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Abstract

There is still much to learn from nature. Springtails (collembola), a small arthropod that
live in soil and decaying material, have through evolution developed extremely effective
anti-wetting skin patterns. The hexagonal structure on the cuticle of some species dis-
tinguishes them from other anti-wetting surfaces and makes them an interesting study.
In this thesis, two different methods of surface characterization were utilized. In the end
there was an evaluation on which method that was the best.

Method one consisted of analysing images taken with a Focused Ion Beam (FIB). A dual-
FIB was utilized, which consists of both a FIB and a Scanning Electron Microscope (SEM).
This made it possible to cut in to the surface structure on a nanoscale. The samples were
then tilted, so one could view the cross-section and take SEM images. The images was
then analysed and height values of the selected species extracted.

A 3D image was also possible to obtain from the SEM images from the FIB. This was done
by powerful image analytic software. The program analysed hundreds of SEM pictures
taken only a few nm apart, sliced by the FIB. This produced a 3D image. The method
was called “slice and view”.

The second method consisted of the use of a nanoindenter. A nanoindenter performed
a Nanoindenter-“Atomic Force Measurement” scan, or NI-AFM scan, which produced a
3D image of the surface of the scanned sample. The height data was then relatively easy
extracted from the images.

In addition some mechanical properties of the specie F. quadrioculata were measured.
This was performed by nanoindenting. Nanoindenting consists of performing an indent on
the surface and extract data of the forces used and how the material behaved. The data
were then analysed and evaluated. The reduced Young’s modulus and hardness were the
material properties that were extracted.

A total of five different species of springtails were tested with both methods. One deemed
unscannable by the NI-AFM, but produced a beautiful 3D image by the “slice and view”
method. The resulting four species was evaluated. To conclude, the springtail cuticles
with the lowest surface structures, I. prasis and F. quadrioculata, was best fitted for the
NI-AFM scans and hardest to analyse from the images of the cross sections.

The indentation of F. quadrioculata confirmed some of the mechanical properties we know.
The granules and bridges between the granules are harder than the skin between them.
Nanoindentation of soft materials is a field increasing in scope. More material testing of
the cuticles of springtails are reccomended.



Sammendrag

Det er fremdeles mye a leere fra naturen. Spretthaler (collembola), et lite leddyr som lever
i jorda, har gjennom evolusjonen utviklet strukturer i kutikulaen som gjgr dem ekstremt
vannavstgtende. Enkelte arter har veldig distinkte heksagonale strukturer som skiller
spretthalene fra andre vannavstgtende overflater. Dette gjgr dem interessante & studere.
I denne oppgaven brukte jeg to forskjellige metoder for overflatekarakterisering og gjorde
deretter en evaluering av hvilken som egnet seg best.

Metode en innebar analysering av bilder tatt med en Focused Ion Beam (FIB). En dual-FIB
ble brukt. Denne inneholdt bade en FIB og et Skanning elektronmikroskop (SEM). Dette
gjorde det mulig & kutte hull inn i overflatestrukturen med nanometerpresisjon. Prgvene
ble tiltet slik at hullet i overflatestrukturen kom pa skra i forhold til SEMen. Resultatet
ble bilder av et tverrsnitt av overflatestrukturen. Dette bildet ble s& bli analysert, og man
kunne blant annet fa ut hgyden pa overflatestrukturene.

Det var ogsa mulig a lage 3D bilder basert pa SEM bildene fra FIBen. Dette innebar a
ta flere hundre tverrsnittbilder med SEM, bare et par nm fra hverandre. Ved hjelp av
kraftig bildeanalyseringsprogramvare utgjorde disse et 3D bilde. Metoden ble kalt <slice
and views.

Metode to innebar bruk av en nanoindenter. Nanoindenteren skannet overflatestrukturene
og produserte et 3Dbilde av overflaten. Hgydedataene til overflatestrukturene ble dermed
relativt lett hentet ut.

I tillegg ble nanoindenteren brukt til & hente ut de mekaniske egenskapene til arten F.
quadrioculata. En indentering gikk ut pa a trykke liten nal ned i overflaten og registrere
hvordan materialet oppfgrte seg. Fra indenteringene fikk man opp grafer som deretter ble
analysert. Redusert E-modul og hardhet er materialegenskapene som ble hentet ut.

Totalt ble fem forskjellige arter av spretthaler testet med begge metoder. Det viste seg
umulig & avbilde H. viatica med nanoindenteren, men et vakkert 3D bilde ble tatt med
<slice and views metoden. De resterende fire artene ble evaluert. Konklusjonen var at
spretthalene med de laveste overflatestrukturene, I. prasis og F. quadrioculata, lot seg
best avbilde i nanoindenteren. Disse var ogsa de som var vanskeligst & analysere basert
pa bilder av tverrsnitt.

Indenteringen av F. quadrioculata bekreftet noen av de materialtekniske egenskapene vi
vet om dyret fra for av. Granulene og broene mellom granulene er litt hardere enn huden
i mellom. Nanoindentering av myke materialer er et felt gkende omfang. Mer testing av
de mekaniske egenskapene til spretthaler er anbefalt.
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1. Introduction

Humans have always been astounded by nature. Since the beginning of time, nature has
adopted and changed itself to better face new possibilities and challenges. As long as
humans have existed we have tried to replicate and improve the designs of nature. Nature
has developed processes and materials that function from the macro scale to the nano scale.
Properties of the surfaces of biological materials results from a complex interplay between
surface morphology and chemical and physical properties [1]. Superhydrophobicity !, self-
cleaning, drag reduction in fluid flow and energy conservation are some of many examples
of properties found in nature that are of commercial interest.

There are many plants and animals that utilize their nanostructured surfaces to survive.
Figure 1.1 displays some of the most well-known plants and animals that display highly
specialized surface structures. One of the most well known and most studied superhy-
drophobic structure is the Lotus leaf [2]. The self-cleaning properties of the lotus leaf even
has its own trademark, the “Lotus Effect”. Seen in figure 1.1(a) is a water droplet on
the surface a lotus leaf. The droplet is nearly spherical. This indicates that water does
not adhere strongly to the lotus leaf. Marmur [3] concluded that metastable states are
the key to superhydrophobicity on Lotus leaves. Manhui Sun and Chen [4] explained that
the microscopic structure on the lotus leaf consists of papillose epidermal cells covered in
self-assembled nanocrystalline wax tubules.

The water strider Gerris remigis, seen in figure 1.1(b), has remarkable non-wetting legs
that enables it to stand effortlessly and move quickly on water. This is due to the re-
markable special hierarchical structure on the legs, which are covered by large numbers of
oriented tiny hairs with fine nano grooves [5].

The gecko also has some remarkable abilities, seen in figure 1.1(c). How does it stick to
nearly every surface while supporting its own weight? This is due to good adhesion to the
surface. Hansen [6] concluded that isolated, the gecko setae are self-cleaning, thus making
it better stick to the surface. As a superhydrophobic surface, the gecko is also interesting
to examine, as it can clean even when dry [2].

When the grey reef shark, seen in figure 1.1(d), flows through the water, very small
individual tooth-like scales, called dermal denticles, work together to reduce the formation
of vortices present. This greatly reduces the drag since the water is moving more efficiently
over the surface [7].

The eyes of the moth, figure 1.1(e), are anti-reflective to visible light. Bushan [1] states
that they consist of hundreds of hexagonally organized nanoscopic pillars which present an

The definition of what makes a surface superhydrophobic will be given in Section 2.2



interesting optical phenomenon. This effect has been known and applied for many years at
longer wavelengths, but can also be applied and copied artificially at optical wavelengths.
The moth eyes feature on metallic surfaces can have a spectral reflectance which makes
them ideal as selective solar absorbers [8].

(a) A water droplet on a lotus leaf (b) Pond skater has the ability to
exemplifying high contact angle [9]. walk on water [5].

(c) Close-up of the underside of a (d) Grey reef shark, as example of

Gecko’s foot as it walks on vertical sharks that are covered in dermal

glass [10]. denticles, reducing drag when they
swim [11].

(e) Moth eyes are antireflective to
visible light [12].

Figure 1.1: Montage of different designs of nature.

Biomimetics is the study of structures on biological systems. This can then be used
as a model for design and engineering of new materials. Patankar [13] has produced
double (or multiple) roughness structures on pillars to mimic the surface geometrics of self-
cleaning surfaces, such as the lotus leaf. Sullivan [14] has replicated the surface structure



of the shark skin. They characterized the dermal denticles of the slow-swimming shark
Scyliorhinus canicula and successfully produced synthetic sharkskin samples using the real
skin as a template. The sub wavelength scale antireflection moth-eye structures in silicon
were fabricated by a wafer-scale nano imprint technique [15]. Studies of the moth’s eye has
for instance led to brighter cellular phone screens and better anti counterfeiting techniques
[16].

Thor Christian Hobael [17] lists some effects that we got from surfaces with superhydropho-
bic properties. From the lotus leaf one would get self-cleaning surfaces, windows that do
not have to be washed. If the water cant stick to the surface, no ice would form either,
leading to airplanes that do not have to go through anti-icing. Little corrosion would form
on steal or metal surfaces with superhydrophobic properties since water is required for the
metal to corrode. As the shark skin, superhydrophobic surfaces would greatly reduce the
drag in structures near or in water.

Springtails, collembola, a small arthropod, has a special surface structure on its cuticle
that has long been known to be water repellent. [18]. When studied in Scanning Electron
Microscope (SEM), micron-sized hexagonal patterns are revealed on the cuticles of several
species. In combination with a wax layer covering the entire cuticle, these structural
features are believed to be the reason for their non-wettable nature. There are great
variations among the different species; some have bigger, secondary granules, while on
others the surface structures consists of lower primary granules. Some species are covered
fully or partially in hair, while others are hairless. [18] [19] [20] [21] The speculation is
whether this is to reflect the adaptation to different environments the various species are
living in, or heritage, which family the species belong to.

Helbig et al. [22] uncovered how the skin of the springtail is substantially more mechani-
cally stable due to incorporated, flexible bristles and the comb-like alignment of granules.
They also performed experiments in order to assess the mechanical properties of the cu-
ticles. The results suggested that the springtail cuticles have a damage resistance that is
clearly superior to that of the natural superhydrophobic surfaces found on plants.

The results of previous studies certainly inspire further investigation. Little actual data
on the exact size and shape of these sub-micron structures exists. This data would be
vital for future biomimetic replication, thus we wish to provide it with this report.

The investigation was based on two different approaches. SEM images of cross section
of the cuticle were measured to get real height data of the structures. In addition a
nanoindenter was used to perform image scans of the cuticle. This produced 3D images
with height data. Nanoindentations were also performed to provide measurements of the
mechanical properties of the cuticles.

The outline of the report is as follows. In section 2, we review the most essential wetting
and mechanical theory for our cause. Next, in section 3, we present the equipment and
methods used to develop the images needed, and how to extract the data from the images.
The discussion in section 4 reviews which method that produces the most reliable data.
Finally we draw conclusions in section 6 and suggest directions for future research in
section 7.



2. Theory

As the structures on the springtail cuticle display a surface with roughness, the effect of
such roughness must be understood to explain the superhydrophobicity of the arthropod.

2.1 Tribology

Tribology is the science and engineering of interacting surfaces in relative motion. This
includes the study and application of the principles of friction, lubrication and wear.
One key function of friction is the roughness of the surface [23]. Surface roughness is a
characterization of the surface topography [24].

There are many definitions of what roughness is. Wenzel [25] proposes that roughness
modifies wetting characteristics. There is a ratio of the surface areas and it cannot be
determined by measurement of surface profiles. In equation (2.1), where relating specific
interfacial energies, surface roughness, and the equilibrium contact angle 8, the surface
factor r is defined as the ratio of the area of the actual surface to that of a smooth surface
having the same geometric shape and dimensions, explained in equation (2.2).

r(Ss — Ssr,) = Srcos0 (2.1)

tual
.o _0C qa surface (2.2)
nominal surface

2.2 Wetting on Rough Surfaces

The general understanding is that the roughness of a surface contributes to its hydropho-
bicity. How hydrophobic a surface is, depends on the contact angle 6. This is the angle
between the liquid-gas interface and the liquid-solid interface when a droplet rest on a
solid surface, as seen in figure 2.1(a).

The term hydrophobic is defined as a droplet with 8 > 90°, and superhydrophobic is when
the @ exceeds 150° [1]. The contact angle is formed at the end of the droplet, which is
called the contact line. Where 8 = 180°, a small enough droplet will be spherical, larger
ones will be flattened due to gravity [26]. Different theories have been established over
the years, as to how a droplet is reacting when in contact with a surface.



2.2. Wetting on Rough Surfaces

2.2.1 Young’s Statement
According to Young’s statement [27], the contact angle 6 is defined by analysing the forces

acting on a fluid droplet resting on a solid surface surrounded by a gas, see figure 2.1(a).

Ysa = YsL + YLgcoso (2.3)

In equation (2.3), vs¢ is the interfacial tension between the solid and gas, vgr, is the
iterfacial tension between the solid and liquid and ¢ is the interfacial tension between
the liquid and gas, see figure 2.1(a).

(a) Youngs model, Eq. (2.3) (b) Wenzel model, Eq. (2.4)

(c) Cassie-Baxter model, Eq. (2.6)

Figure 2.1: Models of Young, Wenzel and Cassie-Baxter.

2.2.2 The Wenzel Equation

Wenzel determined that when a liquid is in intimate contact with a microstructure surface,
0 will be observed as 6y;,. Due to the roughness, the angles on micro level does not reflect
the angles observes on macro level. 8* is the apparent contact angle which corresponds
to the minimum free energy state for the system. The Wenzel model [28] is described in
figure 2.1(b).

cosOy, =10 (2.4)

where 7 is the roughness ratio. Equation (2.4) displays that a surface with a microstructure
amplifies the natural tendency of the surface. A hydrophobic surface, one that has an
original contact angle greater than 90°, becomes more hydrophobic when microstructured.
The new contact angle will become greater than the original. In the same way do also
a hydrophilic ( @ < 90°) surface become more hydrophilic. On a flat surface r equals 1,
while a rough surface has r > 1, as in Eq. (2.2).

Ishino and Okumura states that the Wenzel model is valid only between ¢ < 0 < 7/2.
If the contact angle is less than O¢ a liquid film will form over the surface. The film will



smooth the surface and make the Wenzel model no longer valid. In this state Young’s
other relation yields [29].

0" = pcosOc + (1 — ) (2.5)

where ¢ is the fraction of solid surface area wet by the liquid.

2.2.3 The Cassie-Baxter Equation

Cassie-Baxter proposed that if a liquid is suspended on the top of the microstructures, the
0 will be observes as 07,5, equation (2.6), figure 2.1(c) views how they pictured a droplet
on the surface [30].

055 = p(cosf+1) —1 (2.6)
where ¢ is the fraction of solid surface area wet by the liquid.

Whether it is the Wenzel or Cassie-Baxter state that should exist can be predicted by
calculating the new contact angle with both equations. The following inequality must be
true for the Cassie-Baxter state to exist [31].

—1
cosOc < L (2.7)

where O¢ is the critical contact angle, ¢ is the fraction of solid/liquid interface where the
drop is in contact with the surface and r is the solid roughness.

2.2.4 Contact Angle Hysteresis (CAH)

Contrary to Young’s belief, a measurement of the contact angle 0 for a given solid-liquid-
gas system will generally not be reproducible. Instead, if performing the same mesurements
repeatedly, one will obtain a range of values in an interval A@. In other words there exists
a range of stable contact angles for a given surface. This phenomenon is also seen if the
liquid droplet is forced to move, for example by tilting the surface holding the droplet, see
figure 2.2.

Figure 2.2: When the contact line of a droplet is forced to move, for example by tilting
the surface, the droplet generally receeds and advances under different contact angles. t is
the degree the surface is tilted, r denotes the receding angle and a denotes the advancing.



2.3. The Wetting Properties of Springtail

In experiments, it turns out that for a given surface, the liquid tend to advance and recede
at fairly constant contact angles, the angle a and r at figure 2.2. It also turns out that
the contact angle observed for a static droplet can lie anywhere between 8, and 6, [32].
note that tilting angle and CAH not necessary are the same. The interval A@ can thus
be expressed as the difference (6, —6,.). The existence of this range of measurable contact
angles is termed contact angle hysteresis (CAH).

A = (6, — 6,) (2.8)

2.2.5 Criticism Against the Wenzel and Cassie-Baxter Models

Though the theories of Wenzel and Cassie-Baxter have been used to calculate the wetting
abilities of surfaces for decades, later experiments show that they might not apply in
all cases. Gao and McCarthy conclude in their paper that Wenzel’s and Cassie-Baxter’s
equations are valid only to the extent that the structure of the contact area reflects the
ground-state energies of the contact lines and the transition states between them [33].
All the data presented in the paper indicate that contact angle behavior is determined
by interactions of the liquid and the solid at the three-phase contact line alone, and that
the interfacial area within the contact perimeter is irrelevant. This supports the work of
Bartell and Shepard [34] and questions the relevance of Wenzel and Cassie. That being
said, Wenzel’s and Cassie and Baxter’s models will still be valid on uniform surfaces.

2.3 The Wetting Properties of Springtail

After the development of the first true SEM in the 1942 [35], it only took a 2 decades
before Noble-Nesbitt [18] documented the general features of the springtail cuticle. He
wrote “If a small drop of water is dropped on to the surface of P. aquatica it will not
remain there, but it rolls off: the surface is unwettable.” If a sample is forcibly submerged
it quickly returns to the surface and is unwetted. This happens whether the arthropod
is living or whether it is fixed in an aqueous fixative. This behaviour is confirmed in
many papers, and in the latest by Helbig [22]. They explain how even tiny drops with
diameters of only a few microns exhibited a spherical shape. Larger droplets occurred in
a heterogeneous pattern typically observed with superhydrophobic surfaces and displays
contact angles higher than 160°.

This was also confirmed by contact angle measurements released by Sandnes [36]. He
performed contact angle measurements involving water droplets on nine different springtail
species. The results displayed 7 out of 9 species with 8, > 160° and 6 out of 9 species with
6, > 160°, thus providing two general findings. 1) Apparent contact angles are very high
on springtail cuticles, and 2) with 1 exception, springtail cuticles display very low contact
angle hysteresis.



3. Experimental Methodology

3.1 Instruments and Methods

The instruments used for the experimental part of this thesis were a Focused Ion Beam
(FIB) and a Nanoindenter.

3.1.1 Focused Ion Beam (FIB)

The first instrument used was a Focused Ion Beam (FIB) with integrated Scanning Elec-
tron Microscopy (SEM). All SEM images presented were taken with FEI Company Helios
Nanolab dual beam FP2067/32. The typical FIB instrument consists of a vacuum sys-
tem, an Ga™ liquid metal ion source (LMIS), ion column, stage, detectors, gas inlets, and
a computer [37]. The combination of a SEM column and a FIB column forms a dual
platform system that provides enhanced capabilities, see figure 3.1.

The Gat-ions will cause surface material to sputter, this damaging the sample. This is
avoided when the electron beam is used. With the dual beam system, the user may locate
and view the sample with the SEM without the risk of damage while the FIB provides
the capability to mill material in the area imaged with the SEM [38].

Electron Beam

lon Beam

SQDStage tilt

Stage

k Cross Section Face

Viewing with Electron Beam Viewing with lon Beam

Cross Section Face Cross Section Face

>

On screen Views (not to scale)

Figure 3.1: Dual-FIB beam column arrangement



3.1. Instruments and Methods

The FIB can be used to mill into the bulk of a specimen. This is done by increasing the
current of the ion beam to sputter away selected areas from the sample. This opens up a
third dimension and explore the hidden internal micro structure [39].

When the FIB is started, the chamber is ventilated and the sample is placed on a sample
holder. After evacuating the chamber, the stage moved to the working distance, approxi-
mately 4,1mm underneath the conductor. Then the eucentric point is found. The eucentric
point is where beams from the FIB and SEM columns, which are placed at a 52 degree
angle, converge [40], see figure 3.1. Finding the eucentric point on curved cuticles is more
challenging than on typical flat samples.

P
T 2 E
on
ion beam is sCan
iy gzl %hv% subetegs i it
subsirate o o % prodicts
]
o o oco %
o o a
a © Precursorgy
e sputtered material molecules @
from substrate L
substrate substrate
(a) Principle of FIB milling (b) Principle of FIB deposition

Figure 3.2: FIB milling and deposition [41]

A non-conducting sample, such as the springtail, will accumulate a net positive charge as
a result of the impinging Ga™-ions [38]. Charging the sample can cause drifting or errors
in the displayed image [42]. The consequences are reduced accuracy of the images and the
milling. To avoid this, a conductive coating is applied [43], explained in section 3.2.2.

To deposit platinum a gas delivery system is used together with the ion beam to produce
site specific deposition of metals or insulators. The metals that can be deposited on
commercially avaiable machines are platinum and tungsten [41]. The deposition process
is illustrated in figure 3.2(b); the precursor gases are sprayed on the surface by a fine
needle, where they adsorb. Then the ion beam decomposes the adsorbed precursor gases.
The volatile reaction products are removed through the vacuum system, as the desired
platinum is fixed on the surface as a thin film.

The cross-section imaging procedure is typically started by selecting a good area to exam-
ine the surface structures, as seen in figure 3.3(a). A thin layer (0,05 - 0,2 um) of platinum
is deposited on the selected area. To select this area, one has to view from the FIB, and
thus some damage of the surface is unavoidable. Low current (9,7pA - 28pA)is used for
the Pt deposition to avoid further damaging the surface, see figure 3.3(b). Then a thicker
layer (2 - 3 um) is deposited to further protect the surface from the damaging FIB source,
see figure 3.3(c). This is done with the current as high as 0,92nA. The lower the current
the more control you have over the thickness deployed, and do less damage of the surface,
so care was taken as to not use too high current on the first layer. With higher current
the damage of the FIB may also compensate for the metal deposited.



The milling process is illustrated in figure 3.2(a). The high ion beam current is physically
sputtering the sample material at the desired area, as seen in figure 3.3(d). By selecting
area and depth, a hole can be sputtered at desired place. To ease the milling of the slices
we are interested in, two smaller gates are milled. This way the sputtered material has
somewhere to go, and not damage the cross sections we are interest in. By looking with
the SEM, a cross section of the sample can be viewed, see figure 3.3(e).

(a) Step 1: Select a good flat area to (b) Step 2: Deposit a thin layer with
deposit material. low current

(c) Step 3. Deposit thicker layer with (d) Step 4: Select where to mill with
higher current the FIB. One bigger viewing area and
2 smaller slices at the sides.

(e) Step 5: View cross section with
SEM

Figure 3.3: Imaging cross sections with dual beam FIB/SEM
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3.1. Instruments and Methods

Slice and View

Milling and imaging can be done in a sequential manner, also called “slice and view”. The
FIB at NTNU Nanolab has a program that can repeat step four and five. The “slice and
view” imaging procedure is started by selecting the area one wish to slice and view, drawn
in green in figure 3.4. Then the slice thickness, usually between 3 and 6 nm, is selected.
This is how much milling that is done between each SEM image, illustrated by the red
line at figure 3.4. When the slice thickness and number of slices are chosen to correspond
to the total width of the picture, a 3D picture of the selected area can be produced by
image analytic software.

Figure 3.4: Select cross section, drawn in red, and the desired area to slice and view,
drawn in green.

Note that this is a destructive way of generating a 3D image. Each time the FIB is milling
away a cross section, that section will disappear, but not before a SEM image of the
cross-section is taken.

3.1.2 Nanoindenter

The second instrument used in this thesis was a nanoindenter. A nanoindenter can produce
3D images of the surface of the sample when used as in-situ Imaging, or Nanoindenter-
“Atomic Force Microscope” scanning, hereby called a NI-AFM scan. All indentations and
NI-AFM scans were performed with the Hysitron TT 950 TriboIndenter.

The NI-AFM scanning procedure starts with placing the sample inside the nanoindenter.
A microscope is used to select the test area and/or examine the effects of the test. In figure
3.6(b) we see how a springtail cuticle looks as viewed through the nanoindenter microscope.
The indenter tip, that scans the sample, is driven by a piezoelectric actuator in the Z
direction [44]. Three types of indenter tip geometries are in wide use: conospherical, with
various angles and sharpnesses, Berkovich, three-sided pyramid with 142,35° included
angle, or cube the corner with 90° included angle. An cube corner tip on fused quartz
was used in this study. According to Hysitron this tip is suitable for in-situ imaging, or
NI-AFM scanning [45]. In the Nanoindenter there is an magnetic table in an acoustically
insulated cabinet to avoid vibrations or other disturbances during the testing [44]. The
samples are mounted on a conductive sample holder to keep them fixed to the table.

The main use of a nanoindenter is to test materials of interest whose mechanical properties
such as elastic modulus and hardness are unknown, this is called indenting. Usually the
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principal goal of such testing is to obtain values for elastic modulus and hardness of the
specimen material from experimental readings of indenter load and depth of penetration
as the indenter tip is forced into the sample. The forces involved are usually in the range
of millinewton range and measured with a resolution of a few nanonewtons [46].

Little research is found of others using the nanoindenter to perform NI-AFM scans, as
most people mount an Atomic Force Microscope (AFM) inside the nanoindenter and use
that to scan the surface. An AFM includes a tip mounted on a micro machined cantilever.
As the tip scans a surface to be investigated, interatomic forces between the tip and the
surface induce displacement of the tip. A laser beam is transmitted to and reflected from
the cantilever for measuring the cantilever orientation. The reflected laser beam is detected
with a position-sensitive detector [47].

The advantage of the NI-AFM over the AFM is that the user has much more control over
the applied force. In this testing, forces as low as 0,1 uN, or in the range 0,3 - 0,7 uN was
applied, as to not damage the sample. The scanned area, scan size, was usually between
3 and 6 pm. The speed of which the indenter scanned the area, scan rate, was as low as
0,2 Hz, but usually in the range of 0,4 - 0,8 Hz. The scan size and the scan rate form the
tip velocity, which was always kept below 10 um/s. The internal gain was 240.

With lower tip velocity, we can expect a better picture, as the indenter tip will have time
to go into the smallest cracks of the surface. Though, some of the springtail cuticles have
too big features, so the indenter tip will not reach the smaller details. This is exemplified
in figure 3.5(a), as we see the result of a NI-AFM scan of Onychiurus versus a SEM image.
It is speculated that the NI-AFM scan cant reach the area area between the secondary
granules.

(a) NI-AFM scan (b) SEM image at 35000x magnifica-

tion

Figure 3.5: NI-AFM scan versus SEM image of Onychiurus, exemplifying that sometimes
the resulting image cant view all the details

The different springtail cuticles are quite different to examine. Figure 3.6(b) to figure
3.6(a) views 4 different species of springtail as viewed through the microscope in the
nanoindenter. The scan area are usually in the range of the inner blue circle visible at the
pictures, but the indenter works best if there are not any movable objects in the way, for
instance hairs.
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3.2. Sample Preparation

X Sealefrm] 033080 Y Scalefmm] [0:23080 X Scalefom] [077520 ¥ Scalefmm] [0.58480

(a) O. flavescens(1l) seen through (b) I. prasis(2) seen through nanoin-
nanoindenter microscope denter microscope

X Scalefmm] 077520 Y Scalefrmi [0.58480

(¢) Onychiurus(3) seen through (d) F. quadrioculata(4) seen through
nanoindenter microscope nanoindenter microscope

Figure 3.6: Sample navigation in the nanoindenter

3.2 Sample Preparation

Different approaches are needed depending on whether the sample are to be used in the
FIB or the nanoindenter. While indenting is performed in room temperature and ambient
pressure, the FIB is working under vacuum.

3.2.1 Nanoindenter

The springtails were provided by Hans Petter Leinaas, professor in biology at the Univer-
sity in Oslo. The springtails were killed with chloroform vapour and immediately dried
with a feeze-dry method. The freeze-dried samples were then mounted on stubs with
carbon tape or silver glue. Great care was taken when placing the samples on the FIB
stubs as the freeze-dried samples were very brittle. When performing a NI-AFM scan, we
want the sample surface to be as natural as possible and show all the structures as close
to when the arthropod was alive.

Some of the samples were also freshly killed springtails. They were killed and then directly
mounted on the stubs and studied. This was also done with the samples that consisted
of molted springtail skin. The species H. wiatica(5) is routinely molting, or casting off
its skin. The skins are neatly spread among the habitat and easily gathered. As fresh as
possible molted skin were gathered and glued to stubs with silver glue.
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3.2.2 FIB

As with the samples for the nanoindenter, the springtail species used as FIB samples
were killed with chloroform and then freeze-dried. Then then freeze-dried samples were
mounted on FIB stubs with carbon tape or silver glue. A thin layer of carbon was coated
on the samples with a SEM Turbo Carbon Coater from Agar Scientific. The samples
were mounted on a tilted, rotating stage. Typical settings for the carbon coating was
2 x 8 seconds with E = 4,8 kV. When finished with the carbon layer, the samples was
sputter coated with platinum, either pure Pt or a 80/20 Pt/Pd alloy. The carbon coating
layer improves the distribution and adhesion of the Pt coating. The thickness was in the
range between 10 and 40 nm. The exact thickness is not important as more platinum is
deposited after it is placed in the FIB.

3.3 Measurements

3.3.1 FIB

Cross-sections taken by the SEM can be manually measured, though some calculations
are needed. The cross sections viewed by the operator is I’, but the real heights are [, as
in equation (3.1). This is due to the angle of the stage, as seen in figure 3.1.

1

1=
¥ sin52°

(3.1)

A cross section of the species I. prasis(2) can be viewed in figure 3.7. The image consists
in large part of the platinum deposited on top of the structures. This is the grey/white
part to protect the surface when milling. The black part is the actual cross section and the
biological structure the springtail consists of. The line between the surface of the cuticle
and the platinum deposited on top, is what is interesting. The rough surface of the cuticle
is viewed as hills and valleys in the cross section. The red line is a thought extension
of the base skin of the cuticle between the granules. A granule is clearly visible to the
right, as the highest point away from a red line. The height of the granule will then be a
perpendicular line from the red line, here drawn in yellow. Determining the height of the
granule is now possible by extrapolating the distance of the length bar and with equation
(3.1).

Figure 3.7: Measurement of granule heights on 1. prasis(2)
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3.3. Measurements

3.3.2 NI-AFM Scans

The program Gwyddion was used to measure the heights on the images from the NI-AFM
scans. Assumed the dark area between the granules are about the same level, the center
between the granules were chosen as base. Then lines were drawn from the center to the
granules and bridges between the granules, as seen in figure 3.8. Gwyddion then outputs
Az as the biggest height difference along the line. Number 1 - 5 are height measurements
of the granules and number 6 to 9 are measurements of the bridges between the granules.
No measurement of the bridge between granule 4 an 5 was made since they are too close
together.

Several granules and bridges on several scanned pictures makes the basis of calculating
an average. Each image from the NI-AFM has been edited in some way to highlight the
surface structures. Usually “level data by mean subtraction” and/or “level data to make
facets point upward” in the image analysing program were applied. This do in little regard
affect the height measurements, but do make the images look better, and the heights more
emphasized.

—0.94 pm
-1.00
-1.05
-1.10
B 1 pm
. - —1.15

Figure 3.8: Height measurements of images from NI-AFM scans using Gwyddion

3.3.3 Indentations

Hardness (h) and reduced Young’s modulus (E’) were calculated from the load-displacement
curves obtained by indentation. From the unloading part of the load-displacement curve,

hardness and reduced modulus are obtained in the TriboView program [48]. The stiffness

and contact area are calculated from standard tests, and the maximum force is extracted

from the load-displacement curve.

Hardness is defined as the indentation load divided by the contact area of the indentation.
This is the pressure that a material will support under load, and is calculated in Eq. (3.2).

h =

(3.2)

where h is hardness, Ppq, is Mazimum Force and A(h.) is Contact Area.
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The reduced Young’s modulus combines the modulus of the indenter and the specimen.
The E’ field is populated when the fit is executed and is calculated with in Eq. (3.3).

B YT g (3.3)

2./A(h,)

where E, is Reduced Modulus, A(h.) is Contact Area and S is Stiffness.
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4. Results

First are SEM images of selected springtail cuticles presented, both overview picture and
corresponding cross section. Then 3D images from the NI-AFM scans of the same species
are presented. A few indents were performed to calculate the the reduced Young’s modulus
and the hardness of F. quadrioculata. Last the height data from the species are collected
and calculated.

Table 4.1: Species numbering

Number ‘ Species

1 | Orchesella flavescens

2 | Isotomurus prasis

3 | Onychiurus

4 | Folsomia quadrioculata
5 | Hypogastura viatica

4.1 FIB Images

Surface images and cross sections of the species O. flavescens(1), fig. 4.1(a), I. prasis(2),
fig. 4.2(a), Onychiurus(3), fig. 4.3(a), F. quadrioculata(4), fig. 4.4(a) and H. viatica(5),
fig. 4.5(a). These were chosen as representatives of the different types of surface structures
found on the springtail cuticle. All the cross sections have a thick layer of platinum
deposited. The cross section of the actual arthropods are the black zone on the images.

(a) Overview  picture of  O. (b) Cross section of O. flavescens(1)
flavescens(1) at 25 000x magni- at 35 005x magnification
fication

Figure 4.1: SEM image of O. flavescens(1) pictured with SEM
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(a) Overview picture of I. prasis(2) (b) Cross section of I. prasis(2) at 35
at 25 000x magnification. 000x magnification

Figure 4.2: SEM images of 1. prasis(2)

(a) Overview picture of Onychiu- (b) Cross section of Onychiurus(3) at
rus(3) at 25 000x magnification 9999x magnification

Figure 4.3: SEM image of Onychiurus(3)

(a) Overview picture of F. quadrioc- (b) Cross section of F. quadriocu-
ulata(4) at 25 000x magnification lata(4) at 15 002x magnification

Figure 4.4: SEM image of F. quadrioculata(4)
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4.1. FIB Images

(a) Overview picture of H. viatica(5) (b) Cross section of H. viatica(5) at
at 25 000x magnification 20 004x magnification

Figure 4.5: SEM image of H. viatica(5)

4.1.1 3D Imaging

The NI-AFM scans produces a 3D image of the surface. Similar can be achieved by
analysing hundreds of SEM pictures taken a few nm in between, the “slice and view”
feature of the FIB. Figure 4.6 shows the species H. viatica(5) after analysing and merging
all the SEM images from the “slice and view” method. The hexagonal structure of both
the primary and secondary granules are still visible.

Figure 4.6: FIB Nanotomographic composite 3D image
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4.2 NI-AFM Scans

In addition to cross-section of the cuticles, a nanoindenter was used to identify height
differences on structures. Presented are images from NI-AFM scans. H. viatica(5) was
deemed unscannable after several attempts.

—-0.14 pm
-0.20

-0.94 pm

-0.25 -1.00
-0.30

-0.35 -1.05

-0.40
-0.45 -1.10

-0.50
-0.54

=1.15

289.2 nm
250.0

200.0

150.0

100.0

55.1

(¢) Onychiurus(3) (d) F. quadrioculata(4)

Figure 4.7: Nanindenter scans of I. prasis, Onychiurus, F. quadrioculata and O. flavescens

4.2.1 Molting of Springtails

H. viatica(5) is one of the species of springtail that are molting, which is routinely casting
off a part of its body, or skin. Their skins are neatly placed in their habitat without
seeming to damage their own skin as they molt. Figure 4.8(a) shows the molted skin
of H. viaticas versus SEM image of the freeze-dried arthropod in figure 4.8(b). As seen
on the picture, the structures of the molted skin are quite similar as on the freeze-dried
arthropod.

4.3 Indenting

Nanoindentations were performed on F. quadrioculata(4). Five indents on the granules,
on the bridges between the granules and on the skin in between the granules, as seen in
figure 4.9(c). Figure 4.9(a) shows the sample before the indents, and figure 4.9(b) after.
All the samples did not display this good view of the surface after the indent, but here is
clearly visible the mark of the cube corner tip on the skin between the granules.

Table 4.2 displays an average reduced Young’s modulus E’ of 0,145 GPa and a hardness
of 0,065 GPa. This is the results of analysing, among others, the graph viewed in figure
4.10. The rest of the graphs and all calculations are in Appendix C.

The bridges are a little harder than the granule and the skin. There are a quite low
standard deviation. This is because the sample size is small, but also shows that the
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4.4. Height Data

i
SE |2 ETD .0 N m Fll 5.00 SE 0x 4 |0 N B

(a) The molted skin of H. viaticas. (b) The freeze-dried skin of H. viati-

cas.

Figure 4.8: H. viaticas molted versus freeze-dried

results of the different indents were close to each other.

Table 4.2: Indenting of F. quadrioculata
| Er(MPa) | H (MPa) | Standard deviation

Granule | 145 66 4,5
Bridge 148 72 5,4
Skin 143 55 2,3
Average | 145 65

150

100 4

Load [puN]

Indent nr:
000
—2001
—002
—003
—004

50

oL e T
0 100 200 300 400 500 600 70O @800 900 1000 1100 1200

Depth [nm]

Figure 4.10: Indenting the granules of F. quadrioculata

4.4 Height Data

The height of the primary granules were measured and calculated from both the SEM
images of the cross sections and the NI-AFM scans. The results of height measurements
based on the NI-AFM scans can be viewed in table 4.3. The results of measurement on
cross sections can be viewed in table 4.4.
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300.0
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250.0
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(a) Before the indents. (b) After the indents

(¢) Where indents were performed on
F. quadrioculata

Figure 4.9: Nanindenting of F. quadrioculata

4.4.1 NI-AFM Scans

The height values are gathered from several NI-AFM scans of all the species. The resulting
3D image of the cuticle surface contains the height data. The measurements of the NI-
AFM scans and corresponding images can be viewed in Appendix B, and the results is
viewed in table 4.3. The species numbers are in the columns.

Measurable data of both the primary granules and the bridges were possible on I. prasis(2)
and F. quadrioculata(4). Only the primary granules were possible to measure on O.
flavescens(1) and only the secondary granules were possible to measure on Onychiurus(3).
The number of datapoints varied from 19 to 38 and were dependent on how good and how
many scans there existed on each species.

4.4.2 FIB

The height data are on most species collected from only one good SEM picture of the cross
section, but several measurements have been made since one picture can contain several
granules. Sometimes several measurements were made on one granule as well. Further
calculations and SEM images of the cross sections are in Appendix A. The species numbers
are in the columns.

Measurable data of both the primary granules and the bridges were possible on I. prasis(2)

and F. quadrioculata(4), as from the NI-AFM scans. Only the primary granules were
possible to measure on O. flavescens(1) and only the secondary granules were possible to
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4.4. Height Data

Table 4.3: Nanoindenter height values [nm]

| Species # | 1| 2| 3| 4
H(primary) Average | 115 | 199 72
Min | 95 | 141 31
Max | 155 | 280 106
St. Dev. 14| 50 21
h(bridge) Average 84 17
Min 35 2
Max 145 39
St. Dev. 32 11
H(secundary) Average 1042
Min 917
Max 1207
St. Dev. 90
# of results 38| 25 19 | 22

measure on Onychiurus(3). O. flavescens(1), I. prasis(2) and Onychiurus(3) had only a
few good pictures, and thus few datapoints. F. quadrioculata(4) had more good pictures,
and thus more good datapoints (# of results).

Table 4.4: Cross section height values [nm]

‘ Species # ‘ 1 ‘ 2 ‘ 3 ‘ 4
H(primary) Average | 203 | 169 92
Min | 186 | 165 76
Max | 215 | 173 113
St. Dev 11 4 13
h(bridge) Average 52 53
Min 36 38
Max 70 66
St. Dev 11 9
H(secundary) Average 937
Min 912
Max 964
St. Dev 20
# of results 5 6 5| 20
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5. Discussion

Height measurements of the granules on the cuticle of five different species of springtails
were performed. There existed great variations of the surface structure among the differ-
ent species, as was expected [18] [19] [20] [21]. I. prasis and F. quadrioculata had very
low primary granule heights and no secondary granules. The cuticle of H. wviatica and
Onychiurus had huge secondary granules, in addition to the primary ones.

The height measurements were done with two different methods. Method one was to take
SEM pictures of the cross section of the species. Care was taken as to not damage the
surface in this procedure, but there is still a chance the surface was damaged by the ion
beam. To analyse the cross section images, a line had to be drawn as a baseline. Then a
perpendicular line was drawn. This was manually done, as one had to select and see where
the surface was on each image. As Kristin Fjellvang [49] also noticed, it might be difficult
to determine where the line between the granule and platinum exactly is drawn. On the
less good SEM images there was a gray area. This was not a problem highly noticed. The
samples with the lowest heights also seemed the hardest to analyse. This might be due to
the fact that there was very small heights, and difficult to measure exactly.

The second method was to scan the cuticles of the springtails with a nanoindenter, perform
a NI-AFM scan. This was a more direct method, as less hampering with the samples were
needed. The NI-AFM scans were performed with very low force as to damage the surface
as little as possible, and with slow speed to scan as much of the surface as possible.
Nevertheless, there were narrow openings where the indenter tip was too big to fit in, and
so the whole surface could not be imaged. The tip only scratched the surface between two
hills without displaying the real valley. This was clearly the effect on the NI-AFM scan of
Onychiurus, figure 4.7(c), and to some extent on the NI-AFM scan of O. flavescens, figure
4.7(a), both in section 4.2.

In both methods, the height data of the granules were affected of where the measurement
was taken. This is why several measurements were made and an average drawn. As seen
in the results, more measurements could be done. In addition, the amount of good images,
and thus possible measurements were affected by the specie of springtail. No good NI-
AFM scans could be performed on H. wviatica(5), and only a few on Onychiurus(3). The
best results, statistically speaking was the nanoindenter results of O. flavescens(1), with
38 datapoints and a standard deviation of only 14nm.

With two different methods generating the same height data, are they comparable? They
were acquired on the same species, but it was different samples on both tests. In addition,
there were different parts of the arthropod analysed on each method. Since these are
biological creatures, no guarantee was given that each of its granules had the same size.

24



4.4. Height Data

Seen in table 4.3 and 4.4 are quite noticeable differences of the height data, but also some
equalities. Onychiurus(3) and I. prasis(2) both had almost the same height measured by
both methods. On O. flavescens(1) the height measured on the NI-AFM scan images are
half of what are measured by the cross section SEM images from the FIB.

It seems to be a problem performing good NI-AFM scans on certain species. One hypoth-
esis was that the molted skin of the species might be better. No good scan of H. viatica
was possible, and chance was that this species also was molting. No more testing was done
after one working day without viable results.

The 3D images from the NI-AFM scans contain height data of the surface analysed. “slice
and view”-images should contain height values as well. The only problem was that each
of the SEM pictures the “slice and view” 3D image contains was without data bar, no
reference could be extracted. In addition, the process of taking all the images was time
consuming. Due to overcharging and drifting, many times the SEM images after a “slice
and view” process was too bad to generate a 3D picture from. This adds up to being
a time consuming process that produces no real scientific data, but only a good looking
3D picture of the surface to look at. With more experience, understanding and attention
during the generating of these pictures there might be possible to get the height values.

The indents on F. quadrioculata resulted in a calculated reduced Young’s modulus E'=
0,145 GPa and hardness h = 0,065 GPa. In comparison, Aluminium [50] has E’ ~ 80GPa
and h ~ 0,8GPa. On lobsters [51], the values are at E’ ~ 15GPa , and hardness h =~
0,37GPa. These samples are both much harder than the springtails, as expected. Frankie
[52] has performed indents on several soft tissues, such as cartilage, and softer materials
such as wood. He found E’ values of such materials to be in the range around 0,5GPa,
but also as low as 0,2GPa. The hardness h of these materials was in the range of 0,0005 to
0,001 GPa. These results are more comparable to F. quadrioculata. It seems the E’ values
measured are in the lower region of comparable materials, but the h value are higher. This
adds value to the knowledge that springtails has a relatively hard cuticle [22].

Kaufman [53] reminds us that the accuracy of mechanical properties from nanoindenta-
tions depends on the accuracy of the displacement measurement used to calculate these
properties. Tests starting below the sample surface, such as between the granules, can
cause an overestimation of elastic modulus. One thing is certain, and that is the value of
the indents compared to each other. Which means that it was proven that the granules
and bridges between the granules on F. quadrioculata are a little harder than the skin
between them.

As the lotus leaf consists of papillose epidermal cells covered in self-assembled nanocrys-
talline wax tubules [4], we have seen that the springtail has a similar form of two stage
hierarchy, with the higher granules and the lower bridges between them. As Patankar
[13] produced double (or triple) roughness structures on pillars to mimic the lotus leaf,
the future would be to do something similar based on the springtail design. Now that we
have the proper tools and methods to characterize the exact size of the structures on the
springtail cuticle, it should not be that hard to apply some well known methods to con-
struct something similar. Intricate surface designs are vulnerable to damage and defects.
In recent years there has been much research on lubricants that improve wettability [54].
This method depends on a lubricating liquid that impregnates the surface.
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6. Conclusion

Two different methods of surface characterization have been discussed. The first method
was analysing of SEM images of cross section taken with the FIB. The other method was
analysing the images from a NI-AFM scanning.

Depending on the species, one of the two methods was preferred. H. viatica could not
even be scanned by the NI-AFM. I. prasis and F. quadrioculata had small features, easily
scanned by the NI-AFM. Onychiurus had big secondary granules and it is questioned if
the indenter tip even touched the surface between the granules. O. flavescens actually
seemed quite difficult to get good results from with both methods. The conclusion is that
springtail cuticles with small surface structures, such as I. prasis and F. quadrioculata,
gets best results from the NI-AFM and are harder to analyse by the FIB scans. The
species with bigger structures as H. wviatica and Onychiurus or with lots of hairs as O.
flavescens are best characterized in a FIB.

“Slice and view” 3D images could be useful if the surface was to be replicated, especially
if the NI-AFM is not able to scan the surface at all.

The NI-AFM scanning of the molted springtail skin was unsuccessful. FIB is as alternative
method to the NI-AFM. It is recommendation is to use the FIB for the species that are
unscannable.

The characterization of the mechanical properties of the springtail confirmed some of what
we already know. The granules and bridges between the granules are harder than the skin
between them. Nanoindentation of soft materials is a field increasing in scope. More
material testing of the cuticles of springtails are reccomended.

New methods of producing superhydrophobic surfaces emerge, such as impregnated nan-
otextured surfaces. Surface textures with intricate designs and morphologies are vulnerable
to defects. The conclusion must be to further investigate the intricate designs. This way
we may produce superhydrophobic materials that are more resistant and do not need the
coating to stay superhydrophobic. Springtails could be a vital part in this field due to
their characteristic surface structures.
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7. Further Work

Recommended future work is the continuation of the characterization of the surface struc-
tures. To get a good probability of the size of the granules, more testing are needed. The
recommended method in this thesis can be applied on the selected species. In addition
are several pictures attached, more data can be extracted from those.

The continuation of mechanical testing could determine the real strength of the springtails.
Are the granules harder on all the species? Are there huge differences on different species?
When mimicking the structure of the springtail cuticle is the goal, knowing the strength
and weaknesses of the biological sample could be beneficial. Fabrication of man-made
surfaces mimicking the springtail cuticle presents exciting possibilities.
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A. FIB measurements

Attached are all the cross section images the height data are collected from. They are all
corrected according to the given equation.

1
sinb2°

=1«

(A1)

A repetition of the table from section 4 could be in order since all species in the Appendix
are numbered.

Table A.1: Species numbering

Number ‘ Species

1 | Orchesella flavescens

2 | Isotomurus prasis

3 | Onychiurus

4 | Folsomia quadrioculata
5 | Hypogastura viatica

A.1 Species 1

Table A.2: Species 1
‘ H (primary) ‘ ‘ ‘

Picture Picture | corrected Average | 203
1 201 204 min | 186
212 215 max | 215
183 186 St. Dev. | 11
201 204
206 208
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HV  |m
5.00kV | S|

A.2 Species 2

WD | det | tilt
5 x| 4.0mm ETD |52 °

| e— 01

NTNU NanoLab DualBeam FIB

Figure A.1: Species 1

Table A.3: Species 2

h(bridge) ‘ ‘ H(granule) ‘ ‘ h ‘ H
Picture picture | corrected picture | corrected Average | 52 | 169
1 49 50 171 173 min | 36 | 165
49 50 165 167 max | 70 | 173
69 70 163 165 St. Dev | 11 4
36 36
51 51
54 55

HV  [mode| mag B

det | tilt

20.00 kV, SE |35000x]4.1 mm ETD|52

NTNU NanolLab DualBeam FIB

Figure A.2: Species 2
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A.3. Species 3

Species 3
Table A.4: Species 3

| H(secundary) | | | | H(secundary)
Picture picture | corrected Average 937
1 min 912
900 | 912 max 964
951 | 964 St. Dev 20

916 | 928

919 | 931

934 | 947

i — D i ¢
WD | det | tilt 5pum
4.1 mm | ETD |52 NTNU NanoLab DualBeam FIB

Figure A.3: Species 3
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Table A.5: Species 4

‘ h (bridge) ‘ ‘ H (granule) ‘ ‘ ‘ corrected ‘ h (bridge) ‘ H (granule)
Picture picture | corrected picture | corrected Average 53 92
1 47 47 93 95 min 38 76
47 47 75 76 max 66 113
57 o7 100 101 St. Dev 9 13
37 38 90 91
47 47 78 79
2 65 66 111 113
56 57 100 101
65 66 78 79
47 47
57 58
3 55 56
45 46
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A.4. Species 4

A.4 Species 4

\ det
4.0 mm | ETD nolLab DualBeam FIB

(a) Picture 1

HV mode | mag H
5.00 kV 15000 x| 4.0 mm [ETD | 52

THY [mode mag @ R0 R —
5.00kV| S| 14998 x| 4.0 mm |[ETD | 52 NTNU NanoLab DualBeam FIB

(c) Picture 3
A-5
Figure A.4: Species 4



B. Measurement of NI-AFM scans

Attached are all the measurements with the including images from the NI-AFM scans.

B.1 Species 1

—0.08 pm -0.14 pm
-0.20

-0.15 ~0.25

~0.20 -0.30

-0.35
-0.25
-0.40
-0.30 -0.45

-0.50
-0.54

-0.37

(a) Picture 1 (b) Picture 2

Figure B.1: Species 1
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Table B.1: Species 1

‘ H (primary) ‘ # ‘

‘ H (primary)

Picture 1 108
125
121
122
103
102
111
104
101
130
138
138
155
139
Picture 2 123
103
106
111
105
125

95

95
113
113
105

98
134
111

97

97
118
127
127
113
120
117
113
127

© 00 g O Ui W N

e e e
=W N = O

0 O U W N

W NN NN = == = ===
=W NN O OO0 Utk W RO o

Average
min
max

St. Dev

115
95
155
14

Table B.2: # are the measurement number
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B.1.

Species 1

Table B.3: Species 2

‘ H (granule) [nm] ‘ # ‘ h (bridge) [nm] ‘ # ‘

‘ H(granule) ‘ h(bridge)

Picture 1

Picture 2

Picture 3

Picture 4

Picture 5

254
264
255
280
225
264
245
263
267
249
169
156
161
192
154
165
160
143
141
178
167
178
144
159
154

[

U W N TR WM - OUR WNDRF O WN - O WD

102
107
67
115
143
89
126
111
126
145
73
48
47
76
50
80
91
35
49

54
74
70
64

6
7
8
9
10
6
7
8
9
10
6
7
8

Ne)

1

[an)}

NoRNe JlEN @)

© 00 J O

Average
Min
Max
St. Dev

199
141
280

50

84
35
145
32

Table B.4: # are the measurement number
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B.2 Species 2

0.41 pm

0.30
0.25
0.20
0.15
0.10
0.05

0.00

(b) Picture 2

—0.3 pm
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
-1.1
-1.2

(d) Picture 4

—0.94 pm

—1.00
—1.05

-1.10

-1.15

(e) Picture 5

Figure B.2: Species 2

B.3 Species 3

—=0.2 ym

-0.6
-0.8
-1.0
-1.2
-14
-1.6

-1.8

(a) Picture 1 (b) Picture 2

Figure B.3: Species 3
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B.4. Species 4
Table B.5: Species 3
| H (secundary) | # | |
Picture 1 1207 | 1 | Average | 1042
1042 | 2 Min | 917
917 | 3 Max | 1207
1082 | 4 | St. Dev 90
1013 | 5
926 | 6
Picture 2 1177 | 1
1130 | 2
1150 | 3
1164 | 4
1067 | 5
946 | 6
934 | 7
991 | 8
1018 | 9
1030 | 10
1018 | 11
1034 | 12
947 | 13
Table B.6: # are the measurement number
B.4 Species 4
. - oo oo
' q . 200.0 200.0
. = 150.0 i % 150.0
3 4 o
é 100.0 ' 100.0
" 2 pm 55.1 ‘ 2 pm 55.1
(a) Measurements on the bridges  (b) Measurements on the granules

Figure B.4: Species 4
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Table B.7: Species 4

‘ H(granule) ‘ # ‘ h(bridge) ‘

‘ G(granule) ‘ h(bridge)

Picture 1

77
101
63
65
62
70
101
72
84
91
59
46
75
34
83
63
106
31
75
94
51

7
8
8
20
7
8
25
12
22
10
10
39
36
10
18
26
4
13
19
29
2
31

Average
min
max
St. Dev

72
31
106
21

17

2
39
11

Table B.8: # are the measurement number
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C. Nanoindenting

Attached are the graphs of the indentations done of specie 4. Including an overview picture
of where the indentations were done and the resulting calculations done by the TriboView
program.

150

100 4
3
o
-]
©
(=]
- Indent nr:
%04 ——000
—001
—002
—003
—004
[ e T e T T e ST
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Depth [nm]
(a) Indenting on the granules
150 150
100 H 100 4
3 =
2 =
3 3
=1 -]
. Indent nr: -1 Indent nr:
50 — 000 50 —000
——001 m==001
——002 ——002
——003 ——003
—004 —004
0 L r—p—— T it i T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Depth [nm] Depth [nm]

(b) Indenting in the middle between the granules  (c) Indenting on the bridges between the granules

Figure C.1: Nanoindenting graphs
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D. Additional pictures

Attached are more pictures that i find interesting and beautiful to watch. Would be a
waste to not be viewed by others than my self.

Figure D.1: NI-AFM scan of F. quadrioculata(4), viewed in 3D
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Figure D.2: NI-AFM scan of Isotomurus prasis(2), viewed in 3D
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B.4. Species 4

(b) Picture 2

Figure D.3: Cross sections of Onychiurus(3)
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