Title page
The Biomechanics of Tracheal Compression in the Darkling Beetle,
Zophobas morio
Khaled Adjerid

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State University in
partial fulfillment of the requirements for the degree of
Doctor of Philosophy
In
Engineering Mechanics

John J. Socha, Chair
Raffaella De Vita
Rafael V. Davalos
Douglas P. Holmes
Douglas G. Pfeiffer
August 20th, 2019
Blacksburg, Virginia

Keywords: Tracheal collapse, insect biomechanics, fluid-structure interaction, material
characterization

Copyright 2019, Khaled Adjerid

The Biomechanics of Tracheal Compression in the Darkling Beetle,
Zophobas morio
Academic Abstract
Khaled Adjerid
ABSTRACT:
In this dissertation, we examine mechanics of rhythmic tracheal compression (RTC) in the
darkling beetle, Zophobas morio. In Chapter 2, we studied the relationship between hemolymph
pressure and tracheal collapse to test the hypothesis that pressure is a driving mechanism for
RTC. We found that tracheae collapse as pressure increases, but other physiological factors in
the body may be affecting tracheal compression in live beetles. Additionally, as the tracheae
compress, they do so in varying spatial patterns across the insect body. In chapter 3, we
examined spatial variations in the taenidial spacing, stiffness, and tracheal thickness along the
length of the tracheae. We related variations in Young’s modulus and taenidial spacing with
measurements of collapse dimples and found that spatial patterns of Young’s modulus correlate
with dimensions of collapse dimples. This correlation suggests an intuitive link between tracheal
stiffness variations and the unique patterns observed in compressing tracheae. Lastly, in chapter
4, we studied the non-uniform collapse patterns in 3-D. By manually pressurizing the hemocoel
and imaging using synchrotron microcomputed tomography (SR-µCT), we reconstructed the
tracheal system in its compressed state. While previous studies used 2-D x-ray images to
examine collapse morphology, ours is the first to quantify collapse patterns in 3-D and compare
with previous 2-D quantification methods. Our method is also the first to make a direct measure
of tracheal volume as the tracheal system compresses, similar to the phenomenon that occurs
during rhythmic tracheal compression.
This work was supported by National Science Foundation under grants #0938047, #1301037,
and #1558052 (PI: Jake Socha), and #0966125 (PI: Mark Stremler).
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General Audience Abstract
The Biomechanics of Tracheal Compression in the Darkling Beetle,
Zophobas morio
Khaled Adjerid
General audience ABSTRACT:
Insects have long been a source of curiosity and inspiration for scientists and engineers. The
insect respiratory system stands as an example of a seemingly complex oxygen delivery system
that operates with relative simplicity. As opposed to mammals and other vertebrates, the insect
respiratory system does not deliver oxygen using blood. Instead, insects possess a massive
network of hollow tracheal tubes that are distributed throughout the body. Air enters spiracular
valves along the length of the insect body, travels through the tracheal tube network, and is
delivered directly to the tissues. In some insects, the tracheae compress and expand, driving flow
of respiratory gasses. However, unlike vertebrate lungs, there are no muscles directly associated
with the tracheal system that would drive this tracheal compression, and exactly how this
behavior occurs is not fully understood. In this dissertation, we examined pulsatory increases in
blood pressure as a possible mechanism that underlies these tracheal compressions in the
darkling beetle, Zophobas morio. Additionally, as the tracheae compress, they do so with varying
spatial patterns across the insect body. Because tracheae are complex and non-uniform
composite tubes, we examined spatial variations in the microstructure, stiffness, and tracheal
thickness along the length of the trachea. Lastly, we visualized the variable collapse patterns in
three dimensions using synchrotron micro-computed tomography combined with manual
pressurization of the hemocoel. While previous studies used two-dimensional x-ray images to
quantify tracheal collapse patterns, this work represents the first three-dimensional study.
Understanding tracheal collapse mechanics, material properties, and their relationships with the
circulatory system can help to gain an understanding of how insects create complex fluid flows
within the body using relatively simple mechanisms.
This work was supported by National Science Foundation under grants #0938047, #1301037,
and #1558052 (PI: Jake Socha), and #0966125 (PI: Mark Stremler).
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1. Introduction
Chapter 1
Introduction
Insect respiration and circulation vary drastically from that of humans and other
vertebrates. Rather than using oxygenated blood, the insect respiratory system is largely
decoupled from the circulatory system. The respiratory system in insects consists of a vast
network of hollow tracheal tubes that deliver oxygen directly to the tissues. Gas exchange within
the tracheal network is driven predominately by passive diffusion but can be augmented by way
of active compression and reinflation of tracheal tubes in some insects. This collapse behavior,
called rhythmic tracheal compression (RTC), can occur up to 10-20 times a minute in some
cases, and can drive respiration. As RTC occurs, some parts of the tracheal system remain open
as static conduits for air flow to occur while other large collapsing tracheae act as bellows to
force flows of respiratory gasses to and from the tissues. The insect circulatory system is open,
meaning it lacks enclosed vasculature. Insects possess a dorsal vessel serving as the primary
pulsatile organ driving flow of the insect analog to blood, termed hemolymph, throughout the
main open body cavity, termed the hemocoel. While insects make up the majority of animal
species and living organisms on earth and we have a basic understanding of insect respiration
and circulation, it is not fully understood how these systems in insects interact with each other
and what mechanisms drive gas exchange and circulation in insects.
This dissertation investigates the kinematics, morphology, material properties, and
geometry of insect tracheae to better understand the mechanism of rhythmic tracheal
compression and the relationship between the occurrence of tracheal compressions and rises in
hemolymph pressure. Characterization of the respiratory and circulatory systems are especially
important because these systems are traditionally described as being chemically and
physiologically separate, but past work suggests that they may be mechanically linked. In this
dissertation, we examined the relationship between rises in hemolymph pressure and tracheal
collapse. Previous studies have shown a correlation between tracheal collapse and hemolymph
pressure pulses as well as abdominal pumps. However, the extent to which hemolymph pressure
drives collapse has never been tested and the nature of the relationship between tracheal collapse
and pressure rises has not been quantified. Knowledge of how this mechanical linkage behaves
may help us to better understand how insects drive air flow through their tracheal systems.
This dissertation also provides measurements of the tracheal material and structural
properties and compares these measurements with tracheal collapse patterns. Variations in
tracheal material properties may contribute to observed collapse patterns that create variable
pathways in the tracheal system. As a system of tubes that lacks musculature, it is important to
understand how airflow may be directed to specific locations in the body using indirect and
passive mechanisms. We also computed tracheal volume using 3D reconstructions of tracheal
morphology in both the native and fully compressed states. Besides providing a novel look at
how tracheal collapse occurs in 3 dimensions; this work also provides a precise measurement of
how much of the tracheal system may be used for advective respiratory airflows and how much
deformation occurs when tracheae compress.
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REVIEWS
respiratory system of locusts, with a focus on the
most commonly observed behavior associated
with ventilation, abdominal pumping.

that serve the major regions and tissues of the
locust: the head, the thorax/flight muscle, the legs,
the ventral nerve cord, the digestive tract/renal
system, and the dorsal heart (FIGURE 1).
Within the abdomen, longitudinal tracheal trunks
connect the abdominal segments. Pairs of longitudinal trunks run along the dorsal heart and the
ventral nerve cord, whereas others run dorsally,
laterally, and ventrally along the gut or connect the
abdominal spiracles. Regular transverse tracheae
connect the spiracles of each segment to these
longitudinal tracheae. The dorsal and lateral gut
longitudinal tracheae connect anteriorly to spiracle
3 , whereas the ventral gut longitudinal tracheae
connect to spiracle 4 . Finer tracheae branch from
both the main transverse tracheae and the longitudinal tracheae into the tissues where gas exchange

Figure 1.1: Diagram of the tracheal system in the American locust, Schistocerca americana
adapted from Harrison et al. with permission (Harrison et al., 2013).
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Morphological studies of x-ray videos and images have revealed tracheal compression in
several species of insects and at various developmental stages including in the locust
Schistocerca americana (Harrison et al., 2013), the beetles Zophobas morio (Pendar et al., 2019),
Pterostichus stygicus (Westneat et al., 2008), and Platynus decentus, as well as the house cricket
Acheta domesticus and the carpenter ant Camponotus pennsylvanucus (Westneat et al., 2003).
Tracheal compression cycles coincide with both hemolymph pressure rises and abdominal
compressions (Wasserthal, 1996; Wasserthal, 1998; Wasserthal et al., 2006; Cox, 2011; Dalton,
2013; Pendar, 2014; Pendar et al., 2015; Pendar et al., 2019). This coincidence suggests a link
between hemolymph pressure, abdominal pumping, and tracheal collapse. However, these
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1.1.1. Our current understanding of tracheal
tube properties
The tracheal walls consist of two layers of tissue: the sclerotized inner intima formed by
invaginations of the outer ectoderm, and an outer layer interfacing with the hemolymph. The
outer layer that interfaces with the hemocoel consists of a basal lamina and a layer of epithelial
cells (Evans et al., 1985; Webster et al., 2015). The inner intima features spiral-shaped rings of
sclerotized chitinous protein structures around the perimeter called taenidia, running the length
of the tracheae (Packard, 1886; Whitten, 1972; Wigglesworth, 1954). SEM imaging analysis in
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the American cockroach, Periplaneta americana, showed that the taenidia are rings of fiber
bunches. The images also revealed that the rings are not simply perpendicularly wound but also
consist of longitudinal ‘cross-braces’ in between the taenidia with papillae distributed in the
spaces in between (Webster et al., 2015).
The largest tracheae appear to scale with insect size (Schmitz and Perry, 1999; Kaiser et
al., 2007; Socha and De Carlo, 2008), but little other geometric information exists pertaining to
the relationship between thickness, diameter, or other geometric parameters of insect tracheae.
Tracheal volume, tracheal wall thickness, and diameter from the leg tracheae of early
developmental stage walking stick Carasius morosus insects were used to calculate the tracheal
volume (Schmitz and Perry, 1999). Material properties of insect exoskeletons have been
characterized in several studies as well (Barbakadze, 2006; Gorb, 2012). However, information
on material properties of internal viscera, including tracheae, is limited to a few studies. These
studies identified the overall Young’s modulus using uniaxial tensile tests of the largest tracheae
of a single species of insect, the American cockroach Periplaneta americana (Webster et al.,
2011; Becker et al., 2014; Webster et al., 2015). The collapsing tracheae may also be resistant to
rupture as there are no reported cases of tracheae in any species showing signs of damage in the
many studies observing collapse.
1.1.2 Overview of insect circulation
The insect hemocoel has often been described as an open vessel through which
hemolymph is free to flow (Hertel and Pass, 2002; Harrison, 2009; Gillott, 2005; Wirkner et al.,
2013). In the hemocoel, the majority of the internal organs in the body, including most elements
of the reproductive, digestive, and respiratory systems, are suspended in hemolymph within the
perivisceral sinus (Richards, 1963). The insect heart is located in the pericardial sinus along the
dorsal surface, and is the contractile portion of the dorsal vessel, driving hemolymph flow at
relatively low pressures (~10-300 Pa) (Sláma, 2000; Sláma, 2008; Wirkner et al., 2013).
Additionally, insects pump their abdominal muscles and compress their abdomens as a possible
additional circulatory action; generating hemolymph pressure pulses an order of magnitude
higher relative to the heart and accessory pulsatile organs (Wasserthal et al., 2006; Wasserthal,
2012; Pendar et al., 2015; Pendar et al., 2019). Other accessory pulsatile organs are found
throughout the body as well, ensuring hemolymph flow to specific appendages such as the legs,
wings, or the antennae (Evans et al., 1985; Glenn et al., 2010; Estevez-Lao et al., 2013; Hillyer et
al., 2014; Hillyer et al., 2015).
1.2. Dissertation Summary
In this dissertation, I use an interdisciplinary approach to study tracheal tube collapse
mechanics in darkling beetles Z. morio (class insecta, order coleoptera, family Tenebrionidae).
This work uses a combination of synchrotron X-ray video, histology, SEM microscopy, atomic
force microscopy, x-ray synchrotron µCT imaging, and in-situ pressure measurements. We used
measurements made on live and sacrificed animals to analyze changes in pressure and observe
tracheal response to these changes to answer questions about tracheal morphology, collapse
mechanics, and fluid-structure interactions.
I characterized variations in material and structural properties of insect tracheae in
Chapter 2 and compared these properties with the dimensions of tracheal collapse patterns. The
mechanism behind tracheal compression and what generates the unique collapse patterns is not
well understood. Knowledge of how the material properties and structure vary may be crucial to
understanding the kinematics of tracheal compression. While there is some information about the
3

overall material properties and structure of insect tracheae, local stiffness measurements have
never been made along the length of the tracheae. Measurements of the kinematics of tracheal
collapse have also been made in beetles, but the link between tracheal structure, material
properties, and collapse patterns has not been explored. In this chapter, I measured the Young’s
modulus, spacing in reinforcing taenidia, the ratio of thickness to diameter, and dimensions of
tracheal collapse patterns. Understanding how insects generate and possibly control airflow via
tracheal compression begins with understanding how unique and variable tracheal collapse
patterns are generated. With this more complete set of parameters from a single species, we can
begin to understand the relationship between the structure of the tracheae and what causes their
collapse patterns.
I explore the mechanism driving tracheal compression in Chapter 3. Although insect
respiration has been studied and there are possible explanations on what may be driving tracheal
collapse in active ventilation, the physical mechanism causing tube compression in the tracheal
system has yet to be identified. In this chapter I ask the question, do insect tracheae collapse by
means of increase in hemolymph pressure? I answer this question using a combination of in situ
pressure measurements and synchrotron x-ray imaging in live and sacrificed darkling beetles.
With synchronized pressures and x-ray images of collapse, I was able to determine the
relationship between pressure and tracheal collapse. I then modelled tracheal collapse using the
properties measured in Chapter 2 using an analytical model for thin pressure-buckling cylinders.
Using the predictions from the analytical mode, I compared the results with actual values
pressure values measured in live beetles. Insect tracheae lack musculature and even possess
reinforcing taenidia that help to maintain their cross-sections. While pressure rises have been
observed to be coordinated with abdominal compressions, this is the first study aimed at
understanding exactly how pressure affects compressing tracheae. Furthermore, the link between
different sized tubes and tracheal collapse pressure furthers our understanding of how insects
may create pathways in their tracheal system. This study builds upon previous work to help give
a more complete picture of how insects compress their tracheae and advective flows are
generated in their bodies.
I then studied the morphology of tracheal collapse in three dimensions in Chapter 4.
While previous measurements of the tracheal morphology have been made with 2-D x-ray
imaging, this method cannot give a completely accurate estimation of the tracheal volume. Insect
tracheal systems have been imaged using 3-D microcomputed tomography (µCT) scans of
sacrificed specimens, but this method does not capture dynamic phenomena or changes in
morphology. Other methods, such as gas respirometry and morphometric measurements estimate
the respiratory volume but are also indirect measurements and leave room for error in the
processing of respirometry signals or estimation calculations. In this dissertation, I took µCT
scans of sacrificed darkling beetles both at rest and with manually compressed abdomens. These
images were used to directly calculate the respiratory volume within the head and thorax, in
which the majority of the tracheal volume is located. Additionally, unlike previous studies which
have used 2-D x-ray imaging to study the kinematics of tracheal collapse, this is the first study in
which we were able to make comparisons of morphometric measurements of collapsed tracheae.
This dissertation answers questions about the mechanisms behind tracheal collapse,
linkages between respiratory and circulatory systems, and gives novel insights into respiratory
volume and tracheal collapse morphology. Models of insect respiration have long used
assumptions about relationships between respiratory mechanisms within insects to make
estimations about how insects breathe (Terblanche and Woods, 2018). This work seeks to fill in
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some outstanding gaps and to contribute to the ever-growing body of knowledge of how insects
function.
Additionally, the insect body is unmatched by any engineered design. Parts of the insect
anatomy have been used as a source of bioinspiration for many applications including MAVs,
surgical materials, iridescent filters, sensors, and many other applications (Cox, 2002; Vigneron,
2006; Wood, 2008; Fernandez, 2012; Gorb, 2012). However, their circulatory and tracheal
systems have no engineering analog and have only recently been look to as a source of
bioinspiration despite being extremely effective at regulating flows. Understanding the fluid
structure interaction between tracheal tubes and hemolymph can provide a novel means for
valve-less pressure-based fluid control techniques, passive mechanisms for driving flows through
complex micro-networks, as well as new platforms for biomaterial development (Aboelkassem
and Staples, 2012; Aboelkassem and Staples, 2013). Developing simpler mechanisms for
creating fluid compartments, valving, and flow production in open vessels is an idea that has not
been explored very well but holds great promise. Additionally, biomaterial developers aspire to
design high-strength biocompatible materials that are resilient to wear and that can promote
bacterial or cellular growth (Gorb, 2012). The insect respiratory and circulatory systems can
generate complex flows using elegantly simple mechanisms. Thus, it is of utmost importance to
understand the mechanics of tracheal collapse, the material properties of the tracheae, and how
insects can generate flows within their complex network of tracheal tubes.

+
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2. Relationship of structure and material properties to tracheal collapse
in darkling beetles

Chapter 2
Relationship of structure and material properties to tracheal collapse in
darkling beetles

2.

6

2.1. Introduction
The insect tracheal system consists of a network of hollow tubes distributed throughout
the body. Rather than using oxygenated blood, air travels through these tracheal tubes directly to
the tissues where respiration occurs via diffusion (Harrison, 2009). Compression and expansion
of tracheae has been observed in insect species including ants, bees, butterflies, crickets, flies,
locusts, and beetles (Greenlee et al., 2005; Socha et al., 2007; Westneat et al., 2008; Socha et al.,
2008; Chapman et al., 2013; Harrison et al., 2013; Hochgraf et al., 2018; Pendar et al., 2019). In
this behavior, termed rhythmic tracheal compression (RTC), parts of the tracheal system
compress and re-inflate, driving advective flows and aiding in respiration (Socha et al., 2008).
Although respiration by diffusion has been noted and studied in insects for many years, the
mechanisms behind RTC that generate advective flows are far less understood.
The morphological patterns observed when tracheae are compressed vary both among
and within species, as well as within individuals in each study (Westneat et al., 2003; Greenlee et
al., 2005; Socha et al., 2007; Socha et al., 2008; Harrison et al., 2013; Waters et al., 2013;
Pendar, 2014; Pendar et al., 2015; Hochgraf et al., 2018; Pendar et al., 2019). Across species and
across developmental stages, the collapsing portions of the tracheal system exhibit different
patterns. In previous studies using two-dimensional synchrotron x-ray imaging, the patterns
ranged between apparent full compression to pock-mark like patterns with irregular deformations
and partially compressed ‘dimpled’ regions running along the length of the tracheae (Westneat et
al., 2003; Greenlee et al., 2005; Harrison et al., 2013; Pendar, 2014; Pendar et al., 2015). Within
a single specimen, locations and sizes of collapse patterns as well as the direction of the collapse
propagation have been noted to vary by location in the tracheal system (Waters et al., 2013;
Hochgraf et al., 2018). However, for the same trachea, collapse patterns appear to be consistent
across compression cycles (Westneat et al., 2003; Greenlee et al., 2005; Socha et al., 2007;
Socha et al., 2008; Harrison et al., 2013; Waters et al., 2013; Pendar, 2014; Pendar et al., 2015;
Hochgraf et al., 2018; Pendar et al., 2019). Because insect tracheae serve as conduits for airflow
throughout the body, the collapsing regions’ location, length, depth, and other pattern-specific
characteristics are mechanically relevant to airflow patterns within the body (Socha et al., 2008;
Aboelkassem and Staples, 2012; Aboelkassem and Staples, 2013). Although tracheal
compression has been observed in many insects and some characteristics of the collapse patterns
have been determined, the exact kinematics of the collapse, the nature of the flows generated,
and the underlying mechanisms that produce the variation in tracheal collapse patterns are not
fully understood.
One potential explanation for the variation in collapse patterns may be variations in
tracheal structure. Insect tracheae are non-uniform thin-walled cylinders, varying in
circumferential thickness, cross-sectional shape, orientation, and branching patterns (Locke,
1958; Locke, 1966; Miller, 1966a; Miller, 1966b). The tracheae are composed of multiple layers,
with the inner-most intima reinforced with ring-shaped wall thickenings called taenidia (Miller,
1966a; Miller, 1966b; Miller, 1962; Whitten, 1972). These thickenings, which consist of
chitinous fiber bundles embedded between the intima and a layer of endothelium, vary in
thickness, fiber packing density, and branching pattern (Webster et al., 2015). Variability in the
spatial layout of the taenidia may also influence the material properties of the tracheae due to
chitin’s relatively higher stiffness compared to the tracheae’s other constitutive materials. In
addition, material properties may also be influenced by fiber volume fraction, alignment of
fibers, or functional grading of the surrounding matrix material, suggesting that tracheae may
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exhibit heterogeneity of material properties at the micrometer scale (Vincent, 1981). However,
there have not been any local measurements made spatially around the tracheae of material
properties, including material stiffness, to test for heterogeneity.
One such measure of material stiffness can be Young’s modulus, which is defined as the
relationship between stress and strain of a material within its linear deformation region (Beer et
Al., 2002). In a series of studies on material properties of the largest thoracic tracheae in the
American cockroach, Young’s modulus was determined for entire sections of the primary
thoracic tracheae using radial tensile testing (Webster et al., 2011; Becker et al., 2014; Webster
et al., 2015). Those studies reported that the Young’s modulus was 1.66 ± 0.84 GPa (mean ±
S.D.) and that the ratio of taenidia around the circumference to the maximum number of
measured taenidia ranged from 0.7- 1.0 (Webster et al., 2015). While these values of Young’s
modulus and circumferential taenidial spacing begin to describe the structural and material
properties, these first measurements do not tell us how these properties may vary along the
length of the tracheae. The relationship between the structural and material patterns could be the
key to understanding what creates variation in collapse patterns.
In analytical models describing how collapse of cylinders like the tracheae in insects
occurs, Young’s modulus largely determines the transmural pressure at which tubes will
collapse. One such analytical model, originally developed to describe the buckling pressures of
submerged thin-walled pipes and casings, also factors in the tube’s Poisson’s ratio and diameterto-thickness ratio in addition to the Young’s modulus (Clinedinst, 1939). In this model, the ratio
of diameter-to-thickness is assumed to be constant along the length, greater than 25, and fluidic
pressure application is assumed to be uniform along the outer surface of the tube, with no stress
concentrations or tube imperfections. The model assumptions also include isotropy of tube
material properties, and that collapse occurs within the material’s elastic deformation range
(Timoshenko and Gere, 2009). Although this model may help to understand what may drive the
variation in collapse patterns, it requires specific information about geometric and material
properties, such as Young’s modulus, to give the best estimation of how tracheal collapse occurs.
Few measurements, each on different species of insects at various developmental stages, have
been made of these material properties or geometry on insect tracheae (Becker et al., 2014;
Schmitz and Perry, 1999; Webster et al., 2011; Webster et al., 2015). While these measurements
represent a starting point, to get a complete understanding of RTC and collapse patterns, we need
a complete set of measured values from a single species of insect. With these values from a
species of insect that exhibits RTC, we can model and compare the collapse mechanics and the
unique tracheal patterns that these insects generate, providing a basis for understanding RTC in
this and other species.
In this study, we examine the local material properties and structural characteristics of
tracheae in the darkling beetle, Zophobas morio to understand the relationship between material
properties, tube geometry, and variation in structural components and how they may affect
tracheal collapse patterns. Specifically, we used atomic force microscopy to determine how
localized Young’s moduli varied spatially along lengths of excised tracheae. We then determined
the variation in taenidial spacing along spans of tracheae by analyzing scanning electron
micrographs. We compared spatial measurements of taenidial spacing and Young’s modulus
with the dimensions of tracheal compressions measured from live synchrotron x-ray images. We
also made morphometric measurements of tracheal thickness-to-diameter ratios and determined
how thickness scales with diameter using histological sectioning.
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2.2. Methods
2.2.1. Specimen preparation
Adult darkling beetles (Z. morio; N = 26 animals, mass = 606.60 ± 82.75 g, mean ± SD)
were used in this study. To compare multiple properties across one specimen, some beetle
tracheae were examined with different techniques. Beetles were bred in a colony at Virginia
Tech from beetles originally purchased from a supplier (Carolina Biological, Burlington, NC),
representing 2-3 generations. Beetles were fed a diet of oat bran and water ad libitum and were
housed in a clear glass tank with a natural light:dark cycle. Fumes of ethyl acetate were used to
sacrifice insects prior to all experiments, except in live x-ray imaging.
2.2.2. AFM indentation
Young’s modulus was measured along the length of excised tracheae using a wet form of
atomic force microscopy (AFM, Bioscope II, Bruker Corp., Billerica, MA), paired with an
inverted confocal light microscope (Nikon, Minato, Tokyo, Japan). Sacrificed specimens were
dissected to excise sections of the largest dorsal mesothoracic tracheae (n = 14 tracheae, N= 14
beetles, length = 657.89 ± 191.10 µm, diameter = 483.89 ± 73.67 µm). Excised tracheae were
affixed to petri dishes with their anterior body direction noted. Tracheae were kept hydrated in
insect Ringer’s solution (075 g NaCl, 0.035 g KCl, 0.021 g CaCl2, 100 ml distilled water)
throughout the experiments to prevent desiccation (Lehman et al., 2009; Williams, 1946).
Using the tapping mode of the AFM, indentations were made along the length of the top
outer surface of each submerged trachea using a pyramid-shaped silicon nitride cantilever (DNP10, k = 0.06 N/m, 25 µm width). Because the tests were limited by the number of indentations
that a cantilever can make before being replaced, we conducted two sets of experiments. The
first set of experiments used a wide gap between measurements to maximize testing length (n = 7
tracheae, mean length = 806.90 ± 138 µm, spacing = 43 ± 11.32 µm). The second set of tests
used a narrower gap (n = 7 tracheae, mean length = 613.89 ± 149.28 µm, spacing = 13.08 ± 1.91
µm). The gap was made narrower to capture details on the order of taenidial width reported in
previous literature on American cockroach tracheae (Webster et al., 2015). At each location
along the tube, four replicate indentations were taken using a sampling rate of 1 Hz, approach
velocity of 25 µm s-1, indentation depth of 1.5 µm, and a sample indentation period of 25 µs.
Because the calculation assumes that the indentation depth is negligible in comparison to the
width of the specimen, the depth, force, and approach speed of the cantilever were kept low (<510% of specimen depth) and constant between tests to reduce variation (Neumann, 2008).
Indentations were conducted in the anterior to posterior direction.
Young’s modulus was computed by converting force-displacement curves into forceindentation curves and utilizing the linearized form of the Hertz-Sneddon model, adapted for a
four-sided pyramid tip (Binnig, 1986; Neumann, 2008). As the cantilever of known stiffness
carrying the pyramid-shaped indenter is pressed into the upper surface of the trachea with a
nano-Newton force, the tip deflection, 𝛿, is measured with a laser and subtracted from the
displacement of the cantilever to indicate the amount of indentation. Using the cantilever’s
known stiffness, the indentation force, F, can be calculated. The Hertzian model describes the
relationship between the indentation force, F, and indentation depth, 𝛿, as:
&
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(Eq. 2.1)

where 𝛼 is side face angle of the pyramidal indenter tip, and E and 𝜈 are the Young’s modulus
and Poisson’s ratio of the tracheae, respectively (Binnig et al., 1986; Carl and Schillers, 2008;
Nikkhah et al., 2010). The value used for Poisson’s ratio was 0.3, an assumption for hydrated
biomaterials (Vincent, 2012) also used in a previous study on insect tracheal material properties
(Webster et al., 2015). Then using Equation 2.1, the force-displacement curve is fit using
Young’s modulus, E, as the fitting parameter. The limits of the indentation curve, F and 𝛿, are
adjusted until there was a best fit with the Hertz-Sneddon model and a resultant E is computed
(Neumann, 2008). See Appendix A.S.2 for detailed explanation of the calculation. All curve
fitting was automated and computed with NanoScope analysis software (NanoScope 1.5, Bruker
Corp. Billerica, MA).
2.2.3. Environmental Scanning Electron Microscopy (ESEM)
Taenidial spacing was determined from images obtained using environmental scanning
electron microscopy (ESEM). ESEM was chosen over standard SEM because it enabled the
specimens to remain hydrated and did not require critical point drying or sputter coating, which
can alter the micro-structure of the specimens. Using freshly excised and hydrated tracheae made
it so that the specimens experienced minimal distortion from preparation. A total of nine tracheae
from eight beetles were imaged and analyzed. Of the nine tracheae, seven were the same
tracheae from the Young’s modulus measurements to enable a direct spatial comparison of
Young’s modulus with taenidial spacing (n = 7 tracheae AFM + SEM, n = 2 tracheae SEM only,
N = 8 animals, length = 499.83 ± 171.35 µm). Mounted tracheae were submerged in Ringer’s
solution and imaged using a Quanta 600 FEG (ThermoFisher Scientific, Waltham, MA) at
Virginia Tech. Images were taken at excitation voltages between 13.6 kV and 20 kV, working
distances between 9.6 and 16.3 mm, and magnifications ranging from 40x to 12000x.

Figure 2.1: SEM micrographs of excised darkling beetle tracheae were analyzed to determine
taenidial spacing along tracheal length. Sample SEM micrograph (A) of an excised darkling
beetle primary thoracic trachea (scale bar = 100 µm). A magnified image (B) of the selected
region (scale bar = 3 µm) and corresponding image intensity line scan within that region (C) with
image intensity (low = dark, hi = light) peaks corresponding to the spatial locations of the
taenidia.

10

Taenidial spacing measurements were conducted with the image processing toolbox in
MATLAB (MathWorks, Natick, MA). Grayscale images were first imported and manipulated to
maximize image contrast. Then a scan of image intensity values was made along the length of
the central portion of the tracheae. Line scan directions were also anterior to posterior, consistent
with AFM indentations. The scans resulted in traces with peaks corresponding to the middle of
the taenidia and valleys corresponding to the region between the taenidia (see Figure 2.1). Using
the peak detector function, each taenidium was identified assuming one taenidium per peak. The
spacing between adjacent taenidia was calculated as the distance between peaks. To identify
broader trends in spacing, we also calculated a running average using a 50 µm window along the
length of the tracheae. We also identified how taenidial spacing varies between regions
surrounding features such as secondary branches that protrude orthogonally to the main tracheae
(n = 8 orthogonal branches, N = 7 animals), branches that protrude at other angles from the main
tracheae (n = 11 protruding branches, N = 8 animals), and bifurcations in the main tracheae (n =
10 bifurcations, N = 5 animals). This was done by conducting three separate line scans of
taenidial spacing in different regions surrounding the features. Then, three randomly placed
reference line scans in regions away from the feature were conducted and the average taenidial
spacing was calculated. Then, we calculate the percent difference between the average taenidial
spacing away from and adjacent to the features.
2.2.4. Imaging of rhythmic tracheal compression (RTC)
Synchrotron x-ray imaging of live beetles was conducted at the Advanced Photon Source,
Argonne National Laboratory following previously described methods (Socha 2007). Beetles (n
= 27 tracheae, N = 8 animals, mass = 692.75 ± 40.07 g) were cold-anesthetized for ~15 minutes
and secured to a glass slide using x-ray translucent tape (Kapton, DuPont, St. Joseph, MO, US).
After sufficient time to re-acclimate to room temperature (~30 minutes), the beetles were
mounted vertically (head up) on a translation stage and positioned in the path of the x-ray beam,
providing a dorsoventral projection view of the large mesothoracic tracheae. X-ray images were
recorded with a digital camera (GS3-U3-23S6M-C, Point Grey Richmond, BC, Canada) at 30 fps
and 1920 x 1200 image size, providing a field of view of 3.0 x 2.5 mm. Compressions of the
major thoracic tracheae were identified visually, and morphometric measurements of each
collapsed region were made (see Figure 2.2). Using ImageJ software (Schneider CA, 2012), we
first identified tracheal collapse of tubes connected to the mesothoracic spiracle. For each dimple
(n = 43 compressed regions, diameter = 255 ± 60 µm), we measured the length of the collapsed
region, Lc, the maximum collapse depth in the compressed region, D, and the orthogonal
distance, Lr, from the wall of compressed region nearest to the reference spiracle.
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Figure 2.2: Morphometric measurements of collapse dimple width, length, and locations were
made on darkling beetle thoracic tracheae. Full-body image of a darkling beetle (A) with region
of interest in red. Synchrotron x-ray images of inflated thoracic tracheae within that region of
interest (B), the same tracheae compressed (C), and measurements made of the depth of each
collapse dimple, D, the length of the dimple, Lc, and the distance from the reference spiracle, Lr
(scale bar, 750 µm) (D).
2.2.5. Histological measurements
Intact head and thoracic segments (n = 60 tracheae, N = 3 animals, mass = 583.67 ±
128.00 g) were separated from the body and fixed as described in Schmitz et al. 1999. Specimens
were first rinsed and placed immediately in 3% glutaraldehyde 0.05 M cacodylate buffer solution
prior to fixation. After 3 rinses in the buffer solution, specimens were fixed in 1.5% osmium
tetroxide for 1.5 hours before being dehydrated in graded ethanol treatments (70%, 80%, 90%,
96%, and 100% 2x). Specimens were then gradually embedded in intermedium of propylene
oxide and Epon epoxy resin (50% 75%, 100% 3x) for 2 hours each before being left in a 9:1
intermedium mixture for 12 hours, and then 100% Epon for 24 hrs. The final embedded
specimens were placed in a heating cabinet at 60°C for 72 hours for resin polymerization
(Schmitz and Perry, 1999).
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Figure 2.3: Morphometric measurements of thickness and perimeter were made on histological
sections of darkling beetle tracheae. Whole darkling beetle thoracic section (scale bar = 1 mm),
(A) and higher magnification view of selected region, (B) with multiple tracheae visible (scale
bar = 500 µm). Traced inner tracheal perimeter (C) of a sample trachea (scale bar = 100 µm), and
sample tracheal wall thickness section (D) across which line scans were conducted (scale bar =
50 µm). These measurements were made on individual tracheae ranging from 17–605 µm in
diameter and used to calculate tube diameter and average wall thickness.
Thin sections were cut from the prothorax to the metathorax with a 5 µm thickness and
15 µm spacing. Transverse slices were placed on slides and stained with 0.5% toluidine blue in
0.5% borax, contrasted with uranyl acetate and lead citrate. Slices were scanned using a light
microscope paired with an image capture system (DP70, Olympus, Shinjuku, Tokyo, Japan). All
fixation and sectioning were conducted at the Virginia-Maryland College of Veterinary Medicine
(Blacksburg, VA).
To make morphometric measurements of the tracheal diameter and wall thickness,
grayscale images were first manipulated to increase contrast between dark and light colors using
the image processing toolbox in MATLAB. Then, the inner perimeter (see Figure 2.3C) of each
individual trachea was manually traced in ImageJ and fit using the ellipse tool (Schneider et al.,
2012). Assuming a circular cross-section, the perimeter, which was designated as the
circumference, C, and diameter, d, was calculated. To measure the tracheal wall thickness, ten
equally spaced line intensity scans were made orthogonally across the thickness of the tracheal
wall. Then, by measuring the width of the dark area of each wall scan, an average value of wall
thickness was computed for each trachea (see Figure 2.3D). Lastly, the scaling relationship
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between the diameter and thickness was determined using a least-squares regression between the
log of the thickness and the log of the diameter (Miller, 1969).

Figure 2.4: A total of 27 beetles were used for various experiments in this study with some
tracheae excised and used for multiple experiments. Plane of view, section, and location of
tracheal tube excision (A). Number of specimens, experiment type, and condition of tracheae
(excised, in situ, in vivo) is indicated in B. Note: 7 short tracheae tested with AFM were also
imaged using ESEM to create direct comparison of Young’s modulus properties and taenidial
spacing.
2.3. Results
2.3.1. Young’s modulus measurement along tracheal length
The mean Young’s modulus value along the length of the tracheae was 1.47 ± 3.5 MPa.
Young’s modulus varied between specimens, with the standard deviation ranging between 0.36
MPa and 5.87 MPa (see Figure 2.5A). Using a K-means cluster analysis with K = 2 clusters (see
Appendix A.2 for details), we found a mean value of 0.24 ± 0.2 MPa for the first cluster centroid
and 2.01 ± 3.1 MPa for the second cluster centroid. For shorter specimens with narrow gaps
between measurements (~10 µm apart), singular regions with elevated Young’s modulus values
were observed to be surrounded by regions with lower values. In longer specimens with wider
gaps between measurements (~40 µm apart), multiple regions of elevated Young’s modulus were
observed along the length of the tracheal specimens with lower Young’s modulus values in the
regions in between. Regions of higher Young’s modulus were spaced between 90 and 700 µm
apart with a mean distance of 373.97 ± 190.93 µm in between (see Figure 2.5B).
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Figure 2.5: Young’s modulus measurements along the lengths of darkling beetle tracheae for
longer specimens (A) (n = 7 tracheae) and shorter specimens (B) with regular spacing (n = 7
tracheae). Each color represents an individual specimen’s measurements. Representative
Young’s modulus plots from a short specimen, (C) and two longer specimens (D, E). Blue
brackets indicate spans between regions with elevated Young’s modulus values.
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2.3.2. Taenidial spacing
2.3.2.1. Variation in the taenidial spacing along length of tracheae
Analysis of the ESEM images of the left dorsal mesothoracic revealed a taenidial spacing
of 7.83 ± 2.6 µm. The distances between taenidia ranged from nearly adjacent taenidia (3.62 µm)
to 17.95 µm. Among beetles, the spacing along individual tracheae (SD = 0.14 – 2.5 µm) and the
range of values (range = 0.98-7.67 µm) was highly variable between specimens. Lastly, the
overall mean between specimens ranged between 3.61–17.95 µm (see Table 2.1). Using the
moving average along tracheal length, we found that the general trend of taenidia spacing also
varied between specimens from the anterior to the posterior direction. In some specimens, a
taenidial spacing increased along the length of trachea in the posterior direction while in others it
decreased. Furthermore, the change was gradual in some specimens while in others it was more
dramatic (see Figure 2.7). For example, the mean taenidial spacing increased by 3.23 µm over a
50 µm span in one specimen while in another, a decrease of only 0.77 µm was observed over the
span of the entire specimen.
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Figure 2.6: Plots of taenidial spacing values along the length of three representative tracheae.
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Figure 2.7: Comparisons of Young’s modulus and mean taenidial spacing along the length of
four representative tracheae. Young’s modulus was measured at individual point along the length
of the trachea (upper plots). Then mean taenidial spacing (lower plots) was computed over a
symmetrical 50 µm long window along the same length the tracheae.

Table 2.1: Mean values and ranges of taenidial spacing for darkling beetle tracheae.
2.3.2.2. Comparison of taenidial spacing and Young’s modulus
The specimens used for determining Young’s modulus along shorter spans were also
imaged using ESEM, enabling direct comparisons of the Young’s modulus and mean taenidial
spacing along the length of individual tracheae. The level of correlation varied between
specimens. In some specimens, the mean taenidial spacing was observed to increase by 3-5 µm
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as the Young’s modulus values also increased by 5-10 MPa along spans of 100–200 µm of
trachea (see Figure 6 B, D). Conversely, in other specimens, the mean taenidial spacing was
observed to decrease by 3–5 µm while the Young’s modulus was observed to increase by 12–15
MPa along spans of 100–200 µm (see Figure 2.7 A, C).

Figure 2.8: Change in taenidial density (A) between featureless regions of tracheae and regions
where either orthogonal secondary tracheal branches, protruding secondary tracheal branches, or
primary tracheal bifurcations were identified. Representative SEM micrograph (B) showing how
the spacing of the taenidia may vary around regions where two such features, a protrusion and a
bifurcation indicated with red arrows, are present (scale bar = 100 µm).
2.3.2.3. Taenidial density protruding branches and bifurcations
To investigate how variation in taenidial spacing may relate to other features of the
tracheae, we analyzed taenidial spacing in the previously imaged tracheae in regions surrounding
prominent features. Features of interest included protruding tracheae, orthogonal secondary
tracheae, and at tracheal bifurcations (see Figure 2.8B). Taenidial spacing in regions interrupted
with features was 37.3 ± 14.6% (p = 0.01), 42.1 ± 18.1% (p = 0.001), and 42.0 ± 12.8 % (p <<
0.001) less for regions adjacent to orthogonal secondary branches, bifurcations, and protruding
tubes, respectively than uninterrupted ‘featureless’ regions.
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Figure 2.9: Sample higher magnification scanning electron micrographs (ESEM) of darkling
beetle trachea. SEM micrograph (A) showing variation in taenidial spacing and thickness (scale
bar = 50 µm). Zoomed-in images show the presence of unconnected taenidia (B), bifurcating
taenidia that branch off from continuous taenidia (C), and taenidia with visible end points (D).
Higher magnification SEM micrographs (E,F) show the presence of papillae in the inter-taenidia
regions (scale bar = 5 µm). Some papillae also appear to be fused together in clusters both in the
circumferential and axial directions (circled in red). In some instances, long chains of clusters are
consistent with the locations of thin strands between major taenidia, depicted in with blue circles
in A and E. Clusters and chains of papillae are also consistent with endpoints of taenidia (F)
with visible end points (scale bar = 5 µm).
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2.3.3. Tracheal collapse dimples measurements in x-ray videos
From x-ray videos of tracheal compression in live beetles, we measured the length and
maximum depth of the collapsed region in the left mesothoracic tracheae. The mean length of the
collapse regions was 415.8 ± 193.9 µm with a range of 59–1262 µm, with a mean depth of 98.2
± 41.36 µm. There was a positive linear relationship between the collapse depth, D, and tracheal
diameter (slope = 0.437, R2 = 0.35, p << 0). There was no correlation between collapse length,
LC, and tracheal diameter (slope = 0.407, R2 = 0.02, p = 0.46), collapse length, LC, and distance
from the reference spiracle, Lr, (slope = -0.05, R2= 0.01, p = 0.52), or collapse depth, D, and
distance from the reference spiracle, Lr, (slope = 0.108, R2 = 0.04 .1, p = 0.034).
2.3.4. Papillae and taenidial fiber bundles
In some tracheae (n = 5, N = 3 animals), SEM images revealed papillae in the intertaenidial regions (see Figure 2.9B). The papillae occupied 27.4 ± 14.4% of the inter-taenidial
region and were observed to be generally round in shape. Upon closer inspection, some of the
papillae appeared to be fused together, forming elliptical or oblong shapes. Of the papillae that
were fused together, some also appeared to form long, thin strands in the circumferential
direction, parallel with the thicker taenidia (see Figure 2.8C). These thin strands appear to be
regular features, present between all taenidia. In some cases, these strands increase in width
around the circumference and are connected with the taenidia (see Figure 2.8A).
Taenidia were observed to be continuous on the visible surface of the tracheae for no
more than five consecutive parallel rows. The percentage of taenidia that encircle the visible
surface of the tracheae (44.8 ± 18.0%) was equal to the number of tracheae that were observed to
terminate somewhere along the visible surface (41.6 ± 15.2). The remaining taenidia (8.8 ±
5.3%) were observed to have bifurcated ends (see Figure 2.9C). Branches from the bifurcation
points were observed to either continue as a full-length major taenidia (mean = 4.5 ± 2.9 %),
terminate a short distance away from the bifurcation point (mean = 4.0 ± 3.8%). Lastly, some
short, thick taenidia were observed to be apparently unconnected to other larger taenidia (mean =
4.9 ± 5.1%) (see Figure 2.9D).
2.3.5. Allometric scaling of tracheal diameter and width
Based on the measurements from histological sections of tracheae (n = 60 tracheae, N = 3
animals), we found that the thickness scales with negative allometry relative to diameter (slope
= 0.44, R2 = 0.704, p < 0.05), indicating that larger diameter tracheae were relatively thinner
than smaller ones (see Figure 2.9).
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Figure 2.10: Plot showing the fit line and standard deviation, indicated with solid red line and
blue lines respectively, for the least squares regression between the log of thickness and diameter
of the thoracic darkling beetle tracheae (n = 60 tracheae, N = 3 beetles). The allometric scaling
factor is computed by computing the slope of the line of fit of logs of the two parameters.
Isometrically scaling tracheae would exhibit slope of 1, depicted with a red dashed line. Circles
in grey show how different the thickness to diameter ratios may affect the cross-sections of
different sized tracheae.
2.4. Discussion
The mean value of the darkling beetle tracheal Young’s modulus measured with AFM
nanoindentation (1.47 MPa) was similar to Young’s modulus measurements made on external
soft cuticle the beetle Pachnoda marginata (1.5 MPa) with nanoindentation (Barbakadze, 2006).
The darkling beetle’s mean Young’s modulus value, however, places it in below the values
measured with typical axial or radial tensile tests on most other insect exterior cuticle including
the kissing bug, Rhodnius prolixus larvae tergites (10 GPa), locust hind legs (11 GPa), and other
sclerotized insect cuticle (1-10GPa) (Ker, 1977; Reynolds, 1975; Vincent, 2012). Although
darkling beetle tracheae are less stiff than most external cuticle, there are some highly extensible
exterior cuticle components such as the highly elastic intersegmental abdominal membrane in
locusts (0.01 MPa) and the external cuticle of the larva of the blowfly (0.001 MPa) that measure
lower Young’s moduli in traditional axial tensile test (Vincent, 2012). Our tests differed from
many of the values presented here as we used tracheae from freshly sacrificed specimens,
whereas other studies used critical point dried specimens. One exception was a study on the head
articulation cuticle of the Pachnoda marginata beetle which found fresh specimens to differ
from dried specimens by three orders of magnitude (1.5 MPa vs. 7.5 GPa, respectively)
(Barbakadze, 2006). Another exception was tensile tests from the freshly sacrificed thoracic
tracheae from the American cockroach, Periplaneta Americana. Those results were three orders
of magnitude larger than the average value from this study (1,660 MPa vs. 1.47 MPa
respectively). Tensile tests, however, differ from AFM in the mode and direction of force
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application and are meant to measure overall material properties as opposed to AFM and
nanoindentation, which is a measure of local properties made with indentation. Tensile tests on
soft biological tissues tend to reveal an average difference in values spanning several orders of
magnitude interaction (McKee et al, 2011). Furthermore, soft biological tissues are generally not
homogeneous across all length scales. Therefore, measurements made at depths on the scale of
those in this study are localized to the region of the indenter contact point. Additionally, the
radius of these effects may vary based on tip shape and how it interacts with the specimen’s
constituent materials (McKee et al., 2011). This difference between indentation and tensile tests
may explain the large disparity in measured values in this study and those measured of tracheal
tubes of cockroaches in the previous study using the radial tensile test method (Webster et al.,
2015). In this study, our objective was to compare how the individual localized values varied
spatially as opposed to measuring overall stiffness. In this study, when keeping the indentation
parameters similar and comparing like measurements, we found that localized Young’s modulus
values varied with respect to one another along the length of the tracheae. We were also able to
determine the variation of localized Young’s modulus measurements’ and its relationship with
other aspects of the tracheae, such as taenidial spacing and collapse patterns.
We found that there was significant variation in Young’s modulus along the length of the
tracheae, with alternating regions of high and low modulus values. We found that the lengths of
the regions with lower modulus values were similar to lengths of the collapse dimples of
compressed beetle tracheae. Similar length regions of lower modulus values and collapse dimple
lengths suggests that regions with elevated stiffness may resist collapse while the regions with
lower stiffness correlate with compressed regions. Although the relationship of modulus and
collapsibility seems mechanically intuitive, mechanical equations for thin pressure buckling
cylinders using Young’s modulus to determine how buckling occurs (Timoshenko and Gere,
2009) further supports the idea that tracheal regions with lower Young’s modulus values would
be linked with regions of collapse.
Although the taenidia are made of stiffer chitin fiber bundles (Webster et al., 2015) and likely
serve as reinforcement to resist collapse, there was no consistent relationship between taenidial
spacing and Young’s modulus (see Figure 2.6). We expect regions with higher taenidial
concentration to correlate with higher stiffness. While regions with increased stiffness do not
correlate with increase in taenidial density, high magnification SEM images show smaller
features such as thin strands and papillae in between taenidia (see Figure 2.9E). These materials
are likely made of stiff chitin, and a high enough concentration of these materials between the
taenidia may create continuity of Young’s modulus or may have a compensatory effect in
regions where taenidial spacing was low but increased modulus was measured. Further
investigation into how the concentration of these structures vary, what their individual material
properties are, and how they may be functionally graded throughout the tracheal tube walls may
explain what else accounts for changes in stiffness along the tracheae.
Early images and descriptions of taenidia describe them as uniform and evenly spaced
(Miller, 1966a; Miller, 1962; Whitten, 1972). Circumferentially, taenidial spacing have been
shown to vary (Webster et al., 2011). In this study, we found that taenidial spacing also varied
greatly along the tracheal length and there were significantly more taenidia in regions near
visible protruding tracheal branches and bifurcations versus open uninterrupted regions (see
Figure 2.8). These data represent the first quantification of the spacing on this length scale of
tracheae along the axial direction of the tracheae. While we expected the variation in taenidial
spacing to affect the size and shape of the collapse patterns, because there was no direct
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relationship between the taenidial spacing and the Young’s modulus, there may be other factors
having an effect collapse dimple shape, size, and pattern. These factors include the
microstructures mentioned previously as well as diameter and shape of the individual taenidia.
Additionally, our assumption that the taenidia resist collapse may not represent their only
function; it may be possible that the taenidia are involved in the restitution of the collapsed
tracheae to their original shape after collapse rather than simply resisting collapse.
Factors relating to overall morphology of the tracheae may also be at play in causing the
different patterns of collapse. For example, taenidial spacing was not uniform and there were
regions of particularly wide spaces, possibly creating much thinner and less reinforced portions
of tube more amenable to collapse. Variation in thickness-to-diameter ratios across different
sized tubes may also play a role in contributing to the different observed collapse patterns (see
Figure 2.10). There was also variation around the circumference of the tracheae where the
thickness measurements were made (SD = 2.01 µm). Tracheae are submerged in the hemocoel
surrounded by other viscera, and as tracheal compressions occur, tissues such as muscles or other
organs, may come into contact with the tracheae creating localized points of high stress and
inducing collapse.
While taenidial spacing did not correlate with stiffness, more taenidia were present where
features such as branching points, protruding tubes, and bifurcations were encountered.
Mechanically, these can be compared to welded joints where stress concentrations are higher at
the edges of the grooves between the connected members (Budynas and Nisbett, 2008). These
regions between joined tracheae also correspond to a decreased taenidial spacing and an increase
in stiffer taenidia. Much like welded members requiring reinforcements in these regions, more
taenidia could result in higher strength in the radial direction along the length of the taenidial
fibers in these regions (Budynas and Nisbett, 2008). Additional tests in these regions, including
localized Young’s modulus and radial tensile tests, may shed light on whether these regions with
higher taenidial concentration, stiffness, and tensile strength, resulting in resistance to rupture
and tearing.
Between the major taenidia, thinner strands were observed and upon closer investigation,
we found that the strands were mostly emanating from terminating ends of some of the taenidia
(see Figure 2.8D, F). In higher magnification micrographs, we found that the terminating ends
consisted of papillae that were oblong or elliptical in shape as opposed to the usual circular
cross-section and were fused to the strands. There was only a maximum of five consecutive
continuous taenidia visible on the exposed side of the tracheae. Some regions of the tracheae
exhibited taenidia with at least one terminating branch on nearly every major taenidium. One
limitation in this measurement was that we were restricted to the exposed surface of the mounted
tracheae as it was not feasible to remove and test the opposing surface without damaging the
specimens. Another limitation of this study is that our measurements were made on one size
trachea from one developmental stage from one species of beetle. From previous studies, we
know that there are larger compressing tracheal structures well as smaller tracheae that lack
taenidia in other insects such as locusts (Harrison et al, 2013). Understanding the mechanics of
collapse of these structures and how they compare to those we observed may help to shed light
on the role of taenidia in collapse mechanics.
Our images suggest that the taenidia may be forming between the layers of the tracheal
lamina and outer epithelial cell layer. As such, as the taenidia form, they may be either fusing
with existing papillae, they may be forming simultaneously with existing papillae, or the
taenidial formation may begin with chitinous papillae fusing together to form fiber strands and
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bundles. Our observations run counter to commonly held idea that the taenidia are formed either
by buckling of the cuticle creating thickenings as the tracheae are formed (Chapman et al., 2013)
or that the taenidia are extruded and unwound as a continuous filament (Whitten, 1972), much
like a ‘sailor’s rope’ is unwound because the previous studies suggest taenidia are continuous
strands or rings, which does not appear to be the case in this species of beetle. Because the
papillae have only been reported in this study and one previous study in adult insects (Webster et
al., 2015), their role in development remains unclear. Imaging early developmental stage insects
prior to formation of taenidia, as well as tracheal structures that do not possess taenidia,
including air sacs, may provide further insight into the process.
In this study, we looked at how the stiffness and taenidial patterns varied spatially along
the lengths of collapsing tracheae. While our results do not point to a clear relationship between
the taenidial spacing and elastic properties, our results do suggest that the elasticity may
influence collapse pattern. Additionally, our observations of microstructures show that while the
spacing between taenidia may vary, there are features within the spaces that could also contribute
to the material properties being measured and thus affect tracheal collapse patterns. Lastly, the
cross-sectional geometry of the tracheae plays a role in how the tracheae collapse, as different
tubes would have the propensity to collapse under different conditions. These different factors
may combine, contributing the highly variable collapse patterns observed in the insect.
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3.1. Introduction
Insects breathe using an extensive network of tracheal tubes that transport respiratory
gases directly to and from tissues in the body. The tubes interface with the outside world via
muscularized openings along the body called spiracles (Harrison, 2009). Air enters the spiracles
and travels through the tracheal network, beginning with larger tracheal trunks that branch down
into successively smaller and smaller tracheae, terminating in nanometer-scale tracheoles where
gas exchange occurs via diffusion (Ghabrial et al., 2003; Harrison, 2009). For smaller insects,
passive diffusion may be sufficient for respiration, however in larger insects, including beetles,
the tracheal trunks and some of the tracheae have been observed to collapse rhythmically, likely
aiding in respiration (Harrison, 2009). This rhythmic tracheal compression (RTC), in which the
tracheal system is compressed and re-inflated has been observed in many insect species using xray synchrotron imaging (Westneat et al., 2003; Socha et al., 2008; Westneat et al., 2008;
Harrison et al., 2013; Pendar et al., 2015).
In insects that employ RTC, the tracheal system is observed to partially collapse. This
partial collapse pattern occurs spatially throughout the body, but may also occur temporally, with
certain parts of the tracheal system collapsing at times, and not collapsing at others (Westneat et
al., 2003; Socha et al., 2008; Westneat et al., 2008; Harrison et al., 2013; Pendar et al., 2015). As
RTC occurs, some parts of the tracheal system remain open, possibly as static conduits for air
flow to occur. Other parts collapse partially or entirely, creating asymmetric displacements. This
asymmetric collapse has been suggested to act as either pumps to drive convective flows or
valves to create pathways and drive flows directionally throughout the body (Socha et al., 2007;
Westneat et al., 2008; Harrison et al., 2013). Because insects have the ability to closely modulate
metabolic rate, partial collapse of the tracheal system may be employed based on metabolic need
(Jogar et al., 2007). However, the mechanism behind the variation in collapse pattern is not well
understood.
The circulatory and respiratory systems of insects are morphologically separate, but the
tracheal and circulatory systems have been shown to interact (Chapman et al., 2013; Wasserthal,
1996). One form of interaction may be in a link between rises in the insect hemolymph pressure
and tracheal movement in some species. In fact, tracheal and abdominal compressions have been
correlated in several previous studies on darkling beetles (Dalton, 2013; Pendar, 2014; Pendar et
al., 2019). Although not all tracheal compressions were correlated with abdominal pumping
events in darkling beetle larvae when the spiracles were closed (Pendar et al., 2015), tracheal
compression was consistently observed to occur simultaneously with hemolymph pressure pulses
in adult carabid beetles (Cox, 2011). While these studies suggest that tracheal compression and
rises in tracheal pressure are related, the nature of the relationship and the extent of the effect that
pressure has on the trachea has not been characterized and is not fully understood, especially
since the anatomical descriptions and dissection show that the tracheae are not muscularized
(Miller, 1981).
Mechanically, any flexible tube will collapse when subjected to sufficiently high
transmural pressure (Timoshenko and Gere, 2009). Therefore, we hypothesize that pressure and
tracheal collapse would be related. In a previous study focused on measuring respiratory volume,
excised thoracic tracheae from longhorn beetles, Pteronas gigas, were pressurized with water
(Miller, 1966b). The tracheae collapsed at pressures within the range later reported (~0.7 kPa) for
in vivo pressures in other beetles (Miller, 1966b; Pendar, 2014; Pendar et al., 2019). While this
similarity in pressure may appear to show a relationship between tracheal collapse and pressure,
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the environment within the insect body was not simulated, nor were the mechanical loading and
boundary conditions at the ends of the excised tracheae. The difference between excised tracheal
test and natural conditions suggests that although the tracheae may collapse similarly, they may
not be representative of the behavior inside the live or even the sacrificed beetles.
Although there is evidence to suggest that pressure plays a role in tracheal collapse, there
may be other factors that contribute to variation in tracheal collapse. One major factor may be
the thin-walled tracheae coming into contact with surrounding tissue. This contact may cause
stress concentrations to form, creating instabilities in the wall that lead to collapse not due to
uniform pressure loading. Tissues causing these stress concentrations may include large mobile
parts of the digestive system (Socha et al., 2010; Socha et al., 2007) or muscles associated with
other functions, such as flight or locomotion (Noirot and Noirot-Timothee, 1982; Pendar et al.,
2015). It is therefore important to understand the nature of the relationship between pressure and
tracheal collapse to isolate which factor or combination of factors may be driving rhythmic
tracheal compressions in insects.
In this study, we seek to directly test the relationship between tracheal collapse and
hemolymph pressure. First, we ask, how do intact tracheal tubes mechanically respond to
changes in hydrostatic pressure in situ? Our hypothesis is that tracheae will collapse when
exposed to pressures previously measured in live beetles. Second, do tracheae behave like simple
pressure buckling shells? Our second hypothesis is that the tracheal collapse can be analytically
modelled, consistent with tracheal collapse occurring as a pressure-driven phenomenon.
We tested these hypotheses by using a combination of in situ pressure measurement and
synchrotron x-ray imaging to determine values for buckling and collapse pressures for a range of
trachea sizes in live darkling beetles. We then compared these values with those from sacrificed
specimens in which other processes were suppressed and we manually increased the internal
hemolymph pressures. Lastly, we compared collapse pressures and diameter with the analytical
solution to thin cylindrical shell buckling under transmural pressure using parameters measured
in this, and the previous chapter. Understanding mechanical response of the tracheae due to
hemolymph pressures alone is especially important as the tracheae may serve as conduits or
pumps for advective flow of respiratory gases and this could be crucial to understanding insect
respiration. Having in situ collapse pressure information and comparing with results from
analytical modeling may give insight onto what extent pressure plays a role in collapse, and the
extent other biomechanical factors may contribute to the unique respiratory patterns observed in
insects.
3.2. Methods
3.2.1. Animals
A total of 11 adult darkling beetles, Zophobas morio, (mass = 615 ± 95 g, mean ± SD)
were used for this study. Specimens were bred from animals originally purchased from a supplier
(Carolina Biological, Burlington, NC). Darkling beetles were selected because they have been
shown to exhibit rhythmic tracheal compression and pulsations of hemolymph pressure (Pendar
2015; Pendar 2019). Beetles were kept in a clear glass tank with natural light:dark cycle with
approximately 10-20 other adults and larvae. Beetles were fed a diet of oat bran and water ad
libitum.
3.2.2. Pressure measurement
A pressure measurement system was used to monitor and record hemolymph pressure
using a 420 micron diameter Fabry–Pérot fiber optic pressure sensor (Preclin 420, Samba
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Sensors, Gothenburg, Sweden). First, beetles were either cold anesthetized (~4° C) or sacrificed
with ethyl acetate asphyxiation. Then, a ~1 mm diameter pin was used to create a hole off-center
from the mid-line of the pro-thorax of each cold anesthetized or sacrificed beetle at the depth of
~2 mm and allowed to fill with hemolymph. The pressure sensor was inserted partway into the
emptied space and hemolymph was allowed a few minutes to clot around the sensor creating a
hermetic seal. An additional pressure sensor was placed on the experimental table to measure the
adjacent ambient air pressure and determine the transmural pressure across the tracheal wall. The
sensors produce an analog signal that was read through a signal conditioner (Samba 202, Samba
Sensors, Gothenburg, Sweden) and its digital output signal was fed into a data acquisition system
(NI cDAQ-9174, National Instruments, Austin, TX. USA) at a sampling rate of 50 Hz. Data
collection software (LabVIEW v10.0 National Instruments, Austin, TX. USA) was used to
monitor and record the hemolymph pressure.

Figure 3.1 Methodology for x-ray imaging and in situ pressures measurements on live and
sacrificed specimens. Experimental set-up (A) of the tracheal collapse. In the live tests, the motor
and pushing arm and motor are omitted as tracheal collapse occurs naturally in the body. Sensors
were inserted off-center into the thorax (B) and beetles were imaged in the region adjacent to the
sensor. Representative trace (C) showing relationship between tracheal diameter and transmural
pressure for an individual tracheal collapse. Initial collapse pressure Pc, final collapse pressure,
Pf, and rate of collapse were determined from pressure vs. diameter plots.
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3.2.3. X-ray imaging
Experiments to observe the mechanical behavior of tracheae in situ were conducted first.
By observing tracheal collapse without excising the tracheae or invasively opening the
hemocoel, we prevented artificial alteration of tube mechanics and the hemolymph pressure
regime. Tracheal collapse was monitored using synchrotron x-ray imaging at the Advanced
Photon Source at Argonne National Lab, following previously described methods (Socha et al.,
2007). Each specimen was mounted vertically (head up) on a translation stage and positioned in
the path of the x-ray beam, providing a dorsoventral projection view of the large mesothoracic
tracheae. X-ray images were recorded with a digital camera (Point Grey, Richmond, BC,
Canada) at 30 fps and 1920 x 1200 pixel image size, with a field of view of 3 x 2.5 mm.
Generally, this set-up allowed us to record the collapse of many tracheae at once.
compressed

uncompressed
150 µm

d

L

reference spiracle

pressure sensor

Figure 3.2: Synchrotron x-ray imaging was used explore the relationship between pressure and
tracheal collapse. Images were taken in regions adjacent to the inserted pressure sensor. Tracheal
collapse patterns varied between adjacent tracheae as indicated by the red arrows. X-ray images
from live beetles were also used to make morphometric measurements of tracheal length and
diameter.
3.2.4. Trial Protocol
Beetles (N = 7, mass = 527 ± 46 g) were first sacrificed using ethyl acetate asphyxiation.
Sacrificed beetles were then mounted vertically on a glass slide using x-ray translucent tape
(Kapton, DuPont, St. Joseph, MO, USA) and a pressure sensor was inserted into the thorax as
previously described. A remote-controlled motorized pusher consisting of a linear motor, an
aluminum rod, and a soft pusher was devised to compress the abdomen, thereby increasing the
hemolymph pressure (see Figure 3.1A). Specimens were positioned in the x-ray beam such that
after the x-ray was initiated, regions of interest of the tracheal system near the pressure sensor
were in view (see Figure 3.1B). Pressures were increased to ~3 kPa and then decreased until
pressure returned to 0 kPa. Pressures were limited to ~3 kPa, as breaching this limit in sacrificed
specimens would risk physically rupturing the hemocoel. This abdominal compression process
was repeated 3 times for 3-4 regions of interest adjacent to the pressure sensor location per
beetle.
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To determine the relationship between pressure rises and tracheal compression in live
beetles we also imaged live beetles (N = 4 animals, mass = 692.75 ± 40.07 g) in the same setup.
First, specimens were cold anesthetized for ~15 minutes, secured to a glass slide and a pressure
sensor was inserted into their thorax. Live beetles were imaged as they naturally compressed
their tracheae in regions of interest around the thorax. Then, the beetles were left mounted and
sacrificed using ~10 minutes of exposure to high intensity x-ray energy (in practice, done by
decreasing the gap between the magnets that produce the synchrotron x-ray beam). Then in the
same position, manual pressure cycles were initiated as previously described, and hemolymph
pressure and images were recorded in the same regions of interest around the thorax for
comparison.
3.2.5. Data Analysis
In the x-ray images from the different regions of interest, tracheae were selected with
clearly visible edges that were distinct throughout the collapse cycle (n = 162 trachea, diameter
range: 25–370 µm). Locations perpendicular to one another on sections of the identified
collapsing tubes were digitally tracked (Physlets Tracker tracking software, Open Source
Physics). Collapse was identified as when either of the tracheal walls began moving towards the
other, until wall motion ceased. The tube wall tracking and hemolymph pressure signals were
synchronized using pulses of LED lights, visible in the x-ray video and recorded as a voltage
input into the DAQ. Tracheal wall displacement and pressure data were analyzed using
MATLAB (MathWorks, Natick, MA). Initial collapse pressure, Pi, was identified as the pressure
at which the tube walls began moving towards one another. Final collapse pressure, Pf, was
identified as the pressure at which the distance between the tube walls reached was smallest and
ceased changing, despite the pressure continuing to increase (see Figure 3.1B). The values for Pi
were determined by detecting when the diameter value first begins to drop more than 10% of the
collapse diameter range, and values for Pf were determined by detecting when the change in the
diameter is less than 10% of the collapse diameter range. The rate of collapse was identified as
the slope of line between Pi and Pf (in µm/kPa).
3.2.6. Analytical Model
We used an analytical model to determine the relationship between tracheal diameter and
collapse pressure (Timoshenko and Gere, 2013). Beginning by assuming the tracheal tube to be a
thin, isotropic, cylindrical shell of length, L, and with thickness, t, and inner radius r, then the
result for the non-dimensional critical buckling pressure at which the tube will begin to collapse,
Pi/E, can be described as:
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(Eq 3. 1)

with Poisson’s ratio, 𝜈, Young’s modulus, E, and the number of wrinkles, or lobes, of the
collapsed tube, n, as can be seen in depictions of cross-sections of collapsed cylindrical shells in
Figure 3.3. Morphometric measurements of length, L and radius, r for tracheae in sacrificed
specimens with known corresponding Pi measurements were made using ImageJ as described in
Figure 2 (Schneider et al., 2012).
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Figure 3.3: Example of the cross-section of a compressed cylindrical shell buckling under a
uniform external pressure (A). The number of lobes increases as a function of the thickness to
radius and length to radius ratios (Timoshenko and Gere, 2013). Although it is not possible to see
the collapse lobes, x-ray images of collapsing tube x-ray suggest darkling beetle trachea exhibit n
= 2-3 collapse lobes (B).
3.2.7. Statistical analysis
Two-sample t-tests were used to compare all live with all sacrificed collapse parameter
values. One-sample t-tests were used to test differences in collapse parameters for specimens
sacrificed in place. Excel was used to conduct t-tests (Microsoft, Redmond WA). All data were
tested for normality and homoscedasticity using the statistical toolbox in MATLAB.
3.3. Results
3.3.1. Initial and final collapse pressures
The initial tracheal collapse pressure, Pi, in live specimens (n = 38 tubes, N = 4 animals)
was 1.07 ± 0.10 kPa (mean ± 2*SEM), and final collapse pressure, Pf, was 2.08 ± 0.19 kPa and
was significantly higher than Pi (p << 0.01). The mean rate of collapse in the live specimens was
123.3 ± 34.7 µm/kPa. We also calculated the amount of tracheal closure for each tracheal tube as
a percentage of its original diameter. We found the mean percent tracheal collapse in live
specimens to be 48.03 ± 8.9 % of its original diameter. The duration from initial to full
compression was 0.73 ± 0.11 s.
In all sacrificed specimens (n = 124 tubes, N = 11 animals), initial collapse pressure, Pi
was 0.71 ± 0.07 kPa and final collapse pressure, Pf, was 1.89 ± 0.11 kPa and was also
significantly higher than Pi (p << 0.01). The mean rate of collapse in the sacrificed specimens
was 112.3 ± 62.1 µm/kPa. The percent tracheal closure in sacrificed specimens was 56.13 ± 7.3
%.
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Initial and final collapse pressure in live and sacrificed specimens
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Figure 3.4: Individual values of collapse pressures in kPa for all live and sacrificed specimens.
Comparison of initial and final collapse pressures for live (A), and sacrificed specimens (B).
Comparison of live and sacrificed specimens’ initial collapse pressures, Pi (D) and comparison of
live and sacrificed specimens’ final collapse pressures, Pf (E). Means and standard deviations for
each value (C,F).
3.3.2. Live vs. sacrificed collapse pressures
Overall, initial collapse pressures, Pi, in the live animals were higher than in sacrificed
animals (1.07 ± 0.10 kPa vs. 0.71 ± 0.07 kPa, p << 0.01). Final collapse pressures in live and
sacrificed animals were not different and exhibited greater variation than initial collapse pressure
across the range of diameters (0.08 ± 0.19 kPa vs. 1.89 ± 0.11 kPa, p = 0.07). In a small sample
set of tracheae from live specimens (n = 4 tracheae, diameter = 180–380 µm), tracheal collapse
was tracked through full compression and re-inflation cycles. We found the pressure vs.
diameter traces to vary dramatically between specimens. In some cases, there was no difference
between the compression and re-inflation cycles, whereas in others, there was significant
hysteresis between the compression and re-inflation cycles (difference = 1.75 kPa, 100 µm).
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Figure 3.5: Plots of selected tracheae going through full tracheal compression and re-inflation in
live specimens. The different tracheae showing the range of hysteresis exhibited between
compression (red) and expansion (blue). In some specimens, there was significant difference
between compression and re-inflation (A,B), whereas in others there was not (C,D).
In a subset of trials (N = 4 animals, 27 tubes) in which the beetles were first imaged live
and then sacrificed in place, pre/post-mortem comparison of individual tracheal collapse was
conducted. Similar to the larger set of data, for live vs. sacrificed initial collapse, Pi, in the live
animals were higher than in the sacrificed animals (1.16 ± 0.12 kPa vs. 1.02 ± 0.11 kPa, p <
0.05) and final collapse pressures, Pf, in both live and sacrificed animals were also not different
(2.26 ± 0.178 kPa vs. 2.24 ± 0.23 kPa, p = 0.44). We found that the mean difference in initial
collapse pressure, Pi, between live and sacrificed beetles was 0.14 ± 0.14 kPa and was
significantly different than zero (p <0.05). We found that difference in final collapse pressure
had a mean of 0.02 ± 0.33, kPa which was not significantly different than zero (p = 0.43). The
mean difference in amount of tracheal wall closure was -7.22 ± 12.6% and was not significantly
different from zero (p = 0.14). Lastly, the mean difference in collapse rate was 14.6 ± 25
µm/kPa, which was not significantly different than zero (p = 0.12).
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Figure 3.6: Comparison of tracheal collapse in sacrificed in place beetles. Difference between
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and collapse slope (F) pressures for individual tracheae. Means and standard deviations for each
value (C, E,G).
3.3.3. Large vs. small tracheae
In sacrificed specimens, larger tracheae had initial collapse pressures, Pi, that were lower
than in smaller tracheae. Initial collapse pressure in large diameter tracheae (>100 µm) were
lower than smaller diameter tracheae (<100 µm) and experienced less variation (0.72 ± 0.07 kPa
vs 0.99 ± 0.02 kPa, p < 0.01). However, final collapse pressures for large tracheae were not
different from smaller ones (1.89 ± 0.13 kPa vs. 1.84 ± 0.03 kPa, p = 0.65). Similarly, in the live
specimens, larger diameter tracheae also had initial collapse pressures, Pi, that were lower than in
smaller tracheae. Initial collapse pressures in large tracheae (>100 µm) were also lower than in
smaller diameter tracheae (<100 µm) and experienced less variation (1.02 ± 0.28 kPa vs 1.32 ±
0.38 kPa, p < 0.05). Final collapse pressures for large tubes were similarly not different from
smaller tubes (2.04 ± 0.57 kPa vs. 2.28 ± 0.67 kPa, p = 0.36). Both mean initial and final
collapse pressures values in the live animal were higher than the mean initial and final values in
sacrificed specimens but the level of variation did not differ.
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Figure 3.7: Comparison of mean initial and final collapse pressure for different sized tracheae.
Initial collapse pressures for smaller diameter tracheae (<100 µm) was significantly higher than
larger tracheae (>100 µm). Final collapse pressures were not significantly different for the
different groups.
3.3.4. Initial collapse pressure and analytical model
Cylindrical shell buckling depends strongly on two dimensionless parameters, the ratio of
thickness to radius, and the ratio of shell length to radius. In the trachea measured in this study,
we found that the L/r ranged between 2 to 15 (mean = 8.91 ± 3.1). Results from Chapter 2
indicate that the average t/r in darkling beetle was a constant of 0.44 and Young’s modulus was
1.47 MPa. Poisson’s ratio has also been estimated as 0.3 for insect tracheae of cockroaches
(Webster et al., 2011; Webster et al., 2015). In Figure 3.8B, we plot analytical model result
curves from Eq. 3.1 for two lobe numbers, n = 2 and n = 3, along with the experimentally
measured initial collapse pressure. We find that the experimental results of initial collapse
correspond to the expected buckling pressure of a cylindrical elastic shell.
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Figure 3.8 (previous page): Modelling insect tracheal tubes as thin pressure buckling cylinders.
Sample tracheal collapse plot (A) expressed as a pitchfork bifurcation diagram with the
dimensionless 𝛿/r on the x axis. Experimental results (blue points) overlaid with the analytical
solution for dimensionless collapse pressure, Pi/E, for thin pressure buckling shell (B) for a range
or L/r values. The pink curve represents the solution for n = 3 lobes while green curve represents
the solution curve for n = 2 lobes. Dashed lines represent solution as L/r approaches infinity for
very long tubes.
3.4. Discussion
Consistent with findings in previous studies, our experimental results show that there is a
clear link between rises in hemolymph pressure and tracheal collapse. However, while previous
studies demonstrated the co-occurrence of tracheal compression with abdominal pumping or
with presence of hemolymph pressure pulses, this study quantifies the relationship of the
hemolymph pressure magnitude with the tracheal diameter. We found that tracheae in both the
live and sacrificed beetles experienced a rise in hemolymph pressure before detectible tracheal
collapse was observed. We identified that tracheae first resist collapse before buckling and
confirmed that pressure plays a major role in initiating and continuing rhythmic tracheal
compression.
Although the experimental results suggest that hemolymph pressure plays a major role,
significant difference between initial collapse pressure live and sacrificed specimens suggest that
the role of pressure may vary. In live beetles, the pressure required to initiate collapse was
significantly higher than in sacrificed specimens. This difference between live and sacrificed
beetles suggests that while the hemolymph pressure rises to the same level as the live beetles,
there may be some mechanism in the live beetle causing tracheal collapse to occur differently.
The manipulation being made in the sacrificed beetles is manual abdominal compression, while
in the live animal multiple physiological processes may be accompanying the abdominal
compressions. These physiological processes include pumping of the heart and accessory
pulsatile organs as well as movements of internal viscera such as the highly mobile gut and
musculature. An associated phenomenon with the live animal that may be driving differences is
one of compartmentalization in the live beetle’s hemocoel. In Z. morio and other insects, the
thoracic pressures, where tracheal collapse was observed in this study, were found to be
consistently lower than in the abdomen, from which the pressure pulses originate (Pendar, 2018).
However, this measurement was limited to two segments, and it is unknown to what extent the
hemocoel is compartmentalized and how the pressure gradient may affect the collapse patterns.
Furthermore, hysteresis in tracheae from live animals demonstrates that while tracheae
may be similar in diameter and be located in the same general region, there may be variation in
collapse and expansion (see Figure 3.5). The processes that dictate the collapse and expansion in
the live animal are still not entirely clear but may be the result of variation in taenidial properties
observed in the previous chapter, as well as ellipticity of cross-sectional shape and thickness
(Webster et al., 2015). Variation in collapse pressures observed across different tracheae may be
a result of the imaging method. Because the x-ray imaging is a two-dimensional projection, the
extent of collapse projected on the images may not be the actual full collapse width and will rely
on the angle between the collapsed trachea and the projected viewing plane.
Furthermore, different tracheae of similar diameters have been observed to collapse at
pressures that vary drastically across the observed range (see Figure 3.4). In some tracheae,
ranging between 100–400 µm diameter, the difference in initial collapse pressure before and
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after sacrifice exceeded 0.5 kPa. Final collapse pressures, the rate of collapse, and the percent of
collapse, do not vary significantly between live and sacrificed specimens, suggesting that once
trachea begin to collapse, final collapse behavior will be similar regardless of initial collapse
pressure. One explanation why the tracheal collapse behavior was consistent after collapse
initiated may be that the tracheae may experience buckling with a ‘snap-through’ instability
between two stable modes (uncompressed and compressed) (Pandey et al., 2014). However
tracheal collapse does not exhibit the rapid transition dictated by this phenomenon. Since the
tracheae are wound with chitin fiber bundles and, as shown in the Chapter 2, have been shown to
vary in their spatial pattern and Young’s modulus, this deviation from the expected behavior may
be due this material or structural variation. Additionally, the insect may be exercising a degree of
indirect control over pressures by causing the internal pressures to change locally via
compartmentalization or spiracle valving, affecting the tracheal compression after the initial
collapse (Pendar et al., 2019). Therefore, further investigation into post-buckling collapse models
and comparisons with measurements made in the live beetles may shed light on how thin
pressure buckling cylinders compress under different pressures and what degree of control
beetles have beyond initial buckling.
Larger diameter tracheae (<100 µm) were found to collapse at significantly lower
pressure than smaller diameter tracheae (>100 µm). These findings suggest that with different
hemocoel pressures, beetles may experience compression of different-sized tubes. This finding
suggests that different patterns can result in valving and passive direction of airflow throughout
the tracheal system and body based entirely on modulation of abdominal compression. Because
tracheae are not muscularized, the mechanisms that initiate or prevent collapse from occurring
prevent must be external to the tracheae. These external mechanisms include hemolymph
pressure rises but may also be assisted by the tracheae coming into contact with viscera such as
tissues, muscles, or fat and creating points of high stress. In fact, in some insects, thicker and
larger tracheae often found in open spaces of the hemocoel and thus less likely to be affected by
contact with tissue or muscular action (Noirot and Noirot-Timothee, 1982; Schmitz and Perry,
1999).The collapse of tracheae embedded within muscle would be correlated with muscle
contraction and might also explain why similar sized tracheae collapse at highly variable
pressures and to such a varying degree between live and sacrificed specimens. This compression
of tracheae with muscular action, such as a wing flapping, may also result in a greater volume of
air supply to the body in a phenomenon referred to as autoventilation (Miller, 1981).
Analytical modeling results of thin pressure buckling cylinders show that tubes of similar
dimensions as the trachea will also buckle at pressures on the same order of magnitude.
However, the experimental data of initial tracheal collapse pressures exhibited some expected
variation along the modelled prediction curves. Deviation of the measured results from the model
predictions likely come from the assumptions made when calculating the expected collapse
pressures. We assumed that the tracheae were uniform in stiffness and structure, and that
pressure was applied uniformly to the exterior tracheal surface (Timoshenko and Gere, 2009).
However, any variation in material properties or structure could cause the tracheal collapse
pressure to deviate. Additionally, we assumed that uniform external pressure was applied, but
tracheal location may inform whether the trachea is embedded in muscle and affected by muscle
movement or exposure to other viscera. Lastly, we modelled with n = 2 and 3 lobes of collapse
based on 2D projected x-ray images. These lobe numbers do not come from direct observations
and are best interpretations of the images. While there was variation in the data, the data points
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fell between the predictions for n = 2 and n = 3 lobes, suggesting that the trachea collapse as thin
cylindrical buckling shells with pressure as a primary driving mechanism for collapse.
Rhythmic tracheal compression is an emergent phenomenon that some insects use to aid
in actively ventilating their respiratory system. In this process, insects activate their abdominal
musculature causing hemolymph pressure rises which, in turn, causes non-muscularized trachea
to buckle and collapse, ultimately driving air flow to and from the tissues. Partial collapse of the
tracheal system may also serve as a means of diverting air flows or closing off parts of the
tracheal system. Hemocoel pressure pulses vary in magnitude and different magnitude pressure
rises in the abdomen may cause only some of the tracheal system to compress. This closure and
possible diversion of airflow could occur in cases when parts of the body require more oxygen
than others, such as large flight muscles or during digestion. Other animals take advantage of
such passive mechanisms, including giraffes, which passively seal off flows to the brain when
lowering their brains heads to drink reducing the risk of brain damage (Grotberg and Jensen,
2004). Observations of these physiological systems have inspired physical studies on
optimization of fluid flows through channels of varying geometry as well as employing similar
passive mechanisms to generate, divert, and impede flows in microfluidic devices using simple
yet precise mechanisms inspired by nature (Holmes et al., 2013; Tavakol et al., 2017) .
3.5. Conclusions
In this study, we sought to directly test the relationship between tracheal collapse and
hemolymph pressure in darkling beetles. We also set out to model tracheal collapse as simple
pressure buckling cylinders. We found that intact tracheal tubes collapse when pressurized in
sacrificed beetles. However, in live beetles, the pressure at which the tracheae compressed were
higher than those in sacrificed specimens. We also found that larger tracheae required less
pressure to collapse than smaller tracheae. Lastly, we found that tracheae behave like simple
pressure buckling shells, as experimental collapse pressures fall along the prediction model
curves generated by an analytical model for thin shell buckling. However, while the
experimental values were on the same order of magnitude, there was variation within the results
suggesting that some of the tracheae may be collapsing as the thin cylindrical shell model
predicts. However, the variation further supports the idea that there may be factors other than
simple transmural pressure increases contributing to collapse pressures and behaviors observed
in the live beetle. Although pressure certainly plays a role in the collapse of tracheae in the insect
body, it appears that the insect may have some additional mechanisms of collapse control which
may have a profound effect on how airflow is directed throughout the body.
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4. Visualizing volume and morphology changes using µCT analysis

Chapter 4
Visualizing volume and morphology changes in compressed tracheal
system of the darkling beetle Zophobas morio

4.
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4.1. Introduction
Rather than using oxygenated blood for respiration, insects differ from vertebrates and
use a network of air-filled tracheal tubes to transport respiratory gases directly to and from
tissues. Air enters the tracheal system via muscularized spiracles, along the length of the body
and travels through the tracheal network beginning with larger tracheal trunks that branch down
into smaller and smaller tracheae, terminating in water-filled tracheoles. Gas exchange into the
tissues occurs directly via diffusion in the nanometer scale tracheoles. For some insects,
respiration caused by passive air flow through the tracheal system may be sufficient for
respiration (Harrison, 2009). However, in many insects, including beetles, some of the tracheae
have been observed to compress rhythmically up to 10-20 times a minute, likely acting as a form
of active ventilation (Greenlee et al., 2005; Socha et al., 2007; Socha et al., 2008; Westneat et al.,
2008; Harrison et al., 2013; Pendar, 2014; Waters et al., 2013; Hochgraf et al., 2018; Pendar et
al., 2019;). This rhythmic compression behavior, referred to as rhythmic tracheal compression
(RTC), drives bulk flow of air within and without the body (Socha et al., 2008). As RTC occurs,
some parts of the tracheal system remain open, functioning as fixed pathways for airflow, while
other portions compress and expand, forcing flows of respiratory gasses (Harrison, 2009 ;
Harrison et al., 2013).
Understanding how the total volume of the tracheal system fluctuates as insects breathe is
important because the tracheal volume determines the oxygen available during respiration for
insects (Harrison, 2009; Chapman et al., 2013). Insects rely largely on the tracheal system for gas
transport although respiratory pigments have been found in some taxa including Drosophila
melanogaster, Apis mellifera, and Anopheles gambiae (Burmester, 2015), but their role is not
well determined. The tracheal volume and how it changes as the tracheal system compresses will
ultimately dictate the amount of oxygen available for respiration. Some species have also been
observed to enter a state of discontinuous gaseous exchange, in which they hold their breaths and
periodically compress the tracheal system as the stored air is expended (Hamilton, 1964;
Harrison et al., 1995; Groenewald et al., 2012; Matthews et al., 2012).
Tracheal volume, and how it changes has been measured or approximated in multiple
ways in previous studies. Respiratory volume, or changes in tracheal volume during respiration,
VR, has been measured indirectly using inert-gas mass-spectrometry (Bridges et al., 1980) and
gas chromatography (Lease et al., 2006). While each of these approximation methods has its own
shortcomings, they have the general disadvantage of also being indirect measurements with
possible lag between measurement and signal. Tracheal volume, VT, has also been directly
measured using methods such as tracheal system displacement with water (Wigglesworth, 1950),
endocasting with polymer (Meyer, 1989), stereological measurements (Schmitz and Perry,
1999), and static microcomputed tomographic imaging (µCT) (Wasserthal et al., 2018; Pendar et
al., 2019) . Although these methods are more accurate measurements of VT, these methods do
not allow the possibility of directly calculating any volume changes, VR, in the tracheal system
during respiration. µCT has also been used to quantify dynamic behavior on the size scale of
insects when being used for making in vivo fluid flow measurements in mice hearts (Cao et al.,
2009a; Cao et al., 2009b) as well as reconstructions of trachea within a beating fly wing (Mokso
et al., 2015). However, the repeatable periodic nature of the mouse heartbeat and fly wingbeat
allowed for simplified reconstruction of the tomography images. Dynamic µCT image
reconstruction is not easily possible with the non-periodic rhythmic tracheal compression in
insects because they occur at a timescale much longer than the needed to obtain the raw µCT,
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and it is unclear how repeatable each cycle is. While insect tracheal compression is rhythmic, it
is accompanied by abdominal pumping, gut motion, muscle and other possible movements of
internal viscera. Temporal variations in internal morphology make it difficult to scan dynamic
changes of large portions of the tracheal system, leaving quantification of the respiratory volume,
VR, largely up to approximations and indirect measurements.
While observations have been made in live animals using 2-D projected images from xray synchrotron videos, limited information exists on the 3-D kinematics of tracheal collapse
morphology and the propagation of collapse patterns. It is also unknown how the collapse
morphology and propagation of collapse may affect the flow of air through the tracheal system.
Across species and across developmental stages, the collapsing portions of insects’ tracheal
systems exhibit a range of patterns, from apparent full compression to pock-mark like patterns
with irregular deformations and dimpling (Westneat et al., 2003; Greenlee et al., 2005; Harrison
et al., 2013; Pendar et al., 2015).Within a single specimen, locations and sizes of collapse
patterns as well as the direction of the collapse propagation have been noted to vary by location
in the tracheal system (Socha et al., 2008; Waters et al., 2013; Hochgraf et al., 2018;).
In this study, we examine portions of an insect tracheal system in the natural inflated and
compressed states to compute the change in tracheal volume and to measure morphological
changes resulting from tracheal collapse in three dimensions. Specifically, we used synchrotron
x-ray microcomputed tomography (SR-µCT) to scan the tracheal systems of freshly sacrificed
Zophobas morio darkling beetles. We first took scans of the beetles in the natural state, followed
by scans in a compressed state using a static manual abdominal compression. With a
compression of the abdomen, we simulated the extent of an abdominal pump, which are known
to be correlated with tracheal compressions in live adult beetles (Cox, 2011; Dalton, 2013;
Pendar et al., 2015). From reconstructed tomographic images, we made morphometric
measurements of individual tracheae in the uncompressed and compressed states and made
comparisons with previous 2-D x-ray synchrotron imaging measurements. We then generated 3D renderings of the tracheal system in uncompressed and compressed states and computed the
tracheal volume, VT and the respiratory volume, VR.
4.2. Methods
4.2.1. Animals
We used four adult darkling beetles, Z. morio, (mass = 603 ± 47 g, mean ± SD) for this
study. Specimens were bred from animals originally purchased from a supplier (Carolina
Biological, Burlington, NC) representing 1-3 generations. Darkling beetles were selected
because they have been shown to exhibit rhythmic tracheal compression (Pendar et al., 2019).
Beetles were kept in a clear tank with a natural light:dark cycle with approximately 10-20 other
adults and larvae. They were fed a diet of oat bran and water ad libitum. All specimens were
sacrificed using fumes of ethyl acetate immediately prior to SR-µCT scanning.
4.2.2. Trial Protocol
To image tracheae, we used synchrotron x-ray phase-contrast micro-computed
tomographic (SR-μCT) imaging at beamline 2-BM at the Advanced Photon Source at Argonne
National Laboratory. First, sacrificed specimens were mounted in the upright position (head up)
in a custom 3-D printed cylindrical holder, designed such that a gap revealed the abdomen. The
elytra (hard wings) were folded upwards such that abdominal surface was directly exposed.
Specimens were further secured in the holder using x-ray translucent tape (Kapton, DuPont,
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Wilmington DE). To capture the unaltered tracheal morphology, SR-µCT scans were first taken
of beetles in their natural state following previously developed methods (Socha 2008, Pendar
2019). Then, to simulate the extent of an abdominal pump in beetles, we used a 3-D printed
pusher to compress and hold the specimens’ exposed abdomens in place (see Figure 4.2E) while
a second identical scan was taken (2 scans per specimen = 10 total scans). Because it was not
feasible to measure pressures in vivo while imaging, preliminary bench tests with a similar
experimental setup were conducted to test whether our abdominal pusher can generate and
maintain hemocoel pressures similar to those in previous studies (see Figure C.1.3). Specimens
were rotated 180° with projections taken at a 0.125° angular rotation increment, 4°/sec rotation
rate, 27 keV beam energy, and a 150 mm detector-to-specimen distance.

Figure 4.1: Morphometric measurements of tracheae were made on reconstructed µCT images
with arrow indicating dorsal axis. Uncompressed tracheae (A) were fit with an ellipse. From that
ellipse, measurements of ellipse short and long axis, Dh, and Dw were made (A inset).
Corresponding measurements were made on the tracheae after collapse (B). These measurements
include collapse width, DC, collapse length, LC, (B, top inset) angle of long axis of collapse with
mid-line, AML, as well as projected collapse width to the dorsoventral plane, PDV, and sagittal
viewing planes, PSP (B, bottom inset).
4.2.3. Morphometric measurements and 3-D analysis
To analyze collapse morphology in three dimensions, individual µCT slices from 3
beetles were selected from regions in the meso- and metathorax. A total of 16 collapsing thoracic
tracheae trunks (4-8 tracheae per specimen) were identified pre- and post-collapse.
Morphometric measurements were made using ImageJ software (Schneider et al., 2012). First,
each individual uncompressed trachea was manually traced and fit using the ellipse tool, from
which the long and short axis lengths, DH and DW, respectively, were determined. Then the same
tracheae were measured in the compressed state. We measured the lengths of the compressed
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trachea’s narrowest portion and longest portion, DC, and LC, respectively, using the line tool.
Then we measured the angle between the perpendicular midline of the animal and the long axis
of the compressed trachea, AML. Lastly, we made additional measurements for comparison with
2-D analyses from other studies in which the specimen was viewed in dorsoventral and lateral
projection. We measured the projected width of the tracheae in the frontal dorsoventral, PDV, and
sagittal planes, PSP, by measuring the length of the portion of collapsed tracheae that intersects
the midline and perpendicular lines, respectively.

Figure 4.2: Sacrificed darkling beetle tracheal systems were imaged using synchrotron
microcomputed tomography (SR-µCT) in the relaxed (inflated) and compressed state. Hollow
tracheae in resulting reconstructed µCT images (A) were tracked using a semi-automatic
MATLAB program (B, C). Sacrificed beetles were secured and manually compressed in the
upright position using a 3-D printed holder and pusher (D,E). Entire tracheal systems were
segmented in 3-D (F) and the tracheal collapse volume was calculated in thoracic sections
representing ~30% of the body length (shown in pink on a representative specimen in the
compressed state). The shape of the compressed abdomen is visible as the imprint of circular
abdominal pusher.
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4.2.4. Volume segmentation and difference calculation
We used the SR-µCT data to compute the tracheal volume from each scan. First, raw
projection images from the scan were reconstructed tomographically using Tomopy 1.0.3
software (Gürsoy, 2014). Reconstructed images were 2016 x 2016 pixels, representing a field of
view of 14.5 x 14.5 mm, nominal image resolution of 7.15 µm/pixel, and a 5 µm vertical step
size. Images were converted to 8-bit and intensity normalized (Photoshop, Adobe, San Jose, CA)
and tracheae were then selected using a custom semi-automatic program (MATLAB,
MathWorks, Natick MA) in which the user isolates the tracheae in the 2-D slice and all other
features are removed (Pendar, 2019). The code outputs binary tomographic images, which are
easily segmented when loaded into segmentation software. Once images representing a span
between the head to the mesothorax (31 ± 3 % of body length, ~1200 images) were loaded in the
segmentation software (Amira, Thermo Fisher, Waltham, MA), the volume of the generated
isosurface of the tracheal network was calculated. This length of tracheal system was used for
segmentation, as the abdominal pusher created abnormal morphology compressions within the
posterior regions of tracheal system that were likely not representative of the natural tracheal
compressions. Respiratory volume for each specimen across identical spans was calculated by
subtracting the volume of tracheal network in the compressed state from that of the tracheal
network in the uncompressed state.
4.3. Results
4.3.1. Tracheal morphology
Morphometric measurements were made on individual reconstructed µCT images to
examine collapse patterns of individual thoracic trachea in 3-D. For the largest tracheae (ranging
from 400–660 µm in diameter), we found that many of the tracheae had elliptical cross-sections,
(

M

with an average eccentricity of 0.66 ± 0.13 calculated as K1 − L MN P . Eccentricity also appeared
to be somewhat correlated with diameter (R2 = 0.3, p < 0.5).
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Figure 4.3 (previous page): Side by side comparison of uncompressed (left) and compressed
(right) tomographic images. (A) Most uncompressed tracheae exhibit elliptical cross-sections of
varying ellipticity. (B) In the compressed state, most tracheae were observed to have collapsed
(green boxes); however, some tracheae appeared to have translated but maintained their original
cross-sectional shapes (red box).
Relative to the inflated state, in the collapsed state, one axis is reduced while the other is
elongated. The mean collapsed width, DC along the short axis was 160 ± 103 µm and the
collapsed elongation length, LC along the long axis of the tracheal tube was 625 ± 168 µm. The
ratio of collapsed width, DC, to the uncompressed tracheal short axis, DH, was 0.43 ± 0.25. The
ratio of collapsed elongation, LC, to the uncompressed tracheal long axis, DW, was 1.19 ± 0.21.
The angle between long axis of tracheal collapse and the midline of beetle ranged from 0120° away from the midline of the beetle (AML = 39 ± 27 °). When measuring the projected
tracheal width in the dorsoventral plane, PDV, the mean was 2.76 ± 1.55 times higher than the
actual collapse depth, DC. When measuring the projected tracheal width in the sagittal plane, PSP,
the mean width was 4.13 ± 2.77 times higher than the actual collapse depth, DC (see Figure 4.4).

Figure 4.4: Comparison of tracheal collapse width and projected widths from different viewing
planes for tracheae of different diameters (A) and eccentricity of uncollapsed tracheae of
different diameters (B). Actual width, DC, (blue) was lower than projected compressed width in
both the dorsoventral plane, PDV (orange) as well as the sagittal plane, PSP (green). Eccentricity
appeared to be correlated with diameter with a relatively high degree of variation within the
distribution (p < 0.05, R2 = 0.3) (B).
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Projected width in the sagittal plane, PSP, was higher than projected width in the
dorsoventral plane, PDV, with the ratio of PDV to PSP being 0.86 ± 0.5. We found the mean
compressed width, PDV, to be 15.25 ± 25% less than the original uncompressed width. However,
this include non-collapsing tracheae or tracheae that appear to increase in width. For tracheae
where dorsoventral width, PDV, was observed to decrease, we found the mean compressed width,
PDV, to decrease by 33.80 ± 12% (n = 9, diameter = 503 ± 110 µm).
4.3.2. Tracheal collapse volume
Analysis of the reconstructed tracheal volumes shows that the analyzed portions of the
tracheal system had an uncompressed volume, VT, of 7.24 ± 2.40 µL and a compressed volume,
VR, of 5.91 ± 1.38 µL. The compressed volume represented an average of 18.4 % volume
reduction in the thoracic region.
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Figure 4.5 (previous page): 3-D renderings of tracheal systems of the darkling beetle Z. morio.
Arrows indicate the orientation of the anterior-posterior axis. Dorsal (A) and lateral views (B)
show changes in morphology, namely a reduction in volume and slight displacement of tracheae.
Differences in tracheal morphology can be seen more clearly in isolated sections of the mesothorax (C) between their natural (left) and collapsed states (right).
4.4. Discussion
4.4.1. Individual tracheal collapse
This study is the first of its kind to directly measure tracheal collapse in three dimensions.
We showed that while x-ray synchrotron imaging is a valuable technique for imaging changes in
tracheal morphology and quantifying occurrences of rhythmic tracheal compression, making
measurements of actual tracheal width in live animals is limited when using this technique.
Analysis of tracheal collapse morphology reveals that while measurements made from 2-D x-ray
images can be an indicator of when collapse occurs, it falls short for quantifying the actual extent
of tracheal collapse. Our results show projected diameter of tracheal collapse is biased towards
the DV plane. This bias is further supported by the relatively shallow angles of the long axis of
collapse (~40°), suggesting that when using 2-D synchrotron x-ray imaging in the SP plane, there
is information about tracheal collapse extent and direction that may be lost. In fact, in both DV
and SP projections, there were cases where the ratio of projected view to actual collapse width
was less than 1, suggesting that the tracheae of interest would be observed as expanding, while
the trachea was compressing. The disparity between projected width and actual width is further
established by the fact nearly half of the compressed tracheae’s projected width in the DV plane
was observed to either remain unchanged or increase in diameter. In Chapter 3, we measured the
projected collapse depth in the DV plane as a measure of comparing tracheal collapse with
hemolymph pressure in live darkling beetles. We found the tracheal wall compression to be 44.8
± 22% of the initial width for tracheae 250–450 µm in diameter. This projected 2-D compression
in the x-ray images is not significantly different from the collapse width of 33 ± 12% in the DV
plane measured in this study (n = 9, d = 450–650 µm). The similarity in projected values
suggests that our measurement of projected width is similar to that measured in the synchrotron
x-ray videos. While it is experimentally challenging to measure pressure while conducting
rotational scans, this comparison gives us confidence that our level of pressurization is similar
and sufficient to compress the tracheae in this region of the body. Additionally, although 2-D
projected imaging may be a good indicator for when tracheal compression occurs in some
tracheae, it does not fully capture the dimensions of collapse as it occurs. In fact, utilizing the 2D imaging method may be indicating that tracheae are increasing in diameter or not
compressing, depending on their collapse axis with the midline of the beetle.
In this study, we also report the first in situ measurements of eccentricity on insect
tracheae. While a previous study made similar measurements on excised tracheae from the
American cockroach, Periplaneta americana, the effects of sacrifice, dissection, mechanical
mounting conditions, and specimen preservation may collectively affect the measurement
(Webster 2015). However, our measurements were made in situ, with the mounting and
boundary conditions similar to the natural conditions of the live animal. We found that our
measurements are similar to those made on the cockroach. The level of eccentricity measured in
this study indicates that tracheae are not generally circular and may be more conducive to
compressing along their short axes. It is important to note that some tracheae included this study
were measured to have relatively low pre-compression eccentricity and had nearly circular cross48

sections. There were also much smaller tracheae that were not observed to collapse. However,
measurements in this study were made on larger collapsing tracheae (<400 µm) to make
morphological comparisons with previous studies.
Also visible in the µCT reconstructions, are the cross-sections of collapsed tracheae
which reveal the previously unquantified number of collapse lobes encountered when a thin
cylindrical shell experience pressure buckling (Grotberg and Jensen, 2004). In Chapter 3 of this
dissertation, we use the pressure buckling cylinder model to model the collapse of tracheae a thin
cylindrical shell undergoing increase in uniform transmural pressure. The model requires the
number or lobes, or folds of the tracheal wall, to properly predict the collapse pressure. Based on
evidence from 2-D x-ray imaging, we estimated the lobe number to be between 2 and 3. The lobe
number is determined largely by the ratios of thickness and uninterrupted length to radius
(Timoshenko and Gere, 2009). In Chapter 2, we found the radius to thickness ratio to be 2.27,
and a mean uninterrupted length to radius ratio to be 8.91. Our experimental results match up
most closely with modelling results for 2 lobes with some experimental results closer to the 3
lobe model results. In this study, all analyzed tracheae appear to have collapsed in the 2-lobe
configuration.

Figure 4.6: Measured eccentricity values in thoracic tracheae of American cockroach,
Periplaneta americana (A) compared with sample darkling beetle thoracic tracheal crosssections from this study (Webster et al., 2015). Sample cross-sections of buckling cylinders (B)
collapsing with different lobe numbers (left) and sample collapsed darkling beetle tracheae
showing 2 lobes of collapse.
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4.4.2. Volume calculation
Although we only analyzed roughly a third of each beetle’s tracheal system (31 ± 3 % of
body length), our observations appear to be consistent with a previous study that reported a
single full-body reconstruction of a darkling beetle tracheal system. That study found the total
tracheal volume to be 14.7 µL, with the highest concentration of tracheae concentrated in the
meso- and meta-thorax, and only ~35% of tracheal volume located in the abdomen (Pendar et al.,
2019). With ~20% of the tracheal system in the thorax participating in compression, this amount
of compression indicates that many sections of the tracheal system remain open, possibly as
conduits for airflow (Pendar et al., 2019).. However, of the sections that do compress, some were
observed to partially close while others were observed to almost close off completely. In some
cases, the µCT slices, some smaller tracheae (≤100 µm) were not detectable in the compressed
state. These varying degrees of closure could divert or close-off air flow and may have
implications for flow patterns in the tracheal system. Additionally, it has been previously shown
that the hemolymph pressure distribution in the hemocoel is not uniform, with abdominal
pressures tending to be higher (Pendar et al., 2019). With higher pressures in the abdomen, more
of the tracheal volume is expected to compress in that region, but the manual compression
method used here precluded the visualization of tracheae in this region. However, if the spiracles
are partially or entirely closed, abdominal compressions would drive anterograde air flows
towards the front of the body. Although the spiracle dynamics have not been documented in this
species, in a study on hissing cockroaches, the abdominal spiracles were closed and the thoracic
spiracles remained open, ventilating the tracheal system beginning through the thorax (Heinrich
et al., 2013). During compression, the inverse spiracle opening order occurred and the exhaled
respiratory gases were expelled primarily through the abdominal spiracles. Other studies of bees
and wingless dung beetles have also shown anterograde unidirectional flow through the tracheal
system (Bailey, 1954; Duncan and Byrne, 2002). This anterograde flow would be advantageous
as there are important parts of the anatomy in anterior parts of the body including larger flight
muscles, ganglia, eyes, head muscles and others requiring a higher degree of ventilation as
evidenced by the presence of higher concentration of tracheae.
A previous study attempted to estimate tracheal volume displacement in different insects
including beetles and found a nearly 50% displacement. However, these measurements were
made on the large thoracic tracheal trunks that were observed to collapse and not the entire
tracheal system (Westneat et al., 2003). Additionally, the images analyzed in that study were 2-D
projections of x-ray images and the calculations were made with the tracheae as circular
cylinders. Subsequent studies did not utilize these approximations and reported only the crosssectional width of the tracheae as they collapsed (Socha et al., 2008; Waters et al., 2013). While
our approach captures the entire tracheal system within the region of interest, it is limited to only
the thorax, as the abdomen was being compressed manually and tracheae in this region are prone
to collapsing by contact from tissues and other displaced viscera (see Figure 4.2F).
An additional limitation of this study was that we did not measure the actual in vivo while
imaging, and so it is not known what the localized pressure in the abdomen and thorax is. Bench
tests show that pressures approached and remained at pressures similar to those in previous
studies to be sufficient to generate collapse. Nevertheless, tomographic slices do not show a
significant difference in the projected dorsoventral width of collapsed tracheae, and those
collected from live beetles in Chapter 3 (33 ± 12% vs. 44.8 ± 22% respectively), providing
indirect evidence that the pressures remained consistently high throughout the imaging process.
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In this study, we explored a new method of visualizing and quantifying tracheal collapse
in insects. As direct measures, the results from this work give insight and context to
measurements made from x-ray synchrotron image and estimations and measurements of
respiratory volume.
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5. Conclusions

Chapter 5
Conclusions
The objective of this dissertation was to study the mechanics of rhythmic tracheal
compressions (RTC) in beetles to gain a better understanding of how insects breathe. I used
various techniques to accomplish this goal including atomic force microscopy (AFM), scanning
electron microscopy (SEM), microtome sectioning, 2-D x-ray synchrotron imaging, in vivo
pressure sensing, 3-D x-ray synchrotron microcomputed tomography (SR-µCT), and digital
image processing. Using these techniques, I characterized the tracheae’s Young’s modulus,
taenidial spacing, cross-sectional geometry, collapse pressures, total tracheal volume, change in
tracheal volume during compression, and geometric collapse dimensions. Here, I provide a
summary of the results and provide ideas for potential future avenues of research that our results
open up.
5.1 Material and structural properties of tracheae
In this chapter, we explored spatial variations in Young’s modulus and taenidial spacing
along the axial length of major thoracic tracheae in darkling beetles. We compared these
measurements with spatial dimensions of tracheal collapse dimples. We found that the taenidial
spacing and Young’s modulus were not directly correlated; however, the length of regions with
lower values of Young’s modulus were similar to the lengths of the tracheal collapse dimples
(~400 µm). This supports the hypothesis that variation in Young’s modulus may be a key factor
in determining the tracheal collapse patterns in darkling beetles. Sectioning of the tracheae
revealed that the thickness scaled with diameter with a negative allometry, suggesting that the
size of the trachea also plays a role in how tracheae collapse as thinner tracheae of larger
diameter are easier to compress than thicker tracheae of smaller diameter.
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We also found that there were ~40% more taenidia in regions near tracheal junctures and
branching points. We found that the taenidia were not continuous filaments encircling the
tracheae, but rather they exhibited discontinuities every ~5th taenidium on the imaged surface.
Papillae were distributed between the taenidia (~30% of intertaenidial space) and appeared to be
fused to the terminating end points of the taenidia.
The results from this study give us a more complete understanding of tracheal material
and structural properties from the adults of a single species of insect. The spatial measurements
of Young’s modulus we made were such that we could capture long spans of tracheal length. The
difference between long and short spans clearly shows that higher resolution scans revealed
greater detail about the location of the elevated modulus values and the modulus of the regions
surrounding peak values. However, to capture meaningful lengths of tracheae, due to
experimental limitations, we picked spans of tracheae that would give information along length
scales relevant to the scope of this study. To see even more minute details of the how Young’s
modulus varies along smaller region, a set of complimentary higher resolution scans along
shorter spans of tracheal lengths accompanied by taenidial spacing information could be
conducted. Along the same vein, since variations in taenidial orientation were observed in the
radial direction in other insects (Webster, 2015), AFM scans around the visible circumference
may also give more information about Young’s modulus in the circumferential direction and
how it relates to dimensions of collapse, including collapse dimple depth. Another limitation of
this study stems from the fact that we compared tracheal dimples lengths from a separate set of
specimens than those from which Young’s modulus and taenidial spacing values were measured.
While it may be experimentally challenging to match the exact regions where collapse occurs
and where AFM indentations are being made, a comparison between collapse in a specimen’s
tracheae in vivo and its corresponding Young’s modulus and taenidial spacing would give the
clearest idea of exactly how the three factors are related.
Additionally, AFM indentation and SEM imaging were conducted on excised tracheae
mounted permanently on a petri dish. While this arrangement was necessary to restrain the
tracheae for testing, it left only the dorsal surface of the tracheae exposed leaving the ventral
surface obscured. While we can assume some level of symmetry, it would be ideal to make
additional measurements to increase confidence in the data, or to mount the tracheae in a nonpermanent way, allowing both surfaces of the tracheae to be tested and imaged without
damaging the specimen.
Another factor that plays a role in determining the collapse pattern morphology is the fact
that the tracheae are composite materials with taenidial fiber reinforcements and inter-taenidial
papillae whose role, if any, is unclear. The relationship between Young’s modulus and taenidial
spacing was inconclusive; however, Young’s modulus values appeared to have regions of
elevated and lower values. Excising individual taenidia and papillae and measuring their
Young’s modulus in relation to the composite Young’s modulus of the tracheae may shed light
on how each components of the tracheae contribute to the overall material stiffness.
Lastly, since tracheae have never been observed to rupture through many compression cycles, an
investigation into the role that the inherent structure and distribution of higher stiffness
component materials may prove interesting. Further material testing, such as tensile tests, of
tracheae at branching points to determine the difference in tensile strength between these regions
and other uniform ‘uninterrupted’ regions of the tubes may give an understanding of what
purpose, if any, this increase in taenidia may serve.
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In this study, we looked at how the stiffness and taenidial patterns varied spatially along
the lengths of collapsing tracheae. Our results suggest that the elasticity may influence collapse
pattern. Additionally, our observations of structures show that while the spacing between
taenidia may vary, there are features within the spaces that could also contribute to the elasticity
being measured and thus affect tracheal collapse patterns. Lastly, the cross-sectional geometry of
the tracheae plays a role in how the tracheae collapse, as different tubes would have the
propensity to collapse under different conditions. These different factors may combine,
contributing the highly variable collapse patterns observed in the insect.
5.2 Tracheal collapse and hemocoel pressure
In this study, we sought to directly test the relationship between tracheal collapse and
hemolymph pressure in darkling beetles. We also set out to model tracheal collapse as simple
pressure buckling cylinders. Our overall question was: Is pressure the primary mechanism in
tracheal compression in darkling beetles? In live beetles, the mean pressure at which the tracheae
compressed was 1.07 ± 0.1 kPa. However, in sacrificed beetles, tracheae collapsed at
significantly lower pressures (0.71 ±.1 kPa). We also found that tracheae of different sizes
collapsed at different pressures with tracheae over 100 µm collapsing at 0.20 kPa lower
hemolymph pressures. Lastly, we found that tracheae behave like simple pressure buckling shells
as experimental collapse pressure values lie along the prediction model curves. Although
pressure certainly plays a role in the collapse of tracheae in the insect body, it appears that the
insect may have some additional mechanisms affecting tracheae, which may have a profound
effect on how airflow is directed throughout the body.
This study builds upon previous studies that tested the mechanical linkages between
otherwise physiologically and anatomically separate respiratory and circulatory systems.
Previous studies established the link between different forms of abdominal pumps and rises in
hemolymph pressure rises, as well as abdominal pumps and tracheal collapse incidences. The
work in this chapter quantified the nature of the relationship between pressure and tracheal
collapse in the live beetle and compared it with sacrificed specimens. While mechanical linkages
between the three behaviors have been established independently, a natural next step would be to
quantify the relationship between abdominal pumping, tracheal collapse, and hemocoel pressure
together.
The major question that arises from our study is: what other factors affect the tracheal
collapse pressures and patterns? One answer to this question may be the movement of viscera,
such as the gut and large musculature, that may affect collapse pressures. A study tracking the
synchronicity of gut motions with tracheal collapse may give an understanding of how the two
behaviors are linked. While interaction with these active viscera would logically incur stress
concentrations on the tracheal walls causing the tracheae to collapse at lower pressures, it does
not explain why tracheae in the live animals collapse at higher pressures. One possible answer
may be the effect of the non-uniform hemolymph pressure distribution throughout the body on
the tracheae. One follow-up study could be to measure in vivo pressures, and muscular activity to
track any synchronization with tracheae collapse. Previous studies have shown
compartmentalization between the abdomen and thorax but were limited to the two general
regions (Pendar, 2018). It would be interesting to understand if beetles are able to isolate
tracheae in small regions of the hemocoel by coordinating certain muscular and internal
morphological activity.
Another limitation of this study was that we sought to increase hemocoel pressure rises
by simulating an abdominal pump. However, our simulated abdominal pump was a quasi-static
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compression of the entire abdominal region. In contrast in the live animal, there are multiple
forms of abdominal pumping that involve the coordination of several different lateral and
dorsoventral muscles. Therefore, the pressure regime within the hemocoel may not have been
similar to the one in the live animal. An alternative to our manual abdominal compression
method would be injecting the hemocoel with water or other viscous fluid. Our preliminary
attempts at this design of experiment utilized a remote-controlled syringe injecting water into the
thorax adjacent to the pressure sensor (see Figure B.1.3). However, it was difficult to maintain a
seal at the injection point and the hemocoel pressure did not increase in a similar fashion as the
live beetle. Additionally, the injected water created air bubbles in the hemocoel which obscured
the view of tracheal movements and may have affected tracheal collapse. Attempting this
experiment again while ensuring a proper seal at the injection point using a sealant and
minimizing the amount of bubbles by using a different injection method or a more viscous fluid
would be insightful as it would increase the hemocoel pressure without compressing and
displacing the internal viscera without contact. This method would also allow more of the
posterior body to be imaged, as it would eliminate the motorized pusher assembly obstructing the
view of the abdomen.
While we calculated the predicted initial collapse pressures using an analytical model,
behaviors after the pressure buckling begins are far more complex to model. Nevertheless, an
interesting mechanics study would be to model the post-buckling behavior of the tracheae after
they began to collapse. Modelling post-buckling behavior would be especially interesting
because our experimental results show that the behaviors after initial collapse were similar
between live and sacrificed insects, suggesting that once the tracheae began to collapse, their
behavior was dictated by the onset of collapse and appeared to be independent of initial collapse
pressure magnitude. This may be that the tracheae are buckling similar to a ‘snap-through’
instability, however videos of tracheal collapse do not exhibit the rapid transition between the
two stable modes (uncompressed and compressed) unique to that phenomenon. This deviation
from this behavior may be due to the unique properties of the tracheae and environment in which
they reside causing the tracheae to undergo modified versions of the phenomenon. However, the
tracheae may also be collapsing in this unique way, but it may not be detectable due to
limitations of the 2-D projection of the x-ray imaging. Nevertheless, these unique post-buckling
mechanics of the tracheae warrant a study of its own.
Lastly, while the tracheal system has a complex branching geometry that is distributed
throughout the body, the rhythmic compression of the tracheal systems operates in a relatively
simplified manner as compared with engineered systems of the same scale. Our results show that
as pressure magnitude increases, tracheae of different sizes would begin to collapse, ultimately
resulting in all tracheae collapsing at some final pressure. By extension, it is therefore possible
that at different pressure magnitudes, certain portions of the tracheal system would be partially
open or closed, creating hemocoel pressure dependent air pathways within the tracheal network.
With different tracheal diameters throughout the body, the insect can potentially benefit from
different paths or impingements to flow to regions of the body, by simply modulating the degree
of abdominal pump. These ideas have yielded initial development of insect-inspired microfluidic
pumps that can generate variable pathways and unidirectional flows (Chatterjee, 2018). While
these ideas are not novel, in this study we have shown that some of the thoracic tracheae can
partially close off. Using the idea of diameter based selected pressure collapse, further
development of insect inspired microfluidics can hold great promise and as a future avenue for
simple fluidic device development. There are many possibilities for low-profile designs of
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devices that required the relatively small amount of displacements and forces generated by the
insect abdomen to displace small amounts of fluids for lab-on-a-chip applications or diagnostics
use outside of laboratory environments. This sort of device may replace the sort of bulky and
expensive equipment currently used involving multiple pumps and valves with simple devices
operated by hand.
5.3 µCT imaging of insect tracheae
In this study, we analyzed the morphology of collapsed trachea in three dimensions,
using 3-D synchrotron micro-computed tomography (SR-µCT) to scan darkling beetles in their
natural states. Then we manually compressed the abdomen and scanned the same specimens. We
then made morphometric measurements on the collapsed tracheae’s tomographic images and
compared them with measurements made with 2-D x-ray synchrotron imaging and found that the
typical 2-D x-ray imaging planes may potentially miss details of tracheal collapse morphology.
When viewing collapsed tracheae in the projected dorsoventral plane, we found that the collapse
width was ~33% of the actual collapsed diameter of the tracheae. Other tracheae were observed
to appear either unchanged, or to increase in apparent width, despite actually compressing.
Natural next steps would be to image live beetles using 2-d synchrotron imaging at multiple
viewing angles from the midline. Then compare x-ray images with µCT scans of the same
specimens to determine possible optimum angles and viewing planes at which there is the least
difference between measured projected collapse width and actual collapse width.
Another challenge with this study was the fact that it was not possible to measure the
internal hemolymph pressure within the body as the specimens were compressed and scanned.
While several steps were taken to ensure that the internal pressures reached physiologically
relevant values, such as prior bench tests and comparisons with 2-d x-ray imaging in live
animals, devising a method of pressure measurement that would allow in situ pressure
measurement and repeatable abdominal compression would ensure recordable tracheal collapse
pressures. Along the same vein, because the compression was manually achieved using a large
pusher, much of the abdomen was displaced to reach physiologically relevant hemolymph
pressures. It would be advantageous to manually pressurize the abdomen in a less invasive way,
because any observed tracheal collapse in the abdomen would then more likely be
physiologically accurate, allowing imaging of the entire tracheal system closer to its natural
state.
This study provided us with the first look at compressed tracheae in three dimensions.
Previous studies, including early chapters of this dissertation, have examined tracheal
compression in 2-D to quantify tracheal collapse morphology. Other studies have quantified
tracheal compression propagation and illustrated 3-D depictions of tracheae in their collapsed
state. An interesting study would then be to use the 3-D geometry of an uncompressed tracheal
tube and apply a uniform external fluid pressure using a finite element modelling program. Then,
using the results from that model, we could compare the results with a corresponding
compression heat map of that section of trachea in its compressed state. This comparison could
shed further light on the nature of the relationship between hemolymph pressure and tracheal
collapse. Additionally, by looking at initial and final configurations, it may also shed light on the
importance of initial tracheal geometry onto the unique final collapse patterns.
Lastly, little information is known about the actual respiratory volume in darkling beetles.
Our measurements of compressed thoracic volume can be used to compare with indirect
respirometry measurement techniques. An interesting study could also be to measure the
directionality of the flow in addition to the timing and activity of spiracles in darkling beetles and
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compare with estimations of flow direction and volume. This imaging technique could also be
applied to measuring the respiratory volumes in the tracheal systems of a broad range of different
species of insects to gain a better understanding of relative respiratory volume across sizes and
metabolic needs.
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Figure A.1.1. (previous pages) Plots of Young’s modulus vs. position along individual trachea.
Data collected using AFM for tracheae with long irregular gaps between indentations.

70

Table A.1.1. Young’s modulus vs. position values along the tracheae for individual trachea.
Data collected using AFM for tracheae with long irregular gaps between indentations.
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Figure A.1.2. (previous pages) Plots of Young’s modulus vs. position along individual trachea.
Data collected using AFM for tracheae with long irregular gaps between indentations.
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Table A.1.2. Young’s modulus vs. position values along the tracheae for individual trachea.
Data collected using AFM for tracheae with long irregular gaps between indentations.
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Figure A.1.3. (previous pages) Individual plots of spacing between taenidia along length of
trachea (solid blue) overlaid with average taenidial spacing (dashed red line) along length
of tracheae starting and ending at 25 µm ends of the test sections. Average spacing value
was calculated for a moving 50 µm window and shows the general trends in spacing
along the length.
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Figure A.1.4. (previous pages) SEM micrographs of individual tracheae used for line scans to
determine taenidial spacing. Regions and direction of line scans and Young’s modulus
data collected denoted with yellow arrows.
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Figure A.1.5. (previous pages) All other SEM micrographs collected in this study with
identifying labels. These micrographs were used either for identifying taenidial
organization, papilla density, or taenidial spacing differences at different features.
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Table A.1.3. Measurements of taenidial spacing regions near different types of features
including orthogonal branches, tracheal tube bifurcations, and protruding trachea. Percent
difference is calculated as the difference between in taenidial spacing from the “open”
regions uninterrupted by features and the regions proximal to the features.
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Table A.1.4. Measurements of the number of different categories of taenidia. We identified
taenidia on the ‘top’ surface of the mounted tracheae that encircle the visible external
circumference. The different categories include single taenidia that encircle the full-length of
visible surface, single taenidia that terminate partially around the visible surface, full-length
and partial length taenidia that bifurcate and merge into other taenidia, and taenidia that are
not attached to any other taenidia (see Figure A.1.3).

86

SS4 - 1

SS4-2

SS5-1

87

SS5- 2

SS7-1

88

SS7-1

SS9-2

SS9-3

Figure A.1.6. (previous pages) SEM micrographs and corresponding color-coded traces of
taenidia. Blue lines indicate taenidia that encircle the visible external circumference of
the tracheae, purple and orange denote single taenidia that terminate partially from
direction, red lines indicate taenidia that bifurcate into other taenidia, and green indicate
taenidia that are not attached to any other taenidia.
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Table A.1.5. Papillial density of regions between taenidia on selected tracheal specimens.

Table A.1.6. Measurements of tracheal collapse dimensions including length of collapsed
region, depth of collapsed region, and distance away from reference spiracle.
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Table A.1.7. Morphometric measurements made on histological sections of insect tracheae for
allometric scaling.
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Figure A.1.7. (previous pages) Microtome sections of tracheae used to calculate allometric
scaling factor for N = 3 beetles, 60 tracheal cross sections.

96

Appendix A.S.1: K-means clustering
To observe trends in the Young’s modulus data measured using AFM, we plotted data points
against the length of the tracheae. The data appeared stratified and exhibited a bi-modal
distribution. However, to determine the extent of this, we employed square-Euclidean K-means
clustering. This method uses an iterative process to sort each individual data point into the
nearest of a user set number of clusters, k,and adapts the location of the clusters as more points
are added until it converges on a final centroid location for each cluster. The outputs from this
analysis are a centroid for each cluster (in our case, the average Young’s modulus value), as well
as a mean normalized silhouette index value for each cluster indicating the level of confidence
that it is a distinct cluster. A mean silhouette value of >~0.5 indicates separation between
clusters; however, a user can set k to be any number of clusters while aiming for the most
clusters with the largest mean silhouette value. All the k-means clustering analysis was done in
MATLAB using the k-means and silhouette functions (MATLAB R2017b, MathWorks, Natick,
MA).
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Figure A.1.8. K-means clustering for K = 2 for the Young’s modulus collected with the AFM.
The first cluster had a lower mean (centroid) and represent lower stiffness values while
the second cluster had a higher mean (centroid) and represent higher stiffness values.
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Figure A.1.9. K-means silhouette plot showing the mean normalized index value for each
cluster. Most of the values in either clusters are uniformly high; however, as is usually
the case, some values on the border between the clusters have lower and sometimes
negative silhouette values indicating some probability that they lie in either cluster.
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Appendix A.S.2: Young’s modulus calculation using AFM indention
1) Calibration:
To calculate Young’s modulus from AFM indentations, an iterative calculation must be
conducted. First, prior to indenting on any test material, a set of calibration indentations
must be conducted on a stiff substrate. A glass slide or petri dish is sufficiently stiffer
than the cantilever and test specimen. The calibration serves two purposes: 1) To
calibrate the input voltage to a known displacement of the cantilever, and 2) to establish
force and indentation depth limits for the cantilever. The calibration results in nearly
linear approach and retract voltage/displacement curves. Using the slope of the approach
curve on the indentation in volts/nm, as well as the known stiffness of the cantilever,
subsequent indentations can be converted to units of distance (Neumann, 2008).

Figure A.1.10. Calibration plot showing the approach indentation (red) and the retract
(blue) curves. The sensitivity is calculated as the slope of the approach indentation curve
and can be used in the calculation of force required to deflect cantilever indenting
specimen material.
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2) Measurement:
Calculating the Young’s modulus using a nano-indentation technique on soft biological
samples involves more than a simple force-displacement curve, as the curves are
generally non-linear in nature. This nonlinearity is due primarily to the indenter shape
and the mode of indentation. Therefore, we use a model called the Hertz-Sneddon model
that gives an approximation of a test specimen being made of isotropic and linear elastic
solid material that occupies infinitely extending space (Neumann, 2008). Using this
model, we also assume the indenter is probing with a force such that the indenter itself is
not deforming and there are negligible interactions between indenter and the sample
(Neumann, 2008).
There are different forms of this model for different-shaped indenters, such as conical,
parabolic, spherical, and four-walled pyramid. While soft biological specimens such as
cells are generally tested with spherical indenters, we used the four-walled pyramidshaped indenter for our analysis as it is more suitable for thicker biological specimens
and can be less hindered by cellular structures protruding from the specimens (Neumann,
2008). A ‘sharp’ pyramid shape tip can also help in determining the contact point at
which fitting should begin (Neumann, 2008). Additionally, the model assumes that the
indentation depth is negligible in comparison to sample thickness, and as such input force
and depth are optimized to being no more than 5-10% of the specimen width such that the
there are no substrate or deformation effects (Neumann, 2008).
3) Fitting and calculations:
While the original Hertz-Sneddon model considered two shallow interactions between
spherical shaped bodies, we used the pyramid-shaped indenter form of the equation,
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shown in equation 2.1 (Neumann, 2008). We use the Young’s modulus as the fitting
parameter and adjust the limits of the force-indentation curves until there is a best fit
(figure A.1.11). This iterative process is done automatically using NanoScope analysis
software (NanoScope 1.5, Bruker Corp. Billerica, MA). The model assumes energy
conservation and linearity of the specimens (Neumann, 2008). However, since neither of
these conditions are necessarily true, which manifests as hysteresis between the approach
and retraction curves of the indentations, then we ensure that we keep the fitting range,
indentation depth, indentation speed, and test direction (approach) consistent between all
tests (Neumann, 2008). We also conducted several indentations at each location and took
an average.

Indenter depth (µm)
Figure A.1.11. Sample plot showing indentation plot with zoomed in portion (left) on
the fitted part of the indentation curve and Hertzian model fit line used to calculate the
Young’s modulus.
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Appendix B
Chapter 3 supporting information
B. Chapter 3 supporting information
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B.1 Supplemental materials
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Table B.1.1. Live specimen initial collapse pressure, Pi, final collapse pressure, Pf, and
collapse time, Tc.
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Table B.1.2. (following pages) Sacrificed specimen initial collapse pressure, Pi, final
collapse pressure, Pf, and collapse time, Tc. Last column indicates which
experimental trial the data was collected from. Trail 2 was only on sacrificed
specimens whereas Trial 3 was from specimens that were tested both live and
sacrificed.
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Table B.1.3. Direct comparison of live and sacrificed specimen’s initial collapse
pressure, Pi, final collapse pressure, Pf, slope, tube final diameter, and % tracheal
closure.
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Figure B.1.1. (previous pages) Plots of pressure vs. diameter for individual trachea in
live specimens collapsing naturally (left column) and sacrificed specimens (middle
column) when manually compressed. Combined plots of both show both traces
overlaid (right column).
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Experiment 1- Specimen 1
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Experiment 1 – Specimen 2
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Experiment 1 – Specimen 3
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Experiment 2 – Specimen 1
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Experiment 2 – Specimen 2
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Experiment 2 – Specimen 2
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Experiment 2 – Specimen 3
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Experiment 2 – Specimen 4

Experiment 4 – Specimen 1-UC

124

Experiment 4 – Specimen 1-C
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Experiment 4 – Specimen 2-UC
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Experiment 4 – Specimen 2-C
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Experiment 4 – Specimen 3-UC
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Experiment 4 – Specimen 3-C
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Experiment 4 – Specimen 4-UC

Experiment 4 – Specimen 4-C

Figure B.1.2. (previous pages) Synchrotron x-ray images of regions in the thorax and
perpendicular point along tracheal walls used to track tracheal collapse. Different
colored points are used to denote different tubes in each region of interest.
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Table B.1.4. Morphometric measurements made on x-ray images of length and radius
used for comparing with the calculating theoretical buckling pressures
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Figure B.1.3. Photos of the experimental set-up for manually creating pressure rises in
darkling beetles by compressing the abdomen using a motorized pusher (top). An
unsuccessful attempt was made to pressurize the hemocoel using a syringe to inject
water into the hemocoel (bottom).
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C. Chapter 4 supporting information
Appendix C
Chapter 4 supporting information
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C.1 Supplemental materials
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Table C.1.1. Morphometric measurements made on individual trachea in their collapsed
and uncollapsed states.

Table C.1.2. Morphometric measurements made of projected lengths of tracheae in
dorsoventral and sagittal viewing planes for individual trachea in their collapsed and
uncollapsed states.
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Figure C.1.1. (previous pages) Reconstructed microcomputed tomography (µCT)
images used to make measurements of tracheal collapse morphology. Measurements
made on uncompressed trachea (left) were compared with those made on compressed
tracheae (right).
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Specimen 1 uncompressed (exp 21)

Specimen 1 (exp 23) compressed
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Specimen 2 (exp 26) uncompressed

Specimen 2 (exp 27) compressed
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Specimen 3 (exp 33) uncompressed

Specimen 3 (exp 34) compressed
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Specimen 4 (exp 35) uncompressed

Specimen 4 (exp 36) compressed
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Figure C.1.2. (previous pages) 3-d segmented µCT reconstructions of portions of
darkling beetle tracheal systems. Portions from the prothorax through the metathorax
were reconstructed in sacrificed specimens in the natural uncompressed state as well
as the compressed states.

Table C.1.3. Volume analysis results from the µCT 3-D renderings of uncollapsed and
collapsed portions darkling beetle tracheal systems.
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Figure C.1.3. Hemolymph pressure rises from of manual compression and hold tests
conducted off x-ray beam to determine the approximate level of pressure being
generated and the set-up’s capability of holding pressures for several minutes.
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Figure C.1.4. Photographs of the experimental set-up with uncompressed specimen (top
left), compressed specimen (top right) and the pusher in place (bottom).
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