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Abstract  

 

Variable Pressure Scanning Electron Microscope (VPSEM) imaging and analysis 

has been carried out on a range of spider silk samples to evaluate the forensic 

potential of both the methodology and materials. Initial concerns were whether such 

material was suitably robust to undergo such an examination and so the primary goal 

was to identify optimum imaging and analysis conditions. The second goal was to 

establish if silks from different species could be classified and identified by this 

approach. Next the nature of the trapped particulates on the spider silk has been 

investigated to determine the location-sensitivity of such samples. This aspect has 

included time-based experiments to identify the rate of particle loss from spider silk 

traps. The results have been very encouraging. The spider silk samples are robust 

under the identified imaging and analysis materials. The silks from a single species are 

distinguishable with a high level of confidence in the samples examined. The spider 

silks trap a range of particulates of both biological and physical origins, many of which 

are clearly identifiable through imaging and x-ray analysis. The time and loading 

experiments show that the silks react to some materials and also that remnant particle 

size decreases with time, ie the larger particles are lost more rapidly. The results 

suggest that imaging and analysis of spider silk can provide considerable forensic 

information.  
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Chapter 1: Introduction  

1.1 Background information 

1.1.1 Spiders and silks  
 

Spiders (order Araneae) are air-breathing chelicerate arthropods that have 

eight legs. Chelicerae are the only appendages that appear before the mouth, and in 

most sub-groups are modest pincers used in feeding; however spider chelicerae are 

modified to a fang form that most species use to inject venom into their prey. They are 

the largest order of arachnids and rank seventh in total species diversity among all 

other groups of organisms (Sebastian & Matthew 2009). Spiders are found world-wide 

on every continent except for Antarctica, and have become established in nearly every 

ecological niche with the exception of air and sea colonization. To date, approximately 

41,000 spider species, and 109 families have been recorded by taxonomists; (Platnick 

2010)however, there has been confusion within the scientific community as to how all 

these genera should be classified, as evidenced by the over 20 different classifications 

that have been proposed since 1900 (Foelix 1996). 

The word spider was originally spelt 'spinder' which simply means 'spinner'. All 

spiders have their silk glands at the posterior end of their abdomen, on the back side 

of their body. It is the presence of silk glands, spinnerets and the special sperm-storing 

bulb of the male palp that distinguish spiders from scorpion and other arachnids (Main 

1984). Some spiders build webs and some do not. As for the web-building types of 

spider, only the juvenile and female spiders build webs. The female spiders never leave 

their web and enlarge and repair the same snare throughout their life. The male 

spiders leave their web when ready to mate and seek out females in their own nests 

(Main 1984). 

Most species of spiders make a silk egg sac to protect their young. When the 

female lays her eggs she usually ejects them into a silken sac or deposits them into a 

fluffy cotton-wool ball of silk. In a few genera, for example the common daddy-long-

legs, Pholcus, the eggs are only loosely held together by a few silken threads. The 

habit of protecting the eggs in a silk cocoon was possibly the first use to which spiders‟ 

silk was put. It is also probable that spider silk was originally an excretory product 

(Main 1984). 

 Spiders can be identified by the sort of snares, webs and nests they make 

(Main 1984). As some types of snare are characteristics of families of the spider, some 
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could be characteristics of genera and some could be characteristic of species (Main 

1980). In forensic cases however, it is very unlikely that the spider web would be in its 

original state, so to identify the spider family from web material would be difficult.  

 Silks are materials which, superficially, look like and behave like silkworm silk, 

i.e. they are typically fibrous biopolymer filaments or threads with diameters ranging 

from fifty microns to a few hundred nanometres (Vollrath 1999). Moreover, insects, 

like spiders, use their silks for life-lines (e.g. Lepidoptera), nests (e.g. Trichoptera), 

traps (e.g. Nematocera, Trichoptera) and cocoons (e.g. Coleoptera, Neuroptera). 

However, some of these materials that are described as silks are not produced by silk 

glands (including modified salivary glands) but by extrusions of the gut (Malpigian 

silks), for example in lacewings or many beetles. These silks are not biopolymers; 

instead they are hardened fibrous faeces (Vollrath 1999). Insects have found many 

ways of making a wide range of silk types, but web-building spiders are unique with 

highly specialized glands producing very different silks, often simultaneously (Foelix 

1996). This diversity is driven by the central role of silk which has co-evolved with the 

spider behaviours such as prey capture, shelter construction and reproduction (Vollrath 

2000a). 

Spiders have multiple glands, which allow the production of as many as 9 

different types of silks and fibrous protein. The glands that produce silks include 

ampullate glands, aciniform glands, tubuliform glands, aggregate glands, piriform 

glands, and flagelliform (or coronate) glands. Each type of gland secretes different 

kinds of silk with its own characteristics (Foelix 1996). Although the different silk 

glands in an advanced web spider like Nephila are likely to have evolved from a single 

type of gland, they now differ significantly from one another in morphology, anatomy 

and composition (Vollrath 1992) to allow for the production of different silks. Moreover, 

there seems to be significant variability in silk properties even for the same silk 

produced by the same spider on different days, or even on the same day under 

different environmental conditions (Madsen et al. 1999). Most of these differences are 

attributable to varying spinning conditions, but they may also reflect considerable 

variability in the amino acid composition of the spinning dope produced by a gland, 

(Sebastian & Matthew 2009; Andersen 1970; Work & Young 1987) and might also be 

affected by diet (Sebastin & Matthew 2009; Craig et al. 1999). 
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The main types of silk produced by spiders include; 

 Major ampullate silk or dragline silk (which makes up the main frame of the spider 

web): used for the web's outer rim and spokes, as well as for the lifeline. As 

strong as steel, but much tougher. 

 Capture-spiral silk: used for the capturing lines of the web. Sticky, extremely 

stretchy and tough. 

 Tubiliform silk or cocoon silk: used for protective egg sacs. Stiffest silk. 

 Aciniform silk: used to wrap and secure freshly captured prey. Two to three times 

as tough as the other silks, including dragline. 

 Minor-ampullate silk: used for temporary scaffolding during web construction. 

 

The glands and the type of silk they produce are illustrated in Fig. 1.  

Fig. 1. The silk glands and threads of Araneus diadematus. The glands are called by their Latin 

names, which are also used when associated with the type of silk they produce (reprinted with 
permission from Vollrath, 2000). 
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1.1.2 Properties of spider silk  
 

Spider and insect silks have the same basic building blocks: proteins made 

largely from non-essential amino acids (Andersen 1970; Work & Young 1987). There is 

consensus that silk contains crystalline and non-crystalline regions, the structure of the 

glycine-rich regions is however, imperfectly understood. In fact, the classic concept of 

dragline silk being comprised of β-sheet crystals packed in a rubbery matrix of random-

coiled springs (Gosline et. al. 1994; Termonia 1994; Gosline, Denny & DeMont 1984) 

has been challenged (Simmons, Michal & Jelinski 1996; Kümmerlen et. al. 1996). 

Recent work has observed that silk may contain a range of conformations such as 

`random coil', β-turns and parallel and/or antiparallel β-pleated sheet crystals,  -

helices or the more compact and left-handed 3(1)- helices (Gosline et. al. 1994; 

Termonia 1994; Gosline, Denny & DeMont 1984; Simmons, Michal & Jelinski 1996; 

Kümmerlen et. al. 1996). These protein structures are believed to be responsible for 

the strength and toughness of spider silks.   

1.1.3 Importance of spider silk in forensic cases  
 

The father of Forensic Science, Edmond Locard‟s exchange principlestated that 

every time one object comes in contact with another object, it takes something from 

that object or leaves something behind (Saferstein 2003). This is the principle that 

underwrites modern forensic science. It is the reason forensic investigators look for 

fingerprints, DNA, soil samples, fibres, and all the samples that fall into the category of 

trace evidence. Spider silk falls into the fibres category, and is classified as trace 

evidence. People invariably come across spider webs during their daily routine. There is 

a high possibility that a criminal might transfer spider silk from the environment to 

himself or herself or to the victim during the crime. This silk may then be used as trace 

evidence in crime scene investigations. 

In one high profile murder in WA, silk fibres were examined to determine what 

type of silk it was and where it originated. Due to the lack of any database of spider 

silks and other silk properties of WA spiders or insects, no meaningful conclusions 

could be made. This raised the need to create a database of the morphological 

properties of silk fibres originating from spiders and other insects or plants.  

Another aspect of spider silk that may be useful in forensic cases is the fact 

that spiders are ubiquitous. They live in almost all terrestrial habitats and together with 

the other insects; they formed the largest group of animals on earth (Eldredge 2002). 

Thus spider silk can be important trace evidence in forensic cases. One of the main 
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features of the silk is due to the sticky factor of the spider silks. The surfaces of some 

type of silks produced by the spiders are adhesive.  The adhesiveness will presumably 

enable it to capture local, characteristic particles when they are disturbed either by the 

wind, insects or even human beings. Furthermore, spider silks are known to science as 

among the strongest, toughest and most resilient fibres in the world. The  silk fibres 

are constructed using a diverse array of proteins, which vary greatly in their 

mechanical properties. The major ampullate silk has a tensile strength rivalling that of 

steel while flagelliform silk has the stretchiness approaching that of rubber (Gosline et 

al. 1986). 

1.1.4 Imaging methods for characterising the silks and particles  
 

The main interest of this study is the colour, diameter, surface structure and 

the shape of spider silk samples as well as the trapped material on the spider silks. 

Given these interests, optical microscope or compound microscope and variable 

pressure scanning electron microscope (VPSEM) techniques were chosen to analyse 

the spider silk samples. Optical microscopy provides low magnification imaging and 

colour determination, which is unavailable with VPSEM (Table 1). VPSEM is ideal for 

high magnification imaging which also gives a 3D structure of the samples as well as 

the more detailed surface structure of the trapped particulate samples and their x-ray 

analysis. Both techniques are well established; optical microscopes having been used 

since 1600s and the first commercial SEM was released in 1960s (Joy 1997). 

Optical Microscopy SEM 

Identifying characteristics 

Size 

Shape 

Surface 

Homogeneity  

Transparency  

Colour  

Refractive indices 

Birefringence  

Size  

Shape  

Surface  

Chemical composition 

Applicable size range (µm)  

>1.0 >0.01 

Table 1. The characters could be identified by optical 

microscopy vs SEM in morphological analysis. 
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1.1.5 Variable Pressure Scanning Electron Microscope (VPSEM) 
 

Before explaining more about the VPSEM, it is vital to be familiar with the 

original conventional scanning electron microscope (SEM). The SEM is the most widely 

used of all electron beam instruments available. It owes its reputation to the versatility 

of its various modes of imaging, the excellent spatial resolution of its images, the ease 

with which the micrographs that are generated can be interpreted, the modest 

demands that are made on specimen preparation, and its „user-friendliness‟ (Joy 

1997). On one end of its operating range the SEM provides images which can readily 

be compared to those of conventional optical microscopes, while on the other end its 

capabilities are complementary to instruments such as scanning tunnelling (STM) or 

atomic force (AFM) microscopes. While its resolution can now approach 0.5 nm, 

rivalling that of a transmission electron microscope (TEM), it can also handle 

specimens as large as production size silicon wafers (Joy 1997). 

The SEM had its origins in the work of Von Ardenne in 1938 (cited in Joy 

1997)who added scanning coils to a transmission electron microscope. A photographic 

plate was positioned below the electron transparent sample.  The sample surface was 

mechanically scanned with a high-energy beam of electrons in a parallel lines scan 

pattern, like in the original television monitor or cathode ray tube (CRT). The first 

recognizably modern SEM was described by Zworykin et al. 1942 (cited in Joy 1997). 

This instrument incorporated most of the features of current instruments, such as a 

cathode ray tube display and a secondary electron detector, and achieved a resolution 

of 5 nm on solid specimens (Joy 1997). In 1948 Oatley (cited in Joy 1997)and his 

students commenced their work on the development of the SEM leading in 1965 to the 

first commercial machine the Cambridge Scientific Instruments Mark 1 „Stereoscan‟. 

The earliest SEM ever built however was built by Ken Smith using magnetic lenses 

from a Metropolitan Vickers EM4 TEM and an electron detector by Everhart and 

Thornley that was shipped to the Pulp and Paper Research Institute in Montreal, 

Canada in 1958 (Wells & Joy 2006). There are now seven or eight manufacturers of 

these instruments in Europe, the USA, and Japan, and it was estimated in 1997 that 

about 20,000 SEMs are in use worldwide (Joy 1997). That figure will have at least 

doubled by now.  

Literally speaking, the SEM is a mapping, rather than an imaging device and so 

is a member of the same class of instruments as the facsimile machine, the scanning 

probe microscope, and the confocal optical microscope (Joy 1997). The sample is 

probed by a beam of electrons that is scanned across the surface. Emissive signalsfrom 
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the specimen, stimulated by the incident beam, are detected, amplified, and used to 

modulate the brightness of a second beam of electrons scanned, synchronously with 

the first beam, across a cathode ray tube display (Joy 1997) producing signals that 

contain information about the sample's surface topography (the three-dimensional 

image), elements present, compositional nature and other properties such as 

differences in atomic number (Z) of the sample. 

The signals result from interactions of the electron beam with atoms at or near 

the surface of the sample. The types of signals produced by an SEM include secondary 

electrons (SE), back-scattered electrons (BSE), characteristic X-rays and light or 

cathodoluminescence (CL). Depending on the instrument, not all signals produced by 

the SEM could be detected as it depends on the detectors that are installed on the 

instrument. Secondary electron detectors are common to all SEMs, but it is unusual 

that a single instrument would have detectors for all the possible signals.  

For conventional imaging in SEM, specimens must be electrically conductive, at 

least on the surface of the specimen. This is based on the underlying theory of how 

the secondary electron images are produced. When the electron beam strikes the 

specimen, each point that is hit will yield a certain number of secondary electrons, 

depending primarily on the specimen topography. The number of secondary electrons 

from the specimen is displayed in terms of brightness and contrast on a viewing 

monitor. Areas of the specimen that yield many secondary electrons will appear bright, 

whereas areas that that yield fewer secondary electrons will appear proportionately 

darker on the monitor (Bozzola 2007). The elements that make up the surface of the 

specimen are the source of secondary electrons. Elements with high atomic number 

generate a high number of secondary electrons and, ultimately, a higher quality image 

(Bozzola 2007). Biological material is composed of lighter elements (e.g., carbon, 

hydrogen, oxygen, nitrogen) and will yield low signal in the conventional SEM. These 

samples tend to charge when scanned by the electron beam, and especially in 

secondary electron imaging mode. The charging causes scanning distortion and other 

image artefacts. Samples are therefore usually coated with an ultrathin coating of an 

electrically-conductive high atomic number element, such as gold, palladium or 

platinum, deposited on the sample either by low vacuum sputter coating or by high 

vacuum evaporation (Bozzola 2007). The electrically grounded coating pins the electric 

field due to the accumulated negative charge and prevents the field lines from 

propagating into the vacuum above the specimen. 
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Spider silks, as with other biological samples, are non-conductive materials. It is 

important to make sure that these samples are coated beforehand so that they are 

electrically conductive on the outer surface, if these samples are to be analyzed under 

the conventional SEM. It is also important to make sure that the samples are fully 

hydrated and completely stable in the SEM chamber (Griffin 2007). Coating of the 

samples however, could result in masking the detail of the fine silken fibre threads that 

might be present. Coating can be easily and evenly done on a flat surface of a sample. 

However the three dimensional complexity of the spider silks make it impossible to 

deposit featureless and sufficiently continuous nanometre-thick metal films on the 

whole area of the samples. In addition, some spider silks are covered with adhesive 

material made by the spider for capturing purposes. Coating of the silks may result in 

interaction of the adhesive material with the coating material prior to analysis in the 

SEM. These adhesive materials on spider silks are also unstable in the high vacuum 

operation mode in conventional SEM because they are liquid. Washing of the spider silk 

to get rid of the adhesive material is not a good idea as this will also wash away the 

particles trapped on the spider silk samples, which is one of the interests of this study. 

To avoid these problems, the VPSEM is considered the ideal instrument for this project 

and was chosen to be used.  

The principle of VPSEM is based on the use of elevated gas pressures in the 

sample chamber together with specialized electron detectors, creating imaging 

conditions that allow biological samples to be examined without any preparation as 

noted earlier. Minimizing sample charging by the use of gas in the sample chamber is 

well established (Griffin 2007). In 1960, P.R. Thornton showed that materials in liquid 

could be imaged in the SEM by sandwiching a small droplet between thin carbon films 

(Wells & Joy 2006). Lane (cited in Wells & Joy 2006) in the USA and Swift and Brown 

(cited in Wells & Joy 2006) at Unilever Laboratories in the United Kingdom in 1970, 

demonstrated that it was both possible and advantageous to operate the SEM with a 

low pressure atmosphere of air or water vapour surrounding the sample. This provide 

an effective means of controlling charging and readily allowed the imaging of wet, 

damp and dirty materials. These ideas have been developed in the environmental SEM 

(ESEM) to give a wide-ranging area of applications (Danilatos 1990). In the late 1970s 

the extension of operation to elevated pressures (to 3000 Pa) was achieved with a 

differentially pumped electron column and multiple pressure-limiting apertures (PLAs) 

(Danilatos 1990). Stabilization of hydrated and even liquid samples are achieved with 

operation at these higher pressures levels, when used in combination with water 

vapour as the chamber gas and with a cooling stage (Peters 1992). The development 
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of the “environmental secondary detector,” which rapidly evolved to the modern 

“gaseous secondary electron detector” (GSED) overcame the final barrier of imaging 

the low energy secondary electron signal (Danilatos & Robinson 1979; Farley & Shah 

1988). The realization of image quality (resolution and signal-to-noise) that is 

comparable with conventional SEM was achieved with recent developments in detector 

technology (Knowles et al. 2004; Thiel et al. 2005).  

In regards to the usage, VPSEM must be approached separately since it is not 

just a simple extension of conventional SEM. The presence of the gas influences both 

the image S:N (signal-to-noise ratio) and the information content of the images. The 

gaseous secondary electron detector operation controls not only image content but 

also the charge cancellation on the sample (Griffin 2007). One must gain an intuitive 

understanding of the processes of VPSEM to maximize their benefits. VPSEM operates 

with a differentially pumped sample chamber relative to the electron source. In those 

instruments that can operate at relatively high chamber gas pressure, there may be a 

series of pressure regimes in the electron column separated by pressure limiting 

apertures (Griffin 2007). These PLAs controls the pressures in the specimen chamber 

as requested by the user. The typical column vacuum profile is as described in Fig. 2 

below. 

1.1.5.1 Secondary Electron Imaging 

As with conventional SEM, VPSEM also can produce SE images. By definition as 

in the conventional SEM, secondary electrons are those electrons emitted by the 

specimen, under irradiation by the primary electron beam, which have energies 

between 0 and 50 eV. As a result of their low energy the SE only travel relatively short 

distances in the specimen (3-10 nm) and thus they emerge from a shallow „escape‟ 

region beneath the surface. There are two cases in which an SE can be generated and 

subsequently escape from the specimen: first, when an incident electron passes 

downwards through the escape depth, and secondly, as a backscattered electron 

leaves the specimen and again passes through the escape region. The yield δof 

secondary electrons (δ = number of SE per incident electron) varies with the energy of 

the incident electron beam. At high energies (10 keV or more) the yield is typically only 

0.1 to 0.2, but as the beam energy is reduced the yield rises rapidly and may exceed 

unity for energies of the order of 1 keV (Joy 1997). SE imaging is, therefore, 

preferentially performed at a low rather than a high accelerating voltage. 
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Fig. 2.A schematic variable pressure scanning electron microscope (VPSEM) or 
environmental SEM (ESEM) column illustrating the role of the pressure-limiting 

apertures (PLAs 1-3) and the differential pumping of the column. Some VPSEM may 

only have 1 or 2 PLAs (Reprinted with permission from Griffin 2007). 

 

SE imaging is the most frequent mode of operation of the SEM and in 1997, it 

has been estimated that 95% of all published SEM images have been recorded with 

the SE signal (Joy 1997). The general characteristics of SE signal is it has a marked 

three-dimensional effect which is due to the large depth of field feature of the SEM. 

The ability to view topographic detail in the image occurs because the yield of 

secondary electrons varies with the angle between the incident electron beam and the 

local surface normal (Goldstein et al. 2003). Areas which are inclined at a high angle to 

the beam are bright (large signal) compared tothose faces which are normal to the 

beam (small signal), and faces looking towards the detector are in general brighter 

than those facing away from the detector although, because the SEare readily 

deflected by the electrostatic field from the detector, both faces are easily visible. This 

type of behaviour is analogous to that of visible light as described by Lambert‟s cosine 

law (Goldstein et al. 2003).  

In VPSEM, the resultant secondary electron signal is termed the gaseous 

secondary electron (GSE) signal. The detection system however is different from the 

conventional SEM because the conventional Everhard-Thornley detector does not 
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operate under elevated gas pressure conditions because a catastrophic discharge of 

the high voltage applied to the detector scintillator will take place. Different secondary 

electron detectors have been developed based on the attraction of the secondary 

electrons to a biased element. In all cases, the emitted electrons interact with the 

chamber gas and a cascade amplification of the electron signal occurs toward the 

biased element. The emitted electrons accelerate to a point where they ionize a gas 

molecule, with the resultant electrons then repeating the process (Griffin 2007). The 

basic electron gas cascade amplification process is shown in Fig. 3. 

Fig. 3. A schematic illustrating the gas amplification process 

(Reprinted with permission from Griffin, 2007). 

The GSED signal detected is also contributed by the primary beam and any 

backscattered electrons. The level of contribution is a function of the scattering 

parameters and, scattering has a strong inverse relationship to the primary beam 

energy, i.e., at low beam energies very high degrees of scattering are encountered 

(Griffin 2007). All GSED depend upon the bias voltage on the positive detector element 

to generate the necessary gas amplification process. The bias voltage is commonly 

labelled “contrast” on the GSED controls. The upper level of the GSED bias is normally 

limited by the value where an electrical discharge between the detector and the 

sample, or arcing, occurs rather than the operational range of the electronics. The 

specific voltage depends on gas pressure, type, detector design, and sample/stage 

configurations, i.e., the general operating conditions (Griffin 2007). The usual practice, 

for this project, was to maximize the GSED bias to just below the discharge condition 

to provide the best image SNR ratio. Practically, it is useful to note the value when 

good imaging conditions are achieved to allow consistency and reproducibility of 

imaging product. 
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1.1.5.2 Backscattered electron Imaging  

 Backscattered electrons (BSE) are defined as being those electrons emitted 

from the specimen which have energies between 50eV and the incident beam energy 

Eo. Unlike the secondary electrons which are produced as the result of the incident 

electron irradiation, backscattered electrons are incident electrons which have been 

scattered through angles approaching 180° within the sample and consequently leave 

the sample again. The yield η of BSE (η = number of BSE per incident electron) varies 

monotonically with the atomic number Z of the specimen, increasing from about 0.05 

for carbon to about 0.5 for gold (Joy 1997). At high incident beam energies, therefore, 

the number of BSE produced is greater than the number of SE but despite this fact 

backscattered electron imaging has received less attention and use than SE imaging 

until recently. This is because of the practical problem of efficiently collecting the BSE. 

Since the average energy of the BSE is of the order of Eo/2 they are much more 

difficult to deflect towards a detector than the SE. Consequently the detector must be 

placed in a suitable position (usually directly above the specimen) to intercept the BSE, 

and must be physically large enough to collect a high fraction of the signal. Several 

successful detector designs are now in current use, including scintillator systems 

similar to the Everhart-Thornley SE detector, solid-state detectors, and electron-

multiplier devices such as the microchannel plate (Joy 1997). 

The most widespread use of backscattered electrons is atomic number, or Z-

contrast imaging since the yield of BSE varies with the atomic number of the 

specimen.BSE imaging provides a quick and convenient method of examining the 

distribution of chemistry within a material and qualitatively separating regions of high 

and low atomic number. The technique can also be used to examine diffusion 

gradients across a boundary, to scan for the presence of unexpected contaminants, 

and to look for evidence of multiphase structures. Despite several commercial attempts 

to justify the procedure, Z contrast imaging cannot be used as a substitute for proper 

microanalytical techniques. The technique should therefore be regarded as a valuable 

diagnostic and observational mode but should not be used quantitatively without very 

careful preparation and calibration. 

The original imaging mode in VPSEM was based on both solid state and 

scintillator based BSED and excellent results remain achievable on biological samples 

(Griffin 2007). The practical limitation for both VPSEM and ESEM is in the BSED 

assembly thickness as these detectors are normally positioned directly above the 

sample. A thick BSED assembly will severely compromise the minimum achievable 



13 
 

working distance and should be avoided. Practically, the consequent long gas path 

length will limit the achievable image quality at moderate chamber gas pressures 

and/or low accelerating voltages (Griffin 2007). To overcome this limitation, higher 

accelerating voltage is generally applied when imaging samples using BSED imaging 

technique.  

 

1.1.6 Electron Microprobe Analysis  
 

1.1.6.1    Theoretical background  

When a beam of high energy electrons strikes a sample, a number of 

phenomena occur simultaneously (Fig. 4). Most of the electron energy dissipates as 

heat. This is undesirable since it may melt, vaporize or sometimes decompose some 

samples. Some of the electrons are elastically backscattered while others interact 

inelastically with atoms of the sample. Secondary electrons are created in the solid as a 

result of atomic excitation by the primary beam. These are low energy electrons useful 

primarily for topographic observation of surfaces (PAE2 1992).  

Fig. 4. Interaction of electron beam with sample. 

The energy lost in inelastic collisions may cause removal of an inner electron. 

Subsequent filling of these level results in emission of electromagnetic radiation, some 

of its x-rays. Such radiation consists of a number of high intensity peaks superimposed 

on a more or less continuous background. The set of emitted x-ray wavelengths for a 

given element is the characteristic x-ray spectrum of that element (PAE2 1992). A 

specific line is the result of an electron shift from an outer shell into the inner K, L, or 

M shells. Since an x-ray photon is released for every such electron shift, the energy, 

thus the corresponding wavelength, is specific for a given atom.  
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Characteristic x-ray spectra can be considered „fingerprints‟ for identification of 

the elements. Unwanted x-ray radiation from a sample is a continuous „white‟ x-ray 

that comes from deflection and deceleration of electrons which have penetrated to the 

nucleus field of an atom, hence the name „bremsstrahlung‟ or braking radiation (PAE2 

1992). The accuracy and sensitivity of the microanalysis depends largely on the 

intensity of this background radiation relative to the characteristic line intensities. Since 

the heavy elements have stronger nucleus fields than the light elements, the 

background radiation or „noise‟ intensifies with increasing atomic number.  

X-ray spectroscopy has a distinct advantage over UV or visible spectroscopy 

since x-ray spectra consist of relatively few lines with wavelengths arranged in an 

orderly progression related to the atomic number. Both the progression and small 

number of characteristic wavelengths are related to the fact that x-rays originate only 

from the inner electron shells (PAE2 1992). These electrons are little affected by the 

physical state or chemical combination of the elements, hence x-ray spectra hardly 

ever provide information on the chemical combination or molecular structure.  

1.1.6.2   Electron Dispersive X-ray Analysis (EDX) 
 

 Energy dispersive x-ray analysis determined chemical composition by measuring 

the energy of characteristic x-radiation emitted when the material is excited by a 

primary x-ray or electron beam. The technique has widespread application because 

most of the instrumentation already exists in the electron microscope i.e. a source of 

high energy electrons. The x-ray generated from the sample by the impinging 

electrons is collected by a lithium-drifted silicon detector which emits an electrical 

signal whose amplitude is related to the incident x-ray energy. This signal is sorted and 

analyzed using a multichannel analyser; the resulting characteristic x-ray spectrum is 

then displayed.  

1.1.6.3 Techniques for single particles analysis 

SEM is one of the newest tools for examining, photographing and more recently 

analysing particles. This is particularly achievable when SEM is coupled with EDX 

analysis. Single particle analysis is a direct method for studying the structure of 

particles including size, shape, surface texture, and other properties such as 

aggregation, cleavage and homogeneity (Zou 1997). When coupled with EDX, 

information on the chemical properties of the particles can also be determined. This 

can provide valuable information for classification and subsequently to assign their 

sources (Bérubé et. al. 1999; Kaegi 2004).  



15 
 

1.2 Research problems and research questions 
 

The aim of the project is to create a database of the morphological data of 

several species of spider silk and to compare selected spider silks with insect silks. The 

project is also aimed at providing some data on the presence of particulates stuck onto 

and potentially in the spider silk. The information will be used to determine if the 

provenance of spider silk can be identified, and at what scale. A further goal of this 

project is to determine the weathering effect of the particles stuck on the spider silk in 

different environmental conditions. These aims lead to other questions that will also be 

answered by this research. The research questions are as listed in the following.  

 

(i) Can spider silks be imaged by VPSEM? 

There are a few previous studies on the spider silk where the conventional SEM 

was used to image the spider silk samples using the secondary electron imaging 

mode. As mentioned earlier, VPSEM was originally designed primarily for imaging 

biological samples which lack conductive material on their surface. Attempts will 

be made in this project to identify an optimum set of conditions for imaging spider 

silks using VPSEM.  

 

(ii) Do spiders produce silk that is species specific?  

As mentioned earlier, spiders that produce snare-web could be identified readily 

by the sort of snares, webs and nests they produce (Main 1984). Therefore 

microscopic observation is considered as a tool for spider web identification. This 

will result in the production of a small database of the morphology of the spider 

silks chosen in this study. The morphological data that will be included in the 

database are colour, diameter and surface structure of the spider silk. Colour 

perception will be determined by the Adobe Photoshop software from the images 

captured using the optical microscope. The diameters on the other hand will be 

determined by using the image captured using the VPSEM. Measurement of the 

silks will be carried out by using the US National Institute of Health (NIH) ImageJ 

software. The surface structures and the shape of the silks will also be determined 

by observation using the images produced by secondary electron and 

backscattered electron imaging in the VPSEM.  
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(iii) How do the spider silks differ to other type of silks? 

Spiders are not the only animal that produces silk thread. As previously noted, 

some insects‟ species also produce silk fibres for their life-lines, as nests, as traps, 

cocoons. Other than animals, plants also produce fibrous materials that are used by 

humans. The synthetic fibres are also readily found almost everywhere in the daily 

life because most of these silks and fibres are used to make the clothing that we 

wear. There are also attempts from many researchers to produce silk materials that 

mimic spider silk for its toughness and durability, so there is a possibility that silks 

with similar feature like natural spider silks will be available in the future. The most 

commonly used animal silk fibres in clothing are from the silkworm cocoon silk. 

These wide ranges of similar silk fibre materials that are present in the 

environment make it forensically important to differentiate spider silks from other 

silks or fibres. The spider silks will be characterized by shape and surface structure, 

colour as well as diameter using the same method as is used to discriminate 

between spider species as mentioned in (ii). The comparison silks chosen are 

mostly the easily available natural silk fibres in the market.  

 

(iv) Do trace materials adhere to spider silk? 

Spider silks are sticky and this stickiness helps trap the materials around it. 

However, it has not been scientifically proven that spider silks trap trace materials. 

This research aims to demonstrate the sort of materials that the silk traps and 

whether or not these trapped materials are area-specific. It is further assumed that 

spider silks trap almost all kinds of particles including plants materials, airborne 

particles, and also insects and their parts. This information will then be used to 

determine if the provenance of spider silk can be identified, and at what scale. The 

trace materials that adhere on the spider silk will be imaged and analyzed using the 

VPSEM, using backscattered electron imaging (BSEI). The particles will then to be 

chemically characterized by in-situ x-ray analysis and the density of foreign 

particles will also be measured.  

 

(v) Can x-ray analysis characterize the particles? 

X-ray analysis is an established method for elemental analysis which is widely 

known as electron microprobe analysis (EMPA). The theory behind how the x-rays 

are produced and analyzed was explained in detail in 1.1.6. Given this background 

information, and based on a few studies done in the past researching the single 
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particle analysis of airborne particles which will be explained more in Chapter 2, it 

seems likely that this technique is the most appropriate and probably the best 

technique for characterizing the particles adhered to the spider silks in this study. 

X-ray characterization of the particles will be aided by the BSE image produced by 

VPSEM as such images provide information on the atomic number differences 

between particles.   

 

(vi) How long do particles adhere to spider silk? 

It is assumed that the duration of the particles adhered to spider silk depends 

mainly on the size and weight of the particles and the effectiveness of the adhesive 

material on the spider silk. Depending on the species, most spiders build their webs 

in shaded areas to avoid the web destruction from extreme environmental 

conditions such as strong wind and heavy rain. Exposing this silk to an open area 

where this silk is subjected to heavy rains and strong winds may result in the 

decrease of the numbers of particles stuck on the spider silk with time. In this 

retention experiment reported in Chapter 6, known particles (alumina and copper 

microspheres) were sprinkled evenly onto a collected known spider web species. 

Later, the spider webs were subjected to the outside environment and the number 

of particles was periodically observed.  

 

(vii) Do some materials react with the silk? 

Some spider silks are covered with glue droplets which are produced by the 

spiders as a means to trap their prey. Whether or not these glue droplets react 

with some material is unknown. Knowing these materials may be useful in cases 

where spider webs collected from an area within which rich with such materials 

but the material was absent or turned into something else. An experiment is 

reported in Chapter 6 to determine if a reaction can occur.  
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1.3 Thesis outline  
 

The thesis contains seven chapters. An outline of each of the subsequent 

chapters follows.  

Chapter two is a Literature Review. This outlines the previous research aspects 

of spider silk including the types of silks produced by spider; silk morphology including 

their shape and measured diameter; the physical, chemical and mechanical properties 

of spider silk; the use of spider silk as an environmental indicator; techniques used for 

spider silk imaging and analysis; and methods for description of particles.  

Chapter three is covers the Materials and Methods. This chapter outlines and 

justifies the samples and methodology used in this study. It also details the locations 

selected for sample collection, are the experimental design and the details on the 

instruments used. This chapter also describes the software used in this study.  

Chapter four is The Morphological Variation of Spider Silks. This chapter details 

the findings on morphological traits such as colour, diameter and surface structure. 

Each sample is described individually on all features observed during the analysis. 

Spider silk samples are compared within the sample, between samples of same species 

and between samples from different species. This chapter also contains the findings on 

the morphological variation between spider silks and insects‟ silks such as silkworm 

silks.   

Chapter five is The Provenance of Spider Silks. This chapter contains the 

findings on the provenance of particles trapped in spider silks. Each sample is 

described individually in regards to the particles trapped in it. This follows discussion 

on the particles present on each sample analyzed. Comparisons are made between the 

samples from different areas of interest.  

Chapter six is The Retention Analysis. This chapter contains the findings on the 

retention analysis made on the spider silk. This chapter also outlines the reaction of 

some materials to the spider silk.   

Chapter seven contains the conclusion and implications. In this final chapter, 

the findings are compared to each of the research questions; conclusions are made 

about the research problem; limitations of the research are provided; and finally, 

suggestions for future research are outlined.  
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Chapter 2: Literature review  
 

2.1 Spider silk morphology and microstructure 

 There is scant literature describing spider silk morphology. The studies that 

have been done concerning the morphology of spider silks have been done in 

conjunction with other scientific endeavours. Blackledge et al., (2005a) for example, 

described the use of polarized light microscopy (PLM) to measure spider silk diameters. 

The paper also described the quantitative comparison of precision and accuracy of PLM 

compared to scanning electron microscopy. Quantitative assessment of variability of 

diameters of silks within two common types of spiders was also examined and lastly 

the relative merits of PLM and SEM approaches to measuring spider silk diameters 

were discussed. It was demonstrated that PLM is as precise as scanning electron 

microscope when comparing repeated measurements of individual samples of silk. PLM 

however gives a consistently larger diameter results than diameter measured using 

SEM and this is probably due to silk shrinkage during the preparation for SEM. It was 

also revealed that thread diameters within webs of individual spiders can vary as much 

as 600% which was seen in Latrodectus hesperus species. 

 Characterization of spider silk diameter using PLM was described as a valid 

alternative given its advantages over conventional SEM. This includes its 

methodological advantage which allows measurement of silk in their natural state 

whereas in SEM, the silk need to be first sputter coated and then measured in a 

vacuum which may slightly alter the original condition of the silk samples. Another 

advantage highlighted in the above paper is that SEM performed poorly when trying to 

measure sticky silk which consists of silk fibres covered with gluey resin where it was 

difficult to discern the fibres within this sheath of glue in SEM. Using PLM, the fibres 

could be clearly distinguished from the aggregate glue once the silk adhered to a glass 

slide. Most disadvantages of conventional SEM over PLM however should be overcome 

by VPSEM which is used in this research study.  

Spider silk diameters can vary greatly; as a function of the speed at which 

fibres are drawn (Madsen et al. 1999), of anesthetization with CO2 (Madsen & Vollrath 

2000), the spider size or weight (Blackledge et al. 2005b, Vollrath & Kohler 1996), the 

location of the spider when it was drawing the silk (Garrido et al. 2002) and the 

spider‟s tension control of the silk as they extruded the silk fibres from the spigot 
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(Ortlepp & Gosline 2004). Nephila clavipes dragline silk diameters were observed to 

decrease significantly with increasing speed at which the silks were drawn (Madsen et 

al., 1999). This was observed under highly controlled conditions, when the spiders 

were alive. The diameter of the silks of the same spider species were also seen to be 

decreased with increasing abdominal temperature (Vollrath et al. 2001).  

It was presumed that the spider silk fibres are circular in cross section. Some 

spiders have highly specialized silk spin fibres which have strongly elliptical cross 

sections (Eberhard1980, Coddington et al. 2002). Furthermore, major ampullate fibres 

can be slightly elliptical, ~5% anisotropy (Pérez-Rigueiro 2001). This would increase 

the variability in diameter measurements as fibres are sometimes measured across the 

thinner and at other times across the thicker axis. However, such minor anisotropy is 

likely to have little effect on the estimation of cross-sectional areas for most spider 

silks. When the anisotropy is <20%, and several measurements of the diameter made 

from different axes of rotation are averaged, then the cross-sectional areas of elliptical 

fibres can be closely approximated. This is achieved by using the average of those 

measurements as though it was the diameter of a circle (Dunaway et al. 1995). 

Silk ends, in the natural state in air and observed under an X-ray microscope at 

10,000X magnification show a tube, not a rod (Vollrath 2000b). Nephila silk shows a 

highly organized skin-core structure of the fibre. The surface and marginal subsurface 

structures are indicative of fine fibrils (Li, McGhie & Tang 1994; Mahoney et al. 1994; 

Thiel, Kunkel & Viney 1994; Vollrath et al. 1996). Electron microscopy observation 

suggests an obliquely textured thread (Thiel et al. 1994) or rather a fibril wall 

surrounding a fibrilless core (Mahoney et al. 1994). Atomic force microscopy (AFM) of 

untreated fibre surfaces shows microfibrils, (possibly covered by a thin coat and 

apparently in places „interwoven‟) oblique to the thread axis (Mahoney et al., 1994). 

AFM analysis of silk cross-sections suggests a combination of coat, tube and core (Li et 

al., 1994).  

Orb web builders have invented two very differentways of capturing their prey, 

which primarily based on the silk thread type they produce. They fall into twogroups 

classified by the type ofstickiness of the spiral silk used to capture prey (Foelix, 1996). 

Cribellate spiders carry undulating spiralling threads that arefurther surrounded by 

puffs of remarkably finesilkfibres of a few nanometer diameters (Vollrath 2000b)(Fig. 

5a). These hackledbands provide elasticity as well as adhesion presumablyby 

electrostatic forces. The stickiness of this hackledsilk seems to depend on electrostatic 

Vander Waals forces possible by the close contactbetween the superfine thread and 
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the prey‟s surface (Eberhard 1980; Opell 1993; Vollrath 1994). Ecribellate spiders (such 

as the garden cross spider Araneus diadematus or the golden silk spider Nephila 

clavipes) lack cribellum silk. Instead they coat the axialthreads with an aqueous 

solution that forms stickydroplets (Fig. 5b). The sticky droplets develop when the 

mixtureof coating compounds is applied to the core thread;each core thread is paid out 

from its own spigotin a triad with two spigots adding the coatingcompounds (Foelix 

1996). The two core threads (doubled because they originate from bilaterallegs) and 

their viscous coats merge and begin toattract water, swell, become unstable and 

separateinto drops that continue to swell further (Edmonds & Vollrath 1992). Coating 

compounds and droplets are crucial to the functionality of these capture threads. 

Warburton hadshown in 1890 that the ecribellate sticky spiralthread is covered 

with a viscid coat which turnedout to be 80% water (Tillinghast & Townley, cited in 

Vollrath 2000b) containing adhesive glycoproteins (Tillinghast & Sinohara, cited in 

Vollrath 2000b).Chemical analysisof the coat shows high concentrations of fivewater-

soluble organic compounds and low concentrationsof inorganic salts as well as at 

leastone glycoprotein.This aqueoussolution is a strong 5 M solution of compoundsthat 

are unrelated to the usual silk amino acids.These substances are close relatives of 

neurotransmittersbeing either derivatives or hydrolysates,i.e. GABamide, N-

acetyltaurine, choline, betaineand isethionic acid (Vollrath et al. 1990). Theweb is 

coated in lower concentrations with cysteicacid (2%), lysine (2%), serine (2%), 

potassiumnitrate (7%) and potassium dihydrogenphosphate (3%) (Fischer & Brander, 

cited in Vollrath 2000b; Schildknecht etal., cited in Vollrath 2000b). In addition, the 

web contains traces ofKH2PO4and KNO3as well as glycine and highlysaturated fatty 

acids (Vollrath et al. 1990). Betaineand GABA are osmoprotectives and osmolytesin a 

wide range of organisms whereas taurinis a protein-stabilizing compound. These 

organiccompounds act osmotically while allowingfor normal protein function. They are 

necessary tomaintain the capture silk‟s aqueous coat whilekeeping the silk proteins in 

favourable conformations.They also allow the formation and stabilizationof the droplets 

crucial for the function of thecapture spiral. Furthermore, they may act asfungicides or 

bacteriocides and may even affectthe nervous system of the prey (Vollrath et al. 

1990). 

In regards to viability of silk structure, a sample from a silk specimen stored for 

approximately1 month shows the same features as thefresh fibre with an additional 

meridional reflection (Vollrath 2000b).The stickiness of spider cribellar thread used for 

capturing prey is often attributed to the ability of these fibrils to catch its prey 
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onirregular planes. However, 14-month-oldcribellar threads of Hyptiotes cavatus 

(Uloboridae) weresignificantly less sticky than freshly spun threads (Opell 1993). There 

is however no literature on the stickiness of ecribellar spider threads on old webs.  

Fig. 5. The two forms of sticky capture silk. Cribellate silk (top) is dry and has strong axial core 
threads, the crimped spring threadsand the fine hackled capture threads. Ecribellate silk 

(bottom) is wet and has plasticized and thus soft core threads, is surroundedby an aqueous 

coat and has sticky glycoprotein nodules (reprinted with permission from F. Vollrath). 
 

 Another morphological feature of interest in spider silk is colour.  A study 

performed in Japan in 1989 on the spider silk colour discovered that the silk threads 

colour changed seasonally. The silk colour changed from white or semitranslucent in 

summer to yellow in autumn which directly equivalent to the seasonal change in the 

environment (Osaki 1989). In 2004, another study was carried out to determine if diet 

and environmental factors influence the colour of silk produced by the spider. This 

study showed that both diet and environment do not influence the spider silk colour. 

The factor affecting the spider to spin white or yellow silks is unknown. The spider silk 

colours in the study showed a random range from all white through various 

combinations of white and yellow upon different silking to all yellow (Putthanarat et. 

al., 2004). 
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2.2 Physical, chemical and mechanical properties of spider silks 

The physical, chemical and mechanical properties of spider silks have been 

extensively studied by many researchers. The main purpose for studying the physical, 

chemical and mechanical properties of spider silks is to produce fibres that mimic the 

strength and structure of these silks. Hillyard (1994),states that „For an equal diameter, 

spider silk is stronger than steel and about as strong as nylon. It is, however much 

more resilient and can stretch several times before breaking - it is twice as elastic as 

nylon and more difficult to break than rubber. The energy required to break spider silk 

(its 'toughness') is about ten times that of other natural materials such as cellulose, 

collagen and chitin. Dragline silk (about 8µm) in Nephila is especially strong - 

approximately twice that of silk from silkworms.‟  

Most researchers have studied the major ampullate silk or the dragline silks that 

are produced by most spiders. One of the early studies on physical and mechanical 

properties of spider silk was on the viscid and frame silks of Araneus sericatus which 

were studied for their breaking stress and breaking extension (Denny 1976). Three 

types of silks (major, minor ampullate silks and cocoon silks) from two different spider 

species (Nephila clavipes and Araneus gemmoides) when subjected to 

physical/mechanical testing showed that the single silk fibres of Nephila appear to be 

more elastic than that of Araneus. Araneus silks, on the other hand, appear to be 

stronger, requiring a higher stress to break the fibre than that of Nephila (Stauffer, 

Coguill & Lewis 1994). The effects of solvent on the contraction and mechanical 

properties of spider silks from four different spider species (Araneus diadematus, 

Nephila edulis, Latrodectus mactans and Euprosthenops sp.) showed significant 

differences in behaviour in the natural state as well as during and after 

supercontraction in solvents (Shao & Vollrath 1999; Shao, Young & Vollrath 1999). The 

different mechanical properties of dragline silk and capture spiral of Latrodectus 

hesperus were studied; where the dragline silk is stiff and as strong as steel while the 

capture spiral is much weaker but more than ten times as extensible (Blackledge, 

Summers & Hayashi 2005).  

From a chemical properties perspective, spider and insect silks have the same 

basic building blocks: proteinsmade largely from non-essential amino acids (Andersen 

1970; Work & Young 1987). A study on the amino acid composition of spider silks 

using Araneus diadematus showed that the large ampullate gland produces a protein 

which isrich in glycine, alanine, proline and glutamic acid residues, whereas the 

materialfrom the small ampullate gland is rich only in glycine and alanine (Andersen 
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1970).Cylindrical (tubuliform) glands secrete a material in which serineand alanine are 

the two dominating amino acids: together they account for abouthalf the residues 

present. The glycine content is moderate and proline is nearlyabsent (Andersen 

1970).The content of flagelliform gland is characterized by an unusuallarge amount of 

glycine and proline residues; together these two amino acidsaccount for nearly two 

thirds of the total number of residues present in the material (Andersen 1970). In 

aggregate glands, the amount ofamino acid residues with small side chains is low, 

whereas residues with polarand charged side chains are abundant and the proline 

content is also quite high (Andersen 1970). The most abundant amino acid residues in 

aciniform glands arethose having small side chains: glycine, alanine, and serine. And 

lastly in piriform glands, amino acid residues having small side chains arenot very 

abundant, whereas polar and charged residues are present in large amounts,and there 

is also a significant amount of proline (Andersen 1970). 

All natural silks (except thefaecal fibres of beetles) are extrusions of specialized 

silk glands.Web spiders are unique in maintaining, in the same individual, abattery of 

highly specialized glands producing very different silks,often simultaneously (Foelix 

1996). Although the different silk glands in an advancedweb spider like Nephila are 

likely to have evolved from a single typeof gland, they differ significantly from one 

another in morphology,anatomy and composition (Vollrath 1992). 

 

2.3 Spider silks as environment indicator 

There has been no previous study of heavy metal particles on spider silk using 

VPSEM-EDX and LA-ICP-MS method. However, Catinon et al., 2009 recently used the 

SEM-EDX and ICP-MS method to establish the composition of the superficial deposit on 

the ash-tree bark. They were also trying to understand the main characteristics of its 

formation and its relation with the atmospheric anthropogenic contamination. The use 

of SEM-EDX and ICP-MS was proven successful in this study to determine the 

elemental deposits on the tree bark.  

Hose et al. (2002) used AAS and ion chromatography to compare the 

concentration of lead, zinc and water soluble inorganic ions among spider webs from 

limestone arches at different sites around New South Wales, Australia. This was to 

assess the utility of spider silks as environmental indicators. The results indicated that 

the contents of spider webs are different among sites and the differences could be 

explained by the chemistry of the surrounding environment and its proximity to motor 
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vehicle traffic. The study also indicated that webs are useful indicators of heavy metal 

contamination.  

Xiao-Li et al., 2006 conducted a similar study in China to test the suitability of 

spider webs as indicators of motor vehicle emissions in urban environments using 

graphite furnace-AAS analyses. They compared the concentrations of Pb, Zn, Cu and 

Cd in the web and determined whether there was relationship between metal 

concentrations and the proximity and volume of motor vehicle traffic at sites. In their 

study, they also tried to check on the effect of web age on metal accumulation and 

compare the accumulation of metals on webs of two different species (Achaearanea 

tepidariorum and Araneus ventricocus). Xiao-Li et al., 2006 found that there was a 

significant difference in heavy metal concentration in spider webs of the polluted area 

and reference site, attribute to differences in volume and proximity to road traffic. 

There was also a significant difference in metal levels in spider webs over time.  

Previous studies on spider silks as pollution indicators measured the lead 

content (James et al. 1990). This research was triggered by an increase in the number 

of webs containing dead spiders falling from the Grand Arch of Jenolan Caves in New 

South Wales. It was presumed that these spiders were dead due to lead ingestion. The 

spider Badumna socialis constructs large communal webs on the roof of several caves 

in New South Wales, thus its webs were used in this study to assess the lead content. 

One theory is that exhaust fumes or lead from the large number of cars driving 

through the arch is a contributing factor.A preliminary study analysing the lead content 

of webs in 4 arches and caves did not confirm lead contamination.  

 

2.4 The VPSEM usage for spider silk imaging  

VPSEM can be considered as a fairly new but well understood imaging 

technology. VPSEM has been used as imaging tool on a large array of biological 

samples. This is mainly because VPSEM is well suited for such samples as sample 

preparation is minimal. The use of elevated gas pressures in the sample chamber 

VPSEM together with specialized electrondetectors create imaging conditions that allow 

biological samples to be examined withoutany preparation. Dynamic processesalso can 

be easily observed. Literature on VPSEM being used for imaging spider silks was not 

found. Most literature reports the use of conventional SEM or TEM as their imaging 

method.  
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2.5 Description of particles  

Particle description involves not only the morphological features but also 

involves other parameters such as density and chemistry. The more parameters 

involved the more discriminative power available to characterize individual particles. 

Description of particles in forensic science has mostly been concerned with soilscience. 

Soils are described mainly by their particle size distribution; soil colour UV–vis 

spectrum; density gradient; microscopical features; Fourier Transformed Infrared 

Spectroscopy (FTIR) and; X-ray diffraction. 

Particles descriptions are looselydefined in forensic science. Melo et al. in 2008 

described the methodology of characterization of soils for forensic purpose based on 

physical (textural and spectroscopic analyses), chemical (extractions with hydrofluoric 

acid, ammonium oxalate, sodium dithionite-citrate-bicarbonate and NaOH solution) and 

mineralogical (thermal analyses and X-ray diffraction) analyses. They claimed the 

methodology used in their work (analytical method and data treatment) has high 

potential for forensic investigation and can be easily validated for other area of studies.  

Kaegi in 2004 described the chemical and morphological analysis of airborne 

particles along a tunnel construction site in Switzerland. The purpose of the study was 

to identify the dominant sources of particles and to describe them chemically and 

morphologically at the single particle level.This provided additional information of 

particle characteristics, which might be relevant for observed health effects of the 

construction worker. In this study, the author used ESEM and particles < 0.6 µm in 

diameter (projected area equivalent diameter) were not considered, because detection 

and analysis of these particles wasnot considered sufficiently reliable. The particles 

were described based on the intensity of the EDX signal. They were then further 

classified into groups including those that weresulphur bearing particles, silicate 

particles, iron-rich particles, calcium-rich particles and others. The shape factor (SF) 

was used in the study to characterize the morphology of the particles, where SF = 1 is 

the perfect sphere shape and SF > 1 means a lath-like shape (flat). A range of SF 

figures were identified and it was claimed that the results from the model were in 

excellent agreement with results based on chemical classification of single particles. 

Smekens et al. in 2007 described the characterization of individual soot 

aggregates from different sources using image analysis. The TEM was used in this 

study to detect whether there are significant differences in morphology between soot 

aggregates from different origins. A KONTRON KS400 image analysis system was used 
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for image processing and analysis in this study. The morphological variation was 

described using a few morphological parameters such as diameter shape factor, DSF, 

area shape factor, ASF, filled area equivalent diameter, and so on. It was claimed in 

this study that although the results are representative of a limited number of soot 

types the different proposed values provide a means to distinguish between different 

soot types and their production conditions.  

Dufresne et al.,(1987) described the morphology and surface characteristics of 

particulates from silicon carbide industries. In this study, the authors analyzed the 

particulates using TEM, SEM, X-ray Photoelectron Spectroscopy and Scanning Auger 

Electron Spectroscopy. The SEM and TEM observations described the morphology of 

the fibres on the particulates as rectilinear, long and fine and then further classified as 

flat, fluted and ordinary. The chemical composition of the particulates was based on 

the XPS and scanning AES observation analysis.  
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Chapter 3: Materials and Method 

 

3.1 Sample selection, collection and storage  

 A total of 16 spider silk samples from 7 spider species were collected (Table 

2). These samples came from 6 different spider families and they were collected from 

9 different locations in WA, mainly in Perth area. These locations are grouped into 4 

geographical variations (Table 3). The attributes of where the samples were from are 

shown in Fig. 6 and Fig. 7.  

No.  Spider Family  Location  Label  

1 Daddy long leg spider 
(Pholcus phalangioides) 

Pholcidae garage door, a few 
centimetre from the 
ground (Nedlands) 

dll_gar_ned 

2 Daddy long leg spider 
(Pholcus phalangioides) 

Pholcidae underneath bridge 
(Daglish park) 

dll_bdg_dag 

3 Black house spider 
(Badumna insignis)  

Desidae near the garage, on the 
wall (Nedlands) 

bhs_gar_ned 

4 Black house spider 
(Badumna insignis)  

Desidae Inside house, on window 
sill (Nedlands) 

bhs_sill_ned 

5 Black house spider 
(Badumna insignis)  

Desidae On a building’s wall 
(Welshpool) 

bhs_wal_wspl 

6 Black house spider 
(Badumna insignis)  

Desidae On a building’s wall 
(Fremantle) 

bhs_wal_freo 

7 Black house spider 
(Badumna insignis)  

Desidae On a building’s wall 
(Canning Vale) 

bhs_wal_cnv 

8 Black house spider 
(Badumna insignis)  

Desidae On the back veranda 
(Denmark)  

bhs_ver_den  

9 Leaf-curling spider 
(Phonognatha melania) 

Tetragnathidae In the bush area, on 
vegetation (Kalamunda) 

lcs_bush_kal 

10 Garden orb-web spider 
(Eriophora transmarina) 

Araneidae In the garden area 
(Nedlands) 

gow_gdn_ned 

11 Garden orb-web spider 
(Eriophora transmarina) 

Araneidae In the garden area 
(Subiaco) 

gow_gdn_sub  

12 Red-back spider 
(Latrodectus hasselti)  

Theridiidae underneath bridge 
(Daglish park) 

rbs_bdg_dag 

13 Red-back spider 
(Latrodectus hasselti)  

Theridiidae On a building’s wall 
(Crawley) 

rbs_wal_cra 

14 Red-back spider 
(Latrodectus hasselti)  

Theridiidae On a building’s wall 
(Welshpool) 

rbs_wal_wspl 

15 Beach spider 
(Laperousea sp.)  

Linyphiidae On rocks off the shore 
(Cottesloe beach) 

bs_bea_cot 

16 Tent spider (Linyphia 
sp.) 

Linyphiidae On vegetation of garden 
area (Nedlands) 

ts_veg_ned 

Table 2.The spider species, family and location where the silk samples were collected. 
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No.  Group  Locations 

1 Beach area Cottesloe 

2 Industrial area  Welshpool, Canning Vale, Fremantle 

3 Hills area Kalamunda 

4 Residential area  Nedlands, Crawley, Daglish, Denmark 

Table 3. Geographical variation grouped into four different areas. 

 

 

Fig. 6. An overall view of samples location around Western Australia presented by the yellow 

pin.  



30 
 

 

Fig. 7. Samples location in detail in Perth metropolitan area presented by the yellow pin.  

These samples were chosen in an effort to sample a range of variation in spider 

species for characterization purpose. The samples were also chosen from different 

geographical areas to investigate the effect of the correlation between the environment 

and the particles attached to the silks. The identification of the species needed to be 

determined prior to any analysis. Spider species were identified using a taxonomic key 

(Main, 1980) or sent to a spider taxonomist.  

 

3.1.1  Spiders from which silks are collected   
 

The garden orb web spider (Eriophora transmarina) is an orb weaving spider 

which produces only a few types of silks during the construction of its web (Fig.8a). 

These spiders are nocturnal; constructing their webs during the night. They usually 

consume their web before the sun rises and start making it again at dusk. On some 

rare occasions however, the webs are left uneaten during the day. This type of spider 

usually makes their webs in garden areas.  
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Black house spiders (Badumna insignis) (Fig. 8b) usually make their web at a 

corner of a structure. Their webs have a 'funnel-like' shape especially close to their 

retreat (Main, 1984). This species was the most common found during the course of 

the sample collection, especially on building walls that have an L-shape structure.  

Fig. 8.Eriophora transmarina waiting for its prey on its web, in the darkness and Badumna 

insignis found on a crest of a wall in a residential area. 

Fig. 9. Red back spider (Latrodectus hasselti) on its web (a) and Leaf-curling spider 

(Phonognatha melania) on its web (b). 

 

a b 

a b 
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One of the most regarded spiders in Australia, the red back spider (Latrodectus 

hasselti) can be found quite easily in and around the Perth city (Fig. 9a). This spider is 

notable due to its poisonous bite that can kill if untreated immediately. This spider has 

a red or orange pattern on its abdomen making it easy to identify. These spiders build 

irregular webs that look like an unorganized mesh with a retreat. Its web can be easily 

identified even without the presence of the spider on its web. They usually make their 

web in a sheltered area.  

Leaf-curling spider (Phonognatha melania) as portrayed by its name, use leaves 

as their day-time retreat and depository for their egg cocoons (Fig. 9b). They can be 

found in vegetation or bush areas and can be easily identified based on the web they 

make out of leaves as their retreat. They make asymmetrical orbs with the upper 

sector missing and attach a curled and silk-bound leaf across upper part of the orb 

(Main, 1980).  

Daddy long leg spider (Pholcus phalangioides) (Fig. 10a) is an introduced 

species in Australia and they have been very successful colonisers. They can be easily 

identified through their small elongated body and very long, thin thread-like legs. 

These spiders always hang upside down in their web and wobble vigorously especially 

when disturbed. Their webs are almost always associated with human dwellings and 

usually in dark places. Webs consist of a tangle of irregular soft strands and the spider 

always remains within their snare (Main 1980) making it easy to identify the species 

during silk collection.  

Fig. 10. Daddy long leg spider (Pholcus phalangioides) (a) and one of Linyphiidae spider 

(Linyphia sp.) (b).  

a b 



33 
 

Another two spiders involved in this study came from the Linyphiidae family. 

These spiders construct tent-like snare webs. Due to the complexity of the 

morphology, they were only identified up to genus level. These spiders are 

comparatively small spiders. The body is shaped rather like a red back spider but much 

smaller (Fig. 10b). The sheets or tent webs often occur in dense numbers, side by 

side and one on top of the other in tiers in bushes and trees (Main, 1984).  

The spider silk samples were collected from the webs of identified spider 

species with a clean stick by simply rolling the silk onto the stick. These spider silks 

were then stored separately inside a clean container with a screw cap at room 

temperature. No preservation is required. It is important to state that the silks 

collected were regardless of the types of silk that each spider produces. For VPSEM 

imaging and analysis, the silk samples were mounted on standard pin-type SEM stub 

with double sided adhesive carbon tabs.  

3.1.2 Other natural silks  
 

 For comparative purposes, other naturally occurring silk samples were obtained 

from Melbourne, Shanghai and Guangzhou. A total of 6 types of silks were obtained 

from animal origins (Table 4). Samples from Melbourne came from the Australian 

Academy of Science while samples from China were obtained from Prof Brendan 

Griffin. They were for morphological analysis, to compare the morphology of spider silk 

to other silk materials. As mentioned in the introduction, one the aims of this study 

was to characterize spider silk fibres in regard to its diameter, width and thickness, 

colour, surface features and types of silk present in the web collected. This is as a 

measure of whether spider species could be identified based on these silk 

characteristics. It is also of interest to see whether spider silks are morphologically 

different to other natural silks.  

No.  Silk  Origin  

1 Bombyx silk, 1st quality   From moth larvae (Shanghai&Melbourne)  

2 Bombyx silk from its cocoon  From moth larvae (Melbourne) 

3 Tussah silk with gum (natural colour)  From animal origin (Melbourne)  

4 Tussah silk (bleached and carded) From animal origin (Melbourne) 

5 Tussah (oak) silk  From animal origin (Shanghai)  

6 Cassava silkworm silk  From animal origin (Guangzhou)  

Table 4. Other silk fibres samples for comparison with spider silk samples.  

 All of the other silks for comparison with spider silks came from a few types of 

silkworms. The first sample, Bombyx silk or Mulberry silk is generally silk fibres 

produced by moth larvae (Bombyx mori). They spin their cocoon from silk prior to 
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pupation as part of their life cycle. This silkworm (or actually caterpillar) feeds on only 

Mulberry leaves hence the silk produced is called Mulberry silk. This type of silk is 

normally cultivated for commercial production and it is considered the finest and 

highest quality silk. All the Bombyx silks in this study were obtained from the Australian 

Academy of Science except for the 1st quality silks that came from China. Otherwise, 

different Bombyx samples were just from different stages of the production process. 

Other silkworm silk samples are Tussah silk and Cassava silk. Tussah silk is produced 

by silkworms that live naturally (or termed wild silkworms) in tropical or semi-tropical 

forests. These wild silkworms feed on various types of leaves other than mulberry 

leaves. As the caterpillars eat all kinds of different tree leaves, all rich in tannin, and 

consequently the silk is beige to brownish toned. Tussah (oak) silks are silks produced 

by wild caterpillars that feed on oak tree leaves whereas Cassava silks are silks 

produced by caterpillars that feed on cassava tree leaves.  

3.1.3 Endurance analyses  
 

Very fine alumina and copper particles were also used in this study. These 

particles were used in the endurance analysis of this study. This part of the research 

also used wire mesh for spider web collection and plastic boxes for storage. Alumina 

represented lighter particles with very fine size (10-100 nm) while copper represent 

heavier particles with bigger size (0.1-80 um) in this study.  

3.2 Experimental design  

 The experimental design of this study was fairly simple. For the morphological 

analysis study, the samples (both spider silk samples and other natural silk samples) 

were first imaged with an optical microscope. The optical microscope used was a Leica 

MZ 8. RGB images at 1280x1024 pixel size were collected. The internal calibrations of 

the camera for colour were used. This initial step was a preliminary observation of the 

silks before they were examined by the scanning electron microscope. Thus first step 

used was also for colour determination of the silk samples involved. A series of images 

with focal points up and down the vertical or Z axis were recorded from the same field. 

These images were then merged using the Helicon Focus® software. The software 

creates one completely focused image from several partially focused images by 

combining the focused areas. An example is shown in Fig. 11 below.  

The images were also then opened in Adobe® Photoshop® for colour 

determination using Image Analysis function in the software. Adobe® Photoshop® CS3 

version was used in this study. The colour determination was performed using both 
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RGB and CMYK scoring that is shown in the image analysis window. The method is 

quite simple where the cursor is pointed to the area where a colour needed to be 

determined and write down the RGB and CMYK scoring. RGB stands for Red, Green 

and Blue whereas CMYK stands for Cyan, Magenta, Yellow and Key (or Black). RGB is a 

colour system used for on-screen applications, or actually the colour language of 

computers. Computers‟ monitors and digital cameras use these colours to create all the 

colours seen on the screen. CMYK on the other hand is the colour model used in colour 

printing. Colours in this model are defined as a percentage of each of these 4 colours. 

The scoring of pure black and white is tabulated in Table 5.  

Fig. 11.Optical microscope images with 100x magnification. A total of 15 images were 

recorded. On the left side is the first plane image of the sample, in the middle image is the last 

plane and on the right is the combined image of all 15 images of different focus.  

White Black 

RGB score CMYK score RGB score CMYK score 

R – 255 

G – 255 

B – 255 

C – 0% 

M – 0% 

Y – 0% 

K – 0% 

R – 0 

G – 0 

B – 0 

C – 75% 

M – 68% 

Y – 67% 

K – 90% 

Table 5. The RGB and CMYK scoring in image analysis function in Adobe® Photoshop®.  

Following optical microscopy imaging, the samples were mounted on the SEM 

stub and subsequently imaged using VPSEM. The VPSEM used in this study was the 

Zeiss SUPRATM 1555 VP-FESEM equipped with Oxford Instruments INCA EDS. The 

samples were not sputter coated with any conductive material. This preserved the 

natural state of the specimens. Coating is in fact not necessary since the variable 

pressure mode was used in the SEM. The magnifications used were dependent on the 

particular silk samples. Some samples require very high magnification, which is up to 

45,000X (on screen) while the others only to 2,000X (on screen). Two types of images 

were captured using the VPSEM; the SE image and BSE image. The SE image provides 
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more detailed information about the surface structure of the silks. However, SE 

imaging is quite hard to obtain. This is because of charging on the sample surface.  

Due to this reason, BSE imaging is an alternative for a better image to measure 

the silk diameter, width and thickness, where necessary. Images acquired from the SE 

and BSE imaging then were further enhanced (if required) using Adobe® 

Photoshop®software. Getting the best image from the VPSEM is always a priority 

before any image enhancement was considered. The images were enhanced only by 

adjusting the brightness and contrast. Care was taken to document and preserve 

image size and magnification. Other natural silk samples were only for the 

morphological study. These images were then used for diameter measurement where 

Image J (Collins 2007) was used as the method of diameter measurement. The 

diameter was measured along the silk strand to identify if the silk diameter was even 

along the stand. Randomly selected silk threads were then measured to investigate the 

variability of the silk fibres diameters within the silk sample and between samples of 

same species as well as between samples of different species. The number of 

measurements needed to be considered. The sufficiency of the data was first 

determined by measuring one silk sample to a maximum of 50 measurements and then 

calculates its standard deviation in every 3 to 5 measurements. A graph was 

constructed with standard deviation vs. number of measurements. The required 

number of measurements was then determined based on the shape of the graph and 

at the point where the graph formed an almost straight horizontal line. An example is 

shown below in Fig. 12. In this example, a total of 30 measurements were made and 

based on this graph, it is considered that 15 measurements are adequate for silk 

measurement purpose. Therefore, throughout this study, a minimum of 15 

measurements were made for each type of silk.  
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Fig. 12. Standard deviation vs. number of measurements 

The samples of spider silk were then analyzed using X-ray analysis using EDX 

system in the same VPSEM. BSE imaging is a great help for particle analysis. This is 

because the brightness intensity of features shown in BSE is based on the atomic 

number of the materials in the sample. In this case, the particles stuck onto the spider 

silk samples will appear brighter or dimmer than the spider silk itself depending on its 

nature, providing a guide to which particles should be examined using the X-ray 

analysis. Depending on the “business” of the sample (density of particles), the particles 

were randomly selected for x-ray analysis for elemental determination (elements 

present on the particle) and subsequently compound determination. For a very busy 

sample, up to 150 particles were examined per sample, whereas in others only up to 

50 particles were examined per sample. Compound determinations were accomplished 

using the Particle Atlas Electronic Edition (PAE2). Particles in this case are not just 

restricted to inorganic materials that adhered to the silk, but also organic materials 

such as pollen grains, small animal or its parts and plant cells. The summary of 

experimental design for this study is being illustrated in Fig. 13. Care was taken to 

consider and analyze the carbon background of the mounting tape where only carbon 

was present on the mounting tape of all the samples. 
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Fig.13. Summary of experimental design for overall analysis. 

 Another aspect being studied in this project is the endurance of particles that 

adhered to spider silks. In this part of the study, an orb-weaving spider web was 

chosen because of its large size, to allow for progressive sampling. The web collected 

for this experiment is from the garden orb-web spider (Eriophora transmarina). The 

web was placed onto wire mesh with a square meshed 1.5 cm. One of the wire 

meshes with spider web was sprinkled lightly with alumina particles and the other was 

sprinkled with copper microspheres. The sprinklings were done using a jar capped with 

fine mesh. This jar containing alumina or copper particles was sprinkled onto the web 

from a height of approximately 1 metre. Using a fan, the metal elements were 

distributed as uniformly as possible. These sprinkled spider webs were then subjected 

to the external environment, (exposure to sun and rain). They were hung on a fence, 

approximately 1.5 metres from the ground. Spider silk samples were sampled weekly 

from the mesh over an 8 week period for observation or until the spider silk 

disappeared.  

 The spider silks were examined using the VPSEM with BSE imaging. Images 

were recorded with 200X magnification on each area so that these images can be 

fused later to form an overall image, using Microsoft Paint. These images are then 

analyzed for image area analysis using Image J for particle count. The particle counts 

were determined based on the size of the particles (in µm2). They were grouped into 

four sizes: >10 µm2, >100 µm2,>500 µm2, and > 1000 µm2. The numbers of particles 

on the spider silk doped with alumina or copper were compared on a weekly basis to 

see if the amount decreased or remains unchanged.  

Sample collection from various sites  

Optical microscope imaging and morphological analysis  

VPSEM imaging and morphological analysis 

EDX analysis and particles determination  
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3.3 Imaging protocol – VPSEM & EDX 

 A few tests were conducted to determine the best condition for spider silk 

imaging using VPSEM. This is important as there has been no documented previous 

attempt to image spider silks using VPSEM. It was decided that the best (easiest 

acceptable image acquisition) conditions for imaging spider silk samples were as 

follows: 

1. For SE imaging; 

a) Accelerating voltage - 5 kV  

b) Pressure - 15 Pa (less details if higher pressure applied) using air as the 

chamber gas 

c) Working distance - 7mm 

d) Aperture - 120nm  

e) High current mode 

These conditions are optimized for morphological analysis (better surface details of the 

samples).  

 

2. For BSE imaging; 

a) Accelerating voltage - 15 kV 

b) Pressure - 25 Pa (20 to 30 Pa doesn‟t give much different in image quality) 

with air as the chamber gas. 

c) Working distance – 7 to 16mm  

d) Aperture - 120nm  

e) High current mode 

 

X-ray analyses were usually performed after recording the BSE image. The 

working distance of the samples was at least 14mm to allow the signals to be received 

by the x-ray detector. Therefore, when performing X-ray analysis, the working distance 

had to be extended to between 14 and 16mm. The long working distance resulted in a 

reduction in the sharpness of image, especially at high magnification. Thus, higher 

magnification imaging was always performed first at smaller working distance followed 

by x-ray analysis at the longer working distance. The images were collected at 

1024x768 pixels resolution in TIFF format. 
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For the other silk samples, the conditions for SE and BSE imaging were slightly 

different between spider silk samples. For SE imaging, the conditions were; 

a) Accelerating voltage - 8 kV  

b) Pressure - 50-60 Pa using air as the chamber gas 

c) Working distance - 6-8mm  

d) Aperture - 120nm  

e) High current mode  

 

And for BSE imaging, the conditions were as follows; 

a) Accelerating voltage - 8 kV  

b) Pressure - 50-60 Pa using air as the chamber gas 

c) Working distance - 6-8mm  

d) Aperture - 120nm  

e) High current mode 

 

Only SE and BSE imaging was performed on these samples.  

SE and BSE images usually recorded at scan speed 9 and N=1, where the image 

recording is complete in 20.2 seconds. In a few cases, depending on the samples and 

the machine conditions (which may vary from day to day), scan speed 10 or 11 and 

N=1 were used. In cases where scan speed 10 and N=1 was used, the image 

recording took twice as long (48.7 seconds) and even longer for scan speed 11 and 

N=1 (1.5mins). These conditions were used in conjunction with the frame averaging 

option. There is one other option of recording the image when the image appears too 

grainy; frame integration mode. When using the frame integration mode, the scan 

speed of choice is normally 3 or 5 with N=63 for scan speed 3 and N=11 for scan 

speed 5.  

 

3.4 Analysis protocol – Image J, Adobe Photoshop, Helicon Focus, 

Microsoft Excel, Particle Atlas  

This section will summarize the software used in this research project and its 

importance. As mentioned in the experimental design section, there were several 

software packages used namely Image J, Adobe® Photoshop®, Helicon Focus®, 

Microsoft® Excel and the Particle Atlas Electronic Edition (PAE2). Description on Helicon 
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Focus which was used in the beginning of this study after optical imaging was 

completed will follows in the next paragraph.  

Helicon Focus® is developed and published by Helicon Soft Limited. Helicon 

Focus® can be used to improve depth of field (DOF) of a final image in many 

situations, though its primary uses are in macro photography, landscape photography 

and photo-microscopy. In optical microscopy imaging, the DOF is often very small. In 

order to effectively increase it, Helicon Focus® is used to merge several differently 

focused images together to generate one image where the subject is entirely in focus. 

For this purpose, a series of silk images were recorded from different focal planes. 

These images were then opened in Helicon Focus® software and merged into one 

image that is in focus. This software is very useful for presentation purposes as well as 

to get a better overview of the whole area of the image for analysis purpose.  

An image editing software which is widely available and a very popular tool 

among many professions, Adobe® Photoshop® CS3, was also used in this study. This 

software has a wide range of applications and being used to create or edit 

sophisticated images for both print and websites. This software was used for colour 

determination analysis in this study and also for image editing when needed. Colour 

determination was performed using this software for spider silks and other silk fibres. 

This was carried out by simply opening the image of interest followed by pointing the 

arrow on the screen to the area of interest. The menu colours will state the score for 

the colours using CMYK and RGB scoring as mentioned earlier in this chapter. Another 

use of this software is as an image editor. This is only used after getting the best 

image out of the microscope, especially the VPSEM. Some of the functions used for this 

purpose include brightness and contrast adjustments as well as filter adjustments to 

sharpen or reduce the noise in the silk images, or whichever filtering that will 

reproduce a clearer image of the desired detail.  

Image J is a public domain Java image processing program inspired by NIH 

Image for the Macintosh®. It has many measurement functions where it can calculate 

area and pixel value statistics of user-defined selections, measure distances and 

angles, create density histograms and line profile plots. Besides, it does geometric 

transformations such as scaling, rotation and flips. Images can be zoomed up to 32:1 

and down to 1:32. All analysis and processing functions are available at any 

magnification factor. Images opened for analysis in this software are mainly in TIFF 

and JPG format which are compatible with the software. This software was used in this 

study for diameter measurement of the silk in silk morphology analysis as well as area 

http://rsb.info.nih.gov/nih-image/
http://rsb.info.nih.gov/nih-image/
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determination in the endurance analysis part of the research (eg. Fig. 14). Image J 

has been used by many researchers as their analysing tool (Girish & Vijayalakshmi 

2004, Collins 2007, Picht et al. 2007). Particle sizing was performed manually using the 

“line tool”, with the longest axis dimension measured and stored.  

Fig. 14.An example of overlaid measurements of red back spider silk sample. 20 

measurements were taken for this silk randomly on silks that are in focus.  

Basic statistical calculations were conducted using Microsoft® Excel in this 

research. Microsoft® Excel was used to determine the mean, minimum, maximum, 

median and standard deviation values from the silk diameters measured using Image J 

software. Microsoft® Excel was also used for graph construction when trying to 

determine the appropriate number of measurements for silk diameters. Microsoft® 

Excel was also used for reconstruction of the spectrums graphs obtained from X-ray 

analysis. This was done for presentation purpose.  

The last but the most important software was the Particle Atlas Electronic Edition 

(PAE2). This tool was created by MicroDataware, in cooperation with McCrone 

Research Institute. This provides quick and convenient access to all the images, text 

and tabular information contained in the printed Particle Atlas. This software contains 

over 600 particles and gives both optical micrograph and electron micrograph data 

including spectrum data from EDX for comparison with questioned particles. This 

software was very useful for particle determination in this study. Classification of 
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unknown particles with the PAE2 database was done visually. It should be noted all 

particle classifications were made on thebasis of being “consistent with” or “most 

closely resembled” information in the particle database. 
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Chapter 4: The morphological variation of spider silks  

4.1 Spider silks interspecific and intraspecific variation – colour, 

diameter, surface structure etc.  
 

In this study, 16 samples of spider webs from 7 different species and 6 families 

were examined. The samples were described in Chapter 3 and the families involved 

are: Pholcidae, Desidae, Tetragnathidae, Araneidae, Theridiidae and Linyphiidae. 

However, only one sample was collected for Phonognatha melania, Linyphia sp., and 

Laperousea sp. which make intraspecific variation analysis impossible. For other 

species, at least 2 different spider silk samples per species were collected and a 

maximum of 6 samples for Badumna insignis (black house spider) as they were found 

ubiquitously.  

4.1.1 Black house spider (Badumna insignis) webs 
 

 Among all the spider silk samples Badumna insignis silks consists of 3 different 

types of silk with 3 different sizes which were most probably produced from different 

spinnerets and glands. The example of spider silks produced by this species is shown 

in Fig. 15.  

Fig. 15. An example of Badumna insignis web. 
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The three different silk types are marked with different coloured arrows in 

Fig.14. The purple coloured arrow points to the biggest silk among the three. The red 

coloured arrow pointing to the medium sized silk and the yellow arrow pointing to the 

finest silk present. Fig. 16 describes the same species of spider silks in more detail at 

a higher magnification using the same coloured arrows. As to the exact names of the 

types of the silks and which glands produce them, these will be described in numerical 

terms (diameters).  

Fig. 16. Three different spider silk types in Badumna insignis web. The purple coloured arrow 

pointed on the largest silk present, red on the medium sized and yellow on the finest silk.  

 The silks appeared smooth on the surface and white to grey in colour. The 

colours differ due to the particles adhered to it. The samples acquired from the 

industrial area appeared darker compared to the samples from the residential area, 

especially from inside a house. The silks appeared somewhat semitranslucent under 

optical microscope imaging (Fig. 17). Colour determination using Adobe Photoshop 

software shows that the silks in some parts appear a little bit yellowish and on others 

almost perfect white. The score is as described in Table 6.  
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RGB score CMYK score 

R – 248 
G – 249 
B – 227 

C – 2% 
M – 0% 
Y – 12% 
K – 0% 

Table 6. Colour scoring of Badumna insignis web using RGB and CMYK scoring.  

Fig. 17.Badumna insignis web photographed using optical microscope. 

 All 6 samples were measured for their silk fibre diameter which was categorized 

into 3 groups; Large, Medium and Small. All the web silk obtained from this species 

reveal the same features. The biggest diameter silk present almost always occurs in 

pairs. The medium sized silks are almost always mingled amongst the finest silks and 

they are usually (but not always) curled. The silks are also uniform in their diameter 

along the strand which is normally a long strand. The first silk described here are the „L 

size‟ silk diameters from all the samples collected around WA. The descriptive statistics 

for the „L sized‟ silk are presented in Table 7. The average diameter of this type of silk 

thread is quite distinct from one sample to the other (intraspecific variation), where the 

sample from Denmark (bhs_ver_den) has the largest mean diameter (4.4 µm) for this 

type of silk. The sample from Fremantle (bhs_wal_freo) has the smallest diameter (1.5 

µm).  
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Sample Mean 

(µm) 

Min 

(µm) 

Max 

(µm) 

Median 

(µm) 

Standard 

deviation 

Bhs_sill_ned 

(N=50) 
2.6 2.1 3.2 2.5 0.44 

Bhs_gar_ned 
(N=40) 

2.2 1.9 2.6 2.2 0.21 

Bhs_wal_cnv 
(N=20) 

1.9 1.5 2.1 2.0 0.16 

Bhs_wal_freo 

(N=23) 
1.5 1.2 1.6 1.5 0.11 

Bhs_wal_wspl 
(N=32) 

1.8 1.6 2.0 1.8 0.10 

Bhs_ver_den 
(N=18) 

4.4 4.2 4.6 4.4 0.14 

Table 7. Descriptive statistics for Badumna insignisspecies „L size‟ silk. 

For all the samples, the mean diameters are the same or almost the same as 

the median value of the samples, which means the data distributions are not skewed. 

The standard deviations are also small for all the samples, with the sample from 

window sill from inside the house in Nedlands (bhs_sill_ned), having the largest 

standard deviation. The sample from Welshpool industrial area (bhs_wal_wspl) has the 

smallest standard deviation. It is important to note that the silk diameters are 

measured on randomly selected threads of the samples collected.  

The descriptive statistics for another silk type categorized as „M size‟ silk 

diameter are described in Table 8. This „M size‟ silk is about half the size of the „L size‟ 

silk. In Table 3, the largest diameter for this type of silk is measured from the sample 

from Denmark, with a diameter 1.3 µm. The silks with the smallest diameters are 

samples from Canning Vale and Fremantle industrial area where they shared the 

diameter of 0.7 µm (700 nm). The standard deviations for this type of silk are quite 

small, where it ranges between 0.22 for the sample from Denmark and only 0.04 for 

the sample from Fremantle.  

The surfaces of the silks also appear smooth. This type of silk is hardly visible 

under the SE imaging since they typically reside inside the „woollen‟ structure (S size 

silk) on the silk. This type of silk was therefore usually imaged using the BSE signal. 

They are also very beam-sensitive, especially when subjected to a slow scan rate, 

where they tend to become swollen and torn apart (Fig. 18). 
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Sample 
Mean 

(µm) 

Min 

(µm) 

Max 

(µm) 

Median 

(µm) 

Standard 

deviation 

Bhs_sill_ned 

(N=121) 
1.0 0.8 1.1 1.0 0.08 

Bhs_gar_ned 
(N=27) 

1.0 0.9 1.0 1.0 0.06 

Bhs_wal_cnv 
(N=15) 

0.7 0.6 0.8 0.7 0.06 

Bhs_wal_freo 

(N=16) 
0.7 0.6 0.7 0.7 0.04 

Bhs_wal_wspl 
(N=39) 

0.8 0.7 1.0 0.8 0.09 

Bhs_ver_den 
(N=29) 

1.3 0.9 1.8 1.2 0.22 

Table 8. Descriptive statistics for Badumna insignisspecies „M size‟ silk. 

Fig. 18. The arrows are pointing on the artefacts caused by the electron beam to the spider 

silks. 

 The finest silk threads categorized as „S size‟ silk, which look like a woollen 

structure present on the samples of this species. However, there were difficulties in 

trying to image this silk due to the quality of the sample and the instruments stability. 

Only 4 out of 6 samples of silk were successfully imaged in reasonable quality. As with 

other silk measurements, only the silks that were in focus in an image were measured. 

This type of silk is however, hard to measure due to its extremely fine structure. It was 

considered that only the smaller diameter silk should be measured since the larger 
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diameter silk could actually be overlapping silks. The descriptive statistics on the 

diameter of the silk are arranged in Table 9.  

Sample  Mean (µm) Min (µm) Max (µm) Median (µm) Standard deviation  

Bhs_sill_ned 
(N=45) 

0.017 0.011 0.023 0.017 0.0035 

Bhs_gar_ned 
(N=15) 

0.021 0.014 0.028 0.021 0.0048 

Bhs_wal_wspl 

(N=21) 
0.018 0.008 0.030 0.020 0.0082 

Bhs_ver_den 
(N=15) 

0.015 0.012 0.018 0.014 0.0025 

Table 9. Descriptive statistics for Badumna insignisspecies „S size‟ silk. 

 As placed in the table, this silk is very fine. It can be as fine as 11 nm in 

diameter. The average diameter of this type of silk is between 15 nm and 21nm 

amongst the samples measured. The difference is only a mere 6nm between the 

largest and smallest average.  

 The average silk diameters and other descriptive statistics for all the silk 

samples measured are tabulated in Table 10 below.  

Silk type  ‘L size’ (N=183) ‘M size’ (N= 247) ‘S size’ (N=96) 

Mean  (µm) 2.3 1.0 0.017 

Min  (µm) 1.3 0.6 0.008 

Max  (µm) 4.6 1.8 0.030 

Median  (µm) 2.1 1.0 0.018 

Standard  deviation  0.8 0.2 0.005 

Table 10. Descriptive statistics for combination of all samples.  

 

4.1.2 Garden orb web spider (Eriophora transmarina) webs 
 

  The garden orb web spider (Eriophora transmarina) silk samples, when 

examined under the optical microscope, also reveal that the silk fibres are 

semitranslucent or white in colour (Fig. 19). Upon observation under the optical 

microscope, due to the black background, the exact colour of the samples are hard to 

be identified. Following careful examination, the colour scoring using Adobe 

Photoshop® is determined as described in Table 11.  
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Fig. 19.Eriophora transmarina silk threads under optical microscope view. 

RGB score CMYK score 

R – 235 
G – 240 
B – 255 

C – 6% 
M – 3% 
Y – 0% 
K – 0% 

Table 11. Colour scoring of Eriophora transmarina web using RGB and CMYK scoring. 

 Silks produced by this species contain the sticky capture silk that is surrounded 

by glue (glycoprotein) droplets (Fig. 20). This is clearly visible on the BSE image under 

the VPSEM, as they have a different chemical composition compared to the normal silk 

fibres produced by the spider. This type of silk is normally present in all ecribellate orb-

weavers. The surfaces of these particular species silk fibres are also smooth. Some of 

the threads are apparently elliptical in shape as was recorded in the VPSEM images. 

This spider species also has a curly-like structure on some of its silk (Fig. 21) which is 

believed to be another of the silk types that this the spider possesses. These features 

are quite distinctive to this species when compared to other samples analyzed in this 

study.  
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Fig. 20. Notice the brighter part of the image, which are glue droplets present on the silk. 

The silks are rarely seen as single stranded threads throughout the samples. 

They are normally seen clinging to each other with at least two or more threads 

present. The sticky spiral silks however, are always seen as a double thread with sticky 

glue adhering to it. The diameters of the main silk threads of this spider species were 

measured within the sample, as well as in between samples for comparison. The 

results for diameter measurements and other descriptive statistical data are given in 

Table 12. 

Sample Mean Diameter 

(µm) 

Standard 

Deviation 

Range (µm) Median 

(µm) 

Eriophora transmarina 
web from Subiaco 

(N=105) 

7.76 1.55 5.00-12.25 7.76 

Eriophora transmarina 
web from Nedlands 

(N=75) 

7.31 1.23 5.40-9.81 7.30 

Both samples (N=180) 7.57 1.44 5.00-12.25 7.57 

Table 12. Descriptive statistics for Eriophora transmarina silk diameter. 
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Fig. 21. The red arrows are pointing to the curly-like structure. 

 The mean diameters for both samples are significantly different. They differ 

only by 0.45 of a micron. Numerous measurements (180) of the diameter were made 

for both samples on randomly selected silk threads. The range in diameters is quite big 

for the silk threads, which may be most likely due to the shape of the rather elliptical 

silks. The cross-section view of the silks however, was not considered in this study. 

Nevertheless, in a few occasions this ellipsoid shape was seen in VPSEM recorded 

images. An example is shown in Fig. 22, where the width or diameter of the silk 

obviously changed as the orientation changed. This can be regarded as a reason why 

the range is so big and results in a high standard deviation.  

 Smaller silk threads were also seen on the samples which are mainly from the 

sticky capture silk. This silk is however hard to measure as they were covered with the 

sticky glycoprotein glue which appears brighter due to its chemical contents. An x-ray 

analysis was scanned on these sticky droplets and the spectrum is shown in Fig. 23. 

As described in Chapter 2 of this thesis, the sticky droplets on the spider silk consist of 

high concentrations of the following. GABamide [H2N-(CH2)3-CONH2], N-acetyltaurine 

[O-N-SO3], choline [C5H14NO+], betaine [C5H11NO2], and isethionic acid [C2H6O4S] 

(Vollrath et al. 1990) as well as lower concentrations of cysteic acid [C3H7NO5S], lysine 

[C6H14N2O2], serine [C3H7NO3], potassium nitrate [KNO3] and potassium 
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dihydrogenphosphate [KH2PO4](Vollrath et al. 1990, Vollrath 2000) with traces of 

glycine [C2H5NO2] and highly saturated fatty acids (Vollrath et al. 1990). These 

chemical constituents reflect the spectrum yield from x-ray analysis which mainly 

consists of organic compounds that are rich in carbon, hydrogen and oxygen. The 

potassium, sulphur and phosphorus peaks in the spectrum, demonstrates that these 

constituents are present in the glue droplets (Fig. 23).  

Fig. 22. Note the width or diameter of the silk changes as it changes orientation. 

 

Fig. 23. X-ray spectrum of the sticky droplets with principal elements labelled.  
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4.1.3 Red back spider (Latrodectus hasselti) webs  
 

Red back spider silks under optical microscope also reveal semitranslucent or 

white coloured silks (Fig. 24). The colour scoring using Adobe Photoshop® is 

determined as described in Table 13. The silk colour seems to be yellowish, though 

not obvious as only 5% yellow identified by the software.  

Fig. 24.Latrodectus hasselti web under optical microscope. 

 

RGB score CMYK score 

R – 253 
G – 253 
B – 242 

C – 1% 
M – 0% 
Y – 5% 
K – 0% 

Table 13. Colour scoring of Latrodectus hasselti web using RGB and CMYK scoring. 

 

Detailed examination of Latrodectus hasselti webs revealed that there are two 

sets of silk size which differ only slightly (Fig. 25). Since the difference between the 

two sets is only about a micron or less, no distinction was made between those silks. 

The surfaces of the silks are smooth, as with other spiders‟ silks discussed before. This 

type of silk also has sticky glue adhering to it which is evident in some of the images 
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taken using the VPSEM. This is also obvious by the manner the particles adhered to the 

silks (with particles clumped along the silk fibres). An example of an image showing 

this feature is presented in the following chapter (Fig. 48). The larger diameter silks in 

these web samples are usually observed in pairs while the others are either in a group 

or as single strands. The diameters of the silks are quite consistent along the strand. 

Three Latrodectus hasselti web samples were collected from three different spiders. 

The diameters of the silk threads were measured and the results are as shown in 

Table 14.  

Fig. 25.Latrodectus hasselti web recorded using VPSEM. Note the slight diameter differences 

between the double stranded threads and those in group.  

Sample Mean  (µm) Min (µm) Max (µm) Median (µm) Standard 
Deviation 

rbs_wal_cra 
(N=120) 

4.65 3.54 5.98 4.59 0.533 

rbs_bdg_dag 

(N=106) 
2.04 1.59 2.71 2.02 0.257 

rbs_wal_wspl 

(N=79) 
1.99 1.37 2.70 1.93 0.330 

All samples 
(N=305) 

3.06 1.37 5.98 2.35 1.349 

Table 14. Descriptive statistics forLatrodectus hasseltisilk diameters. 
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As tabulated in Table 14, there is a significant difference between the samples 

from Crawley when compared to the other two. The mean diameter for sample from 

Crawley is more than two times larger than samples from Daglish and Welshpool. The 

minimum diameter measured for this sample was 3.54 µm while maximum diameter is 

nearly 6 µm. The mean and median values for this sample are nearly the same 

suggesting normal distribution and the small standard deviation value indicates the 

consistency of silk diameters within the sample. Silk samples from Daglish and 

Welshpool also showed similar interpretation for the skewness of data and variability of 

the silk diameters. These two samples (from Daglish and Welshpool) also have similar 

diameters value. Combining data for all samples resulted in a large standard deviation 

value (Table 14). This is due to the big range of diameters of the silk fibres, from 1.37 

µm to 5.98 µm.  There is also a skew in the data distribution as there are two samples 

having similar measurements and only one with different values.  

 

4.1.4 Daddy long leg spider (Pholcus phalangioides) webs  

 

Daddy long leg spider silks show similar size and structure to red back spider 

silks. Only this silk sample is more fragile compared to red back spider silks when 

subjected to slow scan rate while imaging using the VPSEM. Under the optical 

microscope, Pholcus phalangioides web also reveal semitranslucent or white coloured 

silks (Fig. 26). Colour analysis using Adobe Photoshop® revealed that the silk is white 

and the RGB and CMYK scores are as tabulated in Table 15.  

 

RGB score CMYK score 

R – 254 
G – 253 
B – 245 

C – 1% 
M – 0% 
Y – 3% 
K – 0% 

Table 15. Colour scoring of Pholcus phalangioides web using RGB and CMYK scoring.  
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Fig. 26.Pholcus phalangioides silks recorded using optical microscope.  

 This spider silk is almost always seen in pairs (double stranded) or in a group of 

more than 2 strands of silks, arranged side by side or in groups. The silks are seldom 

seen as single stranded. As with the entire spider silk examined in this study, daddy 

long leg silks also have smooth surface. There is also consistency in the diameter of 

the silks when measured along the strand as seen using VPSEM (Fig. 27). The 

diameters of the silks were measured for two spiders‟ silk samples. The results for 

diameter measurements for both samples are as tabulated in Table 16.  

Sample Mean  (µm) Min (µm) Max (µm) Median (µm) Standard 

Deviation 

dll_gar_ned  (N=37) 1.58 1.04 2.25 1.52 0.322 

dll_bdg_dag (N=32) 1.50 1.11 2.32 1.41 0.332 

Both samples (N=69) 1.54 1.04 2.32 1.46 0.327 

Table 16. Descriptive statistics forPholcus phalangioides silk diameters. 
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Fig. 27.Pholcus phalangioides silks recorded using VPSEM.  

 

 As seen in the Table 16, both silk samples exhibit similar diameters with the 

sample from Nedlands having a larger mean diameter. The mean and median diameter 

for the sample from Nedlands showed similar values suggesting normal data 

distribution. The mean and median diameter values for the sample from Daglish on the 

other hand showed a skewed data distribution to the left. The mean diameter for both 

samples is 1.54 µm and the median is 1.46 µm. The smallest silk diameter measured is 

1.04 µm and the largest is 2.32 µm. The silk diameter variation is small for this species 

of spider silk.  

4.1.5 Leaf-curling spider (Phonognatha melania) web 

 

The leaf curling spider (Phonognatha melania)web is semitranslucent or white 

colour when viewed under the optical microscope (Fig. 28). The averaged score of the 

colour analysis using Adobe Photoshop® is tabulated in Table 17.  
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Fig. 28.Phonognatha melania web silks recorded using optical microscope. 

RGB score CMYK score 

R – 251 

G – 250 

B – 250 

C – 1% 

M – 1% 

Y – 1% 

K – 0% 

Table 17. Colour scoring of Phonognatha melania web using RGB and CMYK scoring. 

 As with other silk samples from other species, there was no surface structure 

from VPSEM imaging. The silks were of 2 different types. One is a long fibre structure, 

with consistently larger diameters across the length marked as „size L‟ and the other 

has inconsistently smaller fibres with a net-like structure marked as „size S‟ (Fig. 29). 

The purple arrow is pointing to the long larger diameter fibres and the red arrow is 

pointing to the net-like structure silk present in the Phonognatha melania web. The 

Phonognatha melania web was difficult to image with the VPSEM and some silks look 

brighter than others under the BSE imaging, especially the overlapping silk fibres on 

high magnification.   
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Fig. 29.Phonognatha melania web recorded with BSE mode of imaging. Note the two different 

types of silk present on this silk.  

 

As shown in Fig. 29, there are 2 obvious silk types evident in this spider web. 

The net-like structure of the spider silk is quite unique to this spider species, as they 

were not seen in other samples analyzed in this study. The silks, particularly the 

category „size S‟ silks, appear to diverge and then fuse again with other silks to form 

the structure (Fig. 30). The diameters of the silk fibres as mentioned earlier are 

categorized into two types based on its size and appearance or structure. The results 

of the silk diameters are tabulated in Table 18. 

Silk type Mean  (µm) Min (µm) Max (µm) Median (µm) Standard 

Deviation 

„Size L‟ (N=48) 0.71 0.62 0.83 0.71 0.053 

„Size S‟ (N=35) 0.29 0.14 0.44 0.29 0.070 

Table 18. Descriptive statistics for Phonognatha melania silk diameters.  
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Fig. 30. A magnified image of the „size S‟ silk with net-like structure from Phonognatha melania 

web.  

The mean diameter for „size L‟ silk is 0.71 µm, less than a micron which is very 

fine, with the minimum diameter 0.62 µm and the maximum 0.83 µm. The standard 

deviation of this silk type is also small (0.053), suggesting that the diameter of the silks 

is consistent within the sample. For „size S‟ silk, the average diameter is 0.29 µm. 

However, the minimum diameter (0.14 µm) and the maximum diameter (0.44 µm) 

showed considerable different, with the difference being 0.3 µm. This is also 

demonstrated by the larger standard deviation even when compared with „size L‟ silk 

diameter.  

4.1.6 Laperousea sp. and Linyphia sp. webs from Family Linyphiidae  
 

These two species of spider came from the same family. Laperousea sp. web 

sample was collected from the beach and Linyphia sp. web sample was collected from 

vegetation at a residential area. They showed similar web structure, most probably 

because they came from the same family and both samples were heavily covered with 

foreign particles, making diameter measurement difficult.  
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The Laperousea sp. web sample consisted of a few silk sizes from fine to thick 

silks. The silks attach to each other forming a net-like structure. Observation under the 

optical microscope showed that this spider silk also exhibits semitranslucent or white 

coloured silks. The resultant optical microscopy imaging of the sample is as shown in 

Fig. 31 and the colour scoring performed using Adobe Photoshop® image analysis is 

tabulated in Table 19.  The surface of this spider silks also are smooth. 

Fig. 31.Laperousea sp. web silks recorded using optical microscope.  

RGB score CMYK score 

R – 254 
G – 250 
B – 234 

C – 1% 
M – 1% 
Y – 8% 
K – 0% 

Table 19. Colour scoring of Phonognatha melania web using RGB and CMYK scoring. 

An example of this type of spider silk image recorded with VPSEM is as shown 

in Fig. 32. As shown, there are a few types of silks present within this spider web with 

evident diameter size differences. The large diameter silks act like pillars to hold the 

small diameter silks. Further measurements on the silk threads revealed that there are 

five different silk sizes on the web. These silk threads were then classified into XS, S, 
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M, L and XL sizes. The most silk sizes seen within the web is the S size silks which 

occurs both as single stranded as well as in groups. The diameters of the measured 

silks are tabulated in Table 20.  

Fig. 32. Laperousea sp. web recorded with BSE mode of imaging. See the different size silks 

present on the web.  

 

Silk type Mean  (µm) Min (µm) Max (µm) Median (µm) Standard Deviation 

‘Size XL’ (N=33) 17.01 13.34 20.44 17.32 1.807 

‘Size L’ (N=15) 8.72 8.22 9.87 8.69 0.426 

‘Size M’ (N=18) 3.36 2.84 3.66 3.41 0.224 

‘Size S’ (N=33) 1.50 1.27 2.05 1.47 0.140 

‘Size XS’ (N=24) 0.41 0.33 0.53 0.40 0.061 

Table 20. Descriptive statistics for Laperousea sp. silks diameters or width.  

The largest silk threads (size XL) seen in this web sample are not circular in 

structure but are flattened fibres. This explains the high range (13.34-20.44 µm) and 

standard deviation (1.807 µm) of the measurements. Size S silk threads are the silks 

that formed most of the net-like structure together with size XS silks. The silk diameter 
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for this size ranges from 1.27µm to 2.05µm. Lastly, the finest silks in the web sample 

range from 0.33µm to 0.53µm in diameter.  

The last spider silk sample is Linyphia sp. web which came from the same 

family as the previous sample. Similar to the Laperousea sp. silks, this sample also 

forms a net like structure using small diameter silks, supported by the larger silks. The 

silk sample imaged by optical microscope is shown in Fig. 33. This follows the colour 

scoring of the silks analyzed using Adobe Photoshop® in Table 21. These web silks are 

also semitranslucent or white coloured.  

Fig. 33.Linyphia sp. web silks recorded using optical microscope. 

RGB score CMYK score 

R – 255 
G – 250 
B – 240 

C – 0% 
M – 1% 
Y – 5% 
K – 0% 

Table 21. Colour scoring of Linyphia sp.web using RGB and CMYK scoring. 
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This silk sample of Linyphia sp. appeared smooth on the surface. The small 

diameter silks in this sample are very fragile. The threads decomposed when subjected 

to a slow scan rate while imaging. Although the structure of this web is similar to 

Laperousea sp. web, there were only three types of distinct silks observed in the web. 

An example of the silk threads recorded using VPSEM is shown in Fig. 34. The most 

common silks are the small sized silks (Size S) followed by large silk (Size L) and 

medium sized silk (Size M). The descriptive statistics for all silk types are tabulated in 

Table 22.  

 

Fig. 34.Linyphia sp.web recorded with BSE mode of imaging. See the different size silks 

present on the web.  

Silk type Mean  (µm) Min (µm) Max (µm) Median (µm) 
Standard 

Deviation 

„Size L‟ (N= 63) 11.07 7.88 15.66 10.85 1.766 

„Size M‟ (N=15) 6.35 4.79 8.09 6.10 1.113 

„Size S‟ (N=42) 0.77 0.22 1.60 0.47 0.511 

Table 22. Descriptive statistics for Linyphia sp.silks diameters. 

As displayed in the table, the diameter of three types of silk are measured. For 

the largest silk, the range seen in the sample is between 7.88µm and 15.66µm. The 
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finer silk fibres occurring in this sample also had a wide range of diameters. This 

means that the finer silk fibres connect to each other. This is the type of silk fibre that 

forms the net-like structure of the web.  

4.2 Discussion  

All the spider silk colours analyzed in this study are relatively semitranslucent 

and white. Only some are slightly yellowish but this is not visually evident. It was 

observed that different regions of silk were slightly different in colour. According to a 

study performed in Japan in 1989 on the spider silk colours, it was discovered that the 

silk threads changed colour seasonally. The silk colour changed from white or 

semitranslucent in summer to yellow in autumn which corresponded directly to the 

seasonal change in the environment (Osaki 1989). In 2004, another study was carried 

out to determine if diet and environmental factors influence the colour of silk produced 

by the spider. This study showed that both diet and environment do not influence the 

spider silk colour. The spider silk colours range from all white through various 

combinations of white and yellow upon different silking, to all yellow (Putthanarat et. 

al., 2004). Supported by these previous findings, spider silk colour may not be a useful 

distinguishing factor for spider silk characterization.  

All the spider silks showed no surface structure or relatively smooth surfaces 

under the imaging conditions used in the VPSEM. This is an important characteristic of 

spider silk when comparing it to other natural fibres. The silk diameter of the spider 

silk depends highly on the spider size. Spider silk diameter measurement alone cannot 

be used as a distinguishing factor when comparing different species of spider. 

However, the spider silk structures together with the silk sizes are a very important 

distinctive factor between spider species. An example is the black house spider 

(Badumna insignis) web which consists of at least three different types of silks of three 

different sizes and variously arranged. The structure of how the silk occurs is also an 

important factor to be considered (single stranded, double stranded or in groups). 

Using these factors, spider silks could be used to potentially distinguish between spider 

species examined in this study. Size of spiders of the same species does make a 

difference in silk sizes (e.g. Badumna insignis). This is because bigger spider would 

have bigger nozzles.  
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4.3 Comparing spider silks to other types of silks using colour, diameter 

and surface structure. 

In order to distinguish spider silk from other silk fibres, it is important to 

formulate a database of the morphological structures of silks so they can be compared.  

As explained in the earlier part of this chapter, all the spider silks examined in this 

study had similar surface structures. All the spider silks appeared smooth on their 

surface and most of them are relatively rod structured and fairly circular in cross 

section. The diameter range varies; with the largest average diameter silk being 17.01 

µm from Laperousea sp. silk and the finest average diameter silk is 0.017 µm (17 nm) 

from Badumna insignis species. A few other natural silk fibres from animal origin were 

chosen for a comparison purpose in this study. Each type of silk will be described one 

by one, detailing their colour, surface structure and diameter.  

 

4.3.1 Bombyx silk 1st quality   

Two samples were acquired for as examples of non-spider silk, one from 

Melbourne, Australia and one from Shanghai, China. Fig. 35 illustrates Bombyx silk, a 

1st quality sample from Shanghai (marked as B1S) and Fig. 36 shows the same type of 

silk from Melbourne (marked as B1M) both at the same magnification. Bombyx silk 1st 

quality is named this way because it is the type of silk that is combed, selected and 

ready for spinning to be made into fabric. The sample from Shanghai is covered in 

particles which is probably the dye that gives colour to the silk fabric. The sample from 

Melbourne however, is not dyed so there are less particles. Bombyx silk has an 

irregular shape; most of them are flattened long fibres and some are slightly curvy. 

The surfaces of the silks are inconsistent; some are smooth, but most of them have a 

scratch-like mark along the strand. Their original colour is yellowish white and they 

look shiny under the light (Table 23). The silks are also semitranslucent when 

examined using the optical microscope. As displayed in Fig. 35 and Fig. 36, Bombyx 

silk strands have an irregular diameter, both over their length and between them. Two 

measurements were taken for this silk, width and thickness due to the shape of the 

silk. The descriptive statistics for the width and thickness measurements of Bombyx silk 

are displayed in Table 24. The different orientations of the silk make measurement 

difficult, so only certain orientations were considered for measurement and only those 

fibres in focus were measured.  
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Fig. 35.Bombyx silk 1st quality sample from Shanghai.   

Fig. 36.Bombyx silk 1st quality sample from Melbourne.  
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RGB score CMYK score 

R – 170 
G – 164 
B – 150 

C – 35% 
M – 31% 
Y – 40% 
K – 1% 

Table 23. Colour scoring of Bombyx silk original colour using RGB and CMYK scoring. 

Silk type/ measurement Mean  

(µm) 

Min 

(µm) 

Max 

(µm) 

Median 

(µm) 

Standard 

Deviation 

B1S 

Width 

(N=50) 
10.61 7.67 17.60 10.38 2.162 

Thickness 
(N=51) 

3.01 2.01 5.02 2.82 0.685 

B1M 

Width 

(N=53) 
11.48 6.51 17.79 11.28 2.770 

Thickness 

(N=30) 
3.71 2.09 5.61 3.37 0.991 

Both 
samples 

Width 
(N=103) 

11.06 6.51 17.79 10.51 2.520 

Thickness 

(N=81) 
3.27 2.01 5.61 3.07 0.874 

Table 24. Descriptive statistics for Bombyx silk from Shanghai and Melbourne.  

 There were only slight differences between the two Bombyxsamples. The mean 

widths of B1S and B1M silks differ by only 0.87 µm and the silk‟s thicknesses differ by 

0.70 µm. The range is largely due to the silks irregular width and thickness between 

the strands (see the standard deviation value).  

4.3.2 Bombyx silk from cocoon 

This silk is collected straight from the cocoon after the moth has emerged. Only 

one sample is available for this type of silk, which was purchased from Melbourne. The 

cocoons are present in two different colours; bright yellow and pale yellow. The silks 

however, are similar in colour, which is pale yellow regardless of the cocoon‟s colour. 

The results of the colour analysis for both the cocoon types and the silks extracted 

from the cocoon using Adobe Photoshop® are shown in Table 25. Fig. 37 is an 

example of Bombyx silk from a cocoon image recorded using VPSEM. From general 

observation, the surfaces of Bombyx silks from cocoons are not as particle free as the 

1st quality Bombyx silks. This is most likely due to the gum material present on the 

cocoon. Other surface structure information, such as scratch-like marks are present in 

most silks, while others appear smooth on the surface. A total of 53 measurements 

were made for width and 24 measurements for thickness. The descriptive statistics for 

these measurements are tabulated in Table 26 below.  
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Cocoon A Cocoon B Silk from cocoon  

RGB score CMYK score RGB score CMYK score RGB score CMYK score 

R – 171 

G – 155 

B – 42 

C – 35% 

M – 31% 

Y – 100% 

K – 4% 

R – 154 

G – 158 

B – 143 

C – 42% 

M – 31% 

Y – 44% 

K – 1% 

R – 163 

G – 157 

B – 135 

C – 38% 

M – 33% 

Y – 48% 

K – 2% 

Table 25. RGB and CMYK scoring of cocoons and its silk.  

Fig. 37.Bombyx silk from cocoon image recorded from VPSEM with BSE imaging.  

Silk measurement 
Mean  

(µm) 

Min 

(µm) 

Max 

(µm) 

Median 

(µm) 

Standard 

Deviation 

Width (N=53) 11.08 6.27 17.88 9.72 3.395 

Thickness (N=24) 3.36 1.97 5.11 3.57 0.851 

Table 26. Descriptive statistics for Bombyx silk from cocoon. 

 The mean, minimum and maximum values of the Melbourne Bombyx silks are 

similar to the 1st quality Bombyx silk measurements. The large standard deviation 

values for both width and thickness measurements reflect a high variability of the silks. 

This is especially apparent in the width measurement value. 
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4.3.3 Tussah silk  

Tussah silk is produced by wild silkworms that live naturally in tropical or semi-

tropical forests. Two types of Tussah silk were obtained for examination and 

comparison. The first sample is the original colour Tussah silk with sericin gum. This 

silk is a shining brown colour under the light and semitranslucent when viewed under 

the optical microscope. The colour analysis result using Adobe Photoshop® is shown in 

Table 27. Observation using VPSEM revealed that the silks are flat shaped fibres. All 

the silks have a pattern on their surface, which is the scratch like pattern along the 

strands (Fig. 38). There are many particulates adhering to the silks, which is most 

likely the sericin gum. The width along the strands is quite uniform. However, the silks 

appeared to have a range of widths among the strands. The thickness also varies from 

one strand to the other. The descriptive statistics of width and thickness of this silk are 

as displayed in Table 28.  

Fig. 38. Tussah silk (original colour) with sericin gum. 

RGB score CMYK score 

R – 145 
G – 131 
B – 105 

C – 43% 
M – 42% 
Y – 60% 
K – 10% 

Table 27. Colour scoring of Tussah silk original colour using RGB and CMYK scoring. 
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Silk measurement 
Mean  

(µm) 

Min 

(µm) 

Max 

(µm) 

Median 

(µm) 

Standard 

Deviation 

Width (N=61) 22.31 13.32 28.79 22.63 4.370 

Thickness (N=45) 6.08 4.39 8.34 5.91 1.006 

Table 28. Descriptive statistics of Tussah silk (original colour) with sericin gum. 

The second Tussah silk was bleached and carded according to the Australian 

Academy of Science (Fig. 39). The colour is now changed from brownish (original 

colour) to yellowish (after bleached). Using the optical microscope these silks were 

semitranslucent. The colour scoring from image analysis using Adobe Photoshop® is 

tabulated in Table 29. The silk samples have fewer particles on the surface compared 

to Tussah silk with sericin gum, because most of the sericin gum is removed during 

bleaching. The scratch-like surface structure is still present on the silks, although some 

silks appeared smooth on the surface. The width and thickness were measured and the 

results are tabulated in Table 30.  

RGB score CMYK score 

R – 162 

G – 154 

B – 131 

C – 38% 

M – 34% 

Y – 50% 

K – 2% 

Table 29. Colour scoring of bleached Tussah silk using RGB and CMYK scoring. 
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Fig. 39. Tussah silks (bleached and carded) recorded using VPSEM.  

Silk measurement 
Mean  

(µm) 

Min 

(µm) 

Max 

(µm) 

Median 

(µm) 

Standard 

Deviation 

Width (N=71) 22.83 14.94 30.64 23.59 4.116 

Thickness (N=34) 5.004 3.14 6.86 4.92 0.975 

Table 30. Descriptive statistics for Tussah silks (bleached and carded). 

 This Tussah silks were expected to have about the same width and thickness as 

Tussah silk (original colour) with sericin gum, because they came from the same 

source. However, there is actually a slight difference between these two. The mean is 

only 0.52 µm bigger than coloured Tussah silk. This is probably due to sample 

selection, as measurements were done on randomly selected silk threads. A large 

standard deviation value in both width and thickness measurements were observed.  

 

4.3.4 Tussah (oak) silk 

As portrayed by its name, Tussah (oak) silk comes from the silkworm that feeds on oak 

tree leaves. They are flat ribbon-like silk threads with a similar structure to Tussah silk 

as mentioned previously (Fig. 40). Tussah (oak) silk is a light brown colour under the 

optical microscope. There is a scratch-like structure on the surface of the silks along 
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the strands as viewed under the microscope. These silks have quite a uniform width 

along the strands, but widths between strands are highly variable. These silks were 

measured for their width and thickness. The results of the measurements and the 

descriptive statistics are in Table 31.  

Fig. 40. Tussah (oak) silks recorded using VPSEM. 

Silk 

measurement 

Mean  

(µm) 

Min 

(µm) 

Max 

(µm) 

Median 

(µm) 

Standard 

Deviation 

Width (N=35) 29.82 16.89 38.01 30.33 5.168 

Thickness 

(N=16) 
3.64 2.37 5.04 3.60 0.764 

Table 31. Descriptive statistics for Tussah (oak) silks. 

Tussah (oak) silk‟s width mean diameter is almost 30 µm while its mean 

thickness is almost 10 times smaller than its width. The width range for Tussah (oak) 

silk is quite large with its minimum only 16.89 µm and its maximum 38.01 µm. The 

standard deviation for the width is also large due to the range of width variability. It 

can be as thin as 2.37 µm from the measurements made. The mean and median value 

for both width and thickness measurements gave a similar value, indicative of normal 

data distribution in this analysis.  
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4.3.5 Cassava silkworm silk 

Cassava silkworm silk is produced by a different type of moth larvae which feed 

on cassava leaves before pupation. This silk sample has its origin in Guangzhou, China. 

They are ribbon-like in structure with striation marks on the surface along the strands 

(Fig. 41). The silk is yellowish white under the optical microscope. These silks are not 

uniform in their width along the strand but widths between strands are quite 

consistent. The width and thickness were measured and the data was used to calculate 

some descriptive statistics. The results from these measurements are tabulated in 

Table 32.  

Fig. 41. Cassava silkworm silk recorded using VPSEM.  

Silk 
measurement 

Mean  
(µm) 

Min 
(µm) 

Max 
(µm) 

Median 
(µm) 

Standard 
Deviation 

Width (N=21) 15.63 13.39 18.23 16.21 1.237 

Thickness 
(N=20) 

3.81 2.95 4.50 3.73 0.480 

Table 32. Descriptive statistics for Cassava silkworm silk. 

 

The width range of these silk strands is not as big as the Tussah oak silk. This 

is indicated by the small standard deviation value (1.237). Silk strands thickness for 

this sample is almost about the same thickness as the previous sample.  
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4.3.6 Discussion  

All the silkworm silk strands were distinctly different in colour and size 

compared to the spider silks. All the silkworm silks are flattened with a ribbon-like 

morphology. The colour of the silkworm silks is usually dependent on the caterpillars‟ 

diet during their feeding period and this is distinct to each type of silk. The silks are 

usually single stranded and do not have a tendency to attach to each other. The 

silkworm silk strands have variable width from an average of 11.06 µm for Bombyx silk 

and up to 29.83 µm for Tussah oak silk. The strand sizes are relatively large when 

compared to spider silk strand diameters.  

4.4 Comparison of spider silk to silkworm silk 
 

Although most spider silk strands are circular, some silk strands have a ribbon-

like morphology, similar to silkworm silk strands. This was discovered by Coddington et 

al. in 2002. The sizes of the silks however are much different, where the width of the 

thin ribbons silk produced by Loxosceles sp. is only around 2-4 µm and the thickness of 

no more than 40 µm (Coddington et al., 2002). One of the findings of this study 

showed that Laperousea sp. also produced flattened silks and the sizes were similar to 

the silks produced by silkworm. The presence of this silk however is always associated 

with other types of silk as well. The semitranslucent feature of spider silk strands is 

also present in silkworm silk strands, but spider silk strand colour is almost always 

white whereas silkworm silk strands colour ranges from brown to yellowish white. 

Obviously one characteristic of silk cannot be used to differentiate spider silk from 

other silk types, therefore, combinations of a few characteristics are recommended 

when comparing silks.  

 

 

 

 

 

 

 

 

 



77 
 

Chapter 5: The provenance of spider silks  

5.1  Spider silks connectivity to environmental factors 

 There is scant literature whereby the particles trapped in spider silks have been 

studied. The particles trapped by spider silk may be important trace evidence in 

criminal cases. It has been found in this study that spider silks trap a range of particle 

types and sizes. Based on the nature of these particles, can the locality of the web be 

determined? As mentioned in Chapter 3, there were 4 different geographical locations 

of interest in this study; beach, residential, industrial and hills areas. For each area, 

several locations were selected to compare the types and number of particles that 

adhere to the spider silks. Each sample was duplicated (labelled as a and b).  It was 

observed that spider silks collect particles from their immediate surroundings which 

includes airborne particles. Particles in this case are not only inorganic materials, such 

as soils and salt particles, but also organic materials such as pollen grains, plant and 

animal parts. What particles adhere to the silks strands of the web will be described in 

this chapter. All the particles were examined on the basis of single particle analysis. 

The density of the particles in each sample was determined on silks in every 10.79 

mm2 of the silk samples.  

5.1.1 Industrial area samples  

Three locations were selected within the industrial area around the Perth 

metropolitan region: Welshpool (31°59‟18.26”S, 115°58‟00.90”E), Canning Vale 

(32°04‟02.51”S, 115°54‟41.88”E) and Fremantle (32°04‟52.00”S, 115°45‟41.50”E). Two 

web samples from two different spider species were collected from Welshpool and one 

sample each for Canning Vale and Fremantle. The two species from the industrial area 

were; Latrodectus hasselti and Badumna insignis. Over 700 trapped particles were 

examined both morphologically and chemically. Particles were classified based on the 

nature of the material; either organic or inorganic. Inorganic particles were further 

classified based on the major elements present in the particle. They were grouped as 

Aluminosilicate, Quartz, Salt, Ca-rich and Fe-rich particles. The common particles found 

at these industrial areas are tabulated in Table 33. The spectra and descriptions of 

these particles are also presented.  
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Particle Spectrum Description 

Quartz

 

 

EDXRA shows a trace of Al (1.49 

keV) as a shoulder near the base 

of the Si (1.74 keV) peak. 

Sharp, angular fragments, 
chips and flakes are 

characteristic of this 
ubiquitous mineral which is 

present in nearly every dust 
sample. Cleavage traces 

show only rarely, but 

conchoidal fracture is typical. 

Aluminosilicate 

Kaolin 

 

EDXRA shows Al and Si peaks of 
nearly equal heights. 

Irregular structure with 

angular fragments.  It is 
insoluble and used as a 

refractory in glassmaking. 
Along with some other 

alumina silicates, kaolin used 

in the manufacture of bricks 
and porcelain. 

Sodium feldspar 

 
EDXRA shows Na (1.04 keV), Al 

and Si peaks.  

 

Equant and tabular or 
pyramidal angular crystals 

are characteristics of this 
mineral. Fracture are usually 

uneven to conchoidal and 
cleavage range from perfect 

to imperfect. 

Potassium feldspar 

 EDXRA shows K (3.31 keV), Al  

and Si  peaks. 
 

Angular, equant and 

sometimes tabular fragments 
characterize this feldspar, 

one of the commonest of the 
rock forming silicates. Both 

cleavage and conchoidal 

fracture maybe discern. 
Together with other feldspar, 

this is a common raw 
material for the manufacture 

of some glasses or porcelain. 

Calcium feldspar 

 

 

EDXRA shows Ca (3.69 keV, 4.01 

keV), Al and Si peaks. 

Angular, granular and 

conchoidal to uneven 

fracture are characteristics of 
this particle. 
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Particle Spectrum Description 
Clay  

 

EDXRA shows Mg (1.25 keV), Al  

and Si as major peaks. Traces of 
S, K and Ca were also seen.  

Irregular shaped particle with 

subangular, granular and 
porous structure of various 

sizes.  

Salt dust  

EDXRA shows traces of Si with the 
main Na (1.04 keV) and Cl (2.62 

keV) peaks. 
 

Whole and broken cubes of 

various sizes. Salt dust, 
unlike pure NaCl, contains a 

variety of impurities which 

make it easily distinguishable 
using EDS. 

Ca-rich particles 

(a) 

 

EDXRA shows Ca  and Si  as main 
peaks with traces of Na, Mg, Al, P, 

and Cl. 

Angular to subangular, 

granular and porous particle 
of various sizes. This particle 

is most likely cement 
fragments. 

(b)

 

 
 

 

 
 

 
 

 

 
EDXRA shows Ca, S (2.31 keV) 

and Si as main peaks with traces 
of Al, Cl, Na, Mg and K. 

Irregular shaped particle with 

subangular sturucture of 

various sizes. This type of 
particle is most likely mixture 

of a few compounds; 
gypsum (mostly) and 

feldspar. 

 

 

 

 

 

0

5000

10000

15000

20000

0 2 4 6

Na  

Cl  

C 
O Si  

0

2000

4000

6000

8000

10000

0 2 4 6

C 
O 

Si  

Ca  

Ca  

0

2000

4000

6000

0 2 4 6

C 

O 

Mg 
Al 

Si 

S Ca 

F

0

2000

4000

6000

8000

0 2 4 6

C 

O 

Si 

Al  Cl 

Ca 

Ca 

S 



80 
 

Particle Spectrum Description 

Fe-rich  
(a) 

 

 

 
 

 

 
 

 
 

 

EDXRA shows Fe (6.4 keV, 7.06 
keV, 0.71 keV) and O (0.52 keV) 

as main peaks and traces of Al, Si 
and Cl.  

Spherical shaped particle of a 
few sizes. This particle is 

most likely iron oxide. The 
traces of aluminosilicate are 

possibly impurities. 

(b) 

 
 

EDXRA shows Fe and O as main 

peaks and traces of Si, Cl and Ca.  

 

Angular to subangular 
structure of a few sizes. This 

particle is also most likely 

iron oxide.  The 
aluminosilicate traces are 

possibly impurities.  

Table 33. Common particles found on the spider web from industrial areas. 

 

Welshpool  

 The Welshpool industrial area, where the samples were collected is 

approximately 20 kilometres from the coast and approximately 7.5 km from the 

SwanRiver. The first sample, a Badumna insignis web, was collected from the concrete 

wall of a building in that area. Examples of the spider silks with particles adhering to it 

are shown in Fig. 42 and Fig. 43.Fig. 42 is an image recorded with VPSEM using SE 

imaging mode and Fig. 43 with BSE imaging mode of the same area. The images 

reflect the density of the particles adhering to the spider silks. For this sample, 178 

inorganic particles were scanned and elementally analyzed on 16 different images. 

Most particles are inorganic particulates, which most likely came from the building 

materials and its immediate surroundings, as well as industrial effluent. There were 

also a few organic materials (animal and plant parts) seen in the sample. The particle 

sizes range from very fine (<1 µm) to larger particles, some over 250 µm in size. In 

every 10.79 mm2 of the silk samples, there were about 6994 particles of various sizes. 

The largest particle examined for x-ray analysis in this sample is 125 µm. Particles 

smaller than 1 µm were not considered for x-ray analysis in this sample.  
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Fig. 42. Badumna insignis web sample collected from Welshpool industrial area recorded with 

VPSEM with SE imaging. 

Fig. 43.Badumna insignis web sample collected from Welshpool industrial area recorded with 

VPSEM with BSE imaging. 
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Fig. 44. Some of the particles adhered to the spider silk samples labelled alphabetically from a 

to g. 

Particles were seen scattered rather evenly throughout the silks. The silk 

structure may contribute to the density of the particles attached to it and could also 

contribute to the type of particles that will adhere to it. An example of the particles 

that were randomly selected and elementally analyzed is displayed in Fig. 44(note the 

different intensities of the particles present in the image).The particle identifications 

are explained as following. 

Particle a is a salt dust mineral which contains a variety of impurities such as Al 

and Si, unlike pure salt (NaCl). This salt particle could have come from the sea, 

travelled by air, or could also have come from industrial activity. This particle is one of 

the commonly seen particles in the industrial web silks collected.  Particle b is most 

likely clay material (Fig. 45) (based on PAE2) or more precisely fuller‟s earth. The 

presence of S in the particle confirmed its identity and reflects the history of this 

material as a catalyst carrier for oil refining. Particle c is also almost certainly clay 

material or specifically attapulgite clay. These clay-type particles were commonly 

observed in the sample. Particle d shows a characteristic of potassium feldspar. 

Particle e shows characteristics of glassy spheres (morphologically), an indication of 

complete combustion due to very high boiler temperature. The spectrum (Fig. 46) 

shows the particle contains mainly Fe and Si and traces of other elements (Na, Al and 
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Ca) indicative of a burnt coal particle. Particle f, which is morphologically similar to 

particle c, also shows similar spectrum that is indicative of clay material. And lastly 

particle g, which has a sharp angular structure with Si as it major constituent which is 

characteristics of quartz particle. Particles b, c, d and f are classified as aluminosilicate 

particles which made up as the most abundant particles in the sample.  

 

Fig. 45. EDX 

spectrum of 

particle b 

showing 

characteristics 

of clay material. 

 

 

Fig. 46. EDX 

spectrum of 

particle e 

showing 

characteristics 

of burned coal 

particles. 

 

 

 More than half (98 particles) of the particles analyzed in this particular spider 

silk sample are aluminosilicate particles. Aluminosilicate particles occur naturally, but 

they could also come from the surrounding buildings as these materials are commonly 

used for construction. This is followed by quartz particles (16%), calcium-rich particles 

(10%), iron-rich particles (2%) and others (12%). There were 2 atypical particles seen 

in the sample. One of it is aluminosilicate particle containing Ti and Fe as major 
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constituents. These elements indicate alkali feldspar and ferro-magnesium mineral 

(PAE2). Another particle is aluminosilicate containing Zr which is most likely zircon sand 

grain (PAE2). Many of the inorganic particles observed were mixture of a few 

compounds (base on morphological feature and chemical constituents). This indicates 

where the particles originate (industrial emission). This sample however lacks any 

organic particles. Only a few unidentified particles believed to be plant parts and 

invertebrate parts were observed throughout the sample (Table 34).  

Organic particles Description 

 

 

 

 

 

 

 

 

 

This unidentified particle is 

believed to be an animal part 

based on its morphology. 

 

 

 

 

 

 

 

 

 

 

This unidentified particle is 

believed to be a plant part. 

 

 

 

 

 

 

 

 

 

This unidentified particle is 

most closely resembled plant 

part. 

Table 34. Organic particles found on the sample. 
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Another industrial area sample (Welshpool) was examined using webs of a different 

species of spider (Latrodectus hasselti). Unlike Badumna insignis silk, where the 

particles were scattered throughout the silk, this spider silk seemed to fuse the 

particles into lumps (Fig. 47 and Fig.48). This is most probably because this spider 

silk contains glue droplets on the surface. Many of the particles that adhered to the 

silks were inorganic particles. There were also organic materials such as insect parts 

and plant parts as well as pollen grains observed in the sample. A total of 166 

inorganic particles were analyzed using x-ray analysis for this sample. In every 10.79 

mm2 of the silk samples, there were 7356 particles of various sizes on the silks. There 

were more small sized particles on this silk compared to the Badumna insignis sample. 

The largest particle examined with x-ray analysis in this sample was 140 µm long. 

Fig. 47.Latrodectus hasseltiweb sample collected from Welshpool industrial area recorded with 

VPSEM with SE imaging.  
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Fig. 48.Latrodectus hasseltiweb sample collected from Welshpool industrial area recorded with 

VPSEM with BSE imaging. 

 

Aluminosilicate particles were the most abundant particles (45%) in the sample. 

This material most closely resembled building materials in its immediate surroundings. 

Some of the aluminosilicate complex structures were morphologically (rounded and 

fine) and chemically (complex mixture and impurities) complex. Quartz comes next as 

the second most particles in the sample (17%), followed with salt dust (13%), Ca-rich 

particles (8%), Fe-rich particles (5%) and other particles (11%). The most interesting 

particle present in this sample was a Ba-bearing particle (~1.5 µm) which according to 

PAE2, may have come from electric fume dust. Another interesting particle in this 

sample is a Cr-bearing particle which also contains Fe and other impurities such as Al, 

Si and Mg. This particle is most likely an industrial effluent called steel shot dust 

(PAE2). Others are most likely a mixture of a few compounds as many elements are 

present in each particle.  

A number of organic particles were also identified in this sample. They include 

insect parts, plant parts, animal hair, pollen grain and a few other unidentified organic 

materials. The plant parts were identified based on its cell structure which has more 

squared shaped cell walls (Fig. 49). The unidentified object in Fig. 49 (b) is most 
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likely a very small animal as it has a leg-like structure on it. Fig. 50 shows more of the 

organic particles found in the sample. They were a mixture of pollen grains, animal 

part, animal hairs,and plant parts.Animal hairs were identified based on their fibre-like 

structure and the presence of scales on the surface. The pattern of the scales and the 

size of the fibres indicate that they are most likely two different types of dog hairs. 

Pollen grains, which were also trapped by the spider web, can be very useful in 

forensic cases. Pollen grain morphology is species-specific, once the species is 

identified, the locality or region could be matched, which may be useful in forensic 

cases.  

Fig. 49. SEM micrograph of plant part (a) and unidentified object, which is most likely an 

animal (b). 
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Fig. 50. SEM micrographs of pollen grain (top left), animal part (top right), animal hair, most 

likely dog hair (bottom left) and plant part (bottom right).  

 

Canning Vale  

A Badumna insignis spider web was collected as a representative sample from 

the Canning Vale industrial area. Canning Vale industrial area is situated 13 km south 

eastern from Perth city. It is about 15 km from the seashore and 5 km from the 

nearest river (SwanRiver). This sample was collected from a brick wall of a building in 

that area. This industrial area was new at the time of sampling and there was still a lot 

of construction taking place. A total of 164 particles were randomly selected for x-ray 

analysis, which were mainly inorganic particles. Most organic particles were identified 

based on their morphological appearance. An example of the overall image of the 

sample from Canning Vale industrial recorded with VPSEM using SE and BSE imaging is 

shown in Fig. 51and Fig. 52. The images illustrate the variability of the types of 

particles trapped on the spider web, as well as their sizes. As with previous samples, 

this sample contained many dense particles. For this sample, there were approximately 

7120 particles of various sizes on the silks in every 10.79 mm2. Larger particles were 

observed in this sample. The largest particle observed was 1.5mm long. The largest 

particle analyzed with x-ray was measured at 1.45 µm.  
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Fig. 51.Badumna insignis web sample collected from Canning Vale industrial area 

recorded with VPSEM with SE imaging. 

Fig. 52.Badumna insignis web sample collected from Canning Vale industrial area 

recorded with VPSEM with BSE imaging. 
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Almost half (42%) of the particles analyzed in this sample are aluminosilicate 

particles. This is followed by Ca-rich particles (20%), quartz particles (15%), dust salt 

particles (10%), Fe-rich particles (2%) and others (11%). These aluminosilicate 

particles are abundant, coming from the building and its surroundingson which the 

spider resides. Fig. 53 showed some of the examples of particles found on this 

sample. This was followed by the x-ray spectrum of the particles analyzed (Fig. 54 

and Fig. 55).  

Fig. 53. An example of particles analyzed with EDXRA in spider silk sample from Canning Vale 

industrial area. X-ray spectra for the labelled particles are given in later figures. 

The spectrum for particle a in Fig. 53 is presented in Fig. 54. This particle 

contains Ni and Cr as the principal elements and traces of Co are indicative of steel 

alloy. The particle also contains many other elements such as Al, Si, S and Cl, 

suggesting that it may be a mixture of industrial waste matter. The spectrum for 

particle b, shown in Fig. 55, shows high Fe and Cr content in the particle suggesting a 

ferrochrome particle. Other impurities are most probably from background x-rays, or 

this particle might be a mixture of a few compounds. Ferrochrome is a steel alloy 

which may have come from the nearby factory. Particle c in this sample is fibrous 

glass. The elements present in it are mainly Si and O as well as a few other impurities. 

The spectrum for fibrous glass particles is similar to quartz particles. There were many 

fibrous glass particles seen in this sample which was not seen in other industrial areas 
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spider web samples. Particle d is aluminosilicate particles with Cu and Zn embedded to 

it. Cu and Zn that were present in the particle could be a fragment of alloy. Particle e 

is also an aluminosilicate particle with Ti peak in the spectrum. Aluminosilicate with Ti-

bearing particle may be impurities which came from paint spray as Ti is commonly 

used in paint.  

 

Fig. 54. EDX spectrum of particle a showing probable mixture of compounds. 

 

Fig. 55. EDX spectrum of particle b showing probable mixture of compounds. 
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 In this sample many organic particles were also observed. An example is 

shown in Fig. 56. As seen below, there were 5 identified organic particles spotted in 

the micrograph. All 5 particles are plant materials; where particles f and h are plant 

parts and particles g, i and j are pollen grains of different kinds. The plant cell 

structure could be clearly seen in particle h. Pollen grain g came from Acacia sp. tree 

according to its pattern (PAE2) and pollens i are most likely grass pollens (PAE2). 

Pollen j however, could not be identified, but they are most likely from the family 

Liliaceae.  

Fig. 56. Organic particles observed on Canning Valle industrial area spider silk sample. 

Besides what is illustrated in Fig. 56, there are actually more organic particles 

in the sample. They are mostly unidentified particles (Fig. 57). The elongated particle 

on the top left image is most likely diatom. There were at least 2 of these particles 

found in the sample. The top right image in Fig. 57 is an unidentified particle, maybe 

from plant parts, while the bottom left image showed a few insect scales trapped 

among the spider silks and other particles. The image on the bottom right of Fig. 57 

consists mostly of insect legs. There were other plant parts seen in this web sample 

and some fibrous glass threads were also found.  
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Fig. 57. SEM micrographs of a possible diatom (top left), possible plant part (top right), insect‟s 

scales (bottom left) and insect parts (bottom right).  

 

Fremantle  

The last industrial area web sample was from Fremantle. This sample was also 

collected from a Badumna insignis web found on a building wall (brick wall) in that 

area. The building where the sample was collected is located about 16 km, southwest 

of Perth city. It is only approximately 1 km from the coast. It is expected that this 

sample will have more salt particles than the other industrial area samples. This 

sample location has a closer proximity to the sea than the nearest river (approx. 4.5km 

from Swan river). The factory buildings in this industrial area are scattered over a large 

area, unlike Welshpool and Canning Vale, where they are more clustered. A total of 

163 inorganic particles were examined for x-ray analysis and over 30 organic particles 

were observed throughout the sample. An example of the sample recorded using SE 

and BSE imaging are shown in Fig. 58 and Fig. 59. Both images are at the same 

area. There are about 6100 particles (inorganic) of various sizes in every 10.79 mm2of 

silks. The largest particle seen in this sample was about 1.5mm and the largest particle 

analyzed with x-ray was 163 µm.  
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Fig. 58.Badumna insignis web sample collected from Fremantle industrial area recorded 

using VPSEM with SE imaging. 

Fig. 59.Badumna insignis web sample collected from Fremantle industrial area recorded 

using VPSEM with BSE imaging. 
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As expected, there were many salt particles (36 salt particles) observed in this sample 

compared to previous sample. However, aluminosilicate particles dominate the 

proportions with over half (52%) of the particles analyzed. Salt particles comprised 

22% followed by quartz (10%), Ca-rich particles (9%) and others (7%). No Fe-rich 

particles were observed and analyzed in this sample. Most of the aluminosilicate 

particles in this sample have traces of salt (based on the x-ray spectrum). Some 

aluminosilicate particles had a high Fe content.  Fibrous glass particles were also seen 

in this sample.  

Fig. 60. SEM micrographs of a plant part with also insect‟s scale (top left) and insect‟s part 

(most probably an eye) (top right) (note the presence of fibrous glass fibre in it). Also an 

insect‟s part and its scale micrograph (bottom left) and the last micrograph on bottom right 

shows insect‟s leg and plant part. 

It was also noted that this silk sample contains organic particles. Many insects, 

insects‟ parts, pollen grains and plant parts were detected in the sample. An example 

of the identified organic particles is shown in Fig. 60. Another image (Fig. 61) shows 

pollen grains found in the sample. There are at least two types of pollen grains seen in 

the image. Some of the insect scales discovered in the sample appeared combined 

with salt particles. There were other unidentified organic particles seen in the sample 

as well.  
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Fig. 61. Pollen grains trapped by Badumna insignis web in Fremantle sample. Note also the 

abundance of cuboid particles (salt).  

Discussion  

Samples from the industrial areas are quite different between each other. Most 

samples contain particles that are iron-rich, which is common from industrial emission. 

Aluminosilicate particles that are present ubiquitously in the industrial area samples 

may be input from industrial fly ash (Sitzmann 1999). Using the structure and chemical 

properties of the particles present in the spider silks from the industrial areas, their 

sources were established. Particles observed in the industrial area samples have rough 

surfaces. Other particles that are present on the silk samples from industrial areas are 

generally steel alloy material, common from industrial emission. The salt particles 

which are mostly in the sample from Fremantle are due to the proximity of the sample 

location to the sea. 
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5.1.2 Hills area sample  

Only one sample was collected for Perth hills area. The sample collected was 

from the leaf-curling spider (Phonognatha melania) in bushland near Kalamunda 

(31°57‟41.17”S, 116°03‟22.59”E). The spider silk was taken from a tree where the 

spider dwells. It was expected that the spider silk would trap granite and soils derived 

from the hills area. As with other samples, organic particles were also expected. The 

Kalamunda area is about 30 km away from the coast and about 20 km from Perth city. 

The nearest river is approximately 11 km away. Over 100 inorganic particles were 

examined for x-ray analysis in this sample. The particles in this sample are less than in 

the industrial area samples. There were only about 1500 particles adhering in every 

10.79 mm2 silks. The low numbers of particles adhered to the silk is probably due to 

the environment being less industrial. The overview of Phonognatha melania silks 

along with adhering particles, recorded using SE and BSE imaging are shown in Fig. 

62 and Fig. 63.  

 

Fig. 62.Phonognatha melania web sample collected from Kalamunda hills area recorded with 

VPSEM with SE imaging. 
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Fig. 63.Phonognatha melania web sample collected from Kalamunda hills area recorded using 

VPSEM with BSE imaging. 

 

This sample contains mostly aluminosilicate particles (46%). This followed by 

quartz (17%), calcium-rich (12%), alumina (10%), iron-rich (8%) and other (8%) 

particles. The largest inorganic particle analyzed with x-ray was 96 µm long and 

particle <1µm was not considered for x-ray analysis. The common particles found in 

this sample and their descriptions are tabulated in Table 35.  

Particle Spectrum Description 

Quartz

 

 

EDXRA shows a trace of Al as a 
shoulder near the base of the Si 

peak. 

Sharp, angular to subangular 
fragments, chips and flakes 

are characteristic of this 
ubiquitous mineral which is 

present in nearly all the 

places. Cleavage traces show 
only rarely, but conchoidal 

fracture is typical. 
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Aluminosilicate 

 

EDXRA shows Al and Si peaks of 

nearly equal heights. 

Irregular structure with 

angular fragments.  This is 
just one of the many 

aluminosilicate variables 
found in the sample. 

Table 35. Common particles found in Phonognatha melania silks collected at Kalamunda hills. 

  

Aluminosilicate variables that were found in the particles include potassium 

feldspar and plagioclase feldspar. Many of these aluminosilicate particles contain traces 

of iron. It was observed that the soils in the area where the sample was collected were 

orange coloured. The iron traces in the particles found on the web may contribute to 

the particles‟ colour. Quartz particles in this area are subrounded or rounded. There 

were also calcium-rich particles, including calcium carbonate and calcium phosphate. 

Other unusual particles found in this sample include platinum particles at only 2µm 

size. A possible source is from an automotive catalytic converter. No salt particles were 

detected in this sample.  

There were not many organic particles found on this silk sample. The common 

animal and plant parts that were observed in the sample are displayed in Fig. 64.   

Discussion  

The sparseness of the particles on the web may be due to the age of the silk. 

The silk that is newly built by the spider will contain fewer particles. The particles 

adhered to the silks are mostly granite consisting of potassium feldspar, plagioclase 

feldspar as well as quartz. 

0

2000

4000

6000

8000

10000

0 2 4 6

C O Al 

Si 

F



100 
 

Fig. 64. Examples of plant part (top left), dead insect (top right), unidentified particle; 

consistent with diatom (bottom left) and insect scale together with plant part (bottom right).  

 

5.1.3 Beach area sample 

 

The beach selected to represent this area was Cottesloe (31°59‟54.97”S, 

115°45‟05.66”E) beach. The web of the spider species collected was Laperousea sp. 

The spider web was collected from between the rocks on the beach, about 13 metres 

from the shoreline. The spider web was wet when it was collected. The sample was 

then dried for VPSEM analysis. It is expected that this sample will contain a high 

amount of salt and beach sand. An example of the silks with adhering particles is as 

shown in Fig. 65. The largest particle seen in the sample is a salt particle, 

approximately 1 mm long. The largest particle analyzed with x-ray analysis in this 

sample is about 85 µm. This sample has a density of approximately 3500 particles 

adhering in every 10.79 mm2 of silk. The commonly found particle types in this sample 

are as tabulated in Table 36. These particles were randomly selected for x-ray 

analysis.  
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Fig. 65.An example of the spider silk collected from the beach rocks recorded with BSE imaging 

using VPSEM.  

Particle Spectrum Description 

Salt

 

 EDXRA shows Na and Cl peaks. 

Whole and broken cubes 

of various sizes. Pure salt‟s 

spectrum shows only Na 

and Cl peaks. 

Ca/S-rich  

(a) 

 

 

 

 

 

 

 

EDXRA shows S and Ca peaks as 

well as C and O. 

Angular to subangular, 

particle of various sizes. 

This type of particle could 

be calcium carbonate or 

calcium sulphate or 

mixture of both. 
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(b) 

 
EDXRA shows S and Ca peaks as 

well as C, O and Al. 

Irregular, angular particle 

of various sizes.  

Table 36. Common particles found on Laperousea sp. web silk at the Cottesloe beach. 

 

Over 70 inorganic particles were analyzed with x-ray in this sample. More than 

half (54%) of the particles analyzed were Ca/S-rich particles, most are the (a) type 

(refer to Table 36). This was followed by salt particles (31%) and others (11%). Only 

small amount of quartz and aluminosilicate particles were observed in the sample as 

well as iron particles. Some particles were seen as mixture of salt particles with 

another compound. Magnesium chloride was also detected in this sample. Only a few 

organic particles were seen in the sample. They are mostly from animal origin; insect 

and insect parts. 

Discussion  

As expected, the particles adhering to the spider web in this sample are mostly 

beach sand and salt particles. This is characteristic of this location. The abundance of 

Ca/S-rich particles, which are geologically called gypsum particles, are most likely from 

the rocks from which the sample was collected. The presence of many salt particles is 

not surprising due to the close proximity of the sample location to seawater. Thus, the 

presence of these types of particles on spider silk samples can be regarded as an 

indication of the source of the silk, which is the coast.  

 

5.1.4 Residential area samples  

 

Residential samples were collected from a number of areas across Western 

Australia. As mentioned in Chapter 3, there are three suburbs selected for this 

category; Nedlands (31°58‟16.05”S, 115°48‟55.10”E), Crawley (31°58‟24.98”S, 

115°49‟23.74”E), Daglish (31°57‟03.50”S, 115°48‟29.97”E) and one from Denmark 

(34°58‟00.15”S, 117°09‟15.30”E). The spider webs were collected from four different 

spider species from these areas (Badumna insignis, Latrodectus hasselti, Pholcus 

phalangioidesandLinyphia sp.). Four samples were collected and examined by x-ray 
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analysis for Nedlands suburb and one sample each for Crawley, Daglish and Denmark. 

The common particles found on the spider silks collected from residential areas are as 

tabulated in Table 37. The commonly found particles in the residential areas are 

similar to the industrial areas. The size and density of the particles are however 

different. In combination, over 600 inorganic particles were analyzed for residential 

area samples and over 100 organic particles were observed throughout the analysis. 

Each sample collected for this category will be discussed.  

Particle Spectrum Description 

Quartz  

 

EDXRA shows a trace of Al as a 

shoulder near the base of the Si 

peak. 

Sharp, angular fragments, 

chips and flakes are 

characteristic of this 

ubiquitous mineral which is 

present in nearly every dust 

sample. Cleavage traces 

show only rarely, but 

conchoidal fracture is typical. 

Aluminosilicate  

 
EDXRA shows Al and Si peaks of 

nearly equal heights. 

Irregular structure with 
angular to subangular 

fragments.  Along with some 

other alumina silicates, this 
material is used in the 

manufacture of bricks and 
porcelain. 

Potassium feldspar  

 

EDXRA shows K, Al and Si peaks. 

Angular, equant and 

sometimes tabular fragments 
characterize this feldspar, 

one of the commonest of the 

rock forming silicates. Both 
cleavage and conchoidal 

fracture maybe discern. 
Together with other feldspar, 

this is a common raw 
material for the manufacture 

of some glasses or porcelain. 

Sodium feldspar 

 

 
 

 
 

 

 
 

 

 

EDXRA shows Na, Al and Si peaks. 

Equant and tabular or 

pyramidal angular crystals 

are characteristics of this 
mineral. Fracture are usually 

uneven to conchoidal and 
cleavage range from perfect 

to imperfect. 
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Particle Spectrum Description 

Alumina 

 EDXRA shows Al and traces of Si 

peaks.  

Irregular 

fragments 

usually 
flattened in 

shape of 
various 

sizes.  

Ca-rich 

 

 

EDXRA shows Ca, C and O.  

Irregular 
porous 

fragments of 
various 

sizes.  

Salt  

 
EDXRA shows Na and Cl as the main 
peaks and traces of other impurities. 

Irregular 

fragments of 
various 

sizes, 

usually with 
smooth 

surfaces.  

Table 37. Common particles found on the residential area samples. 

 

Nedlands  

Four webs were sampled from this suburb; two Badumna insignis webs, and 

one each from Pholcus phalangioides and Linyphia sp. One of the Badumna insignis 

webs was collected from inside a house, near the window frame and the other was 

collected from a wall near the garage, outside the house. The Pholcus phalangioides 

web sample was collected from the garage door and the Linyphia sp. web sample was 

collected from on top of a plant of the same house. Nedlands is an old established 

suburb (established 1893) located at about 5 km southwest of the Perth city. The coast 

is only about 6 km away and the nearest river (Swan River) is only 1 km away.  
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The first sample to be analyzed is the only indoor sample in this study which 

was theBadumna insignis web from the window frame. Around 140 inorganic particles 

were examined with x-ray analysis on this sample. The overviews on the density of the 

particles in the sample are illustrated in Fig. 66 and Fig. 67. This sample has 

approximately 1000 particles adhering to every 10.79 mm2 of silk. It was also observed 

that more small particles than large ones were present in this sample. The largest 

particle seen was about 250 µm long and the largest particle analyzed with x-ray was 

about 150 µm.  

Fig. 66.Badumna insignis web collected from the window frame recorded using VPSEM with SE 

imaging. 
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Fig. 67.Badumna insignis web collected from the window frame recorded using VPSEM with SE 

imaging. 

The most common particles (45%) found in the sample by x-ray among the 140 

inorganic particles analyzed were aluminosilicate particle. More kaolinite particles were 

observed than feldspars in the aluminosilicate group and most of the aluminosilicate 

particles show higher aluminium peak than silica. This follows with alumina or 

aluminium-rich particles (14%), calcium-rich (14%), quartz (9%) and other particles 

(18%). Other particles involved in this sample include zinc particles, alumina and iron 

alloy, iron, calcium chloride, and also aluminosilicate with a high titanium peak.  

Only a few organic particles were observed in this sample, including pollen 

grains and an insect scale. There were also another two unidentified organic particles 

seen in the sample (Fig. 68). 
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Fig. 68. A fibre with tip tapering end and an unknown particle in the top right box. 

The second sample from Nedlands was a Badumna insignis web from a wall 

near a garage door. A total of 127 inorganic particles were analyzed within this sample 

using x-ray analysis. Examples of the images recorded for this sample are shown in 

Fig. 69 and Fig. 70. This sample is denser than the previous one with around 2000 

particles adhering in every 10.79 mm2. The largest inorganic particle seen in this 

sample was about 800 µm in length and the largest inorganic particle analyzed with x-

ray was around 90 µm. There were a large number of inorganic particles and organic 

particles.  
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Fig. 69.Badumna insignis web collected from the wall, near the garage door, recorded using 

VPSEM with SE imaging. 

  

 

 

 

 

 

 

 

 

 

 

Fig. 70.Badumna insignis web collected from the wall, near the garage door, recorded using 

VPSEM with BSE imaging. 
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More than half (62%) of the inorganic particles examined in this sample are 

aluminosilicate particles with potassium feldspar dominating this group. This was 

followed by Ca-rich (15%), quartz (10%) and other particles. Unlike the previous 

sample from Nedlands, which lack calcium feldspar, this sample contained 25% of it, 

just 7% less than the potassium feldspar. Clay particles, which are also part of 

aluminosilicate group, were also observed in this sample. The Ca-rich particles are 

mainly calcium sulphate or calcium carbonate. Iron-rich particles were also observed in 

the sample. There were also a few particles that are rich in phosphorus observed in the 

sample and titanium-rich particles, which are generally associated with the wall where 

the spider dwells. Many kind of organic particles were observed in this sample. This 

includes insects, insect parts, plant parts and animal hair particles. Most of the organic 

particles seen in this sample could not be identified due to lack of information.  

 The next web sample collected from the suburb of Nedlands was from Pholcus 

phalangioides species collected also from a garage door. In this sample only 66 

inorganic particles were examined for x-ray analysis. There are only about 500 

particles adhering in every 10.79 mm2 area (Fig. 71) with only fine particles adhering 

to the silks. The largest inorganic particle analyzed for this sample is 200 µm long.  

Fig. 71.Pholcus phalangioidesweb collected from the garage door, recorded using VPSEM with 

BSE imaging. 
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Typically the most abundant particles in this sample were aluminosilicate 

particles (41%) which consist mainly of kaolinite particles. There were also calcium 

feldspar, potassium feldspar and clay particles present in this group. Ca-rich particles 

(23%) were next most abundant and then followed by alumina (13%), quartz (12%) 

and other particles (11%). These alumina particles probably came from the garage 

door. Other particles are mainly Fe-rich particles which also possibly came from the 

garage door. Only a few organic particles were observed which could not be identified.  

 The last web sample collected from Nedlands was from Linyphia sp. collected 

from a plant in a backyard. A total of 84 inorganic particles were randomly selected for 

x-ray analysis from this sample. An overview on the density of the particles adhering to 

the silks is as illustrated in Fig. 72. The density of the particles is in excess of 2500 

particles adhering in every 10.79 mm2 area of web. Mostly fine particles were detected 

in the sample. The largest inorganic particle detected in the sample was about 200 µm 

long and the largest one examined with x-ray is about 80 µm in length.  

Fig. 72.Linyphia sp. web collected from a plant recorded with VPSEM using BSE imaging.  

 Unlike most of the silk sample in this study, where most of the inorganic 

particles analyzed were aluminosilicate particles, aluminosilicate particles in this sample 

represent only about 37% of all the inorganic particles analyzed. It is however, still the 

most abundant particle group compared to the other group of particles. This was 
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followed by Ca-rich (24%), quartz (18%), salt (9%) and other particles (12%). The 

presence of these particles on the sample is mainly due to the building construction 

taking place near the spider web location, which are only a few metres away. The 

materials used in the construction site was carried by the wind and attached to the 

spider web. Other organic particles also observed in the sample including insect parts, 

insect scales and plant parts.  

Crawley 

 Only one sample was collected and analyzed for x-rays in this area. The species 

involved is Latrodectus hasselti and the web was collected from a wall of a building. 

The area where the sample was collected is a suburb situated west of the Perth city, 

6.5 km from coast and 200 metres from SwanRiver. The recorded images for this 

sample are as shown in Fig. 73 and Fig. 74. 

Fig. 73.Latrodectus hasselti web collected from a wall in Crawley recorded with VPSEM using 

SE imaging. 
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Fig. 74.Latrodectus hasselti web collected from a wall in Crawley recorded with VPSEM using 

BSE imaging.  

A total of 78 inorganic particles were randomly chosen for x-ray analysis from 

this sample. Some particles were observed to form lumps which adhered to some parts 

of the spider silk.  This same observation was made of Latrodectus hasselti web 

collected from the Welshpool industrial area. There were over 2500 particles adhering 

to the silk in every 10.79 mm2 areas. The largest inorganic particle seen and analyzed 

with x-ray from this sample is about 300µm long. More than half (56%) of the 

inorganic particles analyzed from this sample belong to the aluminosilicate group. This 

is followed by quartz (17%), Ca-rich (10%) and other particles (17%). These 

aluminosilicate particles most likely came from the wall where the sample was 

collected. Quartz and Ca-rich particles are probably also from the same source. Other 

particles seen in the sample are mostly potassium phosphate, which is most likely the 

spider‟s faecal matter. Not many organic particles were seen in the sample. Some of 

the organic particles observed were insect parts and animal hair.  

Daglish  

Another residential area sample was collected from Daglish. Only one sample 

was examined for particle analysis and the spider web involved was from Latrodectus 

hasselti species. This sample was collected from underneath a brick bridge at a 
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DaglishPark. Daglish is located in the west of Perth city, 5 km from coast and 3.5 km 

from SwanRiver. Overviews of the recorded images of the sample are shown in Fig. 

75and Fig. 76. As shown in the image, this sample is very sparse with only 300 

particles adhering in every 10.79 mm2 of web. This made analysis quite difficult. 

However, a total of 76 particles were discovered and analyzed for x-rays. Most of the 

particles analyzed were small particles. However, as with other samples particles <1 

µm were not considered for x-ray analysis. The largest particle seen in this sample was 

only about 90 µm and the particle was examined for x-rays.  

Almost half (44%) of the particles analyzed were categorized as „other‟ 

particles. This followed by aluminosilicate (36%), Ca-rich (11%), quartz (5%) and 

alumina particles (4%). Although the total of commonly found particle still 

outnumbered the other particle, this observation is unusual. Most of the particles 

grouped into „others‟ are particles containing potassium and sulphur as major peaks 

and traces of sodium (Fig. 77). There were also a few food additives particles were 

spotted in the sample, as well as iron-rich particles.  

Fig. 75.Latrodectus hasselti web collected from a bridge in DaglishPark, recorded with 
VPSEM using SE imaging. 
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Fig. 76.Latrodectus hasselti web collected from a bridge in DaglishPark, recorded with VPSEM 

using BSE imaging. 

 

Fig. 77. The 

spectrum of 
particles found in 

Daglish sample. 
This sample is 

most likely 

fertilizing 
material.  
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Denmark  

 The last web sample from a residential area was collected from Badumna 

insignis web located at the back veranda of a house in Denmark. Denmark is located 

on the south of Perth city, about 350 km away. The house is about 6.5 km away from 

the nearest coast, towards the south, and 28 kms from the Denmark township. An 

overview of the sample is shown in Fig. 78. 

Fig. 78.Badumna insignis web collected from Denmark, recorded with VPSEM using BSE 
imaging. 

 As shown in Fig. 78, this sample is low in trapped inorganic particles. There 

were approximately 700 particles adhering to the silk in every 10.79 mm2. However, it 

was observed that this sample contained many organic particles, especially from 

animal origin. The largest inorganic particle seen in this sample measured over 500 µm 

and the largest particle examined with x-rays is 394 µm in length. A total of 56 

inorganic particles were randomly selected for x-ray analysis in this sample. Amongst 

the 56 particles analyzed, 18 of them are aluminosilicate particles, the most commonly 

found particles. For the remaining 38 particles, 15 are salt particles, 12 are grouped as 

other particles, 6 quartz and 5 Ca-rich particles. Many salt particles were also observed 

in this sample. This is most probably due to the proximity of the sample location to the 

coast as well as environmental factors, such as wind and the geography of the area. 

Five of the particles grouped in others were particles with high aluminium and chlorine 
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content (Fig. 79). Also there were paint particles as well as aluminium and iron alloys. 

The organic particles present in the sample are mainly insect parts, insect scales, as 

well as a few plant parts and pollen grains. There were a lot of insect scales were seen 

in the sample of various sizes and shapes. This suggests that the sample collected was 

near a light as most insect scales come from moth wings.  

 

Fig. 79. The 

spectrum of 5 of 
the particles 

found in Denmark 
sample. These 

particles are most 

likely aluminium 
chloride.  

Discussion  

 Web samples from residential areas collected in this study had fewer particles 

than web samples from industrial areas. This was expected as household does not 

always produce a lot of waste matter, especially the airborne particles. Although the 

common particles found in residential areas are similar to the particles commonly 

found in industrial samples, the shape and structure of the particles are different. The 

inorganic particles found in the webs located in the residential areas were mainly from 

the building materials around the samples.   

 

5.2 Discussion  

 

A total of 1463 inorganic particles were analyzed and approximately 200 

hundred organic particles were observed. It was observed that the number of particles 

present on residential area samples is usually small. On the other hand, samples from 

industrial areas showed an many particles (both organic and inorganic) adhering to the 

silk threads. This is probably due to the presence of more dust particles in industrial 

areas compared to the residential areas. A cleaner environment is usually expected in 

residential areas. The average particle density in samples from industrial areas is 638 
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particles/mm2 compared to city residential areas, which is 135 particles/mm2. 

Comparative densities of the particles from all samples are tabulated in Table 38.  

 

Sample 
Particles Density 

(particles/mm2) 

Range & Average 

(particles/mm2) 

City Industrial 

Fremantle 
565 

565-682 (638) 
Canning Vale 660 

Welshpool 648, 682 

City Residential  

Daglish  
28 

28-231 (135) 
Nedlands  93, 47, 185, 231 

Crawley 231 

City Beach 

Cottesloe  
324 324 

City rural  

Kalamunda  
139 139 

Country farm  

Denmark 
65 65 

Table 38. Particles densities in all samples analyzed. 

The types of particles found in different areas are different to one another. 

Although aluminosilicate particles are the most common particles found in industrial, 

hills and residential areas, the presence of other particles makes each area quite 

characteristics. The shape and structure of particles from different areas are also 

dissimilar although they maybe the same classification. The observations in this study 

were not only made based on the chemistry of the particles analyzed, but also on the 

morphology of the particles. An example is the sample collected from Linyphia sp. web 

in Nedlands where the fine particles were observed to attach to one another forming a 

bigger particle. These fine particles seem to travel by air and then adhered to the silks 

and then fuse with other fine particles that are already attached to the silks. Overall 

observation demonstrated that the particles adhering to the spider silks are indicative 

of its environment. This seems to be the case for the presence of salt particles. Salt 

particles are more abundant in samples that were collected from areas that have a 

close range (approximately < 5km) to the sea, such as Fremantle and Cottesloe.  
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Titanium content of the particles observed in the samples indicates paint 

material. Feldspar particles found in the samples could have come from the walls 

where the sample was collected. The high aluminium content in the indoor sample 

from Nedlands was probably associated with the aluminium window frame from where 

the sample was collected. Organic particles are also important as specific particles can 

be limited to a locality. An example of this is when pollen grains are evident in a 

sample. Pollen grains can be used to prove the location of where a suspect has visited.  

There were also difficulties encountered while analysing these particles with x-

ray. The particles tend to move from their original spot every time they were pointed 

at by an electron beam. This happened mostly in samples with low density particles 

and is due to the size and sparseness of the particles present. 

It is very important to note that this is an original study of the substances 

trapped by spider webs. Analyses were made on samples within spider webs from 9 

different areas. Numerous random particles were also chosen in this study. In a real 

forensic case, each particle present on the spider silk would be of importance and 

should be analyzed individually. Samples were also collected irrespective of the age of 

the web. However, spider silk samples were collected on webs that were still being 

used by the spider as their habitat.  

 

5.3 Conclusions  

 

The spider webs in this and previous studies are a very useful tool as an 

environmental indicator. (James et. al. 1990; Hose et. al. 2002; Xiao-li et. al. 2006). 

This study has also demonstrated however that spider silk could be a very useful tool 

in forensic cases as well especially if the trace evidence located in a web is involved in 

the case. Spider silks can trap more particles than other types of fibre due to their 

stickiness. Particles that spider silk traps are indicative of its surroundings. Spider webs 

collected from the seaside trapped particles typical of this environment, from the hills 

area webs trapped granite particles, from the industrial area webs trapped industrial 

discharge particles and from the residential areas trapped particles were always 

associated with the locality where they were found. By using the particles trap by 

spider webs, the sample could be associated with the crime scene.  
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Chapter 6: Retention of Silk 

6.1 Overview of endurance analysis  

This study was an examination of how long spider silk could retain particles. 

The collected spider webs from the garden orb web spider (Eriophoratransmarina) 

were placed over separate wire mesh grids. One spider web was then dusted with 

alumina nano particles and the other with copper particles (Chapter 3) .The two types 

of particles were used in this study were alumina and copper microspheres. Alumina 

represents lighter particles and copper as heavier particles. Following the dusting the 

webs were openly exposed to rain, wind and sunlight. This was an extreme test as 

most spider webs are built in the shade. The spider silk produced by this spider is 

ecribellate, which also contained the glue droplets.  

6.2 Sample dusted with alumina particles 

The spider web samples dusted with alumina particles were collected for 

analysis every week for 8 weeks. Over the 8 observation periods there was a 

significant reduction in the amount of larger particles on the silk samples as time 

progressed (see Appendix A for images). The particle analysis using the ImageJ 

software showed that, the pattern for the number of particles on the web is irregular 

(Table 38). Even so, there is a significant reduction in the amount of particles over 

1000µm2 towards week 7 and 8. Sampling ceased after week 8. Table 39 describes 

the R and R2 values for the data. This R2 value shows the coefficient of determination, 

which is a direct measure of how much of the variance in one ofthe covariates is 

attributed to the other (Lucy 2005). Sometimes the coefficient of determination is cited 

as ‘percentage level of variation’, and it is considered a more realistic measure 

ofthe strength of a linear relationship than the correlation coefficient (Lucy 2005). 

Table 39.Image J analysis on the number of particles for alumina retention analysis. 

Week 
No. of particles 

>10µm2 

No. of particles 

>100µm2 

No. of particles 

>500µm2 

No. of particles 

>1000 µm2 

Week 0 7452 826 183 108 

Week 1 7625 839 248 133 

Week 2 3588 602 126 86 

Week 3 5577 777 137 87 

Week 4 6051 619 152 82 

Week 5 5604 591 87 41 

Week 6 5378 572 114 62 

Week 7 3404 190 26 12 

Week 8 5456 345 41 16 
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No. of particles >10µm2 >100µm2 >500µm2 >1000 µm2 

R value  -0.5388 -0.8694 -0.8688 -0.9240 

R2 value 0.2903 0.7559 0.7548 0.8538 

Table 40. R2 values of particles in alumina retention analysis. 

 It is assumed that number of particles will decrease with time. So, a linear 

relationship is a good starting assumption for particles loss. The R values in the table 

are the correlation coefficient of the data, a measure of the strength of the linear 

relationship between the two variables. The R values showing negative linear 

relationships which is quite strong for number of particles greater than 100µm2, 

500µm2 and 1000µm2. The R-squared value describes how well the data fit the line. 

The R2value for number of particles greater than 10µm2 showed a low value, meaning 

only 29% probability the equation will provide the correct value. Whereas for number 

of particles greater than 100µm2, 500µm2 and 1000µm2 provide a good value showing 

about 75% to 85% probability the equation will provide the correct value.  Obviously, 

the higher the R2value the better.  

 

 

 

 

 

 

 

 

Fig. 80.Number of particles vs. week for particles >10µm2. 
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Fig. 80.Number of particles vs. week for particles >100µm2. 

 

Fig. 81.Number of particles vs. week for particles >100µm2. 

 

 

 

 

 

 

 

Fig. 82.Number of particles vs. week for particles >500µm2. 

 

 

 

 

 

 

 

Fig. 83.Number of particles vs. week for particles >1000µm2. 
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The number of particles vs. time graphs were plotted for particles size >10µm2, 

>100µm2, >500µm2 and >1000µm2 respectively with equation for the trend line (Fig. 

80to Fig. 83). The results showed that the number of particles >10µm2 did not 

decrease with an increased amount of time. The number of particles however, varies 

and the reason is the variable amount of silk collected and mounted on the SEM stub 

and the second reason is the inconsistency in the brightness of the images when 

analyzed using Image J software. Different silks were used each week for particle 

counting as it is impossible to use the same silk. The amount of particles 

sized>1000µm2 however, showed a significant decrease based on the slope on the 

graph as well as the R2 value calculated using Microsoft Excel. 

 

6.3 Sample dusted with copper microsphere particles 

The same methods were applied for copper microsphere retention analysis. 

However, the webs dusted for this experiment and the particles decayed after the 

fourth week. Large areas of the silk with high amounts of copper microsphere 

disappeared from the wire mesh after one week of exposure. It is unsure whether the 

silk disappeared due to the weight of the copper particles on the silk, or copper 

degrading the silk. However, there were a few strands of silk remaining on the wire 

mesh and retention analysis was performed on these silk fibres. The observation on 

the remaining silks revealed that the copper on the silk turned into a green coloured 

compound. This is almost certainly because the copper oxidised, or it could also be 

that the copper reacted with the glue droplets on the spider silk (Fig. 84).  
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Fig. 84. Copper microsphere particles after a week on the silk thread.  

VPSEM imaging of the silk showed that the copper microspheres reacted with 

the silks and formed a cracked material (Fig. 84). The cracks on the fusion material of 

copper microsphere and the spider silk become worse every week. The fractures 

deepen with increased exposure time. More silk images for copper microsphere are 

presented in Appendix X. Silk samples were collected until they ran out. It is suspected 

the few silk fibres left were preserved by the aqueous solution that forms sticky 

droplets on the thread. It was expected that the copper microsphere particles would 

just decrease with increasing time of exposure like the alumina particles. It was also 

expected that the number of copper microsphere particles will decrease faster due to 

their weight. Nonetheless, the particles reacted with the spider silks.  
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6.4 Discussion  

This study was aimed to determine the weathering effect on the retention of 

particles adhering to spider silk in different environmental conditions.  Spider webs are 

normally constructed in the shade or in a protected area from the sun, wind and rain 

(Main 1984). It was expected that the number of particles adhering to the spider silk 

will decrease with the time of exposure. However, this study showed that most of the 

particles adhering to the silk remains trapped for at least 8 weeks, with only the larger 

particles showing a significant amount of decrease. The slope of the graphs signifies 

the rate of particle loss. It may be concluded that the larger particles (particles size 

>1000µm2) adhering to the silk decrease with increasing exposure time. This result 

may be more significant if the exposure time is being extended. 

It was also discovered that copper reacts with spider silk. However it is unsure 

on how the reaction takes place. It is most probably due to the contents of the glue 

droplets on the silks.  
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Chapter 7: Conclusions and implications  

7.1 Results compared to research questions  
 

(i) Can spider silks be imaged by VPSEM? 

The high quality images collected during the course of this study have 

demonstrated that spider silk can be successfully imaged using VPSEM. These 

images were recorded without sample coating. To achieve this, optimum 

conditions must be met,which needed to be determined prior to imaging (Chapter 

3). These conditions however might be different for a different instrument. All the 

spider silks were imaged in this study using the Zeiss Supra 1555 VP-FESEM 

available at The Centre for Microscopy, Characterization and Analysis, in UWA. 

Besides spider silk, a few of the silkworm silks were also imaged using the same 

VPSEM with different conditions than the conditions used to image spider silk 

samples.  

(ii) Do spiders produce silks that are species specific? 

Spider silks can be distinguished from one species to another based on the 

spider silks analyzed in this study. However, a few factors need to be considered 

for this purpose. For example, the spider silk diameters alone cannot be used as a 

factor for silk characterization as the spider silk sizes are highly dependent on the 

size and weight of the spider. A collective approach should be performed for spider 

silk characterization. The most distinguishable factor for spider silk species 

determination is the presence of how many types of silk combined with the web 

construction.  

(iii) How are spider silks different to other type of silks? 

Spider silks are different to other types of silks. All the spider silks observed 

in the course of this study have smooth surfaces under the imaging conditions 

used. Their sizes are also relatively small when compared to silkworm silks. The 

fibre threads shape is also very different to the silkworm silk where spider silks are 

rather circular in appearance while silkworm silks are flattened or ribbon-like.  
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(iv) Do trace materials adhere to spider silk? 

Many types of trace materials adhere to spider silks. They include both 

organic and inorganic materials. Trace materials regardless of shape and chemical 

properties can be trapped by spider silk. The mechanism of entrapment is either 

by glue droplets adhered to the silk or electrostatic Van der Waals forces (Vollrath 

2000b). The superior physical and mechanical properties of spider silks make it 

possible for it to trap many different kinds of natural objects and manmade 

particles. In the course of this study it was seen that spider webs trap leaves that 

are thousands of times bigger than its silk diameter. It was also observed that 

spider silk traps materials from its immediate surroundings. This also includes 

airborne particulates that might have travelled a long way and ended up on the 

web. Particles such as salt are one of the important particles that need to be 

considered when estimating the origin of the spider web. This is because, 

depending on the density of salt particles, the webs proximity from the source 

(sea) can be estimated. The shape and chemistry of the particles trapped by the 

spider silks can relinquish important information on the provenance of a web. 

Almost all of samples analyzed in this study showed a strong correlation of trace 

elements present to the webs surrounding. If spider silk were involved in a 

criminal case, this information could be used as evidence in an investigation.  

(v) Can x-ray analysis characterize the particles in a spider web? 

X-ray analysis is an ideal method to characterize trace elements or 

particles. This includes the chemistry of the particle in question, and its 

morphology. The accuracy of x-ray analysis is also well-known and generally 

accepted in the science community. This is very important to note as forensic 

cases are most likely to end up in the court of law and this is one of the 

requirement for scientific evidence to be accepted in the court of law especially 

under Daubert standard (Daubert v. Merrell Dow Pharmaceuticals [509 U.S. 579 

(1993)]).  

(vi) How long do particles adhere to spider silk? 

Particles can adhere to spider silk for a long time period provided that the 

spider silk is preserved in a closed or sheltered environment. This is probably why 

spiders generally build their webs in a shaded and sheltered area (Main 1980). The 

current experiment (Chapter 6) demonstrated that when alumina and copper 

particles were dispersed onto spider webs they remained trapped for at least 2 
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months. In the current experiment the spider webs were placed in an exposed 

area and subjected to sun, rain and wind. The experiment also showed that there 

is a slight decrease of particles size (>10µm) over time. It is however, unclear 

what causes these decrease, whether it is due to the ineffectiveness of the glue 

droplets due to the age of the silk, the size and weight of the particles, or 

mechanical removal, i.e. rinsing.  

(vii) Do some materials react with the silk? 

In the course of this study, it was revealed that copper particles react with 

spider silk, especially the web produced by ecribellate spiders which contain glue 

droplets. The copper and spider silk fused together and following this fusion cracks 

appeared on the silk. These cracks deepened as the time elapsed. Following a 

weeks exposure a large amount of silk also disappeared. It is unclear what caused 

the disappearance. Copper may degrade the silk or the silk might collapse due to 

the weight of the copper particles.  

 

7.2 Limitations  
 

The numbers of species involved in this study for morphological analysis of 

spider silk is a limiting factor of this study. Only 7 species were involved from 6 

different families. In only one family of spiders were 2 different species used for 

comparison but, only one sample for each species was analyzed. Intraspecific 

variations were not examined in this study as only one sample was collected per 

species. This was unavoidable due to time restrictions and the availability of spider 

webs. More species and samples should be compared if this research is to be 

continued in the future.  

For the provenance analysis, again only a few spider species were involved. 

This is not ideal as only one spider species was chosen from the different areas where 

the spider web was collected. Not all places have the same spider species making webs 

as their dwellings. Dust analysis collected near spider webs will provide valuable 

information for comparison in the future. This may provide information on the particles 

that spider webs failed to trap.  

For endurance analysis, the limitation to the study is the length of the total time 

for the experiment. In future a control sample should be kept in a sheltered area for 
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comparison purposes. Again due to a shortage of the same spider silk samples, this 

was not done.  

7.3 Conclusions  
 

Spider webs and the particles that adhere to them, when characterized in 

regards to their morphology and chemistry, may be very important trace evidence 

material. This is because spider silks could be potentially used to trace back samples to 

their source. Databases on silk morphology could provide valuable information not only 

taxonomically but also to the forensic community when investigating a crime where 

spider web silk is present. This study also found that (a) the amount of particles 

adhered to spider silks reduced if spider webs were placed in an exposed area and (b) 

copper reacts to certain spider webs.  

 

7.4 Future research  
 

i) It will be useful to examine more spider species of the same family and 

morphology. This is because, as previously stated spider webs structure can 

be used to identify spiders to family level. Morphological observations made 

at the microscopic level might focus the level of characterization of spider 

silks to species level.  

 

ii) Furthermore, assessment of particles adhering to spider silks in other 

locations such as mines, deep forest and other potential crime scene maybe 

useful. Incorporating dust analysis collected near the spider web will 

provide valuable information when comparing the environment around the 

spider web, especially when foreign material may be present. 

 

iii) Other techniques involvement for this study such as mass spectrometry 

along with Scanning Electron Microscope (SEM) and Electron Dispersive X-

ray Analysis (EDXRA) may be useful.  

 

iv) The factors affecting the particle loss on spider webs is unclear. It will be 

useful to find out what factors affect particle reduction over time on silk 

using different experimental approaches.  
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Appendices 

Appendix A – Images in alumina endurance analysis.  

 

Fig. 85. Endurance analysis of alumina; week 0. 
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Fig. 86. Endurance analysis of alumina; week 1. 

Fig. 87. Endurance analysis of alumina; week 2. 
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Fig. 88. Endurance analysis of alumina; week 3. 
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Fig. 89. Endurance analysis of alumina; week 4. 
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Fig. 90. Endurance analysis of alumina; week 5. 
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Fig. 91. Endurance analysis of alumina; week 6. 
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Fig. 92. Endurance analysis of alumina; week 7.  

Fig. 93. Endurance analysis of alumina; week 8.  
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Appendix B – Images in copper endurance analysis. 

Fig. 94.Endurance analysis of copper; day 1. 

Fig. 95.Endurance analysis of copper; day 7. 
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Fig. 96.Endurance analysis of copper; day 14. 

Fig. 97.Endurance analysis of copper; day 21.  
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Fig. 98.Endurance analysis of copper; day 28. 

 

 


