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ABSTRACT

Biological materials are built from a fairly small number of naturally occurring elements and
compounds. To compensate for the lack of diversity in these building blocks, biological organisms,
through millions of years of evolution and natural selection have evolved a wide range of
innovative structures to achieve optimized performance in interacting with their natural
environments. The focus of this work is on understanding the evolution strategies employed by
natural organisms that encounter dynamic mechanical loads such as impact events, repeated cyclic
loading events and structures that are tuned to harness mechanical vibrations. Insights gleaned
from understanding the mechanisms involved can find potential applications towards lightweight
structural materials and mechanical sensors.

We study cancellous bone, a naturally occurring lightweight micro-architected material and
show that resistance to fatigue failure is sensitive to a microarchitectural trait that has negligible
effects on stiffness and strength — the proportion of material oriented transverse to applied loads.
Using models generated with additive manufacturing, we show that small increases in the
thickness of the elements oriented transverse to the loading direction can increase fatigue life by
10 to 100 times. We show that the mechanism can be extended to synthetic microlattice structures,
where fatigue life can be enhanced by 5 to 9 times with only negligible changes in stiffness and
strength.

Another interesting field of study are natural structures tuned to harness mechanical
vibrations. Mosquitos lack tympanic ears to detect sound. Instead, they rely on their plumose
antennae, light-weighted sensory structures which detect sound induced air vibrations. Mosquitos
use audition in different behavioral contexts. Here, we study the antenna of two species known to
use hearing for different functions. Through the use of geometrically accurate computational
models, we find that the mechanical design of the antenna is associated with the specific biological
function of hearing in each species. Structurally, intersegmental variation and sensory hairs in the
antenna are responsible for increased sensitivity and tuning of the mechanical response.
Mechanical and neurophysiological mechanisms promote the detection of specific acoustic cues
amidst the noise produced by their own wingbeats.
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Finally, we focus our efforts on natural structures that encounter high-energy impact loading
in their ambient environments. Woodpeckers are known to peck at trees every day through their
15-year lifespan while showing no evidence of brain damage. High fidelity finite element
simulations in combination with an additive manufacturing experimental approach is utilized to
unveil two main features in the woodpecker head that may contribute to the absence of brain
damage; the bar structure of the jugal bone acting as a stress deflector and the high natural
frequency in the skull bone acting as a frequency isolation tool.

Another natural organism that encounters high-energy impacts is the mantis shrimp. This
aggressive marine crustacean utilizes a shield-like segment of its abdominal armor called the telson
to defend itself from blows of conspecifics during ritualized fighting. We quantify the effect of
ridges present on the dorsal surface of the telson. First, we show that ridges play a role in
modulating stiffness of the mechanical system dependent on the point of application of the load.
Second, under dynamic loading, ridges may act as wave traps retarding the propagating stress wave
to prevent significant damage to the telson under impact. Finally, we extend the concept of the
ridged geometry to bio-inspired curved shells, where we show an interplay between competing
mechanisms that allows such structures to show the potential for large energy dissipation within

controlled stiffness bounds.

13



1. INTRODUCTION

1.1 Natural Materials

Natural materials have undergone close to 4 billion years of evolution and natural selection
to achieve optimized performance when responding and interacting with their complex
environments. The functional diversity in these materials has allowed them to be a source of
inspiration for solving challenges in various scientific fields and indeed, to tackle complex
multidisciplinary problems that stretch across fields. Many biological materials have shown to
possess mechanical properties that far surpass those that are achievable using similar synthetic
materials[1], [2]. This is surprising, given that natural materials consist of relatively few
constituent elements, which combine to create a set of polymers, minerals or a composites of
polymers and ceramic particles that are considered quite weak[1], [3]-[6]. The limited strength is
due to a combination of the ambient temperature, aqueous environment processing and the limited
availability of elements. To compensate for the lack of diversity in their building blocks, natural
organisms have evolved structures that incorporate unique and elegant architectures that provide
remarkable mechanical properties such as stiffness, toughness and durability surpassing those of
their components by orders of magnitude and yet remain lightweight. Wegst and Ashby[7] provide
an apt example to illustrate the effect of structural variation in such materials. They compare skin,
tendon and cartilage which all consist of the same constituent building blocks; collagen and elastin.
What varies is the fractions and structure of each component resulting in distinctly different
mechanical responses for each of these materials. Tendon and ligaments are both designed to
transmit tensile forces, while skin is able to deform in all directions without requiring elongation
of individual collagen fibers and cartilage is designed for sites where flexibility and shape recovery
are of prime importance.

These combinations of structures and materials lead to unique and interesting properties that
are not commonly seen in engineered materials. For example, most engineering materials display
an inverse relation between stiffness and toughness. Materials such as ceramics, that show high
stiffness and strength exhibit brittle behavior. However, for natural materials, the inverse
relationship between these mechanical properties has not been observed. This builds a roadmap

towards building high strength and stiffness materials without sacrificing toughness[7], [8]. The
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key to these unique properties is hidden in the hierarchy of biological materials. In biological
systems, the structure and material are intricately linked across length scales while for engineering
materials, a distinction is drawn between mechanical engineers as structural engineers and
materials engineers who for the most part, independently operate in their scientific disciplines.
Hierarchy plays a large role in the mechanical response of biological materials. Several studies
have demonstrated the ability of natural materials to combine high stiffness with high toughness
allowing them to be extremely damage tolerant. Freshwater fish such as Arapaimas gigas have
developed tough protective layers known as elasmoid scales to protect against piranhas[8], [9].
Bone and nacre have been extensively studied for their combined high stiffness and strength
arising from distinct mechanical behavior at different length scales[10]-[13]. The dactyl club of
the mantis shrimp has one of the most powerful strikes in the animal kingdom, and also contains
a hierarchical structure consisting of a bouligand architecture that accounts for their exceptional
damage tolerance[14].

Another defining characteristic of biological materials is their multifunctionality[1], [2]. For
example, bones provide structural support as well as assist in blood cell formation. Insect antennae
can detect chemical and thermal information from their environment and at the same time, can act
as hearing organs for certain insects[15]. The characteristic multifunctionality must be taken into
account when considering, evaluating and studying structure-function relationships in such
biological organisms.

Many investigators have characterized the structures of these natural materials such as
mollusk shells, bone, bird beaks, and fish scales[16]-[19] in an attempt to mimic the behavior. Yet,
few have attempted to quantify the critical mechanical properties and parameters governing the
mechanical performance which is integral to apply these bioinspired strategies to engineering
materials and design. Arguably, success stories of bioinspired design consist of those that have
focused on nature inspired structures such as Velcro, with its hook and loop architecture rather
than materials. These strategies have found success by attempting to exploit one design feature of
the natural structure rather than attempting to mimic the material in its entirety.

In this vast space of biological and bioinspired materials, there is a subset of those biological
organisms that encounter dynamic mechanical loads such as cyclic loading, mechanical vibrations
and high energy impact events during their lifetimes as part of their ambient environment. For such

organisms, there is a large amount of information and insight that can be mined by observing their
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structures under their natural boundary conditions and unveiling their structure-function

relationships.

1.2 Natural Materials for Durability and Fatigue life

In the new and burgeoning field of microarchitected materials, natural materials also provide
some valuable insights. Microarchitected materials can achieve high stiffness and specific strength
(strength per unit mass) through the manipulation of the underlying geometry[20]-[22]. However,
the designers of such microlattice structures do not generally consider resistance to fatigue life.
Applying such structures to durable devices such as vehicles will require a larger consideration of
fatigue life. Previous work investigation fatigue in architected materials has shown that porosity
and unit cell type are significant indicators of fatigue life[23]. Ahmadi et al[24] also found that
surface roughness during the manufacturing process was relevant to fatigue life. However, an
understanding of life cycles of natural foams may further enhance the understanding of fatigue in
architected materials. Bone is a biological material with high stiffness and strength relative to
density. Whole bones consist of an outer shell made of dense tissue known as cortical bone that
surround a foam-like tissue known as cancellous bone. Although the effect of microarchitecture
on the mechanical performance of cancellous bone has been well studied[25], its effect on fatigue
life has not been as well studied. Insights gleaned from the study of cancellous bone could be

extremely beneficial in furthering the understanding of fatigue in microarchitected materials.

1.3 Natural Materials that harness Mechanical Vibrations

Another interesting mechanical interaction between biological structures and their natural
environments can be seen in mosquito hearing organs. Insect hearing organs can be divided into
two distinct classes; tympanal ears, which are sensitive to pressure waves in sound, and particle
velocity receivers which are sensitive to oscillations of air particles in the sound field[26]. Particle
velocity receivers are generally light structures such as antennae that are deflected by sound
induced vibration of the air particles. Understanding and unravelling the inherent mechanical
behavior can provide inspiration for innovative designs in microphone technology. Avitabile et
al[27] provided an analytical framework for the description of antennal hearing system in

mosquitos, but did not include a structural and morphological description of the antenna. Saltin et
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al[28] provided mechanical stiffness correlations using confocal laser scanning microscopy while
Su et al[29] reported a quantitative analysis of mechano-transducer function in several species of
mosquitos. Yet, a detailed explanation unveiling the mechanisms that promote the detection of
acoustic targets in mosquitos is still lacking.

1.4 Natural Materials exhibiting Impact Resistance

Woodpeckers peck at trees every day throughout their lifespan, and yet, amazingly, show no
evidence of traumatic brain injury (TBI) or concussions in their brains[30]. During pecking, the
woodpecker head reaches decelerations up to 1200 g, 7 m/s impact speeds and pecking rates around
20 Hz[30]-[32]. There is immense value, then, to determine the mechanical characteristics that the
woodpecker has developed and employ them in the development of better shock absorption
systems for the protection of the human head. Scientists have attempted to understand and identify
key elements of the woodpecker’s shock tolerance through a biomechanical approach and have
provided some good insights such as the presence of a specialized hyoid apparatus[33], the
inclusion of a spongy bone surrounding the brain[34], and an adaptive bill shape and relative
movement between the skull and the upper jaw[35] that could account for some of the shock
absorption characteristics. While these may be partial explanations of the mechanistic behavior, a
full determination of the structure-function relationship is still lacking.

Stomatopods, colloquially referred to as mantis shrimp use a set of highly developed
appendages known as dactyl clubs during hunting and fighting[14], [36], [37]. Along with this
offensive weapon, stomatopods also possess a shield like terminal segment of abdominal armor
called the telson which they use as a shield for personal protection during ritualized fighting with
conspecifics. Telsons face impacts from the dactyl club reaching velocities of 23 m/s and peak
forces up to 1500 N[38]-[41]. An investigation into the structural behavior of the telson may open
more avenues for development of materials for impact resistance and damage mitigation. Taylor
and Patek examined the mechanical impact properties of the telson through measurements of the
coefficient of restitution which revealed an inelastic response of the telson structure, allowing it to
effectively absorb and dissipate 69% of the impact energy[41]. Through micro-CT measurements,
morphological features including ridge-like regions called carinae were identified within the telson

structure which could provide the combination of stiffness and compliance necessary for energy
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absorption. However, the mechanisms underlying the telson’s resistance to impacts and the

specific role of the carinae is yet to be uncovered.

1.5 Motivation

Biological organisms have optimized their structures over millions of years of evolution to
withstand forces in their natural environments. Since natural materials consist of relatively few
constituent building blocks, there is a need to adapt structures to withstand loads. Natural materials
showcase unique, remarkable and non-intuitive mechanical properties simply through variations
in their structure and architecture. Specifically, for the durability displayed by cancellous bone,
the acoustic sensitivity exhibited by mosquito antennae, and the impact resistance displayed by the
woodpecker and mantis shrimp, while previous work has built a base of knowledge for the
mechanical behavior, studying, understanding and unveiling the mechanisms at play during
dynamic mechanical events can inspire new and innovative solutions in our design of synthetic
structures and materials.

The aim of this body of research then is to employ computational techniques and novel
methodologies to analyze the structures present in these natural organisms that contribute to their
dynamic mechanical response, identify their structure-function relationships to extract the key
structural parameters, and to build mechanistic explanations for their deformation behavior for

future use in applications towards lightweight structural materials and mechanical sensors.

1.6 Objectives

With the above goals in mind, this work has the following three objectives:

1. Use mechanics as a tool to understand structural adaptations of organisms that allow them
to survive and thrive when subject to dynamic mechanical events in their natural
environments.

With this objective, computational techniques are utilized to run systematic sets of
simulations to differentiate responses between the various structural adaptations in

these organisms and quantify the differences.
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2. ldentify the governing structural parameters and mechanisms responsible for the
mechanical behavior and build mechanistic explanations for the deformation behavior and
structure — function relationships.

This objective aims to identify those structural adaptations that may be key to the
deformation behavior, understand the mechanisms involved, and expand the
understanding into a mechanical framework.

3. Extrapolate the mechanisms to biomimetic and bioinspired structures for future
applications in lightweight structural materials or mechanical sensors.

This objective then aims to extend the mechanisms found in biological organisms
that resist dynamic mechanical loads to biomimetic and bioinspired structures to
take the first step towards incorporation into synthetic materials and structures for
applications such as lightweight structural materials and mechanical or acoustic
Sensors.

1.7 Outline

This dissertation is divided into seven chapters. A quick road map is as follows:

Chapter 2: This chapter investigates the ability of cancellous bone in withstanding multiple
cycles of loading and identifies key structural parameters responsible for the behavior. This
work was in collaboration with Hernandez Group from Cornell University.

Chapter 3: This chapter concerns how mosquitos use their antennae for hearing and
identifies mechanisms that allow mosquitos to capture acoustic cues despite the presence
of noise. This work is in collaboration with Bernal group from Purdue University in the
department of biology.

Chapter 4: This chapter investigates the ability of the woodpecker to withstand repeated
pecking with no brain damage and identifies structural variations that contribute to the
shock absorption. This work is in collaboration with the Restrepo group from the
University of Texas, San Antonio as well as McKittrick group from the University of
California, San Diego

Chapter 5: This chapter investigates the effect of ridges in the mantis shrimp telson that

allows it to withstand high-energy impacts. This work is in collaboration with the Restrepo
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group from the University of Texas, San Antonio as well as Kisailus group from the
University of California, Irvine.

Chapter 6: This chapter extends the concept of ridged geometries inspired from the mantis
shrimp telson from chapter 5 to 3D curved shells and identifies competing mechanisms
involved that allow such curved ridged shells to display large energy dissipation within

controlled stiffness bounds.

20



2. BONE INSPIRED MICROARCHITECTURES ACHIEVE ENHANCED
FATIGUE LIFE

Parts of chapter 2 are included in the publication — A.M Torres, A. A Trikanad, C. A. Aubin, F.
M. Lambers, C. M. Rimnac, P. Zavattieri, C. J. Hernandez, “Bone inspired microarchitectures

achieve enhanced fatigue life”. Proceedings of the National Academy of Sciences, 116(49),
201905814, (2019) [42]

2.1 Introduction

Microarchitectured materials achieve excellent mechanical properties such as high stiffness and
strength per unit mass through geometry rather than composition[21]. With recent developments
in additive manufacturing and design software, there has been a rise in optimized architectures to
meet stiffness, strength and energy absorption demands with low density microarchitectures[20]-
[22]. However, resistance to fatigue failure is not often considered in the design of lattice
microstructures. Microarchitectured materials can be susceptible to fatigue failure because their
complex geometries can cause large stress concentrations promoting the initiation and propagation
of damage[17]. Cancellous bone is a naturally occurring foam-like material which consists of a
network of plate-like and rod-like trabeculae in different orientations (Figure 2.1). These
trabeculae are preferentially aligned in the direction of stresses generated during habitual physical
activity. Here we study the effect of microarchitecture on the fatigue properties of cancellous bone,
in an effort to draw useful parallels to microarchitectured materials. To better understand the
effects of microarchitecture on fatigue life, our collaborators performed fatigue damage processes
in high porosity (>90%) cancellous bone[42]. Cyclic compressive loading was applied in the
direction of habitual loading and microdamage was detected within the structure with contrast
agents. It was observed that the amount of tissue damage was reduced in specimens having thicker
horizontal rod-like struts. This finding was surprising since rod-like struts, on average, constitute
only 20% of the solid volume of cancellous bone, with negligible effects on stiffness and strength
in the longitudinal direction[43]. These findings suggest that in cancellous bone, transversely
oriented struts act as sacrificial elements during cyclic loading by accumulating tissue damage and

protecting the load-carrying longitudinally oriented plate-like trabeculae.
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Figure 2.1 : Microstructure of cancellous bone — a) Rod-like and plate-like struts, b) strut
orientation relative to anatomical position. Work by A. Torres, Hernandez Group, Cornell
University. Adapted from [42]

2.2 Experimental Analysis of 3D printed mimics

Since bone also contains tissue heterogeneity which could contribute to damage accumulation[17],
the microstructure of bone was mimicked and 3D printed using a high-resolution SLA printer. Our
collaborating research group then performed similar fatigue testing. Fatigue loading was applied
between 0 N and a compressive load corresponding to ¢ = E, * 0.0035 mm/mm, where ¢ is the
stress and E| is the initial Young’s modulus of the specimen. To test the observation that damage
accumulation in the transversely oriented rods, some microstructures were modified by adding
material to the surface of transverse rods. Because transverse rods constitute only a small portion
of the total solid volume, and contribute very slightly to resisting loads, the addition of the material

had a very small effect on the overall density and apparent stiffness of the microstructure.

2.3 Development of Computational Model

To assess the effect of damage accumulation in transverse rods, a computational model was
designed. CAD models of bone microstructure were created through a conversion from imaging

data using custom MATLAB scripts and reverse engineering software. From the CAD models,
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finite element meshes were created consisting of about 1.5 million C3D8 brick elements. Cyclic
compressive loading was applied consistent with the loading rate applied during experiments. The
material was assumed to be elastic — perfectly plastic with a Young’s modulus of 600 MPa and a
yield stress of 26 MPa consistent with material properties of the 3D printing polymer.
Classification of transverse, longitudinal and oblique rods and plates from the computational
model was accomplished through the use of custom image processing MATLAB scripts that
compared images of the bone microstructures to the computational models to determine elements
corresponding to each of the structural members. Damage was quantified by measuring the
accumulation of equivalent plastic strain (PEEQ) in each of the structural members as well as the

inelastic dissipation energy for the complete model (ALLPD).

2.4 Extension to Microarchitectured materials

In an effort to characterize if this effect is generalizable to synthetic microlattice structures, bone
like microarchitectures were derived from an octet truss - a well-known and well-studied lattice
structure[22]. The length of the octet truss was elongated along the longitudinal axis by 40% so
that struts were oriented 60 degrees from the transverse plane, thereby mimicking longitudinal
elements seen in cancellous bone. To further match the architecture of cancellous bone, 6 plates
were added per octet. The resulting supercell achieved porosity, transverse volume fraction,
longitudinal volume fraction and plate volume fraction similar to cancellous bone specimens.
Simple octet trusses were utilized as another component of the study. These three types of
structures, namely, the bone microstructures, the bone-like architecture material and the octet
trusses then represented a large design space of microlattice structures with distinctly different
deformation behaviors. To characterize the primary deformation mechanism (bending dominated
vs stretching dominated) within each lattice structure, stress triaxiality was determined at each
point within every model. Stress triaxiality is defined as:

Triaxiality = _P

where p is the hydrostatic stress defined as positive when stress is compressive and q is the von
Mises stress. By this definition, points under uniaxial tension would show a triaxiality of +0.33

and points under pure uniaxial compression would show a triaxiality of -0.33.
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2.5 Results and Discussion

2.5.1 3D Printed Bone Mimics

Figure 2.2 describes the results of experimental analysis on the 3D printed bone mimics.
Thickening of the transverse rod-like struts had only a small effect on the density (Figure 2.2C)
and apparent stiffness (Figure 2.2D), but showed a disproportionately large increase in fatigue life,
in some cases by two orders of magnitude (Figure 2.2B). Since previous finite element simulations
have shown that transversely oriented rod-like trabeculae are primarily subjected to tensile
stresses, these finding indicate that small increases in mass applied to these transversely oriented
structural components of the microstructure can cause a reduction in tensile stresses, thereby

leading to disproportionately large increases in fatigue life.
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Figure 2.2 : a) 3D printed bone mimics, b) increases in fatigue life observed, with small changes
in ¢) density and d) stiffness by increasing thickness of rod-like struts. Experiment performed by
A. Torres, Hernandez Group, Cornell University. Adapted from [42]

2.5.2 Computational Verification of Damage Accumulation in Rod-like Trabeculae

To further validate the assertion that damage under cyclic loading was concentrated in rod-like
trabeculae, finite element simulations of the bone architectures was performed with an elastic-
perfectly plastic material matching the mechanical properties of the 3D printing polymer. While
FE simulations did not account for damage, accumulation of damage was quantified by the
presence of plastic strain. The equivalent plastic strain (PEEQ) is a scalar quantity used to represent

a material’s inelastic deformation. Quantification of the PEEQ revealed that plastic strains were
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indeed dominated in transverse rod-like trabeculae while remaining constant in the other structural

components (Figure 2.3).
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Figure 2.3: Quantification of PEEQ reveals that plastic strain is concentrated and continues to
increase only in transverse rods over 5 loading cycles. Y-axis values represent greyscale pixel
values and are only representative of plastic strain.

2.5.3 Extension to Synthetic Lattice Structures

To determine if these findings would extend to synthetic lattice microstructures and cellular foams

with different deformation behaviors (bending dominated vs stretching dominated), we utilized

models of an octet truss (Figure 2.4A), and a modified architecture of the octet truss designed to

have plate-like and rod-like trabeculae similar to cancellous bone architectures (Figure 2.4B,

2.4C). Triaxiality results showed that the octet truss is stretching dominated, cancellous bone

specimens are bending dominated, and the bone-like architectures show a combination of the two

deformation behaviors. (Figure 2.4 D, E, F).
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In the bone-like architectures, increases in transverse rod thickness resulted in increased fatigue
life by a factor of 8 (Figure 2.5B) with small changes in density (4%) and apparent stiffness (20%).
In octet trusses, increase in transverse rod thickness resulted in increased fatigue life by a factor of
5 with small changes in density (10%) and apparent stiffness (14%). Interestingly, when the octet
truss model containing thickened rods was rotated by 90 degrees so that thickened elements were
vertically oriented and acting oblique to the applied loads, there was a decrease in fatigue life by
a factor of 9 when compared to the model without thickened transverse rods (Figure 2.5B). This
implies that the effect of transverse elements on fatigue life is related to the proportion of material

oriented transverse to loading rather than thickness of transverse struts.
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2.5.4 Inelastic Dissipation Energy

To characterize the influence of transversely oriented material on the fatigue damage
accumulation, we performed finite element simulations of cyclic loading. Fatigue damage consists
of a local irreversible energy-dissipating process resulting in increases in inelastic dissipation
energy. Inelastic dissipation energy is defined as that portion of the internal strain energy which is

dissipated by rate dependent and rate independent plastic deformation and is given by

t
E, =f ([, 0¢:Plav)dr
0

where E,, is the inelastic dissipation energy, ¢ is the stress derived from the constitutive equation,
and eP! is the plastic strain rate. These properties being integrated in time and over the volume of
the specimen. FE models of the first 25 loading cycles showed that fatigue life of octet and bone-
like architectures is closely related to a dimensionless parameter; the ratio of inelastic dissipation
energy to work done (calculated as the area enclosed by the load-displacement curve) as shown in
figure 2.5C. Although these models were limited to the first few loading cycles, inelastic
dissipation energy and stress triaxiality were shown to stabilize by this point (figure 2.5D).
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Figure 2.5: Transverse volume fraction influences fatigue life in repeating cellular solids. a) Bone-
inspired microarchitecture and octet truss supercell cores. b) Fatigue life of lattice structures
compared with and without thickened transverse struts. Also includes the effect of thickened
oblique struts in the octet. Also shown are specific stiffness values. c) Fatigue life of these
structures is related to inelastic dissipation energy per unit work. d) Inelastic dissipation energy
and stress triaxiality are shown to stabilize within the first 25 cycles allowing us to draw useful
conclusions without high computational expense. Symbols indicate bone (e), bone-like
microstructure () and octets (). Experimental data from A. Torres, Hernandez group, Cornell
University. Adapted from [42]

2.5.5 Statistical Analysis

Our collaborating research used a Generalized Least squares model (GLM) to identify the

empirical relationship between stress amplitude (denoted by o /E,), transverse volume fraction
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(denoted by 1) and number of cycles to failure (Ny) [42]. To account for differences in number of
samples for each microstructure, microstructure was included as a random effect using REML.
Previous work has empirically identified the fatigue life of foams via normalized stress vs life (S-

N) relationships of the form[45]:
o

— = AN/

where ¢ is the maximum compressive stress, E, the initial Youngs modulus, Ny is number of
cycles to failure and A and B are empirical constants which differ among microstructures. Data
from this work was used to develop an empirical model to characterize the same relationship and
the regression models were able to identify a predictive equation only slightly differing from the

equation above:

with R = 0.82. Where A and B are empirical constants and vy denotes the transverse volume
fraction (Figure 2.6). There remains some unexplained variance likely due to differences in stress
among bone, bone-like and octet trusses. Yet, this modification to the normalized S-N relationship
provides a simple means of considering fatigue life during the design of microarchitectured

materials.
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Figure 2.6: Fatigue life for 3D printed specimens at different applied cyclic loads (o /E, in
microstrains) is shown with lines indicating regression model fits. Statistical analysis by
Hernandez group, Cornell University. Adapted from [42]

2.6 Conclusions

The findings reported in this study show that fatigue life in cancellous bone is sensitive to the
transverse rod thickness, a structural component that has negligible effects on strength and
stiffness. We extend the concept to synthetic microlattice structures where we show that the fatigue
life of such cellular foams is heavily influenced by the proportion of material oriented transverse
to the loading direction. We show that this effect is not limited to bending dominated structures,
but is also effective for stretching dominated lattices. Further, we identify empirical modifications
to traditional stress vs life (S-N) curves with the addition of 1 /\/E where 1) refers to the proportion
of material oriented transverse to the loading direction. These findings then allow the designer to
balance stiffness and strength needs in microarchitectured materials with durability and allow for
the design of more efficient cellular foams and microlattice structures. In this chapter, we identified

a key structural parameter in bone, the transverse rods that affect fatigue life, implemented a
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mechanical framework to understand the response and we employed computational techniques to
extend the behavior to engineering structures and synthetic lattices. While the focus of this chapter

was on fatigue resilience, in the next chapter we investigate a more dynamic loading scenario, by

exploring vibrational characteristics of mosquito antennae.
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3. MECHANICAL AND NEUROPHYSIOLOGICAL MECHANISMS IN
MOSQUITO ANTENNAE PROMOTE THE DETECTION OF
ACOUSTIC TARGETS AMIDST NOISE

Parts of chapter 3 will be included in the publication — A. A. Trikanad, H. Pantoja, X. Bernal, P.
Zavattieri, “Mechanical and neurophysiological mechanisms in mosquito antennae promote the
detection of acoustic targets amidst noise”, Status — In preparation.

3.1 Introduction

In the last chapter, we investigated fatigue resilience in cancellous bone. From a cyclic loading
study, we now focus on a more dynamic loading context by investigating the acoustic organs in
mosquitos to glean useful mechanical insights. The ability to detect sound has evolved
independently, multiple times in animals over millennia to allow them to distinguish sources in
many different directions and to effectively exploit biologically relevant acoustic sources[46].
Sound sensory organs vary widely between animals from the tympanic ears of vertebrates to the
particle velocity detectors of insects. Elegant and efficient solutions have evolved to confront the
challenge of hearing in insects to overcome physical constraints imposed by their small size which
complicates acoustic detection due to the smaller surface area available to harness the propagating
sound wave[47], [48]. Flying insects such as mosquitos also face an additional challenge posed by
their beating wings which produce a tone. Consequently, mosquitos have to account for a noise
source consisting of their own wingbeats at close proximity to their hearing organs. Despite these
dual challenges, evolutionary adaptations have resulted in sensitive and specialized ears that allow
then to accurately detect, localize and respond to conspecifics in demanding acoustic conditions
such as a swarm of thousands of individuals[26].

Mosquitos use their antennae as acoustic receivers which, in contrast to tympanic ears,
respond to velocity vectors in an impinging sound field rather than pressure variations[49]. In
Aedes aegypti, males localize and follow females in swarms by listening to their wingbeats[26].
Females respond to the flight tones of males and couples engage in acoustic courtship behavior.
In other mosquito species however, audition is critical in other ecological contexts. In Uranotaenia
lowii, mating is not mediated by acoustic signals but females depend on audition to detect, localize
and attack frogs by hearing their call and ultimately feeding on their blood[50]. The disparate
auditory challenges associated with hearing frog calls for foraging and mates for reproduction are
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expected to have resulted in different hearing organs that effectively respond to those stimuli.
Understanding the ability of mosquitos to accurately detect these distinct acoustic cues despite
their own noisy wingbeats could introduce new understanding into acoustic systems.

The mosquito antennal system consists of two functional components, the segmented
flagellum (or antennal shaft) and the sensory organ located at the base of the antenna, called the
Johnston’s Organ (JO) (Figure 3.1) [49]. Acoustic stimuli are detected as flagellar sound-induced
vibrations which travel down the flagellum to the base of the antenna entering the JO where they
are transduced by mechanosensory cells to electrical signals to be parsed out at the brain. Antenna
performance is thus governed by both biomechanical and neurophysiological mechanisms. Studies
so far, however, have mainly focused on the neurophysiological component of mosquito
audition[51]-[56] while less attention has been given to the biomechanical component[26], [28],
[29]. Considering that the neural component is similar across species[29], biomechanics are
expected to play a critical role in determining interspecific differences in sensitivity and tuning
across mosquitos. Here, we study the structural and functional features of the mosquito antennal
hearing system. Specifically, we characterize the morphological and mechanical features of the
antenna of two species that detect acoustic cues in different behavioral contexts. We determine the
effect of individual structural parameters that shape the vibrational response, and we evaluate how
the mechanical design of the antenna modulates detection of acoustic cues associated with specific
biological functions; hearing conspecifics and hearing frogs. Finally, we propose and validate a
neurological model of mechano-electric transduction that occurs at the JO, and predict how the

entire system can amplify target sounds despite the presence of their own noisy wingbeats.

3.2 Structural and Mechanical Characterization

The flagellum of the mosquito consists of segments of varying dimensions stacked one on top of
the other. From each segment, long and thin sensory hairs (fibrillae) extend radially outward from
the antenna. The sensory hairs along with the flagellum are deflected by an impinging sound field
and the system behaves as a simple forced damped harmonic oscillator which is resonantly tuned
to specific frequencies[26], [27]. While most research into mosquito auditory systems assumes
that the antenna is a stiff rod whose primary purpose is to transmit vibrations to the JO, we contend
that the structural variations as well as material properties in the antennae have a more significant

effect on the vibrational response. Antennae of males and females of two species — Aedes aegypti
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and Uranotaenia lowii - were examined under an X-ray microscope (Figure 3.1). Aedes aegypti
males detect and orient towards a close moving target (female flight tones) during mating while
females are able to detect approaching males. Male antennae are short (about 1300 um) with an
average diameter of about 20 um, with a structure vaguely reminiscent of a Christmas tree. They
are plumose (large number of sensory hair) with approximately 40 sensory hairs per segment with
hair lengths ranging from 270 to 740 um. Aedes aegypti females have longer antennae (about 2000
um with an average diameter of about 23 um. They are non-plumose antennae with about 6 hairs
per segment ranging in length from 150 to 430 um[57]. Uranotaenia lowii males are not known
to use sound for any purpose, while females detect and orient towards a distant static target (frog
calls) for blood meals. Males and females are structurally similar with both containing non-
plumose antennae of comparable lengths (approximately 1414 um for males and 1480 um in
females) with average diameters of 15 um for both. They contain about 6 sensory hairs per segment
with lengths ranging from 115 to 260 um for males and 105 to 260 um for females (Figure 3.2B).
Our collaborating group then assessed the vibrational response for these antennae using Laser
Doppler Vibrometry (LDV). Antennae were subjected to pure tone stimuli in a frequency range
from 100 to 10000 Hz. Magnitude and phase of the particle velocity in the sound field as well as
magnitude and phase of the velocity response of the antenna were measured at the free end of the
antennae as well as along the midpoint. The magnitude and phase of vibration velocity of the
antenna was normalized by the magnitude and phase observed for the particle velocity of the

ambient air (Figure 3.2C).
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Figure 3.1: CT scan of the antenna of Aedes aegypti female mosquito highlighting individual
structural and functional components of the antennal hearing system.

Response curves for the Aedes aegypti antennae were recreated from data procured from
Gopfert et al[26]. They reported that the male Aedes aegypti antenna shows the highest sensitivity
at 383+ 28 Hz whereas the female antenna shows peak response at 229+17 Hz. At these
frequencies, amplitude peaks are observed to be greater than 1, indicating amplification of the
signal. The phase response shows that antennal vibration leads the particle velocity at low
frequencies by about 90 degrees, followed by a phase shift at the regions around the best response.
The phase shift (of approximately 180 degrees) concurrent with the peak in the amplitude indicates
the presence of the first resonance mode for each model. Further phase shifts at higher frequencies
also indicate the presence of higher order resonance modes. At resonance, the Aedes aegypti male
has a maximum antennal velocity (v_f/v_air) of 3.0+0.3 while the female shows a lower

amplification of 2.1+0.3. The Uranoteania lowii mosquitos show similar structural features
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between the two sexes, but this is not reflected in their vibrational response to pure tone stimuli.
The male antenna shows best response at 518+16 Hz while the female antenna has a peak response
at 305+25 Hz. The phase shift seen in the response indicates the presence of resonance concurrent
with the amplitude peaks for the male and female antennae. The amplification of the signal
(v_f/v_air) observed for the Uranotaenia lowii male at the best frequency is 1.275 while the female
shows a larger amplification of 1.72.

Overall, a comparison of all the antennae shows that there are design variations present
between species as well as between sexes with differences in the structure, antennal segments and
sensory hairs which is reflected in the variations observed in their response to pure tone stimuli.
Comparing between sexes, the plumose antenna of the A. aegypti male shows a higher
amplification at resonance than the A. aegypti female. Interestingly, the U. lowii female antenna
shows a higher amplification than the male, even though there is not much variation of the sensory
hairs between the two antennae. Comparing between species, the A. aegypti male antenna presents
the largest amplification across all antennae studied and the female A. aegypti antenna shows a
higher amplification than the U. lowii female. These LDV experiments then provide a baseline to
calibrate computational models that can provide deeper insight into the workings of the antennal

system.
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Figure 3.2: Sex and species-specific variation in response to pure tone sound for mosquito
antennae. (A) Acoustic cues for two different species of mosquitos. (B) Scaled representations of
antenna for males and females of each species. (C) Magnitude and phase of response to pure tone

stimuli for vibrations measured at the tip (blue) and middle (violet) for each antenna via LDV.
Experiment performed by H. Pantoja, Bernal Group, Purdue University.

3.3 Development of Computational Models

To evaluate the effect of the individual structural features on the vibrational response, finite

element modeling (FEM) was performed for each antenna when subject to pure tone stimuli.



3.3.1 CAD Modeling

For each of the four mosquitos, dimensions of individual antennae including hair lengths and
distributions, segment sizes and the JO were used to design geometrically accurate CAD models
using the Abaqus CAE pre-processor (Figure 3.3). Three types of models were built for each
antenna; models with a flagellum of uniform diameter (base model), models with flagellum
including the intersegmental variation, and finally models with flagellum with segments and hair
lengths and distributions. We hope to determine the effect of each structural parameter through a

comparative analysis between these different models.

e B | 3 3 a

0.25 mm AE Male AE Female UL Male UL Female

Figure 3.3: CAD models were developed for male and female of both species of mosquitos
studied.

3.3.2 Boundary Conditions

First, a free vibration analysis was performed to determine the natural frequencies and associated
mode shapes for each model. Then, forced vibration response was analyzed in the steady state to
evaluate the response of each antenna when subject to harmonic inputs. Models were fixed at the
bottom of the JO and pressure was applied directly to the antennal surface (Figure 3.4). Since the

Reynold’s number of the system is very small (<<1), the major driving forces are considered to be
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friction and damping, which are represented in the model, but as acting directly on the surface of
the antenna. This simple approximation allows us to avoid a computationally expensive fluid-
structure interaction model since the focus of this work is on the effect of the individual structural

parameters.
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Figure 3.4: Boundary conditions for the antennal models.

3.3.3 Addition of hair and segments

The addition of the sensory hairs led to a significant increase in mass of the A. aegypti male antenna
(48%) while the increased mass for the other antenna models was not as large (6%). The addition
of segments converted a beam with a constant cross-section to one with a varying cross-section.
The change in width per unit length was calculated as a function of segment number to show that
the antennae have a tapering cross section due to a combination of decreased diameter of segment

and increased length of segment with increasing segment numbers (Figure 3.5).
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Figure 3.5: Quantification of variation in segment dimensions with segment number for one of
the four antennae — the A. aegypti female.

3.3.4 Material Properties

To the best of our knowledge, there is no publication that has comprehensively characterized the
mechanical properties for the different materials in the antennal system. Therefore, the following
approach was adopted. The flagellum consists of an external shell of hard cuticle with an internal
core of soft tissue. Material properties for the cuticle were obtained from previously published
work[58]. Since the cuticle has been relatively well studied, material properties for the other
components of the models including the soft tissue, the JO cuticle and tissue, and the sensory hairs
were assigned using ratios of stiffness variation from the cuticle as observed by Saltin et al using
confocal laser microscopy[28]. A parametric analysis for each of the materials was performed to
evaluate the effect of material on vibrational response (Figure 3.6). It was found that any large
changes in vibrational properties for the system was only significantly affected by the mechanical
properties of the insect cuticle which has been characterized in literature[58]. Finally, a rule of
mixture approach was used to derive a composite stiffness for the flagellum to ensure

computational efficiency.
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Figure 3.6: Parametric analysis of effect of varying mechanical properties on vibrational response
of the antenna. 400 Hz is the expected natural frequency for this model. Variations in elastic
modulus of the cuticle show the largest difference in the overall vibrational response.

3.4 Quantification of effect of individual structural features

Figure 3.7A shows all the models with the different variations that were tested. Free vibration
analysis showed that the first mode of natural frequencies consisting of a rigid translation of the
antenna with no inflection points showed an excellent match with the experimentally observed
first resonance peaks. These models were then subjected to pure tone stimuli ranging from 100 to
3000 Hz. Velocities were extracted at points along the tip of the antennae to determine the effect
of individual structural parameters on the steady state vibrational response (Figure 3.7B). All
models showed an excellent fit with the experimental data with the first natural frequency modes
matching those observed in the experiments (dashed line). In highlighting the effect of the
structural parameters, most apparent, is the effect that the sensory hairs have on the sensitivity of
these antennae. All models displayed a significant increase in sensitivity due to the presence of
hair. The highly plumose male A. aegypti antenna, showed a remarkable 39.18 dB increased
sensitivity as compared to the base model, with the female showing an 18.46 dB increased
sensitivity. For the U. lowii antennae, the male showed a 20.89 dB increase in sensitivity with hair,
while the female showed a 20.37 dB increased sensitivity when compared with the base model.
Mechanically, the addition of sensory hairs causes an increase in mass and stiffness of the system,
while at the same time, increasing the surface area available to capture the applied pressure. In
general, an increase in mass for such a system is expected to drive down the vibration amplitude,

and cause a negative shift in the tuning response resulting in a lowering of the resonant frequency.
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In contrast, the increased stiffness as well as surface area can result in an increased sensitivity,
with the increased stiffness also potentially increasing the resonant frequency. For the A. aegypti
male model, we see an interplay between these competing mechanisms where the stiffness and
surface area effects dominate the vibration amplitude response leading to a large increase in
sensitivity while the tuning response seems dominated by the mass, resulting in a lower first natural
frequency peak. The addition of hairs also results in a more familiar phase change for all models,
with good agreement with those observed in the experiments (Figure 3.7C). The effect of the
intersegmental variation was also quantified, with the addition of the segment geometry leading to
a relatively smaller increase in sensitivity. While the vibrational response for the A. aegypti male
seems dominated by the hairs, the effect of the segmental variation for the other three models on
tuning is more significant, allowing for a shift in the natural frequency modes in the simulations
that more closely align with those observed via experiments. Overall, these results indicate that
the sensory hairs play a large role in increasing sensitivity of these antennae, while the
intersegmental variation is integral in tuning the natural frequencies of these resonantly tuned

antennal systems.
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Figure 3.7: Effect of sensory hair and intersegmental variation on mechanical response of
antennae to pure tones. (A) Three models for each antenna consisting of a base model with a rod
of constant diameter (blue), a rod with varied diameters to mimic intersegmental variation (red)

and a rod with segmental variation as well as sensory hairs (black). (B) Magnitude of velocity
response to pure tone stimuli for all 3 variations for both sexes of both species extracted from the
tip of the antenna. Dashed line indicates experimentally observed first natural frequency. (C)

Phase response for all 3 variations for both sexes of both species extracted at the tip of the

antenna.

3.5 Mechanical Vibration Response to Real World Stimuli

To ascertain the response of these hearing systems to real world stimuli, the antenna models were
subject to specific inputs mimicking those they may observe in their natural environments. Since
the A. aegypti mosquitos are known to follow conspecifics in a swarm by tracking wingbeats of
the opposing sex, wing beats of the A. aegypti male and female mosquitos were recorded and
provided as input to the models (Figure 3.8A). The A. aegypti antenna models were first subject to
the wing beat tones of their opposing sex. Since the mosquitos also have their own wingbeats in
close proximity which may act as a noise source, models were also subject to their own wingbeats

in conjunction with the opposing wing beat signals. Velocities were extracted from the base of the
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antenna, on the basal plate, to more accurately identify the information reaching the JO. Both
models of the A. aegypti antennae showed an ability to highlight the opposing wingbeats with their
highest amplitude peaks matching the wing beat frequency of the opposing sex. The A. aegypti
male model accomplishes this due to the proximity of its first natural frequency mode to the
wingbeat frequency of the female. For the female A. aegypti antenna, the models show that the
antenna harnesses its second natural frequency mode, a mode associated with bending of the
antennal flagellum to amplify the signal of the male wingbeats. Interestingly, when subject to the
combination of their own wingbeats as well as the opposing wingbeats, the antenna in the A.
aegypti female model was able to produce an amplification of the signal of the opposing wingbeat
of about 43% (Figure 3.8B). In comparison, the A. aegypti male antenna was unable to show
significant amplification of the signal when subject to a combination of its own wingbeats and
those of the opposing sex (Figure 3.8C). These findings suggest that, while both sexes of the A.
aegypti antennae are able to highlight the wingbeats of the opposing sex, the male antenna might
already be well suited to amplify the signal of the wingbeats of the female due to the profusion of
sensory hair, while the female antenna benefits from the “noise” produced from its own wingbeats
to amplify the signal of the male wingbeats. Also noteworthy, is the proximity of the two peaks in
the antennal responses when antennae are subject to wing tones of both sexes. These indicate the
presence of a strong distortion product produced during the non-linear transduction process in the
JO when the mechanical vibrations are converted to electrical signals. Previous studies indicate
the ability of some mosquito species to harness the distortion products to amplify the target
signal[52], [54], [59].

While the A. aegypti mosquitos are known to follow conspecifics in swarms, the females
of the U. lowii mosquito species use audition for a different purpose; to localize frogs for blood
meals by tracking their frog calls. To explore their ability to highlight frog calls, and compare and
contrast against another species, the antennae of the A. aegypti female and the U. lowii female
were subject to inputs gathered from the recording of male barking tree frogs (Hyla gratiosa)
which are known to attract U. lowii females in their natural environment[50]. Inputs to each model
also included their own wingbeats in conjunction with the frog calls to better mimic natural
conditions (Figure 3.8D and Figure 3.8E). Velocities were extracted from the base of the antennae

models, on the basal plate, to maintain accuracy with information that would reach the JO.
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Comparatively, the U. lowii female model showed a higher sensitivity to the frog call frequencies
than that observed by the A. aegypti female (Figure 3.8F). In addition, the U. lowii female antenna
showed its highest sensitivity at the frog call frequency while in comparison, the A. aegypti female
had its largest peak at the frequency of its own wingbeats. These indicate that the passive
biomechanics of the U. lowii female antenna has been optimized to highlight the frog call signal

even through the “noise” associated with its own wingbeats occurring in close proximity to its

antenna.
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Figure 3.8: Response of antennae to real world stimuli. (A) Wing beat tones for the A. aegypti
male and female mosquitos. (B) Response of the antenna of the female A. aegypti to the tone of
the male wing beat (blue) and to the tone of combined male and female wingbeats (red). (C)
Response of the A. aegypti male antenna to the female wingbeats (green) and to the combined male
and female wingbeats (blue). (D) Combined input tones for frog calls and A. aegypti female wing
beats. (E) Combined input tones for frog calls and U. lowii female wingbeats. (F) Response of A.
aegypti (blue) and U. lowii (red) female antenna models to input tones from (D) and (E)
respectively.

Overall, these results indicate the importance of the structural features and mechanisms in
the antennal system to harness and amplify those specific acoustic targets associated with their
biological function. While the antennal system is effective at harnessing the sound wave, the

information is then transmitted via the basal plate at the base of the antenna to the JO which
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performs the transduction of mechanical vibrations to electrical signals, and then through the
antennal nerve to the brain where information is processed. The JO neural response has therefore
been investigated in previous literature by inserting conductive electrodes in the antennal nerve,
to record electrical activity being transmitted in response to sound. By performing
electrophysiological recordings at the antennal nerve, it has been established that the JO works
like a low-pass filter of frequencies below 1000 Hz and relies on a non-linear transduction
process—non-linear relationship between flagellar displacement and electric current recorded at
the antennal nerve. In addition, high precision experiments have revealed differences on the
dominant frequency of intracellular and extracellular recordings. Such characteristics produce
particular and trackable characteristics that our collaborators have used to develop and validate a
model of transduction. Here, they employ simple electric circuits to qualitatively simulate the
electric response of JO sensory units, and use neurophysiological recordings previously obtained

by [52], [59], to validate our simulations.

3.6 Electrophysiological transduction of flagellar vibration

In the JO, aggregations of sensory units called scolopidia are responsible for transducing flagellar
vibrations. These sensory units are formed by two or three cells working in anti-phase (Figure
3.9A). This model simulates each cell as an electrical circuit composed of a current source
connected in parallel to a variable resistance and a capacitor. The resistance value is controlled by
the displacement of the flagellar base plate, modeling the transduction occurring at the cell
membrane with a non-linear transfer function between displacement and current (Figure 3.9A). In
addition, low-pass filters simulate the limit rate at which membranes can transduce mechanical
stimuli into electrical current. The response of a single circuit simulates intracellular recordings
and the summation of electrical signals from two or more circuits working in anti-phase simulate
extracellular recordings. The output of this model qualitatively matches the characteristics of
electrophysiological signals obtained from intra and extra-cellular recordings (Figure 3.9B), using
one or two-tone stimuli[59]. In response to one tone or an individual frequency, both the
experimental data and the model output show that intra and extra-cellular responses exhibit
harmonic distortion (Figure 3.9B), produced by the non-linear properties of transduction. The
dominant frequency of the response, however, varies between intra and extra-cellular responses.

While intracellular responses exhibit a dominant frequency equivalent to the stimulus frequency,
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extracellular responses exhibit a dominant frequency that is double the frequency of the stimulus
(Figure 3.9B). Frequency doubling in the model is produced by the antiphase response of
individual circuits. In response to two-tone stimuli (f1 and 2, with f1<f2), nonlinear transduction
produces extracellular responses that exhibit intermodulation distortion. In particular,
intermodulation amplifies the frequency difference between the two-tone stimuli (f2 — f1) (Figure
3.9C).

By using this electrical model developed by our collaborators, we evaluated the sensory
response of an interaction between two tones corresponding to the mosquito’s own flight tone
fundamental frequency and an acoustic target. To simulate how non-linear properties of
transduction affect detection, we compared the electrical response obtained from our model, using
a linear transduction function, y(x) = x, a higher order polynomial series ( y(x) = 1 + x + x% +
x3 + -+ x12) and an exponential function (y(x) = e*) where the resistance value (y(x))
depends on the displacement (x) of the basal plate. By gradually reducing the amplitude of the
acoustic target, we evaluated the level of attenuation in the response. Also, we determined the if
the intermodulation produced at the sensory unit of the JO helps to amplify the target signal.
Results were obtained in reference to the amplitude of the tone that simulates the mosquito’s own
flight tone. First, we found that non-linear transduction reduces attenuation (Figure 3.9D). While
a higher-order polynomial series reduces attenuation by 4.64+0.64 dB, the exponential function
was able to reduce attenuation by 0.63 +0.53 dB. Secondly, the electrical model shows that
intermodulation can amplify the frequency difference between two tones (f2-f1) depending on the
transfer function. While the higher order polynomial series generates an amplified intermodulation
product, experimentally recorded in [54], the exponential function does not produce any
amplification. The advantage of intermodulation is that, while amplified, low frequency products
also carry information about the acoustic targets. When the target has similar amplitude to the
mosquito flight tone, intermodulation distortion produces an amplification of 1.32 dB in reference
to the mosquito’s own flight tone (Figure 3.9D). Further, when the target amplitude is reduced, the
intermodulation product is attenuated at a lower extent compared to the target with an attenuation
of 11.67+9.74 dB for the intermodulation product versus an attenuation of 16.26+0.64 dB for the
acoustic target. Together, these results support the hypothesis that non-linear transduction

processes provide mosquitos with several advantages in terms of detection of acoustic targets.

48



Figure 3.9: Electrophysiological transduction model simulating the mechanisms at the JO. (A)
Denotes the different sensory units in the JO, with descriptions of intra and extracellular
recordings. Also depicts the non-linear transfer function between current and displacement. (B)
Intra (yellow) and extracellular (blue) recordings comparing model with experimental data. Also
depicts harmonic distortion in both intra and extracellular recordings. (C) Intermodulation
distortion amplifies the difference between the input tones (f2-f1). (D) Comparison of electrical
response and attenuation between target signal and intermodulation product for different linear
and non-linear transduction functions. Model by H. Pantoja, Bernal Group, Purdue University.
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3.7 Conclusions

Our studies show that mosquito antennae are small, sensitive and specialized acoustic systems.
Finite element modeling of the individual structural features highlights opposing mechanisms at
play that allow sensory hairs to increase sensitivity of these systems and intersegmental variation
to affect the tuning of the natural frequencies. FE modeling also showed that these antennal
systems are able to amplify specific acoustic signals. In A. aegypti, male antennae show the highest
response at the fundamental frequency of the female wingbeats and female antennae show the
highest sensitivity at the fundamental frequency of male wingbeats. With the addition of their own
wing tones as noise, these models were able to show an even larger amplification, indicating that
these antennal systems can use the noise produced from their own wing beats to amplify the
acoustic target signal. In response to frog calls, FE models showed that the U. lowii female
mosquito is able to highlight the frog call frequency above the frequency of its own wingbeats,
while in comparison, the A. aegypti female cannot highlight the frequency of the frog call, but
instead, shows highest sensitivity at its own wingbeat frequency. When the acoustic target and the
noise consisting of their own wingbeats are fed into these models, we see that the vibrational
response shows two sensitivity peaks in close proximity. Our electrophysiological model shows
that due to a non-linear transduction process between current and displacement of the basal plate,
the proximity of the two peaks produces intermodulation distortion products. The mosquitos are
able to harness the distortion products to amplify the signal at a lower, more accessible frequency.
Also, the distortion product is attenuated at a lower extent compared to the acoustic target. Taken
together, these results indicate that mosquitos in fact use noise or competing signals (their own
wing beats) to both mechanically and electrophysiologically amplify and capture the target
acoustic signal. While in general, noise is considered detrimental, these studies of mosquito
audition point to non-intuitive and unexpected mechanisms in mosquitos which allow them to
utilize noise to amplify signals. These mechanisms draw parallels with superheterodyne
receivers[60], employed in virtually all modern day radios, which use distortion products of radio
frequencies to pick up radio channels at specific frequencies. These results indicate a uniquely
engaging method of acoustic communication with numerous potential applications in sensing
technologies[61], with arrays of such antennal systems that can be integrated into wearable
technology. Another potential application for these systems is in MEMS (Micro electrical

mechanical system) microphones which have gained increasing popularity due to their small size,
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high sensitivity and relatively low power consumption. They are integrated into hand-held devices,
mobile phones, wearable electronics and Internet of Things (1oT) devices. Newer generations of
hearing aids also feature MEMS microphones. While MEMS microphones are known for their
high signal to noise (SNR) ratios, performance in noisy environments can still pose a challenge.
Using the mechanisms unveiled in this study can provide insight and ideas to inspire a new
generation of noise-resistant microphones.

This study primarily dealt with understanding mechanisms of mosquito antennae using
steady state vibrational analysis. We evaluated structural adaptations in mosquito antennae
including their sensory hairs and their intersegmental variation, and their effect on overall
vibrational response. We defined mechanical and neurophysiological mechanisms present in these
antennae that allow them use competing signals to amplify their acoustic targets. We also proposed
their adaptation into different applications including mechanical sensors and noise resistant
microphones. In the next chapter, we continue with the theme of mechanical vibrations by taking
a look at vibrational characteristics in the woodpecker heads and their ability to prevent brain

damage during pecking.
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4. MECHANICAL AND FUNCTIONAL EVALUATION OF
WOODPECKER SKULL BONES

Parts of chapter 4 are included in the publication — J. Y. Jung, A Pissarenko, A. A. Trikanad, D.
Restrepo, F. Y. Su, A. Marquez, D. Gonzalez, S. E. Naleway, P. Zavattieri, J. McKittrick, “A
Natural Stress Deflector on the Head? Mechanical and Functional Evaluation of the Woodpecker
Skull Bones”, Advanced Theory and Simulations, vol 2, no 4, p.1800152 (2019)[62]

4.1 Introduction

Concussion is a form of mild traumatic brain injury (mTBI) caused by external mechanical forces
to the head. It occurs commonly in contact sports such as football or hockey or from direct trauma
as a result of vehicular accidents[63]. Repeated concussions can lead to chronic traumatic
encephalopathy, a progressive degenerative disorder resulting in symptoms of depression, memory
loss, and suicidal behavior[64]. Woodpeckers, on the other hand, are known to peck at trees
throughout their natural at pecking rates of 20-25 Hz while suffering no overt signs of brain
damage[30]. May et al[65] originally recorded the drilling action of woodpeckers with a high speed
camera and found that the head moves in a straight trajectory and reaches maximum speeds of 7
m/s with a deceleration of up to 1500 g within a 0.5 — 1 ms impacting duration. In terms of
evolutionary design modifications, Burt and Bock[35] pointed out that some woodpeckers that
hammer more frequently than others present an anatomical adaptation on their skull bone, called
the frontal overhang. This was the first report of a structural specialization on the skull bone
hypothesized to aid in impact mitigation. Gibson[66] described an allometry effect between
woodpecker and human heads in terms of concussion limits and concluded that the scaling effect
enables woodpeckers to avoid brain injury due to the smaller size, shorter duration of impact, and
large contact area between the brain and skull bone but did not consider the interspecies variations
in mass within woodpeckers in her study.

In terms of mechanical or biomechanical analysis of woodpecker pecking, there have been
quite a few studies that focus on various aspects of the woodpecker mechanics. Yoon et al[34]
focused on the spongy bone; a bone surrounding the brain as a shock absorbing mechanism and
created a simplified mass-spring-damper model to represent the vibrational characteristics through
impact. Using this simplified model, they were able to develop a bioinspired shock absorbing

system to protect micromachined devices with very low failure rates of about 1% at 60,000g while
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commercially available hard-resin methods displayed a failure rate closer to 26%. Another group
of researchers, extracted a more accurate model from CT scans of a dead woodpecker and provided
one of the earlier more detailed analyses of the woodpecker head. They assigned material
properties to every part of the complete woodpecker head, including the brain and rain a finite
element analysis against a simulated piece of wood[67]. They showed that the stress wave starts
from the upper beak and then propagates into the lower beak and nostrils. They postulated that the
hyoid bone absorbs most of the energy during impact and protects the brain in the skull. In a
following paper that addresses three successive pecking events, through the use of numerical
simulations, they claimed that 99.7% of the impact energy through pecking is converted into strain
energy in the bulk of the body of the woodpecker and only 0.3% is converted into strain energy in
the head which is then dissipated. They however do mention that they were unable to get a stable
convergent resolution because of the large number of elements and significant differences between
element sizes.

Another body of research focused on a biomechanical investigation of the woodpecker
head[30]. They produced a FE model through micro-CT scans of a woodpecker head. Their
investigation showed that the lower beak would be the first point of contact during impact. BY
performing a parametric analysis for various lengths of the upper and lower beak, they were able
to show that having an equal length for both beaks induced the highest strains on the woodpecker
head. They postulate that there is a distinct advantage in having beaks of different lengths. They
claim that the sophisticated shock absorption system of the woodpecker is a good cooperative
phenomenon with not any single factor being able to achieve the function. Liu et al[32] studied
the relationship between the woodpecker’s head during impact and the hyoid bone. The hyoid bone
is a bone that starts on the right nostril, moves through the top of the woodpecker skull, loops
round the skull and goes into the mouth to become the tongue. They used micro-CT scanned
images and employed the Material Point Method (MPM) to simulate the woodpecker’s pecking
process. The hyoid bone shows a variation of strength along its length. They performed analyses
for woodpecker heads with and without hyoid bone, to assess the effect of the hyoid bone. Their
results showed that the woodpecker head without the hyoid showed higher stresses as compared
to the head with the hyoid. On models where they also add muscle, they show that the combination

of muscle (modelled as simplified elastic material) and hyoid bone enhance rigidity of the
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woodpecker head and thus suppress the deformation and oscillation of the endoskeleton after
impact.

While there is a significant body of research on the workings of the woodpecker head under
impact, there is still no clear quantification of the contribution of the separate constituent parts on
impact mitigation and energy dissipation. Because of the complexity of the structures in the head,
and the varying materials, compositions and interfaces, understanding the effects in a composite
model can be difficult and computationally expensive. In this work, we first build a complete
composite model of the woodpecker head for a more qualitative understanding of the mechanics
during pecking, and then move to a simplified model with single material, structure and
composition to evaluate the effect of the different skull bones. In the previous chapter, we primarily
used steady state vibrational analysis to analyze mechanical response in mosquitos. In this chapter,
we first investigate steady state response in woodpecker heads, and then investigate stress wave

propagation during impact.

4.2 Biological Observation

A morphological comparative analysis between species of woodpeckers was performed by our
collaborators. It shows that the frontal overhang, as observed by Bock[35] is an evolutionary
adaptation among some species of woodpeckers that is directly correlated with their pecking habits.
Figure 4.1A highlights the different parts of a woodpecker skull while figure 4.1B describes the
biological observation of the frontal overhang being more prevalent in woodpeckers that are
associated with pecking more often. This work then focuses on the mechanical and functional

evaluation of the woodpecker skull bones with emphasis on the effect of the frontal overhang.
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Figure 4.1: A) Different skull bones of the woodpecker head. Adapted from digimorph.org. B)
Different species of woodpecker showing different anatomical adaptations on the skull bone
based on pecking habits. Analysis performed by JY Jung, McKittrick group, UCSD. Adapted

from [62]

4.3 Development of Computational Model

To quantify the effect of the skull bones and highlight comparisons between different parts,
especially between the overhang and non-overhang species of woodpecker, a comprehensive 3D
computational model was constructed with all the constituent parts to perform a general analysis
of stress wave propagation and determine parameters that may be contributing to energy
dissipation. Then, a simplified model of the woodpecker head was constructed. Two variations
were considered from the original model, where frontal overhangs of smaller and larger size were

added to quantify the effect of frontal overhang on impact mitigation.

4.3.1 CAD Model of 3D Composite Woodpecker Head

The woodpecker head is a complex structure with multiple constituent parts. 3D models of one
species of woodpecker, the Golden Fronted Woodpecker (Melanerpes aurifrons) were generated
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from micro-CT scans. Individual parts were generated from CT scans which then had to be
converted to CAD models. Each part consisted of an initial 3D triangulated surface shell (.stl file)
converted from CT scans using Amira. First, internal features were removed in Meshlab (an open
source reverse engineering software), and holes that resulted from cleaning were filled to create a
final clean surface. The surface was then imported into Geomagic (another reverse engineering
software) where the files were converted to NURBS (non-uniform rational basis spline) surfaces
which were then converted into 3D solid CAD models. Figure 4.2 represents the cleaning process

for one of the parts.

Initial surface
obtained from CT

scan .
Final clean surface

/‘(ﬁgﬁ""
Removal of
internal
features

”" Holes from
cleaning internal
features

Figure 4.2: Reconstruction from uCT data to create CAD models. This example shows the
reconstruction of the paraglossal bone, which is a constituent part of the hyoid bone in the
woodpecker head.
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The process was repeated for each of the bones in the woodpecker head, and then all the
CAD parts were combined together into a single model in Abaqus. Figure 4.3 details the composite

3D model that was created after all the parts were assembled and connected.

Composite 3D Model

Upper beak bone Skull tione
'

Upper Keratin I
=

e
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Lower beak bone ‘

v
Hyoid bone

Figure 4.3: Composite 3D model of the woodpecker head including all the constituent parts.

4.3.2 Design of Simplified CAD Geometries

From the composite model, a simplified model was constructed that consisted of the skull bone,
upper beak bone and jugal bone. From this model, two other models of the woodpecker skull with
different overhang sizes were generated from the original scan. The artificial overhang models
were built by adding material to the area that bridges the upper beak bone and the skull bone using
sculpting tools in Geomagic with the original geometry of the Golden-fronted woodpecker as a
reference. By using the same skull as a reference, we are able to rule out other parameters that
might affect the dynamic behavior of the woodpecker under impact and focus only on the effect
of the overhang during pecking. The three models are labelled model 1, model 2 and model 3
corresponding to the original skull, small overhang added, and large overhang added respectively.

The models are shown in Figure 4.4.
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(a) Model 1

(b) Model 2

(c) Model 3

Figure 4.4: Three models of the skull bone for dynamic finite element analysis. (A) Model 1:
Original reconstruction of the skull of the Golden Fronted Woodpecker. (B) Model 2: Model with
small artificial overhang. (C) Model with large artificial overhang. The images on the right side
are the view-cut sectional along the sagittal plane.

4.3.3 Finite Element Modeling of 3D Composite CAD Model

Individual parts of the woodpecker head were stitched together to create the composite 3D model
in Abaqus. Material properties for the individual parts were derived from literature[32], [34], [68],
[69]. Keratin was modeled with a density of 1320 kg/m? while the skull bone, beak bone and hyoid
bone were assigned a density of 1456 kg/m®. Elastic moduli assigned were 8.7 GPa for keratin, 11
GPa for the skull bone, 30.2 GPa for the beak bones, and 17 GPa for the hyoid bone. Poisson’s
ratios were 0.4 for keratin, and 0.3 for the skull bone, beak bones and the hyoid bone. The
composite head model was meshed in Abaqus with a mesh consisting 1.5 million C3D4 linear
tetrahedral elements. Impact simulations were conducted in Abaqus/Explicit against an analytical
rigid plate to analyze the stress wave propagation in the composite model and determine important
stress pathways to better understand the woodpecker head, and to inform the simplified 3D models.
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4.3.4 Finite Element Modeling of Simplified Models

The simplified models of the woodpecker head consisting of the skull bone, upper beak bone and
the jugal bone were meshed in Abaqus with approximately 650,000 C3D4 linear tetrahedral
elements. The material for each of the models was considered to be linear elastic and isotropic
with Young’s modulus of 15 GPa, poisson’s ratio of 0.33 and a density of 1456 kg/m®. The material
selection was taken through as a combination of materials for the skull bone and the upper beak
bone referenced in the previous section. The addition of the artificial overhangs resulted in an
increase of 62.65 mm? in the volume and of 0.092g of the mass in the case of Model 2, and of
65.29 mm? and 0.095g for volume and mass respectively in the case of Model 3. Previous research
has shown that there is a negligible effect of the biological fluids and soft tissue in the pores of the
bone on the modulus of the bone[69]. Consequently, in this study, we neglect the effects of tissue
fluids. We considered two types of simulation methods to evaluate the effects of the frontal

overhang during pecking.

Frequency Modal Analysis

We performed frequency modal analysis of the three models to evaluate the effects of the added
mass and volume on the natural frequencies of the woodpecker’s skull due to the frontal overhang.
To this end, we fixed the models at the point where the skull meets the neck and calculated the
first 5 modes of natural frequency for the three models. Figure 4.5A shows two of the three models
used with different sizes of frontal overhang, and figure 4.5B shows four representative nodes that
were identified as points of interest, where vibration data was extracted. Two of these nodes are
along the dorsal line (nodes 1 and 2) and two of them along the ventral line (nodes 3 and 4). Modal
analysis allows us to characterize the frequency response of the woodpecker head under free

vibration.
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Dorsal line s - Ventral line .

Figure 4.5: A) Two models of the skull bone with different frontal overhangs for dynamic finite
element analyses. B) Node identification for regions of interest where 1: the caudal end of the
upper beak bone, 2: on the parietal bone near the brain, 3: on the palatine bone and 4: on the
jugal bone. Adapted from [62]

Ricker Pulse Analysis

Following the frequency modal analysis, time domain dynamic simulations using Abaqus/Explicit
were performed to evaluate the effect of stress wave interaction and vibrational response of the
three models during impact loading. The loading was applied to the tip of the beak as shown in
figure 4.6A while keeping the same fixed end as in the modal analysis. A Ricker wavelet was used
to represent the shape of the impact pulse. Ricker wavelets are widely used in the seismic and
vibration fields because they can be uniquely specified with only a single parameter that
corresponds to its peak frequency as seen on the wavelet’s frequency spectrum (figure 4.6C)[70],
[71]. In the time domain, the wavelet is represented by a central peak with two smaller side lobes
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(figure 4.6B). The amplitude A(t) of a Ricker wavelet with peak frequency f), at time t is given
by:
A(D) = (1 — 22 f2t2)e ™ firt?

In the case of this study, the Ricker wavelet shape of the impact allowed us to obtain from the
simulations a clean response with an expected bandwidth contrary to the case of a direct impact
input at a given velocity (7 m/s) as shown in figure 4.6D. The amplitude of the Ricker pulse was
scaled to 0.01 N for the models and centered on a peak frequency of 4970 Hz which is in the
general region of the first mode of natural vibration for each model with the expectation that the
vibrations in the model would be dominated by their first mode of natural frequency. Simulations
were run for about 4000 us and nodal accelerations were recorded at the points of interest
previously specified in figure 4.5B. A fast Fourier transform (FFT) was used to convert the time
domain acceleration information obtained at each point into the frequency domain. This allows us
to discern the dominant frequencies present at those points and gives us an idea of the impact of

frontal overhang in filtering these frequencies.

62



a Ricker pulse b 0.01 C
input
s 00015~
0.006 |-
z z
§ ! §ocm L
‘l‘;-oooz- ;:._
E ]
< <
¢ 0.0005 -
0.002 -
GWO" 0.05 01 015 02 025 03 035 0‘4 0;5 9 5000 . !0(l>00 15000 20000
Time (ms) Frequency (Hz)

d Acceleration vs. Time Amplitude vs. Frequency Amplitude vs. Frequency
= dl Direct impact at 7 m/s | b Ricker’s pulse applied |
» i e 1 ok ]
é | | 1 4 | l
< v o o .

'§ .” M", i 'Qh | ‘,l“ W1 I:) 3 Noisy signals j |:> - Clear peaks
2 \ [ .‘( 1 R’y ! . &

3 ! | FFT gk 2. A - { Ricker’s

< ° | @958 & i 7 '.:'v | o 2

Time (s)

Figure 4.6: (A) Schematic illustration of the Ricker pulse input and the fixed end location
considered for the ricker pulse analysis. (B) Time domain and (C) frequency domain
characteristics of the ricker pulse.(D) Example of clear response using ricker pulse vs noisy data
in a direct impact simulation.

4.4 Results and Discussion

4.4.1 Stress Wave Propagation in the 3D Composite Model

Dynamic impact simulations against an analytical rigid plate at 7 m/s impact velocity was
performed with the 3D composite model including all the constituent parts to determine in a
general sense, the stress pathway through the woodpecker head. VonMises stress was extracted at
five points along the woodpecker head (Figure 4.7). Points of interest included the keratin sheath,
the frontal overhang area, the jugal bone, the skull bone, and the hyoid bone represented as a, b, c,
d and e respectively in figure 4.7. Stress wave propagation analysis showed that the stress was
highest at the jugal bone (point c) indicating that perhaps the jugal bone is an important structural
element in the stress pathway during impact. While at the same time, stresses on the back of the
skull bone and the hyoid bone were very low indicating that perhaps the stress wave is redirected

away from the brain during impact. While further analysis is necessary, this was done using the
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simplified models of the woodpecker head. Due to the complexity of the structural elements,
interfaces and contact conditions in the composite model, running simulations proved to be

difficult and computationally expensive.
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Figure 4.7: VonMises stress along different points along the composite woodpecker head model
where ‘a’ is on the keratin sheath, ‘b’ is at the frontal overhang, ‘c’ is on the jugal bone, ‘d’ is on
the skull bone and ‘e’ is on the hyoid bone.

4.4.2 Frequency Modal Analysis of simplified model

Previous work has shown that repeated low frequency impacts can result in head trauma for
humans[72]. The authors reported that low frequency resonance between the brain and skull
occurred in humans at ~20 Hz. Resonance can be dangerous because it amplifies the amplitude of

movement in the brain and skull potentially causing brain damage. Therefore, it is advantageous
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to have a frequency mismatch between brain and skull to prevent resonance during impact. Modal
analysis of the woodpecker skull model described the first five modes of natural frequency. Modes
1 (4790 Hz), 2 (7026 Hz) and 3 (7458 Hz) corresponded to up and down bending motion of the
skull bone in the three global axes. Modes 4 (8146 Hz) and 5 (10024 Hz) corresponded to twisted
torsional motion between the palatine and jugal bones with relatively low movement of the skull
(Figure 4.8A). To the best of our knowledge, there is no comprehensive material characterization
of woodpecker brains in literature, therefore a direct comparison of the resonant frequencies of
brain and skull are not possible. However, given that brain is a soft tissue with viscoelastic
properties, resonant frequencies are expected to stay low (<4000 Hz) to avoid synchronized

resonance with the skull bone.

4.4.3 Ricker Pulse Analysis of simplified model

Ricker pulse analysis allowed us to see the dominant frequencies at play during a dynamic event.
Since the ricker wavelet has a characteristic frequency matching mode 1 (4970 Hz) of the model,
one can expect that frequency to be dominant. FFT of acceleration data at the four points of interest
showed that for points 1 (upper beak bone), 3 (palatine bone) and 4 (jugal bone) the dominant
frequency matched that of the input frequency (4970 Hz). However, for node 2, situated near the
brain, the dominant frequency was found to be around 7790 Hz which is a close match to mode 4
(8146 Hz) of natural vibration (Figure 4.8B). This is interesting because mode 4 is a mode
associated with twisted torsional movement of the beak bones with relatively less movement of
the skull bone and consequently, the skull-brain region experiences lower relative movement and
therefore, potentially lower instances of damage. Using frequency mismatch is common practice
in structural engineering, and the woodpecker is a good example of frequency control achieved
only through modification of structural or geometric parameters.

4.4.4 Stress Wave Propagation in the simplified model

Further analysis of the stress pathway during impact was performed by collaborators[62] and is
shown in figure 4.8C and figure 4.8D. VVon Mises stress analysis showed that the stress wave-front
after impact at the beak tip propagated through the ventral line of the head, primarily through the

jugal bone to the neck and rest of the body. The stress level near the brain remained at a
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significantly lower level than the rest of the skull bone. This shows good agreement with the stress
wave pathways in the 3D composite model as well as with the results of the vibrational analysis

indicating an isolation of the brain region from the path of the stress wave.
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Figure 4.8: Computational results of impact testing. A) Five natural frequencies of the
woodpecker skull. B) A representative result of Ricker pulse analysis at nodes 1 and 2. C) Plots
of von Mises stress at four nodes. D) Time-lapse of von Mises stress distribution on the skull
bone models at impact speeds of 7 m/s. Parts C and D performed by A. Pissarenko, UCSD.
Adapted from [62]

4.45 Effect of Frontal Overhang

While biological observations seemed to indicate that the frontal overhang might play a role in
frequency filtration or damage mitigation during impact, our simulations could not find a
discernable effect of the frontal overhang in the modal or ricker pulse analysis. The first five
natural frequency modes of the models with the frontal overhang were found to be very similar

with variations within 15-20 Hz for all modes. This is likely due to the slight increased mass of
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the system rather than a geometric property. Ricker pulse analysis comparing models with and
without overhang showed small differences in dominant frequencies and all models showed the

same trend of frequency isolation in regions around the brain (Figure 4.9).
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Figure 4.9: : Effect of frontal overhang. Comparison of dominant frequencies at the four regions
of interest (inset in first plot) between woodpecker models with and without overhang show no
major differences while maintaining the same frequency isolation characteristics around the
brain (node 2).
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4.4.6 Experimental Corroboration

Further experimental analysis was also performed by collaborators[62] with a drop tower impact
testing setup using 3D printed skull models fitted with accelerometers. Vibrational data from the
experimental setup showed a good match with computational results. Failure analysis of the 3D
printed skull showed that significant damage at the beak tip and the jugal bones was observed
during the dynamic test further supporting the hypothesis that the protection of the brain occurs by
redirection of stress pathway through the jugal bone and a frequency mismatch between the brain
and skull to avoid resonance. Further details on experimental work can be found in the referenced

literature.

45 Conclusions

A combination of several structural features in the woodpecker head contribute to shock absorption
and damage mitigation when they are pecking at trees. We developed a 3D composite model to
assess stress wave propagation during impact. The model showed largest stresses at the jugal bone
with stress around the brain and skull area remaining low. Further analysis with simplified models
indicated that during impact, there is a redirection of the main stress pathway through the jugal
bone and into the neck and body of the woodpecker. Natural frequency analysis hinted at large
resonant frequencies in the skull bone which could help prevent resonance between the brain and
the skull. Ricker pulse analysis showed frequency isolation of the skull bone and brain with the
dominant frequency mode consisting of a torsional mode with relatively lower movement of the
skull-brain area. Analysis of the frontal overhang was not able to discern any noticeable effect of
this structural feature in energy dissipation or impact mitigation. Overall, these results indicate an
ability of woodpeckers to use frequency mismatches and redirection of stress pathways using
primarily structural features. Such design strategies can be applied towards protective head gear
in contact sports.

In this chapter, we used novel methodologies including a ricker pulse analysis to identify
structural adaptations in the head that allow the brain to be isolated from the stress wave during
impact. We identified the effect of skull geometries in redirecting the stress wave away from the
brain through the jugal bone and proposed applications towards protective head gear. The next

chapter continues the theme of impact resistance, through the analysis of a different biological
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structure that exhibits impact resistance and damage mitigation, the mantis shrimp where we use

similar techniques, but with more focus on the transient analysis and the stress propagation.
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5. MECHANICAL AND FUNCTIONAL EVALUATION OF THE
STOMATOPOD TELSON: A BIOLOGICAL SHIELD

Parts of chapter 5 are included in the publication — N. A. Yaraghi, A. A. Trikanad, D. Restrepo,
W. Huang, J. Rivera, S. Herrera, M. Zhernenkov, D. Y. Parkinson, R. L. Caldwell, P. D. Zavattieri,
D. Kisailus, “ The Stomatopod Telson: Convergent Evolution in the Development of a Biological
Shield”, Advanced Functional Materials, vol 1902238, p, 1902238, 2019 [38]

5.1 Introduction

In the previous chapter, we looked at woodpecker bones and their ability to protect against damage
during pecking by redirecting the stress pathway. This chapter continues to investigate damage
mitigation strategies in nature, by evaluating an organism that uses its skeleton in defensive
situations. There are many natural organisms that depend on tough and stiff exoskeletons for
protection against predators[6]. In organisms such as stomatopods (mantis shrimp), these
structures also function as tools employed during ritualized fighting with conspecifics[41]. Mantis
shrimp are well known for their powerful hunting strategies in which they employ a set of highly
developed raptorial appendages known as dactyl clubs for hunting and attacking purposes[14].
Dactyl clubs are known to produce impacts with speeds of up to 23 m/s and forces up to 1500
N[73]. Two subgroups of mantis shrimp are the smashing and spearing varieties named for their
attacking appendages. Smashing varieties of stomatopods use heavily mineralized club-like
appendages (dactyl clubs) to deliver high energy impacts that smash shells of other crustaceans
such as crabs. Conversely, spearers use thin dactyl structures with sharp spines to ambush, pierce
and capture fish with soft bodies. Along with these attacking appendages, mantis shrimp have also
developed a shield like terminal segment of their abdomen which they use as armor called the
telson. The telson is commonly used for personal protection during ritualized fighting with
conspecifics[39]. Smasher stomatopods perform an act known as coiling where they curl up their
bodies and present the telson forward to absorb direct impacts from the dactyls of conspecifics
during combat. Telsons can endure repeated high-energy impacts during ritualized fighting from
the dactyl clubs without experiencing catastrophic failure. Previous observations made by
Caldwell[74] suggest that the coiling behavior is limited to smashing type mantis shrimp. He also
noted that the most burrow-limited species of smasher are not only the most aggressive, but also

possess the most heavily armored telsons. Also, through micro-CT measurements, varying degrees
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of mineralization and the presence of ridge-like geometries, called carinae, were identified in the
smasher type telson which are hypothesized to impart a combination of stiffness and compliance
in the structure necessary for energy dissipation[41]. During ritualized fighting, researchers
observed via a statistical analysis that hits always occurred on the telson, and the winners of the
bouts were the ones that displayed aggressive persistence or physiological endurance[39].

There have been relatively few biomechanical impact studies on the telson. Taylor and
Patek compared multiple species of telson under impact by dropping steel balls on the telson and
measuring the velocities pre and post impact[40], [41]. They found that co-efficient of restitution,
a metric that determines elastic vs inelastic collisions, was on average 0.56 in the telson, indicating
mostly inelastic behavior. On average, they calculated that 69% of the impact energy is dissipated.
However, a more complete mechanistic description of the impact dynamics is still lacking.
Moreover, the observation that more aggressive mantis shrimp have more well-developed ridges
(carinae) in their telson is one that provides an avenue for exploration. Namely, why have the more
aggressive species of mantis shrimp evolved ridges? To that end, this study first builds a
comparison between the telsons of two species of mantis shrimp, a more aggressive smashing type
(Odontodactylus scyllarus) and a less aggressive spearing type (Lysiosquillina maculata)
stomatopod to compare the differences in the telson and the effect of ridges in providing stiffness
or compliance. Then we focus on the mechanics of ridge-like geometries on the telson in impact

mitigation, shock absorption and energy dissipation under high-energy impact conditions.

5.2 Morphological Features

Bulk specimens and their polished cross-sections were examined by our collaborators[38] to
provide a general overview of the structural features of the smasher and spearer telsons. Figure
5.1A shows a representative view of the smasher stomatopod (O. scyllarus) and figure 5.1C shows
the spearer stomatopod (L. maculata) with dashed regions indicating the telson. Figures 5.1B and
5.1D show the dactyl club for the smasher and the dactyl spear for the spearer telson respectively.
Figure 5.1E and 5.1G show dorsal views of the smasher and spearer telsons respectively. Here
noticeable differences become apparent. The smasher telson features many ridges, called carinae
on its dorsal surface while the spearer telson lacks any such distinct geometry. Figures 5.1F and
5.1H then highlight the transverse cross-sections of the telson showcasing the distinct ridges in the

smashing type telson as well as the pronounced central ridge called the medial carina. Other
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differences such as a concave macrocurvature in the smasher telson and a convex macrocurvature

visible in the spearer telson.

Figure 5.1: Telson overview and comparison of bulk morphologies, (A) Smashing type (O.
scyllarus) mantis shrimp. (B) Hammer-like dactyl appendage of smasher stomatopod. (C) Spearing
type (L. maculata) mantis shrimp. (D) Spear-like dactyl appendage of spearer stomatopod. (E)
Telson of smasher stomatopod. (F) Polished transverse cross section of the smasher telson with
plane of section denoted by dashed line in (E). (G) Telson of spearer stomatopod. (H) Polished
transverse cross section of the spearer telson with plane of section denoted by dashed line in (G).
Inset: Higher magnification optical micrograph of dorsal cuticle along center line. Micrography
performed by N. Yaraghi, Kisailus group, UC Riverside. Adapted from [38]

5.3 Development of Computational Models

5.3.1 3D Models

Several types of computational models were constructed for this analysis. CAD geometries of the
3D smasher and spearer telsons were created from micro-CT scans of the telsons. In a process
similar to what is described for the woodpecker in chapter 4, a combination of reverse engineering
softwares were used to clean the stl files, fix internal holes and triangulation errors, and convert to
NURBS surfaces from which the 3D CAD models were finally created. The original smasher
geometry was then modified using sculpting tools in Geomagic (3D Systems, Morrisville, NC)
such that structural features were systematically removed from the smasher telson in multiple
models to create a set of intermediate geometries between the smasher and spearer telsons. CAD
geometries were then exported for finite element analysis. Finite element meshes were created

from the CAD files using commercially available FEA software (Abaqus). Simulations were
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performed using Abaqus/Standard with meshes consisting of about 200,000 C3D4 elements. A
linear elastic material definition was chosen with a Young’s modulus of 1 GPa, since the analysis

was aimed to be comparative between different geometries rather than absolute.

5.3.2 2D Plane Strain Models

To investigate mechanical response under impact, 2D cross-sectional geometries of the ridged
smasher telson were extracted from the 3D models resembling figure 5.1F. A smoothened version
of the 2D cross-sectional geometry was also created to act as a control geometry or a reference
geometry. 2D geometries were chosen for the impact simulations to reduce the complexity of the
problem while still investigating the effect of the ridges, and to reduce computational cost.
Geometries were imported into Abaqus and converted into FE meshes with about 200,000 CPE4
plane strain elements. Impact was simulated against a circular impactor with radius of curvature
similar to the dactyl club at impact velocities of 20 m/s to better match natural conditions. Impact
simulations were performed in Abaqus/Explicit with free-free boundary conditions, meaning, both
the telson and the impactor were allowed to move freely after impact. Results were compared
between the ridged smasher model and the artificially created smooth smasher model. The
impactor was modeled with a young’s modulus of 30 GPa consistent with mechanical properties
of the dactyl club as characterized in literature[14]. The 2D telson models consisted of an outer
hard shell filled with inner soft tissue. The hard shell was modeled as linear elastic with young’s
modulus of 6 GPa taken from nanoindentation data[38]. The inner soft tissue was modeled both
as linear elastic with a Young’s modulus of 1 kPa in one set of simulations and as viscoelastic
using a prony series for tissue obtained from literature[75]. The viscoelastic simulations are
expected to show strain rate dependence of the shear modulus with a distinct instantaneous

modulus, rate-dependent modulus and long term modulus as shown in figure 5.2.
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Figure 5.2: Strain rate dependent and distinct regions of shear moduli for the viscoelastic
material used in simulations under impact.

5.4 Results and Discussion

5.4.1 Finite element Analysis on Effect of Ridge Geometry under quasi-static conditions

To assess the effect of the carinae geometry on the compressive stiffness of the telson, finite
element simulations were performed on five different 3D models (Figure 5.3A). Computer Aided
design (CAD) models for the smasher (denoted as SMSH) and spearer (denoted as SPER) telsons
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were derived from micro-CT scans. To isolate the effect of the lateral ridges and medial carina,
three additional models were created from the smasher telson through CAD manipulation. One
geometry retained the medial carina but removed the lateral ridges (denoted as NRCC). In another
modified model, the medial carina was removed, but the lateral ridges were preserved (denoted as
NCCR). The third modified model consisted of a smoothened version of the smasher telson,
containing no lateral ridges or medial carina, but maintaining the macrocurvature of the smasher
telson (denoted as SMTH). Simulations were performed under two loading conditions;
compression between two plates (henceforth referred to as top loading) and a lateral loading event
against a sphere with a curvature similar to a dactyl club (henceforth referred to as lateral loading).
To further probe the effects of ridge geometry, two more datasets were compiled. K1 SMTH refers
to a variant of the smooth model (SMTH) in which the stiffness of the SMTH model was
analytically scaled by a scaling factor K1 to match the stiffness of the smasher (SMSH) geometry
under top loading. Then this same scaling factor K1 was used on the SMTH dataset to determine
the stiffness response of K1 SMTH under lateral loading. Similarly, K2 SMTH is a scaled version
of the SMTH model stiffness under lateral loading using a scaling factor K2. The same scaling
factor is then used on the SMTH data set to obtain the stiffness response under top loading. Mean
stiffness within error bounds was calculated for all models for up to 0.5 mm displacement under
top loading (Figure 5.3B) and lateral loading (Figure 5.3C). The percentage change in stiffness as
compared to the smasher (SMSH) model was calculated for top loading (Figure 5.3D) and lateral
loading (Figure 5.3E) using the equation

Kmodel - KSMSH "

% change = 100

KSMSH

Here K040 refers to the stiffness for each respective model and Ky, sy refers to the stiffness of
the smasher telson.

Comparison of the stiffness data shows that the loading direction plays a significant role
on the effects of the carinae on stiffness response. Under top loading, the models containing the
medial carina (SMSH and NRCC) show high stiffness as compared to the models that do not have
the medial carinae (NCCR and SMTH). At the same time, the lateral ridges seem to add some
compliance to the system (SMSH vs NRCC). The models without the medial carina show very
low stiffness, as does the spearer model. Under lateral loading, the effect of the medial carina was

noticeably reduced, though it still provided some stiffness to the system. Conversely, the effect of
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the lateral ridges providing compliance seemed to be enhanced (SMSH vs NRCC or SMTH vs
NCCR). The spearer model continued to show low stiffness in comparison, which can be attributed
to the difference in macrocurvatures between the smasher and spearer geometries. K1 SMTH and
K2 SMTH are useful tools in showing the effects of scaling achievable through modifications of
thickness or Youngs modulus, on the stiffness. K1 SMTH which matches the stiffness of the
SMTH model to that of the SMSH model under top loading, showed a disproportionately large
response under lateral loading, with stiffness values of several orders of magnitude above that of
the SMSH model. K2 SMTH which matches the stiffness of the SMSH model under lateral
loading, showed an almost negligible change in stiffness as compared to SMSH under top loading.
Together, these two data sets provide valuable insights in the importance of evolving ridged

geometries as opposed to simple changes in thickness.
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Figure 5.3: FE simulations on the effect of carinae geometries on stiffness. (A) Representations

of CAD models used in the FE simulations with nomenclature. (B) Mean stiffness for top
loading up to 0.5 mm displacement (inset: boundary conditions). (C) Mean stiffness for lateral
loading up to 0.5 mm displacement (inset: boundary conditions) (D) Percentage change in

stiffness as compared to the SMSH model under top loading. Corresponding change in stiffness

for spearer geometry obtained from experimental data under top loading has been highlighted.
(E) Percentage change in stiffness as compared to the SMSH model under lateral loading.
Adapted from [38]

Follow-up experimental analysis using 3D printed mimics was also performed by collaborators

and showed good qualitative agreement with the computational results as shown in figure 5.4.
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good qualitative agreement with some variation for initial stiffness under quasi-static loading
conditions. Color of curves indicate similar geometries in experimental and simulation with

lighter color variants indicating experiment. Left bar shows 3D printed specimens while bottom
bar shows 3D FE models. Experimental data acquired from J. Rivera, Kisailus group, UC Irvine.

5.4.2 Analysis of telson geometries under impact conditions

2D plane strain models of the ridged telson as well as a smoothened variant of the ridged telson
were created from transverse cross sections of the smashing type telson. These structures were
subjected to impacts from a circular impactor with radius of curvature similar to that of the dactyl

club at impact velocities of 20 m/s consistent with those observed in natural conditions[14].
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Figure 5.5: (A) Construction of two variations of 2D plane strain models from cross-sections of
the smashing type telson. (B) Boundary conditions and data extraction points

Preliminary Simulations for effect of ridges in regions far from impact

Initial results showed that the ridged model experienced lower shear strains at the midpoint of the
telson (Figure 5.6A) and on the telson shell in a region far away from the impact regions. Nodal
accelerations extracted on the telson shell indicated larger vibration in the smooth model as
compared to the ridged model (Figure 5.6B) indicating a possible effect of ridges in energy
dissipation and impact mitigation. However, since quasistatic analysis of the telson geometry
indicates that mechanical response is highly dependent on the direction and location of impact, a

parametric analysis for loading at various points was then attempted.
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Figure 5.6: (A) Indicates accelerations and shear strain at the midpoint of the telson geometries
for ridged (blue) and smooth (orange) models. (B) Indicates accelerations on the telson shell at a
region far from impact with magnification of acceleration data inset.

Parametric Analysis for different loading directions

To show that the ridges play a role in energy dissipation, a parametric analysis was performed for
different loading directions of the circular impactor. Ridged and smooth telsons were impacted 20
times at different angles of impact in different locations as shown in figure 5.7A. Shear strains
were extracted at the telson midpoint and the telson shell at a region far from impact to assess the
performance of the ridges. Shear strains extracted at the telson midpoint showed any effect of the
ridges seems to be highly dependent on direction and location of impact with some impact
locations showing lower shear strains in the ridged models while other impact locations displayed
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higher shear strains in the ridged model. However, on the telson shell, a definite trend was observed
with all simulations indicating lower shear strains on the left telson shell for the ridged model as
compared to the smooth (figure 5.7B-F). While data was extracted from only one region, this does
show that ridges have a definitive effect on reducing strains at regions far from the impact location

on the telson shell, while their effect on the internal tissue is still unclear.
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Figure 5.7: Parametric analysis for different loading directions. (A) Indicates different loading
conditions considered. A total of 20 simulations were conducted with 5 of them being shown
above indicated by red lettering. (B)-(F) Shear strain on the left telson shell at different loading
directions for ridged vs smooth telsons.

FE Analysis of effect of ridges at impact location

Analysis of mechanical response at the location of impact can be difficult due to the large number
of mixed frequencies in the stress pulse, and the complex geometries of ridges at the impact
location and the associated interfaces between the hard shell and soft tissue in the telsons leading
to multiple reflections of the stress wave. To evaluate the effect of ridges on a more qualitative
scale, deformation of the side wall of the telson was observed during impact and compared between
the ridged and smooth telsons (Figure 5.8). We found that while for the smooth telson, impact lead

to a global bending of the side wall, the ridges on the telson side wall in the ridged model that
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faced the direct impact deformed locally to prevent a global bending of the side wall. Deformation
in the ridged telson models primarily consisted of deformation of the ridges under impact with
further deformation arrested by the first ridge encountered that was not directly impacted. This
was interesting in that it points to ridges acting almost as wave traps to retard the propagation of

the stress wave by energy dissipation through local buckling.
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Figure 5.8: Deformation of telson side wall during impact at impact location for the ridged telson
model (top) and smooth telson (bottom).

Analysis of Stress Wave Propagation during impact

Results from the previous section indicated that ridges may behave almost like wave traps
retarding the propagation of the stress wave after impact. To further evaluate this behavior, we
observed the propagation of the stress wave in the ridged and smooth telsons after impact. We
noticed that there is a difference in time taken for the stress wave to reach the other end of the
telson between the ridged and smooth telson (Figure 5.9). Since the ridged model has a longer

travel path (due to the presence of ridges), we calculated the increase in path distance, but found
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that it still did not account for the increased time lag in the stress waves between the ridged and
smooth telsons. While the ridged model had ~15% longer path distance compared to the smooth
model, the time lag in the stress waves was closer to 33%. We calculated the longitudinal (c;) and

shear wave speeds (c,) for the material used for the telson simulations with

E G
= |- , c= |-
Lo TP

where E is the young’s modulus, G is the shear modulus and p is the mass density of the telson
material. Longitudinal wave speed was found to be 2450 m/s and shear wave speed was 1741 m/s.
Analysis of the stress wave propagation found that while the stress wave front in the smooth model
moved at the longitudinal wave speed, the speed of the wavefront in the ridged model was
consistent with the shear wave speed. This observation is interesting since it seems to indicate that

ridges may act to convert longitudinal waves to shear waves.
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Figure 5.9: Differences in stress wave speed between ridged and smooth telsons. Grey indicates
stress wave front.
Analysis of Simpler 2D Geometries for stress wave propagation

To further probe the idea that ridges may help convert longitudinal stress waves to shear waves in
the thin telson shell, we constructed simple 2D geometries of smooth, sinusoidal and ridged beams

to evaluate the differences in geometric composition on impact response (Figure 5.10).
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Figure 5.10: Three designed geometries tested under impact with boundary conditions shown on
the right.

First, a modal analysis was performed to evaluate the effect of geometrical parameters on the free
vibration response. We discovered that sinusoidal and ridged models presented a new mode (mode
5) that consisted of a movement associated with flattening of the ridges and sinusoids (Figure
5.11). While we cannot be sure if this mode is activated during impact, it does agree with previous

observations in the telson of local bending or flattening of the ridges under impact.

86



SMOOTH RIDGED BEAM SINUSOIDAL

L] M
()] ———/’_\
L W
o
=

550 Hz 469 Hz 492 H
@ ! i ¥
o \/\ m N\\‘ IJ‘ .
. AT
=
o | 1147 Hz 981 Hz | 1025 Hz
% /\/\ - ‘JA\ » ,J—f"v\'\rﬂ J_ﬁ"’v\-«‘
> R g Nanf” S ad
< 1959 Hz 1615 Hz 1744 Hz
v
B RN || R N || P BT
= W/ s (S | (W o
e 2984 Hz 2293 Hz 2457 Hz
cu 77\ 7N\ 7\ e
© s N —~ AANAAAAAAN A A
© | 4221Hz 2530 Hz 2657 Hz
o 7\ N\ N\ o) N\ S - s
e V' { = ~ o g 2 ©
g \VAVAVEIENYA WA W Wl W2y

Figure 5.11: Frequency modal analysis for smooth, ridged and sinusoidal geometries shows the
presence of a new mode (mode 5) in sinusoidal and ridged geometries that is consistent with
flattening of the ridges.

Finally, an impact analysis was performed for the three models against a circular impactor.
We quantified the principal stresses and their directions during stress wave propagation and found
that both the ridged and the sinusoidal geometries showed principal stresses in transverse
directions not in line with the direction of wave propagation indicating the presence of shear waves
(Figure 5.12). For the smooth model, all principal stress directions were in line with the direction
of wave propagation. The conversion of longitudinal waves to shear waves and subsequent
filtration of shear waves by ridged geometries has been previously demonstrated in the horns of
big horn sheep[76]. Ridges in the telson could also play a similar role in conversion of impact

waves to shear waves. Furthermore, previous work has shown that the bouligand microstructure
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of the dactyl club is able to filter shear waves[37], and while a similar microstructural analysis of

the telson is lacking, maybe, the telson microstructure also plays a role in filtering shear waves.
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Figure 5.12: Principal stress magnitude and directions for ridged, smooth and sinusoidal models
at three different time steps of the simulation.

5.4.3 Effect of Ridged shells with viscoelastic cores

Most of the previous work has focused on understanding the effect of ridges of the hard telson
shell on impact mitigation and energy dissipation. In this section, we also consider the viscoelastic
inner soft tissue in the models to identify if the presence of ridges affects wave propagation in the
soft tissue. Since the soft tissue in the telson has not been characterized, we use tissue mechanical
properties of brain which are expected to be similar from literature[75]. We performed simulations
for ridged and smooth telsons with viscoelastic inner tissue but could find no statistically
significant differences in the response. To isolate the effect of a single ridge from the geometric
variations in the telson, we modeled 2D box geometries consisting of hard outer shells and soft
viscoelastic inner cores. Two models were created, one which had a single ridge on the outer shell,
while the other was smooth. Box dimensions were kept in the range of the telson, and nodal stress
and strains were extracted for a set of nodes in the center. Figure 5.13 shows equivalent strain (a
strain conjugate to vonMises stress) for ridged vs smooth box geometries. Again, no significant
differences between the ridged and smooth models was discovered. One reason that could mask
any differences is because of continuous reflections of the stress waves off the boundaries of the

models after impact. We know that the stress wave speed is given by
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where E is the effective elastic modulus and p is the mass density. The hard outer shell has an
effective elastic modulus in the GPa range while the soft inner tissue has a modulus in the kPa
range. This results in a large orders of magnitude difference in wave speeds between the outer shell
and the inner core. Therefore, the stress wave propagates through the outer shell multiple times
before it propagates into the inner tissue causing multiple points of ingress into the tissue, affecting

the response and masking any effect of the single ridge.
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Figure 5.13: : Equivalent strain comparison between ridged and smooth box geometries. Inset:
The box geometries with red circle indicating set of nodes from where data was extracted.

To eliminate the effect of reflections off the boundary and evaluate the transient response,
a new set of 3D simulations were considered with different geometries. Geometries consisted of
solid cylinders with viscoelastic cores. Two geometries were constructed, the first consisted of
ridges running along its length, and the second was a smooth cylinder. Both the axial ends of the
cylinders were assigned non-reflective boundary conditions for the hard shell. Non-reflective
boundary conditions allow the stress wave to continue propagating out of the model, and therefore
prevent reflections from the boundary. In theory, this would give time for the stress wave to
propagate into the viscoelastic material without additional stress information from the boundaries
affecting the result. Models were then subject to a very small duration impact pulse at the center
in the transverse direction. A low magnitude impact pulse with very low impact duration was
chosen such that all stress information would enter the models before the stress waves encountered
boundaries. Observation of the stress contours during wave propagation seemed to indicate that
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the ridged variant displayed a damping of the vibrations when compared to the smooth with
vibration velocities decreasing at a larger rate than the smooth. We extracted the energy dissipated
by viscous forces and found that the ridged model displayed higher energy dissipation (Figure
5.14). In the previous section, we showed that ridged geometries convert longitudinal waves to
shear waves. Perhaps the presence of shear waves in the viscoelastic material for the ridged

cylinder accounts for the increased viscous dissipation.
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Figure 5.14: Viscous dissipation energy for the ridged vs smooth cylinder models.

5.5 Conclusions

The results reported here indicate some very interesting mechanical effects of ridges in the telson
geometries. Quasi-static simulations of the 3D telsons between smasher and spearer telsons
indicated that the presence of a medial ridge in the smasher telson provides out-of-plane stiffness
whereas the presence of lateral ridges suggests a role in providing compliance for energy
absorption. This highlights the subtle interplay between the stiffness provided by the medial carina
and compliance provided by the lateral ridge to give the smasher telson its stiffness under multiple
directions of loading. To understand mechanical response under dynamic loading conditions, we
focused on the smasher telson and a smoothened variant of the smasher. A parametric analysis of

2D telson geometries under different loading directions indicated that the mechanical response
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was dependent on the loading direction and angle of attack. Areas on the telson shell far from the
impact location displayed lower strains in the ridged telson as compared to the smooth variant
indicating an effect of the ridges in lowering strains. Investigation of mechanical response at the
impact location suggested that local bending of ridges at impact location act to arrest the
deformation and prevent global bending of the telson sidewall. Ridges act almost as wave traps
retarding stress wave propagation. Calculation of stress wave speeds and quantification of
principal stress and stress directions suggest an ability of ridged geometries to convert longitudinal
waves into shear waves. Conversion of longitudinal waves to shear waves by ridged geometries
has been shown before in big horn sheep[76] and shear wave filtering effects of microstructures in
the mantis shrimp have been shown before as well[37]. Vibrational analysis of ridged beams
indicated the presence of a new natural frequency mode consistent with bending of ridges and
further corroborates mechanical response at impact location. An analysis of ridged geometries with
an outer hard shell and inner viscoelastic core highlight the ability of ridged geometries to show
larger viscous damping and energy dissipation, likely due to the presence of shear waves in the
viscoelastic tissue. Overall, these results highlight advantages of ridges in energy dissipation,
stiffness control and impact mitigation. They provide useful design cues in manipulating stiffness
and energy dissipation in structures under multidirectional loading. Through the use of several
different computational techniques, this chapter identified structural adaptations, the ridges, that
play a role in impact resistance through local buckling, and stress wave retardation through the
conversion of longitudinal waves to shear waves. To extend the notion to bioinspired structures,
we use the findings from this chapter to describe novel geometries with tailorable stiffness and

energy dissipation for applications in engineering structures in the next chapter.
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6. MECHANICS OF RIDGED SHELL METASTRUCTURES FOR
TAILORABLE STIFFNESS AND ENERGY DISSIPATION

Parts of chapter 6 will be included in the publication — A. A. Trikanad, P. Zavattieri, “Mechanics
of ridged shell metastructures for tailorable stiffness and energy dissipation”, Status: In preparation

6.1 Introduction

Chapter 5 described ridged geometries in mantis shrimp telson which display variable stiffness
and energy dissipation through geometric variations in the ridges rather than material composition.
Here, we attempt to extend the concept to engineering structures by designing bio-inspired
geometries with enhanced stiffness and energy dissipation as well as building a mechanistic
explanation for the deformation behavior such that mechanical response can be tailored to specific
applications. For the initial design, we focused on the side wall of the smashing type mantis shrimp
telson. One side wall of the telson cross section was extruded out of plane to create a 3D shell
structure. The telson side wall has an associated curvature as well as a set of ridges curved in the
opposite direction. To simplify the bio-inspired structure, we focused on a single ridge running
through the center. The resulting model consisted of a thin shell geometry with transverse
curvature, with a single ridge with the opposite curvature running through the center (Figure 6.1).

Previous research has shown that thin elastic shells can display intriguing mechanical
instabilities. Due to their slender cross sections, small geometric variations can result in large
macroscopic mechanical responses due to buckling[77]. Shell based structures have been
previously used as unit cells in architectured materials to display unique and non-intuitive elastic
responses such as negative poisson’s ratio[ 78], [79], and negative stiffness[80]-[83] through clever
geometrical manipulations to harness elastic instabilities under bending. Materials displaying such
non-conventional properties are known as elastic metamaterials and are a hot topic of research and
development with their ability to manipulate mechanical response through structural
manipulation[22], [84]-[86]. In chapter 2, we discussed the difference between stretching and
bending dominated structures in cellular lattices. Shell based structures are generally utilized as
bending dominated structures to harness elastic instabilities caused by the thin cross sectional

geometries and internal curvatures.
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Shell based structures can produce snap-through elastic instabilities with the ability to snap
from one energetically stable state to another. Snap-through instabilities are characterized by a
reduction in the equilibrium force and a reversal of displacement through bending or buckling in
the shell. Snap-through behavior generally shows hysteretic behavior between the loading and
unloading paths and consequently, displays energy dissipation characteristics. Importantly, this
elastic behavior is repeatable because the material stays in the elastic regime. In order to attain this
behavior, researchers have resorted to inducing prestress during the manufacturing process in
composite shell structures to create elastic instabilities that can trigger snap-through mechanisms.
Riley et al[87] developed composite shells inspired by the leaves of the venus fly trap designed
with magnetically reinforced composites which introduced pre-stress to induce snapping behavior.
Other researchers have used thermal prestresses in the manufacturing process of composite shells
to induce similar snapthroughs[88], [89].

In this regard, natural systems provide an advantage in such a design space because they
evolve structural adaptations to make up for a lack of material composition. Lessons learned from
nature can help to design such shells with snap through instabilities without the need of pre-stress.
Indeed, Holmes and Crosby[90] designed venus fly-trap inspired hemispherical elastomeric shells
capable of two stable configurations for applications towards optical lens. Similar domed
structures have been used by other researchers to design metamaterial sheets with controllable
shape morphing for actuation in soft robotics[84][91].

The shell design in this work is extruded from one side wall of the telson (Figure 6.1). It
can be described as a straight tin-walled elastic strip with a curved cross-section, with a ridge of
opposite curvature running through it in the longitudinal axis. Without the central ridge, these
structures resemble a ligament from a carpenter’s tape (or a tape spring). Tape spring ligaments
have been studied before and display snhap through behavior and associated energy dissipation
characteristics when bent in the direction opposite to the direction of transverse curvature[92].
Recently, Hector et al[81] developed hexachiral cellular materials using tape spring ligaments as
the unit cells and displayed reversible enhanced energy dissipation when the constituent tape
springs were bent in the opposite sense (Bending in direction opposite to transverse curvature of
the tape). Runkel et al[82], [83] connected two oppositely oriented tape springs to develop chiral
lattice topologies for applications towards structural damping control, vibrational control and noise

mitigation. In this work, we aim to extend the concept of the tape spring ligament, by introducing
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a ridge of opposite curvature running through its center and analyze its mechanical behavior as

compared to the conventional tape spring ligament.

Figure 6.1: 3D ridged shell structure designed from telson side wall and extruded in the z-
direction. Also shown are the different geometrical parameters that are used in this study.

6.2 Methods

6.2.1 Finite Element Modeling

CAD models of ridged 3D shell geometries were designed in the Abaqus pre-processor for
analysis. 3D shell geometries without a ridge (similar to a tape spring ligament) were also
constructed to act as control geometries. Linear elastic material definitions with Young’s modulus
of 1 GPa. Since this analysis focuses on structural effects and all results are normalized by a similar
tape spring geometry, absolute material characterization was not required. Simulations were
performed in Abaqus/Standard. Tape springs were coupled to reference points at each end, and a
point in the middle was fixed to prevent rigid body motion. Rotational displacement was applied
to the reference points at the boundaries and reaction moments were extracted from the boundaries.
Rotations were applied to simulate same sense (rotation in the direction of transverse
macrocurvature of ridged shell) as well as opposite sense (rotation in direction opposite to the
transverse macrocurvature of the ridged shell). To perform parametric analysis with varying
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geometrical parameters, custom python scripts were written capable of automated sequential

simulations with systematic variation in individual geometric parameters.

6.2.2 Experimental

To validate finite element simulations for stiffness characterization, four point bending
experiments were performed on three samples with differing ridge sizes. Experiments were
performed on an MTS universal testing machine at a loading rate of 1 mm/min to minimize
dynamic effects. Samples were additively manufactured using a Formlabs Form 2 SLA style 3D
printer using custom Formlabs material (Grey Pro - Young’s modulus of 2.6 GPa post-cured as

per material datasheet).

6.3 Results and Discussion

6.3.1 Response under pure bending

To determine the effect of ridges in the mechanical response of these shells, a parametric analysis
was performed where the radius of the ridge was changed from zero, indicating no ridge (same as
reference structure) to the arc length of the shell, indicating a ridge that occupies the entire
transverse cross-section of the shell. Rotational displacement was applied to the models so as to
simulate pure bending and reaction moments were extracted from the ends (Figure 6.2). Ridged
geometries showed snapping behavior (characterized by a straight vertical drop in the reaction
moment) in both directions of bending as opposed to conventional tape spring ligaments which
show snapping behavior in only the opposite sense of loading. Snapping behavior yields energy
dissipation characterized by hysteresis in the loading-unloading cycle. One characteristic moment-
rotation plot is shown in figure 6.2 (inset in blue).

Opposite Sense Bending

While both directions of loading yielded snapping behavior, there were differences in the
responses. For opposite sense, when radius of ridge was zero, it displayed snapping behavior. This
is expected since it behaves exactly like a tape spring ligament bending in the opposite sense. This

was followed by a range of ridge radii for which opposite sense bending yielded no noticeable
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energy dissipation or snapping behavior. A secondary range then emerged, where there was non-
zero energy dissipation in the opposite sense. Finally, as the ridge radius got closer to the arc length
of the parent structure, there was a range that again displayed conventional buckling with no
snapping or hysteretic behavior.

Same Sense Bending

When bending in the same sense, as expected, no energy dissipation was seen at ridge
radius of zero, similar to a conventional tape spring. An initial range of ridge radii displayed
conventional buckling behavior, followed by a range of ridge radii that displayed shap-through
instabilities and energy dissipation characteristics. Interestingly, as the ridge radius was further
increased, reaction moments after snapping displayed negative values. This suggests the presence
of a secondary deformation state where reaction moment is zero, indicating an ability of the
structure to maintain a stable secondary configuration and display bistable behavior. This could
have useful applications in shape morphing structures with the ability to showcase two stable states

on command.

96



Moment

- Rotation

fixed

Same Sense]

0 0.2 0.4 0.6 0 0.2 0.4 0.6
Rotational Displacement (#) Rotational Displacement (6)

Figure 6.2: Moment vs Rotation plots in opposite sense and same sense bending for varying
ridge radii fromr =0tor =s. Inset in blue is a characteristic hysteresis loop for one of the ridged
geometries

6.3.2 Dimensionless Analysis

To investigate the role of structural parameters on the mechanical response with a focus on the
ridged geometry, we performed a dimensionless analysis with the Buckingham Pi theorem to
determine the different pi groups that control the deformation behavior. Input parameters consisted
of five independent geometric parameters; L is the length of the tape, r is the radius of the central
ridge, t is the thickness of the tape, s is the transverse arc length of the parent structure and R is
the macrocurvature of the transverse cross-section. Two material parameters were also considered
with E as the elastic modulus and a,, as the yield strength. Output parameters of interest included
the bending stiffness, peak moment and the dissipated energy. With eight physical variables and
two base units (force and length), six linearly independent dimensionless groups were determined.

They are as follows:

KL P E,
m; (output) = SE

)

PCOTltT'Ol Ed control
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where K is the bending stiffness, E is the elastic modulus, and I is the moment of inertia. P is the
peak moment and E is the dissipated energy defined by the area occupied by the hysteresis loop
in the loading-unloading curve of the moment rotation plots. Each parameter is normalized by its
corresponding value for the control or reference sample which is the shell with no ridge
(conventional tape spring ligament). Since the control sample does not dissipate energy under same
sense bending, the energy dissipated as well as the peak moment under opposite sense bending
was used as a normalization parameter for the dimensionless groups concerned with energy
dissipation and peak moments. 7r; in essence, denotes the output dimensionless group.

Input dimensionless groups were then identified as

Ty, = —
S

1, is a consideration of the longitudinal aspect ratio. The importance of this parameter stems from
the effect of proximity to the boundary where rotation is applied. It is important that this parameter
remain large enough that deformation response is not influenced by boundary effects.

2r

T3 =
S

15 determines the proportion of the transverse cross-section that is occupied by the central ridge.

74 IS the input dimensionless parameter that is of most interest in this study.

t
Ty = —
S

m, IS a structural parameter that denotes effective thickness. Since the intriguing mechanical
instabilities displayed by shells in general require thin and slender cross-sections, it is important

that this parameter stay small so as not to affect the overall response.

T[SZE

ms In essence denotes the effect of transverse macrocurvature of the parent shell. It essentially
defines the angle of curvature used for these shells. Snap-through instabilities do not occur if these
shells display no transverse curvature, and changing this parameter may have effects on the overall

response.
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T, IS a dimensionless group that controls the effect of material properties on the mechanical
response. This group determines if the effect of the structural properties can allow the shells to

stay in the elastic regime without undergoing plastic strain.

Stiffness Response

Using the dimensionless parameters defined in the previous section, we quantified the effect on
the normalized pre-buckling stiffness with variation in 5 (proportion of arc occupied by ridge) as
shown in figure 6.3A. Stiffness response was similar for same sense and opposite sense bending.
Interestingly, ridged shells showed an initial compliant behavior with a decrease in stiffness as
compared to a shell without a ridge for smaller ridge sizes, followed by an inflection point after
which there was a constant increase in stiffness with increasing ridge size. This indicates that there
is a ridge size for which the stiffness of a shell without a ridge is the same as the stiffness of the
shell with a ridge (at w3 = 0.43). This theoretically allows designers to consider applications
where one is interested in maintaining stiffness while varying other mechanical properties. Further
increases in ridge size allows for large gains in stiffness with up to 4 times higher stiffness than a
shell without a ridge.

On closer investigation of the deformation behavior around the minima (3 = 0.275), we
found that the inflection point is consistent with a change in the deformation mechanism (Figure
6.3B). For models where m; < 0.275, material points at the junctions where in the inner ridge
meets the outer shell move towards the center after load application. In models where 3 > 0.275,
material points move away from the center towards the edges. To further probe this change in
deformation behavior, we extracted principal stress directions after loading for two models, one
on each side of m3 = 0.275 (Figure 6.3C). Evaluation of the principal stress directions indicate the
presence of competing mechanisms in the model. When load is applied, due to the transverse
curvature of the macroshell, compressive stresses (red arrows) are generated at the outer edges of
the macroshell. This induces tensile forces at the junction between the ridge and the outer shell
because the structure is attempting to flatten the edges (blue arrows). When ridge sizes are small,
the effect is dominated by the tensile forces on the outer shell and causes the material points in the
junction to move inwards towards the center. However, when the central ridge is big (>0.275), the
inner ridge acts in a similar fashion to the outer shell, but with an opposite curvature. Therefore, it

induces tensile stresses at the junction which dominate the deformation characteristics and force
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the material points at the junction to move outwards. This intriguing interplay between the
competing mechanisms of the outer curved shell and the oppositely curved inner ridge help to

produce elastic instabilities that provide non-intuitive mechanical behavior on the macroscale.
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Figure 6.3: (A) Stiffness response for varying ridge size for same and opposite sense bending.
(B) Schematic describing movement of material points for models with 75 lower or higher than
0.275. (C) Principal stress directions for models at r5 lower or higher than 0.275 where red
indicates compressive stress and blue indicates tensile stress.
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Experimental Verification of Stiffness Response

In the previous section, we showed with FE simulations that shells with smaller ridge sizes
demonstrate lower stiffness than a shell with no ridge (tape spring ligament) while shells with
larger ridge sizes demonstrate higher stiffness than a shell with no ridge. To corroborate these
findings, we performed four-point bending tests on three specimens. A control specimen consisting
of a shell with no ridge, a specimen with 3 < 0.43 and a shell with =3 > 0.43. Evaluation of
load-displacement data showed an excellent match with simulations and confirmed the findings
showing that the presence of a change in mechanism allowing ridged shells to show both

compliance as well as increased stiffness depending on the size of the central ridge (Figure 6.4).
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Figure 6.4: Experimental verification of stiffness response. (A) Load-displacement data from
experiments converted into moment rotation data and shows good match with simulations. (B)
Stiffness calculated from the experimental data shows expected trend.

Evaluation of Peak Moment and Energy Dissipation

The effect of varying ridge size (m3) on the peak moment and energy dissipation were then
quantified through a parametric analysis. Peak moment is the highest moment recorded in the
moment-rotation curve while energy dissipation is calculated as the area enclosed by the loading-
unloading curve. Since it is known that the reference geometry (shell with no ridge) does not show
snapping behavior with same sense bending, the energy dissipation recorded for opposite sense

bending of the reference geometry was used as a normalization parameter. Because it shows energy
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dissipation in opposite sense bending, it consequently also shows a larger peak moment when bent
in the opposite sense. Therefore, peak moment during opposite sense bending of the reference
geometry was used as a normalization parameter for the ridged geometries. Normalized peak
moment and normalized energy dissipation for both same sense and opposite sense bending for
varying ridge sizes was then quantified and is shown in figure 6.5A and 6.5B respectively. With
opposite sense bending, we see an increase in peak moment with increasing ridge size going up to
almost 5 times larger than a shell with no ridge, after which there is a significant reduction in peak
moment for large ridge sizes. When bending in the same sense, we see a constant, almost linear
increase in peak moment followed by a stabilization at a high peak moment of almost 6 times that
of a shell with no ridge. Conventional tape springs (shells with no ridge) show energy dissipation
only when bent in the opposite sense (see figure 6.5B inset). However, ridged shells are able to
display energy dissipation when bent in both same and opposite sense bending. With opposite
sense bending, we see very large energy dissipation (up to 40 times that of a shell with no ridge)
for w5 values between 0.35 and 0.6. For same sense bending, remarkably, we see orders of
magnitude increased energy dissipation in a large range from 3 = 0.2 all the way to 73 = 0.9.
When 75 lies between 0.6 and 0.8, we see energy dissipation values that are almost 200 times that
of a shell with no ridge. However, given the concurrently high peak moments, it is highly unlikely
that ridged tapes in these 5 ranges will practically showcase this energy dissipation. It is almost
certain that these tapes will undergo yielding and plastic strain rather than stay within the elastic
limit. Nevertheless, it shows an intriguing design space for high yield materials that may be
developed in the future, that can access these configurations. The more interesting range which is
practically achievable with manageable stresses lies between 0.15 and 0.4. In this range, peak
moments go at the highest point, to double that of the conventional tape spring ligament geometry,
but these ridged geometries show very large energy dissipation in the same sense (~50 times
higher) and about 4 times larger energy dissipation in the opposite sense. Moreover, this is also
the range that showcases variable stiffness, with the ability to both increase or decrease stiffness

or even, to maintain stiffness with that of the reference conventional geometry.
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Figure 6.5: (A) Varying ridge size (m3) vs normalized peak moment for same and opposite sense
bending. (B) varying ridge size (rr3) vs normalized energy dissipation for same and opposite
sense bending. Inset: Highlights normalized energy dissipation for reference geometries (53 = 0)

6.4 Conclusions

In the previous chapter, we investigated the effect of ridged geometries in the mantis shrimp telson
on stiffness control, impact mitigation, and energy dissipation. In this chapter, we extend the
concept of ridged geometries by exploring the mechanics of ridges in 3D shell structures. We used
dimensionless analysis to determine the control groups governing the deformation behavior for
such structures and ran parametric analysis for different geometric parameters with a focus on
variation of ridge size and its effect on bending stiffness, peak moments and energy dissipation.
Our main findings are:

e Evaluation of moment rotation data revealed that ridged shells show the presence of snap-
through instabilities and hysteresis in their loading-unloading cycles leading to the ability
to dissipate energy. For specific ridge sizes, same sense loading indicated negative reaction
moments indicating the presence of a secondary stable configuration revealing bistability.

e Evaluation of normalized stiffness indicated a change in deformation behavior governed
by an interplay between competing mechanisms in the inner ridge and the outer macroshell
yielding intriguing elastic instabilities with the ridge size determining the dominant

mechanism.
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e Normalized stiffness curves also indicated a non-zero ridge size which has the same
stiffness as a shell with no ridge indicating the potential for significant variation in other
mechanical properties while controlling or maintaining stiffness.

e Normalized peak moment and energy dissipation curves showcased a design space,
theoretically capable of extremely large orders of magnitude increased energy dissipation,
which may be achievable in the future with high yield materials.

e For a design space situated between 3 = 0.15 and 3 = 0.4, ridged shell structures are
capable of enhanced energy dissipation in both same sense and opposite sense bending,
within achievable peak moments while maintaining stiffness.

Overall, these results point to a rich design space for these shells to harness elastic instabilities

to produce snapping behavior for enhanced energy dissipation within controlled stiffness

bounds. While there is a significant portion of the design space that must still be explored
including variations in the other pi groups, as well as experimental realization of the energy
dissipation characteristics, these results still provide a good first step for designers in
applications such as architected metamaterials for energy dissipation, for morphing structures,
in robotic actuation, and for dynamic control such as structural damping, vibrational control

and shock absorption applications.
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7. SUMMARY AND CONCLUSIONS

Biological organisms have optimized their structures over millions of years of evolution to
withstand forces in their natural environment. To compensate for a lack of diversity in their
building blocks, they have adapted their structures to withstand mechanical forces. Understanding
the mechanisms at play can provide a rich design space for new engineering or synthetic structures
that must face similar mechanical loads. The main goals of this study were to first use mechanics
as a tool to investigate structural adaptations in biological organisms that allow them to withstand
dynamic loads and display remarkable energy dissipation, fatigue resilience and vibrational control
characteristics. Then, we endeavored to build a mechanical framework that can define and replicate
these characteristics and attempted to extrapolate our findings to bio-inspired structures with the
hope that this study provides a good first step towards better, smarter and more efficient solutions
for researchers looking to design structures or materials for enhanced energy dissipation, stiffness
control, fatigue resilience and acoustic sensitivity.

In our first study, we investigated cancellous bone, with its ability to withstand multiple
cycles of loading through a person’s lifetime. Using a combination of experimental testing and
finite element simulations, we identified key structural parameters, the transverse rods, which
acted as sacrificial elements during high cycle fatigue testing, accruing damage and plastic strain
and consequently preventing damage of the load carrying members. On increasing the diameter of
transverse rods, we found that it led to orders of magnitude increase in fatigue life. We extended
the idea to synthetic lattice structures by designing bone-like architecture materials and found that
increases in proportion of material oriented transverse to the loading direction led to significant
increase in fatigue life. We determined through a stress triaxiality study that this effect is present
in both stretching dominated as well as bending dominated structures. We found that the ratio of
plastic dissipation study to work done during the cyclic loading process was directly related to the
fatigue life of these structures. A statistical analysis of the data revealed empirical modifications
to stress vs life curves that would yield better predictions of fatigue life for synthetic lattice
structures and architectured materials.

From our fatigue study, we then moved to a study on vibrations. In chapter 3, we
investigated the ability of mosquitos to use their antenna for audition in different contexts. We

analyzed structural and morphological variations in two sexes of two species of mosquitos that use
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audition for different purposes. Aedes aegypti mosquitos can follow conspecifics in swarms of
thousands of individuals by following their wingbeats, despite a constant noise source; their own
wingbeats in close proximity to their antennae. Uranotaenia lowii mosquitos can hear and track
frog calls with a similar noise source; their wingbeats, in close proximity to their heads. We
investigated the effect of structural features in the antennae including their hair and intersegmental
variation on the steady state vibrational response to pure tone stimuli and quantified their effect on
sensitivity and tuning. We evaluated their ability to track their acoustic targets despite their own
noisy wingbeats and found that mosquitos can use a combination of natural frequency modes and
their own wingbeats to amplify their acoustic targets. Then we used lumped parameter models and
showed that neurophysiologically, mosquitos utilize a non-linear relationship between
displacement at the base of the antenna and current generated in their Johnston’s organs to harness
distortion products produced by the proximity of the peaks in the antennal response of their
wingbeats and the acoustic target to amplify the target tone at a lower frequency. Overall, we
described mechanical and neurophysiological mechanisms in antennae that allow them to amplify
acoustic targets by harnessing the competing signal or the noise source. These results can have
significant value in the design of noise-resistant mechanical sensors or acoustic microphones.

In chapter 4, we moved from steady state vibrational analysis to a combination of steady
state vibration and stress wave propagation. We investigated the ability of woodpeckers to
withstand repeated blows to the head without sustaining brain damage through a mechanical and
functional evaluation of their skull bones. We used a combination of micro-CT scanned data and
engineering software to design structurally accurate CAD models of the woodpecker head and run
finite element simulations. We used a novel technique — the ricker pulse, to better understand the
vibrational response in the woodpecker head. We found that the area around the brain vibrates at
a different dominant frequency compared to the rest of the woodpecker head, showcasing
vibrational isolation. Analysis of stress wave propagation showed that the stress wave bypasses
the area of the head near the brain, and instead goes into the neck and body of the woodpecker via
the jugal bone. We also validated these results with experiments with 3D printed woodpecker
heads.

In chapter 5, we focused on impact resistance and energy dissipation displayed by the
telsons of smashing type mantis shrimp during ritualized fighting with conspecifics. We compared

the telsons of the smashing type mantis shrimp against a less aggressive shrimp, the spearer. We
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identified ridged geometries on the telson of the smasher mantis shrimp that provided a
combination of stiffness and compliance; the response dependent on the direction of loading.
Dynamic analysis showed us that ridges at the impact location undergo local buckling to prevent
global bending of the side wall and arrest the deformation at the next unimpacted ridge. Ridges
may act as wave traps retarding the propagation of the stress wave. We found that stress waves
moved slower in the ridged geometry vs the smooth geometries and found evidence that ridges
convert input longitudinal waves into shear waves. On analysis of ridged geometries with a
viscoelastic core, we found that ridged geometries displayed greater viscous damping of the stress
wave as well as larger energy dissipation. Overall, these results provided useful design cues for
the manipulation of geometry to control stiffness and energy dissipation.

In chapter 6, we extrapolated ridged geometries on the mantis shrimp telson into 3D shell
structures. We performed dimensionless analysis of these structures to determine the governing
structural parameters. We found that these structures display snap-through instabilities under
bending loads in both directions of loading; same sense and opposite sense. We evaluated the effect
of ridge size on stiffness and found that ridged geometries show an initial compliance for smaller
ridges followed by a stiffening effect for larger ridge sizes. We investigated the deformation
behavior and found competing mechanisms between the inner ridge and the outer macroshell that
caused elastic instabilities. Our investigation into normalized peak moment and normalized energy
dissipation revealed a design space that showed multiple orders of magnitude increases in energy
dissipation, but is practically unattainable due to the large peak moments. We also discovered a
design space which showcased enhanced energy dissipation (up to 50 times more than a
conventional tape spring ligament) with peak moments of 1.5 to 2 times that of the reference
configuration, and at the same time the ability to show both more compliant or higher stiffness
behavior. Further investigation into this design space can yield very useful structures for
applications in architecture materials, shape morphing structures or robotic actuators.

In closing, this study investigated a number of different organisms that display intriguing
mechanical properties through manipulation of their structure rather than material composition.
Within a common thread of bioinspired structures and dynamic loading, it uncovered structural
adaptations in these organisms and built mechanical frameworks in place through the use of
computational techniques and novel methodologies. Overall, it provided several design strategies

for varied mechanical behavior including enhanced energy dissipation, fatigue resilience, acoustic
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sensitivity, impact resistance, and vibrational control. With recent innovations in 3D printing,
structures elucidated in this study are not limited to manufacturing challenges and these design
strategies can be implemented to produce smarter and more efficient solutions inspired by nature

in the design of engineering structures and materials.
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