

_ PraxS a (16)
Kie = Gryewsz (W)
For which function f (%) is:
09— (9)(1- @) 2153932 + 27 (2’ (17)
f(%)=3\/%.199 () (1 W)[215 393W+27(W)]

2(1+2) (1)

And fOI’ O Flexural-

3PnaxS (18)
OFlexural = SBW?
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5.2 Results and Discussion

5.2.1 Microstructural characterization

EDS on samples after silicon infiltration and etching verified the complete reaction of
carbon into silicon carbide, with silicon having penetrated even the thickest cell walls as shown

in Figure 5.1. XRD with references similarly confirmed B-SiC formation and silicon removal.

Intensity (C.P.S.)

Figure 5.1 EDS of the wood-templated SiC after etching confirms complete Si infilitration deep
into the middle of carbon template as well as into the tracheid walls. XRD similarly confirms the

formation of B-SiC and removal of silicon.

Comparison of the SEM of pyrolyzed maple and wood-templated SiC (after Si etching)
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revealed how the solution precipitation mechanism of SiC formation retained the overall

morphology of the wood template but coarsened the tracheid walls (Figure 5.2), the bulk of

which were transformed into large, faceted SiC grains.
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Figure 5.2 Immediately after pyrolysis, the carbon template displays high fidelity to the original
wood. The formation of large faceted SiC grains after infiltration significantly coarsens the
morphology of tracheids, as is especially visible after etching of residual silicon.

Fracturing a sample rather than polishing more clearly revealed a mixture of large faceted
grains (Figure 5.3a) covered with nanocrystalline SiC in the interior (Figure 5.3b). This
morphology was in agreement with literature of reaction-formed silicon carbides with infiltration
conditions at 1550 °C: above or at that temperature a coarsening of the carbon template surface
and formation of internal nanocrystalline SiC is commonly observed (Figure 5.3c). [110], [209],
[210], while at infiltration conditions of about 1450 °C the mesostructure of the carbon template
is better preserved with a smooth surface, albeit with a higher amount of unreacted carbon left

within the walls (Figure 5.3d). [102], [211]-[215].
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Figure 5.3 (a) Fractured rather than polished surfaces more clearly showed the large faceted
grains of B-SiC (b) covered with nanograins formed by solution reprecipitation. This

morphology is in agreement with (c) previous works such as Zollfrank and Sieber [115] in which
infiltration was similarly performed at or above 1550 °C. (d) In contrast, infiltration performed at
or below 1450 °C as by Vogli et al. [102] show smoother surfaces with little nanograin formation.
Figure adapted from cited sources.

This morphology can be explained by the role of carbon solubility in Siq,) in solution
reprecipitation, discussed in Section 1.5.3. Carbon solubility in Siq) follows an Arrhenius
relation with approximately 0.018 atom% at 1550 °C and 0.0051 atom% at 1450 °C [216].
However, accounting for the exothermic nature of SiC formation, local temperatures would be
about 500 °C hotter [116], [217], [218]. It would appear that at 1550 °C, carbon solubility was
high enough to trigger a self-sustaining heat cycle of SiC formation, heat release, and sustained
high carbon solubility, whereas at 1450 °C after an initial heat increase the carbon solubility was
not great enough to be self sustaining. The nanograins of solution reprecipitation and large grains
of the initial growth result in a bimodal size distribution shown in the histogram of Figure 5.4,

with average diameters of 45 nm and 2.5 um, respectively. Varela-Feria et al. [114] had reported
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on the presence nanograins and micrograins but did not report specific dimensions. Zollfrank
and Sieber [115] had also reported a biomodal grain size distribution of 30 nm and 110 pum at
similar processing conditions, but considering that the clearly visible SiC tracheid walls in their

SEM images are ~10 um in width, this was likely in error.
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Figure 5.4 Bimodal grain size distribution of micro and nanograins was consistent with solution
reprecipitation mechanism of SiC formation.

5.2.2 Mechanical testing

According to density measurements of the etched SiC samples and epoxy infiltrated
samples, the final SiC-epoxy composites were a 1:1 volume ratio of ceramic and polymer. The
rule of mixtures, as applicable to fracture toughness and strength of composites [21], therefore
predicted Kic = 2.1 MPa m*2 and oriexwral = 300 MPa. Disappointingly, fracture toughness
testing revealed a Kic value of only 2.3 + 0.49 MPa m*”? and a dismal flexural strength of 74 + 11
MPa. The 1:1 volume ratio SiC-PMMA composites of Naglieri et al. [208] provided a useful

point of comparison, with a similar unidirectionally porous morphology produced by freeze-
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casting and densifying. These bioinspired composites had a fracture toughness of 8 MPa m*?
that outperformed the rule of mixtures, but a similarly underperforming flexural strength of 120
MPa. Even so, the wood-templated SiC-epoxy composites outperformed wood-templated SiC-Si
composites [211], which exhibited Kic = 1.7 MPa m*? and oriexura = 300 MPa against predicted

Kic = 2.0 MPa m*2 and oriexura = 340 MPa.
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Figure 5.5 (a) While similar freeze-casted SiC-PMMA composites displayed markedly
improved fracture toughness but low strength, (b) the fabricated wood-templated SiC-epoxy
composites only exhibited somewhat improved fracture toughness and low strength.

To diagnose the low Kic, in situ SEM of SENB testing and micro-computed tomography
scans of the fracture surface were performed. In contrast to fracture behavior in Naglieri et al.’s
work (Figure 5.6a) [208] , a clean fracture surface with few signs of plastic deformation by the
epoxy was observed in u-CT (Figure 5.6b). Similarly, in situ SEM observed a rapidly

propagating straight crack path (Figure 5.7a).
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Figure 5.6 (a) Cracks in the freeze-cast SIC-PMMA composites made by Naglieri et al. [208]
show a mixture of brittle ceramic failure and ductile plastic failure in the polymer. (b) The
relatively clean fracture surface of the wood-templated SiC-epoxy composites, in contrast, shows
few signs of plastic deformation.

Both indicated a lack of interaction between the SiC and epoxy surface resulting in a
catastrophic failure much like monolithic SiC. To address this issue, n = 2 samples of etched
wood-templated SiC were oxidized to improve epoxy bonding [206]. Due to unforeseen
circumstances of the coronavirus pandemic, samples of appropriate dimensions for fracture
toughness testing could not be prepared and were half as wide as they should be. Even though an
accurate Kic value therefore could not be calculated, in situ SEM and the load displacement
curve and still provided valuable insight. Unlike the original samples, the oxidized samples
exhibited significant crack deflection, at times running perpendicular to the original mode |
propagation (Figure 5.7b). The winding crack propagation inherently requires greater energy to
drive as the stress is no longer efficiently applied in the preferred opening crack mode [21]. This
is in addition to creating a longer crack path that simply requires greater total work to drive [99].
These two extrinsic toughening mechanisms are traditionally associated with weak interfaces in

biological materials, which may seem paradoxical considering that interfacial bonding was
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improved by oxidation. It is likely that without oxidation there was simply no interaction
between the epoxy and ceramic, allowing the crack to propagate through each phase
individually—the crack encounters the resistance of each ceramic and epoxy layer one by one. A
visual analogy would be a karate practitioner breaking stacked ceramic tiles with a punch, or
tameshi wari: if the tiles are spaced apart with small pegs, leaving a slight space in between the
ceramic plates, the punch would easily shatter all tiles as the resistance of each plate is
encountered separately. If the tiles are flush, however, the resistance of the entire stack must be
overcome in one swift and powerful strike. In other words, without SiC oxidation, the epoxy
simply acted as a spacing material allowing each SiC and epoxy layer to be broken in quick
succession (resulting in the steep drop off in load). With SiC oxidation, the formation of
hydroxyl groups allowed for hydrogen bonding between the ceramic and epoxy. This adhesion
meant the entire composite material was engaged in flexure during crack propagation, forcing

crack deflection a gradual fall in load (Figure 5.7c).
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Figure 5.7 (a) While initial samples (no surface oxidation treatment after etching) showed
straight crack propagation, (b) oxidized samples showed winding crack paths. (c) This extrinsic
toughening is reflected by the contrast of load drop-off behavior between the two sample types.
It should be noted that the absolute peak value of load in the oxidized sample is smaller because
of the thinner dimensions not compliant with ASTM standards.

53  Conclusions
A novel method of fabricating SiC-epoxy composites using wood-templated silicon

carbide was explored. Although samples exhibited superior strength and fracture toughness to
wood-templated SiC-Si composites, they fell short of the rule of mixtures and similar SiC-
PMMA composites produced by freeze-casting [208]. Preliminary investigation of surface-
oxidation before epoxy infiltration yielded promising results, with samples exhibiting more
biological material-like behavior (i.e. extrinsic toughening).

e Bimodal grain size distribution of micro and nano SiC was measured for the first time,

adding further credence to the solution reprecipitation mechanism of SiC formation in
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wood-templating. Previous works have either only noted the presence of both micro and
nano grains or reported physically inconsistent dimensions.

Wood-templated SiC-epoxy composites achieved fracture toughness surpassing the rule
of mixtures but a flexural strength that fell far below it. Similarly, it surpassed the density
normalized fracture toughness of monolithic SiC but fell below its specific strength.

o In contrast, wood-templated SiC-Si composites in the literature [211] failed to
meet both fracture toughness and flexural strength predicted by the rule of
mixtures.

In situ SEM of fracture toughness testing observed unstable and straight crack
propagation, while pu-CT of the fracture surface revealed minimal plastic deformation.
These results indicated poor interaction of the polymer phase with the ceramic, in
contrast to behavior in similar SIC-PMMA composites in literature [208].

o Surface oxidation of the SiC after etching and before epoxy infiltration markedly
improved crack stability, as was shown in the gradual decrease in load and
winding crack behavior in fracture toughness testing. This improvement was due
to the formation of surface hydroxyl groups able to hydrogen bond with the epoxy.

o Due to the Coronavirus pandemic, samples of proper dimensions were unable to
be prepared.

The qualitative, preliminary results of oxidized wood-templated SiC-epoxy show its

promise as a bio-inspired composite with extrinsic toughening. Considering its easily scalable

fabrication and flexibility in shaping, wood-templating should be investigated as a viable

alternative to freeze-casting. In future investigation, the degree of surface oxidation may be

tuned as a parameter to control interaction between ceramic and polymer.
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Chapter 5, in part, is in preparation for submission for publication as “Wood-templated
silicon carbide as a scaffold for ceramic-epoxy composites,” 2020. The dissertation author is the
primary investigators and authors on this paper. This work is co-authored by Qin Yu, Daniel

Kupor, Marc A. Meyers, and Joanna McKittrick.
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6 Conclusion

In this dissertation, adventitious bioinspiration was explored via understudied loading
modes and neglected applications rather than new model organisms. The mesostructural features
of impact resistant wood were first identified as detailed in Chapter 2. In addition to relative
density, mesostructural features of diffuse vessel and intermittent ray arrangement, interlocking
fiber growth, and optimal fiber adhesion were shown to improve impact energy absorption.
African mahogany, which combined all these features, exhibited the most density-efficient
impact energy absorption according to a modified ASTM standard D7136. u-CT and SEM
revealed a uniformly distributed vessel arrangement avoided concentration of low-density wood
from which cracks may nucleate. Intermittent rays avoided confining crack paths and allowed
wood to deform while aggregate rays acted as stiffening panels that embrittled wood in impact.
Similarly, interlocking grain prevented straight radial-transverse crack propagation. The material
level behavior of optimal fiber adhesion interacted with these mesostructural features to allow
progressive delamination.

After impact studies demonstrated the importance of treating wood as a fiber composite-
like material in addition to a cellular solid material, the influence of fiber-behavior in torsional
loading was investigated. The adaptations of cholla cacti to twisting induced by hurricane force
winds were studied using a combination of novel mesostructural characterization, mechanical
testing, and finite element modeling. It was found that cholla’s physiological hydration reduced
torsional stiffness by allowing fibril sliding and bending, but in turn improved toughness. Even
S0, in comparison to bone, bamboo, or balsa in torsion, cholla exhibited a combination of density
efficient stiffness and toughness. This was a result of the hydrated material properties being

hierarchically complemented by mesostructural deformations of fiber straightening, fiber
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delamination, pore collapse and friction, and ultimately fiber rupture via progressive
delamination. FEA demonstrated that pore geometry macrostructure provided a balance between
torsional and axial stiffness, highlighting the need for the cholla to resist twisting forces while
supporting its own mass. Torsional loading stress concentrations in FEA corresponded to regions
of extensive lignification in the cactus, demonstrating a feedback between local material
properties and macroscopic structure.

While the first two projects explored adventitious bioinspiration via understudied loading
modes of familiar biological materials (wood), the third portion of the dissertation examined a
familiar bioinspiration concept (hierarchical architecture) in a neglected application (soft
robotics). By formulating jamming devices as consisting of a primary, secondary, and tertiary
level structures, highly density efficient mechanical performance was achieved with simple
changes to the jamming media, their organization, and weaving, respectively. This improvement
in support was explored via wearable jammers for the first time, and decelerating capabilities of
an actuated, sensor integrated jammer was demonstrated.

In the final experimental chapter of this dissertation, the synthesis of biological materials
and bioinspiration was investigated via wood-templated silicon carbide-epoxy composites. The
motivation was to directly combine wood’s efficient cellular solid structure with traditional
engineering materials via a scalable process as an alternative to other bioinspired ceramic-
polymer composites. u-CT and in situ SEM indicated that weak initial results were caused by a
lack of bonding between the ceramic and polymer phase, and so surface oxidation of SiC was
introduced between etching and epoxy infiltration to provide hydroxyl groups capable of
hydrogen bonding with epoxy. Because samples of proper dimensions could not be produced, no

guantitative results were obtained, but qualitatively it was observed extrinsic toughening and
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stable crack propagation were achieved. Combined with delignification and densification that
could tune the ceramic to epoxy ratio, wood-templated SiC-epoxy composites may promise an
easy to fabricate, tough and strong composite in future work.

This dissertation shows that adventitious bioinspiration does not require novel model
organisms, but simply novel perspective or application of familiar model organisms and
bioinspired concepts, respectively. The findings of impact and torsional wood behavior provide a
template for how next generation composites may combine cellular solid features, macroscopic
porosity, and tortuous fiber growth in addition to optimal adhesion. The jammers designed off
the principle of hierarchical structure as newly applied to soft robot materials demonstrated
superior mechanical density efficiency to open new applications in wearables. Finally, wood-
templated silicon carbide-epoxy composites showed promise as a scalable and easy to fabricate
tough and strong composite with stable crack propagation. Adventitious bioinspiration has
proved to be a useful way to explore new designs and further studies must be conducted to fully

connect mechanical properties to material architecture.
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