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Abstract
A dual-wavelength Q-switched Nd:YAG laser emitting at 1064 nm and 532 nm and an Er:YAG laser were tested on a
range of feathers containing melanin, carotenoids and psittacofulvins. Dyed, white and iridescent feathers, as well as
down feathers, were also included in the study. First, the damage threshold fluence was determined for each type of
feather and then, as appropriate, laser tests were conducted on feathers artificially soiled with dust or carbon black.
The Nd:YAG laser was unsuccessful at cleaning feathers soiled with carbon black. Better outcomes were obtained on
feathers soiled with dust: the Nd:YAG laser was effective at both wavelengths at removing dust from white feathers,
dyed feathers and yellow feathers containing psittacofulvins. Feathers containing melanin, as their main colourant,
were found to have a much lower damage threshold fluence than other feathers. Also, laser radiation at 532 nm at
high fluences can cause discolouration on pink feathers containing carotenoids. Finally, it was not possible to remove
dust from down feathers without causing thermal damage. This investigation showed that laser cleaning using a
Q-switched Nd:YAG laser can remove dust from certain types of feathers. However, further research is needed to
assess any potential chemical or long-term effects of laser cleaning on feathers. Finally, the Er:YAG laser was found to
be unsuitable for laser cleaning resulting in thermal damage to all feathers at low fluences.
Keywords: Feathers, Bio-pigments, Carotenoids, Psittacofulvins, Laser, Melanin, Nd:YAG laser, Er:YAG laser, Damage
threshold, Cleaning threshold
Introduction
Feathers have very complex structures and exist in a wide
range of colours [1]. They can contain bio-pigments,
which are rarely uniformly distributed within the different parts of the feather, varying in content in the shaft,
barbs (i.e. the small branches fused to the shaft) and
barbules (i.e. the tiny strands fused to the barbs) [2, 3].
Bio-pigments selectively absorb and reflect wavelengths
of the incident light reaching the feather. They generally
correspond to yellow, brown, orange, black, grey and red
colours. Bio-pigments can be combined with structurally
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induced backscattered colouration to produce so-called
“structural” colours, such as blue. Feathers can also display iridescence (i.e. the variation in hue at different
angles of observation). Note that not all structural colours are iridescent: tiny air pockets in the barbs of feathers can scatter incoming light, resulting in non-iridescent
colour. The only feather colour which contains no biopigment and is inherently only structural is white. Some
bio-pigments absorb ultraviolet radiation and fluoresce,
making feathers look brighter and more colourful [2, 4].
Bio-pigments in feathers are either metabolized by the
bird or supplied by the bird’s diet.
There are different types of bio-pigments present in
feathers and the main three are melanin, carotenoids
and psittacofulvins [2, 3, 5–11]. Melanin is endogenous and one of the most common but also complex
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colourants. It comes in two main forms—eumelanin and phaeomelanin [2, 8, 9, 11, 12]. Accordingly,
this results in different colours: eumelanin is typically
responsible for darker colours (e.g. the grey feathers
of common pigeons) while phaeomelanin produces a
reddish hue (e.g. the rusty brown feathers of red-tailed
hawks). Further, the organisation of the melanin granules (melanosomes) and tiny air cavities in the β-keratin
matrix are responsible for structural colours: crystalline nanostructures generate iridescent colours (e.g. the
blue and green feathers of peacocks), while amorphous
nanostructures generate non-iridescent blue and violet
colours (e.g. the blue feathers of macaws). In fact, the
air cavities, not melanosomes, are primarily responsible for non-iridescent structural colours (melanosomes
affect colour saturation or contribute to colour by providing a dark background for instance). Melanosomes
can be in spherical, rod, hollow-rod, or hollow-platelet
shapes, which also impacts the resulting colour [13].
Carotenoids are responsible for red, yellow and orange
colours and come from the bird’s diet. Psittacofulvins
exhibit the same hue as carotenoids but they are specific to the parrots and cockatoo species and independent of the bird’s diet [2, 3, 8, 10].
The complex structure of feathers can make them difficult to clean [14, 15] and conservators usually clean them
using gentle brushing or pinpoint vacuuming through
a screen. Soiling is difficult to remove and requires the
additional use of water, solvents or surfactants [16–19].
All these methods involve contact with feathers, which
can disrupt their delicate structure. Laser cleaning is contactless [20–29], which makes it a potentially very attractive technique to conserve feathers.

However, only a few case studies on the laser cleaning of feathers have been published to date [30–39]. This
study reports the outcomes of systematic laser cleaning tests on a wide range of feathers using a Q-switched
Nd:YAG laser emitting at 1064 nm and 532 nm and an
Er:YAG laser. Tests were conducted on feathers containing melanin, carotenoids and psittacofulvins, as well as
on iridescent, white and dyed feathers. This was to investigate whether the nature of the colourant has an impact
on the suitability of laser treatment. First, the laser damage threshold fluence value was determined for each type
of feather and then laser cleaning tests were carried out
on artificially soiled feathers.

Materials and methods
Feathers

Laser cleaning tests were conducted on pennaceous
feathers of different colours collected from local parks,
donated by local zoos or purchased online from private
pet owners (Table 1). All these feathers had been cast
from the birds naturally and, as described by the Royal
Society for the Protection of Birds on their website, collecting such feathers is legally permitted. A few feathers
from protected species of birds were used, which were
feathers that had become detached from featherworks
in the collection of The British Museum and were made
available for research purposes. We selected different
bird species in order to test feathers containing melanin,
carotenoids and psittacofulvins, as well as white feathers. White down feathers were included to assess the
effect of the feather’s structure on laser cleaning. Iridescent feathers and feathers dyed with synthetic colourants
were also tested. Every single feather appeared visually

Table 1 List of feathers used for the laser cleaning tests
Bird species

Genus

Species

Colours

Main colourant(s)

Provenance

Common wood pigeon

Columba

C. palumbus

Black/gray

Melanin

Local park

Common magpie

Pica

P. Pica

Iridescent dark brown/black

Melanin

Local park

Blue and yellow macaw

Ara

A. ararauna

Blue

Melanin Psittacofulvinsa

Private pet owner

Green peacock

Pavo

P. muticus

Iridescent green

Melanin

Local zoo

Amazon parrot

Amazona

N.A.b

Red

Psittacofulvins

Private pet owner

Yellow
Green

Psittacofulvins Melanin

Local zoo

Yellow-crested cockatoo

Cacatua

C. sulphurea

Yellow

Psittacofulvins

Private pet owner

White

None

Local zoo

Caribbean flamingo

Phoenicopterus

P. ruber

Pink

Carotenoids

Local zoo

Unspecified species

N.A

N.A.b

Green Orange Yellow Red Blue

Synthetic dyes

Local art and craft shop

Down
(unspecified species)

N.A

N.A

White

None

Local zoo

a

Laser tests on the blue and yellow macaw were performed only on the blue areas

b

The supplier could not provide us with any details about the birds’ species
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free of soiling and was not subjected to any cleaning prior
to testing. Due to the inherent variability of feathers, the
feathers did not represent a set of exact replicates. Some
of the feathers used in our study are shown in Fig. 1.
To assess the potential of the dual-wavelength
Q-switched Nd:YAG laser and the Er:YAG laser to
remove contaminants, a range of feathers were artificially
soiled using dust collected around the Museum and carbon black (purchased from Kremer, 47,000, Wine Black).
Carbon black was selected to simulate the presence of
soot, sometimes observed on museum objects due to
past storage or display in coal-heated rooms in Victorian
times or damage from fire. The dust and carbon black
were applied using a brush on slightly damp feathers,
previously sprayed with milli-Q water. The feathers were
then left to dry at room temperature for seven days and
the excess of soiling was brushed away, leaving the surface slightly soiled.
Laser cleaning tests

Two types of laser were tested in this study: a Phoenix
Athena Q-Switched Nd:YAG laser from Lynton emitting 10 ns pulses at 532 and 1064 nm and an XS Fidelis
Er:YAG laser from Fotona emitting at 2940 nm with
a pulse duration ranging from 100 µs to 1 ms. For the
Nd:YAG laser, a custom-made laser beam homogeniser
designed by Ed Teppo was used with the Nd:YAG laser
to reduce hotspots in the laser beam. This restricted the
fluence range that could be used on feathers to 0.6–1.8 J/
cm2 at 1064 nm and 0.2–1.2 J/cm2 at 532 nm. For the
Er:YAG laser, the range of fluence tested varied from 0.3
to 1.3 J/cm2. The laser fluence was determined by dividing the energy per pulse by the laser spot area, measured
on photographic and thermal paper for the Nd:YAG and
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the Er:YAG laser, respectively. The working spots used
were in the range of Ø 0.1–0.5 cm according to the different lasers. Each fluence measurement was repeated at
least three times and conducted on several feathers of the
same type. Laser tests were carried out with both lasers
using water as wetting agents, but then excluded due to
the uneven cleaning outcomes. Each feather was placed
on a piece of white paper for the laser cleaning tests. The
paper was inspected visually afterwards and no effect of
the laser irradiation on the paper was observed.
Analytical techniques

The assessment of the bio-pigments present in the feathers was carried out by Raman spectroscopy using a Jobin
Yvon LabRam Infinity spectrometer from HORIBA.
The instrument was equipped with a green laser emitting at 532 nm, with a maximum power of 2.4 mW at the
sample, integration times varying between 10 and 25 s,
averaging of up to five scans, a spectral range between
400 and 1800 cm−1, a fine grating of 1800 g/mm and a
50×objective.
The effect of the laser irradiation on the feathers was
monitored with a Dino-Lite handheld digital microscope
during the laser cleaning tests. A more detailed assessment of the treatment’s outcome was also performed
using a Keyence digital microscope fitted with a VH-Z
20R lens and an automated VHX-S 550E stage. Further,
feathers were examined at high magnification using an
S3700 variable pressure scanning electron microscope
(VP-SEM) from Hitachi to compare their morphological
condition before and after laser irradiation. The observations were carried out using backscattered electrons in
low vacuum mode, operating at 40 Pa with an accelerating voltage of 15 kV.
The feathers were also assessed before and after cleaning using Attenuated Total Reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy. However, only the
characteristic absorption bands of the keratin protein
could be detected both before and after cleaning, without any variation of the relative intensity. Therefore, the
results are not reported here.

Results and discussion
Characterisation of feather colourants

Fig. 1 Feathers tested with the Nd:YAg and Er:YAg lasers © The
Trustees of the British Museum. Shared under a Creative Commons
Attribution-NonCommercial-ShareAlike 4.0 International (CC
BY-NC-SA 4.0) licence.

Raman spectroscopy was carried out to confirm the identity of the bio-pigments present in the feathers selected
for our study and characterise the synthetic dyes used in
the dyed feathers. It was not possible to obtain a spectrum of melanin for the pigeon and the blue macaw
feathers as burning occurred on the barbs’ surface, even
when using the lowest laser power.
The Raman spectra obtained for the flamingo and yellow cockatoo feathers are shown in Fig. 2. The Raman
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The Raman spectrum of the yellow-crested cockatoo matched those obtained for psittacofulvins, showing bands at 1564, 1543, 1158 and 1139 cm−1. The bands
at 1564 and 1543 cm−1 correspond to the C=C bond
stretching, while the other two bands correspond to C–C
bond stretching [45, 46].
According to the literature, feathers are generally dyed
using acid dyes [47, 48]. However, no colourants were
detected with Raman on the dyed feathers: their spectra
were identical to those of white feathers.
Determining the feathers’ damage threshold fluence
for the Nd:YAG laser
Fig. 2 Raman spectra of the yellow cockatoo and pink flamingo
feathers, together with the reference spectra for psittacofulvin and
β-carotene. © The Trustees of the British Museum. Shared under
a Creative Commons Attribution-NonCommercial-ShareAlike 4.0
International (CC BY-NC-SA 4.0) licence.

spectrum of the flamingo feather was a good match with
β-carotene [40–44], with two strong peaks at 1520 cm−1
and 1158 cm−1, which are associated with the stretching
of the C=C and C–C bonds respectively. An additional
medium-intensity peak is observed at 1006 cm−1 assigned
to the C–CH3 in-plane rocking mode. There were also
several weak peaks between 1400 and 1000 cm−1, which
correspond to the C–C stretching mode of the hydrocarbon chain [42]. The peak at 959 cm−1 results from the
out-of-plane wagging of the C–H groups of the carotenoids’ molecules.

The damage threshold fluence for each type of feather
was assessed using the Nd:YAG laser at 1064 and
532 nm. The results are listed in Table 2. Many of the
feathers experienced no damage when irradiated with
the Nd:YAG laser at 532 nm and 1064 nm at the maximum fluence available with our setup (i.e. 1.2 and 1.8 J/
cm2 respectively). However, some feathers could be damaged at lower fluences. In that case, both the structure of
the feathers and the nature of the colourant was observed
to affect the value of the damage threshold fluence. For
instance, down feathers had a lower damage threshold
fluence probably due to the filamentous structure of the
barbules.
Also, the damage threshold fluence was much lower
at both wavelengths for feathers with grey barbules (as
seen for the grey pigeon feathers, blue macaw feathers
and iridescent magpie feathers). As a matter of fact, morphological damage, as well as loss of colouration and iridescence, were observed at the lowest fluence delivered

Table 2 Damage threshold fluences of the feathers using the Nd:YAG laser at 1064 and 532 nm
Bird species

Main colourant(s)

Colour

532 nm

Common wood pigeon

Melanin

Black/grey

≤ 0.2 J/cm2

≤ 0.6 J/cm2

2

≤ 0.6 J/cm2

Common magpie
Blue and yellow macaw
Green peacock
Amazon parrot
Yellow-crested cockatoo

Melanin
Melanin Psittacofulvins
Melanin
Psittacofulvins Melanin
Psittacofulvins
None

Caribbean flamingo

Carotenoids

Iridescent dark brown/black
Iridescent
Iridescent green
Green
Yellow
White
Dark pink
Light pink

Unspecified species

Down (unspecified species)

Synthetic dye

None

1064 nm
2

≤ 0.6 J/cm2

≤ 0.2 J/cm
≤ 0.2 J/cm

2

1.8 J/cm2

≤ 0.2 J/cm
2

1.0 J/cm2

0.5 J/cm

2

> 1.8 J/cm2

> 1.2 J/cm

2

> 1.8 J/cm2

> 1.2 J/cm

2

0.8—1 J/cm

> 1.8 J/cm2

2

> 1.8 J/cm2

2

> 1.2 J/cm

Green
Light blue
Pink
Purple

> 1.2 J/cm

> 1.8 J/cm2

Red
Blue

0.5 J/cm2

> 1.8 J/cm2

White

0.5 J/cm2

1.0 J/cm2
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Fig. 3 a–c Blue feather of blue macaw and grey pigeon feather treated at 532 nm at a fluence of 0.5 J/cm2 and 0.2 J/cm.2. The white circle outlines
the shape of the laser irradiated area; b–d SEM image of the feather barbules in the laser irradiated area. (The rows of white marks shown in a)
delimit the area under investigation). © The Trustees of the British Museum. Shared under a Creative Commons Attribution-NonCommercial-ShareAl
ike 4.0 International (CC BY-NC-SA 4.0) licence.

with our laser setup at both wavelengths for these feathers, i.e. 0.2 J/cm2 at 532 nm and 0.6 J/cm2 at 1064 nm
(Fig. 3a–c). This is consistent with findings published by
other researchers: for instance, Karantoni and Ekaterini
reported discolouration and damage of the barbules at
1064 nm on pigeon feathers at 0.9 J/cm2 [34].
In addition, when the iridescent and the structural colours were lost following laser irradiation at low fluence,
no damage to the barbules and the hooks (i.e. the far
end of the barbules with an indented shape) of the feathers was observed with the SEM for the feathers containing melanin as illustrated in Fig. 3b. This suggests that
damage occurred at a smaller scale within the feather.
As reported in the literature [2, 9], complex nanoscale
arrangements of melanosomes and/or tiny air cavities
within the keratin cortex are responsible for iridescent
and structural colours and the laser irradiation possibly
damage these nanostructures.

Alternatively, differences in the structure of the feather
may explain the higher damage threshold fluence of the
green parrot feather. From these results, it was concluded
that feathers containing preponderantly melanin (i.e. all
feathers with grey barbules) were more sensitive to laser
radiation and would not be good candidates for laser
cleaning.
Also, the green iridescent feathers of peacock seemed
to be less sensitive to laser irradiation, as it was possible to use a slightly higher fluence at 1064 nm than with
the other feather containing melanin, but not at 532 nm.
The lower sensitivity might be due to the saddle-shape
of the peacock feathers and to the uneven thickness of
the barbules. Thus, the thickness of the layer of melanosomes can vary along the same barbules and the light can
be absorbed differently making the feather slightly more
resistant to laser irradiation compared to other types
of feathers [49]. Rogalla et al. showed that the melanin
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Fig. 4 Optical microscope image showing the very slight
discoloration/bleaching of the dark barbules of a green parrot feather
after laser irradiation at 532 nm. © The Trustees of the British Museum.
Shared under a Creative Commons Attribution-NonCommercial-Shar
eAlike 4.0 International (CC BY-NC-SA 4.0) licence.

absorbance at 532 nm is greater than 1064 nm [50],
which may explain the lower damage threshold recorded
at 532 nm for the peacock feathers.
The presence of melanin in the green parrot feathers also seemed to affect the damage threshold fluence,
which was lower than for the red and yellow parrot
feathers at both wavelengths. As can be seen in Fig. 4,
the barbules of the green feathers were dark grey and,
most likely, the melanin stored in the barbules absorbed
the laser radiation causing thermal damage and discoloration. Note that red and yellow feathers also contain some melanin granules but these are embedded
deeply within the barbules [51] (when viewed with the
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microscope, the barbules of red and yellow feathers
were red and yellow respectively, not grey). The green
colour of feathers is the result of the presence of biopigments, but also structural effects. It appeared that
the presence of psittacofulvins might have a protective effect for the green parrot feathers as their damage threshold fluence was greater than those of the blue
and grey feathers, which contained no (or very little)
psittacofulvins but had dark grey barbules.
The yellow feathers (containing psittacofulvins)
seemed to behave like the white feathers at 1064 nm. In
the case of the flamingo feathers (containing different
amounts of carotenoids), the dark pink feathers were
prone to discolour at 532 nm but not the light pink
feathers. Carotenoids are sensitive to light and their
discolouration is more noticeable when feathers contain a higher concentration of them as in the dark pink
feather (i.e. bleaching is less visible on a light background than on a dark one).
Most of the dyed feathers behaved like the white
feathers at both wavelengths. They were irradiated
at the highest fluence available with our equipment
without any morphological damage or discolouration, except for the red and blue feathers for which the
damage threshold fluence was lower than 0.5 J/cm2 at
532 nm (Fig. 5). Unfortunately, as the colourants present on the dyed feathers could not be identified, it is
difficult to speculate on any possible causes for the differences observed. Another possibility could be that the
red and blue feathers had finer barbules than the other
dyed feathers, the finer structure leaving the feather
more vulnerable to laser irradiation.
On the white down feathers, the damage threshold was found to be much lower at both wavelengths
than on the pennaceous feathers. With the optical

Fig. 5 Optical microscope images of damage on red (a) and blue (b) dyed feathers using 532 nm laser. © The Trustees of the British Museum.
Shared under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.
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microscope, the very fine barbs and barbules of the
down feathers were observed to have burnt at high fluences. Thus, laser cleaning of down feathers or of the
after shaft of pennaceous feathers (i.e. the “downy”
lower portion of some feathers), if present, should be
avoided or conducted at very low fluences.
Removal of soiling from feathers using the Nd:YAG laser

Laser cleaning tests were performed on feathers that had
a damage threshold value greater than 1 J/cm2 at both
wavelengths, i.e. the yellow cockatoo feathers (psittacofulvins), the white cockatoo feathers, the light pink and
dark pink flamingo feathers (carotenoids) and the dyed
green feathers. No wetting agent was used.
In general, laser cleaning was effective at removing dust
from all feathers at a fluence of 1.8 J/cm2 at 1064 nm and
1.2 J/cm2 at 532 nm, except for the light pink flamingo
feathers which were cleaned at 1 J/cm2 at 532 nm due
to their lower damage threshold (Table 3). As shown in
Figs. 6, 7 and 8, the dust was removed from the feathers
and no damage was observed using SEM. For the feathers containing psittacofulvins, this is in agreement with
the research by Solajic et al. [39], who reported successful
removal of soiling using a QS Nd:YAG laser at 1064 nm
from red–orange scarlet macaw feathers (containing psittacofulvins [10]) with no apparent damage or discolouration to the feathers. Similar results were also reported
by Ciofini et al. [38] with QS and Long Q-Switch (LQS)
Nd:YAG laser emitted at 1064 nm: they observed selective removal of soot-like deposits from red and yellow
feathers from scarlet ibis and possibly scarlet macaw
without any physical damage at both pulse widths. However, they noticed whitening and possible physical damage at prolonged exposures at elevated fluences. They
also reported that the LQS pulse duration was preferred
to the QS duration because of its more gradual cleaning
action and wider operative fluence ranges.
Interestingly, for the white feathers, yellowing was
observed after laser cleaning at 1064 nm at a lower fluence (i.e. 1.0 J/cm2), but not higher fluences. Other
researchers have reported yellowing of white feathers after laser cleaning at 1064 nm: Dignard et al. [33]
observed yellowing at 0.08 J/cm2 on soot-soiled white
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feathers whereas Pacaud and Lamaire [32] at 1.3 J/cm2
on white feathers soiled by dust and soot. In particular,
Pacaud and Lamaire [32] suspected the presence of a preexisting yellow layer on the white feathers but our study
suggests it could have been due to an interaction between
the laser irradiation and the soiling. The green dyed
feathers behaved like white feathers and the dust was
removed at the highest fluence both at 1064 and 532 nm
without any morphological damage or discolouration.
Laser irradiation was not effective at removing carbon black from any of the feathers at either wavelength
and caused darkening, even at the lowest fluence delivered by our set up (Fig. 9). It was not entirely clear what
caused this darkening as no damage was seen using SEM
(Fig. 9a’–c’). It is possible that the laser irradiation triggered the formation of dark compounds through interaction with the carbon particles. For instance, Berthonneau
et al. [52] investigated the darkening observed when
laser cleaning gypsum soiled with carbon black using a
QS Nd:YAG laser at 1064 nm at fluences of 0.2–0.4 J/
cm2. They proposed that partially oxidised hydrocarbons
formed through reactions between the carbon atoms
and the water molecules coming from the dehydration of
the gypsum surface. Our results on the laser cleaning of
feathers soiled with carbon black are consistent with published research. For instance, Dignard et al. [33] reported
that the Nd:YAG laser was unsuccessful at removing soot
from white feathers both at 1064 and 532 nm.
Determining the feathers’ damage threshold fluence
for the Er:YAG laser

Feathers were irradiated with the Er:YAG laser at increasing values of fluence and the outcome was assessed using
optical microscopy and scanning electron microscopy.
The laser had different laser pulse widths ranging from
100 µs to 1 ms. All the pulse ranges were tested and
found to have no significant effect.
The damage threshold values were equal to 0.4 J/cm2,
or lower, for all the feathers. Such a low fluence considerably limits the potential of this laser to remove contaminants from feathers without damaging them. This result
is not surprising though: the Er:YAG laser emits radiation
at 2940 nm, which corresponds to the main absorption

Table 3 Cleaning threshold for the removal of dust from feathers using the Nd:YAG laser
Bird species

Main colourant(s)

Colour

532 nm

Yellow-crested cockatoo

Psittacofulvins

Yellow

> 1.2 J/cm2

> 1.8 J/cm2

2

> 1.8 J/cm2

None
Caribbean flamingo

Carotenoids

White
Dark pink
Light pink

Unspecified species

Synthetic dye

Green

> 1.2 J/cm
1 J/cm

1064 nm

2

> 1.8 J/cm2

> 1.2 J/cm

2

> 1.8 J/cm2

> 1.2 J/cm

2

> 1.8 J/cm2
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Fig. 6 Laser cleaning at 1064 nm (top) and 532 nm (bottom) of white cockatoo feathers artificially soiled with dust. Optical microscope images (a,
b, c, d, e, f _ bars = 500 µm) and their corresponding SEM images (a’, b’, c’, d’, e’, f’). © The Trustees of the British Museum. Shared under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.
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Fig. 7 Laser cleaning tests at 1064 nm (top) and 532 nm (bottom) of yellow cockatoo feathers artificially soiled with dust. Optical microscope
images (a, b, c, d, e, f—bars = 500 µm) and their corresponding SEM images (a’, b’, c’, d’, e’, f’). © The Trustees of the British Museum. Shared under
a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.
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Fig. 8 Laser cleaning tests at 1064 nm (top) and 532 nm (bottom) of light pink flamingo feathers artificially soiled with dust. Optical microscope
images (a, b, c, d, e, f—bars = 500 µm) and their corresponding SEM images (a’, b’, c’, d’, e’, f’). © The Trustees of the British Museum. Shared under
a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.

Bertasa and Korenberg Heritage Science

(2022) 10:153

Page 11 of 14

Fig. 9 Laser cleaning tests at 1064 nm at a fluence of 0.5 J/cm.2 of feathers covered with a thin layer of carbon black, from top to bottom: white,
yellow and pink feathers. Optical microscope images (a, b, c—bars = 500 µm), and their corresponding SEM images (a’, b’, c’). © The Trustees of the
British Museum. Shared under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.

bands of –OH groups. As the main component of feathers is β-keratin, an OH-group-rich protein, feathers readily absorb the Er:YAG laser radiation and experience
thermal damage.
In particular, the colour of the feathers was seen to
play an important role. Dark feathers that contain melanin, like pigeon feathers, were extremely sensitive to
laser damage, displaying pronounced physical damage at
the lowest fluence delivered by our setup (i.e. 0.3 J/cm2).

Figure 10 shows the important damage of the barbs and
barbules caused by laser irradiation.
The other coloured feathers had the same damage
threshold fluence as the white feathers (i.e. 0.4 J/cm2).
For the red Amazon parrot feathers. There was a marked
discoloration alongside physical damage, see the yellow
pale region in Fig. 11a. Note that the red parrot feather
had its barbules disturbed in its “as received” condition
and no morphological change related to the laser ablation was observed using the SEM (Fig. 11b). Amazon red

Bertasa and Korenberg Heritage Science

(2022) 10:153

Fig. 10 SEM image showing a section of a pigeon feather irradiated
using the Er:YAG laser at a fluence of 1.3 J/cm2. Most of the barbules
were burnt and the barbs damaged. © The Trustees of the British
Museum. Shared under a Creative Commons Attribution-NonComme
rcial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.

parrot feathers contain psittacofulvins, which are known
to be chemically sensitive to light [7]. The laser irradiation most likely caused bleaching of the psittacofulvins,
as often observed on carotenoids [40, 53–55]. No discolouration was observed visually on yellow and green parrot feathers (also containing psittacofulvins), possibly due
to a less pronounced colour contrast than on red feathers
(i.e. bleaching is less visible on a light background than
on a dark one) or a greater lightfastness of the yellow
bio-pigment.
Based on these observations, it was concluded that the
Er:YAG laser would be unsuitable for the cleaning of any
kind of feathers.
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Conclusions
This study investigated the potential of the Nd:YAG and
Er:YAG lasers to remove soiling from a set of feathers
with different bio-pigments, synthetic dyes and structural
colours, but also iridescent and white feathers.
The outcomes with the Nd:YAG laser were promising.
White, yellow (psittacofulvins) and pink (carotenoids)
feathers tended to experience no visible laser damage
at the highest fluence delivered by our setup, i.e. 1.8 J/
cm2 at 1064 nm and 1.2 J/cm2 at 532 nm. However, in
the feathers with black or grey barbules (i.e. all the other
feathers tested, apart from the dyed and down feathers)
the damage threshold fluence was lowered both at 1064
and 532 nm and loss of iridescence and discoloration
were observed after laser irradiation. This showed that
laser cleaning is not suitable for feathers rich in melanin,
due to its capacity to absorb light and release it as heat
especially in the near infrared wavelength [11, 56]. Also,
the dark pink flamingo feathers (carotenoids) had a lower
damage threshold fluence at 532 nm than paler pink
feathers. This was possibly due to the high absorption
of carotenoids at 532 nm, their light sensitivity and their
higher quantity within the feather. Further, laser cleaning of down feathers should be avoided as their extremely
fine barbs suffered thermal damage.
Laser cleaning tests were conducted on a set of feathers
(white feathers, green dyed feathers and feathers containing psittacofulvins and carotenoids) that were artificially
soiled with dust or carbon black. The Nd:YAG laser was
successful at removing dust at both wavelengths from all
these feathers, with no apparent damage as observed by
optical microscopy and SEM. However, it was not possible to remove carbon black from any of the feathers and
darkening was observed.

Fig. 11 a Optical microscope image showing the slight discolouration of a red parrot feather after Er:YAG laser irradiation; b SEM image of the
discoloured area on the feather showing no apparent damage of the barbules. © The Trustees of the British Museum. Shared under a Creative
Commons Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0) licence.
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The fact that feathers containing melanin are extremely
sensitive to laser damage limits the application of laser
cleaning to feathers. Even for feathers that contain little
or no melanin, their structure and bio-pigment concentration could make them vulnerable to thermal damage
or discolouration. All these factors would need to be
pondered carefully before considering laser cleaning.
With thermally sensitive objects, such as feathers, the
assessment of the cleaning outcomes only with microscopy and visual observation is not entirely reliable to
ensure that laser cleaning does not have any detrimental effect in the long-term. For instance, silk has been
reported to be laser cleaned visually successfully, but
further tests revealed that its chemical structure had
been affected and its mechanical strength considerably
lowered [57]. Therefore, to ensure that laser cleaning is
entirely suitable for feathers and bio-pigments, chemical and spectroscopic analysis should be carried out in
the future.
Also, our study was limited to dust lightly deposited
on feathers and it would be beneficial to investigate the
removal of other types of contaminants, such as cohesive and hard-to-remove layers of dust (i.e. cement
dust, see [58–60] for more details) or oily deposit,
which can be very difficult to remove using traditional
conservation methods.
To conclude, the laser could be a useful tool for conservators tasked with the delicate job of cleaning feathers. However, the differing complexities of feathers
across the many and varied species in cultural heritage objects make it difficult to create a “one size fits all”
approach to their cleaning.
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