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ABSTRACT

Published studies of silks focus on processed fibres or the optimum conditions

for their production. Consequently, the effects of the environment on the

physical properties of the cocoon are either poorly understood or kept as closely

guarded industrial secrets. In this study, we test the hypothesis that silkworms

as ectothermic animals respond to environmental conditions by modifying their

spinning behaviour in a predictable manner, which affects the material prop-

erties of the cocoons in predictable ways. Our experiments subjected spinning

Bombyx mori silkworms to a range of temperatures and relative humidities that,

as we show, affect the morphology and mechanical properties of the cocoon.

Specifically, temperature affects cocoon morphology as well as its stiffness and

strength, which we attribute to altered spinning behaviour and sericin curing

time. Relative humidity affects cocoon colouration, perhaps due to tanning

agents. Finally, the water content of a cocoon modifies sericin distribution and

stiffness without changing toughness. Our results demonstrate environmentally

induced quality parameters that must not be ignored when analysing and

deploying silk cocoons, silk filaments or silk-derived bio-polymers.

Introduction

Silk production is a feature unique to the arthropods

with approximately 98 % of Lepidoptera species

producing some form of silk [1]. Silks are formed

inside but perform outside the body, requiring spe-

cialisations to both internal processing and external

climatic impact [2]. As silkworms are ectothermic (i.e.

follow the outside temperature), the environment

during spinning plays a crucial role in both physiol-

ogy and behaviour, with consequences for the prop-

erties and performance of the silks.

The larvae of the domesticated Chinese mulberry

silkmoth, Bombyx mori construct a protective cocoon

before undergoing metamorphosis. Spinning takes

place over several hours as the larva draws a con-

tinuous silk thread from labial glands in its head in a

figure-of-eight fashion [3]. As a material, the cocoon

is a random-fibre non-woven composite [4, 5]. It
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consists of two principle proteins, heavy and light

chain fibroin (which form the fibre) and at least five

sericin ‘gum’ proteins (which coat and bind the fibres

together and account for 20–30 % of the cocoon mass)

[6–8]. Environmental conditions contribute towards

the properties of the spun fibre through the silk-

worm’s behaviour (i.e. processing) as well as through

direct interaction with the material itself. At higher

ambient temperatures the rate of spinning is faster

than at lower ones [9]; and at very low temperatures

silkworms fail altogether to spin cocoons [10]. Spin-

ning behaviour has been studied in some detail

within individuals [11] and between strains [3] and it

may be manipulated internally by hormone treat-

ment [10], by the administration of drugs, or by

surgical procedures [12]. When tested individually,

silk fibres show considerable variation on

intraspecific and interspecific scales and the rate of

spinning has been shown to affect fibre structural and

mechanical properties [13–17] and in particular the

effect of degumming prior to use [18]. Beyond indi-

vidual fibres, mechanical tests on the cocoon have

been performed between cocoons produced by an

individual silkworm [19], across different dimensions

of the cocoon [15] and between individual layers of

the cocoon [15, 20, 21].

This study aims to determine the effects of envi-

ronment on spinning by measuring the effects of

relative humidity (RH) and temperature on the

physical properties of the cocoon of B. mori. Ninety

silkworms, divided into nine groups, constructed

cocoons under three temperature and three humidity

conditions in a factorial design. Temperature and

humidity treatments were chosen to represent a

spread around optimum conditions, taken as 25 �C
and an intermediate relative humidity (RH) of

approximately 65–75 % [8, 19, 22]. We assert that this

bio-centric approach can provide valuable and novel

insight into Nature’s ways to control, as well as

constrain, its composite materials.

Materials and methods

A single batch rearing of B. mori silkworms derived

from a 4 way poly-hybrid cross of 2 Japanese and 2

Chinese strains in the fifth, final instar and raised on

mulberry leaves in controlled conditions in the lab-

oratory (23 ± 2 �C 60–70 % RH) were used for test-

ing. Silkworms about to start spinning were placed in

individual, pre-weighed 50 ml plastic tubes with

holes drilled in the lid to allow for the circulation of

air. Nine Perspex containers with a volume of 3.75 l

were filled with ten tubes each, arranged in two rows,

and sealed to maintain a constant RH independent of

the outside atmosphere.

Each Perspex container (and thus the silkworm

within) was randomly assigned a combination of

temperature and humidity conditions. RH was con-

trolled by placing a wide plastic tub alongside the

falcon tubes. In containers assigned a low RH (10 %),

the tubs were filled with desiccated silica gel. In

containers assigned a high RH (100 %), the tubs were

filled with 200 ml of Type 1 (ultra-purified) water.

Those assigned an intermediate humidity contained

tubs filled with 200 ml of saturated glucose solution,

demonstrated to maintain a constant RH across the

temperature range used, 15–35 �C [23]. Conditions

were monitored using a temperature and humidity

monitor (HOBO instruments UK), and the glucose

solution was shown to maintain an intermediate

relative humidity of 85 % (±5 % error), close to

standard spinning conditions. Each box was then

sealed and temperature controlled in either incuba-

tors (15 and 35 �C) or air conditioning (25 �C). All

boxes were stored in the dark for consistency, and left

undisturbed for five days to allow the silkworms to

spin cocoons.

After five days, the tubes were weighed and pho-

tographed. The length and diameter of the cocoons

were recorded using a digital vernier calliper (accu-

racy ± 0.01 mm). The cocoons were cut open cir-

cumferentially with a razor blade and the silkworms

removed. The state of the silkworms was noted, as

not all silkworms had begun to pupate. Cocoons

were then divided into sections to provide experi-

mental samples (see Fig. S3 in supplementary mate-

rials). A hole punch was used to punch two 6-mm

discs, 5 mm apart, from each half, with the section in-

between serving as the ‘bone’ for tensile testing.

Separate discs were used to obtain mass, colouration,

number of layers and water content. Tweezers were

used to peel layers of the disc apart under a Nikon

dissection microscope and the number of layers was

recorded. For sericin distribution analysis sections

from intermediate layers of cocoons were sputter

coated (SC7620, Quorum Technologies Ltd) for 300 s

at 18 mA with an 80:20 gold palladium target pro-

ducing a coating of approximately 25 nm, then

imaged using a scanning electron microscope (SEM)
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(Neoscope 2000, Nikon Instruments UK) at 9100 and

9200 magnification at 10 keV.

Mechanical testing was conducted using an

Instron Tensile Tester with a 500 N load cell (model

5512, Instron, UK) on at least two samples per

cocoon. The thickness and width of each ‘bone’

segment was measured using a vernier calliper to

determine the area of the cross-section of the sample

at its narrowest point and was assumed to be rect-

angular for stress calculations. The humidity and

temperature of the room at time of testing was also

recorded. Samples were clamped at a gauge distance

of 6 mm and the clamps moved apart at a rate of

2.4 mm/min, and hence at a strain rate of 0.067 s-1.

The cue to end the test was prompted when the load

had dropped by 90 %. Video of the silk samples’

breaking was captured using a JVC ccd camera and a

customised Matlab program (courtesy of A. Baker).

These files were used to ensure that samples had

broken correctly (i.e. at the centre of the sample,

rather than at the clamps— Fig. S4 in supplementary

materials) and exclude defective samples from anal-

ysis. Audio files were recorded by a modified com-

puter microphone with Audacity version 1.2.6. These

audio files were used in further analysis to show the

breaking of silk fibres in the sample, a method not

previously described in this area. Young’s modulus

was calculated as the gradient of the curve from

2–5 % strain, instead of the standard 0–0.2 % strain

[24], to minimise the effects of any initial curvature

of the sample due to the surface curvature of the

cocoon.

There was considerable variation in cocoon col-

oration. To quantify colour differences among

individual cocoons, a white grid with a black

background was printed, onto which one disc from

each cocoon was positioned. The grid was lit by

fibre lamps and photographed with a Canon A640

digital camera. To analyse the colour differences

across the grid, ImageJ (http://rsbweb.nih.gov/ij/)

was used to obtain RGB histograms of 5-mm-di-

ameter circular cross-sections of each photographed

disc. Of the RGB histograms, the blue channel was

used as an indicator of the level of discolouration of

the silk and used to calculate a standard measure of

tanning by subtracting the blue value of each sam-

ple from the blue value of the least discoloured (i.e.

palest) of all the samples.

To quantify water content, discs from 37 cocoons,

chosen randomly from the sample set to represent

each group, were used for Thermo-Gravimetric

Analysis (TGA, Q50, TA Instruments UK). The sam-

ple mass was continually recorded, whilst discs were

individually heated in pans for 80 min to 150 �C.
The effects of temperature and humidity on the

physical properties of the cocoonwere simultaneously

analysed using general linear models in Minitab 15.1.

p-values for significant factors (boundary for signifi-

cance: p = 0.05) calculated from ANOVA (analysis of

variance) are displayed where appropriate.

Results

Overall, the proportion of silkworms surviving each

temperature treatment was consistent with recom-

mended conditions for sericulture [9, 22]. The highest

proportion of larvae survived to produce cocoons at

Figure 1 Environmental

effects on morphological

properties of cocoons. Effects

of temperature on shape with

length:diameter ratios all

significantly different at

p\ 0.0005. (n = 69). Error

bars show ±1 SEM.

Photographs are representative

cocoons spun at 10 % RH and

A 15 �C, B 25 �C and C

35 �C. Scale bar is 4 cm.
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25 �C, with a notable exception that within this group

mortality was highest at 85 % RH at 25 �C, which we

are currently unable to account for (see Fig. S1 in

supplementary materials). However, taken as a

whole and considering the extremes of our test

environments, the group exposed to 100 % RH and

35 �C had the lowest survival score yet 90 % of the

larvae survived and successfully produced cocoons

at 10 % RH and 15 �C, suggesting that silkworms are

less tolerant of high RH and temperature treatments

during spinning.

The physical properties of the cocoons varied

across the treatment combinations. Silkworms pro-

duced longer, thinner cocoons at higher temperatures

(p\ 0.0005) (Fig. 1). With the increasing RH, the ease

with which fibres of the disc cut from the cocoon

could be peeled apart increased, but the distinction

between individual layers decreased. Whilst there

was no significant variation in cocoon thickness

(p = 0.163, p = 0.719 for temperature and RH,

respectively), the mass of discs cut from the cocoon

varied significantly with RH (p\ 0.0005) and tem-

perature (p = 0.003), with the greatest disc mass

occurring at the intermediate temperatures (Fig. S2 in

supplementary material).

SEM micrographs show cocoon samples from both

extreme RH treatments at the control temperature of

25 �C (Fig. 2). There are two striking differences

between the structures of the two cocoons. Firstly,

individual fibres produced at low humidity are

clearly separate threads whereas at high humidity the

distinctiveness seems to disappear. We observe that

at high RH the sericin coating of the fibres has spread

and thus immersed multiple fibres and diffused the

cocoon layer. The failure mechanisms of the cocoons

as a result of humidity can be qualitatively deter-

mined by the degree of sericin fragmentation as lay-

ers were peeled apart in order to prepare samples for

SEM. At low RH layer separation resulted in frag-

mentation at the fibre sericin interface, suggesting a

more brittle material whereas at higher RH these

deposits were not visible and the fibres had a

smoother appearance. This observation of material

differences is supported by the use of sound record-

ings during tensile testing (insets (i) and (ii) in Fig. 2).

Samples from cocoons spun in the lowest RH treat-

ment show a single breaking of the fibre attachments

to the sericin matrix fibres, as indicated by a single

spike in the sonogram, whereas multiple breaks are

recorded from cocoons spun at high RH. This is all

consistent with the qualitative observations made

during layer peel tests, with lower RH samples being

harder to pull apart but the distinction between lay-

ers more prominent.

In order to confirm whether these observations

impacted the mechanical performance of the cocoon

as a whole, samples were subjected to tensile testing.

We observed that silkworm cocoons under tension

were affected significantly by temperature and

humidity conditions during spinning (Fig. 3). Stress–

strain curves for cocoons spun at low RH showed a

sudden, single break, compared to curves for cocoons

Figure 2 SEM micrographs of intermediate layers of two cocoons

produced at 25 �C under 10 % (a) and 100 % RH (b). Insets

(i) and (ii) show sound files for silk layers breaking over a period

of 8 s under 10 and 100 % RH, respectively. Magenta rectangles

highlight areas of the SEM which clearly demonstrate the

difference in sericin morphology (fragmentation and distribution

between fibres) as a result of humidity.
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spun at high RH, which displayed a more gradual

decrease in stress once the material had reached its

maximum stress.

Young’s modulus (stiffness), the breaking energy

(toughness), the strain at maximum stress and max-

imum strain all showed variation across the treat-

ments. Young’s modulus varied significantly with

temperature and RH (p\ 0.0005 for both) (Fig. 3,

Table 1). Interestingly, the lowest modulus was

observed in the cocoons spun at the intermediate

temperature. Stiffer cocoons were produced at 15 �C
and the stiffest at 35 �C. Cocoons spun in higher

humidity treatments had lower average moduli, and

Young’s moduli showed a strong negative correlation

with the mass of the disc cut from a cocoon (Pear-

son’s correlation coefficient: -0.547, p\ 0.0005).

The average breaking energy (toughness) for the

cocoon samples was lower for cocoons spun at higher

temperatures (p\ 0.0005) (Table 2). However,

breaking energy remained constant across humidity

treatments. This might be attributed to a trade-off

between stiffness and degree deformation whereby

increasing the humidity decreased the stiffness but

increased the maximum strain resulting in a consis-

tent toughness in the experimental RH range

(Fig. 3a).

Considerable variation in the colour of the cocoons

was observed from the creamy white colour typical of

Figure 3 Environmental effects on the tensile properties of

cocoons when spun under different conditions and tested under

the same (25 �C 50 % RH). a Tensile behaviour of representative

cocoon samples taken from the three different humidity treatments:

10 % RH light green line, 85 % RH light blue line, 100 % RH

navy line (all at 25 �C). b Curves for samples of cocoons taken

from three different temperature treatments: 15 �C yellow line,

25 �C orange line, 35 �C red line (all at 85 % RH). Insets show

averaged modulus data for humidity and temperature. Effects of

both spinning conditions significant at p\ 0.0005 for both

temperature and RH (n = 62). Error bars show ±1 SEM.

Table 1 Young’s modulus

(GPa) across temperature and

RH conditions during spinning

Young’s modulus Temperature

15 �C 25 �C 35 �C Average

RH

10 % 0.50 (0.03) 0.46 (0.03) 0.57 (0.03) 0.50 (0.02)

85 % 0.44 (0.05) 0.42 (0.03) 0.53 (0.02) 0.47 (0.02)

100 % 0.42 (0.03) 0.30 (0.04) 0.47 (0.05) 0.38 (0.03)

Average 0.46 (0.02) 0.40 (0.02) 0.53 (0.02)

SEM shown in brackets

Effect of temperature p\ 0.0005

Effect of RH p\ 0.0005 (n = 62)
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B. mori cocoons to a darker, tanned colour (Fig. 4).

Humidity had a strong effect on the average dis-

colouration of the cocoon disc (p\ 0.0005), although

there was no significant effect of temperature. The

discolouration was most evident in cocoons spun

under the highest RH conditions.

Due to the significant influence of RH on mor-

phological and mechanical properties of cocoons,

thermogravimentric analysis was used to determine

the percentage water content by taking the mass of

discs at 21 �C and then again after heating to 150 �C
(n = 37, Table 3). Water content was shown to be

highly dependent on humidity across all treatments

(p\ 0.0005), and at 150 �C, the masses of all discs

were largely invariant (temperature p = 0.07 and

humidity p = 0.801). This indicates that water was

responsible for the difference in mass and the amount

of silk protein used in cocoon construction in

response to different environmental conditions does

not change.

Discussion

Our data clearly demonstrate how key environmental

conditions during spinning affect both the morpho-

logical and the mechanical properties of B. mori

cocoons.

The influence of ‘climate’ on cocoon morphology

can be separated into two categories; overall shape

(affected by temperature) and cocoon colour (affected

by humidity). Larvae produced longer, thinner

cocoons at higher temperatures (Fig. 1). Given that

the silkworm spins from its head yet is attached to

the substrate by its abdominal pro-legs, there is a

direct causal link between body length and the shape

of the cocoon [3]. At higher temperatures the silk-

worms may be able to extend their bodies further,

leading to longer cocoons, which may in turn be used

to regulate heat dissipation. A long, thin cocoon has a

higher surface area to volume ratio than a short,

round one, hence an ability to vary cocoon shape as a

response to different temperature conditions during

spinning could help maintain a suitable temperature

range (and by extension also different internal

vapour pressures [25]) for metamorphosis. The

effects of humidity on the cocoon were visibly more

pronounced. Higher humidities during spinning led

to a gradual discolouration of cocoons from white to

a golden or light brown colour after several days

(Fig. 4). Silkworm faeces or bacterial infection are

highly unlikely to have been responsible for this

discolouration considering the even distribution of

colour across the surface of the cocoon and the

antibacterial properties of the sericin protein [26]. A

possible cause of discolouration would be the pres-

ence of tanning agents as the colour is akin to that

found in some wild silkmoth cocoons (e.g. Atticas

atlas). Brunet and Coles reported that Antheraea pernyi

cocoons showed discoloration from white to brown

under high humidity conditions. They reported that

moisture in the silk enables enzymatic cleavage and

oxidation of endogenous tanning phenols which in

turn both changes the cocoon’s colour and crosslinks

protein chains, the latter having a strong effect on the

mechanical properties of single silk fibres [27]. Whilst

previous studies have used B. mori as a control for the

presence of tanning [28] our results indicate that

Table 2 Breaking energy (MJkg-1) across temperature and RH

conditions during spinning

Breaking energy Temperature

15 �C 25 �C 35 �C Average

RH

10 % 1.4 (0.1) 1.2 (0.1) 0.8 (0.1) 1.2 (0.1)

85 % 1.3 (0.1) 1.2 (0.1) 1.1 (0.1) 1.2 (0.1)

100 % 1.4 (0.2) 1.1 (0.1) 1.2 (0.1) 1.2 (0.1)

Average 1.4 (0.1) 1.2 (0.1) 1.0 (0.1)

SEM shown in brackets

Effect of temperature p\ 0.0005

Effect of RH p = 0.996 (n = 62)

Table 3 Environmental effects during spinning on percentage

water content of cocoon

% Mass water Temperature

15 �C 25 �C 35 �C Average

RH

10 % 25 (5) 16 (1) 13 (7) 18 (3)

85 % 41 (2) 42 (1) 29 (6) 36 (3)

100 % 41 (6) 47 (5) 45 (2) 44 (2)

Average 36 (3) 35 (4) 31 (4)

SEM shown in brackets

Effect of temperature p\ 0.0005

Effect of RH p\ 0.0005 (n = 37)
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through careful modification of spinning conditions

it may be possible to determine the agents and

effects this discolouration has on the silkworm

cocoon. These observations are of particular impor-

tance to agriculture as the quality and grading of

cocoons is largely dependent on both size and

purity [29–31].

Humidity and temperature had differing and

combinative effects on the mechanical properties of

the cocoon (Fig. 2). Broadly speaking, temperature

modified the stiffness and strength of the cocoon

through either increased spinning rate (35 �C) or

sericin curing time (15 �C). Humidity altered the

stiffness (pliability) and the way in which a cocoon

broke, but did not alter the overall toughness. Silk-

worms have been shown to increase their rate of

spinning at higher temperatures [9] and forced-spun

silkworms show an increase in fibre strength and

stiffness with increased reeling rate [17, 32]. Analysis

of our SEM images of cocoons spun at different

temperatures shows a negative correlation between

fibre thickness and temperature, with fibres spun at

35 �C being at least 25 % thinner than those spun at

15 �C, consistent with observations of diameter

decrease with increased spinning rate in silkworms

[32] and spiders [33, 34]. Therefore it is most likely

that the fibre properties in cocoons spun at higher

temperatures explain the higher stiffness and

strength than those spun at 25 �C. A means to test

this hypothesis would be to degum, unravel and

subsequently test single fibre properties. This is an

area of ongoing study, although recent work has

highlighted potentially confounding influences of the

degumming process in such an assessment [18, 35].

However, surprisingly at lower temperatures, there is

also an observed increase in strength and stiffness of

the cocoon upon comparison to 25 �C. This we

believe could be attributed to the role of the other

constituent of the cocoon, the sericin. In order for the

cocoon to have any form at all, it is crucial that the

fibres are adequately bound together, which occurs

as the sericin coating of the fibres dries/cures. We

propose that at lower temperatures the sericin takes

longer to cure and as such forms stronger connec-

tions between fibres, leading to a greater overall

structural integrity, a hypothesis consistent with our

current understanding of cocoon mechanical prop-

erties [4, 5, 36].

The role of humidity during construction of the

cocoon is also readily accounted for. Our data indi-

cate that the water content of the cocoon is dependent

upon the environmental conditions at point of spin-

ning and not the subsequent storage environment (as

all samples were kept in the same environment post

cocoon construction, Table 3). Therefore the signifi-

cant differences in hydration reported are either the

result of the retention of solvent water during cocoon

construction, or a tendency for a specific cocoon type

to absorb more atmospheric water during storage

than another [25]. Regardless of the source of the

water its influence may be seen in the morphological

differences in the distribution of sericin (Fig. 2) and

the definition of layers in the cocoon. This observa-

tion suggests that methods aiming to distinguish
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Figure 4 Effects of humidity

on cocoon colouration

(tanning). Degree of tanning is

measured on an arbitrary scale.

p\ 0.0005 (n = 69). Error

bars show ±1 SEM.

Photographs A-C show discs

of 6 mm in diameter taken

from cocoons produced by B.

mori spinning at 10 % RH,

15 �C (A); at 100 % RH,

35 �C (B); and the wild

silkmoth larva, Atticas atlas,

(C). Photos taken under

controlled lighting conditions.
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individual cocoon ‘layers’, may not be transferrable

across a wide range of environmental conditions

[15, 20, 21]. An explanation for the differences in

mechanical properties lies within the sericin. Sericin

readily absorbs water [26], and the increased water

content of the binder acts as a plasticiser and leads

to a reduced stiffness and strength of the cocoon, as

evidenced by our tensile data (Fig. 3), the reduction

in sericin fragmentation (Fig. 2) and the ease at

which individual fibres could be pulled from the

cocoon. Therefore the distinction of layers may be

dependent on the environmental drying time and

the speed of the animal as it puts down additional

layers. Not only does trapped water alter the stiff-

ness and strength of the cocoon but also the mech-

anism by which it fails, a novel observation revealed

here through the introduction of sonic analysis

(Fig. 2). However, despite these changes in the

properties of the cocoon, the breaking energy

(toughness) remains constant across humidities. The

toughness of a material corresponds to its capacity

for energy dissipation and is therefore the most

biologically relevant mechanical property of a

cocoon as it determines the resilience of the cocoon

to the environment [37]. Given that B. mori cocoons

show mechanical behaviour comparable to wild

silkmoth cocoons [4] it seems that the mechanical

toughness of the cocoon could still be relevant in B.

mori, despite a long history of domestication in this

species. To place this into a biological context, dur-

ing the periods of the year in which silkworms

naturally spin their cocoons, it is far more likely to

have environmental variations in seasonal humidity

than temperature. Hence a greater tolerance for

humidity in maintaining the toughness of the

cocoon is crucial to enable the cocoon to withstand

attacks from predators or parasitoids whilst pro-

viding an optimum internal environment for pupa-

tion [25].

This study explored the crucial relationship

between the environmental spinning conditions of

silkworms and the properties of the cocoons pro-

duced. Combining classical biological experiments

with analytical techniques from engineering and

material sciences allows us to better comprehend

the selection pressures on the cocoon phenotype.

The novel observation of environmentally deter-

mined ‘tanning’ in B. mori cocoons opens the field

for study into potential causes, and their apparent

suppression in commercial silk production.

Furthermore, the results of tensile testing reveal the

dependence of behaviour and mechanical properties

on temperature and to some extent their tolerance

of humidity in spite of the huge variations in water

content of the cocoon. Evidently the environmental

conditions during spinning play an important role

in the silkworm’s construction of the cocoon and

must be integrated into future assessment of the

sources of variation in experiments with silk, from

single fibre tests to reconstituted feedstock produc-

tion [38].
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