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Abstract

Down feathers are remarkable insulating materitiat reputedly havethe greatest
warmth-to-weight ratioof all naturalfibres, and they possess excellent compressibility
and compression recovery. Desptheir outstanding performance abermal insulators
down feathers have been relativebverooked by the academic community and their
structure and properties remain quite poorly understood. To provide insight into the
fundamental properties of these feathers and ittspirethe design anddevelopment of
future synthetic insulation materials, awly into the structural,mechanical and thermal

properties of downfeathers and their assemblidgs been conducted.

Theappearance, mass, size, and geomesti@apeof goose duck, and eidedown plumes
and their barbsvere assessedWhile goose and duakown plumes were very similar in
both appearance and size, the eider down feathers wienend to belarger andtheir
barbuleshad a greater number of prongs and nodé&seach type of down, barbules were
adapted to occupy maximum space and utilised a ptacrosssection as they divided
from the barb to optimise compression recoveifne microstructure and morphology of
goose and duck dowharbs and barbulewsere analysedising SEM, TEM, and AFRvid
were found to beanalogous towool fibres. Melanin granws were found in goose down
but not in duck down, and thexaminedgoose down barbsad irregular, hollow cross
sections,g KSNB I & RdzO| Rand fiafezellipticiMBh the ddipiofRovel
down-based nonwovesdevelopedto captureX-ray diffractiondatafrom goose and duck
down with excellent claritygoose and duck dowwere found to share great similarities

in their crystal structures

The mechanical properties of goose, duck, and eider down feathers were studied,
includingaO2 YLI NA &2y 2F GKSANI 60FNbaQ GSyairftsS LINE
and recovery of individualown plumes.Eider down barbs were found toavegreater

L 2dzy3Qa& Y2Rdz AX dzf GAYFGS aGNBy3IhGKzIbabg R &0 NI
and ndividual eider downplumeswere also more capression resistant than those from

geeseand ducls.

The compression resistance and recovery of goose and duck down assemblies were
studied using anovel apparatusGoosedown proved to be more compression resistan
than duck downattributed to its cross sectional shape and hollow geomeifje thermal
resistancea of goose and duck dowfilled test squareswvere extremely similay but the

densitesof the down inside the face fabricstrongly influencedheir thermal resistancs.
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Air-laid and thermatbondeddown-feather-based nonwovens were developéd alleviate
the problem of constraining individual down feathers in insulated products. Their
structural and thermal properties were evaluated and th@yssesed industry-leading
warmth-to-weight ratios which could be further improved Hyetter engineering of these

composite materials

Great dforts have been made to provide@mprehensivenvestigation into thestructure
andproperties of both individual and Bk down featherdn relation to ther thermal
insulation properties|lt is hoped that this research wifirove useful tathe development
of superiorbiomimetic synthetic insulations as welsthe high performanceproducts

made from downa worldleading ratural material.
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Chapter 1. Literature review of down feathers and their use in

relation to human thermophysiological comfort
Down feathers are used in many applications, including bedding, upholstery, and fashion
clothing, though it is outdoor clothing and equipment that plattesgreatest demands on
them. Outdoor wear must protect against the harshness of an environmestile to the
human body and down equipment is primarily used to protect against the cold. This chapter
will establish thescope and context of this researplojectand provide a brief overview of
how down feathers are used in garments and equipménwill also review the existing

literature regarding the properties of these remarkable insulating materials.

1.1 Human thermoregulation and clothing comfort

Humans are homeothermic and their 37 °C core temperature must be maintained to ensure
wellbeing(Ross2009)and tomake surehat the temperaturesensitive enzymes that drive
iKS 02Ré& Q& Y Sdahrenmin afféctivigiiotrisdéy & Ressi 2013Jhe human

body is well adapted to counteract overheating as it is equipped with very effective sweat
glands(Edholm 1978blput man is poorly evolved to deal with the cold found at high latitudes
or altitudes(Edholm 1978adnd so man must wear clothing or increase heat production

beyond that of resting metabolic rate to maintain core body temperature.

1.1.1 Cold weather

Cold weather can be distracting, uncomfortable, or dange{@e/hed 2003However, it is

Yy AYUNARYy&AAO LI NAnegifated 8.5mdllioh edplelivéy@aund insidesS & Y

the Arctic circldHassi et al. 200)nd approximatelyhd 2 F (G KS SIF NI KQa f I yR
tenth of the oceans are coved with ice and snow yeaound (Ashcroft 2001)Throughout
KAal2NRBS YI22N S@Syia KIF@S 6SSy AyFtdzsSyOSR o
crossing of the Alp@Ashcroft 2001)the invason of Russia by Napoleonic France in 1812, and

| AGf SNRA& dzy & dzO O S @Nnterdzét al RQODRraiektiBg/peopl|d from daid s A |-

extremely important to ensure their wellbeing and safety.

Cold injuries are still commonplace amongst peopladivr working in cold climates,
and many cases of hypothermia and local cold injuries such as frostbite and trench foot, are
attributed to inadequate clothing and equipme(itloyd 1986; Reamy 1998)ypothermia
occurs when the heat lost from the body exdsedhat gained through food, exercise, and
external source¢Thompson & Hayward 199@ven in developed countries, hypothermia is a
significant dangerkillingan average of 1300 people per year in the United States from-1999

2011 (Jiaquan 2013Even mild hypothermia can be very serious, resulting in a clouding of
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consciousness, a blurring wision, d a feeling of apathyParsons 2003aJyhese symptoms are
dangerous in any situation, but mes® in remote places or in serious situations, where
decisions must be made quickly and rationally. The polar explorer BEr@&8)described
iKSaS YIyAFTSalildSRYER B2 aSIKES FRREL OKPS 6 NI A Y

1.1.2 Thermal comfort and heat balance

The development of clothing (approximately 72,000 years agay coincide with the
population of colder climes by humargslipler & Elsner 200&)nd to fully appreciate the
protection requiredof the human bodyit is necessary to understand how the body regulates
temperature. This section concernswdeat is produed by the bodyhow body temperature

is regulated and what thermal comfort is and how it might be maintained

Physiologically ftermal comfort is achieved when the body is in a state of heat balance
and where heat loss is approximately equal to heat pagatun. Thermal comfort has been
RSTAYSR Fa aiaKFEG O2yRAGAZY 2F YAYR 6KAOK
(Parsons 2003@nd it is thereforeboth a psychologicand physicaphenomenon. Other

(V)
m-
—

academics, however, have argued that thafmomfort cannot be perceivedndonly thermal
discomfortcan be detectedLi 2001)

The most important factors that influence thermal comfort #Rossi 2009)

1) That thebody is in heat balance
2) That he mean skin temperature is within comfortable limits

3) That there is no local thermal discomfort

As such, even when producing large amounts of heat in cold conditions, cold fingers or

exposed skin may still detract from overall thermal comfort.

To survive cold conditions, reducing @deat loss or enhanciranes heat production
is necessaryVallerand 1995)The former can be achieved through the use of clothing or
shelter and the latter by increasing thermogenesis, the heat produced through metabolic
processesThe body produces heat by four main routesSTWS Y 1S dzLlJ GKS o02Re@

thermogenesis and are describedhigurel-1 (Vallerand 1995)
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Thermogenesis
(heat production)

Resting Thermic effec Exercisenduced| Thermoregularity
metabolic rate of food (TEF) thermogenesis thermogenesis
(RMR)

((  Heat )

Response to

Fundamental generated by extreme co_Id.
functions absorption |- thermally
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breakdown of
\ food )
Shiverin
Non
shiverin

Figurel-1 ¢ the four main aspects of thermogenegitallerand 1995)

As shown ifFigurel-1,tK S 6 2 Ré@ Q& NJ i Scagbe aduSiédi LINE RdzO G A
O2yadzYAy3a F22R 2NJ SESNDOA&AAYyId ¢KS 062ReéQa GKS
as shiveringre usedonly when the bdy is very cold: thougkhiveringcan increase heat
production by up to five times, it is partially hindered by the increased convective heat losses
that result from trembling Ashcroft 2001and is extremely inefficient and exhausting. The

duration of shivering that the body can undergo is limited by its glycogen store.

TKS 62R& OFy 06S RSAaONAOSR (FangeClDAD;EGNIEIE KS|
1978b)shown in Equation-1 that listsmajor heat loss and heat gain pathway&anger 1970)

0 % 0 0 Y 'Y (1-1)
whereM = metabolic rateE= evaporative heat los§= convective heat changk=
conductive heat chang®= radiative heat chang&= heat storage

Greaterdescription of the terms described in Equatioil isgiven in sectiori.3.5.4

1.2 Outdoor sports a nd mountaineering

As discussed in sectidnl.2 humans are poorly adapted to deal with cold conditions,
requiring shelter orclothing to counter this environmeniMany outdoor pursuits take place in
cold and challenging places, and the numbeparticipants in thee activities continues to
grow (Bowker et al. 1999)n these conditions, clothing that protects agaiftst temperatures

isrequired
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Winter sports that take place near to the safety of habitation and shelter require less

protectionin the form of clothing and equipmetihan sports taking place in remote are&or

example,a skier or snowboardesn-pisteis unlikely to be more thathirty minutes from

habitation, and relatively near a hospital in case of mishap. Cold is most thregehen one

is in a remote place away from immediate shelter, and for this reason, many extelte

weather garments have their origin in polar exploration, an activity that demands self

sufficiency and protection from very low ambient temperatures. Hosvedespite the

difficulties of maintaining core temperature in polar conditions, the constant heat output of

polar explorers pulling sledges means that dressing in appropriate clothing is relatively simple,

compared to if metabolic heat output vaggreatly. Thus, the three aspects that most

influence the demands of cold weather clothing are the temperature and conditions; a remote

location; and frequenthchanging activity levels. One sport that combinesfthese factors is

mountaineering. It is maglyet more complex by the need to minimise the weight of any

equipment, as any uphill movementgseatlyhindered by additional mass; by the extreme

changes in temperature encountered in the mountains; and by the effects of altitude.

Therefore, though numrous outdoor sports take place in cold conditions, mountaineering

could be considered the most demanding of its equipment and clothing, and will therefore be

considered in more detail.

Mountaineering is a diverse sport that encompasses many differeaqiptiizes, but the
ascent of mountains inevitably entails colder conditigriiee 9 | NJirKl&pae rate is 9.8 °K
km™ (McElroy 2002)meaning that if it is 10 °C at sea level it maypproximately0 °C at
1000 m and10 °C at 2000 m. Some routes or m@ains cannot be climbed in summer time
due to dangers of roefall (snow and ice can hold loose rocks in plaocg}he route may be a
Wg AP Y$ NI, A sais@lidg mountains whitris coldis sometimesiecessaryHowever,
cold is not the only conegr, as nountaineers encounter great extremes in temperature. A
G8LAOFE adzYYSNI I aO0Syid Ay GKS 9dz2NRPLISIy ! f Lk
equipment, in temperatures of 30 °C. The temperature at night may drop bdlowC,
demanding an extmaely insulated sleeping bag and warm clothing for any climbing in the
early morning. In the greater mountain ranges (Himalayas, Karakorum, Andes), similar
temperature fluctuations may be encountered, though the minimum temperatures may fall as
low as-50 <. In maritime climates such as in the UK, the air temperature magftest fall as
low as this though the perceived cold can be severe because of the humid air, high wind

speeds, and rapidly changing weather.

Of themajortypesof mountaineering, winter climbing, Alpinism and high altitude

mountaineeringoresentthe greatest risk of cold conditiorfat high altitude the risks of
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calorigeniaesponse to coldBlatteis & Lutherer 197@&nd forces the climber to slow down,
meaning that exercisenduced thermogenesis (see sectibri.?) isalso reducedin remote
mountain rangeshe cold hazard is most dangeroasid fatigued and energstarved

mountaineersare mostsusceptible to cold

1.2.1 The fundamental principles of mountaineering
To fully understand the problems associated with keepingwim a mountaineering situation
it is necessary to have an awareness of how a climb is usually undertaken. This section will

describe some of the fundamental principles of mountaineering.

Aimbs areoften undertaken in pairs. The first climber (the leglomber) will ascend
with one end of theaope attached to their harness. As they ascend they will attach the rope to
pieces of protection that are held in the rock, snow or ice. These are intended to rédice
length and potential severity of a fall ihe were to occur; they do not reduce the chance of a
fall happening Meanwhile the second climbemustbelay, thus arresting fallby using the
ropethat the lead climber might havénce the lead climber has eithesed the full length of
ropeor reaches a suitable point they will secure themself and the seadimdberwill ascend
to join them, removing the protectiothat the leader placed. This process is repeated until the

top of the climb is reached.

Climbing can be very physically and mentally dedirag, leading to a great increase in
thermogenesis. Belaying, however, generates very little heat, as the climber must remain
almoststationary during this period. The gredifferencein heat output between these two
states is a reason why mountaineering places such demands dnothing further
compoundedf clothes arewet from inclement weather or previous exertiansdditional

demands of mountaineering are described in the fwllog section.

1.2.2 Demands on mountaineering equipment

A mountaineer must carry their equipment, and so it must be as light and small as possible. It
must also balurable towithstand abuseandit must beadaptable to different environments

and activity leved. Equipmentnayget wet from precipitation spindrift (windblown snow, or
perspiration, so ensuring that can dry quickly is important. Additionallglpthingmust fit well

and enable ease of movement.

The primary role of insulated clothing is to kethe body warm, ands minimisinghe
weight of a garment is vital in mountaineering, the first of three important criteria for an

insulating material is its warmth to weight ratioh& insulating effect of clothing is largely
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governed ly its ability to tap still air(Morrissey & Rossi 201,3)n excellent insulator (see
Tablel-2), andmore air is trapped by thicker clothirfRossi 2009; KeighleyS&eele 198Q)
Indeed, there is a verstrong relationship betweethe thicknessof a textileandits thermal
resistancgFletcher 1945; Schiefer 1944; Pierce & Reese 1946; Goldman 2006; Morridt1955)
follows that any material that can maintain thicknegsh minimal weight will be an excellent
insulating material for use in outdoor garments and equipméit this high volume is a
hindrance if trying to storand carrythe material. This means that foams and similar high
volume materials are unsuitableif clothing that must be stored when not in use. Thus, a
highly-compressiblénsulatingmaterial with excellentompression recoverg desirableA
final consideration is the performance of the material when wet: a material that loses its
warmth when it § wetted is likely to be unsuitable for some conditions found in the

mountains.

1.2.3 The layering system and the use of down in mountaineering equipment

To protect against cold, no single clothing layer is suitagkdea result, numerous garments are
worn by nmountaineers and this has become known as the layering syE&evens & Fuller

2014) Because clothing hinders the cooling mechanisms of the body, particularly evaporative
heat losqParsons 2003bdhe layering systems allows the eadgnningand remowal of

clothing to prevent overheating and subsequent sweating.

Thelayering systenthat most modern mountaineers and hikers are aware of
describes the three layers thabver2 y SQ& (2 NB2d ¢KSAS fF&SNAE I NB
wick moisture from the skifMorrissey & Rossi 2013 midlayer, to provide insulation; and a
waterproof jacket, designed tprevent water ingress and prevent wind displacing still air in
and between clothing layerg.or manyusersthese three layers aradequate for summer use
and this system is recommendéal most usersHowever, it has some flaws (most vividly
described byhe mountaineerTwight(Twight & Martin 1999)and in colder environments
these three layers are often insufficient and more layers will be carried or.\kottra layers
are frequently insulated with down feathers, which were usetieddingcenturiesbefore
they were used in outdoor clothing and equipment. The first down sleeping bags were
developed at the end of the f9Century, and the first kmwn use ofa down jacket was on
Mount Everesin 1922, but the garment was dismissed over conceegarding itsdurability.
Eider down sleeping bags were a staple of the 1933 British Everest exp€Rititiedge
1934) and breakthrough designs in the 1960s andyarticular, by British brands such as
Mountain Equipment, led to the modern foundations of down clothing and equipment that

have remained relatively unchanged sir{@arsons & Rose 2003)
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When assessed according to the three important criteria for anl@timg material

discussed in sectioh.2.2¢ warmth-to-weight ratio; compressibility and recowefrom

compression; and wateresistance; down fares very well. Indeed, down is regarded very

highly by mountaineers (and is thought by some academics to be superior to all other

insulations(Kasturiya et al. 1999because of its excellent compressibili§ao et al. 20103nd

compression recoverfMartin 1987) and virtuallyunparalleled warmtko-weight ratio(Gao,

Yu & Pan 2007bieider down, in particular, has a ndagendary warmth and it has been

suggestedTodd 1996)hat eider down is the most thermaliysulating of all natural

materials.Downalso benefits from extremelfigh durability, excellent touch comfort, and a

strong track record. It has remained the choice for many mountaineers in cold conditions, both

as filling for their sleeping bags and in their warmest garments for 50 yearss apddnymous

with ascents of very high mountains such as Mount Everest. When compared to traditional

AyadzZ FGA2ya adzOK +a g22f 2N | yAtdweightfaiaNRE > R2 &

(Havenith 2010and when compared to modern synthetic insuteis this property remains

unsurpassedGaq Yu &an2007b; Kaufman et al. 1982; Farnworth & Osczevski 19®55)

example, a down jacketf equal warmth to a synthetic jacket would be approximately half of

its masgMorrissey & Rossi 2013)

The major disdvantage of usingdown inoutdoor wear is its performance in wet
conditions. Down can clump together when wEarnworth & Osczevski 198and this
reduces its thermal resistance as air is forced from the insulation. This susceptibility to wet
conditions § reflected in its use: down garments and sleeping bags are not normally very water
resistant and so down sleeping bags are used inside waterproof shelters such as tents, bivouac
OWOADDE QU 0, WwHledawn gakdedtsiridftoRbdwsrE i@ cold andiry conditions,
underneath waterproof clothing, or in conditions where it is too cold to rain and instead will

snow. Examples of use are showrFigurel-2:



Figurel-2 - example uses of down products

In each case the down is keggdry as possiblel ¢ Use of a down jacket on the summit of
Mont Blanc, French Alpthe highest mountain in WesterBurope. 2; Use of down sleeping
bags inside bivvy bags on an Alpine glacierU3e of sleeping bags inside bivvy bags in the
Lake District, England.cUse of a down jacket as a belay jacket while mountaineering in
winter, Scotland

Frequentlyusedalternativesto down are nonwoven synthetic insulatiasn such as
Primaloft(Donovan 1986)Thinsulate(3M 2012)and Polarguard@Harding 1979; Frankosky
1983) These fabrics are available in different basal weights and thicknessewlae,

compared to downperform very well when wet, losing little thermal resistance. However

GKSANI RNE g NYVOIK (G2 6SAIKG NI GA Biminiskeswity F SNA 2 N

repeated compressio(REI 2014)Synthetic insulations are usually cheaper than down, which
is too expensive for some consumé¢Earnworth & Osczevski 1985) (1 K2 dzZ3K R2 gy Qa

lifespan offsets this over time.

Because of its excellent warmth-weight ratio and compressibility, down is invariably
used as an insulating layer in outdoor dlioty but becausét is used in a diverse range of
situations, from the high street to the high mountains, it is a component in many different

types of garments and equipment. These withbe discussed in turn.

1.2.3.1 Down jackets
Down jackets vary greatly in design and use, from jacketghing 200 glesigned for use as
emergency insulating garments or conventional midlayers, to jackets weighing 1000 g that are

used in Polar exploration @n extremdy high mountains. All down j&ets share an excellent

M
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extremely warmwhen worn

Heavyweight down jackets tend to be worn over the top of all other layers because of
their extreme bulk Becatse these jackets are so warm they are likely to be worn in conditions
where rain is unlikely. Thinner down jackets, which might be worn in conditions above
freezing, are often sized to fit underneath waterpratdthing Mid-weight jackets of roughly
500-600 gtotal weightare usually sized to fit over or undamwaterproof jacketgiving the

greatest flexibility.

1.2.3.2 Down sleeping bags

Mountaineering outes lasting more than a day may require sleeping in a remote place, and a
sleeping bag is the most commoleap system, being an efficient desitrat maximises

insulation andninimises massSleeping bags are usually protected from the weather by a tent
2NJ 0AQD2dzZ- O OWOADBeQU o A | y-Rsistadt ik, softheR ¥ § K S
role is not to ke weatherproof or compressieresistant but to be as warrand as lightais

possible. Two competing factors in choosing a sleepin@@egylation are its maximum bulk

and volume when in use, thus enabling the trapping of maximal air; and its minimum volume
when not in use, therefore taking up minimal spacea rucksackWeiner 1955)In this regard,

down-filled sleeping bagkave an enviable reputation

The US military state that the highest pressure exerted by a hyiwly in a sleeping
bag is 3 pgGitson 1990)which is almost identical to the 200 g émetermined byMartin
(Martin 1987) This pressure is sufficient to compress virtually any quantity of down until it is
flat and thus hasegligibleinsulating propertiegFarnworth et al. 1985)nakinga
compressiorresistant sleepingnat required toreduce direct heat conduction to the ground.

This arrangement is describedRigurel-3:

Sleeping bag

—

S

Ground

Sleeping mat

Figurel-3 ¢ use of a sleeping bag with a sleeping mat to protect the user from diesadt
conduction through the ground
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1.2.3.3 Other garments and equipment
Down can be used to insulate almost any item of clotlingquipment In addition to jackets
and sleeping bags, down vests are common in the UK. Down gloves, hats and suits are unusual
in the UK but are common in polar exploration or in useay high altitude. Down suitse a
staple ofextremecoldweather use, but theiexceptionallyhigh thermal resistance makes
them unsuitable fomost conditions Down has also been used in insulated sleeping mats
which inflate to protect the down from eopressionExped 2014)and down quilts are

popular amongst some mountaineers.

1.2.3.4 Construction of down garments and sleeping bags

526y SldZALIYSyiQa O2yadNHzOGA2y Aa RSOSLIIA@SE e
the overall performance of the fingroduct. Face fabrics that are easily abraded or torn or

possess a high resistance to evaporative transfer could ruin an otherwise excellent product.
Similarly, down that migrates in the garment or sleeping bag and therefore insulates unevenly

is undesirale. Down is an excellent insulating material but it must be allied to sensible designs

and construction methods to maximise its performance.

Unlike synthetic insulaticsthat can be sewn into place, down must be contained in
baffles tokeep it in placeBaffles are usually sewn shut on three sides and the down is then
either blown or hanestuffed into place. The final side of the baffle is then sewn shut to entrap
the down.There are numerous baffle designs that are used in different applicatibes

simplest of which istitchedthrough and is shown iRigurel-4:

i

Figurel-4 ¢ crosssectional view of stitchethrough baffle construction

Stitched-through construction is loveost and lightweighiaking it idealn sleeping
bags designed to be used in warm climates, or in lightweight down sweaters or jackets. Using
this construction technique the baffles are limited in their thickness, however, which means
GKA&d GSOKYAIldzS Aa y2d adaAidlotS F2N YI{Ay3 @S

where the stitching joins the inner and outer fabric together.

Boxwall baffle castruction, as shown ifigurel-5, is more costly than stited-
throughdesignsout offers advantages in some applications. B@tl construction segrates
down compartments with a thin mesh fabric orthogonal to faee fabrido prevent down

migration(Rab & Equip 2010Jold spotscan still occuat the edges of each baffle and
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compression resistance is thought to be poor if the baffle is pu$tued the side (the baffle
Oy Qi2LILX SQU @

S S

Figurel-5 - crosssectional view of bowvall baffle construction

The most advanced baffle construction regularly used in commercial products is the
trapezoid bafflgFigurel-6) whichtends to be used only in very warm sleeping bags. By using
slanted baffles the structure is resilient to compression and dowistsilslited evenly,
preventing cold spotéRab & Equip 2010owever, trapezoid baffles are difficahd costlyto

manufacture and are marginally heavier than beall baffles.

LN 7N

Figurel-6 - crosssectionalview of trapezoidal baffle construction

Down must be enclosed by face fabrics that do not allow down to penetrate them: if
down can escape the fabric then it can no longer insulate. The British Standard BS 12132 for
down-proof materials demands that veligtle down escapes the fabric when shaken, impact
tested, and abrade{British Standards Institute 1999a; British Standards Institute 1998i)
air permeabilityin a fabriccan also be an indicator of dowgroofness but should not be
regarded as definive (IDFL 2013ps not all fabrics with low air permeability are doyroof.
During use of a product, down very rarely escapes a fabric, but flight featlithrgheir more

penetratingquillsmay occasionally, particularly at segmints.

Theweight of a face fabric @lsoimportant: lightweight fabrics with good drape allow
down to loft as much as possible and minimise the overall mass of the equipment. However,
lightweight fabrics often lack the durability of heavier fabrics and a balanct bawreached
Fabrics should also be water resistant and allow moisture vapour to escape them as these help
ensure that the down remains dry and thus can insulate with maximum efficacy. Waterproof
fabrics that have a relatively high resistance to watgyota transport can offeadvantages in
very wet weather but they hinder the ding ofa sleeping bagrhich means these fabrics are
rarely used Twight & Martin 1999)

1.3 Structure and properties of down feathers
Thissectionwill provide a review of the resrch that has previously been carried out on down
feathers. Considering the exceptional insulating qualities of down, relatively little research has

been carried out into its structure and so, on occasions when existing information is scant, the
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literature regarding analogous materials such as wool and hair will be reviewed as this will aid
subsequent discussions. The hierarchical nature of down lends itself to a hierarchical approach
to a literature review and as such, the down feather will be discussasidering its origins; its

microscopic and macroscopic features; and its individual and bulk properties.

1.3.1 Down production

Down feathers are unique to waterfowl (geese, ducks and s\eomdd 1996)and only

develop in species in which the female incubatesitt eggs alonéKear 2005aMan has

interacted with waterfowl for thousands of yeafisear 2005a)ducks and geese have been
domesticated for more than 4000 yegaiRSPCA Research Animals Department 28d have

been subject of a lontasting fascinatigy F2 NJ KdzYl yAT S@Sy ¢dziil y{ KIY
young Egyptian Pharaoh hunting th€irodd 1996)

Down is largely a bgroduct of the meat industry and holds little economic sway. As
dictated by our diet, geese and ducks are the major sources of dowiswasts. Geese are
exclusively herbivorous and are adapted more to laaded feeding than ducks, which tend to
leada more aquatic life than geegiear 2005¢c)Down has excellent properties to help keep a

clutch of eggs warm and, according to some acadejmoistKear 2005a)

1.3.1.1 Domestication of geese and ducks

The Greylag Goose and Swan Goose are thought to be the first goose species to be

domesticated and provided humans with meat, oil, down, feathers, and quills for use in arrows

and pengKear 2005a)These two species are the wild ancestors of most domestic desiel

1996; Guy & Buckland 200&)d are found worldwide from the Tropa¢ Cancer to the Arctic
circle(Kear 2005c)However, researchers stress that most modern farmed geese tend to be

Gol Ny R22NE G(GeLJSa FyR a adzOK FINB y2i0 2F Fye
common ancestoréWyeld & Wyeld 1980)

The Mallard and Muscovy were almost certainly the figtks to be domesticateKear
2005a) The Mallard is ancestor to many of the farmyard breeds in Europe and Asia and is
LINEOIFOof& (KS g2 NI @euag 2008)Ené MuScavy dugkyfend? tz®g farmed
in warmer climegRSPCA Research Animals Depantr2011) such asn South AmericgKear
2005a)

1.3.1.2 Goose and duck down sourcing and processing
Very equal quantities of goose and duck down are used in the outdoor industry: figures from
the European Outdoor Group (EOG) show that 51 % of down used isificksand49 % is

from geesgEuropean Outdoor Group 2013)he vast majority (90 %) of duck down is sourced
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from China, the remainder mostly obtained from Euro@@ose down is more mixed: 49 % of
goose down is sourced from China but Hungary (24 %), khenié¢ (9 %) and other Eastern

European countries ar@somajor suppliers.

Most duck down is obtained from the birds8Aveeks after hatching, coinciding with
slaughter, whereas goose down is obtained aft& ®onths(Bedard et al. 2008)-eathers
makelwJ I NBfIFGAGBStE @ avYlff LISND2Sydepeddy dhthe type 6 A NR
of bird, its age, and other facto(Benedict 1937)soa domestic goose yields approximately
200 g of feathers and down of commercial quality. Down covers all pbisth males and
female geese and duckilardy & Hardy 194%jut is gathered in greatest quantity from the
breast(Guy & Buckland 2002)

Handplucking of feathers from carcasses is tilmmsuming and inappropriate for large
scale operations, so diglucking machines may be used to remove feathers. Alternatively, the
carcass may be plunged into a scald téBky & Buckland 2002nd then plucked by a
machine. Waxing may also be used to aid feather rem@Wgkld & Wyeld 1980Dnce
removed from the birdsfeathers and down are washed in specialist soap and dried in
industrial tumble driers (seBigurel-7) and sorted in air currents (séégurel-8) (Guy &
Buckland 2002)This is discussed in further detail in sectio8.4.2.1

Figurel-7 ¢ drying of washed down and feathers
(Taken at Peter Kohl Industries, Germany, 18ly 2012)
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Figurel-8 ¢ sorting of down and feathers in air currents
(Taken at Peter Kohl Industries, Germany, 18ly 2012)

In down sorting machines, the down of greatest desirability and voltongeight ratio
flies furthest in the air curnets and thus is separated into different chambers to inferior down
or feathers. The process may be considered analogous to fractional distillation. Because down
is sorted alongside flight feathers, a portion of flight feathers inevitably mixes with the dow
YR Fa | NBadzZ &G Wmnn 22 R2eyQ A& y2i O02YYSNDA
93:7, down: feather. Down of lower quality contains more feati{#pg-L 2010fdiscussed in

greater detail in sectiod.3.5.3

It is generally regarded that down quality tends to increase with the age of the source bird
(Bedard et al. 2008; Yuwanta 20@2)d, age being equal, goose down is regarded persar
to duck dwn, and fetches a higher pri¢Bedard et al. 2008; Jacob et al. 2011; IDFL 20k0a)
a military study, European geese were found to produce higher quality down than Asiatic
geese, though the results were not given extensive anal¢Zsiken 1968) and the origin of
down is not generally regarded as important in its final properties, though it may impact on

desirability to a consumer (European goose down being highly regarded).

Goose and duck downs are processed separately to avoid mitiey.are also kept
O2YLX SGSt& aSLINIGS FNRBY 20KSNJ 6ANRaAQ FSIFGKS
example, fowl feathers). In fact, followidgnericanconcerrsin the 1950s that the supply of
down in wartime was not secure, extensive triallingbicken feathers for use in sleeping bags
took place. However, the chicken feathékardy & Hardy 1949 material in great
abundance and extremely che@poconti 1955)vere considered unsuitable due to their low

bulk density when compared to goose arakk down(Cohen 1968)
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There are numerous factors that affect the overall quality of down, from the husbandry
and age of the animal to the sorting and processing techniques. This makes the material highly

variable and this influences all analyses of down.

1.3.1.3 Ethics of goose and duck down production

Down production is a major business and growing rapidly (figures from 1994 state that 67,000
tonnes of feathers and down were traded internationally, at a total value of 650 mill® &

(Guy & Buckland 2002 stimations from 2014 indicate global production is now at least
270,000 tonnegBible 2014)and like in many trades, ethical dilemmas exist. Over recent
years, duck and particularly goose husbandry has come under widespread s(Batiygan
2012)from the media, public, and animal righgroups, anchascontributed to the starting of

a large investigation and subsequent rep@ESA Panel on Animal Health and Welfare 2010)
that contained many recommendations for animal welfare. The main problem reported was

the live plucking of birds.

I FFEOG2N) GKFG O2y¥FdzaSa Wt AGS L dzO1Ay3IQ Aa
shouldd6 S RAGARSR Ayd2 dndspilckingderiye fedtBersiréoSaNifdya®Q > &
is not harmful if carried out correctly; and live plucking, which is the cruel and harmful plucking
of unripe featherdEFSA Panel on Animal Health and Welfare 2010; Wang. R04:0y
academics agreethathardel Ay 3 FSIFGKSNB |4 (GKS -1l0weels 2F | 6
after hatching and at subsequent 6 week intervals in the case of geese) is hainaleatut
2002; Rosinski 2002nd assert that harvesting of feathers from live birds can form a
significantand important income for farmers breeding geese for foie gras or meat production
(Guy & Buckland 2004J plucking leaves blood marks then this is regarded as the wrong time
to pluck(Labatut 2002)thougheven thismay be toleratecbn somefarms as itenables the
collection of a greater quantity of feathe(Bedard et al. 2008YWhether birds bred primarily
for the production of foie gras should be used in down production is another ethical issue that
manufacturers of down products must address. Celjaiathical down production remains a
difficult issue and the greater awareness of the public now force manufacturers to better track
their supply chains. Mountain Equipment (UK) are one such manufacturer who have started a
traceabilitysystem for their davn products(Mountain Equipment 2012knabling the
consumer to determine the sourad their down The North Face (USA) and Patagonia (USA),
g2 2F GKS 62NIRQa I NBS&G 2dz2iR22NJ Sljdza LIYSy
own ethical sourcing ceduregGunther 2014)Though the outdoor industry is a very small
part (less than 1 %) of global down production and therefore lacks strong leverage of the
supply chain, it is keen to promote best practice in down production and dmuasandry

(Baselg 2014)
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Regardless of the traceability and transparency of a down supply chain, down comes
from birds that are bred for meat: either the birds are plucked, lorekilled and plucked
afterwards. For this reason, somegans or otheconsumers may be averso buying down

products and may source synthetic alternatives instead.

1.3.1.4 Eider down

One type of down is not obtained from domestic birds: eider down comes from eider,ducks
seabirds that inhabit temperate and arctic zor{gar 2005band winter on subarctic or arctic
shores(Jenssen et al. 1989)here ardfour species of eidefOgilvie 2005)and of these the
common eider is the most widespread and is the species from which down is harvested most

frequently(Bedard et al. 2008)

Most eider down is sourced from Iceland. Eider farming, initiated by the ViKirapd
1996) has gone on theréor 1000 yeargBedard et al. 2008and the birds have been partially
protected since 1702 and completgbyotected since 1900Todd 1996)Domestication of
thesesed ANR& A& y20 LINYOGAOFE yR 0S0OFdzasS 2F (K
be harvested in the same way gsose or ducklown. Eides nest on land, and the female
birds remove some of their feathers to expose a brpatch to warm their eggéBedard et al.
2008) When nests are unoccupied, skilled collectors remove some of the down from these
nests. This is painstaking work, as onli57g of down is obtained from each né¥bdd 1996;
Bedard et al. 2008)nd this contibutes to the very high cost of eider down (£512 per kg in
2002(Kear 20053)now almost certainly much hign@@ L OSft | yRQa G241t | yyd
eider down is 3000 k(Kear 2005aand yearly worldwide production is approximately 5000 kg.

Because oftte method of collection, eider down tends to be very clean and contains
little of the bodyattachment part of the feathefLoconti 1955jhat may result from plucking
of carcasses. It is also claimed to have a total absence of flight fedBentard et al2008)
which is quite distinct to down from geese or ducks. Eider ducks have evolved to live on water,
and it has been suggested that the highiyA & NHzLJG A @S T2 NOSa 2F 461 GSNJ
lead to thicker and shter feathers in seabird&e Vries & van Eerden 1995hough this has
not been verified andt is unclear whether thesadaptationswould occur in down feathers, as

they are protected by the flight feathers from most mechanical disruption.

The extreme cost and rarity of eider down meainat it is very unusual for garments
or equipment in the outdoor industry to utilise it. Indeed, just one garm@tack Diamond
2014)from all leading outdoor manufacturers could be found that was filled with eider down.

Most eider down is used in luxubgdding.
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1.3.2 The structure of k eratin fibres
Thestructures of keratin fibres, including feathers, hdeen studied for hundreds of years.
The first detailed investigations were by Hook 665 when he used a microscope to study the

structure of wool(Phan £91)

All feathers, including down featherare made primarily of kerati(Bradbury 1973)
the secondmostabundant biopolymerdund in animals, after collag€McKittrick et al.
2012) Keratins are a family of proteins that occur in higher vertebratash as birds,
mammals and reptiles. They vary widely in their appearamtsvn, wool, hair, horn and
scales are all keratinousut each act as barriers between the animal and its environment
(Bradbury 1973; Briki et al. 2000hey are not vascularisédy R | & & dzOK | NS NB 3|
tissues(McKittrick et al. 2012)

Keratins cannot be grouped together by amino acid content, morphology or molecular
structurebecause they are too disparaflercer 1961 and there have been numerous
attempts to defire them Characteristically, keratins contain cysteinyl resid{fgaser &
MacRae 1979shownin Figurel-9) and these oxidise in the final stages @fdynthesis to
create a network of disulfide bonds, as showifrigurel-10. As a result i this thesis, keratins
FNE G2 6S RSTAYSR & &LINE KA yMaEBH19615 oA f A &SR

0

NH,
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SH
Figurel-9 - cysteine molecule
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Figurel-10- oxidation of two cysteine molecules to form a disulfide bridge

The grounebreaking work of Astbury and agorkers (Astbury & Woods 1930; Astbury
& Street 1932; Astbury & Woods 1934; Astbury & Woods 1882)e University of Leeds
divided keratins into three groups (four groups if amorphous is inclBedi et al. 2000;
Fraser et al. 1972according to their higtangle Xray diffraction patterns. Astburgautiously
froStf SR GKS RAFFNI OGA2Yy LIAdibirg&Sfréet 103g§pose y | G A O

from stretched wool and hair as(Astbury & Street 1932and feather was foundatbe a
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GNF GKSNI 6S oAt RSNA Y 3 (ASthuty & Matkick A982F K S2 7 0 KE il yR2

featherlabels have remained to the present day.

£ f YI YYI f AkeyatiniMadLarén & yWilligad 1981Whichcan be further
ddzo RA @A RSR Anytha?inchide Inalskiir, ¢labvdlbedks and hooves and horns; and

WEA2FGQ SLIARSNXIE 1SN GAYya (Fakf16996)F 2 8y 8 KIB& 2 WA &
YR WKINRQ F2NJ {SNIIAY A& diFassrigkMadRaeASTRYIBNE O A 2 dz&

presumptions about mechanical properties but the nomenclature has remairtesl
properties and composition df-keratin structures have been studied extensiv@jtchener &
Vincent 1987)with wool being perhaps the moghoroughly investigategWortmann et al.
2007)owing to itscommercial importance in the early ®@entury. Alsorecent research in
the cosmetts and haicare industries haked to a detailed understanding of the structure of

hair.

i -keratins arenot naturallyoccurring and areJNE R dzO S Rkeratifs Syfiichh
consist of unstretched protein chains in their native forms, are stretched under specific
conditions(Cao 2002)C 2 NJ S E | Y LJt S spattkry’emérges &t 75 %iekiéhsion, and by
70 % extensioalmost completelyeplaces (i K $attern; there are no intermediate values
(Onions 1962) -keratins might be thoughtofasahalfway2 A y i 06 S 46SSy (KS
and feather keratingParry 1996put unfortunately(Fraser et al. 1972hany authors refer to

feather keratins abeingi -keratinous despite the differences in their diffraction patterns.

Feather keratin describes feathers, scales and also parts of the beaks and claws of
birds (Parry 1996andis also remarkably similar to reptilian keratin. Fewer studies exist
into feather] S NJ i A 4lerafinkirid yheré idittle information availableon the internal
structure of feathersonly one paper has been found that describes the internal structure of
down. Gaoet al. (Gaq Yu &Pan2007b)found that the cross section of goose down was
ellipseshaped and they identified an epicuticle film, a cuticléskin laye¢ and a cortex,
analogous to the structures found in wadllarshall et al. 1991However, there was some
information missing fronthe paper, such as detailed sample preparation methods, scale bars,
and individual structures in the images. The images were small and not easy to interpret. In
addition, only goose down was studied; duck down was not reported. Certainly, there is great
need for these materials to be studied in greater desaitl kecause of the lack of information
surrounding the structure of down, and to aid comparisons in later chapters, a review of the
structure of wool and hair will be presented here. As both fibreskaratinous theras

expected to besignificant overlap in their internal morphology and properties.
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1.3.2.1 The structure of wool and hair j ikeratinous fibres)
222fQa AYOISNYI f altisdtzncrshBine polymed@nsisiinglod | G SR @
crystallinemicrofibrils embedded in an amorphous matktuson 1991%nd has three main
componentgHock & McMurdie 1943}he cuticle, cortex, and medulldhe cortex and cuticle

are shownalongsidesome oftheir subcomponents ifrigurel-11:

ORTHO-CORTEX PARA-CORTEX

MICROFIBRIL

CELL MEMBRANE

EPICUTICLE
EXQOCUTICLE

MICROFIBRIL " ENDOCUTICLE

TSR

MACROFIBRIL

| . PROTEIN AND
NUCLEAR REMNANTS

Figurel-11 - the main features of wool's cuticle and corte@daptedfrom Oniong1962)

The differences in chemical structure between these-saimponents are small, so the
differences in their properties are derived mainly frdneir morphological difference@Hock &
McMurdie 1943) The grounébreaking 1959 paper by Feughelm@®59)was the first to
assert the idea of keratin structures being analogous to-absorbent cylinders embedded in
a waterabsorbing matrix, and much of the work in this area has stemmed from this premise. It
is now well established that wool materials candemsidered a twephase composite of a
GAra02StFaiA0 I yR IheliciNihitestsindicroiibtilsithahake unmiedtéd by
water (Postle et al. 1988)embedded in ifWortmann et al. 2007Research into hair has
yielded similar conclusior(8ortmann et al. 2006)¢ K Shelites form filaments in a coiled
coil rope structurgCrick 1953jthis discovery was quite controversial between Crick and
Pauling, two of the 20/ Sy (idzNBE Q& 3INBI iSad aOASyidArAadaz odz
(Watsan & Crick 1953)f the structure of DNA

222fQa YadaNRoXihaiely K fndin diametéFilshie & Rogers 196ahd

this is thought to be consistent across all mamngatéses et al. 2006] hey group together in
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units of approximately 0.5 um diagter (Feughelman 1997%yhich are termed macrofibrils.
Macrofibrils do not seem to vary considerably from one keratin to another, though the matrix

surrounding thenvaries in compositioFeughelman 1997)

The structures found in wool are summariseathe next pagein Fgure1-12:



Wool fibre

Cuticle Medulla

Cortex

Chemicall
resistant
outer laye

Mixture of
amorphous
matrix and semi
crystalline fibre

Low
density
fibre core

Epicuticle Exocuticle Endocuticle Inner laye f ' : .
Cell Paracortex Orthocortex| | Mesocortex
membrane

Majority complex Halfway between
of cuticle the properties of

mass High the ortho-and
Separates _ proportion of paracortical cells

Oulf;gost the cortical High microfibrils
cells proportion Only present
of matrix

in very fine
wool fibres

Fgure1-12 ¢ diagram describing the major structures in a wool fibre
Blueboxes indicate individual structuresd substructuresin the wool fibre;red boxes describe these structures

TZ



22
1.3.2.1.1 The cuticle
The cuticle is the chemicaltgsistant layer of shedike cells that protects the fibre from
external influencegPhan 1991)it is usually one cell thick and surrounds the wool fibre
(Church et al. 1997Luticle cells are thought to be amorphait$ock & McMurdie 1943nd
non-fibrous (Woods 1938)and this theory has been reinforced by the sngalantities of helix
forming amino acids itheir structure (Church et al. 1997The cuticle has numerous
subcomponents, listed iAgure1-12, whichare chemically distinct: the epicuticle and
exocuticle (the two outermost layers) are both suffich while the endocuticle is
heterogeneousaind norkeratinous(Phan 1991)The endocuticle is made of ordiging cuticle
cells and is the most wetlefinedlayer in the cuticldBradbury 1973)Cuticle cells are thought
G2 0S GaNBadNNOlMdshdll etaldlaod)f | yR KI ANEE

The cuticle is thought to play little roll in the bulk longitudinal properties of a fibre, but
its role in buk torsional properies is larg¢Jachowicz 19877 he ratchetlike structure that the
cuticle imparts to the outer surface of hair and wool anchors the hair in the follicle and help
expel debris and dead cell®fm the coat(Moncrieff 1954) To reinforce theheory of the
Odzi A0t S KSEtLIAYy3 {SSLI GKS FAONBE Ay LI FOSsE (KS
oppositewayl 2 ¢g&82f QEIF G0 GKS ljdzAf f & MonfréK®M) Ay | LINB

Anionic detergents barely affect the mechanical properties of tieoas hair, and this
is thought to be because of the protective role of the cut{dachowicz 198 @nd t haseven
0SSy &ada3aSadSR GKF G (KS yaldpitaitesSi@dmer®svellh O £ L.
& Huson 2005)

1.3.2.1.2 The cortex

The cortex is the ma mass of the wool fibre (approximately 86.5Bsadbury 1973) Like the
cuticle, it is composed of different component pafhan 1991)the paracortex and the
orthocortex;anda mesocortex may sb be present in very fine wo{Bradbury 1973)The
cortex is roughly cigashaped(Onions 1962pr spindleshaped(Hock & McMurdie 1943;
Marshall et al. 1991)

222fQa O2NIAOI #110 B lbng, dar Jrelitd thdmithddt width 465§ n
pum (Marshall et al. 199)pndare oriented parallel to theibre axiSAndrews 1957; Ross 1955;
Feughelman 1997p KA OK O2y (i NR o dziSa (2 622 f{Hack&l YA azdNR
McMurdie 1943) The cortical cells of hair are similarly anisotropic (approximate length 100

um, with a largest diameter of 5 p@Vortmann et al. 200%)
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The paracortex usually comprises30 % of the total area of the cortex anceigher
surrounded by the orthocortefBradbury 1973dr present alongside itt contains
proportionally more matrix than the orthocortgMarshall et al1991)and contains numerous
nuclear remnants that are usually observed in a dendritic form and are the remains of the

onceliving cell(Bradbury 1973)

The orthocortex usually comprises more than 50 % of the cortical (tdmsch et al.
1997)and in general, as the diameter of the wool fibre increases, so does the proportion of
orthocortex(Marshall et al. 1991)his same tendency has been observed in hair, though the
relationship is quite variablgHynd 1989)The orthocortex is differenti&d into macrofibrils
which are very inconsistent in appearance: some are hexagesraiypged and regular, some
much more irregulatOnions 1962)Large defined areas of nuclear remnants are unusual in
the orthocortex of wool fibres; instead the nucleameants tend to accumulate in
intermacrofibrillar materia(Rogers 195%hat forms thin lines between orthocortical
macrofibrils. The orthocortex in both wool and héifassenbeck 198has a high microfibril to

matrix ratio.

The way in which the parac&tE | yR 2 NI K202 NI SE Ay dSNI OG
properties: orthe and paracortical cells that twist around one another helically give the fibre
crimp, whereas ones aligned silg-side along the fibre axis result in a straight fibfee clear

divide betwesn orthocortex and paracorteix a wool fibrecan be seen ifigurel-13:
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PARACORTE X

-~

ORTHOCORTEX'

Figurel-13- merinowool fibre cross section

Some of the wool proteins have been extracted with thioglycolic acid. Amorphous protein
between the macrofibrils is more abundant in the orthocortex than in the paracortex. Cell
boundaries can be distinguished in the paracorteairtgtd with osmium and embedded in
Araldite. From Rogeld.959)

¢tKS OStf YSYONIyS O2YLX SE o6/al/ 0 A& (KS W=
together by weaving itself around the paratical and orthocortical cell@radbury 1973)
Little is known abut this hardto-analyse structuréMarshall et al. 1991though it appears to
08 O02YLRAaSR 2F G2 as LI Nhelcdl m¥biargNdmpléxzah bel S NY S
seen inFigurel-14. In hair, the cell membrane complex provides a penetration route for

moisture to reach the inner part of the hgiKaito et al. 1992)
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Figurel-14 - cross section of a Lincoln wool fitseowing the cell membrane complex

The numbered areas are each part of different cortical cells. The cells are separated by layers
f I 6Stf & RedicedwifiRioglycolicacid and stained with osmium. Araldite bedded.

From Roger§1959)

The medulla tends to be present in coarse wool filjiésck & McMurdie 1943ndas
fibre diameter increases, so does the tendency of the fibre to be medul{&eds 1955)t is
found in the centre of these fibrgg\ndrews 195yas an a#filled network of membranes and
interstices(Onions 1962)It is less dense than keratin, making the resultant wool fibre open
and light, but also stiffBradbury 1973)its formation in sheep wool is thought to be partly

hereditary as welasenvironmentallyinfluenced(Ross 1955)

In animal fur the medulla makes up a significant portion of the f{Branbourg &
Leroy 2005and is thought by some academigganbourg & Leroy 200%) play a role in
thermal insulation. For some time the hollanature of polar bear fur ledne group(Grojean
et al. 1981)o believe thatli K S duBactdike optic fibres but this has now been
disproven(Koon 1998)

1.3.2.2 The structure of down feather sj fkeratinous fibres)

The terminology used to describe dovdegathers varies considerabnd can lead to confusion

so will be discussed herEor example, érbs and barbules have been described as primary
and secondary structurgdVilde 2004)branch fibres and fibriléSkelton et al. 1985jilaments
andfibrillae (Loconti 1955)and as subranches and filament&ildiz et al. 2009 he terms

used by the British Standards OrganisafiBntish Standards Institute 1998Wjll be used in

this project They are: the core, the central down growth; down badisanating from the

core; and barbules, emanating from baigitish Standards Institute 1998¢geeFigurel-15
andFigurel-16). Nodes) N6 RSTFTFAYSR |4 AGLINR(dzo SNI yOSwae

2 N
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whereas prongs aré & K 2 NI a LJA y(BritisR StandhMIR |dstititei1 998ID)espite
nodes being thestandard terminologyBritish Standards Institute 1998ty these structures,
researchers have used numerous terms, includingrs(Gaqg Yu &Pan2007b) triangular
nodes(Gaq Yu &Pan2007b) trows (Loconti1955) and solid tertiary structurefVilde 2004)
to describe these features. Prongs have also been called crofGaesYu &Pan2007b)

hooklets(Yildiz et al. 2009and split tertiary structuregWilde 2004)¢ K S
used to define individal down feathers.
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Figurel-15 ¢ pictorial representatios of a down plume defining thenajor features
1 ¢ down core; X; barb; 3¢ barbules with prongs

Figurel-16 - scanning electron micrograph defining the main features of a goose down plume
1 ¢ down core; X; barb; 3¢ barbule

CSFIKSNE INB NBIFINRSR a (0KS Y2a(Frser&SOAl f
MacRae 1979r attachment to the skiiBodde et al. 20113nd exemplify a hierarchical
structure(Bodde et al. 2011 As shown irFigurel-16, however, dowrfeathersare quite

distinct from flight feathers and have a trdike (Yan & Wang 200%)ructure with radial




































































































































































































































































































































































































































































































































































































































