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Abstract 

Down feathers are remarkable insulating materials that reputedly have the greatest 

warmth-to-weight ratio of all natural fibres, and they possess excellent compressibility 

and compression recovery. Despite their outstanding performance as thermal insulators, 

down feathers have been relatively overlooked by the academic community and their 

structure and properties remain quite poorly understood. To provide insight into the 

fundamental properties of these feathers and to inspire the design and development of 

future synthetic insulation materials, a study into the structural, mechanical, and thermal 

properties of down feathers and their assemblies has been conducted. 

The appearance, mass, size, and geometric shape of goose, duck, and eider down plumes 

and their barbs were assessed. While goose and duck down plumes were very similar in 

both appearance and size, the eider down feathers were found to be larger and their 

barbules had a greater number of prongs and nodes. In each type of down, barbules were 

adapted to occupy maximum space and utilised a planar cross-section as they divided 

from the barb to optimise compression recovery. The microstructure and morphology of 

goose and duck down barbs and barbules were analysed using SEM, TEM, and AFM and 

were found to be analogous to wool fibres. Melanin granules were found in goose down 

but not in duck down, and the examined goose down barbs had irregular, hollow cross 

sections, ǿƘŜǊŜŀǎ ŘǳŎƪ ŘƻǿƴΩǎ ǿŜǊŜ ǎƻƭƛŘ and more elliptical. With the help of novel 

down-based nonwovens developed to capture X-ray diffraction data from goose and duck 

down with excellent clarity, goose and duck down were found to share great similarities 

in their crystal structures.  

The mechanical properties of goose, duck, and eider down feathers were studied, 

including a ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜƛǊ ōŀǊōǎΩ ǘŜƴǎƛƭŜ ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ǘƘŜ ŎƻƳǇǊŜǎǎƛƻƴ ǊŜǎƛǎǘŀƴŎŜ 

and recovery of individual down plumes. Eider down barbs were found to have greater 

¸ƻǳƴƎΩǎ ƳƻŘǳƭƛΣ ǳƭǘƛƳŀǘŜ ǎǘǊŜƴƎǘƘΣ ŀƴŘ ǎǘǊŀƛƴ ŀǘ ōǊŜŀƪ ǘƘŀƴ ƎƻƻǎŜ ƻǊ ŘǳŎƪ Řƻǿƴ barbs, 

and individual eider down plumes were also more compression resistant than those from 

geese and ducks.  

The compression resistance and recovery of goose and duck down assemblies were 

studied using a novel apparatus. Goose down proved to be more compression resistant 

than duck down, attributed to its cross sectional shape and hollow geometry. The thermal 

resistances of goose and duck down-filled test squares were extremely similar, but the 

densities of the down inside the face fabrics strongly influenced their thermal resistances.  
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Air-laid and thermal-bonded down-feather-based nonwovens were developed to alleviate 

the problem of constraining individual down feathers in insulated products. Their 

structural and thermal properties were evaluated and they possessed industry-leading 

warmth-to-weight ratios, which could be further improved by better engineering of these 

composite materials. 

Great efforts have been made to provide a comprehensive investigation into the structure 

and properties of both individual and bulk down feathers in relation to their thermal 

insulation properties. It is hoped that this research will prove useful to the development 

of superior biomimetic synthetic insulations as well as the high performance products 

made from down, a world-leading natural 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 places the greatest demands on 

them. Outdoor wear must protect against the harshness of an environment hostile to the 

human body and down equipment is primarily used to protect against the cold. This chapter 

will establish the scope and context of this research project and provide a brief overview of 

how down feathers are used in garments and equipment. It will 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 (Rossi 2009) and to make sure that the temperature-sensitive enzymes that drive 

ǘƘŜ ōƻŘȅΩǎ ƳŜǘŀōƻƭƛŎ ǊŜŀŎǘƛƻƴǎ can remain effective (Morrissey & Rossi 2013). The human 

body is well adapted to counteract overheating as it is equipped with very effective sweat 

glands (Edholm 1978b) but man is poorly evolved to deal with the cold found at high latitudes 

or altitudes (Edholm 1978a) and 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 dangerous (Gavhed 2003). However, it is 

ŀƴ ƛƴǘǊƛƴǎƛŎ ǇŀǊǘ ƻŦ Ƴŀƴȅ ǇŜƻǇƭŜΩǎ ƭƛǾŜǎΥ an estimated 3.5 million people live year-round inside 

the Arctic circle (Hassi et al. 2002) and approximately halŦ ƻŦ ǘƘŜ ŜŀǊǘƘΩǎ ƭŀƴŘƳŀǎǎ ŀƴŘ ƻƴŜ 

tenth of the oceans are covered with ice and snow year-round (Ashcroft 2001). Throughout 

ƘƛǎǘƻǊȅΣ ƳŀƧƻǊ ŜǾŜƴǘǎ ƘŀǾŜ ōŜŜƴ ƛƴŦƭǳŜƴŎŜŘ ōȅ ŎƻƭŘ ǿŜŀǘƘŜǊΣ ǎǳŎƘ ŀǎ IŀƴƴƛōŀƭΩǎ ŦŀƳƻǳǎ 

crossing of the Alps (Ashcroft 2001), the invasion of Russia by Napoleonic France in 1812, and 

IƛǘƭŜǊΩǎ ǳƴǎǳŎŎŜǎǎŦǳƭ ƛƴǾŀǎƛƻƴ ƻŦ wǳǎǎƛŀ (Winters et al. 2001). Protecting people from cold is 

extremely important to ensure their wellbeing and safety. 

Cold injuries are still commonplace amongst people living or 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 equipment (Lloyd 1986; Reamy 1998). Hypothermia 

occurs when the heat lost from the body exceeds that gained through food, exercise, and 

external sources (Thompson & Hayward 1996). Even in developed countries, hypothermia is a 

significant danger, killing an average of 1300 people per year in the United States from 1999-

2011 (Jiaquan 2013). Even mild hypothermia can be very serious, resulting in a clouding of 
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consciousness, a blurring or vision, of a feeling of apathy (Parsons 2003a). These symptoms are 

dangerous in any situation, but more-so in remote places or in serious situations, where 

decisions must be made quickly and rationally. The polar explorer Berton (1988) described 

ǘƘŜǎŜ ƳŀƴƛŦŜǎǘŀǘƛƻƴǎ ŀǎ άǘƘŜ ŦǊƻǎǘΦΦΦ ǎŜŜƳŜŘ ǘƻ ŜȄǘŜƴŘ ǘƻ ǘƘŜ ōǊŀƛƴέΦ  

1.1.2 Thermal comfort and heat balance  

The development of clothing (approximately 72,000 years ago) may coincide with the 

population of colder climes by humans (Hipler & Elsner 2006) and to fully appreciate the 

protection required of the human body, it is necessary to understand how the body regulates 

temperature. This section concerns how heat is produced by the body, how body temperature 

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

Physiologically, thermal comfort is achieved when the body is in a state of heat balance 

and where heat loss is approximately equal to heat production. Thermal comfort has been 

ŘŜŦƛƴŜŘ ŀǎ άǘƘŀǘ ŎƻƴŘƛǘƛƻƴ ƻŦ ƳƛƴŘ ǿƘƛŎƘ ŜȄǇǊŜǎǎŜǎ ǎŀǘƛǎŦŀŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ǘƘŜǊƳŀƭ ŜƴǾƛǊƻƴƳŜƴǘέ 

(Parsons 2003c) and it is therefore both a psychological and physical phenomenon. Other 

academics, however, have argued that thermal comfort cannot be perceived, and only thermal 

discomfort can be detected (Li 2001). 

The most important factors that influence thermal comfort are (Rossi 2009): 

1) That the body is in heat balance 

2) That the 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 oneΩs heat loss or enhancing ones heat production 

is necessary (Vallerand 1995). The former can be achieved through the use of clothing or 

shelter and the latter by increasing thermogenesis, the heat produced through metabolic 

processes. The body produces heat by four main routes. ThŜǎŜ ƳŀƪŜ ǳǇ ǘƘŜ ōƻŘȅΩǎ 

thermogenesis and are described in Figure 1-1 (Vallerand 1995): 
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Figure 1-1 ς the four main aspects of thermogenesis (Vallerand 1995) 

As shown in Figure 1-1, tƘŜ ōƻŘȅΩǎ ǊŀǘŜ ƻŦ ƘŜŀǘ ǇǊƻŘǳŎǘƛƻƴ can be adjusted by 

ŎƻƴǎǳƳƛƴƎ ŦƻƻŘ ƻǊ ŜȄŜǊŎƛǎƛƴƎΦ ¢ƘŜ ōƻŘȅΩǎ ǘƘŜǊƳƻǊŜƎǳƭŀǘƻǊȅ ǘƘŜǊƳƻƎŜƴŜǎƛǎ ƳŜŎƘŀƴƛǎƳǎ ǎǳŎƘ 

as shivering are used only when the body is very cold: though shivering can increase heat 

production by up to five times, it is partially hindered by the increased convective heat losses 

that result from trembling (Ashcroft 2001) and is extremely inefficient and exhausting. The 

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

TƘŜ ōƻŘȅ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ōȅ CŀƴƎŜǊΩǎ ƘŜŀǘ ōŀƭŀƴŎŜ Ŝǉǳŀǘƛƻƴ (Fanger 1970; Edholm 

1978b) shown in Equation 1-1 that lists major heat loss and heat gain pathways (Fanger 1970): 

ὓ %  ὅ ὑ Ὑ Ὓ       (1-1)  
where M = metabolic rate, E = evaporative heat loss, C = convective heat change, K = 
conductive heat change, R = radiative heat change, S = heat storage 

Greater description of the terms described in Equation 1-1 is given in section 1.3.5.4. 

1.2 Outdoor sports a nd mountaineering  

As discussed in section 1.1.2, humans are poorly adapted to deal with cold conditions, 

requiring shelter or clothing to counter this environment. Many outdoor pursuits take place in 

cold and challenging places, and the number of participants in these activities continues to 

grow (Bowker et al. 1999). In these conditions, clothing that protects against low temperatures 

is required.  
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Winter sports that take place near to the safety of habitation and shelter require less 

protection in the form of clothing and equipment than sports taking place in remote areas. For 

example, a skier or snowboarder on-piste is unlikely to be more than thirty minutes from 

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

is in a remote place away from immediate shelter, and for this reason, many extreme-cold-

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

sufficiency and protection from very low ambient temperatures. However, despite 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 varies greatly. Thus, the three aspects that most 

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

location; and frequently-changing activity levels. One sport that combines all of these factors is 

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

equipment, as any uphill movement is greatly hindered by additional mass; by the extreme 

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

Therefore, though numerous 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 different disciplines, but the 

ascent of mountains inevitably entails colder conditions ς the 9ŀǊǘƘΩǎ dry lapse rate is 9.8 °K 

km-1 (McElroy 2002), meaning that if it is 10 °C at sea level it may be approximately 0 °C at 

1000 m and -10 °C at 2000 m. Some routes or mountains cannot be climbed in summer time 

due to dangers of rock-fall (snow and ice can hold loose rocks in place), or the route may be a 

ΨǿƛƴǘŜǊ-ƻƴƭȅ ǊƻǳǘŜΩ, and so scaling mountains when it is cold is sometimes necessary. However, 

cold is not the only concern, as mountaineers encounter great extremes in temperature. A 

ǘȅǇƛŎŀƭ ǎǳƳƳŜǊ ŀǎŎŜƴǘ ƛƴ ǘƘŜ 9ǳǊƻǇŜŀƴ !ƭǇǎ Ƴŀȅ ōŜƎƛƴ ǿƛǘƘ ŀƴ ŀǇǇǊƻŀŎƘΣ ŎŀǊǊȅƛƴƎ ŀƭƭ ƻƴŜΩǎ 

equipment, in temperatures of 30 °C. The temperature at night may drop below -10 °C, 

demanding an extremely 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 °C. In maritime climates such as in the UK, the air temperature may not often 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 the major types of mountaineering, winter climbing, Alpinism and high altitude 

mountaineering present the greatest risk of cold conditions (at high altitude the risks of 
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ƘȅǇƻǘƘŜǊƳƛŀ ŀƴŘ ŎƻƭŘ ƛƴƧǳǊƛŜǎ ŀǊŜ ƘŜƛƎƘǘŜƴŜŘ ōŜŎŀǳǎŜ ƻȄȅƎŜƴ ŘŜŦƛŎƛŜƴŎȅ ǊŜŘǳŎŜǎ ǘƘŜ ōƻŘȅΩǎ 

calorigenic response to cold (Blatteis & Lutherer 1976) and forces the climber to slow down, 

meaning that exercise-induced thermogenesis (see section 1.1.2) is also reduced. In remote 

mountain ranges the cold hazard is most dangerous; and fatigued and energy-starved 

mountaineers are most susceptible to cold.  

1.2.1 The fundamental  principles  of mountaineering  

To fully understand the problems associated with keeping warm in 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.  

 Climbs are often undertaken in pairs. The first climber (the lead climber) will ascend 

with one end of the rope 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 reduce the 

length and potential severity of a fall if one were to occur; they do not reduce the chance of a 

fall happening. Meanwhile, the second climber must belay, thus arresting a fall by using the 

rope that the lead climber might have. Once the lead climber has either used the full length of 

rope or reaches a suitable point they will secure themself and the second climber will ascend 

to join them, removing the protection that the leader placed. This process is repeated until the 

top of the climb is reached.  

Climbing can be very physically and mentally demanding, leading to a great increase in 

thermogenesis. Belaying, however, generates very little heat, as the climber must remain 

almost stationary during this period. The great difference in heat output between these two 

states is a reason why mountaineering places such demands on its clothing, further 

compounded if clothes are wet from inclement weather or previous exertions. Additional 

demands of mountaineering are described in the following 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 be durable to withstand abuse, and it must be adaptable to different environments 

and activity levels. Equipment may get wet from precipitation, spindrift (wind-blown snow), or 

perspiration, so ensuring that it can dry quickly is important. Additionally, clothing must fit well 

and enable ease of movement. 

 The primary role of insulated clothing is to keep the body warm, and as minimising the 

weight of a garment is vital in mountaineering, the first of three important criteria for an 

insulating material is its warmth to weight ratio. The insulating effect of clothing is largely 



 6  

governed by its ability to trap still air (Morrissey & Rossi 2013), an excellent insulator (see 

Table 1-2), and more air is trapped by thicker clothing (Rossi 2009; Keighley & Steele 1980). 

Indeed, there is a very strong relationship between the thickness of a textile and its thermal 

resistance (Fletcher 1945; Schiefer 1944; Pierce & Reese 1946; Goldman 2006; Morris 1955). It 

follows that any material that can maintain thickness with minimal weight will be an excellent 

insulating material for use in outdoor garments and equipment, but this high volume is a 

hindrance if trying to store and carry the material. This means that foams and similar high-

volume materials are unsuitable for clothing that must be stored when not in use. Thus, a 

highly-compressible insulating material with excellent compression recovery is desirable. A 

final consideration is the performance of the material when wet: a material that loses its 

warmth when it is 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 suitable. As a result, numerous garments are 

worn by mountaineers and this has become known as the layering system (Stevens & Fuller 

2014). Because clothing hinders the cooling mechanisms of the body, particularly evaporative 

heat loss (Parsons 2003b), the layering systems allows the easy donning and removal of 

clothing to prevent overheating and subsequent sweating.  

The layering system that most modern mountaineers and hikers are aware of 

describes the three layers that cover ƻƴŜΩǎ ǘƻǊǎƻΦ ¢ƘŜǎŜ ƭŀȅŜǊǎ ŀǊŜΥ ŀ ōŀǎŜƭŀȅŜǊΣ ŘŜǎƛƎƴŜŘ ǘƻ 

wick moisture from the skin (Morrissey & Rossi 2013); a mid-layer, to provide insulation; and a 

waterproof jacket, designed to prevent water ingress and prevent wind displacing still air in 

and between clothing layers. For many users these three layers are adequate for summer use 

and this system is recommended for most users. However, it has some flaws (most vividly 

described by the mountaineer Twight (Twight & Martin 1999)) and in colder environments 

these three layers are often insufficient and more layers will be carried or worn. Extra layers 

are frequently insulated with down feathers, which were used in bedding centuries before 

they were used in outdoor clothing and equipment. The first down sleeping bags were 

developed at the end of the 19th Century, and the first known use of a down jacket was on 

Mount Everest in 1922, but the garment was dismissed over concerns regarding its durability. 

Eider down sleeping bags were a staple of the 1933 British Everest expedition (Ruttledge 

1934), and breakthrough designs in the 1960s and, in particular, by British brands such as 

Mountain Equipment, led to the modern foundations of down clothing and equipment that 

have remained relatively unchanged since (Parsons & Rose 2003).  
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When assessed according to the three important criteria for an insulating material 

discussed in section 1.2.2 ς warmth-to-weight ratio; compressibility and recovery from 

compression; and water-resistance ς 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. 1999)) because of its excellent compressibility (Gao et al. 2010) and 

compression recovery (Martin 1987), and virtually-unparalleled warmth-to-weight ratio (Gao, 

Yu & Pan 2007b). Eider down, in particular, has a near-legendary warmth and it has been 

suggested (Todd 1996) that eider down is the most thermally-insulating of all natural 

materials. Down also benefits from extremely high 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 years, and is synonymous 

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

ƛƴǎǳƭŀǘƛƻƴǎ ǎǳŎƘ ŀǎ ǿƻƻƭ ƻǊ ŀƴƛƳŀƭ ŦǳǊǎΣ ŘƻǿƴΩǎ ƎǊŜŀǘŜǎǘ ŀǎǎŜǘ ƛǎ ƛǘǎ ǿŀǊƳǘƘ-to-weight ratio 

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

unsurpassed (Gao, Yu & Pan 2007b; Kaufman et al. 1982; Farnworth & Osczevski 1985). For 

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

its mass (Morrissey & Rossi 2013). 

 The major disadvantage of using down in outdoor wear is its performance in wet 

conditions. Down can clump together when wet (Farnworth & Osczevski 1985) and this 

reduces its thermal resistance as air is forced from the insulation. This susceptibility to wet 

conditions is 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 

όΨōƛǾǾȅΩύ ōŀƎǎΣ ƻǊ ōǳƛƭŘƛƴƎǎ, while down garments tend to be worn in cold and dry conditions, 

underneath waterproof clothing, or in conditions where it is too cold to rain and instead will 

snow. Examples of use are shown in Figure 1-2: 
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Figure 1-2 - example uses of down products 
In each case the down is kept as dry as possible. 1 ς Use of a down jacket on the summit of 
Mont Blanc, French Alps, the highest mountain in Western Europe. 2 ς Use of down sleeping 
bags inside bivvy bags on an Alpine glacier. 3 ς Use of sleeping bags inside bivvy bags in the 
Lake District, England. 4 ς Use of a down jacket as a belay jacket while mountaineering in 
winter, Scotland 

Frequently-used alternatives to down are nonwoven synthetic insulations, such as 

Primaloft (Donovan 1986), Thinsulate (3M 2012) and Polarguard (Harding 1979; Frankosky 

1983). These fabrics are available in different basal weights and thicknesses and, when 

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

ǘƘŜƛǊ ŘǊȅ ǿŀǊƳǘƘ ǘƻ ǿŜƛƎƘǘ Ǌŀǘƛƻ ƛǎ ƛƴŦŜǊƛƻǊ ǘƻ ŘƻǿƴΩǎ ŀƴŘ ǘƘŜƛǊ ǇŜǊŦƻǊƳŀƴŎŜ diminishes with 

repeated compression (REI 2014). Synthetic insulations are usually cheaper than down, which 

is too expensive for some consumers (Farnworth & Osczevski 1985)Σ ǘƘƻǳƎƘ ŘƻǿƴΩǎ ŜȄŎŜƭƭŜƴǘ 

lifespan offsets this over time.  

Because of its excellent warmth-to-weight ratio and compressibility, down is invariably 

used as an insulating layer in outdoor clothing but because it 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 will each be discussed in turn.  

1.2.3.1 Down jackets  

Down jackets vary greatly in design and use, from jackets weighing 200 g designed for use as 

emergency insulating garments or conventional midlayers, to jackets weighing 1000 g that are 

used in Polar exploration or on extremely high mountains. All down jackets share an excellent 
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warmth-to-ǿŜƛƎƘǘ Ǌŀǘƛƻ ǘƘŀǘ ƳŜŀƴǎ ǘƘŜȅ Ŏŀƴ ōŜ ŎŀǊǊƛŜŘ ŀǎ ΨƧǳǎǘ-in-ŎŀǎŜΩ ŎƭƻǘƘƛƴƎ ŀƴŘ ǘƘŜȅ ŀǊŜ 

extremely warm when worn.  

Heavy-weight down jackets tend to be worn over the top of all other layers because of 

their extreme bulk. Because 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 waterproof clothing. Mid-weight jackets of roughly 

500-600 g total weight are usually sized to fit over or under a waterproof jacket, giving the 

greatest flexibility.  

1.2.3.2 Down sleeping bags 

Mountaineering routes lasting more than a day may require sleeping in a remote place, and a 

sleeping bag is the most common sleep system, being an efficient design that maximises 

insulation and minimises mass. Sleeping bags are usually protected from the weather by a tent 

ƻǊ ōƛǾƻǳŀŎ όΨōƛǾǾȅΩύ ōŀƎΣ ŀƴŘ ƪŜǇǘ ŦǊƻƳ ǘƘŜ ƎǊƻǳƴŘ ōȅ ŀ ŎƻƳǇǊŜǎǎƛƻƴ-resistant mat, so their 

role is not to be weatherproof or compression-resistant but to be as warm and as light as 

possible. Two competing factors in choosing a sleeping bagΩǎ insulation 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 space in a rucksack (Weiner 1955). In this regard, 

down-filled sleeping bags have an enviable reputation.  

The US military state that the highest pressure exerted by a body lying in a sleeping 

bag is 3 psi (Gibson 1990), which is almost identical to the 200 g cm-2 determined by Martin 

(Martin 1987). This pressure is sufficient to compress virtually any quantity of down until it is 

flat and thus has negligible insulating properties (Farnworth et al. 1985), making a 

compression-resistant sleeping mat required to reduce direct heat conduction to the ground. 

This arrangement is described in Figure 1-3: 

 

Figure 1-3 ς use of a sleeping bag with a sleeping mat to protect the user from direct heat 
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 clothing or equipment. 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 use at very high altitude. Down suits are a 

staple of extreme-cold-weather use, but their exceptionally-high thermal resistance makes 

them unsuitable for most conditions. Down has also been used in insulated sleeping mats 

which inflate to protect the down from compression (Exped 2014), and down quilts are 

popular amongst some mountaineers. 

1.2.3.4 Construction of down garments and sleeping bags 

5ƻǿƴ ŜǉǳƛǇƳŜƴǘΩǎ ŎƻƴǎǘǊǳŎǘƛƻƴ ƛǎ ŘŜŎŜǇǘƛǾŜƭȅ ŎƻƳǇƭŜȄ ŀƴŘ ƳŀƪŜǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ 

the overall performance of the final product. 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 undesirable. Down is an excellent insulating material but it must be allied to sensible designs 

and construction methods to maximise its performance. 

Unlike synthetic insulations that can be sewn into place, down must be contained in 

baffles to keep it in place. Baffles are usually sewn shut on three sides and the down is then 

either blown or hand-stuffed 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 applications, the 

simplest of which is stitched-through and is shown in Figure 1-4: 

 

Figure 1-4 ς cross-sectional view of stitched-through baffle construction  

Stitched-through construction is low-cost and lightweight making it ideal in 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 

ǘƘƛǎ ǘŜŎƘƴƛǉǳŜ ƛǎ ƴƻǘ ǎǳƛǘŀōƭŜ ŦƻǊ ƳŀƪƛƴƎ ǾŜǊȅ ǿŀǊƳ ŜǉǳƛǇƳŜƴǘΦ Lǘ ŀƭǎƻ ŎǊŜŀǘŜǎ ΨŎƻƭŘ ǎǇƻǘǎΩΣ 

where the stitching joins the inner and outer fabric together.  

Box-wall baffle construction, as shown in Figure 1-5, is more costly than stitched-

through designs but offers advantages in some applications. Box-wall construction separates 

down compartments with a thin mesh fabric orthogonal to the face fabric to prevent down 

migration (Rab & Equip 2010). Cold spots can still occur at the edges of each baffle and 
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compression resistance is thought to be poor if the baffle is pushed from the side (the baffle 

Ŏŀƴ ΩǘƻǇǇƭŜΩύΦ 

 

Figure 1-5 - cross-sectional view of box-wall baffle construction 

The most advanced baffle construction regularly used in commercial products is the 

trapezoid baffle (Figure 1-6) which tends to be used only in very warm sleeping bags. By using 

slanted baffles the structure is resilient to compression and down is distributed evenly, 

preventing cold spots (Rab & Equip 2010). However, trapezoid baffles are difficult and costly to 

manufacture and are marginally heavier than box-wall baffles. 

 

Figure 1-6 - cross-sectional view 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 very little down escapes the fabric when shaken, impact-

tested, and abraded (British Standards Institute 1999a; British Standards Institute 1999b). Low 

air permeability in a fabric can also be an indicator of down-proofness but should not be 

regarded as definitive (IDFL 2013), as not all fabrics with low air permeability are down-proof. 

During use of a product, down very rarely escapes a fabric, but flight feathers with their more 

penetrating quills may occasionally, particularly at seam points. 

 The weight of a face fabric is also important: 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 balance must be reached. 

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 water vapour transport can offer advantages in 

very wet weather but they hinder the drying of a sleeping bag which means these fabrics are 

rarely used (Twight & Martin 1999).  

1.3 Structure and properties of down feathers  

This section will provide a review of the research 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 discussed considering 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 swans (Todd 1996)) and only 

develop in species in which the female incubates their eggs alone (Kear 2005a). Man has 

interacted with waterfowl for thousands of years (Kear 2005a): ducks and geese have been 

domesticated for more than 4000 years (RSPCA Research Animals Department 2011) and have 

been subject of a long-lasting fascinatioƴ ŦƻǊ ƘǳƳŀƴǎΤ ŜǾŜƴ ¢ǳǘŀƴƪƘŀƳŜƴΩǎ ǘƻƳō ŘŜǇƛŎǘǎ ǘƘŜ 

young Egyptian Pharaoh hunting them (Todd 1996). 

Down is largely a by-product of the meat industry and holds little economic sway. As 

dictated by our diet, geese and ducks are the major sources of down, not swans. Geese are 

exclusively herbivorous and are adapted more to land-based feeding than ducks, which tend to 

lead a more aquatic life than geese (Kear 2005c). Down has excellent properties to help keep a 

clutch of eggs warm and, according to some academics, moist (Kear 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 pens (Kear 2005a). These two species are the wild ancestors of most domestic geese (Todd 

1996; Guy & Buckland 2002) and are found worldwide from the Tropic of Cancer to the Arctic 

circle (Kear 2005c). However, researchers stress that most modern farmed geese tend to be 

άōŀǊƴ ŘƻƻǊέ ǘȅǇŜǎ ŀƴŘ ŀǎ ǎǳŎƘ ŀǊŜ ƴƻǘ ƻŦ ŀƴȅ ǇŀǊǘƛŎǳƭŀǊ ōǊŜŜŘΣ ǘƘƻǳƎƘ ǘƘŜȅ ǘŜƴŘ ǘƻ ǎƘŀǊŜ 

common ancestors (Wyeld & Wyeld 1980).  

The Mallard and Muscovy were almost certainly the first ducks to be domesticated (Kear 

2005a). The Mallard is ancestor to many of the farmyard breeds in Europe and Asia and is 

ǇǊƻōŀōƭȅ ǘƘŜ ǿƻǊƭŘΩǎ Ƴƻǎǘ ŎƻƳƳƻƴ ŘǳŎƪ (Young 2005). The Muscovy duck tends to be farmed 

in warmer climes (RSPCA Research Animals Department 2011), such as in South America (Kear 

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 is from ducks and 49 % is 

from geese (European Outdoor Group 2013). The vast majority (90 %) of duck down is sourced 
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from China, the remainder mostly obtained from Europe. Goose down is more mixed: 49 % of 

goose down is sourced from China but Hungary (24 %), the Ukraine (9 %) and other Eastern 

European countries are also major suppliers. 

Most duck down is obtained from the birds 7-8 weeks after hatching, coinciding with 

slaughter, whereas goose down is obtained after 8-9 months (Bedard et al. 2008). Feathers 

make uǇ ŀ ǊŜƭŀǘƛǾŜƭȅ ǎƳŀƭƭ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ŀ ōƛǊŘΩǎ ƻǾŜǊŀƭƭ ǿŜƛƎƘǘΥ п-12 %, depending on the type 

of bird, its age, and other factors (Benedict 1937), so a domestic goose yields approximately 

200 g of feathers and down of commercial quality. Down covers all parts of both males and 

female geese and ducks (Hardy & Hardy 1949) but is gathered in greatest quantity from the 

breast (Guy & Buckland 2002).  

Hand-plucking of feathers from carcasses is time-consuming and inappropriate for large-

scale operations, so dry-plucking machines may be used to remove feathers. Alternatively, the 

carcass may be plunged into a scald tank (Guy & Buckland 2002) and then plucked by a 

machine. Waxing may also be used to aid feather removal (Wyeld & Wyeld 1980). Once 

removed from the birds, feathers and down are washed in specialist soap and dried in 

industrial tumble driers (see Figure 1-7) and sorted in air currents (see Figure 1-8) (Guy & 

Buckland 2002). This is discussed in further detail in section 1.3.4.2.1. 

 

Figure 1-7 ς drying of washed down and feathers  
(Taken at Peter Kohl Industries, Germany, 13th July 2012) 
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Figure 1-8 ς sorting of down and feathers in air currents  
(Taken at Peter Kohl Industries, Germany, 13th July 2012) 

In down sorting machines, the down of greatest desirability and volume-to-weight ratio 

flies furthest in the air currents 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 down 

ŀƴŘ ŀǎ ŀ ǊŜǎǳƭǘ Ψмлл ҈ ŘƻǿƴΩ ƛǎ ƴƻǘ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜΥ ǘƘŜ ƘƛƎƘŜǎǘ ǉǳŀƭƛǘȅ Řƻǿƴ ƛǎ ǳǎǳŀƭƭȅ 

93:7, down: feather. Down of lower quality contains more feathers (IDFL 2010f), discussed in 

greater detail in section 1.3.5.3. 

It is generally regarded that down quality tends to increase with the age of the source bird 

(Bedard et al. 2008; Yuwanta 2002) and, age being equal, goose down is regarded as superior 

to duck down, and fetches a higher price (Bedard et al. 2008; Jacob et al. 2011; IDFL 2010a). In 

a military study, European geese were found to produce higher quality down than Asiatic 

geese, though the results were not given extensive analysis (Cohen 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 mixing. They are also kept 

ŎƻƳǇƭŜǘŜƭȅ ǎŜǇŀǊŀǘŜ ŦǊƻƳ ƻǘƘŜǊ ōƛǊŘǎΩ ŦŜŀǘƘŜǊǎΣ ǿƘƛŎƘ ƘŀǾŜ ŦŀǊ ƭƻǿŜǊ ƳŀǊƪŜǘ ǾŀƭǳŜǎ όŦƻǊ 

example, fowl feathers). In fact, following American concerns in the 1950s that the supply of 

down in wartime was not secure, extensive trialling of chicken feathers for use in sleeping bags 

took place. However, the chicken feathers (Hardy & Hardy 1949), a material in great 

abundance and extremely cheap (Loconti 1955) were considered unsuitable due to their low 

bulk density when compared to goose or duck 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 million US $ 

(Guy & Buckland 2002); estimations from 2014 indicate global production is now at least 

270,000 tonnes (Bible 2014)) and like in many trades, ethical dilemmas exist. Over recent 

years, duck and particularly goose husbandry has come under widespread scrutiny (Boggan 

2012) from the media, public, and animal rights groups, and has contributed to the starting of 

a large investigation and subsequent report (EFSA Panel on Animal Health and Welfare 2010) 

that contained many recommendations for animal welfare. The main problem reported was 

the live plucking of birds. 

! ŦŀŎǘƻǊ ǘƘŀǘ ŎƻƴŦǳǎŜǎ ΨƭƛǾŜ ǇƭǳŎƪƛƴƎΩ ƛǎ ǘƘŀǘ ǘƘŜ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ŦŜŀǘƘŜǊǎ ŦǊƻƳ ƭƛǾŜ ōƛǊŘǎ 

should ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘǿƻ ǘȅǇŜǎΥ ΨƎŀǘƘŜǊƛƴƎΩΣ ǿƘƛŎh is plucking of ripe feathers from a bird and 

is not harmful if carried out correctly; and live plucking, which is the cruel and harmful plucking 

of unripe feathers (EFSA Panel on Animal Health and Welfare 2010; Wang 2010). Many 

academics agree that harveǎǘƛƴƎ ŦŜŀǘƘŜǊǎ ŀǘ ǘƘŜ ǘƛƳŜ ƻŦ ŀ ōƛǊŘΩǎ ƴŀǘǳǊŀƭ Ƴƻǳƭǘ όф-10 weeks 

after hatching and at subsequent 6 week intervals in the case of geese) is harmless (Labatut 

2002; Rosinski 2002) and assert that harvesting of feathers from live birds can form a 

significant and important income for farmers breeding geese for foie gras or meat production 

(Guy & Buckland 2002). If plucking leaves blood marks then this is regarded as the wrong time 

to pluck (Labatut 2002), though even this may be tolerated on some farms, as it enables the 

collection of a greater quantity of feathers (Bedard et al. 2008). Whether 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. Certainly, ethical 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 

traceability system for their down products (Mountain Equipment 2012), enabling the 

consumer to determine the source of their down. The North Face (USA) and Patagonia (USA), 

ǘǿƻ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ƻǳǘŘƻƻǊ ŜǉǳƛǇƳŜƴǘ ƳŀƴǳŦŀŎǘǳǊŜǊǎΣ ƘŀǾŜ ǊŜŎŜƴǘƭȅ ƛƴǘǊƻŘǳŎŜŘ ǘƘŜƛǊ 

own ethical sourcing procedures (Gunther 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 animal husbandry 

(Baseley 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 live, or killed and plucked 

afterwards. For this reason, some vegans or other consumers may be averse to 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 zones (Kear 2005b) and winter on subarctic or arctic 

shores (Jenssen et al. 1989). There are four species of eider (Ogilvie 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 Vikings (Todd 

1996), has gone on there for 1000 years (Bedard et al. 2008), and the birds have been partially-

protected since 1702 and completely-protected since 1900 (Todd 1996). Domestication of 

these seaōƛǊŘǎ ƛǎ ƴƻǘ ǇǊŀŎǘƛŎŀƭ ŀƴŘ ōŜŎŀǳǎŜ ƻŦ ǘƘŜƛǊ ǇǊƻǘŜŎǘŜŘ ǎǘŀǘǳǎΣ ŜƛŘŜǊ ōƛǊŘǎΩ Řƻǿƴ Ŏŀƴƴƻǘ 

be harvested in the same way as goose or duck down. Eiders nest on land, and the female 

birds remove some of their feathers to expose a brood patch to warm their eggs (Bedard et al. 

2008). When nests are unoccupied, skilled collectors remove some of the down from these 

nests. This is painstaking work, as only 7-15 g of down is obtained from each nest (Todd 1996; 

Bedard et al. 2008) and this contributes to the very high cost of eider down (£512 per kg in 

2002 (Kear 2005a), now almost certainly much higher)Φ LŎŜƭŀƴŘΩǎ ǘƻǘŀƭ ŀƴƴǳŀƭ ǇǊƻŘǳŎǘƛƻƴ ƻŦ 

eider down is 3000 kg (Kear 2005a) and yearly worldwide production is approximately 5000 kg. 

Because of the method of collection, eider down tends to be very clean and contains 

little of the body-attachment part of the feather (Loconti 1955) that may result from plucking 

of carcasses. It is also claimed to have a total absence of flight feathers (Bedard et al. 2008), 

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 highly-ŘƛǎǊǳǇǘƛǾŜ ŦƻǊŎŜǎ ƻŦ ǿŀǘŜǊ ƻƴ ŀ ōƛǊŘΩǎ ŦŜŀǘƘŜǊǎ Ƴŀȅ 

lead to thicker and shorter feathers in seabirds (de Vries & van Eerden 1995), though this has 

not been verified and it is unclear whether these adaptations would occur in down feathers, as 

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

The extreme cost and rarity of eider down means that it is very unusual for garments 

or equipment in the outdoor industry to utilise it. Indeed, just one garment (Black Diamond 

2014) from all leading outdoor manufacturers could be found that was filled with eider down. 

Most eider down is used in luxury bedding. 
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1.3.2 The structure of k eratin  fibres  

The structures of keratin fibres, including feathers, have been studied for hundreds of years. 

The first detailed investigations were by Hook in 1665 when he used a microscope to study the 

structure of wool (Phan 1991).  

All feathers, including down feathers, are made primarily of keratin (Bradbury 1973), 

the second-most-abundant biopolymer found in animals, after collagen (McKittrick et al. 

2012). Keratins are a family of proteins that occur in higher vertebrates such as birds, 

mammals and reptiles. They vary widely in their appearance - down, wool, hair, horn and 

scales are all keratinous - but each act as barriers between the animal and its environment 

(Bradbury 1973; Briki et al. 2000). They are not vascularised ŀƴŘ ŀǎ ǎǳŎƘ ŀǊŜ ǊŜƎŀǊŘŜŘ ŀǎ ΨŘŜŀŘΩ 

tissues (McKittrick et al. 2012).  

 Keratins cannot be grouped together by amino acid content, morphology or molecular 

structure because they are too disparate (Mercer 1961) and there have been numerous 

attempts to define them. Characteristically, keratins contain cysteinyl residues (Fraser & 

MacRae 1979) (shown in Figure 1-9) and these oxidise in the final stages of biosynthesis to 

create a network of disulfide bonds, as shown in Figure 1-10. As a result, in this thesis, keratins 

ŀǊŜ ǘƻ ōŜ ŘŜŦƛƴŜŘ ŀǎ άǇǊƻǘŜƛƴώǎϐ ǎǘŀōƛƭƛǎŜŘ ōȅ ŘƛǎǳƭŦƛŘŜ ŎǊƻǎǎ-ƭƛƴƪŀƎŜǎέ (Mercer 1961). 

 

Figure 1-9 - cysteine molecule 

 

Figure 1-10 - oxidation of two cysteine molecules to form a disulfide bridge 

The ground-breaking work of Astbury and co-workers (Astbury & Woods 1930; Astbury 

& Street 1932; Astbury & Woods 1934; Astbury & Woods 1932) at the University of Leeds 

divided keratins into three groups (four groups if amorphous is included (Briki et al. 2000; 

Fraser et al. 1972)) according to their high-angle X-ray diffraction patterns. Astbury cautiously 

ƭŀōŜƭƭŜŘ ǘƘŜ ŘƛŦŦǊŀŎǘƛƻƴ ǇŀǘǘŜǊƴǎ ŦǊƻƳ ƴŀǘƛǾŜ ǿƻƻƭ ŀƴŘ ƘŀƛǊ ŀǎ ʰ (Astbury & Street 1932); those 

from stretched wool and hair as ̡  (Astbury & Street 1932); and feather was found to be a 
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άǊŀǘƘŜǊ ōŜǿƛƭŘŜǊƛƴƎ ŜƭŀōƻǊŀǘƛƻƴέ ƻŦ ǘƘŜ ʲ ŦƻǊƳ (Astbury & Marwick 1932). ¢ƘŜ ʰΣ ʲΣ ŀƴŘ 

feather labels have remained to the present day. 

!ƭƭ ƳŀƳƳŀƭƛŀƴ ƪŜǊŀǘƛƴ ƛǎ ʰ-keratin (MacLaren & Milligan 1981), which can be further 

ǎǳōŘƛǾƛŘŜŘ ƛƴǘƻ ΨƘŀǊŘΩ ƪŜǊŀǘƛns that include nails, hair, claws, beaks and hooves and horns; and 

ΨǎƻŦǘΩ ŜǇƛŘŜǊƳŀƭ ƪŜǊŀǘƛƴǎ ǘƘŀǘ ŦƻǊƳ ǘƘŜ ƻǳǘŜǊƳƻǎǘ ƭŀȅŜǊ ƻŦ ǎƪƛƴ (Parry 1996). ¢ƘŜ ǘŜǊƳǎ ΨǎƻŦǘΩ 

ŀƴŘ ΨƘŀǊŘΩ ŦƻǊ ƪŜǊŀǘƛƴ ǎǳōǎŜǘǎ ƘŀǾŜ ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ ŎǊƛǘƛŎƛǎŜŘ (Fraser & MacRae 1979) for their 

presumptions about mechanical properties but the nomenclature has remained. The 

properties and composition of h-keratin structures have been studied extensively (Kitchener & 

Vincent 1987), with wool being perhaps the most-thoroughly investigated (Wortmann et al. 

2007) owing to its commercial importance in the early 20th century. Also, recent research in 

the cosmetics and hair-care industries has led to a detailed understanding of the structure of 

hair. 

-̡keratins are not naturally-occurring and are ǇǊƻŘǳŎŜŘ ǿƘŜƴ ʰ-keratins, which 

consist of unstretched protein chains in their native forms, are stretched under specific 

conditions (Cao 2002). CƻǊ ŜȄŀƳǇƭŜΣ ƛƴ ǿƻƻƭΣ ǘƘŜ ʲ-pattern emerges at 25 % extension, and by 

70 % extension almost completely replaces ǘƘŜ ʰ-pattern; there are no intermediate values 

(Onions 1962). ̡ -keratins might be thought of as a halfway-Ǉƻƛƴǘ ōŜǘǿŜŜƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ʰ 

and feather keratins (Parry 1996) but unfortunately (Fraser et al. 1972) many authors refer to 

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

Feather keratin describes feathers, scales and also parts of the beaks and claws of 

birds (Parry 1996) and is also remarkably similar to reptilian keratin. Far fewer studies exist 

into feather ƪŜǊŀǘƛƴ ǘƘŀƴ ʰ-keratin and there is little information available on the internal 

structure of feathers; only one paper has been found that describes the internal structure of 

down. Gao et al. (Gao, Yu & Pan 2007b) found that the cross section of goose down was 

ellipse-shaped and they identified an epicuticle film, a cuticle, a άskin layerέ and a cortex, 

analogous to the structures found in wool (Marshall et al. 1991). However, there was some 

information missing from the 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 detail and because 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 fibres are keratinous there is 

expected to be significant overlap in their internal morphology and properties.  
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1.3.2.1 The structure of wool and hair  ɉɻ-keratinous fibres)  

²ƻƻƭΩǎ ƛƴǘŜǊƴŀƭ ǎǘǊǳŎǘǳǊŜ ƛǎ ŎƻƳǇƭƛŎŀǘŜŘΦ It is a semi-crystalline polymer consisting of 

crystalline microfibrils embedded in an amorphous matrix (Huson 1991) and has three main 

components (Hock & McMurdie 1943): the cuticle, cortex, and medulla. The cortex and cuticle 

are shown alongside some of their subcomponents in Figure 1-11: 

 

Figure 1-11 - the main features of wool's cuticle and cortex (adapted from Onions (1962)) 

The differences in chemical structure between these sub-components are small, so the 

differences in their properties are derived mainly from their morphological differences (Hock & 

McMurdie 1943). The ground-breaking 1959 paper by Feughelman (1959) was the first to 

assert the idea of keratin structures being analogous to non-absorbent cylinders embedded in 

a water-absorbing matrix, and much of the work in this area has stemmed from this premise. It 

is now well established that wool materials can be considered a two-phase composite of a 

ǾƛǎŎƻŜƭŀǎǘƛŎ ŀƴŘ ŀƳƻǊǇƘƻǳǎ ƳŀǘǊƛȄ ǿƛǘƘ ʰ-helical filaments - microfibrils that are unaffected by 

water (Postle et al. 1988) - embedded in it (Wortmann et al. 2007). Research into hair has 

yielded similar conclusions (Wortmann et al. 2006). ¢ƘŜ ʰ-helices form filaments in a coiled-

coil rope structure (Crick 1953) (this discovery was quite controversial between Crick and 

Pauling, two of the 20th /ŜƴǘǳǊȅΩǎ ƎǊŜŀǘŜǎǘ ǎŎƛŜƴǘƛǎǘǎΣ ōǳǘ ǿŀǎ Ǿƛǘŀƭ ƛƴ ǘƘŜ мфро ŘŜǘŜǊƳƛƴŀǘƛƻƴ 

(Watson & Crick 1953) of the structure of DNA).  

²ƻƻƭΩǎ ƳƛŎǊƻŦƛōǊƛƭǎ are approximately 7 nm in diameter (Filshie & Rogers 1961) and 

this is thought to be consistent across all mammals (Jones et al. 2006). They group together in 
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units of approximately 0.5 µm diameter (Feughelman 1997) which are termed macrofibrils. 

Macrofibrils do not seem to vary considerably from one keratin to another, though the matrix 

surrounding them varies in composition (Feughelman 1997).  

The structures found in wool are summarised on the next page in Figure 1-12: 



 

 

 2
1 

Figure 1-12 ς diagram describing the major structures in a wool fibre 
Blue boxes indicate individual structures and sub-structures in the wool fibre; red boxes describe these structures
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1.3.2.1.1 The cuticle  

The cuticle is the chemically-resistant layer of sheet-like cells that protects the fibre from 

external influences (Phan 1991). It is usually one cell thick and surrounds the wool fibre 

(Church et al. 1997). Cuticle cells are thought to be amorphous (Hock & McMurdie 1943) and 

non-fibrous (Woods 1938), and this theory has been reinforced by the small quantities of helix-

forming amino acids in their structure (Church et al. 1997). The cuticle has numerous 

subcomponents, listed in Figure 1-12, which are chemically distinct: the epicuticle and 

exocuticle (the two outermost layers) are both sulfur-rich while the endocuticle is 

heterogeneous and non-keratinous (Phan 1991). The endocuticle is made of once-living cuticle 

cells and is the most well-defined layer in the cuticle (Bradbury 1973). Cuticle cells are thought 

ǘƻ ōŜ άǊŜǎǘǊƛŎǘŜŘ ǘƻ ǿƻƻƭ ŀƴŘ ƘŀƛǊǎέ (Marshall et al. 1991).  

 The cuticle is thought to play little roll in the bulk longitudinal properties of a fibre, but 

its role in bulk torsional properties is large (Jachowicz 1987). The ratchet-like 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 cells from the coat (Moncrieff 1954). To reinforce the theory of the 

ŎǳǘƛŎƭŜ ƘŜƭǇƛƴƎ ƪŜŜǇ ǘƘŜ ŦƛōǊŜ ƛƴ ǇƭŀŎŜΣ ǘƘŜ ŎǳǘƛŎƭŜ ƻŦ ŀ ǇƻǊŎǳǇƛƴŜΩǎ ǉǳƛƭƭǎ ŀǊŜ ŀǊǊŀƴƎŜŘ ǘƘŜ 

opposite way ǘƻ ǿƻƻƭΩǎ ǎƻ ǘƘŀǘ ǘƘŜ ǉǳƛƭƭǎ ŀƴŎƘƻǊ ƛƴ ŀ ǇǊŜŘŀǘƻǊΩǎ ǎƪƛƴ (Moncrieff 1954). 

Anionic detergents barely affect the mechanical properties of keratinous hair, and this 

is thought to be because of the protective role of the cuticle (Jachowicz 1987) and it has even 

ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ ŎǳǘƛŎƭŜΩǎ ŎƘŜƳƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ Ƴŀy adapt to its environment (Maxwell 

& Huson 2005). 

1.3.2.1.2 The cortex  

The cortex is the main mass of the wool fibre (approximately 86.5 % (Bradbury 1973)). Like the 

cuticle, it is composed of different component parts (Phan 1991): the paracortex and the 

orthocortex; and a mesocortex may also be present in very fine wool (Bradbury 1973). The 

cortex is roughly cigar-shaped (Onions 1962) or spindle-shaped (Hock & McMurdie 1943; 

Marshall et al. 1991).  

²ƻƻƭΩǎ ŎƻǊǘƛŎŀƭ ŎŜƭƭǎ ŀǊŜ ǳǎǳŀƭƭȅ ул-110 µm long, far greater than their width (4.5-6.0 

µm (Marshall et al. 1991)) and are oriented parallel to the fibre axis (Andrews 1957; Ross 1955; 

Feughelman 1997), ǿƘƛŎƘ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǿƻƻƭΩǎ ŀƴƛǎƻǘǊƻǇƛŎ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ (Hock & 

McMurdie 1943). The cortical cells of hair are similarly anisotropic (approximate length 100 

µm, with a largest diameter of 5 µm (Wortmann et al. 2007)).  
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The paracortex usually comprises 30-50 % of the total area of the cortex and is either 

surrounded by the orthocortex (Bradbury 1973) or present alongside it. It contains 

proportionally more matrix than the orthocortex (Marshall et al. 1991) and contains numerous 

nuclear remnants that are usually observed in a dendritic form and are the remains of the 

once-living cell (Bradbury 1973).  

The orthocortex usually comprises more than 50 % of the cortical mass (Church et al. 

1997) and in general, as the diameter of the wool fibre increases, so does the proportion of 

orthocortex (Marshall et al. 1991). This same tendency has been observed in hair, though the 

relationship is quite variable (Hynd 1989). The orthocortex is differentiated into macrofibrils 

which are very inconsistent in appearance: some are hexagonally-arranged and regular, some 

much more irregular (Onions 1962). Large defined areas of nuclear remnants are unusual in 

the orthocortex of wool fibres; instead the nuclear remnants tend to accumulate in 

intermacrofibrillar material (Rogers 1959) that forms thin lines between orthocortical 

macrofibrils. The orthocortex in both wool and hair (Kassenbeck 1981) has a high microfibril to 

matrix ratio.  

The way in which the paracortŜȄ ŀƴŘ ƻǊǘƘƻŎƻǊǘŜȄ ƛƴǘŜǊŀŎǘ ƛƴŦƭǳŜƴŎŜǎ ǿƻƻƭΩǎ 

properties: ortho- and para-cortical cells that twist around one another helically give the fibre 

crimp, whereas ones aligned side-by-side along the fibre axis result in a straight fibre. The clear 

divide between orthocortex and paracortex in a wool fibre can be seen in Figure 1-13:  
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Figure 1-13 - merino wool 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 paracortex. Stained with osmium and embedded in 
Araldite. From Rogers (1959) 

¢ƘŜ ŎŜƭƭ ƳŜƳōǊŀƴŜ ŎƻƳǇƭŜȄ ό/a/ύ ƛǎ ǘƘŜ ΨƎƭǳŜΩ ǘƘŀǘ ƘŜƭǇǎ ƘƻƭŘ ǘƘŜ ƪŜǊŀǘƛƴƻǳǎ ŎŜƭƭǎ 

together by weaving itself around the paracortical and orthocortical cells (Bradbury 1973). 

Little is known about this hard-to-analyse structure (Marshall et al. 1991) though it appears to 

ōŜ ŎƻƳǇƻǎŜŘ ƻŦ ǘǿƻ ǎŜǇŀǊŀǘŜ ƳŀǘŜǊƛŀƭǎΣ ǘŜǊƳŜŘ ʲ ŀƴŘ .ɻ The cell membrane complex can be 

seen in Figure 1-14. In hair, the cell membrane complex provides a penetration route for 

moisture to reach the inner part of the hair (Naito et al. 1992). 
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Figure 1-14 - cross section of a Lincoln wool fibre showing the cell membrane complex 
The numbered areas are each part of different cortical cells. The cells are separated by layers 
ƭŀōŜƭƭŜŘ ʲ ŀƴŘ .ɻ Reduced with thioglycolic acid and stained with osmium. Araldite embedded. 
From Rogers (1959) 

The medulla tends to be present in coarse wool fibres (Hock & McMurdie 1943) and as 

fibre diameter increases, so does the tendency of the fibre to be medullated (Ross 1955). It is 

found in the centre of these fibres (Andrews 1957) as an air-filled network of membranes and 

interstices (Onions 1962). It is less dense than keratin, making the resultant wool fibre open 

and light, but also stiff (Bradbury 1973). Its formation in sheep wool is thought to be partly 

hereditary as well as environmentally-influenced (Ross 1955).  

 In animal fur the medulla makes up a significant portion of the fibre (Franbourg & 

Leroy 2005) and is thought by some academics (Franbourg & Leroy 2005) to play a role in 

thermal insulation. For some time the hollow nature of polar bear fur led one group (Grojean 

et al. 1981) to believe that ǘƘŜ ōŜŀǊΩǎ fur acted like optic fibres but this has now been 

disproven (Koon 1998). 

1.3.2.2 The structure of down feather s ɉɼ-keratinous fibres)  

The terminology used to describe down feathers varies considerably and can lead to confusion, 

so will be discussed here. For example, barbs and barbules have been described as primary 

and secondary structures (Wilde 2004); branch fibres and fibrils (Skelton et al. 1985); filaments 

and fibrillae (Loconti 1955); and as sub-branches and filaments (Yildiz et al. 2009). The terms 

used by the British Standards Organisation (British Standards Institute 1998b) will be used in 

this project. They are: the core, the central down growth; down barbs, emanating from the 

core; and barbules, emanating from barbs (British Standards Institute 1998b) (see Figure 1-15 

and Figure 1-16). Nodes, ŀǊŜ ŘŜŦƛƴŜŘ ŀǎ άǇǊƻǘǳōŜǊŀƴŎŜώǎϐ ƻǊ ǎǿŜƭƭƛƴƎώǎϐ ŀǇǇŜŀǊƛƴƎ ƻƴ ōŀǊōǳƭŜǎέ 
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whereas prongs are άǎƘƻǊǘ ǎǇƛƴȅ ƻǳǘƎǊƻǿǘƘǎέ (British Standards Institute 1998b). Despite 

nodes being the standard terminology (British Standards Institute 1998b) for these structures, 

researchers have used numerous terms, including knars (Gao, Yu & Pan 2007b), triangular 

nodes (Gao, Yu & Pan 2007b), trows (Loconti 1955), and solid tertiary structures (Wilde 2004), 

to describe these features. Prongs have also been called crotches (Gao, Yu & Pan 2007b), 

hooklets (Yildiz et al. 2009), and split tertiary structures (Wilde 2004). ¢ƘŜ ǘŜǊƳ ΨǇƭǳƳŜΩ ǿƛƭƭ ōŜ 

used to define individual down feathers. 

 
Figure 1-15 ς pictorial representations of a down plume defining the major features 
1 ς down core; 2 ς barb; 3 ς barbules with prongs 

 

Figure 1-16 - scanning electron micrograph defining the main features of a goose down plume 
1 ς down core; 2 ς barb; 3 ς barbule 

CŜŀǘƘŜǊǎ ŀǊŜ ǊŜƎŀǊŘŜŘ ŀǎ ǘƘŜ Ƴƻǎǘ ǎǇŜŎƛŀƭƛǎŜŘ ŦƻǊƳ ƻŦ άŜǇƛŘŜǊƳŀƭ ŀǇǇŜƴŘŀƎŜέ (Fraser & 

MacRae 1979) or attachment to the skin (Bodde et al. 2011) and exemplify a hierarchical 

structure (Bodde et al. 2011). As shown in Figure 1-16, however, down feathers are quite 

distinct from flight feathers and have a tree-like (Yan & Wang 2009) structure with radial 
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