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Dual gratings interspersed on
a single butterfly scale
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3@inzton Laboratory, Stanford University,
Stanford, CA 94305, USA
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Iridescent butterfly wing colours result from the
interaction of light with sub-micrometre structures in
the scales. Typically, one scale contains one such
photonic structure that produces a single iridescent
signal. Here, however, we show how the dorsal wings of
male Lamprolenis nitida emit two independent signals
from two separate photonic structures in the same
scale. Multiple independent signals from separate
photonic structures within the same sub-micrometre
device are currently unknown in animals. However,
they would serve to increase the complexity and
specificity of the optical signature, enhancing the
information conveyed. This could be important during
intrasexual encounters, in which iridescent male wing
colours are employed as threat displays. Blazed
diffraction gratings, like those found in L. nitida, are
asymmetric photonic structures and drive most of the
incident light into one diffraction order. Similar
gratings are used in spectrometers, limiting the spectral
range over which the spectrometer functions. By
incorporating two interchangeable gratings onto a
single structure, as they are in L. nitida, the functional
range of spectrometers could be extended.

Keywords: butterfly wing colour; iridescent signal;
photonic structure; blazed diffraction grating;
spectrometer

Lamprolenis nitida Godman & Salvin (1881) (Satyrinae:
Nymphalidae), a New Guinean forest species (Parsons
1998), appears matt brown dorsally when illuminated
and observed from above (figure la,b, background).
However, when light is incident on the hindwing of a
male in an anteroposterior direction, bright green to red
iridescence is observed in backscatter (figure 1a, inset).
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If illumination and observation positions are then
rotated approximately 180° on the hindwing, further
backscattered iridescence from blue to violet is visible,
albeit more faintly, in the same location (figure 1b,
inset). Iridescence in either direction was not observed
from females. Since all of the colours observed from the
hindwing do not occur in the order in which we would
see them together in a single spectrum, despite
originating from the same region on the wing, the two
signals must originate from separate photonic
structures on the same scale. Typically a single
photonic structure provides a single optical signal
(e.g. Balint et al. 2005). Multiple signals from indepen-
dent photonic structures within the same sub-micro-
metre device are currently unknown in animals,
stimulating an investigation of L. nitida.

Spectral measurements were taken with an Avantes
Avaspec 2048/2 spectrometer. Hindwing samples were
dissected from two males and adhered using double-sided
tape to glass slides. The reflection was standardized using
a white diffusive standard. The angle of incidence () was
measured from the normal to the wing sample surface
and chosen to be 75° for anteroposterior illumination and
60° for posteroanterior illumination. Measurements of
the anteroposterior iridescence confirmed the observed
backscattered shift from green to red with observation
angle getting closer to the wing surface normal
(figure 1lec(i)). Wavelengths below 450 nm (blue-UV)
were imperceptible (even at normal incidence) as was the
specular reflection. The relatively weaker iridescence
visible in the posteroanterior direction also lacked
specularity and shifted from blue to UV with increasing
observation angle from 60° to 75° (figure 1c¢(ii)). Both
datasets suggested the presence of blazed diffraction
gratings, since these asymmetric optical devices produce
correspondingly asymmetric diffraction patterns, driving
most of the incident light into one diffraction order, in
this case m= —1 (backscatter).

A section of the discal area of the hindwing was
dissected from the same two males, mounted on metal
stubs, coated in 15 nm of gold and viewed with a Philips
XL30 scanning electron microscope at 5kV. Obser-
vations of individual scales revealed two opposed,
periodic and asymmetric structures capable of behav-
ing as blazed gratings: the ‘cross-ribs’ (C) that connect
adjacent ‘longitudinal ridges’ (Lr) and the ‘flutes’ (F)
that project laterally from the ridges (figure 1d). The
former are plate like, 2 um wide by 0.5 um deep
and 100 nm thick (figure 1d,e) with a periodicity of
582+ 12 nm (n=10; figure le). Each cross-rib is tilted
at 30° to the scale surface towards the costal margin of
the hindwing (figure 1d). Individual flutes are similarly
100 nm thick; however, their periodicity is 205+ 5 nm
(n=10; figure le) and they are tilted at 45° to
the scale surface towards the outer margin of the
hindwing (figure 1d).

Predicted emergent beams were calculated for both
gratings using conventional diffraction theory modified
to account for the 20° inclination of the scale to the
wing (denoted by 7),

sin(¢ +v) = sin(d —v) + ma/b, (1.1)

where ¢ is the angle of emergence; v is the angle
between the scale and wing surfaces; 6 is the angle of
incidence; m is an integer indicating the diffraction

This journal is © 2008 The Royal Society
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Figure 1. (a,b) The dorsal wings of male L. nitida appear matt brown under incident light, normal to the wing surface
(background). (a) When illuminated (yellow line) in an anteroposterior direction and observed in backscatter (green line), green
to red is observed with increasing angle from the wing surface (inset). (b) When illuminated in a posteroanterior direction (yellow
line) and observed in backscatter (green line), blue to violet is observed with increasing angle from the wing surface (inset).
(¢) Backscattered (negative) emergent reflection factor as a function of wavelength (nm), recorded when the dorsal hindwing of a
male L. nitida is illuminated (i) anteroposteriorly and (ii) posteroanteriorly and observed at an angle to the wing surface normal.
Anteroposterior illumination shows the peak wavelength shift from 500 (green) to 800 nm (near IR) with increasing emergent
angle (¢) from the wing surface. The angle of incidence () was fixed at 75°. The expected peak at approximately 400-450 nm
(blue-violet) was not observed at normal incidence (0°). Posteroanterior illumination shows the relatively weaker reflection and
the peak at 425 nm (violet) when illumination is incident at 60° (§) and observed at 60° (¢). (d) Scanning electron micrograph
showing an oblique view of an individual cover scale from the dorsal hindwing of a male L. nitida, indicating the position of the
cross-ribs (C), flutes (F) and longitudinal ridges (Lr). The thick arrow indicates the direction towards the costal margin.
(€) Scanning electron micrograph showing a plan view of an individual cover scale from the dorsal hindwing of a male L. nitida,
from which measurements were taken of the grating period. The arrow indicates the direction towards the costal margin.

order; 4 is the wavelength of light; and b is the grating To investigate the absence of wavelengths under
period. In each case, the beams were restricted to 450 nm from the anteroposterior reflection, the
m= —1 (figure 2a,b), matching experimental data. reflected field intensity was calculated using

J. R. Soc. Interface (2008)
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Figure 2. (a) The theoretical (dashed line) and experimental (solid line) emergence angles as a function of incident wavelength for
anteroposterior illumination on the dorsal hindwing of a male L. nitida (incident angle fixed at 75° () to the wing surface
normal). Theoretical calculations were made using conventional diffraction theory modified to account for the angle, y=20°
between the surfaces of the scale and the wing. (b) The theoretical (solid line) and experimental (asterisk) emergence angles as a
function of incident wavelength for posteroanterior illumination on the dorsal hindwing of a male L. nitida (incident angle fixed
at 60° () to the wing surface normal). Theoretical calculations were made using conventional diffraction theory modified to
account for the angle, ¥ =20°, between the surfaces of the scale and the wing. (¢) Model of the blazed grating used to calculate the
reflected field intensity from the cross-rib plates (indicated by arrow). The scale substrate (indicated by arrow) is made of chitin,
containing phenomelanin. The chitinous grating platelets, tilted at 30°, are repeated at intervals of 582 nm along the substrate
surface, in the direction normal to the platelets. The height (normal to the substrate surface) of the platelet layer is 672 nm.
(d) Diagram showing the relative positions and angles of the cross-ribs, scale and wing membrane with respect to one another.
(e) Computed reflected field intensity of the cross-rib grating using the multiple scattering transfer-matrix approach, restricted
to the specular beam (dashed, m=0) and including all diffracted beams (here, only one beam, m= —1, besides the specular
m=0). The angle of incidence from the normal to the scale is 55°. The residual reflectance in the specular direction is due to the
presence of an absorbing substrate: the extinction of this m=0 beam benefiting the m= —1 order is due to the asymmetric blazed
profile of the grooves.

the multiple scattering transfer-matrix approach
(Pendry & Mackinnon 1992; Vigneron & Lousse
2006). A model of the grating was composed of a flat
semi-infinite chitin substrate containing phenomelanin

J. R. Soc. Interface (2008)

(Fox 1953), representing the scale (figure 2¢). The
substrate was terminated by a planar surface and the
cross-ribs, constituting the grating, were represented
by platelets tilted at 30° from the substrate surface. The
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total height of the platelets was 672 nm. The period
containing one cross-rib (582 nm) was repeated along
the substrate surface plane, forming a grating com-
posed of an array of parallel ribbons. The incident beam
was launched at 75° to the wing surface (figure 2d)
towards the platelet slope, as required to use the blazed
grating. Owing to the inclination of the scale to the
wing surface, the incidence angle was reduced by 20°
(figure 2d), giving an adjusted incidence angle of 55° for
the calculation. The three-dimensional multiple scat-
tering of fully vectorial electromagnetic waves in this
complex structure was treated layer by layer, and
the outgoing intensities of the specular and the first-
order diffraction beams were evaluated by assembling
scattering matrices. The specular reflection was rela-
tively uniform, characteristic of a strongly desaturated
colour (figure 2¢). This spectrum was nearly identical to
that obtained when inverting the light path, or
reversing the slope of the platelets, indicating that it
was not associated with the grating, but is a reflectance
from the flat substrate. The associated reflectance was
weak because the substrate incorporates absorbing
melanin. The total diffracted energy, including the
m= —1 beam, is stronger than the specular reflectance
and vanishes if the light path is reversed, confirming
again the presence of a blazed grating. The model
predicted the decreasing intensity of the diffraction
beam at approximately 450 nm (figure 2e), as observed
from the anteroposterior spectrum. This is thought to
be due to the extended height of the cross-ribs,
restricting the angular spread of diffracted light.

The study has revealed that male L. nitida can emit
two independent signals from two separate blazed
gratings, interspersed on single scales and formed by
the cross-ribs and flutes. Multiple signals increase the
complexity and specificity of the optical signature, thus
enhancing the information conveyed. This could be
particularly important during intrasexual encounters,
in which iridescent male wing colours are employed as
threat displays (Silberglied 1984; Wiklund 2003). The
signal would be effective in terms of the ambient light
conditions found in the forest habitat of L. nitida, where
illumination levels are generally low, with shafts of light
intermittently breaking through the overhead canopy
(Parsons 1998). Here, a bright directional signal would
flash whenever a light shaft was encountered, making it
very noticeable. In addition, forests are often species-
rich habitats: a complex signal would enable L. nitida
conspecifics to readily identify one another.

J. R. Soc. Interface (2008)

The double grating of L. nitida could provide a
solution to a problem with spectrometers, namely
that the functional range of their grating is restricted,
so that when the spectral limit is reached the grating
must be mechanically swapped for another, interrup-
ting measurements. By incorporating two gratings
onto a single self-adjusting surface, this problem may
be circumvented.
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