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A number of silk samples, comprising historic materials and modern surrogates, were examined by light, electron and atomic force microscopy,
to determine the extent to which such assessments would allow the
nature and condition of the materials to be determined. The integrity of
these materials had previously been investigated using mechanical testing. Signs of deterioration, such as surface debris, defibrillation and
micro-fractures were readily observed. However, when these features
were compared to the overall deterioration of the samples (as assessed
by tensile strength), it became apparent that obvious surface damage did
not necessarily correspond to overall levels of deterioration and that
many samples which appeared in good condition under microscopic
examination were in fact heavily degraded. This will have implications
for the assessment of these materials, as microscopy will not necessarily
reveal how well an artefact may stand up to the rigours of handling, display and conservation.
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Introduction

Silk is a valuable fibre found in many artefacts of historic and cultural significance. Therefore it is necessary to have a good understanding of the properties and behaviour of this material in order to effectively conserve these
aspects of our cultural heritage for future generations.
The fibre is produced by silkworms, the larval stage of the silk moth, to form
a protective cocoon; the majority of commercially produced silk comes
from the domesticated moth, Bombyx mori.1-10 In its native form, the material consists of a pair of filaments with roughly triangular cross-section
(‘brins’), formed of the protein fibroin, cemented together by a second protein sericin. The brins may be up to a kilometre or more in length, and are
highly crystalline, being predominantly composed of three amino acids alanine, glycine, and serine, in the hexapeptide motif -Gly-Ala-Gly-Ala-GlySer-, which allows anti-parallel β-sheet secondary structures to form. The
remainder of the protein forms an amorphous matrix in which the β-crystallites, arranged in a hierarchy of fibrillar elements, are embedded. This extensive crystallinity gives silk (fibroin) filaments their characteristic strength,
chemical resistance, lustre and low extensibility.2-4,6,8 Sericin, on the other
hand, is largely formed of amino acids with bulky, polar side-chains, which
prevent long-range ordering of the polymer, and impart a solubility (for
example, in hot alkaline water) which allows sericin to be removed from
fibroin with minimal damage to the latter; this process is applied to most
commercial silks, and is known as ‘degumming’.2-4,10
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In addition to the inherent properties of the fibre, it is also necessary to consider the way in which fibres and fabrics may have been treated during their
production. For silk, there are two particularly important historic processing
methods - weighting and bleaching.1,11,12 Weighting (using organic agents
such as gums, sugars and protein glues) was originally employed as a means
of replacing the mass lost during degumming, as the material was sold on
the basis of weight. Subsequently, this became an accepted method of

15

www.e-PRESERVATIONScience.org

imparting a particular texture and drape.1,11 By the late
18th century, these organic materials had started to be
replaced by metal salts which form insoluble complexes within the fibre. These materials have a better washfastness; however, they are also implicated in the longterm deterioration of the material. During the same
period (late 18th to 20th centuries), the bleaching of silk
was commonly achieved by ‘sulphur stoving’, a
process which involved exposing the material to the
fumes of burning sulphur (sulphur dioxide) which then
formed sulphurous acid, the active bleaching agent, on
contact with moisture in the fibres.12 This process is
also deleterious to the stability of silk. Both weighting
and sulphur stoving were particular to the European
silk industry, which helps to explain the generally better condition of many contemporaneous Asian silks.
Sulphur compounds may also be found on silk as a
result of the application of sulphuric acid to give the
material a characteristic rustle and texture (‘scroop’),
and treatment with sulphuric acid was also employed
in the production of silk crêpe.13,14

Latrodectus hesperus (black widow) have also been
imaged using AFM. Here two types of fibre, in terms of
thickness and fibril orientation with respect to the
thread axis, were identified.31 The wicking behaviour of
silk fabrics treated with fluorocarbon coatings has
been investigated using AFM, where increased surface
roughness was observed after exposure of the treated
silk to UV light (λ = 172 nm, 50 mW cm-2, 10 min).32 The
increased roughness was attributed to erosion caused
by oxygen radicals. AFM has also been used to measure stretching forces of silk fibres.33

In conservation, microscopy is widely used to identify
fibres and assess their condition, and may be used in
conjunction with other approaches, such as the traditional burn or dissolution tests or more advanced
methods such as vibrational spectroscopy.14 Light
microscopy (LM) is widely used as a simple, rapid and
ready available technique to identify fibres and, if possible, to assess their condition and the possible presence of processing treatments or other modification.
Identification can be achieved thanks to the characteristic morphologies of the different natural fibre types,
and may be assisted by the use of polarised light, specific dyes or solvents.14-16 The presence of applied
treatments, such as glazes, adhesives and pigment
particles, can also often be recognised, providing
greater information about the composition of the artefact. Damage to the fibre may also be seen, usually
manifesting as surface debris, fracturing and defibrillation,17-21 and this type of observation is often important when considering appropriate conservation
measures where the condition of the material will
influence the degree of intervention required and the
delicacy with which it must be carried out. As a result,
it is necessary to be confident that microscopy will
reliably allow materials to be characterised in this way.
We therefore used three microscopic techniques to
assess a variety of silk samples, including specimens
taken from historic textiles and surrogates prepared
using historically accurate methods and subjected to
accelerated ageing.22,23 The methods employed were
chosen to reveal complementary information about
the materials: LM, in transmission mode; scanning
electron microscopy (SEM), using secondary electron
imaging; and atomic force microscopy (AFM). Both LM
and SEM are used widely in conservation, but AFM is a
relatively novel technique in the field.

2

The condition of the fibres was assessed using
mechanical testing to derive tensile strength. This was
chosen as an appropriate marker for deterioration as
all forms of damage, whether chemical, photoinduced or physical, will ultimately impair the integrity
of the fibre and thus lead to a loss of strength, allowing this value to be used as a non-pathway specific
indicator.

Method

Plain weave, undyed habutae silk samples were
weighted and processed by a variety of historical
methods; some were then subjected to artificial ageing. The original silk fabric was woven from reeled (full
length) brins, with approximately 46 warp yarns cm-1
by 50 weft yarns cm-1 (with 20 ± 3 silk fibres per yarn),
and a mass of 0.0036 g cm-2; the silk was degummed.
The following weighting regimes were employed:
‘pink’ tin (tin(IV) chloride), with up to three applications
of the weighting agents; ‘dynamite’ tin (tin(IV) chloride,
aluminium sulphate and sodium silicate), with up to
two applications; and iron (iron(II) sulphate) with up to
three applications (general methods are given in
Carboni1; the specific applications used in this experiment, as well as the artificial ageing methods, are given
in Garside22). In addition, a set of samples were
bleached by ‘sulphur stoving’ (exposure to fumes of
burning sulphur, yielding sulphurous acid) some of
which were then also weighted using the ‘pink’ tin
method, with one and three applications of the
weighting agent.12,22 The changes in mass (with
respect to the original, degummed mass) are presented in Table 1. The number of applications of a particular weighting regime is indicated by the use of ‘(×n)’;
for example, ‘Dynamite (×2)’ refers to the sample
weighted twice by the dynamite method. A number of
historic silks were also used as reference specimens.
These samples were then assessed using LM, SEM and
AFM.
Samples for transmitted LM were permanently mounted on glass slides using DPX resin mounting medium
(Agar Scientific, UK). They were examined using a Leica
DMR-XE microscope in transmitted light mode. Digital
micrographs were recorded using a MediaCybernetics
QICam 5.0 RTV (Marlow, UK), and were then interrogated using ImagePro Plus software to measure fibre
dimensions (specifically fibre width).

AFM is a high-resolution microscopic technique that
does not require specimens to be metal-coated or
stained and does not use high energy electron beams
or ultra high vacuum conditions that can cause sample
damage.24 AFM has been used to image silk fibroin
from Bombyx mori cast onto mica, gold-coated quartz
crystals and polystyrene,25-27 the morphology and
microstructure of B. mori silk/poly(ethylene oxide)
(PEO) fibres28 and the interior surfaces of dragline silk
of the spider Nephila clavipes.29,30 Surfaces of
stretched and unstretched silk fibres from the spider

Samples for SEM were mounted on aluminium stubs
using conductive adhesive pads, and gold coated using
a sputter coater (ca. 20 nm thickness). These specimens were then examined using a Philips XL30 ESEM
(FEI, Eindhoven, The Netherlands), in secondary electron imaging mode.
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For AFM imaging, fibres were mounted on
magnetic nickel discs using conductive
adhesive tape and placed on the AFM scanner. A MultiMode/NanoScope IV Scanning
Probe Microscope (Digital Instruments,
Santa Barbara, CA, USA; Bruker software
Version 6.11r1) was used and operated in air
(temp = 23 °C, relative humidity = 30 %).
Topography images (n = 3–5, different
fibres) were obtained in TappingMode®
(scan size = 2 µm × 2 µm, 500 × 500 pixels,
scan rate = 1 Hz) using Si cantilevers with
integrated tips (thickness = 3.5–4.5 µm,
length = 115–135 µm, width = 30–40 µm,
resonant frequency = 200–400 kHz, spring
constant (k) = 20–80 N m-1, tip radius of curvature < 10 nm; Model: RTESP, Bruker
Instruments, France). Surface roughness (Ra)
measurements were single line transects
(length 1.5 µm, total lines per image = 25,
drawn across every acquired image, which
were first-order levelled using a digital levelling algorithm; Bruker Image Analysis software V 7.10). Ra is obtained from the modulus of height deviations (zi) from the mean
height (zᅳ) from the horizontal transect (n =
384, i.e., 1.5 µm/2 µm × 512 pixels; Equation
1).34
Ra= 1⁄n Ʃ ni=n ⏐zi-zᅳ ⏐

Unaged

Thermal

Light

Light, Thermal

Silk

Pink Tin
(x3)

Dynamite
(x2)

Iron (x3)

Bleached

Bleached,
Tin (x3)

Figure 1: Typical light micrographs of weighted and aged silk fibres.

(Equation 1)

Sample

Mass Gain / %

Average Diameter / μm

Statistical analyses were performed using a one-way
ANOVA and a post-hoc Tukey-Kramer test.35

Silk

0.0 (0.0)

10.9 (1.1)

Tin (×1)

15.2 (2.4)

11.8 (1.1)

Mechanical testing was employed to assess the
integrity of the fibres after processing and ageing; tensile strength was taken as a non-specific marker of
degradation, with a loss in strength indicating deterioration regardless of the precise mechanism of damage.
Samples with a width of 10 mm and gauge length of 50
mm were extended at a rate of 10 mm min-1, to breaking point, using an Instron 5544 rig and Bluehill software (High Wycombe, UK); extension was applied in
the warp direction. Ten replicates were assessed per
sample type, from which averages and standard deviations were calculated.

Tin (×2)

33.3 (1.2)

12.7 (0.9)

Tin (×3)

53.7 (1.1)

12.6 (1.3)

Dynamite (×1)

48.8 (0.5)

12.0 (1.0)

Dynamite (×2)

99.0 (0.4)

13.9 (1.2)

Iron (×1)

6.3 (1.0)

10.8 (0.9)

Iron (×2)

11.9 (0.8)

10.8 (1.1)

Iron (×3)

17.3 (1.1)

11.1 (0.9)

Bleached

3.6 (0.7)

10.6 (0.8)

Bleached, Tin (×1)

17.2 (0.8)

12.6 (1.2)

Bleached, Tin (×2)

56.0 (2.7)

12.7 (1.0)

Results and Discussion

3.1

Light Microscopy

Typical light micrographs for the various
treated and aged samples are presented in
Figure 1. The average fibre widths after each
treatment regime are given in Table 1 (the
average in each case being calculated from
single measurements from 50 separate
fibres). As can be seen, both forms of tin
weighting (‘pink’ and ‘dynamite’) lead to a
significant increase in the diameter of the
fibre, and regardless of the weighting regime
there is a broad relationship between the
mass gain and the increase in diameter of
the fibre (Figure 2). In the more heavily
weighted fibres (particularly the dynamite
weighted silk) a granularity can also be
observed as speckling (Figure 1).

Diameter /μm

3

Table 1: Average diameters of silk samples, n = 50 (standard deviations are given in parentheses).

Mass Gain on Weighting / %
Figure 2: Variation of mass gain of weighting with average fibre diameter.
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The light micrographs also demonstrate that
the weighting processes appear to cause surface damage to the fibres, particularly in the
form of defibrillation which can be observed
as ‘whiskers’ of material detaching from the
bulk fibre (Figure 1). However, if the mechanical data is considered (Table 2), it appears that
this damage is superficial, as at this stage it is
not accompanied by a significant loss in physical strength. After ageing (see Method; details
given in Garside22), greater evidence of surface
deterioration can be seen with more substantial defibrillation and deformation of the fibres
themselves - many lose their generally uniform morphology, and may show evidence of
significant losses of material.

Unaged

Thermal

Light

Silk

Pink Tin
(x3)

Dynamite
(x2)

Iron (x3)

Load /%

The lack of specific surface detail available
through light microscopy (due both to the
transparency of the fibres and the small scale
of the relevant features) means that it is diffi- Bleached
cult to assess the condition of these materials
more accurately. However, it can be seen that
in general there is more apparent damage to
the thermally aged specimens than those that Bleached,
have been light aged, that the untreated silk Tin (x3)
and the bleached materials show less apparent
damage through ageing than the weighted
samples, and that of these latter fibres, those Figure 3: Typical SEM images of weighted and aged silk fibres.
subject to iron weighting degrade more readily. To some extent this agrees with the assessment of
deterioration through the measurement of tensile
strength, but there are notable discrepancies, particularly that although light ageing can cause a catastrophic loss in strength, it does not appear to be
accompanied by extensive observable damage.
Tensile Strength / N
Sample
Un-aged

Thermal
ageing
2 Weeks

Thermal
ageing
4 Weeks

Light
Ageing

Combined
Light and
Thermal
Ageing

Silk

71.2 (1.2)

59.8 (1.3)

55.3 (3.2)

29.4 (4.8)

12.2 (3.1)

Tin (×1)

65.4 (0.9)

57.3 (1.9)

51.8 (2.0)

9.7 (1.0)

6.2 (0.7)

Tin (×2)

63.2 (0.6)

58.5 (1.4)

55.1 (2.7)

—

—

Tin (×3)

64.1 (1.8)

57.1 (0.7)

54.1 (0.5)

9.2 (1.7)

3.2 (0.4)

57.1 (1.4)

55.6 (3.0)

—

—

49.2 (4.6)

35.7 (5.6)

17.5 (6.4)

6.9 (1.0)

Dynamite
66.3 (2.2)
(×1)
Dynamite
59.7 (2.0)
(×2)
Iron (×1)

58.3 (1.2)

60.1 (2.2)

56.8 (0.7)

—

—

Iron (×2)

45.5 (1.7)

—

—

—

—

Iron (×3)

41.7 (2.5)

18.4 (2.0)

6.4 (2.6)

7.4 (1.0)

3.8 (0.6)

Bleached

58.0 (1.8)

45.4 (4.6)

31.7 (7.2)

19.4 (4.8)

5.4 (0.5)

51.6 (3.1)

45.0 (1.2)

—

—

59.8 (1.2)

56.6 (0.8)

11.2 (1.0)

7.9 (2.8)

Bleached,
61.0 (1.0)
Tin (×1)
Bleached,
63.4 (5.0)
Tin (×3)

Silk
Pink (3)
Dynamite (2)
Iron (3)
Bleached
Bleached, Pink (3)

Surface damage
Figure 4: Plot of the surface damage observed using SEM (subjectively graded 0–5) versus the maximum breaking load of the samples
(relative to un-aged silk, expressed as a percentage). Data for unaged, and sunlight equivalent (gold ring) and thermal and humidity
(red ring) aged specimens are included.

either the untreated or the bleached silks. Thermal
ageing exacerbates this, causing more damage to the
fibrillar structure, microfracturing and loss of material.
This is not, however, observed to the same extent with
the light aged samples (except for the iron weighted
specimens); again, the apparent damage to the nonweighted silks is much less significant.
When these observed features are compared to the
mechanical properties of the fibres, again it can be
seen that apparent damage does not necessarily correspond to losses in tensile strength. Thermal ageing
results in much more significant surface damage than
light ageing, but the former does not compromise the
bulk integrity of the fibre to the same extent as the latter. Bleaching has a very deleterious effect on the stability of the material, especially under thermal ageing
conditions, but causes little observable surface damage.

Table 2: Tensile strengths of treated and aged silk samples (standard
deviations are given in parentheses).

3.2

Light, Thermal

Scanning Electron Microscopy

The SEM micrographs largely confirm the phenomena
observed using LM, and allow more detailed inferences
to be drawn about the effects of ageing (Figure 3).
The surface damage (defibrillation) caused by weighting is immediately apparent, and is not observed in
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This conclusion is emphasised in Figure 4, which
shows a plot of the apparent degree of surface damage (subjectively assessed from the SEM images, on a
coarse scale 0–5 based on the degree of increased
surface pitting and fracturing, defibrillation and accumulation of surface debris when compared to undamaged silk) versus the maximum load on of the samples
(relative to un-aged silk). Two broad trends are discernible, with the un-aged and thermal and humidity
aged weighted silks exhibiting behaviour distinct from
the other specimens.

3.3

Atomic Force Microscopy

AFM revealed the outer surface of silk fibres taken from
the original habutae silk fabric to have striations in parallel to the long axis of each fibre (Figure 5). These features were found to have variable widths of 86 ± 22 nm
(Figure 6), which are in good agreement to widths of
fibrils from native silk observed elsewhere (90–170
nm).36 Fibrillar elements are known to be embedded
within an amorphous matrix that aligns along the fibre
axis during extrusion.1-9
Tin weighting (×1) was found to slightly increase the
width of the fibrils (98 ± 21 nm) and increase the Ra
from 1.9 ± 0.7 nm (untreated) to 2.1 ± 0.8 nm (p < 0.05;
Figure 6a; Table 3). This supports the LM observation
that weighting leads to the swelling
of the fibre, as the metal salts are
absorbed within the amorphous
interfibrillar matrix. The fibrils
became less apparent with further
tin weighting (×3), although surface
deposits could be seen due to the
increased presence of the additional material (Figure 6b); in this
instance, the deposits did not significantly change Ra (2.4 ± 0.9 nm)
from the tin (×1) sample (Table 3).
Similar deposits were observed for
silk fibres which had been light aged
either with or without tin weighting
(×3); Figures 6c and 6d, respectively, although a marginally, but statistically, rougher surface was apparent for the former surface (Ra = 4.6
± 2.9 nm and 4.4 ± 2.1 nm, respectively, p < 0.05; Table 3). Thermally
aged non-weighted fibres were
found to be less rough than light
aged surfaces (Ra = 3.2 ± 1.5 nm and
4.6 ± 2.9 nm, respectively, p < 0.05;
Table 3). For tin-weighted fibres
(×3), thermal treatment was found
to produce rougher surfaces than
light ageing (Ra = 4.9 ± 2.5 nm and
4.4 ± 2.1 nm, respectively, p < 0.05;
Table 3). This supports the LM and
SEM observations that thermal ageing of tin-weighted fibres produces
significantly more surface damage
than light ageing, even though the
latter generally causes greater damage to the bulk fibre, as indicated by
a greater loss in tensile strength.
Large standard deviations (SD) in Ra
measurements were observed,

Figure 5: (a) A typical AFM image of the outer surface of an untreated
silk fibre; (b) a line profile across the striations perpendicular to the
long axis of the fibre showing dimensions of fibrils.

Figure 6: Typical AFM images of silk fibres subjected to various treatments: (a) tin (×1), (b) tin (×3),
(c) light aged, (d) tin (×3) and light aged, (e) thermally aged, (f) tin (×3) and thermally aged.
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Even relatively simple (and, in the
context of conservation, readily
available) LM can help to identify
those materials which have been
subjected to weighting, by subtle
variations in dimension and by the
presence of granular aggregates
within the fibre, usually in combination with a change in texture when
handled. Gross surface damage, particularly in the form of defibrillation
and deformation, can be observed.
SEM, a technique which is relatively
widely available in conservation, can
give further information, with surface
deposits
apparently
following
weighting. Both defibrillation and
surface fracturing, which is not readily observed by LM, can be seen, and
fibrillar structures at the surface may
be observed even before significant
damage can be seen.
Although AFM is not routine in most
conservation practices, it can be seen
that it is an important method for
probing the structure of materials
and allowing a greater insight into their properties and
behaviour. In this study, the ability to accurately measure fibril separation permitted a greater understanding
of the swelling of the fibres with weighting previously
observed using LM and SEM. The measurement of
roughness, Ra, gives a quantitative measurement of
surface irregularity, which is related to fibre damage
through effects such as defibrillation and microfracturing; these have previously been observed in a qualitative manner with the other microscopic techniques.
Figure 7 shows that Ra can be used as a semi-quantitative indicator of overall damage as a result. However,
when microscopic features observed with all three
techniques are compared to the tensile strengths of
the materials, it can be seen that there are certain discrepancies between apparent damage and actual
physical integrity. Therefore, microscopic examination
of materials of this kind must be used with caution, as
fibres which appear to have suffered extensive damage
may in fact be in relatively good condition, with the
degradation limited to the superficial surface layers,
whereas samples which seem to be free from damage
can instead have suffered a substantial loss of integrity
due to internal damage which cannot be readily seen.
Nonetheless, with an understanding of the limitations
of each of the individual techniques, they may give
valuable insights into the condition of historic silk
fibres, and by applying them in a complementary fashion, much useful information can be obtained.

Figure 7: Variation of surface roughness (Ra; determined by AFM) with maximum loads for unaged, sunlight (l) and thermal and humidity (t + h) aged silks (unweighted and pink tin weighted).
Standard deviations (SD) are indicated.
Treatment

Surface roughness, Ra / nm

SD / nm

N

Untreated

1.9

0.7

125

Light aged

4.6

2.9

75

Thermally aged 3.2

1.5

100

Tin (x1)

2.1

0.8

75

Tin (x3)

2.4

0.9

25

Tin (x3)
light aged

4.4

2.1

75

Tin (x3)
thermally aged

4.9

2.5

100

Table 3: Effect of silk treatment on surface roughness.

however, probably reflecting the heterogeneous
effects of the various treatments of the silk fibres. For
example, all treatments produced higher SD values
than that for untreated silk (Table 3). Generally, harsher fibre treatments (as reflected by lower maximum
tensile loads) tended to produce higher Ra SD values
(Figure 7), again reflecting heterogeneity of the treatment. Moreover, a general inverse relationship
between load and Ra was observed, suggesting that
the latter parameter could provide a quantitative
marker of condition (Figure 7).

4

Conclusion

The three forms of microscopy used in this study can
be used to reveal useful information about silk fibres,
including those subjected to historically common processing methods and subsequently aged. However, it
is also apparent that microscopy has significant limitations for certain materials, and consequently may give
misleading results if used to assess the degree of deterioration (in this study using tensile strength as a nonspecific indicator) suffered by these specimens. This is
significant as microscopy (particularly LM) is often
used in conservation practice as a rapid and simple
method of identifying fibres and gaining a better
understanding of their condition.
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