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Compression of stiff thin membranes 
on soft elastic substrates

F. Brau et al., Soft Matter 9, 8177 (2013)

for applications in optics,37 microuidics,38 stretchable elec-
tronics39–42 or for metrology in nanometric lms.43–47

Most of the aforementioned natural systems can be idealized
as being composed of a thin and stiff membrane attached to a
thick and so material. However, these systems are oen
characterized by a complex geometry. In order to study carefully
the properties of the emerging structures, we focus on bilayer
systems compressed uniaxially in the plane of the rigid
membrane that have been intensively studied.48–63 Notice,
however, that more complex geometries have already been
studied by considering biaxial/radial stresses (with or without
substrate) or curved substrates64–71 where wrinkle to fold tran-
sitions can also be observed for large enough deformations of
the systems.72–74

Here we consider the case of a sufficiently strong adhesion
between layers to avoid delamination75–77 and discuss in detail
the uniaxial compression of a rigid membrane resting either on
a liquid foundation78,79 or on an elastic solid substrate.80 Before
starting this discussion, let us recall qualitatively the basic steps
of the system deformation.

For small enough connement, compressed sheets stay
planar and preserve the system symmetry. As it is much easier to
bend a thin sheet than to stretch or compress it, there exists
some connement threshold beyond which the membrane
buckles to release the stored compression energy. The
membrane undulates out of its initial plane breaking sponta-
neously the system symmetry. The foundation is then also
deformed following the undulations of the sheet. The bending

energy of the sheet, being proportional to the square of the
curvature, favors the emergence of large length-scales such as
the system size. However, the surface deformation energy of the
bulk substrate favors vanishing length-scales. The total energy
is thus minimized for some intermediate length-scale, l0,
independent of the system size. This behavior is observed for
both liquid and elastic foundations.

For larger connement, the evolution of the membrane
morphology differs strongly according to the nature of the
substrate.

! For a liquid foundation, the amplitude of the initial wrin-
kles rst grows uniformly across the sheet. Further connement
leads to the formation of a single fold where all of the defor-
mation is focused within a narrow region of the sheet (see Fig. 1
le panels). The folding can appear downward, i.e. toward the
substrate, or upward. The system is thus characterized by an
up–down symmetry which is broken spontaneously by the
emergence of the instability.

! For an elastic foundation, the amplitude of the initial
wrinkles also rst grows uniformly across the sheet. However,
beyond a second threshold for the connement, a dramatic
change in the morphology is observed: one wrinkle grows in
amplitude at the expense of its neighbors leading to a period-
doubling instability with the emergence of a subharmonic
mode characterized by a wavelength 2l0 (see Fig. 1 right panels).
The periodic folding appears always downward and never
upward. Consequently the up–down symmetry is broken
explicitly by the system.

Fig. 1 Qualitative comparison between the evolution with respect to confinement of the morphology of compressed sheets resting on a liquid78 (left panels,
l0 " 1.6 cm) and on an elastic foundation (right panels, l0 " 70 mm). The confinement increases from panels a to panels c.
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whereas beyond the critical connement, d2, the wrinkle
amplitude A0 grows at the expense of the amplitude A1 of its
neighbors. The shaded areas represent the region spanned by
varying the parameter !K2/!K from 0.25 to 0.27. This small vari-
ation has only a marginal effect on the evolution of the ampli-
tude before the emergence of the period-doubling instability
and cannot be seen in the graph.

5 Summary and discussions

When a rigid thin sheet resting on a liquid foundation is slightly
compressed in its plane, it develops wrinkles regularly spaced
by a distance l0 whose expression in terms of material proper-
ties is given by eqn (11). When the sheet is further compressed,
the amplitude of the wrinkles rst grows before decaying.
Finally, the sheet almost recovers its initial at state except in a
small region where all the deformation is concentrated into a
single fold where self-contact is eventually observed (see Fig. 5).
The single fold state takes place once the horizontal displace-
ment D reaches a value comparable to l0 independently of
the length, L, of the sheet (see Fig. 4). This means that
folding happens for a vanishingly small relative compression
d ¼ D/L x l0/L " 1 for long enough sheets. For such long
sheets, L [ l0, the wrinkle regime might not even be observ-
able. In the ideal case of an innitely long sheet, there is actually
no transition between wrinkle to fold states. The sheet prole is
always localized; the localization length diverges as the
connement vanishes. The sheet morphology evolves thus from
an initial at state to a folded state without undergoing any
secondary instability.

However, the deviation for small connement between the
evolution of the pattern amplitudes extracted from the exact

solution (21) valid for an innite sheet and the data, as seen in
Fig. 4, may hint that there is actually a secondary instability
once the sheet length is nite. Additional accurate measure-
ments of the evolution of the amplitude A near the buckling
threshold (D/l0 ( 0.2) are needed to detect a possible transi-
tion. For example if dA/dD diverges as D tends to 0, it may
suggest that the system undergoes a transition from a periodic
state to a localized state since for a periodic solution A #D1/2.

When a rigid thin sheet resting on an elastic foundation is
compressed, it adopts an undulated morphology similar to the
one observed with a liquid foundation for small enough
connement. The expression of the emerging length-scale, l0,
in terms of material properties is given by eqn (25). However, as
the connement increases, the morphology signicantly devi-
ates from homogeneous wrinkles. Beyond some critical
connement d2 (37) a secondary instability occurs. It takes the
form of a period-doubling instability leading to a transition of
the second order. The membrane displays a periodical folding
where the folds are distanced by 2lx 2l0(1$d)80 whereas there
is only one fold in a small region of size l0 for a liquid foun-
dation. Because of this periodic folding, the number of folds
increases with the sheet length which can thus accommodate a
larger compression D. This behavior contrasts with the sheet on
liquid systems where the sheet cannot be compressed further
than D #l0 before self-contact occurs.

When the bilayer is further conned, period-quadrupling
can occur80 suggesting that a cascade of spatial period-doubling
bifurcations could be observed when a rigid thin sheet resting
on an elastic foundation is conned. Such a cascade is known to
lead to chaos aer several bifurcations.96,97 There is, however, a
geometric limitation due to the nite thickness of the sheet: the
evolution of the pattern saturates as soon as sharp folds appear
such that self-contact occurs. This prevents reaching high
connement. Nevertheless, it may be possible to go beyond
period-quadrupling (experimentally or at least numerically) and
to measure the values of the connement ratio dn at which each
transition occurs. A ratio like (dn$1 $ dn$2)/(dn $ dn$1) could
eventually converge to the Feigenbaum's constant as n
increases. Such a property would further relate this system to
nonlinear dynamical systems.

Finally, the period-doubling instability occurs because the
system exhibits an explicit up–down symmetry breaking. This
symmetry can be restored by considering a trilayer where a thin
rigid membrane is sandwiched in between two identical so
foundations. Fig. 8 shows the morphology adopted by a rigid
membrane in such a case for d x 0.23. The period-doubling
instability no longer emerges, even for larger compression,
instead the membrane develops a pattern similar to the one

Fig. 7 (a) Definitions of the amplitude A0 and A1. (b) Comparison between
experimental and theoretical evolutions of A0 and A1 (rescaled by l0) as a function
of the relative confinement d. Shaded areas represent the regions spanned by
varying the parameter !K2/!K from 0.25 to 0.27. Data:56 E¼ 0.5 MPa and s¼ 0.5 for
PDMS and E ¼ 3.2 GPa, s¼ 0.35, h¼ 218 nm for polystyrene (PS). Data:57 E ¼ 130
GPa and s¼ 0.27 for silicon (Si), E¼ 1.8MPa and s¼ 0.48 for PDMS. Data from ref.
57 are plotted as a function of the relative compression, d, of the rigid sheet
instead of the relative prestretching, 3, of the PDMS: d ¼ 3/(1 + 3).

Fig. 8 Comparison between profiles of a compressed membrane resting in
between two identical soft PDMS foundations (trilayer, a) and a compressed
membrane bound to a soft PDMS foundation (bilayer, b) for a similar relative
compression d x 0.23.
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Lecture Notes
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presentation of research paper in class

final paper (final project)

text books: none

lecture slides will be posted on Blackboard

http://blackboard.princeton.edu
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Structural colors

H. Wang and K-Q. Zhang, 
Sensors 13, 4192 (2013)

V. Saranathan et al.,
J. R. Soc. Interface 9, 2563 (2012)

Structural colors of animals and plants appear due to the selective 
reflection of ambient light on structural features underneath the surface.

Course overview
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Wrinkling

for applications in optics,37 microuidics,38 stretchable elec-
tronics39–42 or for metrology in nanometric lms.43–47

Most of the aforementioned natural systems can be idealized
as being composed of a thin and stiff membrane attached to a
thick and so material. However, these systems are oen
characterized by a complex geometry. In order to study carefully
the properties of the emerging structures, we focus on bilayer
systems compressed uniaxially in the plane of the rigid
membrane that have been intensively studied.48–63 Notice,
however, that more complex geometries have already been
studied by considering biaxial/radial stresses (with or without
substrate) or curved substrates64–71 where wrinkle to fold tran-
sitions can also be observed for large enough deformations of
the systems.72–74

Here we consider the case of a sufficiently strong adhesion
between layers to avoid delamination75–77 and discuss in detail
the uniaxial compression of a rigid membrane resting either on
a liquid foundation78,79 or on an elastic solid substrate.80 Before
starting this discussion, let us recall qualitatively the basic steps
of the system deformation.

For small enough connement, compressed sheets stay
planar and preserve the system symmetry. As it is much easier to
bend a thin sheet than to stretch or compress it, there exists
some connement threshold beyond which the membrane
buckles to release the stored compression energy. The
membrane undulates out of its initial plane breaking sponta-
neously the system symmetry. The foundation is then also
deformed following the undulations of the sheet. The bending

energy of the sheet, being proportional to the square of the
curvature, favors the emergence of large length-scales such as
the system size. However, the surface deformation energy of the
bulk substrate favors vanishing length-scales. The total energy
is thus minimized for some intermediate length-scale, l0,
independent of the system size. This behavior is observed for
both liquid and elastic foundations.

For larger connement, the evolution of the membrane
morphology differs strongly according to the nature of the
substrate.

! For a liquid foundation, the amplitude of the initial wrin-
kles rst grows uniformly across the sheet. Further connement
leads to the formation of a single fold where all of the defor-
mation is focused within a narrow region of the sheet (see Fig. 1
le panels). The folding can appear downward, i.e. toward the
substrate, or upward. The system is thus characterized by an
up–down symmetry which is broken spontaneously by the
emergence of the instability.

! For an elastic foundation, the amplitude of the initial
wrinkles also rst grows uniformly across the sheet. However,
beyond a second threshold for the connement, a dramatic
change in the morphology is observed: one wrinkle grows in
amplitude at the expense of its neighbors leading to a period-
doubling instability with the emergence of a subharmonic
mode characterized by a wavelength 2l0 (see Fig. 1 right panels).
The periodic folding appears always downward and never
upward. Consequently the up–down symmetry is broken
explicitly by the system.

Fig. 1 Qualitative comparison between the evolution with respect to confinement of the morphology of compressed sheets resting on a liquid78 (left panels,
l0 " 1.6 cm) and on an elastic foundation (right panels, l0 " 70 mm). The confinement increases from panels a to panels c.
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focused on the ways in which
various so solids and complex
uids are organized and
respond.

Aer his PhD from the University
of California in 1971, Thomas
Witten served at the University of
Michigan and Exxon Corporation
before joining the Physics Depart-
ment, University of Chicago in
1989. He is known for his work on
stochastic growth morphology,
deformed polymers, granular
forces and singular structures in
thin sheets. Witten is the author of
“Structured Fluids” (2004), a
textbook on so matter.
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Wrinkling of thin films on soft substrates 
can be used to make flexible electronics 
and to tune drag, adhesion and wetting.

Golf balls
(reduced drag)

wrinkled surface effectively 
reduces adhesion

Lotus leaves (hydrophobic)
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Growth and forms in nature

Fig. 1. Experiments and observations of long leaf and ribbon morphology.
(A) Shape of a plantain lily Hosta lancifolia leaf showing the saddle-like shape
of the midsurface and the rippled edges. Dissection along the midrib leads to
a relief of the incompatible strain induced by differential longitudinal growth
and causes the midrib to straighten, except near the tip, consistent with the
notion that the shape is a result of elastic interactions of a growing plate.
The dashed red line is the original position of the midrib. (B) A foam ribbon
that is stretched beyond the elastic limit relaxes into a saddle shape when the
edge strain is β ∼ 5%, but relaxes into a rippled shape when the edge strain
is β ∼ 20%. (C) The observed lateral strain ϵ(y) is approximately parabolic for
the saddle-shaped ribbon but is localized more strongly to the edge for the
rippled ribbon.

potatoes; the edges lose water and dry out first, after which their
perimeter remains roughly constant. Additional drying of the inte-
rior causes the disk to shrink radially and thus leads to the potato
chip to form a saddle shape with crinkled edges. In all these varied
phenomena, it is the in-plane differential strain that results in the
observed complex undulatory morphologies.

Theory of a Growing Blade
Generalized Föppl–von Kármán Equations. To understand the obser-
vations and experiments described in the previous section, we
consider a naturally flat, stress-free, thin, isotropic, elastic plate
of thickness H , width 2W , and length 2L (H ≪ W < L) lying in
the xy plane (x along the length and the normal z in the thickness
direction). When such a plate grows inhomogeneously, different
parts of it are strained relative to one another. To quantify this

differential strain, we consider the deformation map that takes
a point on the center–surface of the flat plate with coordinates
(x, y, 0) to its deformed state (x+ux(x, y), y+uy(x, y), ζ(x, y)). Here,
(ux(x, y), uy(x, y)) is the in-plane displacement field and ζ(x, y) is the
out-of-plane displacement. Then any point in the plate (x, y, z) will
then be approximately mapped to (x + ux(x, y) + zζ,x, y + uy(x, y) +
zζ,y, z + ζ(x, y))†. Here and elsewhere A,x = ∂A/∂x. Then the in-
plane strain tensor associated with this deformation field is given
by ϵij = 1

2 (ui,j + uj,i) + 1
2 ζ,iζ,j, where i, j = x, y, and we have kept

only the leading order terms in the gradients of the in-plane and
out-of-plane displacement fields‡. The out-of-plane deformations
are characterized by the curvature tensor, which in its linearized
form, reads as κij = ζ,ij. The scale separation induced by the small
thickness of the plate allows for a linear decomposition of the
strain and curvature tensors to the sum of an elastic and a growth
component. Then ϵij = ϵe

ij + ϵ
g
ij −zκg

ij, where ϵe
ij(x, y) is the elastic

strain tensor and ϵ
g
ij(x, y) is the in-plane growth strain tensor, and

similarly, κij = ζ,ij = ζe
,ij + κ

g
ij with κ

g
ij the growth curvature tensor.

Assuming that the thin plate may be described as a linearly
elastic material with Young’s modulus E, Poisson’s ratio ν, it
has a 2D Young’s modulus S = EH and bending stiffness B =
EH3/12(1 −ν2). Then the balance of forces in the plane and out
of the plane for the thin plate lead to a generalized form of the
Föppl–von Kármán plate theory (9) given by

∇4Φ = −S(κG + λg) [1]

B∇4ζ =
[
ζ, Φ

]
−BΩg , [2]

where the operators ∇4A = A,xxxx + A,yyyy + 2A,xxyy and [A, B] =
A,xxB,yy + A,yyB,xx −2A,xyB,xy. Φ is the Airy function that defines
the in-plane force per length according to Nx = Φ,yy, Ny = Φ,xx
and Nxy = −Φ,xy. Here Eq. 1 is the strain (in)compatibility
relation, whose right side that has two components: (i) metric
incompatibility due to the growth induced by Gaussian curvature
κG = 1

2 [ζ, ζ] = ζ,xxζ,yy −ζ2
,xy, and (ii) metric incompatibility due to

in-plane growth

λg = ϵg
xx,yy + ϵg

yy,xx −2ϵg
xy,xy. [3]

Eq. 2 describes the balance of forces perpendicular to the sheet.
The left side is the pressure induced by plate bending, whereas
the first term on the right [ζ, Φ] = Nxκxx + Nyκyy + 2Nxyκxy is just
a generalized Laplace law due to the in-plane forces and the cur-
vature, and the second term on the right is the pressure induced
by variations in the growth curvature tensor,

Ωg =
(
κg

xx + νκg
yy
)

,xx +
(
κg

yy + νκg
xx
)

,yy + 2
(
1 −ν

)
κg

xy,xy. [4]

In general, the resulting strains (and stresses) feed back on the
growth processes eventually shutting them down, although we do
not consider this process here.

To complete the formulation of the problem, we need to specify
the form of the growth strain tensor ϵ

g
ij and the growth curvature

tensor κ
g
ij and some boundary conditions. Although a variety of

forms of the growth tensors may be biologically plausible, here
we restrict ourselves to a consideration of a single nonzero com-
ponent of the growth tensor so that ϵ

g
xx = ϵg(y), consistent with

our own observations and experiments as well as earlier exper-
iments (1, 3) on long, leafy blades with W < L. This leads to
excess longitudinal growth along the ribbon that varies in magni-
tude transversely. We choose the power law form ϵg(y) = β( y

W )n

† This is the leading order contribution from differential growth across the thickness of
the plate consistent with thin plate theory.

‡ This corresponds to the classical theory of weakly nonlinear deformations used in the
Föppl-von Kármán theory and is valid when ζx , ζy ≪ 1.

22050 www.pnas.org / cgi / doi / 10.1073 / pnas.0911954106 Liang and Mahadevan
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From transformable shapes to self-folding robots

https://www.youtube.com/watch?v=1M-vQdyY6OEhttps://vimeo.com/98276732

swelling of patterned gels

opening/closing of flowers self-folding robots

https://www.youtube.com/watch?v=1M-vQdyY6OE
https://vimeo.com/98276732
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Patterns in nature

Turing patterns

zebra leopard royal
angelfish peacock

giant
pufferfish

tiger bush fir waves mussels hallucination 
patterns

clouds
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Random walks and directed swimming
Brownian motion

Swimming of E. coli

Polymer random coils

Swimming of microrockets
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Protein filaments and molecular motors
Actin filament

Microtubule

Cargo transport Crawling of cells Contraction of 
muscles
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Viruses and drug delivery

assembly of
viral capsids

packing of viral DNA
inside the capsid

infection of cells

drug delivery
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DNA Origami

C. E. Castro et al., Nature methods (2011)



MAE 545: Lecture 1 (2/6)
Structural colors

cuticle and air9,10 (Fig. 3b, c). Photonic structures of reduced dimen-
sions, present in certain Coliasbutterflies, effect intense UV visibility11.
In other species of butterfly, orientational adjustments to the align-
ment of such discrete multilayers produce strong angle-dependent
iridescence that provides high-contrast colour flicker with minimal
wing movement12 or strong iridescence at grazing incidence when
viewed posteriorly13.

The discrete layering in the examples above contrasts with the
more continuous layering, which appears to have developed primarily
to induce cryptic colouration, in other butterfly species. In certain
architectures, this may not only bring about colour stimulus
synthesis14 but also strong linearly polarized reflection of a specific
colour, an effect that contributes to intraspecific communication15.
Several species accomplish this using a multilayered structure
embedded in 2D arrays of deep concavities (Fig. 4a, b); this design
enables the reflection of yellow light at normal incidence from the
base of each concavity and blue light through a double reflection
from opposite and perpendicularly inclined sides of each concavity
(Fig. 4c) to produce a blue annulus with a yellow centre16 (Fig. 4d).
The juxtaposition of these two colours synthesizes the green coloura-
tion perceived by the human eye—and possibly by the predator’s.

Certain Coleoptera, however, exhibit continuously layered exo-
cuticle that strongly reflects circularly polarized light through an
analogue of optically active cholesteric liquid crystalline structures.
The helical arrangement of chitin microfibrils that make up such
exocuticle, and which are systematically rotated by a small amount
across successive planes, creates a periodicity that produces circularly
polarized coloured reflection17. In other words, the polarized reflec-
tion is not derived from optical rotation at a molecular level from the
L-amino acids of the cuticle protein and the D-amino sugars of the
chitin; instead it arises at the supermolecular level and is similar to
that exhibited by a cholesteric liquid crystal from the rotation of the
local average alignment direction of the liquid crystal molecules (the
director). Although similar helical structures are found in many
other iridescent species, they are rarely responsible for similarly
strong colouration and anomalous polarization properties4.

Structurally coloured avian feather barbs and integument,
although they exhibit less structural diversity than scales of Lepi-
doptera, are no less remarkable. Recent analyses suggest that such

colour as is seen in many Avian orders, is the product of coherent,
rather than incoherent, scatter from the spatial variation in refractive
index of medullary keratin in feather barbs or of collagen fibres in the
dermis18. 

Photonics in flora 
Advanced photonic development is not limited to fauna. Certain
anomalous species of flora also show partial PBGs that underpin an
often vivid structural colour19 (Fig. 5a). Invariably this is mediated by
variations in 1D multilayering (although more complex structural
designs are also thought to exist), producing iridescence in vascular
plant leaves, fruits and marine algae4. Periodicity is generally formed
by laminations of hydrated cellulose, which are usually located close

insight review articles

NATURE | VOL 424 | 14 AUGUST 2003 | www.nature.com/nature 853

dc

ba

Figure 2 Iridescent setae from polychaete worms. a, Scanning electron micrograph
(SEM) and b–d, transmission electron micrograph (TEM) images of transverse sections
through a single iridescent seta. Bars, a, 2 !m; b, 5 !m; c, 1 !m; d, 120 nm.

b

c

a

Figure 3 Iridescence in the butterfly Morpho rhetenor. a, Real colour image of the blue
iridescence from a M. rhetenor wing. b, Transmission electron micrograph (TEM) images
showing wing-scale cross-sections of  M. rhetenor. c, TEM images of a wing-scale
cross-section of the related species M. didius reveal its discretely configured multilayers.
The high occupancy and high  layer number of M. rhetenor in b creates an intense
reflectivity that contrasts with the more diffusely coloured appearance of M. didius, in
which an overlying second layer of scales effects strong diffraction4. Bars, a, 1 cm; b,
1.8 !m; c, 1.3 !m.

c d

ba

Figure 4 Iridiscence in Papilo palinurus. a, SEM of an iridescent scale showing its array
of concavities, each with a section that exhibits the curved multilayering shown by
transmission electron micrography in b. This structure produces two simultaneous
structural colours c, yellow and blue . d, The blue annulus is created by a double
reflection from opposite and perpendicular concavity sides. d also schematically
illustrates the way in which incident linearly polarized blue light has its e-vector (dotted
lines) rotated by this double reflection. Bars, a, 15 !m; b, 1 !m; c, 6 !m.

© 2003        Nature  Publishing Group
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Structural color

cuticle and air9,10 (Fig. 3b, c). Photonic structures of reduced dimen-
sions, present in certain Coliasbutterflies, effect intense UV visibility11.
In other species of butterfly, orientational adjustments to the align-
ment of such discrete multilayers produce strong angle-dependent
iridescence that provides high-contrast colour flicker with minimal
wing movement12 or strong iridescence at grazing incidence when
viewed posteriorly13.

The discrete layering in the examples above contrasts with the
more continuous layering, which appears to have developed primarily
to induce cryptic colouration, in other butterfly species. In certain
architectures, this may not only bring about colour stimulus
synthesis14 but also strong linearly polarized reflection of a specific
colour, an effect that contributes to intraspecific communication15.
Several species accomplish this using a multilayered structure
embedded in 2D arrays of deep concavities (Fig. 4a, b); this design
enables the reflection of yellow light at normal incidence from the
base of each concavity and blue light through a double reflection
from opposite and perpendicularly inclined sides of each concavity
(Fig. 4c) to produce a blue annulus with a yellow centre16 (Fig. 4d).
The juxtaposition of these two colours synthesizes the green coloura-
tion perceived by the human eye—and possibly by the predator’s.

Certain Coleoptera, however, exhibit continuously layered exo-
cuticle that strongly reflects circularly polarized light through an
analogue of optically active cholesteric liquid crystalline structures.
The helical arrangement of chitin microfibrils that make up such
exocuticle, and which are systematically rotated by a small amount
across successive planes, creates a periodicity that produces circularly
polarized coloured reflection17. In other words, the polarized reflec-
tion is not derived from optical rotation at a molecular level from the
L-amino acids of the cuticle protein and the D-amino sugars of the
chitin; instead it arises at the supermolecular level and is similar to
that exhibited by a cholesteric liquid crystal from the rotation of the
local average alignment direction of the liquid crystal molecules (the
director). Although similar helical structures are found in many
other iridescent species, they are rarely responsible for similarly
strong colouration and anomalous polarization properties4.

Structurally coloured avian feather barbs and integument,
although they exhibit less structural diversity than scales of Lepi-
doptera, are no less remarkable. Recent analyses suggest that such

colour as is seen in many Avian orders, is the product of coherent,
rather than incoherent, scatter from the spatial variation in refractive
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Photonics in flora 
Advanced photonic development is not limited to fauna. Certain
anomalous species of flora also show partial PBGs that underpin an
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variations in 1D multilayering (although more complex structural
designs are also thought to exist), producing iridescence in vascular
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Figure 2 Iridescent setae from polychaete worms. a, Scanning electron micrograph
(SEM) and b–d, transmission electron micrograph (TEM) images of transverse sections
through a single iridescent seta. Bars, a, 2 !m; b, 5 !m; c, 1 !m; d, 120 nm.
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Figure 3 Iridescence in the butterfly Morpho rhetenor. a, Real colour image of the blue
iridescence from a M. rhetenor wing. b, Transmission electron micrograph (TEM) images
showing wing-scale cross-sections of  M. rhetenor. c, TEM images of a wing-scale
cross-section of the related species M. didius reveal its discretely configured multilayers.
The high occupancy and high  layer number of M. rhetenor in b creates an intense
reflectivity that contrasts with the more diffusely coloured appearance of M. didius, in
which an overlying second layer of scales effects strong diffraction4. Bars, a, 1 cm; b,
1.8 !m; c, 1.3 !m.

c d

ba

Figure 4 Iridiscence in Papilo palinurus. a, SEM of an iridescent scale showing its array
of concavities, each with a section that exhibits the curved multilayering shown by
transmission electron micrography in b. This structure produces two simultaneous
structural colours c, yellow and blue . d, The blue annulus is created by a double
reflection from opposite and perpendicular concavity sides. d also schematically
illustrates the way in which incident linearly polarized blue light has its e-vector (dotted
lines) rotated by this double reflection. Bars, a, 15 !m; b, 1 !m; c, 6 !m.
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Here, we use synchrotron small angle X-ray scattering
(SAXS) to quantitatively characterize the nanostructure
and optical function of a large sample of structurally
coloured feathers with spongy barb nanostructures,
from across the phylogeny of birds. We examine the
nanostructure and optical properties of 297 distinc-
tly coloured feathers from 230 species belonging to
163 genera in 51 avian families (see electronic sup-
plementary material, table S1). SAXS is a precision
structural tool routinely used in material science to
directly measure bulk structural correlations in com-
plex nanostructured morphologies [28–31]. SAXS
enables a direct experimental measurement of the two-
dimensional projection of the three-dimensional Fourier
transform of the scattering structure (figure 3) with
essentially no sample preparation, allowing for rapid
throughput inconceivable with electron microscopy
methods [29,31,32]. The azimuthal average of the
SAXS pattern gives the X-ray scattering intensity as a

function of q, the scattering wavevector, or spatial
frequency of variation in electron density (which is a
proxy for variation in refractive index). The SAXS
patterns resolve spatial correlations of dimensions 2p/q
that range from a few tens to several hundred nano-
metres (figures 3–5). X-rays also interact only weakly
with soft biological tissues because of the relatively low
electron density of biological media [28–31,35]. Hence,
SAXS provides single scattering data that are highly
suited to quantitatively predict the interactions of
visible light with the nanostructure without artefacts
resulting from multiple scattering. Recently, we applied
SAXS to a few species with non-iridescent feather
barb structural colours—Eastern Bluebird (S. sialis),
Purple-throated Cotinga (Cotinga maynana), Blue
Cotinga (Cotinga cotinga), Asian Fairy Bluebird
(Irena puella), Indian Roller (Coracias benghalensis)
and Blue Penguin (Eudyptula minor)—and successfully
modelled the directional light scattering properties of

(a) (b) (c)

(d) (e) ( f )

(g ) (h ) (i)

Figure 2. Diversity of non-iridescent feather barb structural colours in birds and morphology of their underlying three-dimensional
amorphous photonic nanostructures with short-range quasi-periodic order. (a) Female Silver-breasted Broadbill (Serilophus lunatus,
Eurylaimidae). (b) Male Eastern Bluebird (S. sialis, Turdidae). (c) Male Plum-throated Cotinga (Cotinga maynana, Cotingidae).
(d) SEM image of a rudimentary nanostructure with a very thin layer (1 mm or less) of a disordered network of spongy b-keratin
bars present at the periphery of the medullary barb cells from the pale blue-grey primary coverts of S. lunatus, (e) TEM image of a
channel-type b-keratin and air nanostructure from royal blue back contour feather barbs of S. sialis. ( f ) TEM image of a sphere-
type b-keratin and air nanostructure from the dark turquoise blue back contour feather barbs of C. maynana. (g– i) Representative
two-dimensional small-angle X-ray scattering (SAXS) diffraction patterns for the rudimentary, channel- and sphere-type feather
barb nanostructures in (d– f ), respectively. The SAXS patterns for both channel- and sphere-type nanostructures exhibit ring-
like features that demonstrate the isotropy and short-range spatial periodicity of these nanostructures, whereas the rudimentary
barb nanostructure shows a diffuse, disc-like pattern. The false colour encoding corresponds to the logarithm of the X-ray scattering
intensity. Scale bars: (d) 250 nm; (e,f) 500 nm; (g– i) 0.05 nm21. Photo credits: (a) Yiwen Yiwen (image in the public domain);
(b) Ken Thomas (image in the public domain); and (c) Thomas Valqui (reproduced with permission).
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the integrating-sphere analysis, the leaf of Ficus macrophylla
macrophylla showed a similar reflectance pattern to that of C.
grayanus in terms of wavelength and reflectivity (Fig. 3).

A. parvulus and C. grayanus are structurally coloured as a
result of multilayer reflectors in their cuticle, as determined
from SEM and TEM analyses. C. grayanus possesses a regular
‘non-ideal’ reflector, in the sense that the optical thicknesses
of all layers are not equal. Twelve layers each of high- and
low-index material are present in the reflector, but the
thickness of the high-index layers is 50 nm, whereas the low-
index layers are 200 nm thick. A. parvulus possesses a chirped
multilayer reflector where the optical thickness of each layer
decreases with depth in the structure. The actual thickness of
all high-index layers and, separately, all low-index layers,
decreases with depth, while the refractive indices remain equal
for each layer type. A micrograph of a gold beetle

(Aspidomorpha tecta) chirped reflector is shown in Fig. 4,
from Neville (1977). Using our program and the refractive
indices 1.73 and 1.40, the colour predicted from this reflector
was found to be yellow with a green tinge in reflected light
[Commission Internationale de l’Eclairage (C.I.E.) colour
coordinates: x=0.371, y=0.423, luminosity=70.28] and purple
in transmitted light, i.e. the colours actually observed. The
calculated reflectance for this reflector is shown in Fig. 5.
Recalculation using 1.56 as the high refractive index did not
modify the colour (new C.I.E. colour coordinates: x=0.349,
y=0.436, luminosity=30.0), only the reflectivity varied
(decreased from 91 to 52 %).

In C. grayanus, the epicuticle (external layer of cuticle) is
irregularly wrinkled, at the micrometre level, at its exterior
surface and is composed of irregularly arranged ‘fibrils’,
approximately 0.5–1.0µm thick. In comparison, the epicuticle
of A. parvulus has a smooth external surface (excluding the
sensory ‘pits’) and is smooth in cross section (no ‘fibrils’
evident). The reflectors of both C. grayanus and A. parvulus
are summarised in Fig. 6 from numerous electron microscopic
examinations (many micrographs were taken because the
cuticles, and hence the reflectors, tended to split).

Discussion
Although we have no experimental evidence of the function

of the structural colour of Anoplognathus parvulus and
Calloodes grayanus, on the basis of their optical effects we
consider that in A. parvulus the colour will provide
conspicuousness (probably for conspecific recognition) against
a leaf background, and in C. grayanus that the colour will
provide camouflage because its reflection closely matches that
of a leaf (Fig. 3). Another major difference in the reflectance
from A. parvulus and C. grayanus, other than the proportional
reflectance and colour, is that in A. parvulus only part of its
body appears coloured from any one direction, whereas in C.
grayanus its entire body appears equally coloured from every
direction (a property required for camouflage). Considering the

A. R. PARKER, D. R. MCKENZIE AND M. C. J. LARGE

Fig. 4. Transmission electron micrograph of a section cut vertically
through the cuticle of the gold beetle Aspidomorpha tecta. The
external surface is uppermost. A ‘chirped’ reflector is evident in the
endocuticle. See Fig. 5 for reflectance graph. Photograph by H. E.
Hinton, taken from Neville (1977). Scale bar, 1µm.
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Fig. 5. Graph showing the calculated reflectance from the ‘chirped’
reflector of the gold beetle Aspidomorpha tecta shown in Fig. 4.
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Structural colors of animals and plants appear due to the selective 
reflection of ambient light on structural features underneath the surface.

Peacock feather eyes
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Animal multilayer reflectors that are approximated as per-
iodic can be theoretically characterized using a ‘quarter-wave
stack’ analytical model in which both the high- and low-
index layers in the reflector have optical thickness equal to a
quarter of the peak reflection wavelength [3,4,31]. In addition,
a modern analogy is sometimes drawn between periodic
animal multilayer reflectors and one-dimensional photonic
crystals [32,33]. The spectral bandwidth of the high reflection
region is associated with the ‘photonic band-gap’, which
describes the spectral region where light cannot propagate
within the structure [34,35]. By contrast, the theoretical charac-
terization of the reflectivity from animal reflectors that contain a
higher level of disorder cannot be approximated to a ‘quater-
wave stack’. Calculations of the reflectivity have been reliant
upon numerical modelling, and consequently, some commonly
occuring optical properties, such as the presence of unbroken
broadband ‘silvery’ reflection spectra [3,21,22,24] or polariz-
ation-insensitive reflectivity [13,22,36], lack an explanation in
terms of the propagation of light within the reflective structure.

A physical parallel between random stack models of animal
multilayer reflectors and Anderson localization has been
suggested in two previous biophotonic studies [20,21], although
has yet to be explored in any detail. The theory of Anderson
localization explains how waves become spatially confined in
a disordered medium. It was originally conceived as a way to
explain the transport properties of electrons in a semiconductor
and the related behaviour of the quantum wave function [37].
The theory is now, however, understood to be a universal
wave phenomenon that also applies to electromagnetic waves
[38–40], matter waves [41] and acoustic waves [42]. The physical
origin of Anderson localization is entirely due to multiple scat-
tering and coherent interference [40]. In one-dimensional

random stack systems (which includes optical multilayer reflec-
tors), the theory of Anderson localization predicts an
exponential decay in the amplitude of the transmitted wave as
a function of the system length; an effect that is quantified by
the localization length [43,44]. In random optical multilayers, the
exponential decay in transmission provides a general explanation
for the production of broadband mirror-like reflectivity [45].

In this paper, we illustrate that the theory of Anderson
localization and the property of the localization length enables
the reflectivity from animal multilayer reflectors with vary-
ing degrees of disorder to be understood within a common
theoretical framework. Our paper should not be seen as a demon-
stration of a new way of calculating reflection spectra, more
an illustration that a diversity of optical properties (including
‘coloured’, ‘silvery’ and polarization-insensitive reflectivity) can
be explained by the same coherent interference process. We sum-
marize the trends in layer thickness disorder in animal reflectors
(§2), and then describe how the reflectivity and localization
length can be calculated (§3). We then illustrate how, from the
perspective of localization theory, disordered animal multilayer
reflectors can control the spectral properties (§4) and the polari-
zation properties (§5) of reflection. Finally, we discuss the
consequences of our study for both biologists and physicists (§6).

2. Thickness disorder in animal multilayer
reflectors

Throughout this paper, we use guanine–cytoplasm reflec-
tors (common to fish and spiders) as a model system. These
reflectors have been well described in the previous literature
[3,16,21–25]. Figure 1a is a transmission electron micrograph

(a)

5 mm

2 mm

(b)

(c)

Figure 1. (a) A transmission electron microscopy section of a disordered guanine – cytoplasm multilayer reflector in the skin of Lepidoptus caudatus [21]. (b) An
individual guanine crystal in solution from Cyprinus carpio [23]. (c) An individual guanine crystal in situ from Cy. carpio [23].
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We report the mechanism of color production in peacock feathers.
We find that the cortex in differently colored barbules, which
contains a 2D photonic-crystal structure, is responsible for colora-
tion. Simulations reveal that the photonic-crystal structure pos-
sesses a partial photonic bandgap along the direction normal to the
cortex surface, for frequencies within which light is strongly
reflected. Coloration strategies in peacock feathers are very inge-
nious and simple: controlling the lattice constant and the number
of periods in the photonic-crystal structure. Varying the lattice
constant produces diversified colors. The reduction of the number
of periods brings additional colors, causing mixed coloration.

Color production in nature takes advantage of either struc-
tural coloration (1, 2) or pigmentation. Structural colors

result from the interaction of light waves with a featured
structure having the same order of size as the light wavelength.
Structural colors in avian feathers have been usually qualitatively
understood by thin-film interference (3!5) or the scattering
from a spongy matrix structure incoherently (6, 7) or coherently
(8, 9). Although the structural colors of avian feathers have been
studied for a long time (10!14), many questions remain to be
answered. In particular, the precise physical mechanism that
produces the diversified colors in peacock tail feathers has not
been established.

Materials and Methods
The male peacock tail contains spectacular beauty because of
the brilliant, iridescent, diversified colors and the intricate,
colorful eye patterns. Peacock feathers serve as an excellent
canonical example for investigating structural colors in avian
feathers. The structures of the blue, green, yellow, and brown
barbules in the eye pattern of a male green peacock (Pavo
muticus) feather were characterized by using an optical micro-
scope and a scanning electron microscope. The peacock tail
feather has a central stem with an array of barbs on each side.
On each side of a barb there is an array of flat barbules. Each
barbule has round indentations of typically "20–30 !m, which
disperse the incident light, causing coloration. The round inden-
tation has a smoothly curved crescent-like profile in transverse
cross section (14).

To understand the detailed mechanisms of color production
in peacock feathers, a plane-wave expansion method (15) was
used to calculate the photonic band structure of the periodic
photonic structures. A transfer matrix method (16) was adopted
to compute the reflectance spectra to compare with experimen-
tal results.

Results and Discussion
Fig. 1 shows the submicron structures of barbules. The transverse
cross sections reveal that a barbule consists of a medullar core
of "3 !m enclosed by a cortex layer. Interestingly, the cortex of
all differently colored barbules contains a 2D photonic-crystal
structure (14, 17!19) made up of melanin rods connected by
keratin. The longitudinal cross section shows that the melanin
rod length is "0.7 !m. Melanin is created by melanocyte cells,
deposited in developing feathers, and becomes fixed in the
keratinized feather structure (6). Photonic-crystal structures in
all differently colored barbules are quite similar. In the blue,
green, and yellow barbules, the lattice structure is nearly square,

whereas in the brown barbule it is a rectangular lattice. The only
differences are the lattice constant (rod spacing) and the number
of periods (melanin rod layers) along the direction normal to the

This paper was submitted directly (Track II) to the PNAS office.

*To whom correspondence may be addressed. E-mail: jzi@fudan.edu.cn or liuxh@
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Fig. 1. Scanning electron microscope images of barbule structures. (A)
Transverse cross section of the green barbule. The outer cortex layer contains
a periodic structure. The central part is the medullar layer. Transverse cross
section of the cortex under higher magnification is shown for the green (B)
and brown (C) barbules. The surface of the cortex is a thin keratin layer.
Beneath the surface keratin layer, there is a 2D photonic crystal-like structure.
This 2D photonic crystal is made up of an array of melanin rods connected by
keratin. The remaining hollows are air holes (dark gray). Melanin rods are
parallel to the cortex surface. The melanin rods embedded in the surface
keratin layer can be clearly seen. (D) Longitudinal cross section of the green
barbule with the surface keratin layer removed.
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spectrum by the transmittance of a 150-mm-thick layer of skin29

(identical, in this spectral range, to that of water30), we produce a
reflectance spectrum (green curve in Fig. 3c) that matches the
shape of the measured reflectivity spectrum (black dashed curve
in Fig. 3c) in the range 900–2,500 nm. The match below
wavelengths of 900 nm is substantially less good, as we
exclusively consider the D-iridophore crystals in our Fourier
power spectrum analysis, that is, we ignore pigments and
S-iridophores, which both strongly influence the measured
reflectivity in the visible range. Hence, the thick layer of
D-iridophores has the potential to play in some species, such as
the panther chameleon, a substantial role in thermal protection.
Comparative analyses with similar measurements in chameleonid
and non-chameleonid species (for example, see Supplementary
Fig. 4 and refs 31,32) is warranted to identify whether reflectivity
in the near-infrared range is substantially and systematically
higher in chameleons than in other lizards. It is noteworthy that
the iridophores found in non-chameleonid lizards can exhibit
guanine crystals with diverse sizes, shapes and organizations
(some of which generate structural colours14) but are not
organized into two superposed layers of functionally different
iridophores (Fig. 3a).

Discussion
Combining experimental methods from biology and physics,
as well as optical modelling, we have shown that panther
chameleons rapidly change colour (hue) by actively tuning the
photonic response of a lattice of small guanine nanocrystals in
S-iridophores. The molecular mechanisms involved in this
process remain to be determined; however, given that iridophores
share the same neural-crest origin as pigmented chromatophores,
the active tuning of guanine crystal spacing we describe here
could be considered analogous to movements of pigment-
containing organelles in other types of chromatophores, possibly

through similar neural or hormonal mechanisms33. In
chameleons, these S-iridophores are positioned on the top of a
second thick layer of D-iridophores, with larger, flatter and
somewhat disorganized guanine crystals, which reflects a
substantial proportion of direct and indirect sun radiations,
especially in the near-infrared range.

Chameleons form a highly derived monophyletic group of
iguanian lizards that originated in post-Gondwanan Africa
around 90 million years ago34,35. Undoubtedly, some species of
chameleons occupy quite open environments where they are
exposed to high levels of sunlight. In particular, panther
chameleons and veiled chameleons (studied here) occur in dry,
hot environments (Northern Madagascar and Yemen,
respectively) and are highly exposed to sunlight such that the
45% decrease in sunlight absorption caused by D-iridophores
(Fig. 3b,c) is likely to be advantageous for survival. However, the
ancestral function of D-iridophores might not be associated with
passive thermal protection, because extant species of the basal
lineages in the phylogeny of chameleons34 are dense-forest
dwellers (that is, not exposed to a dry and sunny environment),
suggesting that the common ancestor of chameleons might have
exhibited a similar ecology (but see alternative evolutionary
scenarios in Supplementary Discussion).

The organization of iridophores into two superposed layers
constitutes an evolutionary novelty for chameleons that allows
some species to combine efficient camouflage with spectacular
display. Additional analyses are warranted to identify whether the
deep layer of iridophores in chameleons further provide them
with improved resistance to variable sunlight exposure.

Methods
Animals. Maintenance of and experiments on animals were approved by the
Geneva Canton ethical regulation authority (authorization 1008/3421/1R) and
performed according to the Swiss law.
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Figure 2 | In-vivo skin colour change in chameleons is reproduced ex vivo. (a) TEM images of the lattice of guanine nanocrystals in S-iridophores
from the same individual in a relaxed and excited state (two biopsies separated by a distance o1 cm, scale bar, 200 nm). This transformation and
corresponding optical response is recapitulated ex vivo by manipulation of white skin osmolarity (from 236 to 1,416 mOsm): (b) reflectivity of a skin
sample (for clarity, the 19 reflectivity curves are shifted by 0.02 units along the y axis) and (c) time evolution (in the CIE chromaticity chart) of the colour of
a single cell (insets i–vi; Supplementary Movie 4); both exhibit a strong blue shift (red dotted arrow in b) as observed in vivo during behavioural colour
change. Dashed white line: optical response in numerical simulations (cf. Fig. 1b) with lattice parameter indicated with dashed arrows. Note that increased
osmotic pressure corresponds to behavioural relaxation; hence, the reverse order (white arrowhead in CIE colour chart) of red to green to blue time
evolution in comparison with Fig. 1b. (d) Variation of simulated colour photonic response for each vertex of the irreducible first Brillouin zone (colour
outside of the Brillouin zone indicates the average among all directions) shown for four lattice parameter values (from Supplementary Movie 5)
of the modelled photonic crystal. L-U-K-W-X are standard symmetry points.
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(identical, in this spectral range, to that of water30), we produce a
reflectance spectrum (green curve in Fig. 3c) that matches the
shape of the measured reflectivity spectrum (black dashed curve
in Fig. 3c) in the range 900–2,500 nm. The match below
wavelengths of 900 nm is substantially less good, as we
exclusively consider the D-iridophore crystals in our Fourier
power spectrum analysis, that is, we ignore pigments and
S-iridophores, which both strongly influence the measured
reflectivity in the visible range. Hence, the thick layer of
D-iridophores has the potential to play in some species, such as
the panther chameleon, a substantial role in thermal protection.
Comparative analyses with similar measurements in chameleonid
and non-chameleonid species (for example, see Supplementary
Fig. 4 and refs 31,32) is warranted to identify whether reflectivity
in the near-infrared range is substantially and systematically
higher in chameleons than in other lizards. It is noteworthy that
the iridophores found in non-chameleonid lizards can exhibit
guanine crystals with diverse sizes, shapes and organizations
(some of which generate structural colours14) but are not
organized into two superposed layers of functionally different
iridophores (Fig. 3a).

Discussion
Combining experimental methods from biology and physics,
as well as optical modelling, we have shown that panther
chameleons rapidly change colour (hue) by actively tuning the
photonic response of a lattice of small guanine nanocrystals in
S-iridophores. The molecular mechanisms involved in this
process remain to be determined; however, given that iridophores
share the same neural-crest origin as pigmented chromatophores,
the active tuning of guanine crystal spacing we describe here
could be considered analogous to movements of pigment-
containing organelles in other types of chromatophores, possibly

through similar neural or hormonal mechanisms33. In
chameleons, these S-iridophores are positioned on the top of a
second thick layer of D-iridophores, with larger, flatter and
somewhat disorganized guanine crystals, which reflects a
substantial proportion of direct and indirect sun radiations,
especially in the near-infrared range.

Chameleons form a highly derived monophyletic group of
iguanian lizards that originated in post-Gondwanan Africa
around 90 million years ago34,35. Undoubtedly, some species of
chameleons occupy quite open environments where they are
exposed to high levels of sunlight. In particular, panther
chameleons and veiled chameleons (studied here) occur in dry,
hot environments (Northern Madagascar and Yemen,
respectively) and are highly exposed to sunlight such that the
45% decrease in sunlight absorption caused by D-iridophores
(Fig. 3b,c) is likely to be advantageous for survival. However, the
ancestral function of D-iridophores might not be associated with
passive thermal protection, because extant species of the basal
lineages in the phylogeny of chameleons34 are dense-forest
dwellers (that is, not exposed to a dry and sunny environment),
suggesting that the common ancestor of chameleons might have
exhibited a similar ecology (but see alternative evolutionary
scenarios in Supplementary Discussion).

The organization of iridophores into two superposed layers
constitutes an evolutionary novelty for chameleons that allows
some species to combine efficient camouflage with spectacular
display. Additional analyses are warranted to identify whether the
deep layer of iridophores in chameleons further provide them
with improved resistance to variable sunlight exposure.

Methods
Animals. Maintenance of and experiments on animals were approved by the
Geneva Canton ethical regulation authority (authorization 1008/3421/1R) and
performed according to the Swiss law.
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Figure 2 | In-vivo skin colour change in chameleons is reproduced ex vivo. (a) TEM images of the lattice of guanine nanocrystals in S-iridophores
from the same individual in a relaxed and excited state (two biopsies separated by a distance o1 cm, scale bar, 200 nm). This transformation and
corresponding optical response is recapitulated ex vivo by manipulation of white skin osmolarity (from 236 to 1,416 mOsm): (b) reflectivity of a skin
sample (for clarity, the 19 reflectivity curves are shifted by 0.02 units along the y axis) and (c) time evolution (in the CIE chromaticity chart) of the colour of
a single cell (insets i–vi; Supplementary Movie 4); both exhibit a strong blue shift (red dotted arrow in b) as observed in vivo during behavioural colour
change. Dashed white line: optical response in numerical simulations (cf. Fig. 1b) with lattice parameter indicated with dashed arrows. Note that increased
osmotic pressure corresponds to behavioural relaxation; hence, the reverse order (white arrowhead in CIE colour chart) of red to green to blue time
evolution in comparison with Fig. 1b. (d) Variation of simulated colour photonic response for each vertex of the irreducible first Brillouin zone (colour
outside of the Brillouin zone indicates the average among all directions) shown for four lattice parameter values (from Supplementary Movie 5)
of the modelled photonic crystal. L-U-K-W-X are standard symmetry points.
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Dynamic structural colors

J. Teyssier et al., Nat. Comm. 6, 6368 (2015)

Chameleon (speed 8x)

Changes in osmotic concentration lead to the 
swelling of cells in excited chameleon. This 
changes the spacing of periodic structure 
from which the ambient light is reflected.

https://www.youtube.com/watch?v=Qy90d0XvJlE

Comb Jelly (real time)

298 V. L. Welch and J.-P. Vigneron

Fig. 2 (a) The comb-jellyfish (ctenophore) Beroë cucumis—the bright colouration from its comb-rows results
from photonic crystals within the combs. Image by Kevin Raskoff, reproduced with permission; (b) Trans-
mission electron micrograph of one of the colour-producing photonic crystals; (c) The reflectance spectrum
calculated from the photonic crystals in the comb-rows of this species (images first published in Welch et al.
2005)

Fig. 3 2-Dimensional photonic
crystal with rectangular packing
from the comb-jellyfish
Hormiphora cucumis

Approximately 100 species of extant comb-jellyfish have been described, all of which
posses comb-rows. It seems, therefore, likely that numerous other currently undescribed 2-D
biological photonic crystals exist within this group.

3.3 Domains

Most butterfly photonic crystals are divided into domains or crystallites. The crystal’s
geometry does not usually vary between domains, although there are examples of this, but
the orientation does. In some cases (Fig. 4), the domains are joined to one another with small
areas of slightly distorted lattice in the linking regions, whilst in other cases, the domains are
separate (Parker et al. 2003). The significance of domains is twofold; firstly, if it transpires
that all photonic crystals have smaller crystallites, this may lead us to inferences about their
bio-assembly (photonic crystal assembly is discussed at length elsewhere (Ghiradella 1989,
1998)); secondly, the domains have differing orientations within the scales and are too small
to be resolved individually by the naked eye, meaning that an observer sees light of a range
of wavelengths from any vantage point—thus, the perceived colour of the animal is the result
of spatial averaging, or “pointillism”. On a practical level, this results in biological photonic
crystals having broad reflectance spectra from any given angle c.f. other biological colour-
producing structures, such as multilayer reflectors. Pointillism has been described in multi-
layer reflectors (e.g. Knisley and Schultz 1997), however, it is comparatively rare in them
and is far more common in 3-D photonic crystals. Until recently, it appeared that all three

123

1µm

Rainbow color waves are produced by the beating 
of cilia, which change the orientation of periodic 

structure from which the ambient light is reflected.

crystal size and a range of lattice parameter (distance) values
measured on TEM images of various excited and unexcited
male panther chameleon skin samples of different colours
(Supplementary Table 1). The irreducible Brillouin zone was
meshed (Fig. 2d) and the photonic band structure was computed
for each vertex using block-iterative frequency-domain
methods26 (Supplementary Fig. 3). As no preferential
orientation of photonic crystals relative to skin surface was
observed in S-iridophores, we also computed the average among
all directions. Reflectivity was set to unity in the gapped region
and convolution with standard X, Y, Z spectral functions returned
simulated colours (Supplementary Movie 5) that closely match
those observed in vivo (Fig. 1b) and during osmotic pressure
experiments (Fig. 2c).

Function of D-iridophores. In addition, we investigated the
second thick layer of iridophores (Fig. 1e), hereafter called deep
(D-) iridophores, which contain larger brick-shaped and some-
what disorganized guanine crystals (length 200–600 nm, height
90–150 nm). This population of D-iridophores is present in all
panther chameleons (regardless of sex or age) and in the three
distantly related chameleon species we investigated (Figs 1e
and 3a), and is particularly thick in comparison with the layer of

iridophores observed in other (non-chameleonid) lizards. In
chameleons, we never found this layer to change colour (in the
visible range) during osmotic pressure experiments, suggesting
that the main function of D-iridophores is not associated to shifts
in hue. Our measurements indicate that the reflectivity (R) in the
near-infrared region (700–1,400 nm) is particularly high (Fig. 3b),
causing a substantial decrease in the absorption of sunlight.
Multiplying the sun radiance27 (blue curve in Fig. 3b) by 1!R, to
yield the amount of light transmitted by the dermis (hence
absorbed by the peritoneum or deeper tissues; red curve in
Fig. 3b), indicates that B45% of the radiation energy in that
spectral range is screened in panther chameleons by reflection on
the dermis. To test whether this infrared reflectivity is probably
due to coherent scattering on guanine crystals in D-iridophores,
we generated two-dimensional Fourier spectra28 on extensive
TEM image assemblies of panther chameleon D-iridophores (see
online Methods). Note that the disorder of guanine crystals inside
D-iridophores prevents the use of more rigorous modelling. We
then used the computed Fourier power spectrum as an estimate
of the spectral shape (red curve in Fig. 3c) of the light back-
scattered by deep iridophores. This shows that the D-iridophore
layer is a broad-band reflector in the near infrared region, as the
power spectrum is essentially a step function going from 0 below
400 nm to a plateau above 900 nm. Multiplying the power
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Figure 1 | Colour change and iridophore types in panther chameleons. (a) Reversible colour change is shown for two males (m1 and m2): during excitation
(white arrows), background skin shifts from the baseline state (green) to yellow/orange and both vertical bars and horizontal mid-body stripe shift from
blue to whitish (m1). Some animals (m2 and Supplementary Movie 2) have their blue vertical bars covered by red pigment cells. (b) Red dots: time
evolution in the CIE chromaticity chart of a third male with green skin in a high-resolution video (Supplementary Movie 3); dashed white line: optical
response in numerical simulations using a face-centred cubic (FCC) lattice of guanine crystals with lattice parameter indicated with black arrows.
(c) Haematoxylin and eosin staining of a cross-section of white skin showing the epidermis (ep) and the two thick layers of iridophores (see also
Supplementary Fig. 1). (d) TEM images of guanine nanocrystals in S-iridophores in the excited state and three-dimensional model of an FCC lattice (shown
in two orientations). (e) TEM image of guanine nanocrystals in D-iridophores. Scale bars, 20mm (c); 200 nm (d,e).
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Dynamic colors in cephalopods

https://www.youtube.com/watch?v=9MB2ltsAPnQ

chromatophores 
(pigment cells)

3633Polarization reflections from cephalopods

images illustrated lower brightness and partial polarization
values in the regions of the arm stripes.

Structure of polarized light reflectors
Low-power electron micrographs of the iridophores within

the polarized-light-reflecting arm stripes are shown in Fig.·10.
The reflectors are composed of stacks of iridophore plates
that, within each stack, are generally parallel to each other, as
found in a variety of cephalopod species (Cooper and Hanlon,
1986; Hanlon, 1982; Shashar et al., 1996). In their overall
architecture and shapes, the iridophores in the arm stripe
regions of cuttlefish and squids closely resemble one another.
Each stack of platelets forms a reflecting unit known as an
iridosome (Mirow, 1972; Cloney and Brocco, 1983). In a
given section, different iridosomes may show different

thicknesses and spaces between plates (Fig.·10). These
apparently variable thicknesses of iridosomal plates among
iridosomes appear because the section plane was rarely
perpendicular to the plates. As a result, neither the thicknesses
of the plates nor the spaces between them can be determined
accurately. For similar reasons, the number of platelets within
each iridosome was also undetermined. Nevertheless,
differences found between the species could affect the optics
of the reflector. First, the number of reflecting units in the
light path (a consequence of the thickness of the iridophore
layer) appears to be different. In cuttlefish, we estimate that
a light beam perpendicular to the skin surface may pass
through up to eight iridosomes (Fig.·10B), while in squid
more than twice as many reflecting units may be encountered
(Fig.·10A). Including the spaces between iridosomes, the total
thickness of the reflecting layer observed is between 41·!m
and 60·!m in squids and 22·!m to 41·!m in cuttlefish. The
two species also differ in the orientations of the reflecting
units. While the iridophore plates in cuttlefish are generally
more or less perpendicular to the skin surface, the ones in
squid appeared to be oriented more irregularly (Fig.·10).

Discussion
The properties of polarized light reflections

Partial polarization and spectral reflectance
In our initial attempts to record the polarization signals

produced by the arm stripes of cuttlefish and squid, we tested
several combinations of sample placement and illumination
angle. In both species, when the arm stripes produced
polarization reflections, they always appeared iridescent blue or
had a sparkling appearance, while when non-polarized, they
looked red or pinkish. Previous reports on the polarization
reflections of these arm stripes have not described this
phenomenon; in fact, there have been no previous descriptions
of polarization reflections from red or pinkish colored arm
stripes (Shashar et al., 1996; Shashar and Hanlon, 1997; Shashar
et al., 2001; Gleadall and Shashar, 2004; Mäthger and Hanlon,
2006). Nevertheless, similar results were found in pink or red
iridophores found in the mantle of squids (Mäthger and Denton,
2001), where the reflected light was polarized only when the
iridophores appeared bluish green in color.

Theory predicts that varying the angle of incidence of light
falling on a multilayer reflector should result in a gradual shift
of the dominant reflected wavelengths (Huxley, 1968; Land,
1972; Deparis et al., 2006). It has been shown in several squid
species that, at least for the mantle area, altering the illumination
angle does shift the reflectance and polarization spectra in a
predictable way (Mäthger and Denton, 2001; Mäthger and
Hanlon, 2006). When the illumination angles were changed (i.e.
between Positions 1 and 2) we also observed changes in
reflectance and polarization spectra similar to those of the mantle
iridophores as described previously (Mäthger and Denton, 2001).

Both imaging polarimetry and spectral measurements showed
that at any given orientation, the light reflected from the arms
of cuttlefish always had a lower partial polarization than that
from squid. Our data are consistent with previously reported
values of the partial polarization found in squid (Shashar and
Hanlon, 1997; Shashar et al., 2001). No quantitative data of the
partial polarization from the arms of cuttlefish have been

Fig.·10. Transmission electron micrographs of the iridophores in the
arm stripes of the squid (L. pealeii) (A) and the cuttlefish (S. officinalis)
(B). Sections were cut perpendicular to the longitudinal axis of the arm.
The arrow in each graph indicates the direction toward the nearest skin
surface. C, pigment granules of a chromatophore. Scale bars, 7.5·!m.

7.5µm

iridophores
(reflecting light)

squid skin surface 

Dynamical color change in cephalopod is achieved by modulation of 
size and spacing of both the pigment cells and the cells reflecting light.

squidoctopus
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sun contains electromagnetic 
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Electromagnetic waves
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Wave equation
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Plane waves

�

Solutions of wave equation 
can be described as a linear 

superposition of plane waves:
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Interference
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Propagation of light in medium

�0 �
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Reflection of waves
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Wave equation for rope under tension
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Forces acting on a small rope element:
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shape profile: h(x, t)
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Boundary conditions between 
connected ropes

x

y
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shape profiles:
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Continuity: ropes are connected
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Reflection of waves on ropes
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Reflection of light at the interface between two media
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Reflection of light at the interface 
between two media
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