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Abstract

Typhalatifolia L., commonly known as cattail, has alredmenestablished as a
natural source of fibréor textiles and composite applicationbenusingfully mature plants.
An investigation was conducted to determine cattail fibre properties for composite
applications from fivalifferentgrowth stagesanging fromvegetativeto mature plants. The
reliability of cattail fibres othree different length&as chaacterized byatwo-parameter
Weibull distribution model using both linear regression (LR) and Maximum Likelihood
Estimation (MLE) methods. It was found that cattail fibres from all growth stages
reliable for composite applications, the Weibull moduus was foundo begreater than
unity. However, it wasmpossible to calculate a reliabilitank of fibres due to irregular
defects profile in the fibre and inherent limitations of the Weakest Link Theahg of
Weibull distribution model. To overcomeetbe limitations, a method to check the suitability
of cattail fibres was developed in Python by creating high, average, and low threshold limits
valuesbased on thenechanical properties of flax. Failure to rank fibres from the growth
stages using the Waeilh distribution model was investigated by examining the sources of
variations It wasfound that fibres from the central part of |@adre finer and weaker than
thosefrom the dorsal and ventral sections. The chemical makeup of fibres at various growth
stages was found to have no significant differentéss researcluggest that cattail plants
may be used from all development stages to extract fibre for composite applications. Multiple

harvestingcould bepossible in one growth cycle.
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Chapter 1 Introduction

For decades, cotton and polyester fibres have been used widely in apparel-and non
apparel textile applications like composites, implants (medical textiles), wound dressings, and
so forth. Automobile and aviation industries also use polyester, nylon, cgalsen, aramid,
and polypropylene fibore@Vambua et al., 2003However, these synthetic fibres are not
environmentally friendly to produce, are expensive, and generate greenhoug&hasges
2016) For example, the Japanese Carbimme Manufacturers Association reported in a-ife
cycle assessment (LCA) that 20 tons of carbon dioxide gas is emitted into the environment to
produce 1 ton of carbon fibre used for compogiBsoya & Kikutani, 2015)Similarly,

Joshi et al. (2004pund that 1 ton of glass fibre production emits 2.04 tons of carbon
dioxide. In addition, both these fibres requireigh amount ofenergyfor production and are
not biodegradabléarber & Pellow, 2006)A sustainald, renewable waste biomass fibre

needs to be found.

1.1 Natural Fibres

Because they are edaendly, lightweight, strong, and economical, natural fibres
have already begun to replace expensive synthetic fibres likefiplass numerous
engineering appiations, including the automobile and aviation industries. In recent years,
the use of natural fibrgflax and hemp)n composite materialsas increaseldecause
legislationis forcing automobile manufacturers to recycle and reuse materials, resuling in
growing number of bidased materials with biodegradable andfeemdly resourcegAshik
& Sharma, 2015Pickering et al., 20J)6fibre-reinforced composites can create lightweight
parts with optimum mechanical propert{@an et al., 2014)Flax is one of the most used

fibres for composites in the automobile and aviation indugies! et al., 2012)



Flax and hemp are both natural lightweifjbtes butare grown asgriculturalcrops,
which increases production costs. In additionséhglants can be harvested only once a year,
leading to an inconsistent supply of fibres throughout the year, which is not appropriate for

industries.

1.2 Cattail Fibres

Cattailis a waste biomass fibre extractednreheTypha latifoliaL. plantandmay be
a suitable replacement for flax fibre. Cattail fibres' mechanical properties are ;Sinmslar
lighter than flax (density of flax: 1.5 g/cc; density of cattail: 1.25 g/cc), and production is
cheaper since cattail grows naturally and abundantly in bayfeas roadside ditches
riverine, prairie pothole and lacustrine marshes; and wet meatibwtagavi & Moghadam,
2009 Grace & Harrison, 1986 Several species dlyphaplant are available all over the
world: Typha latifolig the most common and prevalent species, typically known as cattalil,
spread across the entire northern hemisphere and Augializllan & Moustafa,
2011) Typha angustifolias also widespread and is considered an invasive species in North
America(Stuckey & Salamon, 1987)ypha domingensis found inthe Southern parts of
America and AustraligAkkol et al., 2011)In addition,Typha orientalisjs foundin
Australia, Asia, and New Zealarfdarris, 1999)While T. laxmannii T. minima andT.
shuttleworthiiarelimited to Asia and southernueope(Clegg, 1967)Among these numerous
speciesTypha latifoliais used in this study. Since cattail grows naturally, it does not require
anycrop inputs (such as fertilizeiyel, or agrochemicals)n addition, cattail can be
harvested multiple times in a calendar year: perhaps a solution for a consistent supply of
fibres throughout the year. Cattail, harvested multiple times per year and used for composites
in industries, would add tremendous valugh® composite industry iconsistensupply, low
cost, and sustainabilitythe current research aims to determine the suitability of cattail fibres

from different growth stages.



1.2.1 Scope of Cattail Fibre

Since cattail species are productive, abundamd rich in feed value, despite their
invasive characteristics, they have long been considered a potentiéDatue et al., 1988)
Water filtration and flood protection are vital functions of cattail plants that provide a
protective covering fowildlife (Houlahan et al., 200®/orton, 197%. Many indigenous
populations use cattail fonanypurposegJ. F. Morton, 1975)such as rugs, sandals, room
partitions, ropes, and coarse mats, all made from the stems and leaves oDetieil, (

1937). Cattail pollen and floss have been used as fillers in pillows and mattresses. (Marsh,
1959 as cited iMorton, 1979 confirmed that instead of kapok manufactured in Chicago,
numerous cattail flosses were used in life jacket manufacturing in \Wtdl, and the

flosses have been used in sleeping bags and baseballs as filling m@enadens et al.,

1963) Ancient people also believed that the cattail flowers had healing powéngufogs

from cuts and burn@vaiden, 1889as mentioned iMorton, 19795.

Cattail s distinctive attributes include
growth, recycling, hygroscopicity, biodegradability, ralorasive nature, and availability in
several formgOthman et al., 2012Recent studeshow that all of these characteristics have
attracted the attention of researchers hoping to take advantage of the versatility of cattail in

various industrial applications.

1.2.2Industrial Use of Cattail Fibre

A study byKrus et al. (2014)evealed thalypha angustifolid.. leaves provide
excellentthermal insulation and loddearing propertieBecause ofheseattributesit is an
excellent contender for the production of sustainable building matesthl®igh load
bearing capacitandthermal insulation. Another study was conducted on the structure of
cattail fibre assemblies to determine their performance in removing spilled oil from water

(Cao et al., 2018)The study's results revealed thatdheophobic and hydrophobic



properties of the cattail fibre could effectively remove around 70% to 90% of oil
contaminationBajwa et al(2015)showed that cattail fibres could be used as a component in
producing composite palseharacterized by their high mechanical properties. A stuy w
conducted byVuzella et al. (2011fp develop biobased and bindeze composite materials.

The study's results revealed that the mechanical properties of these materials are up to 15%
higher than the traditional natural filbased composites like tton. Further, the cellulose
content from the cattail plant can be used to producefibae®that are ideal for various
applications such as packaging and electronic digflayipura Sundari & Ramesh, 2012)
Thesediscoveriedhave discovered that tlwattailfibres can replace traditional fibres in the
production of biebased composite materialdasan et al. (2022)ptimized an extraction

method, an&hadhin et al. (2021)sed the fibre to produce a fibreinforced composite.
However, all the research on cattail fibre has used mature cattail plants; no work has applied

the plant fibre's different maturities (growth stagesjomposites.

1.3 Impact of Maturity on Fibre Properties

The maturity of the hemp plant negatively impacts fibre quality due to the
development of fibre cells in the plant with the plant's maturity. Obtaining the stem section
with solely primary fibres or minimal secondary fibre content is desirableefop or any
other bast fibreas secondary fibre development reduces the fibre quality for textile
application(Hernandez et al., 2007 addition, the final production and quality of flax fibre
crops are affected by each stage of fibre cell growtheplant. The molecular development
of flax fibreshasa massive impact on tlmprovement ofibre characteristics thatelps the
fibre in usingversatile application@okshina et al., 2018)T'he mechanical and physical
properties of the secondaryllogall of the cotton fibre are vital in yarn and fabric quality.

That is why completing secondary wall growth before drying is crucial for cotton production



A fully grown, mature cotton plant contains fibres with a developed secondary cell wall that
canrot be found in the young cotton plg@totton Incorporated, n.d.)

Vetayasuporn, (2007dlentified that the cattail leaf consists of mostly cellulose
(63%), hemicellulose (9.6%noisture content (9%), lignin and pectin (9.6%&nd others
(8.2%. Cattail plants grow in a colony with ramets, including leaf development and their
related rhizomes and inflorescen¢€sace & Harrison, 1986Witztum & Wayne (2014)
noticed fibres in the dorsal and ventral partthef Typhdeaf in such an orientian that
creates a tensegrity structure that gives the leaf stability. In addition, they noticed a reduced
fibre length in the leaf with plant maturity. During cattail maturation, the plants undergo
several developmental phases, such as the vegetadiwey fland mature stages. The cattail
fibre extracted from these different growth stages may be similar or suitable for specific
applications. Depending on the fibre quality, it might be possible to harvest cattail plants
multiple times annually, as a re¢estudy by Koga et al. (2022jound no difference in
mechanical and hygroscopic properties of cattail fibres harvested at 90 and 120 thays.

work, the authors regreeattailsfrom the rhizome# a controlled environment

1.4Impact of Length on Fibre Properties

Fibre length is one of the most significant factors impacting the bealrafio
composites because fibre length has a crucial function in forming an interfacial bonding
between the matrix and the fibre. Theoretically, longer fibres show iragribvermosetting
of compositeandabrasive wear resistance, while shorter fibres are compatible with
thermoplastic compositéd\bdelbary & Mohamed, 2031However, in wear conditions, the
abrasive particles destroy the longer fibres locally, whileehwamder contributeto the
composité wear resistance. In contrast, excessively short fibres reduce thiedaedg
capacity and are responsible for an excessive wear rate,exbdssivelyong fibres result in

simple fibre puHout (Abdelbary & Mohamed, 2021 herebre, in the present study, three



different fibre lengthsvhere used from five different growth stages to determine their

suitability in composites.

1.5 Impact of Extraction method on Fibre Properties

Several previous studies have shown that the reduction in the degree of
polymerization of the cellulose chain due to ¢xpandingamountof mechanical processing
stagesn fibre extraction and processing causes degradation of the mechanical properties of
the cattail fiborg(Hughes, 2012)Minimally processed fibres may result in good composites
and fibres with good mechanical properijgsao & Finn, 2008) Appropriateparameters of
the retting process must be determiteedbtain fibre with highequalty mechanical
properties. The retting process involves dissolving theocatinlosicresource$rom the fibre
bundle viaenzyme treatmerft.ee et al., 2020)Depending on the retting process and
conditions, this complex process can affdmte quality. For example, overetted fibre might
suffer a loss of strength, whereas undted fibres might not separate from one another
(Preisner et al., 2014Retting might be accomplished in several ways: water retting,
chemical retting, enzyme retting, adew retting(Sadrmanesh & Chen, 201®nzyme
retting is the most popular of these processes due to the soft process conditions, specificity,
and excellent selectivity

In contrastchemical retting requires the least retting time with wegjulated filbe
quality (Lee et al., 2020)However Lee et al. (2020dleclare that water and dew retting are
cheaper, give a higher fibre yield (%), and create a smaller amount of pollution, even though
these processes are more ticoesuming. Besides these ragtimethods, a few less popular
and norcommercial techniques of retting can be seen, for example, microbial retting
(Ramaswamy et al., 1994inicrowave rettingNair et al., 2013)and gel rettingPandey,

2016) to name a few.



Numerougetting procedures were implementagast studieto extract fibre from
the cattail leaf: water retting, enzyme retting, acid retting, alkali retting, and alcohol retting
(Chakma, 2018Sana et al., 20)4Chakma (2018)eclared that all retting pcesses failed to
work on cattail fibre extraction except for alkali retting. However, he could not conclude the
alkali concentration, temperature, time, and material: liquor (M:L) ratio and their effects on
extraction quality. HoweveHasan (2019)urther discovered the optimum retting conditions
(time, temperatureand concentraigrfor cattail fibre extraction. They tried to extract on a
tiny scale (1 to 3 g) but could not make any conclusions about theskeatgecommercial

process.

1.6 Variation on Properties of Natural Fibre

Due to the enormous variability of natural textile fibre, the fineness or coarseness
varies from fibre to fibre and along the length of the same (lafranche et al., 2015As a
result, the measured tensile propertieseést and modulus) data using a predetermined
diameter value is inaccuratgatural textile fibrdike flax has atensile stengthrangng
between 34&nd2000 MPaandY o u n g 0 s betwednlSland$03 GPa, respectively
(Yan et al., 2014Yukseloglu & Yoney, 2016 Many researchetsaveapplied statistical
analysis, such as analysis of variance (ANOVA), but failed to obtain any significant
differences in mechanical properties due to large standard devigiefegopoulos &

Baillie, 2007)

1.7 Scope of Weibull Distribution

Since cattail is a natural fibre, its physical and mechanical properties vary widely
(Shadhin et al., 2022 urrently, Weibull distribution, a statistical analysis based on the weak
link effects, is commonly applieto predict the tensile properties of filmenforced
composites, and decisions can be made on the reliability of biomasqKilartsn et al.,
1996) However, the severity of variations in these fibres makes it difficult to conclude the
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reliability and differences among the samples based on the Weibull modulus. In addition, the
traditional Weibull probability plot is based on a match between the model's probability plots
and the shape of the data. Due to thelirwearity of the Weibull transformatisnthe shape
of the plot of data randomly produced from a distribution model can be drastically different
from the shape of the theoretical Weibull probability (leang, 2014)

Moreover, it is unreliable to choose the distribution model accordirdtetshape of
the plot curvdJiang, 2014)therebymaking decisions based on the Weibull distribution is
notadvisable Moreover,Naik & Fronk, (2016)mentioned the increase of tensile stress and
modulus with an increase in kerfidre's gaugdength, and the Weibull parameters fluctuated

with an increase in fibre length. Therefore, the result did not fit with the-iidatheory.

1.7.1 Effect of WeakLink Theory on Weibull Distribution

Weibull distribution is based on the weakest link theattyich means testing a fibre
material at a shorter gauge length will provide higher strength. While evaluating the fitness of
the Weibull model with fibre strength distributions, tensile tests are performed on several
fibres having exactly the same radiumgldength by varying the gauge length. The Weibull
parameters are attained from the experimental data by both the maximum likelihood and
linear regression metho@®@uinn & Quinn, 201Q)While the majority of the research found
the usefulness of the weakdink theory and Weibull distribution model when using shorter
length fibre (up to 10 mm), some suggested that the model does not work for a larger gauge
length and strain rate (100 rrin(Pan et al., 1997 Further, a single natural fibre like cattail
contains multiple flaw populations, such as nodes, oxalate plates, and 0 pr2021)
therefore, their strength distributions cannot be obtained from the standard Weibull
distribution. Furthenore the Weibull model cannot differentiate and ram& $ame fibre

from different growth stages.



Fibre would break at the weakest point while the tensile load is applied to a whole
fibre length, wherasit would not have broken at the weakest point if two equaldsalf the
length were used. Therefore, tveakest point is not independent; rather, it depends on fibre
length. This wealtink effect can change the value of the tensile properties of the fibre. For a
nortwoven matMartin et al (2016)used 50mm fibre lengths, whereas others used various
lengths. The outcomes of the Weibull distribution exposed a fundamental weakness in the
weaklink moddling. The Weibull plots showed strong linearity for most of the distribution,
although spots at the extremities deviated from the line. However, the shallees have
the most significant impact on weak link failure. That might be Riockering & Murray,
(1999)discovered 5% errors in estimating tensile stressesa®@ mm from results at 1
mm gauge length. The twmarameter Weibull distribution was fiodi to fit polyester
strengthgAmaniampong & Burgoyne, 19943lthough the threparameter distribution was
preferable for breaking strain. The application of Weibull to evaluate the length effects on the

strength of the wool fibres discussed byhang et al. (2002)

1.8 Scope of the Thesis

In this study, to resolve the limitationstbe Weibull model, a computational method
is used to check the suitability of cattail fibres for composite applications by comparing them
with flax fibre properties. In brief, the flax fibre properties of the highest, average, and lowest
values will be thresholds which will be compared with theaddibre properties for the
purpose of ranking. The details analyzing the process are given in Chapter 2.

The primary objective of this research is to check the variability of cattail fibres from
five different growth stages using the Weibull distrimutmodel (Chapter 3) and rank the
cattail fibre properties from five different growth stages using Python computer

programming (Chapter 4). Finally, the woirkvestigats the fibre development in the cattalil



plant from five different growth stages (Cha@é¢rand checkthe sources of variation in the

cattail fibres (Chapter 6)
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Chapter 2 Materials and Methods

2.1 Cattail Fibre extraction

2.1.1 Plant Collection andPhenologicalGrowth Stage Identification

Cattail plants of five different growth stages were collected from Kings Park,
Winnipeg, Manitoba (Latitude: 49° 47' 53.16" N and Longitu@&? 07' 21.72" W) between
July andAugust2021.

The phenological growth stages wetwserfollowing theresearctof Sobrero et al.
(1997)on another species of cattadmedTypha subulatéocated in Argentina. The authors
identified growth stages asrm regrowth, theemergence of new shoots from rhizobgls
vegetative growthflowering (emergence dfistillate and staminate flowerspate leaf,
anthesis of male flowelgss of male flower, anthesis of femd@wer), fruit formation
dispersalandsenescencé-urther, we communicated with Dr. Randy Wayne (Professor,
Cornell University, email: rowl@coell.edu) through email to find names for the growth
stages since he had worked with the growth stagégpifaplant. His reply wasfiTypha is
such a wonderful plant. | am happy to hear that you are working on it. Allan and | only
characterized the plas as Vegetative and Flowering, so you can make up your own
classification system that best describes the plants you want to charabietizsen
immature and mature vegetative plants. You could use a continuous scale and classify them
by the number of legs (and call thepfor exampleplants withthreeleaves) or a
discontinuous scajdéor examplefewer than a certain number of leavesy)3 You could call
[those plantsimmature and plants with a greater number of leaves you can call mature.

Following the study oSobrero et al. (1997)he cattail plantswhich are just grown

and do not have any shoot or flower, were identified as #lower (NF) stage othe
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emergence ohnew shootltigure2.1a, yellow circled) The plants whose floral hesdre
covered by theistillate,and staminate spathe leaf were identified asdlo(F) stageRigure
2.1b). In addition, plants with longhick shoots withboth male and female inflorescence
were collected and identified as late flower (LF) stage or anthesis of male fleigere(
2.1c). Moreover, the pints whose male inflorescencetloé shoot had fallen were collected
as a flower withouthe male inflorescence (FM) stage or loss of male flowegyre2.1d).
The browncoloured matured plants (M) orseedli s per sed from t he

are shown irFigure2.le.

This plant N “5 ﬁ is » 4 This plant
isused ‘ 43Ny : S isused

inflorescence
of the shoot
has fallen

S

This plant This plant
isused isused
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Figure2.1: Cattail plant of (a) nofilower (NF) stage; (b) flower (F) stage; (c) late flower
(LF) stage: (d) flower without maieflorescence (FM) stage; (e) mature (M) stage

2.1.2 Alkali Retting in Water Bath
The collected cattail plants were precut to 6 inchas each layer of bark and leaf
was separated. The weight of these leaves was measured using an electronic balance. The cut

leaves and bark were added to alpeated alkaline solution in a water bath with a capacity

of 121 15 L (Figure2.2).

=3 =200

Oscillation Control

Power Button

Control Panel

Figure2.2: Water bath for cattail fibre extraction with control panel

The optimum parameters for alkali retting of cattail fibre, developddasan et al.

(2022) are shown imable2.1.

Table2.1 Optimum parameters used for cattail fibre extraction
Optimum Values
5% (w/v) KOH solution

Parameters
Alkali
Temperature 90
Time 4 hours
1:20

M:L (Material:Liquor)

A stock solution of 5% (w/v) KOH (Fisher Scientific, Ontario, Canada) wasinsed

alkali treatmentand 7 litre of thesolution was taken from that stock solution and filled up
13



the water bath. The bath was heated until the temperature reacghedtis point, 200g
cattail leaves and bark sample were added to the heatedsalkidilon andnaintainedor 4
hours at 98 . During this process, an oscillation of 100 rpras implemented. The

temperature of the solution was monitored using a thermopaeigthe solutiomvasstirred

at regular intervals of 20 minutes to ensure the consistent retting of all the samples.

2.1.3 Washing, Neutralizing and Drying

When the fibres were individualized from the melted leaves and bark, they were
placed undea continuoudlow of hot and then cold water for 5 minutsch Then the
specimen was neutralizeding2% (v/v) acetic acid solution (Fisher Scientif@ntario,
Canada) and again washed with cold water for 5 minutes. Finally, the extracted fibres were
dried at room temperature for 24 hours. This procedure was repeated for the plarigeof all
growth stages. It is worth mentioning that this extractiat@dure was based on a previous
study byRahman et al. (2021Yhe dried extracted fibres of 5 growth stages are displayed in

Figure2.3. A flowchart of the whole extraction process is presentddgare2.4.
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(d) (e)
Figure2.3: Extracted fibre of (a) NF stage; (b) F stage; (c) LF stage; (d) FM stage; (e) M

stage
. - Neutralizing //er;\
Alkali \( R by acid with water
retting ) T solution & dried ‘

NN

ASeparatedthe APreheated ARinsed with ATreated with ARinsed with

layers of plant  the hot bath  cold water 2% acetic cold water
ACut the layers  for 1 hour for 5 acid solution  for 5
at 6 inch with 5% minutes minutes
lengths KOH ARinsed with ADried in
solution hot water for normal
ATemperature 5 minutes room
> 90 temperature
ATime: 4 for 24 hours
hours

Figure2.4: Flow chart of cattail fibre extraction

2.2 Measurement of Fibre Properties
The properties of fibre diameter, yield percentage, and tensile properties (tensile
stress, tensile strain, Young6és modulus, | oa

testingequipment and methodslisted inTable2.2.
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Table2.2: Summary of testing fibre properties

Properties Equipment/Methods
Yield (%) Thermo scientific oven and weight balan
Diameter Microscope
Mechanical Properties Instron tensile tester

2.2.1 Yield (%) Measurement

Fibre yield (%) is the ratio of thevendried mass of cattail fibre after retting to the
mass of cattail plants before rettifithe yield (%) of fibre fromeach of thdive growth
stages was calculated usiBguation2.1, where M is themassof the extracted fibrandMy

massof the cattail leaf before extraction.

Yield (%) =—3 % 100% Equation2.1

2.2.2 Mechanical PropertiesMeasurement

The mechanical properties of tensile stress, tensile strain, modulus of elasticity
(Youngb6s modul us) ,detarmidedlh arderdo neeasurdtheemeedhanivad r e
properties of cattail fibrea few steps had tee donesuchassample preparationliameter
measurement, conditioning, and tensile testing.

2.2.2.1 Sample Preparation
Fifty single fibres were taken from each batch (5 growth stages x 3 lengths) to

measure the mechanical propertieachfibre was attached to a paper frame -@fdh
(squae hole), 2inch (circular hole), and-Bch (circular hole) lengthHigure2.5). Single
cattail fibres were selected from each batch and glued sgthae or circular hole in the

center of the paper frame, as showfrigure2.5.
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(a) (b) (c)
Figure2.5: Sample fibre with franeeof (a) Linch; (b) 2inches; (c) dnches

Each fibre from each batch was marked with a unique sample identification (ID)

number so that they were traceable. Sample ID was given accordiagl&®.3.

Table2.3: Sample ID

M-L1 FM-L1 LF-L1 F-L1 NF-L1
M-L2 FM-L2 LF-L2 F-L2 NF-L2
M-L3 FM-L3 LF-L3 F-L3 NF-L3

M: Mature stage; F: Flower stage; LF: Late flower stage; FM: Flower without male inflorescence stage; NF:
Non-flower stage; L1, L2, L3: fibre length for testingrich, 2inches, and-3nches.

2.2.2.2 Diameter Measurement

Using amicroscope, the cattail fiber's diameter was measured (Motic, China). The
frame was put on a glass slide, and a monitor was used to observe tiidbréslinked to
a projection microscope at 90x magnificatiéigiure2.6). The diameter of a single fibre
mounted on the frame was measured in microeaet ( Nawjral fibres frequently vary in
diameter along the length of a single filfkéorton et al., 1996)hence the diameters were
measured at the thinnest visible pgiasthe breakage region of the fibre would be expected

to be at the thinnest place.
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TOSHIBA

Figure2.6: Micoscope connected withonitor for diameter measurement

2.2.2.3 Humidity Conditioning of Fibre
In order to make the mechanical properties comparable among the five growth stages

and three lengths, fibres from all batches were conditionadpécificrelative humidityof
75.5%at room temperature for 24 hours. Conditioning was done using a desi€ogtwe (

2.7) containing sodium chloride (NaCl) solutiomhere a hygrometavas placed in the
desiccator to monitor the maintenance of consistent relative huniidayder for the fibres

to absorb moisturdibre attached with frameasere maintained all together on a plate and put

in the desiccator.
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Figure2.7: Fibre kept inadesiccator for humidity conditioning

2.2.2.4 Tensile Test o€attail Fibre
The mechanical properties of cattail fipseich as tensile stress, tensile strain,

modul us (aMidhdoad altlehreak weremeasuredisinganinstron Tensile Tester
machine (Model: 5965, Sl: VS02075661, Norwood, USA), follmitheASTM D3822
standardTo avoid changing the fib's moistire content, the desiccator containing the fibre
frames was brought to the Instron Tensile Tester, where the frames were removed one by one
and instantly attached the testing machine.

The sample fibre frames wesetbetween two jaws of the Instron TdasTester in
suchamannetthat the inner length (1 inch, 2 irefiand 3 inckg of the paper frame acted
as the gauge lengthe., the gauge length for measuring the strain was the fibre length inside
the hole of the frame. After clamping the frame tivo vertical side edg®f theframewere
cut with scissors so that the tension was only on the fibre. The upper jaw moved at 20
mm/min in an upward directiomsinga 1 kN load celli |l nst r on Bl uehi | | 20
2.26) was used to operate the machine and collect the data. The data wasl@ken
intervals. All the results of mechanical properties for each fibre from each batch were

acquired from the software.
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2.3 Statistial Analysis: ANOVA
Oneway Analysis of Variance (ANOVA) witlthe Tukey Post Hoc test was carried
out to calculate the statistical significance of the value of tensile stress, tensile strain, and

modulus among the batches.

2.4 StatisticalAnalysis. Weibull Distribution

Weibull distribution was used to characterize the entire distribution of tensile stress
and modulusalong with the failure behaviour and reliability analysis of the experimented
tensile properties. fie tvo-parameter Weibull distribution hégen used in this study to
identify the probabilistic tensile stress and moduioidowed by reliability analysis of cattail
fibre. The most popular two methods are used to determine the Weibull parameters, i.e.,

shape parameter and scale parameter.

2.4.1Weibull Analysis with Linear Regression Method

While using tweparameter Weibull distribution, the cumulative distribution function,
statedn Equation2.2, was used to identify the cumulative probability of failure [F(x)] of
cattail fibre for a given set of data (tensi

and scale parametersspectively.

Equation2.2

Ow p Q
The simplest format of this equation can be genetayegbplyingthe natural

logarithmtwice on Equation2.2, as shown irEquation2.3.

T 1 p RECENEIRT Equation2.3
Equation2.3 can be compared with tleguation oftraightline represented in the

form of Equation2.4 and found that Y3 11 TZ— hX = In x)andc=U | n (b)
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O a0 w Equation2.4

Various probability estimators amsedto determine the probability of failure. These
include themedian rank estimatoEQuation2.5) Ha z e n GEguat®m.6)aandimean (

rank estimatoriquation2.7).

N ™ Equation2.5
0 g
20 Q ™ Equation2.6
0 .
&0 . Equation2.7

Here, N is the number of experimentadéasurementsndi is the rankiif" datum)

after arranging all the experimental vadwé tensile properties in ascending order.

[ - and In(x) were plotted on a gra@nd the value of shape and scale
parameters were calculated using the equatiohediVeibull line and comparing it with
Equation2.4 after calculatg the value ofhe probability of failure, F(x) usingequation2.5,
Equation2.6, andEquation2.7 separately.
Theexperimental value (x) would be equathea v er age We iafitthel v al ue
probability of failure, F(x)is 50%(Quinn & Quinn, 201Q)Putting these values into

Equation2.3 and after simplificationizquation2.8 can be formed. Moreover, the average

We i bul | agwanlbaicalculatéd using the shape and scale paramefgpsaition2.8.
o :
g O Equation2.8

Reliability analysis can also be performed ugimg\Weibull model with the help of
B e r n apprehdngtion Equation2.9), where probability of survival or reliability of a

property, R(x)can be determined.
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20 pz&9 Equation2.9

2.4.2 Weibull Analysis with Maximum Likelihood Estimation (MLE)

The maximum likelihood estimation (MLE) method is also used to identify the shape
and scale parameterstbetwo-parameter Weibull distribution. This method calculates the
shape and scale factors that maximize the likelihood or give the highest probability of
producing the data attained from the tensile testing. In this ttee@pbability density
function (pdf) is usedquation2.10) while considering the data are independent and

identically distributed.
&@ —w Q  (x O 0; U O 0; Equation2.10

The likelihood function for n number of observations showidoation2.11is the

product ( @&quatoh2.13d).he pdf (

Equation2.11
, @ "Ow
t 0w T'—co Q
| B .
t Do — [H) Q Equation2.12

coa - X B
I 1— 1 w [ 1Q

I

- R B w
el I— 1 p I w
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Partially differentiatingequation2.13wi t h r espect to U;
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Again, partially differentiatindgequation2.13wi t h r espect to b;

r @ Equation2.15
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) Equation2.16
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] 3 Equation2.17

To solve these two equatiorisquation2.16 andEquation2.17) and find out the
val ue o fteralive @ompltatibnanethodgexample: NewtorRaphson method,
Gradient method) are popular. In this case, a computer programming language (Python) with
abWei bull 8 Ilibrary is used to compute the pa
In Python programming language, Weibull statistical modelling can be done in two
methods: MLE (Maximum Likelihood Estimation) and LR (Linear Regression) with the
OWei bul I 6 | i bthasamdor bdithhcasesxoepl foegnamesof the method.

2.4.21 Weibull Distribution Using Python Code
Weibull distribution was conducted usiRgthon the source codendpseudocode are s

in Appendix A O and A 41 Theflow chartprovidedin Figure2.8 summarizeshe algorithm
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If sample
serial no. <=
total no of
sample

Figure2.8: Flow chart of Weibull distribution using Python

2.4.3 Sample Calculation of Weibull distributioni Linear Regression Method

The following example uses a set of arbitrary data to demonstrate the process of
preparing the Weibull distribution graph. Presume that five fibres gave tensile stress readings
of 564, 263, 658, 259, and 487 MPa. This small data set is selected foripgeaant
illustration of the graph; however, a larger data set is advisable for an appropriate outcome
for this distribution. The data set is first arranged in ascending order, as shown in the second

column ofTable2.4, and the order numbaei) {s shown in the first column.
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Table2.4: Example data set of 5 sample fibres
Tensile stress (MPa) X =In(tensile stress)  F(x) = (i-0.3)/(n+0.4) Y= In[In(1/(1-F))]

|

1 259 5.556828062 0.12962963 -1.974458694
2 263 5.572154032 0.31481482 -0.972686141
3 487 6.188264123 0.50000000 -0.366512921
4 564 6.335054251 0.68518519 0.144767396
5 658 6.489204931 0.87037037 0.714455486

The natural logarithm of the tensile stress values is calculated (shown in the third
column ofTable2.4) to be plotted along theaxis of the Weibull graph. According to many
literature sourceBergman, 1984Langlois, 1991 Steen et al., 199&ullivan & Lauzon,

1986 Trustrum & Jayatilaka, 1979)he number of samples should be greater than 20 to
obtain less biased estimates of the Weibull distribution. The accumulative probability of
failure, F(x), is estimated aradlocatedto an individual datum, as shown in tleifth column

in Table2.4. Three estimators [median rank estimakguation25) , Hazends Equat.i
(Equation2.6), and the Mean rank estimat&quation2.7)] were used in the main

calculation, and the result was discussed in Chapter 2. However, the median rank estimator
(Equation2.5) is used in this example. Applying the DR estimator, F(x) was estimated to be
0.12960r 12.96% for the firsti€l) datum, as shown in the fourth columable2.4, which
signifies that 12.96% of fibres are weaker than the tested specimen that broke at 259 MPa
among all tested fibres in a batch, and 87.04% would be stronger. The double logarithm
[1/(1-F(x))] is calculated, shown in the last columrlable2.4 and plotted along the-gxis

of Weibull graph in accordance wilquation2.3 as show in Figure2.9.
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Figure2.9: Weibull graph for th& able2.4 data set

Figure2.9 shows the dates not uniformly distributed along the axes, and a line is
fitted through the data set using linear regression. The equation of the regression line is
compared with the standard equation of straight line i.e., y = mx + c. In this example, the

slope of theegression line, m = 2.216 and intercept-@xys (c),-13.85, are compared to the

standard equation of a straight I ine where

modul us of tensile stress for t hiasterigticst a

strength is computed using equatiprs Q ~ and the value is 518.01 MPa. Moreover, the
correlation for the regression line is 86.97% for this example.
Probability of survival is calculated usiguation2.9 and shown in the last column

of Table2.5.
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Table2.5: Example calculation of reliability for 5 data set

[ Tensile stress (MPa) F(x) = (i-0.3)/(n+0.4) R=1-F(x)

1 259 0.129629630 0.870370370
2 263 0.314814815 0.685185185
3 487 0.500000000 0.500000000
4 564 0.685185185 0.314814815
5 658 0.870370370 0.129629630

The value of tensile stress is plotted on the horizontal axis, and the probability of

survival of individual data set is on vertical axis to produce the data shdviguire2.10.
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Figure2.10: Relationship between tensile stress and probability of suraxample
calculation

It can be concluded that the probabilifysarvival decreases with an increase in

tensile stress.

2.4.4 Sample Calculation of Weibuldistribution 7 MLE Method
Let, five fibres gave tensile stress readings of 2118, 263, 658, 259, and 487 MPa
(these values are arbitrary value) which are needbd tmalyzed the Weibull distribution

using MLE method. Putting these valueBguation2.17,
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X® ¢ Y Equation2.18
Numeric iterative method is used to sokguation2.18. That is why, different numeric
values of U wil!l put to both of the sides [
toidenti fy the values of Efuatioi2ast ful fills the c
| f U=1, put Eduatign28he val ue to
LS =1
R.S = X® ¢q Y
=20
Therefore, L.S. | R.S.
Againi f U=2, putoEquatigi2l8Bhe val ue
LS.=2
R.S=
X®qy
=10.09
Therefore, L.S. | R.S.
Again i f, U=3, Egquatian218ng t he value to
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LS. =3

R.S =

X® ¢y
=7.46

Therefore, L.S. | R.S.

Again if, U=4, Epatian218ng the value to

LS. =4

R.S=

X® ¢ Y
= 6.13

Therefore, L.S I R.S.

Again if U=5. 10Equaian218i ng the value to

L.S.=5.10

RS = 8 8 8 8 8

X® ¢ Y
=5.30

Therefore, L.S. | R.S.

Again if U the value to

1
ol
N
@)
m
Qo
c
2
:
=
o
-
©«

L.S.=5.20

RS = 8 8 8 8 8 XEB)CLIJ
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=5.25

Therefore, L.S. | R.S.

Again if U=5.22Equgtian218i ng t he value to

L.S.=5.22

R.S = ° ° 5 5 ° 5 5 88 ° X® ¢ Y
=5.24

Therefore, L.S. I R.S.

Again if U=5.23Equaian218i ng the value to

L.S.=5.23

R.S = 8 8 8 8 8 XEB)C u

=5.23

Therefore, finally, L.S = R.S.

So, the scale parameter ( Bguationd165. 2 3. Now,

P

[ Ucppaw PXUWnN qucdh pwo’ pgmw

O T

So, the scale parametél) (s 2081.85 GPa.
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2.5 Suitability Analysisand Ranking
The giitability of cattail fibres in compositapplicationan compositesvas analyzed
across théive growth stages antthreelengths to find out the appropriate batch and rank

them afterwards.

2.5.1 Selection otimit Value

Since flax fibres are widely usexd composite applications, the value of the
mechanical propertiesf flax fibreswas taken as threshold values to rank the properties of
cattail fibres from five different growth stages. However, since flax is a natural fibre, its
reported mechanical progiers vary widely Thus,selecting the limit values was challenging.
To the best of our accessibility in the literature on flax fibre mechanical properties, the high,
average, and low values were taken as limit values.

In theliterature, we identified theighest tensile stre$S) value of 2000 MPa and the
lowest value of 343 MRavhile the highest moduly¥) was found to be 103 GR#an et
al., 2014)and the lowest modulus was 15 GFakseloglu & Yoney, 2016)Moreover, the
highest tensile straifR) was noticedat 3.3% and the lowesit 1.2%(Yan et al., 2014)The
highest (HLV), lowest (LLV) and average (ALV) limit values were established and shown in
Table2.6. For average threshold values, data fl©harlet et al. (2010)as taken as these
data appear to be approximattte middle value of the lowest and highest data poirte

limit valuesshown inTable2.6 were definedising the literature values just mentioned.

Table2.6: Limit values ofmechanical properties of flax fibre

Limit Value Tensile stress (MPa) Tensile strain (%) Modulus (GPa)
LLV 343 3.3 15
ALV 1253 2.5 54
HLV 2000 1.2 103

LLV - Low Limit Value; ALV- Average Limit Value; HLV High Limit Value

For composites, high tensile stress, high modulus, and low strain are preferable. Using

Python programming language, every fibre of each batch (50 samples) was examined
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calculatethe percentages of fibre that can fulfill the limit requirements usirggthmit
values as a threshold. In addition, 3 parame®iR/{), 2 parametersS(R, Y/R,andS/Y),
and 1 paramete5( R,andY) are considered as a condition for examining the suitability

percentage for composites.

2.5.2 Decision forSuitability and Ranking: Process Flow

Figure2.11a gives a flow chart of the overall felayer process of the suitability
analysis. In the first padf the analysis process, 3 types of parameters (1 parameter, 2
parameters and 3 parameters) and 7 parameter combinations (S/R/Y, SIR, YIR, SIY, S, R, Y)
were established. In addition, 3 limit values (LLV, ALV, HLV) were introduced, which made
the analysigprocess easier to compare with the flax threshold values. Moreover, the 5 growth
stages (NF, F, LF, FM, M) added an extra dimension to this analysis, leading to the suitability
(%) of cattall fibre. From this, suitability (%) ranking at various dimensiees done that
gaveconcrete resudt The overall analysis was done using Python. Hence, the coding

conditions for all batches were not exact; an example of them is presented here.

2.5.3 Use of Python Code foBuitability (%)
The source code (Appendix A 42nd pseudocode (Appendix A 43) of suitability (%)
using 3 parameters with high limit value was conducted using Python. A sample flow chart is

shown inFigure2.11b.

2.5.4 Use of Python Code for Ranking (Combination of Growth Stage and Length)

After calculating the suitability (%), a combined ranking along the growth stages and
lengths was established. Finally, theskEsnple batch of each group wasked using Python
presented in the flow chafiQure2.11c). Thesource code and pseudoc@de presented in

AppendixA 44 and A 45respectively.
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Suitability %

= 1 riraw data
Import raw data e :

Calculate the no. of row and
column

—~

Append all element to an empty
listusingloop from the imported
data file

Sort the listin ascending order

Search the index number of the
element of listtothe numpy array

Select the analysis
method

Usingthe index number find the
heading of the numpy array

Using the index number of the
sorted list, find the rank

[

Print the output

|

Figure2.11: (a) Process flow of suitability analysis; f@wchart of suitability (%) using
Python (c) flowchart of ranking (combination of growth stage and length) using Python
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2.6 Image analysis

2.6.1 ESEM and EDSAnalysis

The surfaces of the fibres from different growth stages were examined in an ESEM
(Environmental Scanning Electron Microscop€&l Quanta 650 FEG) in the Manitoba
Institute for Materials (MIM) at the University of Mdoba Eigure2.12) at a voltage of 10.0
kV and a pressure of 120 Ra addition, Energydispersive Xray spectroscopy (EDS)
analysis was done for each growth stage. Mechanically extracted fine fibre andatlyemi

extracted fine and coarse fibre from the mature stage were also examined using ESEM and

EDS.

Figure2.12: Environmental Scanning Electron Microscope (Manitoba Institute for Materials,
University of Manitoba)
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Chapter 3 Statistical Analysis: ANOVA and Weibull Distribution

T Resultsand Discussion

3.1 Statistical Analysis Using ANOVA

A large variatiorin mechanical properties of cattail fiboreasobservegdas shown in
Table3.1. Other natural fibres also show similariations(Shadhin, 2021)Before
conducting Weibull analysisf the mechanical properties datdN@VA with Tukey post
hockwas carriedut to find out thalifference among thigbres from thedifferent growth
stages.

For the 15 batches of fibrefve growth stages #reelengths), a total of 105 pairs
were comparedsingoneway ANOVA. The tensile stress data and the ANOVA analysis are
shown in Appendix A 16, A 17, and A 18, alsothe appendishowingthe significant
differences (p value) of tensile straira n d Y anodulgs) respectiveljgymong the 15
batchesFor tensile stresa significant differeige (p<0.05)was bund inonly 13 of105 pairs
shown as green marked in Appendix® However, mly 40 pairsof strain andsevenpairs
of Y o u nrgodudusare foundo bestatisticallysignificant

Therefore, bsedonthe ANOVA analysisa decision cannot be madegardingthe
reliability of cattail fibre for the composite applicatiotiserefore a Weibull analysis of the

mechanical properties of cattail fibreasconducted.

3.2 Statistical Analysis Using WeibullDistribution

Weibull distribution was conductemh the experimentatiata of tensile stress and
modulusfrom five growth stagesf cattail fibrewith threedifferentlengths(1, 2 and 3

inches.
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3.2.1 Weibull Analysis of TensileStressi Linear Regression (LR) Method

Table3.1 depicts the Weibull parameters of tensile stres§3dnatchesfive growth
stages sthreelengths)of samples computed using three estima#isample calculatiors
given in Sectior2.4.3 Sample Calculation of Weibull distributior.inear Regression

Method

Table3.1: Weibull parameter of tensile stresistained from linear regression method

ID " Xstress Uavg (MPa) U b (MPa) R%
(MPa) DR HE MR DR HE MR DR HE MR DR HE MR

NF-L1 1215[903 1053 1056 1049 1.52 157 1.46 1340 1333 1348 0.97 0.97 0.98
NF-L2 1047[614 986.0 987.8 984.2 181 1.88 1.73 1207 1200 1217 0.93 0.94 0.92
NF-L3 747[252 744.1 745.0 742.8 3.01 3.12 2.89 840.3 8379 843.4 0.98 0.98 0.98

F-L1 1288[824 1138 1142 1135 1.47 152 1.41 1460 1452 1473 0.98 0.98 0.98
F-L2 1035[534 989.4 990.7 987.1 223 230 214 1166 1162 1172 0.97 0.97 0.97
F-L3 958[483 9129 914.8 911.0 2.18 225 2.09 1080 1076 1085 0.98 0.98 0.99

LF-L1 738[440 681.7 683.0 680.2 1.66 1.73 1.59 849.8 844.2 857.0 0.95 0.96 0.94
LF-L2 684472 626.7 6284 6252 192 198 1.85 758.3 756.0 762.3 0.94 0.94 0.95
LF-L3 542[429 4585 459.6 4569 141 146 1.35 5945 591.0 598.9 0.98 0.98 0.98
FM-L1 584[334 535.4 536.5 5339 164 1.70 1.57 669.5 6658 674.2 097 0.97 0.97
FM-L2 645[531] 580.8 582.2 579.1 186 191 1.79 707.7 7053 7109 0.87 0.86 0.87
FM-L3 500[298 471.1 471.8 470.2 2.04 212 195 563.7 561.0 567.1 0.95 0.95 0.94
M-L1 1058[881] 843.5 846.8 839.7 1.14 1.18 1.09 1164 1156 1176 0.97 0.97 0.97
M-L2 1500[973 1369 1372 1366 181 1.88 1.74 1676 1668 1687 0.98 0.98 0.98
M-L3 834[367] 817.1 818.4 815.7 2.67 2.76 2.56 937.3 934.7 941.3 0.97 0.96 0.96

Standarddeviation is presented Byuare brack€tXswess E X p er i me nt a Weibalnageraged: st r es s ;
shape par amet er DR:Mmediarsrank dstenatpr,aHE:&Harert estimator; MR: mean rank
estimator

The experimental average tensile stegsiesy was1500MPa inthe M-L2 batch,
which is the highest among the 15 bat¢iesvever, the standard deviatitor this batchvas
alsoone ofthehighest 973MPa).Fibres fromF-L1 (1288+824MPa), NF-L1 (1215+903
MPa),NF-L2 (1047 + 614VP3), F-L2 (1035 * 534MP4), andM-L2 (1058 + 881MP3)
batches arsome of thestronger fibres.In contrast, the FM.3 batch hd the lowest
(500298 MPa) tensile stresfollowed by LFL3 (542429 MPa) and FML1 (584t535
MPa).Overall, ro trendis noticed regardinghetensilestress othefibres fromdifferent

growth stags. Severaluthors foundigher standard deviatiamm mechanical properties of
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natural fibreswithout statistically significant differenceghen compang variables like
cultivars (Charlet et al., 201nd surfacéreatmeniZafeiropoulos & Baillie, 2007)
Thepredictedaverageof Weibull tensile stres@lavg) for all three estimatoris always
lowerthan thecorrespondingxpermentalvalues(xstes). The lavgvalue calculated by
Ha z en 6 s HEpestimatansothre hghest followed bymedian rank[DR) andmean
rank (MR) estimatorgTable3.1). It appearshat thecloseness of thésyessandUag Values
dependn thestandard deviation of trexperimentatlata setln the majarity of the caseshe
higher thecoefficientof variation the larger the difference betweitre experimental anthe
predicted average Waib tensile stress valuder all three estimatord{gure3.1). The
differences betweethe experimental and predicted values im@ependent othe growth

stage andibre length.

250
ODR AHE ©MR

200

g

o:ﬁ g

%100

& 2

a
2
2
0 2
30 40 50 60 70 80 90
CV (%)
-50

Figure3.1: Relationship betweethe difference betweesxperimental and predicted Weibull
values with the cdécient of variation (CV%)of tensile stress

Average Weibull tensile stress is calculated ugggation2.8, where shape and scale
parametesareused as input. The scale parameter of tensile stress is always higher than the
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average Weibull value for the 15 batches #mdeestimators. IrfEquation2.8, the natural
logarithm of scale parameter is usethking the value smalleimpacing the overall average
Weibull tensile stress.

The shape parametdis between Jand3 for all 15 batcheffive growth stageand
three lengthsjor all threeestimators There is no trend observed between the shape
parameters anithe fibre lengthsThis relationship will be discusseddletaillater in this
chapterTherange of shape parameters \asveenl.14 (M-L1) and3.01(NF-L3); 1.18
(ML-L1) and3.12(NF-L3); and 109 (M-L1) and2.89(NF-L3), for DR, HE and MR
estimatorsrespectivelyTable3.1). By considering theshape parameter valudise cattail
fibres for all five growth stages are suitable fomposite applications as the minimum value
required is 0.5 or abovéMonteiro et al., 2013)-or a specific growth stage and fibre length
theHE estimator generated thaghest shape paramettgllowed by DR and MR estimatar

The coefficient of variationf theaverageexperimentatiata sehas a negative impact
on the shape parametgas shown irFigure3.2. The two largesshape parameters were
obtained for the two lowesbefficient variation§CV%), which are3.01 and2.67 (estimator:

DR), 3.12and2.76 (estimatorHE), and2.89 and2.56 (estimatorMR).

39



3.5 +DR
AHE
3 OMR
&)
Q
£
g 25
o]
o
()
g 2
=
)
15
1
30 40 50 60 70 80 90

CV (%) of tensile stress
Figure3.2: Relationship between shape parameter and coefficient of varnwtiensile stress

The scale parametefsbaje always higher than the correspongingdictedweibull
averagd 49 andaverageexperimentalaluesof tensile stressxswessfor all three estimators
(Table3.1). Thelowestscaleparametes arefoundusing theHE estimator followed by DR
and MR estimatorslhis trend is opposite to the shape parameters whetargestshape
parameters werebtaine by HE estimator followed bR and MR estimator§rable3.1).

Sinceahigher scale parameter indicates widely distributed dataatipher
variability, the scattered distribah of data will shift the points away from the origin in the
curve of In(x) vs In(In(1/4F)) while plotting the curve. Thus, the trendliwél be less stiff
(lower slope)ue to the expanding value tbie x-axis. Therefore, the slope becomes Iqwer
decreamg the shape parametdihe inverse relationship between scale and shape parameters
is desirable folconmposite applications arfias beemeportedoy othergStacey, 2020)

Moreover, the scale parameter (b) depends
number of samples, and individual experinaétensile stress that can belculatedrom
Equation2.16. The experimemat average of tensile stressequalto the scale parameter

wh e n Hjuatlon2(16). In addition, the scale parameigfess than the experimeht
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average tensile stress value i f U <1 and vic
unityf or 15 batches, the value odlaviragevalueal way s ¢
Also, the scale parameter increases with the increasing numssmnpfes when all other
conditions remaithe same. However, the scale paraméidrigher if the individual
experimenal value is scattered or if a single datis much higher than the average value.
This phenomenon describedy the tweparameter Weibuequations below.

If the left side ofEquation28i s zer o, the scale parameter
equal to the experimeaitvalue.

L1 1@ 10y Tt

- T
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Thereforep of tensile stress would be equal to the experialeaiue at 63.2%
probability of failure. Howeaesequaltothee average
experimenal value at 50% probability of failurg@uinn & Quinn, 201Q)Wherethe
experimernalv al ue (x) is equal t o b-axistwheeeasfdelegto es si 0O |
the lowerprobability of failure(50%),theyv al ue woul d be | omger t han
which goeaunderneathhe xaxis. For that point, the value ofaxiswould be lower than the
intersecting pointissThahtiy ghgpathe vahuet bk

The correlations of tensile stress of 15 batches are betweear@8.99 (Table3.1)
for all three estimatordn addition, the goodness to fit of all thatchess above90% except
for FM-L2 with the lowest Rvalues 0f0.87, 0.86 and 0.8Tespectivelyfor DR, HE, and
MR estimatorgTable3.1).

Weibull graphfor tensile stresasingthelinear regression methodstown in
Figure3.3 to Figure3.11. It is worth mentioning here that thed-parametes of Weibull

distributionin these figuresverecalculated ging these Weibull lire
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Figure3.3: In(In(1/1-F)) vs In(Tensile Stress) curve fdigrowth stages with L1 length and
the DR estimator
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Figure3.4: In(In(1/1-F)) vs In(Tensile Stress) curve for 5 growthges with R length and

the DR estimator
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Figure3.5: In(In(1/1-F)) vs In(Tensile Stress) curve for 5 growth stages witkehgth and

the DR estimator
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Figure3.6: In(In(1/1-F)) vs In(Tensile Stress) curve for 5 growth stages with L1 length and
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Figure3.7: In(In(1/1-F)) vs In(Tensile Stress) curve for 5 growthges with L2 length and
the MR estimator
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Figure3.8: In(In(1/1-F)) vs In(Tensile Stress) curve for 5 growth stages with L3 length and
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Figure3.9: In(In(1/1-F)) vs In(Tensile Stress) curve for 5 growth stages with L1 length and
the HE estimator
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Figure3.12to Figure3.20represent the relation between the tensile stress and
probability of survival of all five growth stages and three lengths using three different
estimatorslt can bestatedfrom these curvethat thereliability of the datasetsecomegdower
with an increase the tensile stres3he rate of decrease the probability of survival with
an increas@ tensile stressariesfrom batch to batch and estimator to estimatea A
sample calculatin is given in Sectiod.4.3 Sample Calculation of Weibull distribution
Linear Regression Method

Figure3.12to Figure3.14 show the tensile stress vs probability of survival curve of
L1, L2 and L3of five growth stages using the DR estimator-igure3.12, it can beseen
that theF-L1 batch is thenost reliableamong thdive-growthstage of L1 length using the
DR estimatorfollowed by ML1 and NFL1. In addition, the probability of survivalf M-L2
seems to be the highefidure3.13) among the five growth stages of L2 lendtilowed by
the FL2 and NL2 batcheswhile the DR estimatowvas used inthe Weibull distribution.
Moreover, inthe case of L3 length and the DR estimator, it was noticed that the reliability of
F-L3 batch was highest among the five growth staigiewed by theM-L3 and NFL3
batche (Figure3.14).

In Figure3.15, the probabiliy of survival was highest at thelA batch among the
five growth stages of L1 lengths while using the MR estim&tiowed by the ML1 and
NF-L1 batches. In addition, the value of the reliability of the.®batch was higher than any
other b&ches Figure3.16) of five growth stagesonsidering only L2 lengthna using the
MR estimator in the Weibull distribution. The second and third highestsraterenoticed at
F-L2 and NFL2 batches. Moreover, the probability of failure was found to be the lowest at
the FL3 batch among the five growth stagégyure3.17), with the L3 length followed by

the M-L3 and NFL3 batchesusing the MR estimator.
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Figure3.18 depictsthatthe highest reliability was found at the & batch among the
growth stages of L1 lengtisingthe HE estimator on the Weibull distribution. The following
batches are M.1 and NFL1, whereaghe lowest probability of survivalas faindin the
FM-L1 batch. In addition, the 12 batch holds the highest probability of surviviaigure
3.19) among the five growth stages of L2 lengtthe HE estimator is implemented
followed by the H.2 and NFL2 batchesThe reliability ofthe F-L3 batch was found to be
the bestigure3.20) among the growth stages of L3 length using the HE estinfatimwed
by the M-L3 and NFL3 batches.

FromFigure3.12to Figure3.20, it can bestatedthat the data set of the flower (F)
stage has the highest reliability for both L1 and L3 lengtihereaghe mature (M) stagess

the highesteliability for the L2 lengthapplicable for each of the DR, MR, HE estimators.
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and the HE estimator
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3.2.2 Weibull Analysis of TensileStressUsing Python

Table3.2 delineates the Weibull parameters of tensile stress using both Linear
Regression (LR) and Maximum Likelihood Estimation (MLE) methddkile MLE does not
require anyestimator(a sample caldation is providedn Section2.4.3 Sample Calculation

of Weibull distributioni Linear Regression MethgdDR estimator was used fbR method

Table3.2: Weibull parameters of tensile stress using Python

D LR method (estimator: DR) MLE method
U b ( MP R% U b ( MP  Uag(MPa)
NF-L1 1.56 1326 0.97 1.45 1347 1046
NF-L2 1.95 1182 0.93 1.81 1177 961.3
NF-L3 3.07 837.1 0.98 3.31 832 744.8
F-L1 1.49 1451 0.98 1.61 1436 1144
F-L2 2.29 1157 0.97 2.09 1173 984.3
F-L3 2.22 1076 0.98 2.13 1084 912.6
LF-L1 1.75 835.9 0.95 1.76 828.7 672.9
LF-L2 2.03 746.4 0.94 1.62 769.6 613.8
LF-L3 1.44 590.2 0.98 1.37 594.6 455.0
FM-L1 1.69 662.3 0.97 1.82 655.9 536.3
FM-L2 2.14 679.6 0.87 1.45 720.7 559.7
FM-L3 2.15 556.0 0.95 1.82 564.6 461.6
M-L1 1.17 1148 0.97 1.24 1135 844.6
M-L2 1.85 1666 0.97 1.67 1688 1355
M-L3 2.77 930.5 0.97 2.40 941.2 807.9

It can be seefrom Table3.2 that theUof tensile stress using the LR mettbdt uses
DR estimaor ishigherthan1.0for all fifteen batchesangingfrom 1.14 t03.07. Thevalues
o f obtdinedusing linear regression methbyg Python programmingre always higher than
the Excelmethod while thecorrelation coefficient (R) for both methodss thesame
rangingfrom 0.87 to 0.98.

Thev a | u en albfifteebbatchess closer to thdi.sthan the Excel method for DR
estimator.The value ob calculatedby Python regressios always lower than thExcel
method in all fifteen case¥heinverserelatiorship betweetandb is slightly more
pronouncedvith Python programming than the Excel metlibdyure3.21). For eachbatch

of cattail fibre, the Python Weibull shaparameter is on theght-handsideof the xaxis
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while the shape parameter is on the lower side of theigwhen compared with the Excel

value
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Figure3.21: Relation between shape and scale paransétarn from Excelnd Python

The difference between Weibull parameters in Python and Excel regression methods
couldbe dueo thedifference in thanethod ofillustratingtheregressionine as suggesteoly
Reddit (2018)

In the MLE method, théVeibull shape parameters are always greater1itaand lie
between 1.24 (M.1) and3.31 (NFL3). There are differences shape parameters for DR

(linear regression) and MLE estimatofs discussed earliethe Weibull shape parameter
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depend on thedata fluctuatior(standard deviatiorin LR method while in MLE methodthe
xYvalue of each dateontributes to the shape parameteownin Equation2.17.

Weibull averagen MLE is always lower than the experimental tensile stress values
(Table3.2). The difference inxswessvalue and thélaygis the lowesbr almost norexistentif
Uvalueis high. For example, the difference is minuscufer the twosamplesNF-L3
(difference for DR estimator is 2MPa, for HE estimator i8 MPa,andfor MR estimator is
4.2 MPg and ML3 (difference for DR estimator 56.9 MPa, for HE estimator 5.6 MPa,
andfor MR estimator isLl8.3MPa)with the shape parameters of 3.31 and 2.40, respectively
while the largestitference(for DR estimator214.5 MPafor HE estimator211.2 MPaand
for MR estimator218.3 MPawas foundor the lowest shape parameter which is Id&24M-
L1 (Table3.1).

Similar to LR method, the scalenaaneterin MLE is always higher thaboth

experimentabnd averge Weibull tensile stress

3.23 Weibull Analysis of Modulus i Linear Regression (LR) Method
Weibull analysis wasonductedvi t h t he data of modul us

using three estimatgrand theresultsare shown imable3.3.
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Table3.3: Weibull Parameters of moduldsinear Regressioh Excel)

ID * Xmodulus Eavg (GPa) U b (GPa) R%
(GPa)

HE MR DR HE MR DR HE MR DR HE MR

NF-L1 45.19[28.74 4165 41.76 4151 191 197 1.83 50.47 50.31 50.69 0.94 0.93 0.95
NF-L2 55.29[26.39 53.42 53.52 53.30 2.40 2.48 2.30 62.23 62.04 62.49 0.98 0.98 0.98
NF-L3 47.32[19.7] 46.23 46.30 46.14 2.45 253 2.35 53.68 53.51 53.92 0.98 0.98 0.98
F-L1 65.44[41.79 59.01 59.17 58.82 1.73 1.78 1.66 7294 72.66 73.33 0.97 0.96 0.97
F-L2 29.51[14.7q 28.34 28.41 28.27 2.32 2.38 2.24 33.20 33.13 33.30 0.94 0.93 0.95
F-L3 65.59[27.99 64.68 64.80 64.56 2.90 2.99 2.78 73.41 73.25 73.65 0.91 0.90 0.92
LF-L1 37.22[22.53 34.67 34.75 3457 199 2.05 192 41.67 4154 4185 0.95 0.94 0.96
LF-L2 43.37[29.91 39.80 39.89 39.68 1.93 199 1.86 48.11 4795 48.31 091 0.90 0.91
LF-L3 44.06[31.03 39.96 40.06 39.84 1.83 1.89 1.76 48.81 48.65 49.03 0.93 0.92 0.93
FM-L1 32.79[15.29 31.83 31.90 31.75 249 256 2.39 36.88 36.80 37.00 0.94 0.93 0.95
FM-L2 40.77[23.29 39.07 39.14 38.99 2.37 245 2.28 45.60 45.46 45.78 0.92 0.91 0.92
FM-L3 33.35[21.19 31.72 31.77 31.65 2.31 2.39 2.23 37.16 37.05 37.31 0.88 0.87 0.88
M-L1 55.71[30.29 53.39 53.53 53.24 2.31 2.39 2.22 6256 62.39 62.82 0.91 0.90 0.92
M-L2 47.87[26.93 45.22 4532 45.10 2.14 2.21 2.06 53.66 53.51 53.88 0.95 0.94 0.96
M-L3 60.72[28.10 59.48 59.56 59.36 2.77 2.86 2.66 67.89 67.72 68.12 0.93 0.93 0.94
Standad deviation is presented in square bracketiquus Experimentamodulus E.g Weibull averaget): s hap e

par ameter ; b: scale parameter; DR: medi an rank esti ms

The average Weibull modulBavg) is lower than theexperimental valuewith the

modulus valugsas shown irFigure3.22.

estimatorsaredirectly proportionato the coefficient of variation othe experimental

correlationswhich were higher than 0.88 for all 15 batches using the three estinidbts (
3.3). However, he Eavg Obtained by three estimatassslightly differentfor all five growth
stages and three lengthvhich follows the orderHE>DR>HEIin terms of the closeness to

Eavg The difference betweesxperimental anéayg calculated using DR, HE and MR
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Figure3.22: Relationship between the difference between experimental and predicted
Weibull averageralues with the coefficient of variation (CV%) of modulus

TheU v adrewleose 1.0 for all5 batcheswith the lowest beind..66 (FL1,
estimator: MR andthe highest being.99 (FL3, estimator: HEE Similar to theshape
parameter for tensile stresere isno clear trendbbtained for either growth stagesfitre
lengths.For a specific batchf sampls, the shape pangeterin descending ordes:
HE>DR>MR andis inversely proportionato the cefficient of variation othe experimental

average modulu@-igure3.23).
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modulus
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The scale parametér bfgr thethree estimatoris alwayshigher tha Uavg andXmodulus

for all five growth stages and lengthswasthehighest for théDR estimator followed by

HE and MR estimators, although the difference betvieerthree estimatois very small

(Figure3.24). The difference betwedaheb and XmodulusiS directly proportional to the

coefficient of variation of the experimentleragesthe larger th€€V%, the higher the

difference Figure3.24). For example, the largest differences were obtained for satiptes

L1 (CV%: 64, %difference: 8), 1 (CV%: 64, %difference: 1Q)LF-L2 (CV%: 69,

%difference: 8pndLF-L3 (CV%: 70, %differace: 9), while thesmallest differencewere

obtained for NAL3 (CV%: 42, %difference: 2}-L3 (CV%: 43, %difference: 1) areM-L1

(CV%: 47, %difference: 3).
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Figure3.24: Relationship between CV% and the percentage difference between scale

parameter andverageexperimentamodulus

No relationship was obtained for CV% with the percentage difference between scale

parameters and Weibull averadregure3.25). The percentagelifferencerangedfrom 4.90%

to 9.19% except for the F.1 batch
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However, there is direct relationshifpetweerthe standard deviation and the
percentage differencéetweerscaleparameters anithe Weibull averageKRigure3.26). An

extremedifference of 15% was obtainéar the standard deviation 42 GPa for the sample

F-L1.
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Figure3.26: Relationship between CV% and the percentage difference between scale
parameter and standard deviation of modulus

Weibull graph for modlus using linear regression method is showRigure3.27 to
Figure3.35. Two parameterof Weibull distributionwerecalculated using these Weibull

linesin the figures.
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Figure3.27: In(In(1/1-F)) vs In(moduluskurve of5 growth stagewith L1 length and the DR
estimator

60



15 e (o] (o
...--.:'-'-'g"g'b ® o
0.5 E
5-0.5
-
)
c -
=-15 ONF-L2/DR
- OF-L2/DR
OLF-L2/DR
-2.5
FM-L2/DR
OM-L2/DR
-3.5
2 25 3 4.5 5 55

Ing('l\S/Iodqus)
Figure3.28: In(In(1/1-F)) vs In(moduluskurve of5 growth stagewith L2 length and the DR

estimator
15 ‘::',',...-";'::.
P 0000 o o9
0.5 -
=-05
o
)
s
= ONF-L3/DR
£.15
. OF-L3/DR
9
6 2 OLF-L3/DR
-2.5 o)
FM-L3/DR
O G
OM-L3/DR
35 o _og .-
2 25 3 35 4 45 5 55
In(Modulus)
Figure3.29: In(In(1/1-F)) vs In(moduluskurve of5 growth stagewith L3 length and the DR
estimator

61



15
. O 06.-
..g--o"
05 -
5-0.5
o
2
o
= NF-L1/MR
£-15 ©
OF-L1/MR
OLF-L1/MR
25 Q
FM-L1/MR
(o] OM-L1/MR
-35
2 25 3 4 45 5 55

35
In(Modulus)

Figure3.30: In(In(1/1-F)) vs In(moduluskurve of5 growth stagewith L1 length and the

MR estimator

15 I
'_.:::" -.."b 0 o C
05 &
5-0.5
—
)
o
= ONF-L2/MR
£-15
OF-L2/MR
OLF-L2/MR
-2.5
FM-L2/MR
OM-L2/MR
-3.5
2 25 3 35 4 4.5 5 55

In(Modulus)

Figure3.31: In(In(1/1-F)) vs In(modulusurve of5 growth stagewith L2 length and the

MR estimator

62



1.5 ”",
_.-;@oo o0
0.5
5-0.5
—
4
[ -
€15 ) ONF-L3/MR
8 (& OF-L3/MR
6 o OLF-L3/MR
-2.5 o 0. .
o G . FM-L3/MR
o O OM-L3/MR
-3.5
2 25 3 4.5 5 55

35
In(Modulus)
Figure3.32 In(In(1/1-F)) vs In(modulusturve of5 growth stagewith L3 length and the
MR estimator

15 O o .
0.5
=-05
<
2
C
= ONF-L1/HE
£.15
OF-L1/HE
OLF-L1/HE
-2.5 Q-5
FM-L1/HE
OM-L1/HE
-3.5
2 25 3 35 4 45 5 5.5
In(Modulus)
Figure3.33: In(In(1/1-F)) vs In(modulusgurve of5 growth stagewith L1 length and the HE
estimator

63



15 e e d
o
ngé’ o®
0.5 8.
=05
—
2
< ]
£1s ONF-L2/HE
OF-L2/HE
OLF-L2/HE
25
FM-L2/HE
OM-L2/HE
35
2 25 3 45 5 5.5

3.5
In(Modulus)
Figure3.34: In(In(1/1-F)) vs In(modulusgurve of5 growth stagewith L2 length and the HE
estimator

15 - &
R e o
PRI
0.5
=-05
<
Z
o
.5 ONF-L3/HE
: OF-L3/HE
-8
O OLF-L3/HE
25
o FM-L3/HE
a
© OM-L3/HE
35— 0o - ——-
2 2.5 3 3.5 4 45 5 5.5
In(Modulus)
Figure3.35: In(In(1/1-F)) vs In(modulusturve of5 growth stagewith L3 length and the HE
estimator

64



Figure3.36to Figure3.44 delineate the curves of the modulus vsiyability of
survival for five growth stages of three different lengths using three estimators separately.
The curves indicatthe inversely proportional relatiship between the modulus atige
probability of survival which meartbe probability of survial or reliability decreasawith
the positive change modulus. The rate of decreasdhe probability of survival with an
increase of modulus vasfrom batch to batch and estimator to estimdtomwever, a
common trends noticed here.

In Figure3.36, it can be noticed that thelE batchhas the highest probability of
survival among the five growth stages of L1 length usliregDR estimator, followed by the
M-L1 and NFL1. In addition, when the DR estimator was used, thd_RBatch hd the
best probability of survival among the growth stages of L2 letiiture3.37), followed by
batchedM-L2 and LFL2. Moreover, inFigure3.38, the reliability was found to be better at
the FL3 batch tharat any other batches of L3 length when the DR estimator was used.

The probability of survival of the-E1 batch was the highedtigure3.39) among the
five growth stages of L1 length when the MR estimator was implemented in the Weibull
distribution. The second highest batch was thelyifollowed by the NFL1 batch Figure
3.39). Moreover, inthecase of the L2 length of five growth stagend the MR estimator, the
NF-L2 batch was the tepanked dataset of reliabilitjollowed by the ML2 and LFL2
(Figure3.40). Furthermore, the-E3 batch has the highest reliability among the growth
stages of L3 length when the MR estimator wasdusllowed by theM-L3 and NFL3
(Figure3.41).

In Figure3.42, theminimumprobability of failure was at the dataset of the F
batch among the L1 length using the HE estimator in Weibull distribdttbowed by
batchedM-L1 and NFL1 (Figure3.42), as withthe other estimatordn addition, when the

HE estimator was implemented, the-NE, M-L2, and LFL2 were thetop-ranked batches of
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the probalility of survival among the five growth stages of L2 lendtig(ire3.43). Further,
the best batch of the five growth stages of L3 length was-ttievihich has the highest
reliability, followed by the ML3 and NFL3 batchesKigure3.44).

Figure3.36 to Figure3.44 conclude a finding thahe flower (F) stage has the best
dataset of modulus for the L1 and L3 lendgtt for L2,thenonflower (NF) stage has the

values withthe highest reliability.

ANF-L1/DR
OF-L1/DR
ALF-L1/DR
AFM-L1/DR
T &M-L1/DR
S
>
5 %éo o
° 50
£0.4 o %
= N . 8 Yo
o)
803 éA 08 %%
(@]
0.2 A% AA %A < % % o
0.1 % £ A o S
A B A N %
0 A A A A ¢
0 30 90 120 150

60

Modulus (GPa)
Figure3.36: Modulus vs Probability of survival curve of 5 growth stgéh L1 length and
the DR estimator

66



ANF-L2/DR
0.9
OF-L2/DR

0.8 ALF-L2/DR

0.7 AFM-L2/DR
= &M-L2/DR
> 0.6
b
305
ks]
204
=
o]
5§03 é@
a A A A

02 AR A

NIV SN
0.1 % A AO o% 5 A
A A A A
0 A
0 30 60 90 120 150

Modulus (GPa)

Figure3.37. Modulus vs Probability of survivalurve of 5 growth stagavith L2 length and
the DR estimator

ANF-L3/DR
0.9
OF-L3/DR
0.8 ALF-L3/DR
o7 AFM-L3/DR
g & M-L3/DR
= 0.6
7]
© 05
2
S 04
o]
o
T 03
0.2
0.1 OQ OA @) o
A o
0 JAN
0 120 150

Modulus (GPa)
Figure3.38. Modulus vs Probability of survival curve of 5 growth s&géh L3 length and
the DR estimator

67



ANF-L1/MR
0.9
OF-L1/MR
0.8 ALF-L1/MR
o7 AFM-L1/MR
E &M-L1/MR
So6
=)
[72]
505
2
204
o]
o
T 03
02
S o
01 o %
A
0 A ¢
0 30 60 120

0
Modulus (GPa%
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3.24 Weibull Analysis of Modulus Using Python
In Table3.4, the Weibull parameters of modulus obtained from Python programming

Linear Regression (LR) and Maximum Likelihood Estimation (Misgresented.

Table3.4: Weibull parameters for modulus using Python

D LR method (estimator: DR) MLE method
U b (GP R% U b ( GP Eag(GPa)
NF-L1 2.03 49.60 0.94 1.72 51.00 41.21
NF-L2 2.45 61.90 0.98 2.25 62.60 53.19
NF-L3 2.50 53.40 0.98 2.59 53.30 46.27
F-L1 1.79 72.10 0.97 1.67 73.60 59.10
F-L2 2.47 32.72 0.94 2.17 33.50 28.29
F-L3 3.19 72.14 0.91 2.51 74.11 64.04
LF-L1 2.10 41.09 0.95 1.79 42.09 34.30
LF-L2 2.13 46.82 0.91 1.62 48.89 38.99
LF-L3 1.98 47.73 0.93 1.58 49.52 39.27
FM-L1 2.63 36.42 0.94 2.32 37.14 31.71
FM-L2 2.59 4471 0.92 191 46.20 38.13
FM-L3 2.79 34.68 0.91 191 35.93 29.66
M-L1 2.54 61.24 0.91 2.00 63.21 52.63
M-L2 2.25 53.00 0.95 1.93 54.28 44.89
M-L3 2.97 66.97 0.93 2.29 68.68 58.52

The shap@arametet (tilculated byPythonprogramusing LR method (DR
estimator) is greatehan1.0for all three lengths and fivgrowth stagesThefibre length
does not have any impact on the shape paranm@aiote3.4). The shape parameters in
Python(LR) arealways larger than the shape parameters calculated using(Exgek

3.45).
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Figure3.45:Relationship between shape paramaiEmodulusand CV%- Python (LR
method with DR estimator) and Excel (LR method with DR estimator)

The shap@arametes calculated by MLE using Python programming are also greater
thanone for all three lengths and five growth stage fibTexble3.4). The shae parameter
in MLE method are lower than the shape parameters in LR metiodptone sampléNF-

L3, Table3.4, Figure3.46).
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Figure3.46. Relationship between the shape parametiensodulusby Python programming
(LR and MLE)and standard deviation

The shape parameters are found inversely proportional with the CV% for both LR
(DR estimator) and MLE methodBigure3.47). It seems that the shape parameters and CV%

relationship for MLE estimator is more pronounced than the LR mekigdre3.47).
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Figure3.47: Relationship between shape parametenodulusby Pythonprogramming (LR
and MLE) and CV%

73



A slight difference was noticed between thealue using two methods 8fython

(Table3.4). It was also remarkabledhthe differenc@ercentage of values using these two

methodsrange from 0.19% to4.23% increases with an increase of CV#gure3.48).

% difference between scale parameter
(MLE) and scale parameter (LR)

5.0
4.5
4.0
3.5
3.0
25
2.0
15
1.0
0.5
0.0

<

40 45 50 55 60 65 70 75
CV (%)

Figure3.48. Relationship between the (%) difference of scale parameters from MLE and LR
of moduluswith the CV%.

On the othehand,adirectly proportional relationship was algbserved with scale
parameters obtained from Python (both LR and MLE methnd)standard deviation as
shown inFigure3.49. In addition,the value of in MLE method is always higher than the

value obtained from LR methodsing Python except fahe NFL3 batch.
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A similar proportional relationship was found witie standard deviation atite

difference percentage bfvalue obtained from LR and MLE methas shown irFigure

3.50.
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Figure3.50: Relationship between the differenoercentagef scale parameters modulus

from MLE and LR with the standard deviation.
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Toconcludet he U value for t enawaysgreatertthaelsOs and |
which indicates the data aegenly anctloselydistributed and can be used for composite
applications. In addition, an inverse relationshipwast i ced bet wakoth t he U ¢
tensile stress and modulasdgr owt h st age does not have any i

Moreover fibre lengthhasa positiveimpact on théJvalue (Figure3.51).
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Figure3.51: Relationship between the shape parametedsfibre lengths

The value otJtends to go higher with an increase of fibre lengiigure3.51).
Howe\er, it is contradictory to the Weibull distribution and welank theory. Zok (2017)
mentoned the difference between the wdiak theory and Weibull statistider the strength
distribution of brittle fibre He suggested th#te Weibull modelmight have to be modified
while variousfibre gauge length is measuresinceWeibull model is combination of ve-
link theoryand Weibub s power | aw aty (Zok, 201%) However, lgvero b a b i |
fluctuation ofUvalue was observed at shorter fibre lengths while a high rarideadiies are
found at L3 Figure3.51). For this reason, the result of the Weibull distribution is confusing

and not precise.
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Finally, aconcrete decision cannot be made from the Weibull parameters regarding
the preferable and suitable growth stagiesattail planfor composite applicatioTherefore,
acustomizedanalysisusing computer programmingay be usefulo find a perfectly suéd

growth stage or length of fibre with a comparison of existing natural fibre properties.
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Chapter 4 Suitability Analysisi Results and Discussion

SinceANOVA and Weibull distribution could not suggest any proper decision on
growth stages as described in Chapter 3, another deomikimg method waequired
Suitability of cattail fibre in fibrereinforced composite application basedtloa standard
valuesof mechanical properties of flax fibre were carried out to discover the suitable growth
stage and length of fibre. A computer programming language (Python) was used to compare
mechanical properties of cattail fibres with the three thresholds (LLV, Abd,HLV)
values of flax fibres. The suitability (%) for 15 batches (5 growth stages x 3 leiggths)
determined for 3 parameters (S/R/Y), 2 parameters (S/R, Y/R, S/Y) and 1 parameter (S, R, Y)
for stress (S), modulus (Y) and strain (R) of LLV, ALV and Ha¥ shown iTable2.4. The
detailedprogramming process is described in Chaptd@ih2. results of suitability (%) were
then ranked i different waygo obtain a decisiargrowth stage wise ranking, length wise
ranking, combination of length and growthge wise ranking, and the parameter wise

ranking.

4.1 Suitability (%)

The suitability is calculated based on the percentage of individual data set
(Appendices Al to Alpthatsatisfy the limit valuesThethreelimit (LLV, ALV and HLV)
values are given ifable2.6. To calculate the suitability (Jotherequired high or low values
of stress, modulus and strain were established for the intended applfodtich is
composite application for the current research

For composite application, high tensile stress, high modulus, and low strain is
preferable. Using Python programming language, every fibre of each batch (50 samples) is
examined for calculatinthe percentages of fibre that can fulfill the limit requirements using

the LLV, ALV and HLV as a threshold. In addition, 3 parameters (tensile stress & tensile
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strain & modulus), 2 parameters (tensile stress & strain, modulus & tensile strain, and tensile

stress & modulus), and 1 parameter (tensile stress, tensile strain, modulus) are considered as

conditions for examining the suitability percentage for composites. The suitability (%) results

are shown imable4.1.

Table4.1: Suitability (%) of cattail fibre

° % Suitability (%)
TE z) 1 Parameter 2 Parameter 3 Parameter
£ ‘g S R Y SIR Y/R SIY SIRIY
4/ 5 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3
NF 90 92 94 15 80 100 90 98 94 13 74 94 15 78 94 88 92 94 13 74 94
F 96 98 96 35 8 100 95 82 100 35 6 96 35 8 100 96 80 96 35 6 96
; LF 81 82 68 38 96 98 85 96 86 23 76 66 34 92 84 72 80 68 23 76 66
FM 80 76 67 73 100 100 91 94 92 58 76 67 69 94 92 80 76 67 58 76 67
M 80 96 94 18 15 96 82 94 100 16 11 90 16 13 96 80 91 94 16 11 90
NF 33 32 2 4 10 53 31 42 37 0 2 2 0 4 27 25 26 2 0 2 2
F 43 26 28 2 4 85 48 8 55 0 0 19 2 43 39 8 25 0 0 19
2 LF 9 6 6 9 42 70 19 30 22 0 4 2 4 16 14 6 6 0 4 2
FM 7 8 4 40 78 8 9 16 6 2 4 2 7 10 4 4 8 4 2 4 2
M 32 53 10 5 2 92 39 30 55 0 O 10 5 0 55 23 23 10 0 O 10
NF 16 2 0 O 2 2 6 8 0O O O O O 2 0O 4 2 0 0 0 O
F 20 8 4 0 0O 2 15 0 11 0 O O O O 2 15 0 4 0 0 O
; LF 2 2 2 0 2 14 4 8 10 0 0 0 0 O O 2 2 2 0 0 O
FM 0 2 0 O 6 4 0 2 2 0 0O 0O 0 O O 0O 2 0 0 0 O
M 5 19 2 2 2 8 7 4 10 0 0O O 0O O 2 0 4 2 0 0 O

S: tensile stress; R: tensile strain; Y: Modulus

4.1.1SingleParameteri Tensile Sress

Considering LLV and individugbarameter ofensile stress (S), all the data fall within
80% level for all growth conditions excdpt theL2 and L3 lengths ofFM stage Table4.1).
For ALV, the stressuitability (%)valuesfor LF and FM lie below 10%, while for all other
growth stages, the values fall betw&&and53% except NFL3 and ML3 for which the

suitability found2.0% and 10% respectivelyror HLV, the stress valudkictuatedfrom O to
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20%. Furtherusing HLV, the suitability of stresses were fouade20%, 19%, and 16%,

respectively for .1, M-L2, and NFL1.

4.1.2SingleParameteri Tensile Srain

It can be seen iMable4.1, when considered individuallyhe growth stagesf the
cattail plantdoesnot have any impact on the tensile sti@. However, L3 of each growth
stages and for all three limit values wardiced to have the highest suitability (%).
Considering LLV, the tensile strain values fall between 15 to 100% except foiLih¢a56).
However, for ALV, the strain suitability (%) valuéiactuatedbetween 2 to 92%. In contrast,
0 to 8% suitability (%pf tensile strain was noticed while HLV is considered, whereas a

14%suitability (%) for LFL3 was observed

4.1.3SingleParameteri Modulus

Considering LLV and individugh a r a me t e r madiilus ¥Yy, alinhg 6 s
suitability (%)data fallbetweerB2 to 100%for all growth conditiongTable4.1). For ALV,
thevalues brthe FM growth stage wetess than or equal tt6%; whereas, for other growth
stages, theuitability (%)valueof single parameter (Myas betweeld9 and 5% except for

the FL2 (8%). For HLV, the values fafrom 0 to 15% for modulus.

4.1.4Two Parametersi S/R

Considering S/R and LLV, all theuitability (%) data fallbetweert and 96% for all
growth stages and lengthBable4.1). However, in the case of ALV, the suitabil{§t) of
most of the sampldies betweer® and #6 exceptF-L3 (19%) and ML3 (10%).0n the other
hand, in the case of HL\the suitability (%) was found 0% for all growth stages and lengths
that means not a gjte fibre (50 fibres from each batch) from 15 batches could exceed the

higher limit value.
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4.1.5Two Parametersi Y/R

If LLV is considered, the suitability percentage of Y/Ral betweenl5to 100%
except for the A2 batch (8%)whereas, if ALV is considerethe values arg to 55%
exceptNF-L1, L2, and ML2 and whose values are always OPalfle4.1). For HLV, the
percentagés always zero for all growth stages and lengths except for tHE2NFL3, and

M-L3 and their values are 2%

4.1.6Two Parametersi S/Y

Considering S/Y asombinationand LLV as limit value, the percentages of the
suitability of different growth stag®eundabove 70% except for LE3 and FML3 (Table
4.1). However,if ALV is considered, the valude between 2 an@8%%. Moreover, the values

areQ15% for every growth stage if HLV is considered.

4.1.7Three Parameters- S/R/Y

The suitabiliy (%) of all the growth stages are fluctuating from 6% to 96% in the case
of S/IRY and LLV (Table4.1). However, the values of all growth stages fall between 0% and
19% if ALV is considered. In this case, the suitability (%) otla growth stages of L1
length is zero except F¥1(2%). On the other hand, for HLV, the suitability of five growth
stages and three lengths are zero percent.

4.18 Average suitability (%)

The average suitabilitywi(@®)thaudmitallily (%%as c al
data inTable4.1 that comprises of three lengths (L1, L2, L3) of three individual parameters
(S, R, Y), three parameter combinations (S/R, Y/R, S/Y) and a Hpaameter
combination (S/R/Y) for five diffeant growth stages and three limit values (LLV, ALV
HLV). The average and overall average suitability (%) are shoviabte4.2. The overall
average (%was calculated using the average LLV, ALV and HLV data for each growth

stage.
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Table4.2: Average suitability (%) of different growth stages
Suitability (%) using different limit values

Growth stage HLV ALV LLV Overall (%)
NF 2.10 16.00 75.05 31.05
F 3.86 21.62 66.62 30.70
LF 2.38 13.19 70.95 28.84
FM 0.86 14.43 78.71 31.33
M 3.19 21.62 61.86 28.89

For HLV, theaveragesuitability of fibres from thé- stage is the highes8.86%), and
the secondhighest value i8.19% which belongs to th®l stage while theaverage
suitability (%)value of the fibres from theF stage i2.38%; for NF, the value i2.10%,
followed bythe lowest valueQ(86%) obtainedor FM s t a {jbees(bable4.2). In the case
of ALV, the topaveragevalueis 21.624 that belongo both theM andF growth stageand
the resulis similar toHLV. For NF, the suitability (%) i46, and for the M stage, the value
is 14.43%; whereas the lowest valu3.1%0, belongs tahe LF . However, the M stage is
noted the highest position for LLV, i.€.8.72%0, and theNF stage is at the second position
with 75.0%% followed by the LF stage (70.95%)/hile F stagefibres showed the highest
suitability (%) inHLV and ALV limit values, in case of LLV thisasnplefell in thefourth
position with66.626, where M stageepresent 61.86 of suitability.It can be noted thdior
LLV, the suitability(%) is consistently abové0% for all growth stage$-urther, the overall
suitability (%) was also noted betweeroab29 and 31 for all growth stages with FM, NF,

and Fstages are in the tdpreepositiors.

4.2 Ranking

The suitability (%) of three lengths (L1, L2, and L3), five different growth stages, and
seven parameter as well as parameter combinations (S, SYRRY/R, S/Y, S/R/Y), which is
given inTable4.1, does not provide any separate ranking for length, growth stages,
combination of length and growstages and combination of parameters due to the

imbalance variablesf length,growth stagedength x growth stages and parameter
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combinations which araree five, fifteen and seven, respectiveRherefore, to rank the
suitability (%) a1 to 3rankingis providedfor threelengths (L1, L2, L3), 1 to 5 ranking is
given forfive growth stage¢$NF, F, LF, FM, M), 1 to 15is for thecombinationof five

growth stagex threelengths and 1 to 7 is provided for parameters and their interactions (S,
R,Y, Y/R, S/Y, SIR S/IR/Y), where 1 is worst anthe highest numerical value represents the

best. The ranking was conducted using the suitability (%) datakile4.1.

4.2.1 Ranking along the fibre length (L1, L2 and L3)

Thelengthwiserank of1 (redhighlighted colouy, 2 (yellow highlighted colour), and
3 (green highlighted colour) (1 being the lowest and 3 being the highest) for three lengths
with severparameters was conducted for each growth stage for all threshold values (LLV,
ALV, HLV) as shown inTable4.3. Therefore, each growth stage contains seven set of
lengthwise ranking due to the seven parameters for each limit labaenples are found
with same suitability (%), theanking scoreis equaland samplesemain ranked in the same
position If the tie were fothe highest rankingoth samplesvould haveawardedhe highest
ranking of 3 The ranking values were generated from the suitability (%) providédhle

4.1.

83



Table4.3: Ranking along the length

© Ranking

TE é g 1 Parameter 2 Parameter 3 Parameter
©

2180 S R Y SIR YR SIY SIRIY

£

>
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-

>

—

<

>

-

T

! Low Medium g High

In case of the single parameter of tensile stress (S), L2 got the highest rank of 3 in
majority of the cases (3 times out of 5) for LLV, whereas L1 anddt®nce for eachl@ble
4.3). However, L1 got the highest rank of 3 maximum time (3 times out of 5) followed by L2
(2 times) for ALV (Table4.3). In contrast, both L1 and L2 were marked as the highest rank
of 3 in most of the cases (3 times out of 5) followed by L3 (once) for HiaWIg4.3).

When considering strain (R) as a single parameter, L3 got the highest rank of 3 in
most of cases for all the three limit values followed by T2b(e4.3). Moreover, the lowest
rank of 1 werenoticed inmost of thecasesat L1 length.

If modulus is considered as single parameter, L2 hold the highest rank in most of the
casea followed by L3 forLLV and ALV, whereas an inverse result was found for ALV
(Table4.3). However, the lowest rarthelongedo L1 length in most of the cases.

Considering S/R as-garaneter, L3 hold the highest ranking in maximum case for

LLV, followed by L2 andL1 (Table4.3). However, for ALV, both L2 and L3 had the
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maximum times of highest rankirfd times each out of 5) followed by L1. On the other
hand, all the batches ranked as 1 since their suitability (%) wapeeent Table4.1) for
each batch for HLV.

If Y/R is considered as-garameter, the maximum times of highest ranking of 3 goes
to the side of L3 for all the three limit values followed bydrftl L1 Table4.3).

In case of Zoarameter of S/Y, L3 had the maximum times (3 times out of 5) of
highest ranking of 3 for LLV followed by L1 (2 times out of 5) and L2 (once ouj ¢f&ble
4.3). However, L2 got the highest ranking in most of the cases (4 times out of 5) for ALV
followed by L1 (3 times out of 5) and L3 (once out of 5). On the dthed, both L1 and L2
got the maximum times of highest ranking (3 times each out of 5) for HLV followed by L3.

When all the three parameters (S/R/Y) is considered, L3 had the maximum times (3
times out of 5) of highest ranking of 3 for LLV followed by L2t{{@es out of 5) and L1
(Table4.3). However, both L2 and L3 got the maximum times of highest ranking (3 times
each out of 5) for ALV followed by L1. On the other Haall the batches got rank 1 for HLV
due to their suitability (%) (0% for all the batches).

The average ranking for L1 was 1.46, 1.&3d 1.51 for LLV, ALV, and HLV,
respectively. For LZhese values were 2.11 (LLV), 2.14 (ALV), and 1.77 (HLV); while fo
L3 the values were 2.43, 2.,1ahd 1.74 Table4.4). Considering all factors, the average
ranking of fibre quality is L3>L2>L1 (Table 4.4) which supports the results of Weibull
parameters for maximum cases

Table4.4. Average Ranking of lengths

Fibre length Limit Value Final ranking
LLV ALV HLV
L1 1.46 1.63 1.51 1.53
L2 2.11 2.14 1.77 2.01
L3 2.43 2.17 1.74 2.11
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4.2.2Ranking along the five growth stages

Fibre maturity and quality affect the maturity of the plant and are interrelated to each
other. Therefore, to identify the suitable growth stage for making a composite, the ranking of
5 growth stages will enlighten the path.

4.2.2.1 Ranking forindividual parameter, parameter combinations and limit values
(fixed length)

This analysis was conducted to deternthneemost suitablgrowth stageo fibres ofa
specific length. The ranking is(lbwest ranking}o 5 (highest rankingjor five growth stages
for each length, and comparison is made only among growth stages within the same lengths,

i.e., L1 or L2 or L3 for each parameter and liwatues Table4.5).

Table4.5: Ranking of 5 growth stages

Limit value

Growth stage

Ranking
1 Parameter 2 Parameter 3 Parameter

S R Y S/IR Y/R SIY SIRIY

L1231 |23} L1 |L2|L3|L1|L2|L3|L1|L2|L3|L1|L2|L3| L1 | L2 | L3

LLV

2
4

ALV

HLV

- Lowest Low -l Medium - High - Highest

As seernn Table4.5, for LLV-L1, fibres from the flowe(F) stage produced the
highest rank of %or all threeindividual parameters aniur parameter combinatior{S-L1,
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R-L1, Y-L1, S/RL1, Y/R-L1, S/Y-L1, S/RY-L1), followed by A (4), LF (3),NF (2) and
M (1) [F>AM>LF>NF>M]. For ALV-L1 consideringall severnparameter combinationthe
ranking isSFM>F>M>NF>LF; and br HLV-L1, the ranking iF=>M>NF>LF>FM.

For LLV-L2 consideringall parameter combinations, tfibres from thdate-flower
(LF) stage hold the highest ranking ofd@|owed bythe NF stageand FM stage (both have
the same rank of 4The other stagdd and F have a rank of 2, and 1, respectively
[LF>NF=FM>M>F]. However, br ALV-L2, theranking can be declared as
LF=FM>NF>M>F; for HLV-L2, it is NFE>M>LF>FM>F.

In the case of LLM.3, considering all parameteombinationsthe highestanking
fibre wasfrom theflower stage F) (rank5), followed by NF (4)M (3), FM (2),LF (1)
[F>NF>M>FM>LF]. For ALV-L3, the ranking was #M>LF>NF=FM; and br HLV-L3, the
ranking was=>M>LF>FM>NF.
4.2.2.1.1 Rank for average of lengths and limit values (fixed parameter and parameter

combination)

Theaverage suitability percentage of different growthges for low, average, and high limit
values was calculate@he values othe rankingwere taken fronTable4.5; theaverage
ranking wascalculatedor each parameter (S/R/Y, S/R, Y/R, S/Y, S, R, Y) showkiguare

4.1.
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Figure4.1: Average ranking of different growth stages considering different parameters
(average of length and average limit value data)

TheF stage possesses the higheatrage rankingalue(3.08/5.00) andthe M stage
(2.89/5.00) slightly lower than that of the flower (F) stage. Further, the NF stage also had a
moderate ranking value (2.59/5.006)t lower than thenaturestage ). The lowest ranking
was found inthe FM stagend LF stageA detailedgraphical representatiasf this data with
different parameter combinationatso foundn Figure4.1.
4.2.2.1.2 Ranking for average length and parameter combinations (fixed limit value)

The average ranking was calculated for different growth stages considering 3 limit

values (LLV, ALV, HLV) and presented the resultsHigure4.2.
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Average Ranking

LLV ALV HLV Overall

ENF =F =LF “FM =M

Figure4.2: Ranking of growth stage®nsidering all conditions with different limit value for
average length (average of lengths and parameter combinations)

The F stage takes the first position &\, shown inFigure4.2. The M andNF
stage secured the second and third positi@spectivelyfollowed by theM stageandthe
last rank to thé.F stageln case of ALV, the highest rank goes to the F stage followed by the
M stage, FM stagy LF stage, and NF stage respectively. However, the M stage secures the
highest ranking while considered HLV followed by the F stage, LF stage, NF stage, and FM
stage respectively.

4.2.2.1.3Ranking for average of lengths and limit values (fixegparameters and parameter
combinations)

The average ranking tifiree lengths was taken for the figwth stages considering
different paramets (S, R, Y, S/R, Y/R, S/Y, S/IR/N8eparatelyalong with the limit valu¢o
clarify the ranking with different calitionswhere average of lengths was calculated, shown

in Figure4.3.
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Figure4.3: Ranking of growth stage considering (a) 1 param®idb) 1 parameteR; (c)1

parameteiy; (d) 2 parameterS/R; (e) 1 parameteB; (f) 2 parameter¥/R; (g) 3

parameterS/R/Y

If S/IR/Y is consideredsthe parametewith different limit values,tie overall highest

rankingwas found athe FM stage, followed by the F and- stage as seefin Figure4.3a.

The last two stages are NF and M as seen in previous ranWihgs two parameters (S/R)
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are considered, theMFstagerankshighest Figure4.3b), and thd- stageis secondThe
following orders belong taF, NF, and Mrespectivelyln addition, he highestankingis
found atthe FM stage wienconsideringhetwo parameters (Y/R3s shown inFigure4.3c,
thesecond highegb the F stage, followed by, NF, andLF stagesHowever, f thetwo
parameters (S/Y) are considered, fllogver (F) stage holds the overall highest ranking, the
NF and Mstage the seconéhighestcombinedly(Figure4.3d), with LF and FM stages
following. Whenonly theone parameter (33 consideregdthe highest overall ranking of
different limit values goes with the F stagéhereas the M stage has falkerthe second
highest positiorasshown inFigure4.3e, with thelast positions to the NF, LF, and FM
stageslin contrast, the FM stage holds the higfheverage ranking whenghrameter (R) is
considered followed by the LF, M, NF, and F staggre4.3f). On the other handf 1-
parameter (Y) isansidered, th8ower (F) stage stands the highest position, and tih,

NF, LF, and FM stage®llow (Figure4.3g).

4.2.3 Ranking (5x3) forthe combination offive growth stagesand threelengths
Thesuitability ranking was done along the combination of 5 growth stages and 3
lengths tadecidefor the 15(5x3) batchss, i.e., growth stagkength From the 7 different
combinations of parameters and 3 limit values, 21 grauthsdistinct colounwere formedn
which each group contained a total of 15 batcheswieatranked fronthelowest tohighest
on a sale ofl to 15. Python codinAppendix A44) was usean datan Table4.1 as input

andthe ranking is showm Table4.6.
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Table4.6: Ranking along combination of growth stage and length

o §> Ranking
‘_E » 1 Parameter 2 Parameter 3 Parameter
e
E s S R Y S/R Y/R SIY S/IRIY
o
| 5 L1(L2({L3(L1|{L2{L3|L1|L2| L3 |L1|L2|L3
NF | 8| 9|10 2| 8|15| 5|13| 8 | 3 |10/ 14
S F 12| 15| 12| 5 1115|111 1| 15| 6 11|15
- LF 6| 7|2|6|9|11|3|12| 4 |5 |11]| 8
FM | 4 | 3 1|7 15| 15| 6 | 8 7 7 111 9
4 4 9 | 1 4 | 2
>
—
<
>
|
T o (10127 1 1L 1L L L 1 FONONEO [

same ctour indicates the same batch, ranked 1 to 15 within the batch

In Table4.6, only two groups (HLVYS/R, HLV-S/R/Y) do not have any batches
without having the ranking 1. It is due to the suitability (%) of each batch of this group is
zero,i.e., no group could fulfill the threshold conditions. Apart from these 3 groups, among
the 19 groups, 43 (LLV-R, LLV-Y, LLV-S/R, LLV-Y/R, LLV-S/Y, LLV-S/R/Y, ALV-Y,
ALV -S/R, ALV-S/R/Y, HLV-Y/R) obtained the maximum number (10) of the highest rank,
wheras FL1 (LLV-S/Y, ALV-S/Y, HLV-S, HLV-Y, HLV-S/Y) got the second highest
number (5) of highest ranking of 15 followed byl (LLV-Y, ALV -Y, ALV -Y/R, HLV-
Y/R), M-L2 (ALV-S, ALV-R), NFL2 (HLV-Y/R), N~L3 (LLV-R), FL2 (LLV-S), LFL3
(HLV-R), FM-L2 (LLV-R), FM-L3 (LLV-R).

Figure4.4 represents the number of highest rankings tékem Table4.6. When
considering onhgrowth stages, flowgiF) stage holds@ (FL3: 10; FL1: 5; FL2: 1)
highest rankandmature(M) stagehas 6(M-L3: 4; M-L2: 2) highest ranKor a total of B

batches.
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Figure4.4: No. of the highestanking of growth stages from the ranking along both length
and growth stages

SinceF-L3 and FL1 arethe highest number of top rankslders a calculaton of the
average of the ranking of each grdupm Table4.6 wasdone;can showhat FL3is the
highest(average rank: 12/1%) the averagéierarchy Figure4.5). At the same time, M3

(10.57/15) NF-L2 (8.52/15) and FL1 (8.19/15)are in the positionshownin Figure4.5.
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Figure4.5: Average combined ranking of growth stage and length
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4.2.4 Ranking within parameters andparameter combination

The average suitability (%) of three lengths (L1, L2, and L3) was calculated for
different parameters (S/R/Y, S/IR, Y/R, S/Y, S, R, Y) and the 7 paramatdesdl to 7(low
to high) within the same growth stages and for 3 different limit vallieble4.7). Finally,

the average ranking was calculated for every growth stage and limit value.

Table4.7 Ranking of different parameters

~o| € o Ranking

£ 735 5 8 1 Parameter 2 Parameter 3 Parameter

- >16” S R Y SIR Y/R SIY SIRIY
N

>

-

-

>

-

<

>

-

T

- Lowest - Low Moderately low

- Medium -I Moderately high -I High

-I Highest

In the case ofi single parametemodulus (Y)is on the top of the ranking, noted from
Table4.7 andFigure4.6 for all the three limit valuesensile stress (nd strain (Rare n
the second and third positions among the single paranietdrsV and HLV, whereas a
reverse second and third position was remarked for.Al&vever, when 2 parameters are
consideredS/Y holds the top positiofollowed by Y/R and S/Mor LLV and HLV. In the
caseof ALV, Y/R got the highest rank followed by S/Y and S/R, respectively.

On the other hand, S/R/Y ike lowestrankedamong the 7 parameter combination

Obviously, the more conditions you apply on checking, the less possibifitgtchingthe
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requirements. Nevertheless, while taking the rank aveyagsY >S>R > 3Y >Y/R >

SRR > S/R/Y asshown inFigure4.6.

B (&)

Average ranking
w

2 m
=
—
1 A S/R/Y, 1.0
0 . T T
S R Y S/R Y/R SIY SIRIY
e ALYV e LV s HLV Overall

Figure4.6: Average ranking of parameters with different limit value

Finally, considering only growth stages, the flower (F) stage showed the highest
average ranking (3.08/5) followed by the mature (M) stage (2.89/5) among the five. It might
be due the presence of lowest amount of nonstructural carbohydrates as mentideeie by
(1979)and Linde et al., (1976)n addition, L3 got the highest average ranking (2.11/3) if
length is considered separately. However, when both growth stage and length is considered
combined L3 exhibited the highest average ranking (12/1%)emas ML3 (10.57/15) was
its closest competitor batch. Moreover, Youn

among the 7 parameter combinations. A summary table kihgashown inTable4.8
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Table4.8: Summary table of ranking

Table /

Ranking Type Method Figure # Result (Ranking)
Ranked three lengths from 1 to 3 for each
Along fibre lengths growth stageparameter combination, and L3>L2>L1
limit value individually
F>FM>LF>NF>M (LLV-L1)
FM>F>M>NF>LF (ALV-L1)
. . F>M>NF>LF>FM (HLV-L1)
Ranking for individual Ranked five growth stages from 1 to 5 for LF>NF=FM>M>F (LLV-L2)
parameter, parameter A . Table -
combinations and limit each Igngth, parameter combination, and lin 45 LF=FM>NF>M>F (ALV-L2)
values (fixed length) value individually ) NF>M>LF>FM>F (HLV-L2)
F>NF>M>FM>LF (LLV-L3)
F>M>LF>NF=FM (ALV-L3)
F>M>LF>FM>NF (HLV-L3)
F>M>NF>LF>FM (S)
FM>LF>M>NF>F (R)
Rank for average of length: ,ﬁj’]ilaceu:%ei{j vgi:svgga&;omgrs\?elgngeﬂgr?kri]g ' F>M>NF>LF>FM (Y)
and limitvalues (fixed of arowth stages were found for dif?erent Figure FM>F>LF>NF=M (S/R)
parameter and parameter a?ameter an% arameter combinations usir 41 FM=M>F>NF=LF (Y/R)
combination) fhe rankin frorrF])TabIe45 F>NF=M>LF>FM (S/Y)
9 : FM>F>LF>NF=M (S/R/Y)
F>M>NF>FM>LF (Overall)
Calculated the average of three lengths and
Ranking for average length parameter combinations to find out the Figure Ifﬂiihilill\\lﬂzi'l\iﬂjll\l_li E,I&IL\\//))
Along and parameter combinatior average ranking of growth stages for differe 42 M>E>LF>NF>EM (HLV)
growth  (fixed limit value) limit values using theanking data from Table ) F>M>NE>FM>LF (Overall)
stages 4.5
F>NFM>LF>FM (LLV-S)
F>M>NF>LF>FM (ALV-S)
F>M>LF>NF>FM (HLV-S)
FM>LF>NF=F>M (LLV-R)
FM>LF>M>F>NF (ALV-R)
M>LF>FM>NF>F (HLV-R)
NF=F>FM=M>LF (LLV-Y)
M>NF=F>LF>FM (ALV-Y)
. Calculated the average ranking of three leng F=LF=M>NF>FM (HLV-Y)
IRankmg for average of to find out the ranking of growth stages for . FM>LF>F>NF>M (LLV-S/R)
engths and limit values S . Figure a
i three limit values with each of seven FM>F=LF>M>NF (ALV-S/R)
(fixed parameters and s N : 4.5 —r—| E=M=
parameter combinations) parameter combinations individually using tl NF=F=LF=FM=M (HLV-S/R)
data fromTable 4.5 FM>F>LF=M>NF (LLV-Y/R)
LF=FM=M>NF=F (ALV-Y/R)
NF=F=M>LF=FM (HLV-Y/R)
NF=F>M>LF>FM (LLV-S/Y)
F>M>NF>LF>FM (ALV-S/Y)
F=LF>M>NF>PM (HLV-S/Y)
FM>F>LF>NF>M (LLV-S/R/Y)
FM>F=LF>M>NF (ALV-S/R/Y)
NF=F=LF=FM=M (HLV-S/R/Y)
Ranked the suitability (%) values (Table 4.1 F-L3>M-L3>NF-L2>F-L1>FM-
Combination of growth stages and from 1 to 15 among the 15 batches (5 growt Table  L2>LF-L2>NF-L3>M-L2>LF-
lengths stages x 3 lengths) fepecific parameters 4.6 L3>NF-L1>M-L1>FM-L3>FM-

combinations and limit values separately.

L1>LF-L1>FL3
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Ranked the parameter values (using data fr
Wlthln parameters and parameter Table 4.1) based on the average suitability (  Table Y>S>R>S/Y>Y/R>S/Y>S/R/Y
combination of three lengths of eagiarameter 4.7

combination and limit values
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Chapter 5 Image Analysis and Chemical Compositiofi Results

and Discussion

5.1ESEM Analysis of Fibres from Different Growth Stages

Environmental scanning electron microscopy (ESEM) was conducted using four
fibres (Fibre 1, Fibre 2, Fibre 3 and Fibre 4) from each of the growth stages. Although the
length of fibre in the ESEM mountas 20000 um, the captured image length was only 415
pum. The captured image contains the most plates from the 50 different images within the
total mount length of a single fibre and these ESEM pictures are shown here.

Figure5.1to Figure5.5 represent the ESEM image of different growth stages and
Table5.1 shows the surface features with the diameter of the fibre in the parentheses. The
effects of diameter on the surface features are discusSatiion5.2 Effect of fibre
diameter on the formation of calcium oxalate plates

It can be seen from these figures that fibres from all five maturities contain the
calcium oxalate plate$igure5.1to Figure5.5), with a few exceptions. For eaxmple, Fibres
3 and 4 of FM stagd-{gure5.4c andFigure5.4d), and Fibre 3 of mature stagédqure5.5¢)
contain very few to no calcium oxalateafds. The plates are mostly rectangular in shape, in a
series of lines which are parallel to one another in the longitudinal direction. Similar oxalate
plates were reported byu (2021)and(Shadhin et al., 2022Different shaped calcium
oxalate plags were also noticed such as quadrilateral, parallelogram, rhombus, trapezium and
so forth. The number of plates and plate dimensions vary for different maturity stages as well

as for different fibres within same maturity level.
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Figure5.5: ESEM image of fibre from M stagga) Fibre 1 (b) Fibre 2 (c) Fibre 3 (d) Fibre 4

A few samples were noticed to have very little or no plates in the mature stage fibre
(Figure5.5a andrigure5.5c) while one fibre froneach othe FM stagend M stageshowed

no plaes at all Figure5.4c andFigure5.5¢). The most consistent number (34+4.8) of plates
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was noticed in the four fibres of LF stage, varying between 27 (Fibre 2) and 38 (Fibre 3);
while the most variation in plates was found in the FM fibres [Range: 0 (Filbr&t® (Fibre
1), 37.8+48.6] as shown iTable5.1. For the NF stage, the number of plates (66.8+35.1)
varies between 15 (Fibre 1) and 90 (Fibre 4) and for F stage, the number of pl&E24(25.
was found between 15 (Fibre 1) to 73 (Fibre 4). Meanwhile, in case of the M stage, the

number of plates (23.0+£26.2) was noticed between 0 (Fibre 3) and 53 (Fibre 2).

Table5.1: Dimensions andrequency of Calcium Oxalate plates at various growth stages

No. of plates Plate average dimensions Plate Largest dimension
(visually more frequent size)
Growth “Fipre  Fibre  Fibre  Fibre  Avg. Length Width Longitu Length Width Longitudin
stage 1 2 3 4 [SD] (um) (um) dinal (um)  (um) al Distance
Distance (1um)
(Lm)
NF 15 87 75 90 66.75 31.09 3.97 3.26 7391 478 32.61(Fl)
(55.3) (149) (155) (149) [35.1d [6.9] [0.11 [0.92 (F4) (F1)
F 15 53 41 73 4550 34.24 5.60 5.43 73.48 6.30 8.70 (F3)
(115) (91.5) (119) (93.6) [24.24 [2.09 [2.62 [4.19 (F1) (F4)
LF 35 27 38 36 34.00 39.67 3.64 6.25 89.13 4.35 5.43 (F3)
(63.8) (61.7) (89.4) (148.9) [4.83 [5.69 [1.09 [1.63 (F1) (F4)
FM 106 39 0 6 37.75 4275 471 7.61 7391 261 15.22(F2)
(119) (91.5) (110.6) (154) [48.63 [6.99 [0.63 [2.88 (F1) (F4)
M 2 53 0 37 23.00 3494 3.18 6.76 52.17 5.61 10.87 (F4)
(64.9) (107) (80.9) (123) [26.24 [25.37 [2.2] [4.00 (F4) (F2)

Fibe diameter (um) in parenthes&andard deviatianare shown isquare bracketN = 4 for NF, F &LF; N =
3 for FM & M

It appears that the average number of plates decreases with maturity; for example, the
average number of plates in NF fibres is 66.75, while for mature fibres the average number of
plates is only 23Table5.1). However, due to the larger standard deviation, the differences in
plate count are not statistically significant. It is worth mentioning here that, cracks appear
almost in tle middle of the plated-{gure5.3a), as well as cracks on the fibre surfdéigre
5.5a).

The dimensions of the plates (length, width and longitudinal distandbe distance
between two adjacent plates) were taken using a representative from the visually most

frequent plates in each of the four fibres. Since one of the FM (FibiguB8g5.4c) and M
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(Fibre 3,Figureb.5¢) stage fibres do not contain any plates, these two fibres are omitted from
the dmension calculation. The average length of the plate varies between the 31.09+6.91um
(NF stage, N=4) and 42.75+6.99um (FM stage, N=3), while the average width from
3.97£0.11um (NF stage, N=4) to 5.60+ 2.62um (F stage, N=4). The average longitudinal
distances (head to tail, visually more frequent plates) between two plates are 3.26+0.92um
(NF stage, N=4) to 7.61+£2.88um (FM stage, N=3), while the transverse distance between two
plates in all fibres is approximately 4.07£1.99um (N=16). Since the most frepjases
were based on the naked eye observation, the data may not be very accurate.

Other dimensions, such as the longest distance, largest width and the longest
longitudinal distance were also measured. For each growth stage in four fibres (Fibre 1, F
2, Fibre 3 and Fibre 4), the longest plate length found was 89.1 um in LR4m4rONF, F,
and FM stage and 52 um in mature stage fibres. The width of the plates also varies widely
within the fibre of a growth stage and in different growth stagles.\Width of the widest
plates was found 4.78 pm, 6.3 um, 4.35 um, 2.61 um and 5.61 um for NF, F, LF, FM and M
growth stage fibres, respectively. The longest longitudinal distance (maximum value of the
longest dimension of Fibre 1, Fibre 2, Fibre 3 andd-#)r between the adjacent two plates
was 32.61um in NF stage, 8.70um in F stage, 5.43um in LF stage, 15.22um in FM stage, and
10.87um in mature (M) stag@dble5.1)

One of the reasons for variation in the plates within a maturity stage is due to fibres
sticking together as shown kigure5.1b (Fibre 2/NF),Figure5.1c (Fibre 3/NF)Figureb5.1d
(Fibre 4/NF),Figureb.2c (Fibre 2/F), andrigure5.4a (Fibre 1/FM).The number of plates on
these fibres is higher than on the other fibres within the same growth stage, wiii@Y ane
Fibre2/NF, 75 in Fibre 3/NF and 90 in Fibre 4/NF, while the number of plates are 41 in Fibre
3/F and 106n Fibre 1/FM stage fibres. The attachment of two or more fibres was not visible

by unaided eyes, however, was visible only in ESEM.
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Each sample was examined using EBBdrgy DispersiveX-ray Spectroscopyand
made the elemental analysis of tacium oxalate plate and pit areas of the surface of the
cattail fibre. Figures in Appendices (A19a, A19b, A19c, A19d, A19e) show the EDS spots of
all fibres from various growth stages. Four spots were selected from each ESEM image: two

were at the calcim oxalate plate, and the other two were at the pit areasp{at;areas).

Table5.2: Atomic % of cattail fibre at different growth stages

Elements
Growth Carbon (C) Oxygen (O) Aluminum (Al) Calcium (Ca)
stage Plate Non-plate Plate Non-plate Plate Non-plate Plate Non-plate
area area area area area area area area
NF 59.5[2.3 75.1[0.7 31.1[1.4 21.8[0.6] P0.95[0.]] °©1.18[0.1] 8.48[0.9 91.44[0.3
F 62.2[1.6 77.5[0.9 27.7[2.2 19.9[2.0] P1.25[0.1] ¢%1.42[0.4 8.78[0.6] 1.17[0.7]
LF 67.0[4.9 76.7[0.6) 27.5[2.7 22.8[0.7] P0.18[0.]] %0.18[0.1] 5.29[2.2] 90.36[0.1]
FM %1.0[0.1] 76.7[0.3 29.9[0.1] 21.8[0.9 "0.14[0.]] °©0.16[0.1]] 8.93[0.1] 1.30[0.5
M %62.3[0.1] 76.4[0.1] 29.3[0.7] 22.1[0.4 "0.77[0.]] °©0.82[0.2 7.63[0.9 0.70[0.4]

*abedefy pajrs with same alphabet are statistically signifcataindard deviation shown in square bracleet

Table5.2 shows that the cattail fibre consists of carbon, oxygen, aluminum, calcium,
potassiumand a minuscule amount of chloriret shown inTable5.2). It can be seen that
the plates contain less carbon and aluminum, and higher oxygen thatateoareas;
however, all plates contain a significantly higher amount of calcium than thelaieareas.
In every growth stage, the plate areas contain an average of 59.53% to 67.02% carbon, 27.75
to 31.05% oxygen, 0.14% to 1.25% aluminum, and 5.29% to 8.93% calcium; whereas, the
non-plate areas contain an average of 75.14% to 77.53% carbon, 19.88%5% oxygen,
0.16% to 1.42% aluminum, and 0.30% to 1.44% calcium. Carbon (%) of plate areas of the
FM and M stage are statistically significant. In addition, aluminum (%) of plate areas of all
five growth stages have significant differences; whereasidoplate areas, the NF and M
stage, the F and LF stage, the F and FM stage, and the LF and M stages are all statistically
significant. Moreover, calcium (%) of the nplate areas of NF and LF stage are statistically

significant.
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5.2 Effect of fibre diameter on the formation of calcium oxalate plates

A few fibres from the mature and FM stages contained zero calcium oxalate plates:
FM/Fibre 3(Figure5.4c); M/Fibre 3 Figure5.5¢). Additionally, some fibres had lower plate
counts in all gpwth stages: for example, 15 in NF/Fibre 1, F/Fibre 1, 6 and 2 in FM/Fibre 4,
and M/Fibre 1 Table5.1), respectively. To identify whether the effextiue to chemical
treatment or growth stage, a mechanical extraction was performed. The different sizes in fibre
diameter in a cattail leaf is reported @itztum & Wayne, 2014)hat might have an impact
on plate count.

The mechanical fibre extractiavas carried out for the mature plant only, by a
process described Bb§u (2021) The details of the chemical extraction process are given in
Chapter 2. Only fine fibres (diameter: 21i728.26 pm) could be removed from the central
area of cattaileaf by mechanical extraction, while both fine (diameter: 29.49.43um)
and coarse fibres (diameter: 5110629.79um) were found in the chemicad#iytracted fibre
(Figureb5.7 to Figure5.9). The coarse fibre in the leaf broke during mechanical extraction due
to the fibre attachment to the doréabnvex surface) and ventral surface (concave surface) as
shown inFigure5.6. The diameter of the mechanically extracted fibre was simil&ruo0 s ,

(2021)findings.
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Dorsal surface fibre

Figure5.6: Different parts of cattail leaf and locations of fibre

ESEMFigure5.7 shows the mechanically extracted fine fibre from the center of the
cattail leaf Figure5.7ai Figure5.7d), and chemically extracted fine fibre from the centre of
leaf (Figure5.8ai Figure5.8d), and chemically extracted coarse fibre from the surfaces

(dorsal and ventral) of legFigure5.9ai Figure5.9d).
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Very few calcium oxalate plates (0.75 + 0.96, N=4) were noticed on the chemically
extracted fine fibreKigure5.8a toFigure5.8d & Table5.3) whose diameters were 34um,

30um, 40um, and 40um; however, numerous gld83.75 + 9.74, N=4) were found in the




mechanically extracted fine fibr&igure5.7a toFigure5.7d) which is also statistically

significant (p=0.0001) with chemically extracted fine fibre. Further, chemically extracted

coarse fibresKigure5.9ai Figure5.9d) contain fewer plates (25.75 + 34.97, N=4) than the

mechanically extraed fine fibres (53.75 + 9.74, N=4).

Table5.3: Dimensions and frequency of Calcium Oxalate plates from different extraction

methods
No. of plates Plate average dimensions Pl ateds | arge:
Fibre type (visually more frequent size)
Fibre Fibre Fibre Fibre  Avg. Length Width Longitudinal Length  Width  Longitudinal
1 2 3 4 [SD] (um) (um) distance (um) (um) distance
(pm) (rm)
Mechanically 48 47 52 68 3.75  25.27 3.21 5.60[1.85 43.48 4.35 7.61
extracted fine (23.9) (21.7) (25.0) (28.3) [9.74 [1.04 [1.09 (F4) (F4) (F3)
fibre
Chemically 0 0 1 2 80.75 17.39 3.15 5.43[5.87 26.09 3.91 0.00
extracted fine (34.0) (29.8) (40.4) (40.0) [0.9§ [12.83 [1.47 (F4) (F3)
fibre
Chemically 23 4 0 76 2575 38.41 3.77 8.70[2.17 65.22 3.48 19.57
extracted (130) (120) (51.1) (114) [34.97 [10.04 [0.82 (F4) (F2) (F4)
coarse fibre
a statistically significant; fibre diameter (um) in the parentheses in columns of plates$;standird deviation
is shown in square brackdtl, F2, F3, F4 indicates the Fibrel, Fibre 2, Fibre 3, Fibre 4 accordingly.
The di mensions of the O6visually more freq

extraction methods. The average length of the plates was measured 17.39+12.83um for

chemically extracted fine fibre (N=2) to 38.41+10.04um forchemically extracted coarse

fibre, (N=3), while the average width was noted between 3.15+1.42um for chemically

extracted fine fibre (N=2) and 3.77+£0.82um for chemically extracted coarse fibp@ é§=

shown inTable5.3. The average longitudinal distance between the adjacent two plates was

5.43+5.82um for chemically extracted fine fibre, (NFjure5.8d) to 8.70+2.17um for

chemically extracted coarse fibre, (NFgure5.9a, Figure5.9b, Figure5.9d). The average

length of plates of the mechanically extracted fine fibre was 25.27+1.04um (N=4), width of

fibre 3.21+1.09um (N=4) and the distance between the adjacent plates 5.60+1.85um (N=4).

However, if the longest plates (maximum value among the largest value of the four

samples, Table 5.3) were considered, the longest length was 26.09um for the chemically
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extracted fine fibreKigure5.8d), 43.48 um for mechanically extracted fine fibréglure

5.7d) and 65.22um for chemically extracted coarse filbigyre5.9d) as shown immable5.3.

The largest width was 3.48um for chemically extracted coarse figare5.9b), while the

value was 4.33m for mechanically extracted fine fibrEigure5.9d) and 3.91um for

chemically extracted fine fibré-{gure5.8c). The longest longitudinal distance between the
adjacent two plates was between zero for chemically extracted thin fibre (this was due to the
presence of 0, 0, 1, and 2 plates ongheh of the four fibres investigated), 19.57 um for
chemically extracted coarse fibfeidgure5.9d) and 7.61 um mechanically extracted fine fibre
(Figureb.8c).

The length and width of the plates on the surface of the chemically extracted fine fibre
(Figureb.8ai1 Figure5.8d) were less than the mechanically extracted fine fibigufe5.7a i
Figure5.7d). The plate dimensions wet@ghest for the chemically extracted coarse fibre
(Figureb.9a1 Figure5.9d) in both the most frequent plate size and the largest size. Similar

occurrence was found in the case of longitudinal distance between the plates.

5.2.1 Relation between the number of plates and the fibre diameter

The mechanically extracted fibres contained a higher number of plates [number of
plates: 48 Figureb.7a), 47 Figure5.7b), 52 (Figure5.7c), 68 EFigure5.7d)] than the
chemically extracted fine [number of plat@gfFigure5.8a), 0 Figure5.8b), 1 Figure5.8c),
2 (Figure5.8d)] and coarse [number of plates: Egure5.9a), 4 Figure5.9b), 0 (Figure
5.9c), 76 Figureb5.9d)] fibres that have the similar diameter. Further, in most cases the
lowest number of plates were found in the chemically extracted fine fibres [number of plates:
0 (Figureb5.8a), 0 Figure5.8b), 1 Figure5.8c), 2 Figure5.8d)] than in the chemically
extracted coarse fibres [nuerbof plates23 (Figure5.9a), 4 Figure5.9b), O Figure5.9c),
76 (Figure5.9d)] as shavn in Table5.3. The fluctuation in plate counts in the chemically

extracted coarse fibres is higher than the plate counts in the fine fibres froradhanical
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and chemically extracted fibres. The plate count consistency in the mechanically extracted
fine fibres (average plate count: 53.75+9.74, N=4) is far greater than both fine (0.75 + 0.96,
N=4) and coarse (25.75 + 34.97, N=4) fibres extracted doghlemical methodrables.3).
Moreover, in the case of mechanically extracted fibres, the number of plates increases
with the increase in fibre diagter Table5.3). No such trend is observed for chemically
extracted fibres. It can be stated that calcium oxalate plates might have been remoged durin
the alkali extraction and therefore, chemically extracted fibres contain fewer or in some cases
zero oxalate plates. It is not known how the plates are attached to the fibre surface or the
bond breaking mechanism caused by alkali treatment. Althmagihanicalextraction used
the mature plant, an analysis of the relationship between fibre diameter and number plates
revealed a similar phenomenon in the chemically extracted fibres from other growth stages.
For example, Fibre 1 from the NF stage had justdl&ium oxalate plates-igure
5.1a), and a diameter of 55.32 umgble5.2). In addition, from the LF stage, Fibre 1 (&l
plates Figure5.3a) with 63.83 um of diameter, and Fibre 2 contained 27 pl&tgarg5.3b)
with 61.70 um diameter. Fibres 1 and 3 of mature stage had 2 (fajase5.5a) and plates
(Figureb.5¢), respectively although their diameters were 64.89 um and 80.85 um,
respectively, and Fibre 3 of the FM stage (diameter: 110.64 um) had zero pigtes (
5.4c¢). In addition, 15KFigure5.2a) and 37 Figure5.5d) plates were found in Fibre 1 of the F
stage and Fibre 4 of the mature stage, respectively, but their diameters were 114.89 um and
123.40 um, respectively. On the other haamtijgher number of plates was found in the
coarser fibres: 106 plateBigure5.4a) in Fibre 1 of FM stage with diameter 119.15 um, and
90 (Figure5.5b), 87 Figureb.5¢), and 75 Figure5.5d) plates were found in mature Fibres 2,
3, and 4, respectivelyith diameters 149.15 um, 148.94 um, and 155.32 um, respectively.
A summary of atomic percentage of different elements from the EDS report

(Appendix A 310 A 36) was also constructed as showm able5.4. Both mechanically and
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chemically extracted fibres contain carbon, oxygen, calcium, and aluminum; however, the

amounts are different for different fibres as well as for plate anelate areas.

Table5.4: Average atomic % of elements from different extraction method

Element

Fibre Extraction Carbon (C) Oxygen (O) Aluminum (Al) Calcium (Ca)

method Plate area  Non-plate Plate Non-plate  Plate area  Non- Plate Non-plate

area area area plate area area
area

Mechanically %69.6[2.1] ©81.7[0.00  24.6[1.7 f17.6[0.00  90.06[0.1] 0.05[0.0] 5.72[0.4 0.67[0.0
extracted fine fibre
Chemically b71.4[0.0 481.58[0.6] 23.4[0.0] €17.7[0.2 90.04[0.Q 0.11[0.1] 5.25[0.0 i0.22[0.1]
extracted fine fibre
Chemically M654.0[0.9  °976.6[0.1] 27.2[3.9  ©22.0[0.3  "0.04[0.00 0.13[0.1] 8.76[3.00 i0.64[0.0]
extracted coarse
fibre

*abedefghij pajrs with same alphabets are statistically significant (NSt2hdarddeviation is presented in square
bracket

Table5.4 shows the average atomic percentage of elements of the fibre extracted by
mechanical and chemical methods. Mechanically extracted fine ibrnssst of an average
of 69.61 % carbon, 24.60% oxygen, 0.06% aluminum, and 5.72% calcium in the plate area;
whereaghe nonplate area consists of 81.70% carbon which is greater than the plate area,
17.58% oxygen, or slightly less than the plate ar€h%.aluminum, and 0.67% calcium
which is much less than the plate area. In contrast, the fine fibres from both the chemical and
mechanical extractions have almost similar atomic percentage at the plate qidte@meas
for each elemenfl@able5.4).

On the other hand, carbon (%) of plate and-plate areas of mechanically extracted
fine and chemically extracted coarser fibres are statistically signtfiwhereas, chemically
extracted fine and coarse fibres have significant differences as well. A similar trend was
noticed for oxygen (%) in neplate areas, whereas plate areas are not statistically significant.
However, aluminum (%) of plate areas wfef fibres from both mechanical and chemical
extraction methods and for mechanically extracted fine and chemically extracted coarse

fibres are statistically significant. Aluminum (%) of nplate areas and calcium (%) of plate
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areas are not statisticalligaificant. In contrast, calcium (%) of ngulate areas of fine fibres
from mechanical and chemical extraction methods is statistically significant as well as fine

and coarse fibres from the chemical extraction method.
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Chapter 6 Sources of Variation on MechanicaPropertiesi

Results and Discussion

The variation in the mechanical properties of cattail fibres might iaeeific
reasos. To establish possible causes, we investigated yield (%), moisture regain (%),
diameter variation, breakage category, and locatfdibre in the leaf. In this chapter, these
possible sources of variation in mechanical properties have been reported, although there

might be many other factors.

6.1 Yield (%) of growth stages

Yield (%) of fibre was calculated usiriguation2.1 and the result is presented in

Table6.1.
Table6.1: Fibre yield (%) of different growth stages
Growth Weight of plant Weight of extracted fibre Yield (%)

stage (grams) (grams)

NF 35 2.61 7.46
F 35 2.87 8.2
LF 35 4.15 11.86
FM 35 3.46 9.89
M 35 10.12 28.91

The yield (%) was found highest at the mature stage (28.91%); whereas the lowest
(7.46%) was found at the NF stage. It seems that the yield (%) of fibre increases with the
plant maturity except for the LF stage (11.86%). Since the mature plants contain less water
than the green plants, this could account for the relation between the plant growth stage and
yield (%).

To determine the relationship between water content aial (§4®, the cattail leaves

and barks were ovedried at 108 to vaporize the constituent water. Using the oven dry
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weight, water content (%) was calculated for five growth stages of cattail plant and results are

visualized inFigure6.1.

100 T

80 + .\‘

60 T+

Water content (%)

20 1

NF F LF FM M
Figure6.1: Water content (%) of cattail plant from 5 different growth stages
In Figure6.1, an inverselyproportional relationship was found with the maturity of
cattail plant and water content (%) which is lowest at mature stage. The reduction of water

content (%) indicates the dease in leaf weight, having a positive impact on yield (%)

(Table6.1).

6.2 Moisture regain (%)

Moisture regain (%) was calculated by separatinditites into two parts in each
growth stage at 75.5% relative humidity (RH) as stated in chapter 2. The results of the

moisture regain test of fibres from 5 growth stages are shoWwahile6.2.
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Table6.2: Moisture Regain (%) of different growth stages at 75.5% RH

Growth  Sample Moisture Average Time to obtain Time to obtain
stage IDp regain (%) moisture constant oven dry constant weight in
9 9 regain (%) weight (hours) desiccator (hours)
Sample 1 9.51
NF Sample 2 965 29.58[0.14 96 120
Sample 1 8.66
F Sample 2 901 8.83[0.24 96 120
Sample 1 8.22
LF Sample 2 8.92 8.57[0.39 72 96
Sample 1 8.77 al
FM Sample 2 8.97 b8.87[0.14 72 96
M Sample 1 9.63 g 5516 g 96 120

Sample 2 9.5

3 pairs with the same alphabets are statistically signifi@tandard deviation is presented in square bracket;
N=2

As shownin Table6.2, themoisture regain (%) of 5 different growth stages was
between 8.22% and 9.65%. The lowest moisture regain, 8.22% was found in the fibre from
the LF stage (sample 1). However, thghest moisture regain is just 1.43% higher than the
lowest one. Although the difference was small among the growth stages, the moisture regain
of the NF and FM stages, and the FM and M stages are statistically significant. It seems that
the fibre from LFand FM stages takes 24 hours less time to obtain a stable weight both in the
oven and the desiccator than the other three growth stages.

Since moisture regain has a positive impachaturalfibre strengthPlacet et al.,

2012) it can be expectedahthe fibre tensile strength might be highest at the NF, would
decrease with the maturity of cattail fibre until the LF stage, and would increase afterwards

until the M stage.

6.3 Diametervariations and their effect on mechanical properties

Since it isa natural fibre, cattail has a wide range of diameters leading to a variety of
tensile stresses. An inversely proportional relation was noticed between the diameter and
tensile stress of the fibr&igure6.2). In addition, majority of fibres diameter was between 20
pm and 45 um with a wide range of tensile stress (around 500 MPa to 3500 MPa). The fibres
with diameter 70 um or higher had tensile sttess than 1000MPa.
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Figure6.2: Relation between diameter and tensile stress

Figure6.3 shows the relationship between the diameter of the cattail fibre and
modulus. Numerous fibres with lower diameter (10um to 45um) have a wide range of
modulus varying from 10 GPa to 200 GPd&eneas lower modulus was found in the fibres

with higher diameter.
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Figure6.3: Relation between diameter ambdulus

6.4 Fibre breakage point and causes of mechanical properties variations

6.4.1 Types obreakage

Fibres break into various forms during tensile testing depending on the fibre

propertieW. E. Morton et al., 1996)After tensile testing, each fibre from each batch was

examined using a microscope to identify the type of fibre breakageugadinds of fibre

fractures were detected: granular failure, brittle fracture, tensile fatigue, independent fibrillar

failure, ductile fracture, stakendsocket breaki-igure6.4 depicts a few examples distinct

typesof fibre breakage found during the tensile testing of cattail fibres.
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Figure6.4: (a) Schematic diagram of granular failure; (b) Schematic diagram of brittle
fracture; (c) Schematic diagram of ductile fracture; (d) Schematic diagram of fibrillar failure;
(e) Schematic diagram of tensile fatigue (f) ESEM image of Node poifibre
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Table6.3 summarizes breakage with breaking point on the fibre and types of breakage
for all the 15 batches (5 growth stages x 3 lengths). Most of the fibres (among 50 samples)
were found to be brokeat node pointKigure6.4f). Chen & Luo (2021yuggested that nodes
consist of sporadic fibres that affect the nature of fibre fracture due to the presence of two
way blend. In addition, a surprising number of fibres broke at the thick place; but less

breakage at the thin place was observed. A few fibres broke close to the Tedites. 3)

Table6.3: Fibre breaking point and types of breakage for different growth stage

# of # of # of # of # of Breakage type

ID total  breaks breaks breaks breaks Granular Brittle  Tensile Fibrillar  *Others
sample atthin atnode closeto atthick fajlure fracture fatigue failure
place  point  frame place
NF-L1 50 8 13 3 26 30 4 8 7 1
NF-L2 50 6 23 9 12 29 5 6 6 4
NF-L3 50 6 29 6 9 17 11 12 9 1
F-L1 50 11 22 2 15 28 6 4 5 7
F-L2 50 9 32 2 7 28 6 6 6 4
F-L3 50 15 35 0 0 24 5 8 9 4
LF-L1 50 13 20 0 17 23 8 8 6 5
LF-L2 50 8 19 0 25 24 12 5 9 0
LF-L3 50 9 19 3 19 25 8 9 5 3
FM-L1 50 19 13 2 16 20 10 6 13 1
FM-L2 50 7 20 2 21 15 14 14 6 1
FM-L3 50 12 8 2 28 22 6 19 2 1
M-L1 50 10 31 6 3 22 15 5 4 4
M-L2 50 9 27 6 8 28 4 9 5 4
M-L3 50 5 35 2 8 21 7 6 13 3

*Others category of breakage includes ductile fracture, staklsocket break, and peeling and splitting

Granular failure was the most common typératture observed during the tensile
testing of the fibre from five growth stagdsble6.3). Brittle fracture, tensile fatigue, and

fibrillar failures were also noticed.

6.4.2 Effect of breakage type on mechanical properties
According to the location of the breakage, mechanical properties of 15 batches (5

growth stages x 3 lengths) are calculated separately into three drymlgemat the thin
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places, did not break at the thin places, and broke near to the frame. The individual breakage

results are given imable6.4.

Table6.4: Mechanical properties of fibre at different breaking point

Tensile stress (MPa)

Modulus (GPa)

ID At the thin Not at the Near to the At the thin Not at the Nearto the
place thin place* frame place thin place* frame

NF-L1 1591[819.9 1128[915.3 1114[938.9 47.48[50.23 37.80[32.23 49.39[20.44
NF-L2 1311[1194 881.0[377.4 885.1[565.1] 74.90[63.01 76.29[54.71 58.67[34.74
NF-L3 631.6[298.1 1141[273.4 712.7[171.9 51.55[15.84 40.33[21.09 48.68[13.77
F-L1 555.1[796.9 975.1[4474 283.0[643.1 33.66[51.3] 53.02[40.63 50.44[50.72
F-L2 1064[349.3 1961[565.4 459.2[415.] 29.62[7.99Q 44.64[16.20 22.35[7.69Q
F-L3 1420[367.9 1099[1064 - 87.42[22.8§ 69.08[63.69 -
LF-L1 758.8[667.3  690.7[369.4 - 37.00[29.99 37.30[19.49 -
LF-L2  587.4[166.4  707.1[474.1 - 57.06[12.7Q  45.43[31.7Q -
LF-L3 614.7[298.1 525.9[415.1  488.1[298.7 130.5[255.7 41.63[28.0] 43.74[18.39
FM-L1 652.5[356.4  340.3[304.7 589.5[13.73 34.67[18.89 27.85[14.03 38.62[1.60(4
FM-L2 576.3[221.§ 656.4[558.  318.8[62.10 45.78[13.37 39.96[24.17 14.93[1.49(Q
FM-L3 551.7[480.4  459.2[243.1  326.8[0.000 44.54[33.10 29.89[13.45 19.70[0.004
M-L1 834.2[544.9§  731.7[297.9 1764[880.9 57.02[50.99 34.85[113.] 82.43[32.13
M-L2 3931[1989 1306[125Q 1021[1729  111.4[48.45 36.31[30.37 35.70[46.1]
M-L3 626.8[495.§  554.4[894.9 1377[105]  45.82[21.23 46.04[60.0] 84.42[64.69

*Fibre broke either at the thick place or the other place except the thinnestgtdenckard deviation is resented
in square bracket

cases aftecategorizinghe mechanical properties data according to the breakage location. It

It can be noticed that the standard deviation and CV% have reduced in most of the

is worthmentioningthat the results of fibres that broke at the thin placdikely to be more

accurate; since the diameter of the thin place was used in calculating the mechanical

properties.

6.5 Fibre Location Effect

6.5). Three types of fibre (dorsalentral,and central fibre) of various diameters are present

in a single leaf.

An X-Ray of the mature cattail leaf identifies the fibre locations and diantetgmé
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Figure6.5: (a) Threedimensional (3D) XRay image of cattail leaf; (b)-Ray image of
longitudinal section o€attail leaf; (c) XRay image of crossection of cattail leaf

(Yu, 2021)mentioned that the dorsal (convex i.e., outer surface) and ventral surfaces

(concave i.e., inner surface) of a cattail leaf contain fibres. However, after careful
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observation, a ihd layer, the central surafce was also found to contain fibre, as shown in
Figure5.7 in the previous chapter.

Further Xray examinations of these three components of cattail leaf reveal the
existence of fibre inside: dorsd#di@ure6.6a), ventral Figure6.6b) and central fibredgure

6.6C).

(b)

Figure6.6: X-Ray image of (a) Dorsal fibre (b) Ventral fibre (c) Central fibre
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Each of theseattail leaf components were mechanically separated into the three
parts: dorsal, ventral, and central. If a chemical extraction method had been used on the
whole leaf, the origin (location in leaf) of the fibres could not have been identified and
separatd. For this reason, a mechanical method was the best solution. After this mechanical
separation, the fibres from the three parts were extraad@ddually by chemical means.
However, separating the ventral part of cattail leaf was challenging duefiioréhe
tenderness, and extracting the central fine fibres was very difficult due to their low strength.
In contrast, the fibres from the dorsal surface were easier to extract since they had higher
strength.

The result of the mechanical properties of theefs from the three locations is shown

in Table6.5.

Table6.5: Mechanical properties of fibres from different locations

Location Diameter (um) Tensile Stress (MPa) Modulus (GPa)
Dorsal(N=36) a47.7[19.64 ©501.70[331.54 €38.70[27.73
Ventral (N=41) 42.92[11.03 9512.58[203.33 f31.17[15.53
Central (N=27) a18.02[3.71] ©d249.88[136.53 ©15.68[10.59

Abcdet nairs with the same alphabets are statistically signifisséandard deviation is presented in square bracket

In Table6.5, it can be noticed that the diameter, tensile stress and modulus of fibres
from three different locations are identicglqure6.6). The average diameter of dorsal fibre
was 47.71+19.66 um (N = 36), which is the highest among the three fibre locations followed
by the vatral fibre (42.92+11.02 um, N=41) and the central fibres 18.02+3.71 um (N= 27) as
shown inTable6.5.

The ventral fibres had the highesterage of tensile stress (512.58 MPa + 203.33, N =
41) followed by the fibres from dorsal pa®0(.70 MPa + 331.56, N = B6The lowest
tensile stress was for the central fibres: 249.88 MPa with a standard deviation of 136.52 MPa

(N = 27).
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Dorsalfiors ex hi bi ted the highest Youngés modu

27.73 (N = 36), followed by the ventral fibrgl(17 GPa + 15.53y= 41),and central fibres
the lowest, at 15.68+10.55 GR¢=27).

The data of diameter, tensile stress armtlulus of central fibres are statistically
significant individually with the dorsal and ventral fibres. However, dorsal and ventral fibres

have similar mechanical propertidsaple6.5).
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Figure6.7: Variation of (a) Diametel(b) Tensile stress; (c) Modulas fibres from different

locations

6.6 Effect of Outliers

Mechanical properties obtained from the 5 growth stages were found to be sporadic.
The locations and variations in diameter (discussed in previous section) create numerous
outliers in data sets and makes analysis difficult. Removal dfG#epercentile ofhe upper
and lower values of each data set through quantile of Python programming |arugveage

better interpretation of the results.
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6.6.1 Effect ofoutliers on Tensile Stress

Figure6.8(a) presents the average tensile stress with standard deviation of 15 batches
(5 growth stages x 3 lengths) of cattail fibre before removing the outliers; witégeas

6.8b shows the changes after removing outliers.
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Figure6.8: Average tensile stress (a) before removing outliers; (b) r@teoving outliers

It is clearly noticeable that a few batches have a high standard deviation before the
removal of outliers. For example, NA (1215 MPa + 903 MPa),-E1 (1288 MPa + 824
MPa), ML1 (1058 MPa * 881 MPa), M2 (1500 MPa + 973), 43 (958MPa + 483 MPa),
M-L3 (834 MPa = 367 MPa), all have high standard deviatibiggie6.8a). In contrast, the
data sets were found to be more stable aft@oving the outliers. For example, the standard

deviation of tensile stress was reduced to 504 MPa from 903 MPa for th&;MiRd was as
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low as 578 MPa from 824 MPa for theLE which isan excellent improvemefur this data

set. In addition, for M_1, standard deviation was lowered to 489 MPa from 881 MPa after

removing the outliers. Moreover, the value was reduced to 646 MPa from 973 MPa.for M

and to 342 MPa from 483 MPa foflB after removing outliers. Further, due to the removal

of outliers, tle standard deviation of M3 was reduced from 367 MPa to 213 MPa.

6.6.2 Effect of outliers on Modulus

Figure69a pr esent s t he awahstangdard déwatiomgf@>s mo d ul
batches (5 growth stages x 3 lengths) of cattail fibre before removing the o#iliere6.9b
shows the changes aftemoving outliers.
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Figure6.9: Average modulus (a) before removing outliers; (b) after removing outliers
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In Figure6.9a, excessive standard deviations of modulus were spotted for the specific
batches AH.1 and LFL3 before removing outliers. The average modulus of fibre from+the F
L1 was 65.44 GPa + 41.73 GRaud the value was 44.06 GPa = 31.04 GPa feLBFOn the
other hand, after removing the outliers, the average modulus dropped to 58.80 GPa + 31.20
GPa and 39.3 GPa + 18.2 GPa fdtFand LFL3, respectively. The effect of outlier
removal was not limitetb these two batches;affected all the other batches to lower their
standard deviatioand CV (%).

The standard deviation of tensile stress
dropped to the extent that the value was lower than the mean after removal of the outliers,

giving excellentefficiency on the result and decision making.

6.6.3 Effect of outliess on Weibull Parameters

After removing the outliers from the raw data, the result of Weibull parameters are
presentedni Appendix A46The U value of tensile stress af
than 2.0 in most cases which indicates the data aserclo one another than before
(Appendix A 46 for both LR and MLE methods. In some cases, the value climbed to more
than 4. 0. I n addition, the b values of the 1
removing outliers, or equal for both LR&AMLE methods which indicates less variability
among the data. Moreover, the correlatiBf) values always fluctuate between 84% and
98% , which is almost similar to the values before removing outliers.

On the other hand, Weibull parametersmafdulus (after removing outliers) are
shown inAppendix A 47 In Appendix A47, t he U value of modul us i
that indicating that the data got closer to one another after removing outliers. Sometimes the
value jumped to over 4.0oreove, thei values were fountb be mostlylower than the

values before removing outliers. In addition, the correlafi®?s) (aluesare always more

than 85%.
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The Weibull parameters of tensile stress and modulus to interpret the data sets are
more likely tobe more suitable for composite application after removing outliers. Separating
the three different layers could be a great solution for minimizing variation on the mechanical

properties.
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Chapter 7 Conclusions

In this study, cattail fibres of five different growdtages with three different lengths
were used to determine suitability of cattail in composite applications. Mechanical properties,
especially tensile stresstrain,and modulus of cattail fibres were measured to make
decisions over the growth stage dewigth.

Two-parameter Weibull distribution was conducted on the mechanical properties of
15 batches (5 growth stages x 3 lengths). The shape parameter of tensile stress and modulus
were always greater than 1.0 for all theldEiches. The values of shagameters indicase
the data are evenly and closely distribufEae lower scale parameter values compared to
average experimental values were also identified for both tensile stress and modulus that
showlower variability among the data.

Despite the dateeliability obtained by Weibull distribution model, a decision on the
ranking of growth stages or lengtbutd be made from the result. Therefoaenew method of
rankingthe cattail fibre properties frothefive different growth stagesith three different
lengthswas developedsing a computer programming langudga used thaighest,
average, and lowestlues offlax fibre as thresholdimits. Althoughthe suitability of cattail
fibresvaried according to the limit values, L3if&h) wasranked ashe best among the
three lengths, the F (flower) stage was the best among the five growth sth§esak the
best among the 15 batches, and Y (modulus) was the best among the 7 parameter
combinationslf lengthwiserankingis consideredthe position was higheatL3 (3-inch),
followed byL2 and L1. In addition, when growth stageise ranking was conducted, the F
stage got the highest rank followed by the M stage, NF stage, FM stage, and LiV/st&age.
growth stages and lengths are edased together, ¥ 3 was the highestanked fibres
followed by M-L3, NF-L2, F-L1 and so forthMoreover, br parametewise ranking within

themselvesmodulus(Y) showed the highest ranking, which means the suitabilityazfulus
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is the largest among tlseven parameters combinatipfidlowed by hetensile streséS) and
tensile sain (R).

Theexactsuitable batcimight be selected based on the applicationthefibre. For
example, if an application requires a highsile stresthe FL1 batch can be usedhereas
M-L2 might be the best choice when average stress is requiredlahd/iere lower stress is
required However if an application requires onhjigh strain value, then fibres fromF-L3
batch can be usedihereasV-L2 can be used when average strain is required. In addition,
anyof NF-L3, L3, FM-L2, and FML3 might be used when an application requires lower
strain In contrastif an application requés a high modulus, then theLE batch can be used
wheread--L3 andM-L3 can be used ifraaverage olower limit value of modulus is
required However, if any application needs average stress, strain, and moduldsah be
selected

Surfacestructurecharacteristichy ESEM showed that the number of calcium oxalate
plates decreadavith the increase in the growth stages; howewerifferences were found
in the chemical compositions as revealed by EDS report. This indicates that the chemical
makeup ofibres from all growth stages is similathese findings will have an implication
for wet processing of cattail fibres in that similar processing methods can be applied for
fibres extracted from all growth stages.

Fibre diameter and extraction methodséhan effect on the removal of calcium
oxalate plate While chemical extraction completely removed the plates from the fine fibres
and patrtially from the coarse fibres, mechanical extraction did not remove any plates at all
from the fine fibres. N@latesfrom thecoarse fibres could be removed by mechanical
extraction method.

While the average plate count deegwith the maturity of the cattail fibréhe

average ofimore frequent sizdengths increasdfrom the NF to FM stageshen slightly
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decrease at the mature stage. In addition, the longitudinal distance between the plates

increasd with the growth of the cattail plant.

It was found that the location of fibre within a leaf has an impact on the fibre diameter

and mechanical properties. The dorsehtral, and ventral fibres were separated. The dorsal

and ventral fibres contained coarser fibres with high tensile stress, strain, and modulus

whereas the central fibres were finer with low tensile strain and modulus. When calculated

separately, thetandard deviation of these fibres was much lower than when the standard

deviation for all fibres from the whole leaf was calculated.

A summary of tle research outcomespresented iffable7.1.

Table7.1: Summary table

, Analytical Major results Table/
Analysis method Outcomes Value type obtained Figure #
5 . .
Suitability Percentage Python ]EA? c(,): ilk%ress fu'{” Lh? .y Absolute Input data for ranking Table2.1
Ranking (growth stage wise Objective ér?w?hrz?:él%WIthln the Relative Et:gtehe best growth E:gﬂ;gi% &
Ranking (length wise) Objective Ileac;%gankmg within the Relatve L3 is the best lengths Table4.4
. L 1 to 15 ranking within
gRril)'mr? ig;%@g:gﬁ'ggg?;s) Python groups: five growth stage Relative F-L3 is the best batch Figure4.5
andthree lengths
Ranking (parameter wise)  Objective ;et;)aanea':grlgng\g}rT;ion Relative ?a?rglrjr!ifelrs the best Figure4.6
Decreasing the
. Images of fibres surface number of calcium
Image analysis ESEM with 500x magnification Absolute oxalate plate with the Table5.1
maturity of plant
. o Chemical composition of Samech_e_mical ,
Chemical Composition EDS Absolute composition of five ~ Table5.2

fibre

growth stages
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7.1Limitations and Future Work

Since the breakage pattern of cattail fibre is uneverrékage point cannot be
predicted before the tensile testing. For this reason, measured diameter might have errors that
lead to theerrorin the mechanical properties. Moreover, the broken surface of fibre was not
plane, so the crossectional area couldot be measured accurately. A few researchers had
measured the diametafter breakageasing an electron microscope and software, but in this
research, it could not be doréowever,.the objectives of this workerenot toacquire any
absolute values,ragha compari son of the #@mobgteds mechani
phenologicabevelopmenstageof cattailplants

On the other handhe length of a cattafibre used in this researehasl to 3 inches
(25.4 to 76.2mm); in contraghe referencéax fibre length was 10 to 30m(Yan € al.,
2014) In addition, the diameter of cattail fibre was 30 to 180Qwinereaghe flaxfibre was
40 to 80pum(Li & Dai, 2006). For this reason, there might be a question of whether the values
of these two fibresare comparable. Future waskould be dondo resolhe these limitations.

The plantdrom different growthstagesvere collectedandomly from the open field
The regrowth of cattaplantswas notmonitored and evaluateButurework can be done on

the regrowthpattern and timef cattail plantsafter harvesting in a controlled environment
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Appendix

Appendix Al: Raw data of N1

ID Tensile stress at Break Tensile strain at Break Modulus (Automatic
(Standard) (Standard) Young's)
L1-NF1 701.35559 0.0433 27.49356
L1-NF2 1,528.21 0.03215 69.00737
L1-NF3 1,191.44 0.03742 59.64576
L1-NF4 2,674.60 0.04109 81.46809
L1-NF5 1,696.00 0.03739 75.21164
L1-NF6 1,667.15 0.04987 52.75351
L1-NF7 1,080.27 0.03604 4252317
L1-NF8 1,098.56 0.03612 55.21979
L1-NF9 891.77 0.03783 35.34378
L1-NF10 786.93 0.03543 34.47791
L1-NF11 1,390.36 0.03442 150.7713
L1-NF12 469.95 0.03896 15.66593
L1-NF13 1,789.65 0.04017 66.82628
L1-NF14 684.92 0.03823 25.69145
L1-NF15 1,479.63 0.03288 74.45277
L1-NF16 1,112.65 0.04015 46.14637
L1-NF17 570.33 0.03807 20.82192
L1-NF18 438.10803 0.03969 15.2312
L1-NF19 2,173.65 0.04853 61.29961
L1-NF20 145.86 0.046
L1-NF21 607.68 0.04073 18.08613
L1-NF22 4,692.60 0.04276 173.59878
L1-NF23 3,221.05 0.0383 116.08633
L1-NF24 471.13 0.02933 17.42511
L1-NF25 1,049.19 0.04793 29.19066
L1-NF26 349.32608 0.01983 19.36928
L1-NF27 2,821.02 0.04136 92.80516
L1-NF28 1,166.95 0.03469 59.91311
L1-NF29 1,033.17 0.03954 45.65469
L1-NF30 1,097.47 0.03894 34.93815
L1-NF31 417.32 0.0228 31.33864
L1-NF32 2,740.34 0.04382 63.84611
L1-NF33 843.39 0.04007 29.1835
L1-NF34 159.44 0.0378 6.63945
L1-NF35 2,162.56 0.04545 67.26477
L1-NF36 1,308.74 0.04479 44.12478
L1-NF37 913.42 0.04274 22.35462
L1-NF38 796.36 0.04007 28.73849
L1-NF39 819.93 0.03285 36.14753
L1-NF40 1,131.08 0.04195
L1-NF41 222.12 0.03314 11.13588
L1-NF42 1,046.93 0.04321 31.3441
L1-NF43 934.52 0.03449 16.12543
L1-NF44 1,148.02 0.04137 32.87825
L1-NF45 157.58 0.03931 6.91647
L1-NF46 163.55379 0.04382 6.163
L1-NF47 2,214.34 0.04498 52.68458
L1-NF48 263.52158 0.02878 16.21777
L1-NF49 1,555.49 0.04947 48.11519
L1-NF50 508.56 0.04386 13.48626
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Appendix A2: Raw data of NA.2

ID Tensile stress at Break Tensile strain at Break Modulus (Automatic
(Standard) (Standard) Young's)
L2-NF1 933.84 0.03328 110.75147
L2-NF2 292.53 0.02592 15.63786
L2-NF3 1,535.69 0.02689 73.70385
L2-NF4 613.25 0.03048 32.57665
L2-NF5 855.05 0.0269 37.4397
L2-NF6 1,076.24 0.02552 49.77656
L2-NF7 1,222.18 0.03126 135.67469
L2-NF8 1,566.67 0.02594 100.84843
L2-NF9 1,602.38 0.03535 68.87384
L2-NF10 870.95 0.02294 49.91439
L2-NF11 410.10 0.02675 28.6753
L2-NF12 664.97 0.02981 95.26546
L2-NF13 996.77 0.03074 46.72113
L2-NF14 1,076.93 0.03532 43.81682
L2-NF15 1,287.13 0.02771 66.08361
L2-NF16 1,405.49 0.02799 65.81622
L2-NF17 986.89 0.02762 54.5582
L2-NF18 327.21 0.00922 354.71011
L2-NF19 665.55 0.02957 26.55386
L2-NF20 751.43 0.02816 54.11045
L2-NF21 4,169.29 0.03059 206.51078
L2-NF22 1,768.67 0.04195 61.87429
L2-NF23 1,128.00 0.03481 46.30747
L2-NF24 1,328.92 0.02909 52.73949
L2-NF25 704.38 0.02398 37.61579
L2-NF26 331.15 0.0291 13.38847
L2-NF27 432.57 0.02405 21.31635
L2-NF28 388.09 0.0267 18.0493
L2-NF29 1,320.65 0.03471 49.52977
L2-NF30 924.45 0.03176 36.36679
L2-NF31 1,613.60 0.02526 80.86572
L2-NF32 57.10 0.05868 34.62632
L2-NF33 1,477.56 0.02498 101.70499
L2-NF34 1,040.89 0.02729 51.38845
L2-NF35 1,302.48 0.02701 78.62123
L2-NF36 608.97 0.02889 35.03435
L2-NF37 1,165.68 0.02945 53.03432
L2-NF38 442.83 0.02535 28.67969
L2-NF39 539.24 0.02501 81.26535
L2-NF40 1,460.30 0.03627 56.87197
L2-NF41 1,492.66 0.03995 60.9206
L2-NF42 705.10 0.02889 30.45978
L2-NF43 1,338.79 0.03163 51.79801
L2-NF44 671.10 0.02767 46.10585
L2-NF45 1,103.87 0.02512 81.85758
L2-NF46 1,001.65 0.02528 50.80585
L2-NF47 1,085.76 0.03707 43.23507
L2-NF48 1,219.31 0.03099 50.69127
L2-NF49 1,547.30 0.02608 100.02323
L2-NF50 828.25 0.0256 41.83808
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Appendix A3: Raw data of NAL3

ID Tensile stress aBreak  Tensile strain at Break Modulus (Automatic

(Standard) (Standard) Young's)
L3-NF1 875.75 0.0249 40.32841
L3-NF2 917.92 0.01585 61.39535
L3-NF3 635.54 0.01505 47.80668
L3-NF4 798.77 0.02977 37.23348
L3-NF5 1,052.62 0.02246 53.41651
L3-NF6 518.44 0.01644 31.35073
L3-NF7 820.52 0.02042 47.72032
L3-NF8 710.04 0.01862 46.65469
L3-NF9 590.03 0.01974 36.38003
L3-NF10 224.43 0.0241 10.88324
L3-NF11 594.21 0.02108 93.00891
L3-NF12 1,075.93 0.0276 54.22445
L3-NF13 747.53 0.01872 72.5902
L3-NF14 756.67 0.01847 54.22671
L3-NF15 631.24 0.02506 36.63948
L3-NF16 775.83 0.02292 59.85234
L3-NF17 212.79 0.02034 13.0493
L3-NF18 443.61 0.01981 29.74246
L3-NF19 773.22 0.01901 57.12013
L3-NF20 1,382.60 0.02311 93.55462
L3-NF21 767.77 0.02472 46.49347
L3-NF22 571.50 0.02085 37.63268
L3-NF23 787.28 0.0293 35.55368
L3-NF24 551.72 0.02648 32.4204
L3-NF25 693.75 0.02633 33.66793
L3-NF26 907.03 0.01483 66.01288
L3-NF27 615.95 0.02971 27.71859
L3-NF28 705.84 0.02616 32.68984
L3-NF29 1,011.24 0.0248 56.67702
L3-NF30 795.78 0.02661 49.68232
L3-NF31 1,171.02 0.03145 69.00292
L3-NF32 397.92 0.03008 17.08337
L3-NF33 954.95 0.02779 53.133
L3-NF34 982.54 0.02492 56.85404
L3-NF35 282.12 0.0261 12.19159
L3-NF36 438.34 0.02586 19.65999
L3-NF37 677.79 0.02528 37.94803
L3-NF38 578.26 0.01736 60.67529
L3-NF39 567.43 0.03073 24.,11393
L3-NF40 670.21 0.02502 38.40873
L3-NF41 841.40 0.02712 90.39904
L3-NF42 996.34 0.02755 39.60835
L3-NF43 1,152.92 0.03298 55.99997
L3-NF44 748.62 0.02509 41.03524
L3-NF45 345.43 0.00991 41.6974
L3-NF46 903.78 0.02981 52.63672
L3-NF47 885.18 0.02069 74.42097
L3-NF48 909.95 0.01884 71.82126
L3-NF49 1,145.10 0.02735 66.35551
L3-NF50 1,407.83 0.01904
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Appendix A4: Raw data of A.1

ID Tensile stress at Break Tensile strain at Break Modulus (Automatic Young's)
(Standard) (Standard)

L1-F1 396.43042 0.03301 17.91071
L1-F2 1,293.34 0.03782 55.1025
L1-F3 599.60315 0.03692 18.61845
L1-F4 2,285.00 0.03871 125.58492
L1-F5 1,097.36 0.03762 45.20515
L1-F6 1,536.54 0.0354 62.99556
L1-F7 1,406.77 0.03671 52.92793
L1-F8 701.02533 0.04495 25.96463
L1-F9 1,139.96 0.03495 48.18535
L1-F10 1,023.09 0.03125 62.94116
L1-F11 3,226.59 0.03306 145.48913
L1-F12 2,117.69 0.02952 144.66486
L1-F13 1,780.89 0.03505 78.45051
L1-F14 2,521.44 0.02795 146.15004
L1-F15 2,521.44 0.02795 146.15004
L1-F16 1,937.18 0.03935 72.89147
L1-F17 1,208.73 0.03412

L1-F18 76.59165 0.03654 3.02512
L1-F19 1,583.78 0.04639 43.71262
L1-F20 3,102.10 0.03591 149.87429
L1-F21 2,205.39 0.03157 101.63538
L1-F22 440.60492 0.0271 34.48126
L1-F23 283.08411 0.03309 14.57985
L1-F24 1,192.51 0.04001 86.30941
L1-F25 1,241.81 0.03734 37.82017
L1-F26 567.67719 0.03496 33.8238
L1-F27 800.31781 0.02478 97.71826
L1-F28 492.04636 0.03238 20.79428
L1-F29 913.64624 0.03186 36.30921
L1-F30 28,183.51 0.10461

L1-F31 3,407.04 0.04049 142.45272
L1-F32 908.45386 0.03251 45.63136
L1-F33 661.73358 0.03946 32.04054
L1-F34 848.21448 0.0405 29.55859
L1-F35 2,371.99 0.04267 101.68829
L1-F36 1,105.02 0.04445 35.14809
L1-F37 1,736.24 0.03279 100.69559
L1-F38 480.11078 0.03045 25.13966
L1-F39 1,126.45 0.03882 47.38522
L1-F40 617.10724 0.0325 36.37153
L1-F41 1,636.07 0.03183 98.61674
L1-F42 997.01227 0.03182 67.63093
L1-F43 636.8833 0.04132 31.61679
L1-F44 477.89313 0.03518 19.24546
L1-F45 1,307.88 0.03341 64.37503
L1-F46 260.12906 0.03973 10.03043
L1-F47 1,235.98 0.03353 52.16362
L1-F48 87.11272 0.03971 4.38093
L1-F49 1,904.22 0.04218 76.05277
L1-F50 1,5653.91 0.03283 88.12936
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Appendix A5: Raw data of H.2

ID Tensile stress at Break Tensile strain at Break Modulus (Automatic Young's)
(Standard) (Standard)
L2-F1 911.81311 0.0466 27.71403
L2-F2 1,5652.48 0.05965 30.7154
L2-F3 399.85 0.05643 9.97119
L2-F4 1,123.22 0.05741 22.82649
L2-F5 432.64 0.05033 14.15104
L2-F6 1,588.59 0.04737 59.35904
L2-F7 835.74 0.02924 42.99593
L2-F8 637.06 0.04801 17.24471
L2-F9 558.94 0.0259 24.30578
L2-F10 679.15 0.0457 20.47142
L2-F11 967.67 0.05332 27.47533
L2-F12 773.21 0.0594 18.27555
L2-F13 2,040.95 0.05851 45.9183
L2-F14 656.93 0.05334 20.31895
L2-F15 1,934.25 0.06147 42.35234
L2-F16 1,077.35 0.06444 27.22767
L2-F17 382.37 0.08196 10.80467
L2-F18 1,443.06 0.05637 41.53777
L2-F19 1,426.37 0.08496 19.38305
L2-F20 623.92 0.05199 14.60314
L2-F21 1,042.60 0.03554 39.06235
L2-F22 813.41 0.0509 23.3634
L2-F23 1,116.17 0.0356 36.28346
L2-F24 1,527.45 0.05202 33.15793
L2-F25 1,153.70 0.0489 39.60226
L2-F26 2,129.96 0.04955 63.9776
L2-F27 858.66 0.02499 45.94381
L2-F28 354.94 0.04467 10.37173
L2-F29 486.28 0.05225 12.1665
L2-F30 1,528.13 0.05259 41.10885
L2-F31 1,010.43 0.0546 27.13699
L2-F32 1,954.53 0.05846 53.5827
L2-F33 536.56 0.06415 12.42267
L2-F34 1,042.73 0.04967 23.52938
L2-F35 753.22 0.05124 27.78309
L2-F36 778.78 0.03908 27.92598
L2-F37 931.87 0.04934 28.39234
L2-F38 2,378.47 0.05439 62.92351
L2-F39 729.96 0.05854 18.65283
L2-F40 672.46 0.05359 13.75915
L2-F41 958.92 0.04419 51.4476
L2-F42 165.19 0.01707 16.91227
L2-F43 881.69 0.0546 13.95084
L2-F44 866.60 0.03866 28.54695
L2-F45 523.82 0.05221 16.78426
L2-F46 790.06195 0.04456 23.5662
L2-F47 664.56 0.06022 15.11665
L2-F48 1,217.46 0.05843 31.52624
L2-F49 1,489.64 0.05514 40.0845
L2-F50 2,369.55 0.06066 58.55608
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Appendix A6: Raw data of H.3

ID Tensile stress at Break  Tensile strain at Break  Modulus (Automatic Young's)
(Standard) (Standard)

L3-F1 1,191.43 0.02114 75.67939
L3-F2 1,441.01 0.01979 87.9617
L3-F3 391.76 0.01346 46.84027
L3-F4 882.38 0.01921 64.30393
L3-F5 728.75 0.0238 43.92938
L3-F6 1,046.38 0.02584 56.01077
L3-F7 522.43 0.02181 39.16011
L3-F8 1,353.47 0.02028 81.49974
L3-F9 1,377.51 0.02741 53.26357
L3-F10 1,209.81 0.02468 71.21437
L3-F11 671.14 0.01586 56.99971
L3-F12 707.57 0.02249 41.97671
L3-F13 1,522.38 0.01544 112.78442
L3-F14

L3-F15 243.79 0.01551 48.57934
L3-F16 567.78 0.0171 41.81931
L3-F17 1,179.14 0.02064 86.5484
L3-F18 6,352.10 0.02298 351.0256
L3-F19 611.70 0.01539 55.59578
L3-F20 1,118.28 0.02647 58.79453
L3-F21 743.24 0.01756 49.46158
L3-F22 743.24 0.01756 49.46158
L3-F23 1,577.66 0.01947 123.08485
L3-F24 1,290.57 0.02793 85.416
L3-F25 683.97 0.02138 39.06717
L3-F26 729.43 0.02424 47.50523
L3-F27 592.26 0.02222 38.50869
L3-F28 2,170.51 0.03097 144.70558
L3-F29 803.24 0.01972 48.40566
L3-F30 763.96 0.0241 46.24278
L3-F31 968.37 0.01578 90.61641
L3-F32 305.96 0.01725 23.92557
L3-F33 1,546.32 0.02173 97.2272
L3-F34 2,218.22 0.0143 228.5126
L3-F35 521.85 0.00903 141.45218
L3-F36 366.18 0.01579 32.82443
L3-F37 463.30 0.01627 50.96684
L3-F38 516.18 0.01507 61.88826
L3-F39 1,060.92 0.01634 70.58008
L3-F40 554.73 0.02032 35.06195
L3-F41 1,893.56 0.02761 96.44794
L3-F42 805.44 0.01934 52.18914
L3-F43 1,127.97 0.02561 64.03195
L3-F44 618.77 0.01874 39.88807
L3-F45 1,406.80 0.01281 76.5546
L3-F46 173.61345 0.02154 9.1724
L3-F47 609.36 0.01719 42.11561
L3-F48 1,5633.73 0.01878 97.3233
L3-F49 1,008.31 0.02033 62.47944
L3-F50 1,400.30 0.02124 86.87942
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Appendix A7: Raw data of LH_1

ID Tensile stress at Break Tensile strain at Break  Modulus (Automatic Young's)
(Standard) (Standard)

L1-LF1 759.20 0.03368 37.98178
L1-LF2 480.38 0.04236 22.51775
L1-LF3 873.11 0.03276 45.69937
L1-LF4 599.39 0.03934 25.51521
L1-LF5 636.44 0.03143 68.25411
L1-LF6 1,157.11 0.04345 48.00797
L1-LF7 870.29 0.05111 40.5312

L1-LF8 980.64 0.03323 63.68436
L1-LF9 2,558.19 0.045 113.05755
L1-LF10 314.11 0.02553 23.9785

L1-LF11 808.29 0.02647 39.42809
L1-LF12 341.62 0.03241 18.98953
L1-LF13 1,519.40 0.04022 49.05979
L1-LF14 558.64 0.03401 33.12618
L1-LF15 290.48 0.02448 25.56667
L1-LF16 1,125.36 0.02308 105.77479
L1-LF17 265.17 0.04242 11.11446
L1-LF18 1,130.27 0.03115 57.91139
L1-LF19 355.73 0.03919 9.09594

L1-LF20 815.80 0.02229 66.11432
L1-LF21 720.14 0.03641 25.11744
L1-LF22 670.89 0.04167 16.30951
L1-LF23 227.27 0.0292 22.30264
L1-LF24 602.91 0.03172 40.15042
L1-LF25 486.18 0.03815 21.02442
L1-LF26 363.35 0.04539 11.926

L1-LF27 429.14 0.03756 23.763

L1-LF28 503.93 0.0332 29.92088
L1-LF29 857.58 0.04093 50.14354
L1-LF30 852.13 0.03151 36.45113
L1-LF31 895.68 0.03694 35.5463

L1-LF32 383.34 0.04501 10.90802
L1-LF33 804.07 0.03655 35.29223
L1-LF34 488.98 0.03605 22.72246
L1-LF35 817.62 0.02571 59.50594
L1-LF36 1,293.42 0.03031 64.25171
L1-LF37 628.09 0.0412 12.74658
L1-LF38 1,073.61 0.03067 45.73675
L1-LF39 872.15 0.03939 31.07778
L1-LF40 32.91 0.02906 13.49631
L1-LF42 927.30 0.04576 31.44322
L1-LF43 160.93 0.05018 25.93714
L1-LF44 215.81 0.01217 35.79818
L1-LF45 284.66 0.0329 12.58978
L1-LF46 842.26 0.04263 26.45418
L1-LF47 1,093.36 0.03828 39.18356
L1-LF49 1,571.58 0.03984 64.01563
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Appendix A8: Raw data of LH.2

ID Tensile stress at Break Tensile strain at Break Modulus (Automatic Young's)
(Standard) (Standard)

L2-LF1 1,181.67 0.02964 56.01836
L2-LF2 422.73 0.02232 33.3766

L2-LF3 370.35 0.03145 14.64315
L2-LF4 764.63 0.03094 57.02155
L2-LF5 374.42 0.02239 17.48272
L2-LF6 2,895.33 0.03166 157.27498
L2-LF7 1,609.30 0.01842 239.59152
L2-LF8 736.14 0.03142 34.40036
L2-LF9 480.63 0.02223 36.08376
L2-LF10 571.55 0.02583 40.8698

L2-LF11 637.93 0.02829 36.53822
L2-LF12 359.66 0.02531 22.93501
L2-LF13 1,363.59 0.02268 90.20231
L2-LF14 683.11 0.03038 41.12601
L2-LF15 1,074.34 0.02235 65.50754
L2-LF16 416.32 0.02388 24.88437
L2-LF17 715.56 0.04321 31.70198
L2-LF18 826.28 0.02755 36.52989
L2-LF19 239.29 0.02731 18.18566
L2-LF20 918.67 0.02436 81.6264

L2-LF21 502.33 0.0268 26.55441
L2-LF22 357.56 0.01848 32.89374
L2-LF23 420.32 0.02498 21.94429
L2-LF24 405.17 0.02663 23.82872
L2-LF25 318.08 0.02841 17.31134
L2-LF26 587.49 0.01764 121.53074
L2-LF27 582.12 0.0129 55.46441
L2-LF28 338.54 0.02883 17.17824
L2-LF29 301.37 0.01787 25.94512
L2-LF30 1,215.22 0.02349 62.13716
L2-LF31 446.17 0.02515 26.60473
L2-LF32 159.86 0.02457 9.47613

L2-LF33 957.34 0.02575 53.79591
L2-LF34 575.33 0.03243 31.52314
L2-LF35 376.14 0.02876 19.9109

L2-LF36 1,145.32 0.02793 59.12991
L2-LF37 632.47 0.03132 34.77278
L2-LF38 1,201.80 0.03447 62.04155
L2-LF39 595.82 0.01661 118.52727
L2-LF40 203.12 0.01337 20.19737
L2-LF41 699.80 0.02525 44.79535
L2-LF42 637.03 0.02889 28.86186
L2-LF43 1,220.76 0.03066 68.97895
L2-LF44 466.55 0.02804 33.8159

L2-LF45 312.26 0.02286 15.79797
L2-LF46 1,031.61 0.0266 74.54035
L2-LF47 393.77 0.01616 28.51182
L2-LF48 1,057.69 0.0301 42.17743
L2-LF49 118.77 0.01126 17.89355
L2-LF50 284.77 0.01262 32.45841
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Appendix A9: Raw data of LH.3

ID Tensile stress at Break Tensile strain atBreak Modulus (Automatic
(Standard) (Standard) Young's)
L3-LF1 503.35 0.02771 91.59607
L3-LF2 621.39 0.02207 33.76213
L3-LF3 987.95 0.02572 56.75804
L3-LF4 353.83 0.01981 26.36209
L3-LF5 264.33 0.0312 11.86347
L3-LF6 1,638.38 0.01404 759.14117
L3-LF7 521.82 0.02191 47.95364
L3-LF8 322.61 0.01932 26.50357
L3-LF9 132.66 0.02411 7.45269
L3-LF10 185.61 0.02121 10.89226
L3-LF11 234.74 0.01573 18.74889
L3-LF12 336.74 0.02378 22.97303
L3-LF13 743.80 0.02074 52.85774
L3-LF14 377.53 0.02813 20.11423
L3-LF15 695.21 0.01993 52.14354
L3-LF16 501.21 0.0276 26.10505
L3-LF17 1,083.23 0.02443 94.06557
L3-LF18 2,204.55 0.03191 117.8434
L3-LF19 622.90 0.02535 39.86124
L3-LF20 701.30 0.03565 33.31125
L3-LF21 55.13 0.02225 30.81054
L3-LF22 454.48 0.02586 25.76656
L3-LF23 607.35 0.02099 43.10205
L3-LF24 445.34 0.01285 115.57726
L3-LF25 1,743.75 0.02721 106.89952
L3-LF26 127.25 0.00817 2497722
L3-LF27 859.46 0.02765 53.10587
L3-LF28 185.26 0.01133 54.3715
L3-LF29 839.40 0.02366 156.48877
L3-LF30 712.95 0.02586 41.64398
L3-LF31 57.77 0.00786 23.05971
L3-LF32 857.63 0.02766 39.73038
L3-LF33 838.39 0.02465 48.02184
L3-LF34 347.69 0.02188 26.07469
L3-LF35 726.81 0.02697 42.70625
L3-LF36 372.48 0.02028 24.6832
L3-LF37 360.82 0.01421 28.80728
L3-LF38 173.52 0.01847 13.81434
L3-LF39 500.43 0.0118 73.57979
L3-LF40 191.19 0.02187 10.25178
L3-LF41 508.48 0.02952 30.13439
L3-LF42 119.83 0.00876 39.90166
L3-LF43 35.80 0.00664 13.57553
L3-LF44 182.21 0.00743 37.17987
L3-LF45 493.24 0.02184 35.35184
L3-LF46 746.58 0.02298 56.28077
L3-LF47 534.25 0.0228 42.89483
L3-LF48 396.04 0.01524 31.43398
L3-LF49 171.27 0.01704 11.66911
L3-LF50 416.53 0.01385 49.1359
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Appendix A10: Raw data of FM_1

ID Tensile stress at Break  Tensile strain at Break  Modulus (Automatic Young's)
(Standard) (Standard)
L1-FM1 426.14 0.03433 18.07853
L1-FM2 575.78 0.02909 40.21196
L1-FM3 588.07 0.02598 35.15297
L1-FM4 556.33 0.0438 22.89791
L1-FM5 513.39 0.0181 31.05782
L1-FM6 931.67 0.02544 52.49398
L1-FM7 1,326.77 0.02433 77.90459
L1-FM8 1,162.57 0.03768 41.33021
L1-FM9 603.22 0.02136 37.02115
L1-FM10 56.83 0.0289 3.97588
L1-FM11 319.10 0.03451 14.24194
L1-FM12 451.77 0.03002 18.63742
L1-FM13 1,321.96 0.02884 62.72813
L1-FM14 456.41 0.02675 32.49624
L1-FM15 461.34 0.03658 27.92916
L1-FM16 59.62 0.04094 3.15845
L1-FM17 320.04 0.02401 18.00038
L1-FM18 288.97 0.02343 26.87331
L1-FM19 389.42 0.03331 15.36043
L1-FM20 437.80 0.03185 18.04586
L1-FM21 653.44 0.03357 20.9073
L1-FM22 341.03 0.04439 12.8329
L1-FM23 920.29 0.03769 34.35488
L1-FM24 327.51 0.01595 26.49939
L1-FM25 755.38 0.01809 56.99434
L1-FM26 247.58 0.01902 15.99501
L1-FM27 529.02 0.01861 34.73175
L1-FM28 774.59 0.0292 46.87222
L1-FM29 1,055.83 0.03149 52.88919
L1-FM30 362.09 0.01795 27.74992
L1-FM31 440.07 0.03224 20.9841
L1-FM32 483.45 0.02702 30.94436
L1-FM33 67.28 0.04741 2.37646
L1-FM34 235.35 0.03148 12.39313
L1-FM35 1,441.42 0.03565 43.68458
L1-FM36 656.70 0.02644 33.87436
L1-FM37 195.87 0.01836 12.4137
L1-FM38 590.92 0.04758 17.02704
L1-FM39 162.02 0.03897 9.14491
L1-FM40 647.40 0.02426 41.29076
L1-FM41 239.35 0.01323 23.7018
L1-FM42 600.18 0.01288 56.67552
L1-FM43 1,100.98 0.02328 48.32754
L1-FM44 1,023.53 0.02712 53.62248
L1-FM45 664.81 0.02277 28.51032
L1-FM46 690.71 0.01556 45.78975
L1-FmM47 563.21 0.02673 23.11843
L1-FM48 781.02 0.03698 26.51713
L1-FM49 808.40 0.02317 36.27778
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Appendix A1l Raw data of FML_2

ID Tensile stress at Break  Tensile strain at Break  Modulus (Automatic Young's)
(Standard) (Standard)

L2-FM1 686.94 0.0204 39.67444
L2-FM2 372.49 0.00866 41.3774

L2-FM3 263.72 0.0156 23.20305
L2-FM4 1,665.40 0.02224 93.58797
L2-FM5 308.29 0.01227 52.39683
L2-FM6 529.39 0.02378 24.75306
L2-FM7 603.86 0.01557 45.70848
L2-FM8 330.49 0.01298 31.91309
L2-FM9 823.73 0.01995 52.89386
L2-FM10 705.06 0.02761 41.25965
L2-FM11 778.83 0.02672 35.3583

L2-FM12 301.51 0.01245 29.09618
L2-FM13 991.11 0.01842 65.69749
L2-FM14 396.46 0.01751 30.5371

L2-FM15 927.48 0.02355 51.32816
L2-FM16 890.87 0.02218 50.59298
L2-FM17 413.20 0.02185 40.96083
L2-FM18 3,176.83 0.02399 145.90979
L2-FM19 538.43 0.01673 46.89788
L2-FM20 376.34 0.01718 35.43771
L2-FM21 486.93 0.02181 27.09667
L2-FM22 332.29 0.01493 31.5842

L2-FM23 395.92 0.02052 29.70944
L2-FM24 386.82 0.02309 20.95437
L2-FM25 506.45 0.01895 33.11903
L2-FM26 327.20 0.01292 36.60432
L2-FM27 545.11 0.02375 43.74543
L2-FM28 345.57 0.02427 19.43688
L2-FM29 887.47 0.02478 41.33944
L2-FM30 1,063.08 0.02171 64.12317
L2-FM31 315.78 0.01095 30.49172
L2-FM32 533.49 0.02143 29.48716
L2-FM33 690.10 0.02538 35.36467
L2-FM34 388.31 0.02053 34.36219
L2-FM35 622.40 0.02609 30.18579
L2-FM36 152.40 0.01682 13.19071
L2-FM37 486.79 0.02528 29.66866
L2-FM38 1,963.63 0.03035 70.95762
L2-FM39 423.05 0.0236 28.37746
L2-FM40 380.99 0.0268 16.41948
L2-FM41 186.11 0.02318 12.18629
L2-FM42 302.82 0.00839 37.19738
L2-FM43 979.50 0.02563 61.86864
L2-FM44 498.53 0.02137 28.17579
L2-FM45 1,800.76 0.02695 86.45496
L2-FM46 176.08 0.01298 24.25752
L2-FM47 256.79 0.02558 13.43736
L2-FM48 794.92 0.01541 71.42453
L2-FM49 477.43 0.02714 24.63186
L2-FM50 474,52 0.01888 34.14806
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Appendix A12: Raw data of FML3

ID Tensile stress at Break  Tensile strain at Break  Modulus (Automatic Young's)
(Standard) (Standard)

L3-FM1 244.44 0.02475 13.25431
L3-FM2 551.77 0.01432 45.20839
L3-FM3 1,821.94 0.02031 122.19613
L3-FM4 586.44 0.02527 21.25902
L3-FM5 893.99 0.02093 61.08602
L3-FM6 1,272.77 0.02561 71.32689
L3-FM7 611.71 0.01726 38.16776
L3-FM8 658.64 0.02053 40.52742
L3-FM9 733.70 0.02654 33.27825
L3-FM10 533.04 0.02362 36.97309
L3-FM11 531.68 0.01554 38.21999
L3-FM12 620.22 0.02336 32.99191
L3-FM13 318.02 0.02135 17.1586

L3-FM14 296.34 0.01315 27.1587

L3-FM15 381.49 0.02426 26.08971
L3-FM16 645.05 0.02121 35.7833

L3-FM17 314.03 0.01655 21.24017
L3-FM18 278.87 0.01492 20.8454

L3-FM19 360.33 0.01399 30.10155
L3-FM20 372.38 0.02176 19.41169
L3-FM21 87.89 0.00549 17.76032
L3-FM22 308.64 0.01821 17.28191
L3-FM23 826.40 0.0252 49.31214
L3-FM24 502.34 0.02226 28.36219
L3-FM25 326.84 0.01974 19.62956
L3-FM26 209.20 0.01262 19.44297
L3-FM27 397.45 0.02659 22.54251
L3-FM28 247.17 0.01663 19.8075

L3-FM29 677.44 0.02261 41.31984
L3-FM30 319.83 0.01856 21.37538
L3-FM31 230.08 0.01578 21.6065

L3-FM33 346.94 0.0207 24.63415
L3-FM34 333.21 0.01505 28.5655

L3-FM35 376.24 0.01428 34.70618
L3-FM36 440.51 0.01995 25.57548
L3-FM37 559.14 0.02736 32.0423

L3-FM38 576.55 0.01561 43.3099

L3-FM39 547.73 0.02173 29.0575

L3-FM40 68.96 0.01034 9.32021

L3-FM41 351.56 0.01756 25.49717
L3-FM42 224.00 0.02073 13.69553
L3-FM43 495.09 0.02726 28.46087
L3-FM44 471.06 0.02273 27.97235
L3-FM45 224.59 0.02246 13.52307
L3-FM46 733.43 0.02918 34.1342

L3-FM47 402.36 0.01347 32.73126
L3-FM48 908.06 0.02491 52.596

L3-FM49 662.33 0.02698 34.4226

L3-FM50 610.42 0.02075 33.66151
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Appendix A13. Raw data of M_1

ID Tensile stress at Break Tensile strain at Break Modulus (Automatic Young's)
(Standard) (Standard)

L1-M1 425.46326 0.02921 27.20025
L1-M2 1,306.84 0.04678 40.6201
L1-M3 640.36066 0.11657 166.93319
L1-M4 496.61 0.11462 103.39936
L1-M5 1,127.28 0.0199 77.37934
L1-M6 151.53 0.04708 3.73236
L1-M7 66.62538 0.11644 33.87418
L1-M8 784.40436 0.0377 25.86909
L1-M9 1,101.72 0.05486 28.31288
L1-M10 1,325.55 0.04429 44.44579
L1-M11 1,538.96 0.02515 111.92113
L1-M12 1,342.97 0.04483 55.02686
L1-M13 1,734.22 0.02897

L1-M14 1,753.65 0.05252 43.24368
L1-M15 844.92 0.04324 39.31579
L1-M16 283.86 0.05105 8.19079
L1-M17 1,442.06 0.03827 78.04568
L1-M18 632.14642 0.04154 24.85259
L1-M19 435.61 0.0286 18.67781
L1-M20 60.24 0.03148 2.72361
L1-M21 1,040.26 0.04487 33.89982
L1-M22 1,131.27 0.03672

L1-M23 1,022.66 0.04543 41.92317
L1-M24 1,212.29 0.04078 39.74493
L1-M25 1,717.59 0.02974 87.15973
L1-M26 413.98547 0.00816 60.13033
L1-M27 360.28784 0.11753 26.76867
L1-M28 96.79947 0.11781 30.30456
L1-M29 140.38969 0.04052 6.02063
L1-M30 2,477.61 0.03947 97.64249
L1-M31 5,105.43 0.04287 197.2612
L1-M32 1,318.53 0.04673 49.44972
L1-M33 1,996.88 0.04349 62.24107
L1-M34 17,615.28 0.11496 656.52267
L1-M35 1,201.00 0.03552 61.92623
L1-M36 271.66 0.11693 58.00732
L1-M37 1,910.20 0.0389 70.65779
L1-M38 2,402.13 0.03591 87.47448
L1-M39 681.03 0.04311 27.13375
L1-M40 1,739.67 0.04127 81.09687
L1-M41 1,353.00 0.04786

L1-M42 1,245.23 0.03904 58.15055
L1-M43 1,042.95 0.03442 52.16904
L1-M44 262.20944 0.02761

L1-M45 850.22 0.03462 47.9383
L1-M46 43.70625 0.118 36.56455
L1-M47 871.40 0.03632 25.46831
L1-M48 297.3172 0.03792 9.89758
L1-M49 1,391.95 0.02535 75.10672
L1-M50 1,038.02 0.03855 42.49616

159



Appendix A14: Raw data of M_2

ID Tensile stress at Break  Tensile strain at Break ~ Modulus (Automatic Young's)
(Standard) (Standard)

L2-M1 1,404.01 0.05778 37.62332
L2-M2 1,197.85 0.04137 56.61331
L2-M3 3,363.55 0.06619 74.35706
L2-M4 3,489.16 0.05651 92.10687
L2-M5 896.17 0.05349 23.19956
L2-M6 641.87 0.03251 24.15446
L2-M7 1,928.64 0.0547 66.15863
L2-M8 890.09 0.03175 38.08009
L2-M9 1,453.05 0.04473 57.9127
L2-M10 4,080.29 0.05583 97.05379
L2-M11 1,308.22 0.03507 50.54904
L2-M12 2,566.55 0.05386 85.02903
L2-M13 795.34 0.03304 35.71479
L2-M14 1,009.40 0.02795 77.99711
L2-M15 1,747.30 0.0649 36.91881
L2-M16 11.09 0.03902

L2-M17 2,104.51 0.03769 111.79452
L2-M18 458.08 0.05117 16.97712
L2-M19 2,344.69 0.04354 73.6532
L2-M20 1,560.24 0.04405 51.57417
L2-M21 1,117.89 0.03452 42.83424
L2-M22 1,057.68 0.03863 69.03313
L2-M23 1,347.34 0.05523 31.34153
L2-M24 700.25 0.02877 28.03662
L2-M25 2,865.82 0.04761 78.57347
L2-M26 1,423.44 0.04289 46.03021
L2-M27 2,368.54 0.05986 53.85995
L2-M28 722.80 0.03876 26.0935
L2-M29 1,344.08 0.11399 16.91256
L2-M30 975.45 0.03635 31.3381
L2-M31 783.81 0.0397 31.5351
L2-M32 1,408.82 0.0594 35.44405
L2-M33 1,756.60 0.05695 38.30883
L2-M34 501.93 0.02904 26.37871
L2-M35 1,942.21 0.05884 48.04868
L2-M36 1,630.71 0.04959 43.43903
L2-M37 1,570.13 0.05222 50.68267
L2-M38 566.67 0.04931 14.73186
L2-M39 1,821.76 0.04438 72.27411
L2-M40 1,381.25 0.057 32.85563
L2-M41 1,083.23 0.04247 39.53329
L2-M42 166.73 0.00904 23.85175
L2-M43 4,815.28 0.04924 135.35057
L2-M44 452.14 0.03796 14.92917
L2-M45 6,801.90 0.05809 153.60704
L2-M46 716.30261 0.03367 28.0425
L2-M47 295.80 0.03189 12.49214
L2-M48 6,971.54 0.0661 184.61183
L2-M49 1,247.71 0.05101 35.67725
L2-M50 1,207.99 0.04809 35.00028
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Appendix A15: Raw data of ML3

ID Tensile stress at Break Tensile strain at Break Modulus (Automatic Young's)
(Standard) (Standard)

L3-M1 442.30 0.01455 40.43828
L3-M2 276.82 0.01036 49.15095
L3-M3 850.12 0.01756 58.60746
L3-M4 1,161.70 0.01898 79.02609
L3-M5 445.63 0.01054 49.78416
L3-M6 565.66 0.02129 29.69475
L3-M7 719.49 0.02622 48.78527
L3-M8 635.10 0.01569 45.23902
L3-M9 229.13 0.01264 20.99523
L3-M10 561.86 0.01858 37.16341
L3-M11 713.72 0.01583 45.08635
L3-M12 654.55 0.01767 55.10838
L3-M13 1,066.15 0.01933 75.94017
L3-M14 673.55 0.02044 30.98404
L3-M15 1,023.87 0.0137 95.83226
L3-M16 1,009.62 0.01561 243.49042
L3-M17 902.30 0.0206 60.60379
L3-M18 805.61 0.02038 60.60143
L3-M19 543.82 0.01571 43.25645
L3-M20 786.01 0.01793 58.67366
L3-M21 508.32 0.01678 44.52296
L3-M22 921.44 0.0163 68.78425
L3-M23 921.44 0.0163 68.78425
L3-M24 889.94 0.02027 70.95741
L3-M25 1,034.25 0.01841 67.20901
L3-M26 6,333.65 0.02499 364.08466
L3-M27 634.40 0.01955 38.68238
L3-M28 559.87 0.01028 170.44041
L3-M29 1,428.37 0.0225 89.83785
L3-M30 960.78 0.02077 60.13244
L3-M31 721.90 0.0341 38.10166
L3-M32 695.00 0.02058 40.38027
L3-M33 456.42 0.01355 36.47273
L3-M34 764.54 0.01753 64.31906
L3-M35 246.91 0.01089 28.29589
L3-M36 1,025.83 0.02001 63.48979
L3-M37 1,774.10 0.02449 94.90848
L3-M38 831.68 0.02333 72.82037
L3-M39 950.00 0.02197 60.75281
L3-M40 1,508.52 0.02157 104.33227
L3-M41 1,034.01 0.01338 106.58192
L3-M42 1,208.31 0.02181 76.57632
L3-M43 617.51 0.0175 42.9659

L3-M44 775.79 0.03756 27.10632
L3-M45 2,121.09 0.01994 130.14807
L3-M46 1,385.01 0.0235 72.20898
L3-M47 502.06 0.01922 32.64681
L3-M48 808.11 0.02643 41.84692
L3-M49 848.43 0.01728 64.64193
L3-M50 666.55 0.01963 51.63186
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Appendix A16: p value of tensile stress among groups from ANQ@Aeway)

ID NF-L1  NF-L2  NF-L3 F-L1 F-L2 F-L3 LF-L1 LF-L2 LF-L3 FM-L1 FM-L2 FM-L3 M-L1 M-L2 M-L3

NF-LL 1.000 0.874 0.423 1.000 1.000 0.840 0749 0.323 0431 0626 0221 1.000 0.809 0.999
NF-L2 | 1.000 0.996 0.105 1.000 1.000 0.994 0982 0.768 0.858 0.952 0.643 1.000 0.367 1.000
NF-L3 | 0.874 0.996 0.999 0994 1.000 1.000 1.000 1.000 1.000 1.000 0.995 1.000
FL1 | 0.423 0.105- 0.064 0.126 (0,002 0.000" 0.000 0:000 0.000 0.000' 0.121 1.000

FL2 | 1.000 1.000 0.999 0.064 1.000 0.999 0.995 0.865 0.928 0.982 0.763 1.000 0.260 1.000
FL3 | 1.000 1.000 0.994 0.126 1.000 0990 0973 0724 0.823 0935 0593 1.000 0413 1.000
LF-L1 | 0.840 0.994 1.000 0.999 0.990 1.000 1.000 1.000 1.000 1.000 0.991 1.000
LF-L2 | 0.749 0.982 1.000 0.995 0.973 1.000 1.000 1.000 1.000 1.000 0.975 0.999
LF-L3 | 0.323 0.768 1.000 0.865 0.724 1.000 1.000 1.000 1.000 1.000 0.734 0.000 0.950
FM-L1 | 0431 0.858 1.000 0.928 0.823 1.000 1.000 1.000 1.000 1.000 0.831 0.979
FM-L2 | 0.626 0.952 1.000 0982 0935 1.000 1.000 1.000 1.000 1.000 0.939 0.997
FM-L3 | 0.221 0.643 1.000 0.763 0593 1.000 1.000 1.000 1.000 1.000 0.605 0.000 0.890
M1 | 1.000 1.000 0.995 0121 1.000 1.000 0.991 0.975 0.734 0.831 0.939 0.605 0.402 1.000

M-L2 | 0.809 0.367 1.000 0.260 0.413 0009 0.005| 0.000 [0.001 0.002 0.000 0.402 0.149

M-L3 | 0.999 1.000 1.000 1.000 1.000 1.000 0.999 0.950 0.979 0.997 0.890 1.000 0.149

i

Green markegairs are statistically significant

Appendix A17: p value of tensile strain among groups from ANOVA (orsy)

ID NF-L1 NF-L2 NF-L3 F-L1 F-L2 F-L3 LF-L1 LF-L2 LF-L3 FM-L1 FM-L2 FM-L3 M-L1 M-L2 M-L3
NF-L1
NF-L2 0.379 0.064 0.531 0.908

NF-L3 1.000 0.999 0.700 0.986 0.982

FL1 - 0.000 0.015 0.001
1.000 -

LF-L1

LF-L2 0.908 1.000 0.505 0.841 0.992 0.645 0.617
LF-L3 0.000 1.000 0.841 0.077 1.000 1.000
FM-L1 1.000 0.700 0.015 0.240 0.992 0.077

FM-L2 1.000 0.645 1.000 1.000
M-L1 1.000 0.908
079 1000

M-L3 0.796 1.000 0.239 1.000 1.000 1.000

Green marked pairs are statistically significant
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Appendix A18: p value ofmodulusamong groups from ANOVA (oneay)

NF-L1

NF-L2

NF-L3

F-L1

F-L2 F-L3 LF-L1

LF-L2

LF-L3

FM-L1

FM-L2

FM-L3

M-L1

M-L2

M-L3

NF-L1

NF-L2

NF-L3

F-L1

F-L2

F-L3

LF-L1

LF-L2

LF-L3

FM-L1

FM-L2

FM-L3

M-L1

M-L2

M-L3

0.918
1.000
0.977
0.957
0.429
1.000
1.000
0.995
0.983
1.000
0.996
0.851
1.000
0.470

0.918

0.908
1.000
0.059
1.000
0.352
0.977
1.000
0.093
0.662
0.165
1.000
0.993
1.000

1.000
0.908

0.973
0.963
0.408
1.000
1.000
0.994
0.986
1.000
0.997
0.836
1.000
0.449

0.977
1.000
0.973

0.122
0.999
0.535
0.996
1.000
0.182
0.828
0.293
1.000
0.999

0.957 0.429 1.000
0.059 1.000 0.352
0.963 0.408 1.000
0.122 0.999 0.535

1.000

1.000
0.873 0.615 0.998
0.209 0.996 0.696

1.000 [[0:007] 1.000

0.998 0.166 1.000

1.000 - 1.000

0.036 1.000 0.256
0.774 0.744 0.993

1.000- 1.000 0.060

1.000
0.977
1.000
0.996
0.873
0.615
0.998

1.000
0.933
1.000
0.978
0.946
1.000
0.657

0.995
1.000
0.994
1.000

0.295
0.923
0.438
1.000
1.000

0.983
0.093
0.986
0.182

1.000
0.933
0.295

1.000
1.000
0.059
0.863

1.000
0.662
1.000
0.828

1.000
1.000
0.923
1.000

1.000
0.544
1.000

0.996
0.165
0.997
0.293

0.851
1.000
0.836
1.000
0.036
1.000
0.256
0.946
1.000
0.059
0.544
0.109

0.980

0.987 0.190 1.000

Green marked pairs are statistically significant

1.000
0.993
1.000
0.999

0.470
1.000
0.449
1.000

0.774 [0:005|

0.744
0.993
1.000
1.000
0.863
1.000
0.943
0.980

0.780

1.000
0.060
0.657
0.987

0.190

1.000
0.780
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Appendix A19: EDS spot ofibres from(a) NF stage; (b) F stage; (c) LF stage; (d) FM
stage; (e) M stage

B e e

EDS Spot 1

.

(@) (b)

(©) (d)

E— =)

(e)
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Appendix A20: eZAF smart quant curve of NF stage of (a) spot 1; (b) Spot 2; (c) Spot 3; (d)

Spot 4
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Appendix A21. Chemical compositionf NF stage
Spot 1 Spot 2
Element Weight Atomic NetlInt. Error Element Weight Atomic NetlInt. Error
% % % % % %

CK 4353 5793 91336 5.11 CK 47.2 61.13 962.88 4.98
OK 32.04 32.01 429.75 94 OK 30.94 30.08 400.65 94
AIK 1.61 0.95 58.29 7.45 AIK 1.63 0.94 56.82 7.61
CaK 22.82 9.1 250.02 4.28 CaK 20.23 785 21225 437

Spot 3 Spot 4
Element Weight Atomic Netlint. Error Element Weight Atomic NetlInt. Error
% % % % % %

CK 67.12 75.65 1090.03 4.8 CK 65.09 74.03 998.81 4.55
OK 2522 21.34 27252 9.32 OK 26.61 22.72 263.53 9.32
AIK 2.28 1.14 63.53 6.08 AIK 2.46 1.25 62.32 6.12
CIK 0.79 0.3 12.59 17.48 KK 0.86 0.3 8.84 22.78
KK 0.93 0.32 10.33 19.82 CaK 4.97 1.69 3724 931
CaK 3.65 1.23 30.1 9.92
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Appendix A22: eZAF smart quant curve of F stage of (a) spot 1; (b) Spot 2; (c) Spot 3; (d)

Spot 4
‘::l“l‘. = . | .\
(a) (b)
) S ) | |
(©) (d)
Appendix A23: Chemical compositioof F stage
Spot 1 Spot 2
Element Weight Atomic NetlInt. Error % Element Weight Atomic NetlInt. Error %
% % % %
CK 46.71 61.09 94228 5.09 CK 48.08 63.36 922.85 5.06
oK 29.87 29.33 38236 9.46 oK 26.45  26.17 306.28 9.7
AIK 2.08 1.21 72.74 6.01 AIK 2.18 1.28 72.43 6.02
CaK 21.34 8.36 224 4.34 Cak 23.29 9.2 231.74  4.32
Spot 3 Spot 4
Element Weight Atomic Netlint. Error % Element Weight Atomic NetInt. Error %
% % % %
CK 69.73  78.17 844.66 4.62 CK 69.81  76.88 1484.27 4.23
OK 21.96 18.48 166.65 9.91 OK 25.74 2128 352.03 9.11
AIK 3.4 1.69 68.61 5.54 AIK 2.35 1.15 80.52 5.69
CaK 491 1.65 29.28 9.27 CaK 2.09 0.69 21.46 13.48
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Appendix A24: eZAF smart quant curve of LF stage of (a) spot 1; (b) Spot 2; (c) Spot 3; (d)

Spot 4
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Appendix A25: Chemical compositioof LF stage
Spot 1 Spot 2
Element Weight Atomic Netlint. Error % Element Weight Atomic NetInt. Error %
% % % %

CK 50.41 63.52 1143.14 4.57 CK 60.04 70.51 1088.79 4.22
OK 31.14 29.45 430.02 9.35 OK 29.05 25.6 317.91 9.34

AIK 0.33 0.19 12.23 19.89 AIK 0.3 0.16 8.59 24.5
CaK 18.12 6.84 201.4 4.41 CaK 10.61 3.73 90.36 5.73
Spot 3 Spot 4
Element Weight Atomic NetlInt. Error % Element Weight Atomic NetInt. Error %

% % % %

CK 71.05 77.15 13058 3.74 CK 70.11 76.24 1255.36 3.77
OK 27.29 22.25 30531 9.14 OK 28.46 23.24 31551 9.07
AIK 0.4 0.19 11.11 16.59 AIK 0.34 0.17 9.3 22.8
CaK 1.26 0.41 10.63 22.23 CaK 1.09 0.36 8.99 24.62
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Appendix A26. eZAF smart quant curve of FM stage of (a) spot 1; (b) Spot 2; (c) Spot 3; (d)

Spot 4
(a) (b)
(©) (d)
Appendix A27. Chemical compositionf FM stage
Spot 1 Spot 2
Element Weight Atomic NetlInt. Error % Element Weight Atomic NetlInt. Error %
% % % %
CK 46.43 60.9 926.95 4.73 CK 46.72 61.09 928.64 4.71
oK 3041 29.94 360.64 954 oK 30.49 29.93 360.07 9.53
AIK 0.27 0.16 8.82 25.48 AIK 0.21 0.12 6.91 31.9
CaK 22.89 9 22659 4.34 Cak 22.58 8.85 22191 4.34
Spot 3 Spot 4
Element Weight Atomic NetiInt. Error % Element Weight Atomic NetlInt. Error %
% % % %
CK 69.59 76.44 1401.02 3.77 CK 69.3 76.99  806.98 3.9
oK 2722 2245 33179 9.14 oK 2544 2122 17256 9.84
AIK 0.36 0.18 11.14 18.5 AIK 0.28 0.14 4.89 37.51
CaK 2.82 0.93 25.79  13.46 Cak 4.98 1.66 26.14  10.45
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Appendix A28. eZAF smart quant curve of M stage of (a) spot 1; (b) Spot 2; (c) Sfabt 3;

CK 47.87 62.13
OK 29.62 28.86

Spot 4
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Appendix A29: Chemical compositionf M stage
Spot 1 Spot 2
Element Weight Atomic Netlint. Error % Element Weight Atomic NetInt. Error %
% % % %

1006.41 4.73 CK 49.06 62.43 1061.15 4.86
381.08 9.54 OK 31.18 29.79  425.37 9.36

AIK 1.35 0.78 48.44  25.48 AIK 1.33 0.75 48.68 17.77
CaK 21.15 8.23 228.08 4.34 CaK 18.43 7.03 203.37 4.48
Spot 3 Spot 4
Element Weight Atomic Netlint. Error % Element Weight Atomic NetInt. Error %

% % % %

CK 69.99 76.51
OK 27.22 22.34
AIK 1.46 0.71
CaK 1.33 0.43

1534.49 4.02 CK 69.01 76.35 1199.43 4.22
377.8 9.06 OK 26.21 21.77 286.98 9.25
50.38 7.2 AIK 1.87 0.92 52.18 6.37
13.85 17.19 CaK 291 0.96 24.28 12.07
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Appendix A30: EDS spot of M stage (a) mechanically extracted fine fibre; (b) Chemically
extracted fine fibre; (c) chemically extracted coarse fibre

Cxooy
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Appendix A31: eZAF smart quant curve of M sta@faechanicdl extracted fine fibre of (a)

spot 1; (b) Spot 2; (c) Spot 3; (d) Spot 4
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Appendix A32: Chemicalcompositionof M stage (mechanidgl extraced fine fibrg

Spot 1 Spot 2
Element Weight Atomic NetlInt. Error % Element Weight Atomic NetlInt. Error %
% % % %
CK 56.21 68.73 1408.99 4.28 CK 55.55 68.1 140157 43
OK 27.57 25.3 398.08 9.47 OK 28.13 25.88 41154 9.44
AIK 0.13 0.07 5.3 60.09 AIK 0.1 0.05 4.01 61.62
CaK 16.09 5.89 191.67 4.64 CaK 16.22 5.96 19499 453
Spot 3 Spot 4
Element Weight Atomic NetlInt. Error % Element Weight Atomic NetlInt. Error %
% % % %
CK 76.03 81.7 1455.67 3.42 CK 60.02 72.01 1459.77 4.12
OK 21.8 1758 229.37 9.73 OK 25.12 22.63 340.5 9.58
AIK 0.1 0.05 2.78 62.06 AIK 0.1 0.05 3.79 61.47
CaK 2.07 0.67 17.46 15.91 CaK 14.76 531 16751 4091
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Appendix A33: eZAF smart quant curve of M sta@@hemicaly extraced fine fibrg of (a)
spot 1; (b) Spot 2; (c)g_Spot 3; (d) Spot 4
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Appendix A34: Chemicalcompositionof M stage (chemichi extraced fine fibrg

Spot 1 Spot 2
Element Weight Atomic Element Weight Atomic NetlInt. Error %
% % % %
CK 76.82 81.78 CK 59.43 71.36 1232.79 4.19
OK 22.49 17.98 OK 25.9 23.35 301.29 9.63
AIK 0.17 0.08 AIK 0.07 0.04 2.26 62.28
CaK 0.51 0.16 CaK 14.6 5.25 142.4 5.09
Spot 3 Spot 4
Element Weight Atomic Element Weight Atomic NetlInt. Error %
% % % %
CK 77.09 82.04 CK 74.2 80.91 1360.77 4.52
OK 22.15 17.7 OK 21.38 175 242.5 9.74
AIK 0.11 0.05 AIK 0.42 0.2 12.91 12.49
CaK 0.66 0.21 CIK 1.63 0.6 28.49 10.03
KK 15 0.5 18.04 15.05
CaK 0.87 0.28 7.96 29.6
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Appendix A35: eZAF smart quant curve of M sta@ihemicaly extraded coarse fibreof (a)
spot 1; (b) Spot 2; (c) Spot 3; (d) Spot 4
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Appendix A36. Chemical compositionf M stage (chemichi extraced coarse fibre

Spot 1 Spot 2
Element Weight Atomic NetlInt. Error % Element Weight Atomic NetlInt. Error %
% % % %
CK 48.37 64.63 74763 4.72 CK 69.75 76.63 1516.02 4.01
OK 24.36 24.44  200.43 10.34 OK 26.97 22.24 360.85 9.18
AIK 0.07 0.04 1.76 66.5 AIK 0.09 0.04 3.1 61.91
CaK 27.2 10.89  207.53 4.4 CIK 0.53 0.2 10.23 22.17
KK 0.7 0.24 9.56 20.89
CaK 1.96 0.64 19.97 16
Spot 3 Spot 4
Element Weight Atomic Netlint. Error % Element Weight Atomic NetInt. Error %
CK 69 76.47 1454.07 4.49 CK 50.45 63.32 1187.16 4.54
OK 26.2 21.8 357.07 9.22 OK 31.85 30.01 45585 9.34
AIK 0.44 0.22 15.51 11.97 AIK 0.07 0.04 2.77 61.35
CIK 1.22 0.46 24.32 12.18 CaK 17.63 6.63 203.1 4.5
KK 1.21 0.41 16.83 15.63
CaK 1.93 0.64 20.19 15.1
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Appendix A37. Raw data of dorsal fibres

ID Diameter Tensile stress at Tensile strainat  Modulus (Automatic
Break (Standard) Break (Standard) Young's)
D-1 75.56 260.75024 0.02139 19.28884
D-2 133.33 94.28094 0.0233 7.00097
D-3 44.44 435.63934 0.02429 23.41829
D-4 22.22 670.81683 0.01925 53.00431
D-6 33.33 465.7178 0.0126 54.74183
D-8 53.33 578.74915 0.02854 35.6554
D-9 31.11 452.71112 0.01441 38.42615
D-10 44.44 1,474.73 0.03928 58.78338
D-11 47.78 307.71896 0.01957 20.51109
D-13 55.56 312.46063 0.01669 24.63755
D-14 33.33 647.6037 0.01962 48.92353
D-15 57.78 225.96011 0.01459 20.6776
D-16 44.44 994.39203 0.05008 24.62098
D-17 22.22 1,192.50 0.02021 79.03651
D-18 44.44 499.83008 0.02405 34.63779
D-19 33.33 455.52173 0.01893 34.15163
D-20 66.67 416.14423 0.03492 17.73222
D-21 66.67 362.83566 0.0226 29.10731
D-22 13.33 1,013.57 0.01169 156.78557
D-23 44.44 1,170.44 0.03361 59.34548
D-24 55.56 329.66879 0.01813 25.00408
D-26 44.44 369.03009 0.01655 38.66212
D-27 53.33 386.66522 0.0163 36.61102
D-28 66.67 189.98006 0.01722 15.40671
D-30 50 344.20596 0.01662 27.8591
D-31 33.33 416.2659 0.01528 42.83768
D-32 44.44 210.97418 0.01364 24.9512
D-33 42.22 427.87589 0.01633 42.45588
D-34 55.56 165.63321 0.015 16.07634
D-35 38.89 947.96417 0.01687 73.83451
D-36 38.89 746.82208 0.01229 89.70158
D-40 44.44 543.20874 0.02605 32.61263
D-41 44.44 140.84399 0.01521 2497831
D-42 54.44 94.28195 0.01267 14.80649
D-45 43.33 442.10364 0.03555 20.34153
D-46 40 273.48032 0.01804 26.89008
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Appendix A38. Raw data of ventral fibre

ID Diameter Tensile stress at Tensile strain at Modulus (Automatic
Break (Standard) Break (Standard) Young's)
V-1 55.56 440.24753 0.04686 13.16565
V-3 55.56 584.75513 0.03736 21.76183
V-4 31.11 983.77679 0.02984 51.81234
V-5 46.67 301.01730 0.02242 21.71093
V-6 31.11 787.05963 0.03081 34.80502
V-7 64.44 362.60617 0.02444 22.59083
V-8 42.22 301.51288 0.01478 29.89095
V-9 64.44 111.29919 0.01593 11.53711
V-10 48.89 548.98499 0.04038 16.81966
V-11 56.67 192.17470 0.01895 15.11139
V-12 32.22 554.32794 0.02092 32.87086
V-13 32.78 584.31805 0.0263 30.51567
V-14 46.67 350.32657 0.03209 14.62963
V-15 60 402.43405 0.02983 23.80417
V-16 46.33 583.44037 0.03174 24.77436
V-17 45.56 173.12965 0.02268 11.30682
V-18 43.33 348.72800 0.02117 21.81886
V-19 54.44 568.93658 0.04115 17.77681
V-20 40 910.25610 0.03441 42.04323
V-22 55 597.88458 0.03439 25.74559
V-23 46.67 450.73245 0.04162 12.57856
V-24 44.44 292.29279 0.04853 7.535
V-25 46.67 557.70190 0.02078 36.0414
V-28 43.33 367.82275 0.04862 9.38653
V-29 23.33 925.10809 0.03465 34.36603
V-30 50 246.77095 0.03242 9.28033
V-32 50 448.55844 0.0162 36.08063
V-33 42.22 453.56985 0.0369 18.77346
V-34 33.33 542.75214 0.02122 33.7195
V-36 42.22 620.37036 0.03768 22.35617
V-37 46.67 546.56464 0.01954 38.0697
V-38 28.89 649.04462 0.01339 74.93745
V-39 35.56 579.20087 0.0198 39.36245
V-41 53.33 356.84863 0.04549 10.04197
V-42 20 786.33441 0.02316 55.78891
V-44 53.33 322.93732 0.02685 21.80216
V-45 46.67 662.64166 0.02745 35.12456
V-46 32.22 761.60315 0.02924 33.66308
V-47 21.11 672.38293 0.01915 54.9903
V-48 34.44 558.60974 0.03685 63.05017
V-49 44.44 526.62244 0.02943 27.50456
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Appendix A39: Raw data of central fibre

ID Diameter Tensile stress at Tensile strain at Modulus (Automatic
Break (Standard) Break (Standard) Young's)
C-2 22.22 86.91378 0.02695 4.18385
C-4 23.33 106.17566 0.05299 7.55858
C-5 20.00 169.87439 0.03958 5.9313
C-6 21.11 140.04251 0.04563 10.37569
C-7 16.67 251.56998 0.03613 8.88036
C-8 22.22 230.86 0.04182 7.38379
C-9 18.89 82.85581 0.02819 7.23484
C-10 22.22 344.96674 0.03922 12.88278
C-11 16.67 347.392 0.05623 17.96914
C-12 13.33 664.03003 0.04478 21.08577
C-13 16.67 102.34087 0.03224 18.97518
C-14 20.00 309.78 0.03933 13.21145
C-15 12.22 406.35886 0.04541 12.92053
C-16 16.67 186.10011 0.04312 10.12589
C-17 20.00 206.88834 0.04497 7.34998
C-18 20.00 142.61246 0.04591 10.80073
C-19 22.22 238.51 0.04325 7.93553
C-20 15.56 379.71 0.05007 14.93147
C-22 13.33 226.09412 0.03453 14.49435
C-23 20.00 263.41385 0.0219 17.99329
C-24 10.00 436.83615 0.02707 18.7302
C-25 13.33 258.48114 0.01918 18.95665
C-26 20.00 145.12254 0.0156 35.21773
C-27 20.00 197.81935 0.04016 8.89835
C-29 21.11 86.63313 0.02547 50.93318
C-35 12.22 446.51297 0.0202 23.14939
C-45 16.67 288.8356 0.05944 35.25414

Appendix A40: Source Python Code of Weibiistribution
import pandas as pd
import numpy as np
import  Weibull

df = pd.read_excel (" D:/UoM Study/Project/Py/M  -L1.xIsx ‘)
batch = df.to_numpy()

©CooO~NoOOTh, WNPE

no_of sample = len (batch [:])
data = []
for i in range (no_of sample):

data . append(batch [i, 1])

analysis

= weibull

. Analysis (data,
analysis . fit (method="Ir )

#for LR method; line 15 would be unchanged

#for MLE method; line 15 would be
print (f'Alfa:
print (f'beta:

analysis . probplot ()

{analysis

unit =" Tensile stress )

2AT A1 UOEOt £ZEOs i AOET A" A1 1 ARkt e
. beta: .02f }')
{analysis .eta: .02f }")
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Appendix A4l Pseudocode for Weibulistribution
-Import pandas, numpy aMieibull libraries

-Import the raw data file from the path relative to its current location
-Calculate the number of samples

-Extract data from the raw data file and assign them to a list
-Analyze the data from the list and fit the curve

-Selectthenet hod as 61 r 6 or 6ml ebd

-Print the result of shape and scale parameter

-Print the plotted graph

Appendix A42: Source Python Code Sluitability Analysis of ML1 (HLV-S/R/Y)
import pandas as pd
import numpy as np

df = pd.read_excel ('D:/UoM Study/Project/Py/M -L1.xlsx' )

data = df.to_numpy()
no_of_sample = len (data[:])

strength = 2000

strain = 3.3
modulus = 103
count = 0
for i in range (no_of sample):
if data[i,1]>= strength and data[i,2]<= strain and data[i, 3]>=

modulus:
# for 3 parameters (S/R/Y); line 15 would be unchanged
# for 2 parameters (S/R); line 15 would be "if data]i,1] >= strength and
datali,2] <= strain:"
# for 2 parameters (Y/R); line 15 would be "if datali,3]>= modulus and
datali,2] <= strain:"
# for 2 parameters (S/Y); line 15 would be "if data[i,1] >= strength and
data[i,3]>= modulus:"
# for 1 parameter (S); line 15 would be "if data[i,1] >= strength:"
# for 1 parameter (R); li ne 15 would be "if data[i,2] <= strain:"
# for 1 parameter (Y); line 15 would be "if data]i,3]>= modulus:"

count = count +1

percentage = ( count * 100)/ no_of sample
print (str (percentage )+ ' % Fibre is suitable for composite' )
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Appendix A43. Pseudocode of Suitabilignalysisof M-L1
-Import pandas and NumPYy libraries

-Import raw data file from the path relative to its current location

-Convert the imported excel fite NumPy object

-Calculate the number of samples

-Set a threshold value of 3 parameters

-Assign zero to a counter

-Using a loop, check every sample, whether it fulfills the threshold value. If yes, add 1
to the counter.

-Calculate the percentage that fildfithe threshold value using the counter's value.

-Print the value

Appendix A44: Source codef Ranking (Combination of Growth Stage and Length) of

HLV-S/R/Y
1 import pandas as pd
2 import numpy as np
3
4 df = pd.read_excel ('D:/UoM Study/Project/Py/Ranking/HLV - SRM.xIsx' )
5
6 data = df.to_numpy()
7 no_of row = len (data)
8 no_of column = len (data[0 )
9 listl =[]
10 for i in range (no_of row -1):
11 for j in range (no_of column - 1):
12 listl .append(datal[i+1,]j +1])
13 j=+1
14 =i+l
15
16 listl . sort ()
17
18 for i in range (len (listl )):
19 result = np.where(data == listl [i])
20
21 if i != 0andlistl [i]== listl [i-1]:
22 continue
23
24 elif len(result )>= 2 and (len (listl )-i)!=( len (result [O0]):
25 for j in range (len (result [O0])):
26 print (data[result [O][ j], O]+ '-' + data[O,result [1][ j]]+
growth stages rank is: ' + str (i +1))
27 j=j+1
28
29 elif len(result )>= 2 and (len (listl )-i)==( len (result [0])):
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30 for j in range (len (result [OQ])):

31 print (data[result [O][ j], O]+ '-' + data[O,result [1][ j]]+
growth stages rank is: ' + str (len (listl )))

32 j=j+1

33

34 else :

35 print (data[result [0], O]+ '-' + data[O,result [1]]+ 'growth stages

rank is ' + str (i +1))

36 i=i+1

Appendix A45: Pseudocode of Ranking LV -S/R/Y
-Import pandas and NumPYy libraries

-Import raw data file from the path relative to its curdecation

-Convert the imported excel file to NumPy object

-Calculate the number of rows and columns

-Declare an empty list and append all the data from the NumPy object to the list using
a nested loop

-Sort the list in ascending order

-Using a loopgcheck the index number of NumPy array for each element of the list,
and find the heading index of row and column

-Declare the growth stage using the index number of headings and their ranking using
the index number of the list

-Print the growth stage andnking values
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Appendix A46. Weibull Parameters of tensile stress after removing outliers

* Xstress LR Method m'\glt_rlfo d

ID flavg (GPa) U b (MPa) R2 } b
MP8) —SR— HE MR DR HE MR DR DR _HE DR ‘DR DR _HE MR DR~ (MPa)

NF-L1 [15%‘1]5 1026 1028 1023 233 241 222 239 1201 1197 1207 1179 098 098 099 098 228 1190
NF-L2 [1303?; 1004 1005 1002 325 3.37 341 31 1123 1121 1127 1107 098 097 098 098 3.37 1105
NF-L3 {fgé]o 766 767 765 525 544 502 401 8214 820 823 8199 098 097 098 089 471 8109
FL1 [1527‘5? 1202 1206 1199 239 247 23 254 1401 1398 1406 1366 0.5 094 096 094 234 1390
FL2 ?;59].; 977 979 975 334 345 321 335 1090 1088 1093 1067 092 091 093 096 2.92 1082
F-L3 ?gféjl 935 937 933 311 322 299 321 1052 1050 1055 1024 09 0.89 092 094 297 1039
LF-L1 ?29;’2']2 684 685 682 289 299 276 29 7765 775 779 7593 096 095 096 096 3.02 762.4
LF-L2 ?22(%9 612 614 611 274 2.83 264 304 6999 699 702 6752 088 0.86 0.89 09 25 6942
LF-L3 ‘[‘27188'310 450 460 458 225 233 216 237 5403 538 542 5 096 095 097 096 239 5317
FM-L1 ?25&]7 551 552 550 298 308 285 299 623 622 625 6108 096 095 097 098 278 617.5
FM-L2 ?ggﬁg 53 537 535 307 316 295 333 6043 603 606 ' 086 084 087 091 276 598.4
FM-L3 ?fz?é; 461 462 460 35 362 335 335 5121 511 513 5031 093 092 094 097 3.35 5057
M-L1 s[’fgqs 935 938 932 1.86 193 178 1.95 1139 1134 1146 1113 097 096 097 097 2.18 1108
M-L2 [16%9 1385 1387 1381 263 272 252 275 1592 1587 1598 1555 0.96 0.95 0.96 095 2.35 1585
M-L3 ?Sfégg 817 818 816 448 464 429 38l 8869 886 889 879.8 095 094 096 095 3.85 877.9
Standardieviation is shan in square brackétXsress EX per i me nt aW Weibalhaserage®: st r es s ;

shape parameter; b: scale parameter; DR: median rank

estimator; LR: linear regression; MLE: maximum likelihood estimation
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Appendix A47: Weibull Parameters of modulus after removing outliers

MLE
D * Xmodulus ) LR Method method
(GPa) Eavg (GPa) U b ( GP a) RZE U b
DR HE MR DR HE MR *DR DR __HE MR *DR DR HE MR DR (GPa)
NF-L1 [‘1‘3'; 3879 48.92 38.67 2.35 2.80 225 254 4534 5577 4550 4396 093 093 095 093 237 4481
NF-L2 [igg 5525 5611 5514 3.46 226 331 341 6144 6601 61.59 60.20 092 093 093 096 3.00 60.97
NF-L3 [igz‘] 4711 3881 47.04 431 244 413 3.69 5129 4510 51.41 50.86 0.96 0.89 097 096 3.95 5067
FL1 [3?3 5597 4652 5580 2.18 3.01 2.09 235 6622 52.55 66.50 6443 094 090 095 094 206 6598
FL2 [ig'g 2784 2789 2778 3.06 3.16 294 312 31.38 31.33 31.47 3065 0093 091 094 095 2.88 31.06
FL3 [gg'a 63.80 5534 6376 3.71 357 357 3.66 7053 61.32 70.66 68.88 0.87 091 088 093 329 69.69
LF-L1 [ig'g 3405 59.68 33.98 2.90 4.04 277 292 38.64 6535 38.79 37.85 097 091 097 097 271 3826
LF-L2 [i?'}l 38.36 63.09 3826 2.72 3.82 261 295 4390 7043 44.03 4255 091 0.85 092 091 247 4364
LF-L3 [fgg 3841 4717 3832 2.65 447 254 280 4410 51.21 4428 4302 094 095 095 095 230 43.94
FM-L1 [ﬁ'z 2028 3412 2921 292 301 280 295 3320 3854 3330 3251 096 096 097 096 2.81 32.86
FM-L2 [ﬂ"é 37.64 3845 3758 4.02 2.80 3.85 3.78 41.24 4382 41.33 4051 0090 0.90 091 094 3.34 40.90
FM-L3 [2796? 2028 3848 2023 436 2.75 418 3.77 31.84 4397 31.91 31.50 093 094 094 094 3.95 31.44
M-L1 [gﬂ 48.82 2934 4867 270 3.02 258 2.84 5592 3313 56.10 5439 094 095 095 094 255 5538
M-L2 [‘113'% 4642 3769 4629 2.91 415 2.80 313 52.64 4117 52.77 51.03 0.89 089 091 092 2.63 5222
M-L3 [i;"; 5059 131 5949 391 450 376 3.64 6544 142 6559 6443 092 092 093 096 340 64.82
Standard deviation is shown in square bracketauus Experimental modulus; & Weibull average) : shape
par ameter ; b: scale parameter; DR: me danlkaestimata;hR: e st i me

linear regression; MLE: maximum likelihood estimation
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