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10.1	 �Introduction

Structural colors are formed by the interaction of light with 
materials with very specific (and usually complex) micro- 
and nanoscale architecture; in biological systems, they are 
likely to occur in stiff, nonliving “biological materials.” 
These nonliving materials include arthropod exoskeleton, 
bird feathers, fish scales, mollusk shells (particularly their 
inner linings), and the like.

Structural colors come in several basic types: let us begin 
here with a discussion of iridescence. Iridescence is defined 
as a category of color that changes with the illuminating and 
viewing angles; it is abundant in the animal kingdom as bril-
liant, often metallic, colors characteristic of many birds, fish, 
insects, marine annelids, and other invertebrates; it has more 
recently also been described in plants (Glover and Whitney 
2010, Lee 2007).

Pioneering work on the subject was done by Mason 
(1923a, b, 1926, 1927a, b); since then, there has been an 
explosion of interest in these systems. Recent reviews 
include Fox (1976), Ghiradella (1991, 1998), Herring (1994, 
2002), Parker (1998, 1999, 2000), Srinivasarao (1999), 
Vukusic and Sambles (2003), Kinoshita and Yoshioka 
(2005a, b), Kinoshita et  al. (2008), Prum (2006), Berthier 
(2007), and Kinoshita (2008, 2013).

Let us start by focusing on a particular iridescent form, 
the biological mirror. As those readers who have driven on a 
country road at night know, many night-active wild animals 
have efficient reflectors in their eyes, as do our favorite pets, 
dogs and cats. These reflectors, located in the back of the eye 
behind the retina, double the sensitivity of the eyes to light. 
They do this by throwing photons that have escaped absorp-
tion by the light-sensitive pigments during their first passage 
through the retina, back through the retina again to give it a 
second chance to absorb them.

Some light-emitting organs of marine animals have reflec-
tors like those behind the headlights of a car, which throw the 
light in a certain direction. Many fish scales act as “body 
mirrors” that reflect the downwelling daylight back towards 
the water surface, making it easier for their owners to avoid 
detection. There are even eyes that have mirrors as image-
forming optical elements (Land and Nilsson 2002), some-
what analogous to astronomical reflecting telescopes.

These biological mirrors are built up of alternating layers 
of materials of high and low refractive index, forming a 
structure we call a “multilayer thin-film stack.” We have pre-
viously (Chap. 1) treated reflection at a single boundary 
between media with different refractive indices. When sev-
eral such boundaries are stacked upon one another, we can-
not simply compute the reflectance at each of them using 
Fresnel’s formulas (Section 1.9, in Chap. 1) nor compute the 
transmittance by taking their product for the following two 
reasons: (1) there will be multiple reflections of photons 
bouncing back and forth between the boundaries, and (2) 
there will be interference effects.

To understand how such complex mirrors function, we 
have to consider the phases of electromagnetic oscillations, 
which was not necessary for a single boundary. Phase and 
phase difference are usually expressed in angular measure 
(radians), where 2π radians (360°) correspond to a period of 
the electromagnetic oscillation. Reflection of light traveling 
from a medium of lower to one of higher refractive index dif-
fers in one important respect from reflection of light traveling 
in the other direction (Fig. 10.1): during reflection towards a 
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denser medium, the oscillation undergoes a phase change by 
π radians (180°). The detailed general treatment of reflection 
in multilayer stacks is complicated. We shall therefore focus 
here on some special cases, which are more easily understood 
and nevertheless demonstrate more general principles.

In addition to the multilayer stacks, we will describe some 
newly developing research, which is related to optical 
responses due to such completely different structures as reg-
ular arrangements of elements, on the one hand, and random 
(“spongy”) structures on the other. The former correspond to 
so-called photonic crystals, whose study has been advanced 
in a surprisingly quick manner after the concept was estab-
lished in the 1980s. However, in natural worlds, photonic 
crystals are found to be very common, appearing as the play 
of color in opal, brilliant wings in birds, and iridescent wings 
of butterflies and beetles, to name a few.

The spongy structural mode is related to a phenomenon 
called Tyndall blue or Rayleigh scattering and has long been 
believed to be the origin of non-iridescent blue colors of 
dragonflies and kingfishers. However, recent investigations 
have shown that even these colors are not due to simple light 
scattering processes, but are also related to the interference 
effect.

10.2	 �Reflection in a Single Thin Layer

Everyone is familiar with the reflections from soap films and 
knows that a range of colors can be produced by such reflec-
tion. In this case, we have a thin film of higher refractive 

index (approximately that of water) with the same medium 
(air) on both sides of the film. We can generalize this by con-
sidering a bulk medium of one refractive index, n0, on one 
side, a thin film with a different refractive index, n1, and on 
the other side a bulk medium with the third refractive index, 
n2 (Fig.  10.2). We refer to these three media as being of 
orders 0, 1, and 2, respectively. For the soap film case, the 
relation between these indices is given as n0 = n2 < n1. (A 
well-known example in which the relation n0 < n1 < n2 holds is 
the antireflective coating on a camera lens.) As we shall see 
later, we can treat these and similar cases with the same set 
of equations.

We denote the incidence angle by α0 and the angle of 
refraction in the film as α1; Snell’s law then gives the rela-
tionship n0 sin α0 = n1 sin α1, or sin α1 = n0 sin α0/n1.

The ordinary Fresnel reflection factors for a single surface 
between bulk media 0 and 1 (Chap. 1) are given as
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for light having the electric vector parallel to the plane 
of  incidence (p-polarization) and perpendicular to it 

Low refractive index

High refractive index

Fig. 10.1  Reflections at an interface between media of higher and 
lower refractive index. Filled and empty circles denote opposite phases 
(i.e., phases differing by π radians) of the electromagnetic waves
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Fig. 10.2  Phase relations during reflection at two consecutive phase 
boundaries. The drawing is for the case n0 < n1 < n2, corresponding to, 
e.g., the antireflective coating on a camera lens. In this case phase rever-
sal takes place at both reflective surfaces, while with a soap film, the 
reversal takes place only at the first surface interacting with light
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(s-polarization), respectively. These give the reflection coef-
ficients for power or intensity, and of course they are always 
represented by positive real numbers.

It turns out that for a thin film, due to the interference 
effect, not only these angle-dependent factors, but also 
another angle-dependent factor, has to be taken into account. 
This is a function also of the layer thickness (d), the vacuum 
wavelength (λ), and the refraction index (n1) of the film. To 
compute this, we first calculate the phase difference between 
the rays reflected from the first and from the second surface 
(Fig. 10.2). This phase difference can be thought of as com-
posed of four components. The first is due to the phase rever-
sal at the first surface. The phase difference is π radians for 
n1 > n0, as with the soap film and the camera lens, but it is 0 
for n1 < n0. The second is due to the longer distance (AB + 
BC) traveled inside the film with the refraction index of n1 by 
the ray reflected from the second surface. Therefore, the 
phase difference results in 2n1d(2π/λ)/cos   α1 radians. The 
factor 2 at the front stems from the fact that the ray reflected 
from the second surface traverses the film twice, and n1d is 
the “optical thickness” of the film, i.e., the geometrical thick-
ness corrected for the shortening of the wavelength of light 
in proportion to the refraction index.

The third component of the phase difference is due to 
possible phase reversal during reflection at the second sur-
face. It is 0 in the soap film case, because n1 > n2, and π radi-
ans in the camera lens case, because  n1 < n2.

The fourth component of the phase difference is due to 
the shorter distance, AD, in Fig.  10.2, traveled in the n0 
medium. This phase difference is calculated as

	
AD AC⋅ ( ) = ⋅ ⋅ ( )n n0 0 02 2p l a p l/ sin / 	

	
= ⋅ ⋅ ( )2 21 0 0d ntan sin /a a p l 	
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= ( ) ( )2 21

2
1 1n d sin / / cosa p l a radians . 	

If we calculate the phase differences between these two 
pathways, we obtain
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which directly corresponds to the total phase difference in 
the case of n0 < n1 < n2, because the phase reversal at each sur-
face is canceled, while in case of n0 = n2 < n1, we have to add 

π to the above formula, corresponding to the phase reversal 
at the first surface.

The Fresnel formulas given above, with expressions in 
squared brackets, represent intensity reflection coefficients. 
For many computations, however, it is advantageous to 
work with the corresponding unsquared expressions, so-
called amplitude reflection coefficients, describing the 
change in amplitude of the electric wave upon reflection 
(the energy of the wave is proportional to the square of the 
amplitude). These coefficients, in contrast to the intensity 
reflection coefficients, can be either positive or negative (if 
light-absorbing materials are involved, the amplitude 
reflection coefficient is represented by a complex number, 
but we shall not consider this case here). A negative ampli-
tude reflection coefficient means that the electric field 
changes direction during reflection, in other words, that we 
have a phase change of π radians. Therefore, when we do 
calculations based on the amplitude reflection coefficients, 
we do not have to worry about the phase changes of π radi-
ans during reflection, since they will come automatically 
with the sign of the amplitude reflection coefficient used.

The following QuickBasic program will compute the 
reflectance over a wavelength range of 0.3–1 μm for a thin 
film with refractive index n1 between media with refractive 
indices n0 (incidence side) and n2 (output side), respectively. 
In reality, the multiple reflection within the film generally 
takes place and effectively influences the reflection intensity 
when the refractive index of the film is much higher or the 
output side is replaced by a metallic substance. However, we 
neglect this effect and take only the first and second reflec-
tions into account. Furthermore, the refractive indices will 
generally vary with wavelength, but this has also not been 
taken into account. Thus, the reflectance of the single thin 
layer is expressed as
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where r01
s,p and r12

s,p are the Fresnel amplitude reflection coef-
ficients corresponding to s- and p-polarizations for the inter-
face between the bulk medium 0 and the film 1 and those 
between the film 1 and the bulk medium 2, respectively. δ is 
the phase difference described above and is expressed as 
δ = 2n1d cos  α1(2π/λ). If we run on a Macintosh computer, the 
result will appear in the clipboard and can be transferred to 
other programs from there. If you wish to have the output in 
another form, line 200 should be modified accordingly, and 
for other computers and Basic dialects, modifications may 
have to be made.

INPUT “incidence angle in degrees =”, 
a0:pi = 3.14159: a0 = a0 * pi/180
INPUT “thickness of thin layer in microme-
tres =”, d
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INPUT “refractive index of medium 0=”, n0
INPUT “refractive index of thin layer= 
”, n1
INPUT “refractive index of medium 1=”, n2
sina1 = n0 * SIN(a0)/n1: a1 = ATN(sina1/
SQR(1-sina1 * sina1))
sina2 = n1 * sina1/n2: a2 = ATN(sina2/
SQR(1-sina2 * sina2))
50 :PRINT “Enter p for parallel (p) polar-
ization, s for perpendicular (s) 
polarization.”
PRINT “Polarization directions are of 
electric vector relative to incidence 
plane.”
INPUT “electric vector direction”, 
polarization$
IF polarization$ = “p” THEN 150
IF polarization$ = “s” THEN 100
PRINT “Mistake! Try again!”: GOTO 50
100 : r1 = (n0 * COS(a0)-n1 * COS(a1))/
(n0 * COS(a0)+n1 * COS(a1))
r2 = (n1 * COS(a1)-n2 * COS(a2))/(n1 * 
COS(a1)+n2 * COS(a2)):GOTO 170
150 :r1 = (n1 * COS(a0)-n0 * COS(a1))/(n0 
* COS(a1)+n1 * COS(a0))
r2 = (n2 * COS(a1)-n1 * COS(a2))/(n1 * 
COS(a2)+n2 * COS(a1)):GOTO 170
170 :OPEN “O”,1,“clip:"
FOR L = .3 TO 1 STEP .01
delta=4*pi * n1 * d/L*COS(a1)
I = (r1 * r1+r2 * r2+2 * r1 * r2 * 
COS(delta))
I = I/(1+r1 * r1 * r2 * r2+2 * r1 * r2 * 
COS(delta))
200: PRINT#1, I: NEXT L: CLOSE 1: END

We show in Fig.  10.3 the output of this program for a 
soap film (n1 = 1.33) of 0.33-μm thickness with n0 = n2 = 1, 
both for normal incidence (α0 = 0) and for 45° incidence 
angle; in the latter case for both polarizations. This film 
would look yellow in a perpendicular direction and bluish 
green in a 45° direction. Note that the reflection spectrum 
shifts to a shorter wavelength with increasing incidence 
angle, that there are in each spectrum several peaks corre-
sponding to phase shifts of integer multiples of 2π, and that 
for oblique angles, the s-polarized light is reflected better 
than the p-polarized light.

The wavelengths giving the maximum and minimum 
reflectance are easily obtained according to the value of cos δ 
and the sign of the product r

01
s,p r12

s,p in the above formula. In 
the case of n0 = n2 < n1, for example, the conditions for the 
maximum and minimum reflectance are given as cos δ = − 1 

and cos δ = 1, because the sign of the product becomes 
negative, which result in 2n1d cos α1(2π/λ) = (2m − 1)π and 
2n1d cos α1(2π/λ) = 2mπ, respectively. Thus, we obtain
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where m denotes any positive integer and we have used the 
relation cos / sina a1 0 1

2 2
01= − ( )n n .

Next we run the program for a typical camera lens antire-
flective coating with n0 = 1, n1 = 1.38 (corresponding to mag-
nesium fluoride), and n2 = 1.89 (heaviest flint glass). The 
optical thickness (thickness × refractive index) of the layer is 
adjusted to correspond to one quarter wavelength of yellow 
light (589 nm) in the layer, i.e., (0.589/4)/1.38 μm (Fig. 10.4). 
The wavelengths giving the maximum and minimum reflec-
tance in this case are obtained by interchanging λmax and λmin 
in the above relations.

To obtain zero reflection with an antireflective coating on 
a lens, two conditions must be fulfilled: (1) the optical thick-
ness of the coating film must be equal to one quarter of the 
wavelength of light (or this plus an integer multiple of the 
wavelength), which can be achieved only for a certain wave-
length; and (2) the coating material must have a refraction 
index which is the square root of the product of the refractive 
indices of the outer medium (air) and the lens material (i.e., 
n n n1 0 2= ). In practice, compromises have to be made.

The reader might wonder what the construction of antire-
flective coating on a camera lens has to do with photobiology. 
The fact is that even some eyes, notably in the insect orders 
Lepidoptera and Diptera, have antireflective surfaces 
(Bernhard et al. 1965, 1968, 1970; Parker 1999, 2000; Yoshida 
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Fig. 10.3  Reflection in a soap film of 0.33-μm thickness and the 
refractive index of 1.33
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et al. 1996; Yoshida 2002; Stavenga et al. 2006a). In this case, 
however, the antireflective surface is not obtained by addition 
of a layer of material of a different refractive index, but by 
finishing off the bulk material with tapering “nipples” smaller 
than the wavelength of the light, which effectively provide a 
gradual change in refractive index from that of the bulk mate-
rial to that of air. The main biological advantage of the antire-
flective surface might be to make the bearer of the eyes less 
conspicuous by avoiding a shiny surface (“eyeshine”) 
(Stavenga et al. 2006) and to some extent to improve vision.

This type of antireflective surface, usually called “moth-
eye structure,” has become one of the most advanced achieve-
ments of recently developing nanotechnology and has often 
been employed to reduce reflective loss at the surfaces of 
solar cells. The advantage of this “biological-inspired” antire-
flective coating lies in its extraordinarily wide angular and 
wavelength ranges, which cannot be achieved by simple film-
type antireflective coatings, even when two or more layers are 
employed. (It is also an example of “biomimicry,” an increas-
ingly important technological approach to design, to which 
we will briefly return towards the end of this chapter.)

10.3	 �Reflection by Multilayer Stacks

We shall now come to a more complicated case of multilayer 
stacks forming efficient biological mirrors with nearly 100 % 
reflectance. The most important case is that of normal 
incidence. Eyes, for instance, are constructed such that light 
hits the retina, and therefore also the reflective backing of the 

retina, almost perpendicularly. However, using the computer 
program shown later, oblique incidence and both s- and 
p-polarizations can be handled.

Interference phenomena due to periodic multilayer stacks 
are qualitatively understood in terms of periodic piling of a 
pair of thin layers. Consider two layers designated as A and 
B with thickness d0 and d1 and refractive indices n0 and n1, 
respectively, as illustrated in Fig. 10.5. We will tentatively 
assume n0 > n1. If we consider a certain pair of AB layers, the 
phases of the reflected light at the upper and lower B-A inter-
faces both change by π radians, because the condition n0 > n1 
holds. Thus, the relation similar to the antireflective coating 
described in the previous section is applicable. Taking into 
account that the present system consists of two layers, the 
wavelength of maximum reflectance will be given as

	
l a amax cos cos / ,= +{ }2 0 0 0 1 1 1n d n d m 	

with the angles of refraction in the A and B layers as α0 and 
α1, respectively.

Furthermore, if we consider only the A layer within the 
AB layer, the phase of the reflected light does not change at 
the A-B interface, while it does change at the B-A interface. 
Thus, an interference condition corresponding to the soap 
film case can be applied:

	
l amax cos / ,= −( )′4 2 10 0 0n d m 	

where m ' is a positive integer satisfying the condition m ' ≤ m. 
If the above two conditions are simultaneously satisfied at 
the same wavelength, the reflected light from the A-B inter-
faces adds to that from the B-A interfaces so that the 
multilayer will give the maximum reflectance. In particular, 
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Fig. 10.4  Reflectance of a lens of heaviest flint glass (n1 = 1.89) coated 
with a quarter-wave thickness (0.107  μm) of magnesium fluoride 
(MgF2, n1 = 1.38). Reflected fraction of the incident light is shown for 
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Fig. 10.5  Schematic illustration of multilayer stack. The dashed 
arrows indicate the phase reversal taking place during reflection. 
Complete constructive interference is obtained when the sum of (A) and 
(B) stacks is regarded as a film satisfying the thin-film interference con-
dition for antireflective coating, while a single (A) or (B) layer satisfies 
the soap-bubble condition
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the condition m = 1 and m' = 1 corresponds to the lowest-order 
reflection with the optical thicknesses of the A and B layers 
equal to each other. Land called this case “ideal stack” or 
“ideal multilayer” (Land 1972).

On the other hand, if the thicknesses of the A layers do not 
satisfy the latter relation, while the sum of the A and B layers 
satisfies the former one, the reflection at the A-B interface 
works more or less destructively so that the peak reflectance 
will decrease. This case is called a “non-ideal stack.” An ideal 
stack is effective to increase the reflectance, whereas its reflec-
tion band width is also increased considerably. On the other 
hand, a non-ideal reflection band width can be suppressed, 
which is often effective to show the color more clearly.

The following computer program is based on the treatise 
by Huxley (1968) and is in agreement with the example 
treated by Land (1966).

pi = 3.14159
INPUT “refraction index of medium and 
spaces”, na
INPUT “thickness of spaces, micrometres”, 
da
INPUT “number of plates = ”, p
INPUT “thickness of plates, micrometres”, 
db
INPUT “refraction index of plates”, nb
INPUT “incidence angle, degrees”, aa:IF 
aa = 0 THEN aa = .001:aa = pi * aa/180
sinab = na * SIN(aa)/nb:ab = ATN(sinab/
SQR(1-sinab * sinab))
27 : INPUT “choose polarization, p for 
parallel, s for perpendicular”, pol$
IF pol$ = “s” THEN 29
IF pol$ = “p” THEN 30
PRINT “MISTAKE! Try again!”
28 : GOTO 27
29 :r = SIN(aa-ab)/SIN(aa+ab):GOTO 31
30 : r = -TAN(aa-ab)/TAN(aa+ab)
31 :OPEN “O”,1,“clip:”
FOR L = .4 TO .85 STEP .001
fia = (2 * pi/L) * da * na * COS(aa):fib = 
(2 * pi/L) * db * nb * SQR(1-sinab * 
sinab)
kprim = -(COS(fia+fib)-r * r * COS(fia-fib))/
(1-r * r)
k = (SIN(fia+fib)-r * r * SIN(fia-fib))/r/
SIN(fib)/2
IF kprim * kprim<1 GOTO 100
REM In the following case mu is real
mu1 = kprim+SQR(kprim * kprim-1)
mu2 = kprim-SQR(kprim * kprim-1)
90 :murat = mu1/mu2:IF murat>1 THEN murat 
= 1/murat

95 :m2 = (murat)ˆ p
RR= 1/(1+4 * m2 * (1-k * k)/(1-m2)/
(1-m2)):GOTO 200
100 :REM In the following case mu is 
complex
costheta = (COS(fia+fib)-r * r * COS(fia-
fib))/(1-r * r)
theta = ATN(SQR(1-costheta * costheta)/
costheta)
RR= 1/(1+(k * k-1)/SIN(p * theta)/SIN(p * 
theta))
200 :PSET(1000 * (L-.39),310-300 * 
RR):PRINT# 1,RR
300 :NEXT L:CLOSE 1
400 :FOR L = .4 TO .85 STEP .05
CALL MOVETO(1000 * (L-.39),310):CALL 
LINETO(1000 * (L-.39),320)
IF 10 * L<>INT(10 * L) THEN 500
CALL MOVETO(1000 * (L-.41),330): PRINT 
1000 * L;“nm”
500 :NEXT L
END

Figure 10.6 shows examples of the output of this computer 
program. Within a certain wavelength range, about 100 nm, the 
reflectance reaches nearly 100 % for only 20 high index layers, 
i.e., 40 interfaces, while it is lower outside this region and oscil-
lates with wavelength; the number of these oscillations 
increases with an increasing number of layers. In reality this 
results in shiny reflectance only within a certain wavelength 
range, which gives a colored appearance to the surface, as can 
be seen in, for instance, green and blue beetles.
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Although Huxley’s method of calculating the reflectance 
has the advantage of giving physical insight into such spec-
tral features as the reflection band width and the oscillatory 
structures, it has an essential difficulty in freely changing 
such parameters as thicknesses and refractive indices of the 
layers. For this purpose, a transfer matrix (Born and Wolf 
1959; Kinoshita 2013) and iterative methods (Kinoshita 
2008) are often employed, which are applicable to multilayer 
stacks of any kind, even when the repetitive structure is 
absent and the refractive indices of the incidence and output 
media are different.

The hue of the metallic shine due to a multilayer stack 
also shows a typical iridescent nature: the color changes with 
incidence and/or viewing angles (Fig.  10.7; see also 
Fig. 10.4). Common examples where this effect can be seen 
in Europe are the heads of male mallards, which change 
between green and blue depending on from where they are 
seen. However, the angle-dependent color changes do not 
result only from the multilayer construction; there are also 
many examples where gratings (Chap. 3) produce the color-
ful effects (Pfaff and Reynders 1999; Srinivasarao 1999). 
Some of these latter include plants: for example, Glover and 
Whitney (2010) report that in several species of plants, epi-
dermal cells are elongated and flat, with ridged cuticle that 
acts as a diffraction grating. In these cases, the iridescence 
often seems to be in the UV. In the rock dove, the color of the 
neck feather changes between green and purple, which is due 
to a single thin-layer mechanism at the outer cortex of the 
barbule (Yoshioka et al. 2007).

The structural color of the jewel beetle, Chrysochroa 
fulguidissima, is an excellent example of spectral tuning 
due to a multilayer stack. As shown in Fig. 10.8a, its elytra 
show shiny metallic green with copper-brown stripes on 
them. The peaks of the reflection spectra for green and cop-
per-brown regions of the elytra were reported to be 550 nm 
and 750–950 nm, respectively (Hariyama et al. 2005). The 
electron microscopic observation showed that the epicuti-
cle located just below the elytron surface was covered with 
several alternate layers of electron-dense and electron-
lucent regions as shown in Fig. 10.8b. The reflection spec-
trum calculated using the wavelength-dependent refractive 
indices determined recently was actually in good agree-
ment with that of the experiment (Yoshioka and Kinoshita 
2011).

A tropical fish, the neon tetra, gives another interesting 
example. The iridophores, pigment cells containing multi-
layer stacks of guanine crystal plates, located under a blue 
stripe of a neon tetra have been extensively investigated since 
the 1970s (Lythgoe and Shand 1982; Nagaishi and Oshima 
1992). It has been shown that a pair of stacks is present 
within each iridophore and in each stack are included many 
hexagonally shaped guanine platelets (see Fig. 10.9), which 
are enclosed by membranes and arranged regularly with a 

constant inclination angle to the surface. The inclination of 
the platelets may be effective to reflect light in a horizontal 
direction when illuminated from a dorsal direction. Thus, the 
color of the stripe is a typical case of multilayer 
interference.

The noteworthy point in this system is that its color 
changes from violet (under dark conditions) to yellow (under 
bright illumination) with the ambient light and also with the 
physiological conditions. Two major mechanisms have been 
proposed for this change: one is a change in the spacing 
between the platelets (Lythgoe and Shand 1982) and the 
other is a change in their inclination angle (Nagaishi and 
Oshima 1992) (see Fig. 10.9c). Recent experimentation has 
proved that the latter mechanism, called the “Venetian blind 
model,” is more suitable to explain the experimental results 
(Yoshioka et al. 2011).

There exist other cases of “tunable” reflectors in the natu-
ral world. Hinton and Jarman (1972, 1973) describe beetles 
that can change color quickly by shifting between air and 
liquid in the cuticle; something similar is reported in the 
Panamanian tortoise beetle (Vigneron et  al. 2007). Here 
there are within the elytra and elsewhere “chirped” layers of 
cuticle (see below) that have within them porous patches that 
can reversibly hold fluid. When the system is hydrated, it 
reflects a multilayer-based gold color, but when dehydrated, 
it becomes translucent and reveals an underlying red (non-
structural) color. In other words, the system is reversibly 
deploying an iridescent screen.

A different mechanism, and one that is an exception to the 
rule of “nonliving materials” providing biological iridescent 
colors, is reported in the color-bearing iridocyte cells of cer-
tain squids (DeMartini et al. 2013). These cells have at their 
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surfaces deep grooves that contain extracellular channels 
separating fingerlike cellular lamellae. By a reversible chem-
ical cascade involving phosphorylation and condensing of 

reflecting proteins, the system can change lamella size and 
hence color from transparent through a spectrum from red to 
blue, or back again.

a bFig. 10.8  (a) Jewel beetle, 
Chrysochroa fulgidissima, and 
(b) an electron micrograph of the 
multilayer system located 
beneath the elytron surface [the 
copper-brown striped part in 
(a)]. Scale bar: 500 nm 
(Reproduced from Yoshioka and 
Kinoshita 2011)

RP

Reflecting
platelet

a

b

c

Nucleus
Dorsal side

model 1 

model 2 

Fig. 10.9  Schematic illustrations of (a) a neon tetra and (b) its irido-
phore, which contains mainly two stacks of the thin light-reflecting 
platelets (RPs) (Reproduced from Nagaishi and Oshima (1992), with 

permission). (c) Two models for the color change due to the reflecting 
platelets are explained: model 1 represents the change of the spacing 
between platelets and model 2 that of the inclination angles
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In those cases where high reflectance takes place over a 
wider wavelength range, such as often from the tapeta of 
eyes, this can be achieved in a number of ways. One mirror 
with high reflectance in one wavelength band (i.e., with one 
spacing and thickness of high index plates) can be positioned 
behind another with a different spectral tuning. Or the dimen-
sions of the layers can be continuously varied from wide to 
narrow (“chirped layers”) or have “chaotically” varying 
dimensions. An example of an animal in which layer thick-
ness is varied in a way referred to as “doubly chirped” (thick-
est layers in the center) is the silverfish (Large et al. 2001). In 
the herring, neutral, silvery reflectance is obtained by a com-
bination of different body surface scales reflecting red, green, 
and blue wavebands (Denton and Land 1971).

Chemical compounds employed for the layers of high and 
low refractive indices have a wide variety, depending on the 
organisms involved. For example, the combination of gua-
nine and aqueous solution is generally used in animal eyes 
and also in skins of fish, lizards, and frogs; similarly, melanin 
and cuticle are used in beetle wings, cuticle and air in but-
terfly wings, and cellulose and aqueous solution in plants.

10.4	 �Reflection Based on Photonic Crystals

We have been reviewing so far structural colors as more or 
less traditionally described, single thin-film or multilayer 
stacks, but in the 1980s, there appeared in the literature a new 
phrase, “photonic crystal,” to describe many of the materials 
displaying structural color effects. As this concept was 
developed, these photonic crystal materials were classified 
as one, two, or three dimensional (1D, 2D or 3D); the multi-
layer thin-film stacks qualify as 1D photonic crystals, and 
despite the complexity of our optical treatment above, these 
are considered the optically simplest ones.

2D and 3D photonic crystals selectively reflect light 
within certain wavelength ranges (“photonic band gap”) 
while transmitting others. Where one to punch a regular 
array of minute holes in a film, one would have a 2D pho-
tonic crystal. Biological examples of such iridescent 2D pho-
tonic crystals are found in marine polychaetes (Parker et al. 
2001), barbules of bird feathers (Prum 2006), hairs of the 
comb rows of certain ctenophores (Welch et al. 2005), and 
butterfly scales (Vukusic and Hooper 2005). The ctenophores 
are especially interesting in that the comb bases rest above 
the light organs of the animals, and the hairs are apparently 
simultaneously producing reflected color from incident light 
and transmitting the bioluminescence from the light organs 
out into the environment.

3D photonic crystals abound in nature. The mineral opal 
consists of silica spheres that pack into a 3D face-centered 
cubic (fcc) lattice; their band gap structure produces their 
iridescent colors. Analogous structures show up in insect 

scales, notably in those of certain butterflies (Morris 1975; 
Ghiradella 1984a, 1985, 1989, 1998) and beetles (Ghiradella 
1984b, 1998; Parker et al. 2003).

The origin of the photonic band gap is qualitatively 
explained, most simply by using a 1D photonic crystal as 
follows: when a light wave propagates within an alternately 
layered structure with different refractive indices, the light 
wave will be partially reflected and partially transmitted at 
the interfaces between these layers. The light waves thus 
generated will propagate to the right and left directions in 
Fig. 10.10 and will interfere with each other to form a stand-
ing wave. We consider a case where the wavelength of a 
light wave within the layers is equal to twice the period of 
the layers. If the antinode of the standing wave thus created 
coincides with a high refractive index part, the energy of 
electromagnetic wave will be the highest, while in the oppo-
site case, it will be the lowest. Thus, for a single wavelength, 
at least two defining energy values, corresponding to the 
edge energies of the photonic band gap, will be realized.

When the thickness of one layer becomes narrower than 
that of the other, the overlap of the standing wave with the 
layered structure will be incomplete, so that the energy sepa-
ration and hence the band gap width will be smaller. It is 
also expected that if the difference of the refractive indices 
becomes small, the band gap width will be smaller as well. 
Thus, a sufficient band gap for a visible effect is produced 
only when the refractive index contrast is large enough 
and the optical thicknesses of these two layer types are 
comparable.

The above idea can be used to qualitatively predict the 
presence of the photonic band gap in 2D and 3D photonic 
crystals. Consider a case where filled circles are located at 

no > n1

a

b

Fig. 10.10  Schematic illustration to explain the origin of the band gap. 
The light waves propagating to the right and left directions interfere 
with each other to form a standing wave. Consider a case where the 
wavelength of the light is twice the periodicity of the structure. (a) If the 
antinode of the standing wave is coincident with the high refractive 
index layer (n0), the electromagnetic energy will be the highest, while 
(b) if it is coincident with the low refractive index layer (n1), the energy 
will be the lowest; these together give the highest and lowest energy 
limits of the photonic band gap
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square lattice points as shown in Fig. 10.11a. When light 
is incident on the surface of this 2D photonic crystal from 
direction (a) or (b), the light wave experiences spatial 
variation of the refractive index during its propagation. 
The spatial average of the refractive index along the direc-
tion perpendicular to the propagation direction is easily 
calculated as shown in Figs. 10.11b (a) and (b), where the 
light is assumed to be incident (a) normally and (b) 
obliquely into the crystal lattice (here, we do not take the 
refraction at the surface of the photonic crystal into 
account). It is clear that the refractive index variation is 
distinct in case (a), particularly when a = 0.3 ~ 0.5, where 
a is the radius of the circle with the lattice constant b set 
at unity. In contrast, the variation is small in every radius 
for case (b). Thus, when the radius of the circle is suffi-
ciently large, the refractive index contrast is strongly 
dependent on the direction of the light propagation. In 
fact, the band calculation for the refractive index of filled 
circles of n = 1.5, with n of the medium set at 1.0, shows 
that the photonic band gaps are open only in case (a) and 
not in case (b).

The band gap characteristics of 2D and 3D photonic crys-
tals are of current interest to the communications industry, 
which seeks to develop hollow-core versions for more effec-
tive optical transmission fibers (another example of biomim-
icry). In such designs, the crystal cladding controls light 
leakage, while the air-filled core (n = 1) will transmit light 
faster than is now possible with glass fibers. Iridescent 
hollow-core photonic fibers are known from such biological 
systems as butterflies (Ghiradella 1994, 1998) and the sea 
mouse, Aphrodite, (Parker et al. (2001), among others.

We will first consider the barbules of the peacock, one of 
the most well-known avian species displaying structural col-
ors. The colors of peacock feathers have attracted a great 
deal of scientific attention for more than 300 years and are 
now known as typical examples of biological photonic crys-
tals. Since the early observations by Hooke (1665) and 
Newton (1704), it was in the twentieth century that more 
detailed observation was carried out by Mason (1923b) and 
then by Durrer (1962).

As shown in Fig. 10.12a, a feather barbule of peacock is 
somewhat curved along its long axis and slightly twisted 
from the root. Each barbule has the shape of connected seg-
ments of a typical size of 20–30 μm, the surfaces of which 
are smoothly curved like a saddle (Fig. 10.12b). The sophis-
ticated color-producing structure in the peacock’s feather 
(Fig. 10.12c) was first observed by Durrer (1962) using an 
electron microscope. It was found that below a cortex surface 
layer, a total of 3–11 layers of melanin rods (0.11–0.13 μm in 
diameter and ~0.7 μm in length) were arranged to form a 2D 
quasi-square lattice (Fig. 10.12c, d) (Zi et al. 2003). At the  
center of each lattice, a small air hole was present with 
increasing size towards the lower layers as shown in 
Fig. 10.12e. The medullary region of the barbule was filled 
with keratin with a small number of randomly distributed 
melanin rods and air holes. Durrer found that the rod-to-rod 
distance perpendicular to the surface correlated with the 
apparent color of a feather, while that parallel to the surface 
did not show such a correlation.

Natural photonic crystals are found in a more complete 
form in butterfly wings. We will explain a small lycaenid 
butterfly, Callophrys rubi, as an example. This butterfly is 
distributed widely in Eurasia and in North Africa and first 
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received attention by Onslow (1920, 1923). He noticed that a 
reflective scale of this butterfly showed irregular polygonal 
dark patches when observed under transillumination, hence 
the descriptor “mosaic scale” by Schmidt (1943). Afterward, 
the microstructure of this mosaic scale was investigated elec-
tron microscopically by Morris (1975). He observed that 
each polygonal grain, seen as a mosaic patch, was 5.4 μm in 
mean diameter and consisted of a simple cubic network with 
a lattice constant of 0.257 μm.

Ghiradella and Radigan (1976) also made an electron 
microscopic observation of the scale and observed a 3D pho-
tonic crystal that they interpreted as being cubic close 
packed, although it may in fact be a related form (see below). 
In any case, the elaborated structures in the interior of the C. 
rubi scales are now well known as typical examples of 3D 
biological photonic crystals, and the mosaic patches first 
observed within each scale about 100 years ago correspond 
to crystal domain structures having different lattice 
orientations.

Recently, it has been reported that these photonic struc-
tures can be expressed by a simple gyroid minimal surface, 
which is observed for block copolymer systems as a thermo-
dynamically stable structure (Michielsen and Stavenga 2008; 
Saranathan et al. 2010). A gyroid is an infinitely connected 
3D curved surface represented approximately by a mathe-
matical expression

	
g x y z t, , ,( ) = 	

with

	
g x y z x y y z x z, , sin cos sin cos cos sin ,( ) = + +

which divides a 3D space into two according to a condition 
of g(x, y, z) > t or g(x, y, z) < t with t as a parameter. We show 
the examples of curved surface calculated for various t’s in 
Fig. 10.13. If a space defined by g(x, y, z) < t corresponds to 
a cuticle network, and that defined by g(x, y, z) > t to a remain-
ing air space, the photonic crystal structures found in the 
scales of various kinds of butterflies can be expressed fairly 
well by this formula. t in this case corresponds to a filling 
factor of cuticle network and it was reported that for C. rubi, 
t ranged − 1.4 < t < − 1.0, corresponding to the filling factor 
0.16–0.26 (Michielsen and Stavenga 2008).

This proposal was experimentally confirmed by the com-
parison of calculated cross sections with TEM or SEM 
images (Michielsen and Stavenga 2008), by that of the 
reflection spectrum with the band calculation (Michielsen 
and Stavenga 2008; Poladian et al. 2009), by the finite-differ-
ence time-domain (FDTD) calculation (Michielsen et al.  
2010), and also by the diffraction patterns obtained in small-
angle X-ray scattering studies (Saranathan et  al. 2010). 
Although these comparisons are not complete at the present 
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Fig. 10.12  Peacock, showing 
iridescent feathers. (a) part of 
feather barb, showing barbules, 
(b) segments of barbule, (c) cross 
section, and (d) fractured view of 
single barbule (Yoshioka and 
Kinoshita (2002); Kinoshita et al. 
2008). (e) Schematic illustration 
of the internal architecture of the 
barbule with melanin rods (mr) 
and air holes (ah) (Reproduced 
from Durrer (1977), with 
permission)

t = –1.3 t = –1.0 t = –0.7

Fig. 10.13  Examples of gyroid 
structure for t = − 1.3, − 1.0, and 
− 0.7
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stage, they are expected to become clues to solving the prob-
lem of how these elaborate structures are formed during the 
pupal period of the butterflies.

10.5	 �Coloration Due to Random Structures

10.5.1	 �Rayleigh Scattering

The scattering of light does not in principle require regular 
structures to produce structural colors, and so it can be a 
most important source for colors with mechanisms com-
pletely different from those of thin-layer or photonic-crystal 
types. Light scattering is considered a light emission phe-
nomenon due to an induced oscillating dipole under light 
illumination which emits light uniformly in different direc-
tions, so that it is basically non-iridescent; the color does not 
change with viewing angle. Thus, scattering has been thought 
of as a cause of bluish colors without directionality, which 
effect is generally found in a wide variety of random media. 
For example, the origin of the blue sky is explained as due to 
light scattering by atmospheric microparticles (Rayleigh 
1871a, b), later called Rayleigh scattering. The pale bluish 
color of a suspension involving small colloidal particles is 
known as Tyndall blue. The blue or bluish color in these 
cases is based on the fact that scattering efficiency is propor-
tional to the fourth power of light frequency and hence to an 
inverse of the fourth power of wavelength (inverse-fourth-
power law).

Rayleigh scattering (see Chap. 1) is only applicable to a 
case where the particle size is sufficiently small as compared 
with the wavelength of light. When the particle size becomes 
larger, the deviation from the inverse-fourth-power law 
becomes remarkable and the light scattering in the visible 
region becomes enhanced. This is called Mie scattering, 
named after the research done by Mie (1908) on light scatter-
ing by metallic colloidal particles. With increasing particle 
size, the scattering direction largely changes from that of 
uniform Rayleigh scattering to that characterized by strong 
forward scattering (see Born and Wolf 1959).

In the past, Tyndall blue frequently appeared in the litera-
tures as a typical example of a non-iridescent structural 
color. Mason (1923a, 1926) considered the colors of some 
birds and insects as due to Tyndall blue and used as exam-
ples the feather of a blue jay and the body/wing of a dragon-
fly. He proposed six necessary conditions for a medium to 
show the Tyndall blue: (1) inhomogeneities in the refractive 
index, (2) dimensions comparable to the wavelength of 
light, (3) blue scattering and red transmission, (4) size-
dependent saturation of the blue color, (5) polarized scatter-
ing, and (6) inverse proportionality to the fourth power of 
wavelength.

Frank and Ruska (1939) applied the first commercially 
available electron microscope to investigate the feathers of 
the ivory-breasted pitta and the turquoise tanager, which 
were known to display Tyndall blue. Within barbs of the blue 
feathers, they found spongy structures consisting of keratin 
and air at the inner region of the medullary cell. Later, more 
detailed observation on the spongy structure was made by 
Schmidt and Ruska (1962) on several avian species. They 
reported that the spongy structure sometimes appeared to 
consist of numerous spherical or oval vacuoles, now called 
the spherical type, while at other times, they showed a net-
work structure consisting of hard sticks and air holes, now 
called the channel type (Noh et al. 2010).

These spongy structures are now known to be widely dis-
tributed in avian species: kingfisher, parakeet, cotinga, jay, 
manakin, and bluebird are the well-known examples of this 
type. Until recently, however, it was generally believed that 
the Tyndall blue is the only cause for the blue colorations in 
these spongy structures. Yet, there were only a few reports to 
accurately measure the reflection spectrum, its angular 
dependence, and the polarization characteristics, which were 
the necessary conditions for Tyndall blue as proposed by 
Mason.

10.5.2	 �Coherent Scattering

However, it was gradually recognized that the light scatter-
ing was somehow modified and contributed effectively to 
animal colors. The first implication of the presence of inter-
ference phenomena on this problem was made by Raman 
(1934), who threw doubt on Tyndall scattering in the feather 
of an Indian roller. He found that the barb contained a series 
of cells whose colors varied from cell to cell. Further, he 
noticed that when the barb was fully damp, the dark blue 
changed into bright green and the light blue into light red. He 
compared these results with light scattering known for par-
ticles of various sizes and concluded light scattering does not 
suffice as explationation.

Dyck (1971) performed anatomical and optical investiga-
tions of the feathers of the rosy-faced love bird and plum-
throated cotinga (Cotinga maynana). He found that the inner 
part of a barb was completely filled with a spongy structure, 
which consisted of a 3D network of connecting ca. 
0.1-μm-wide keratin rods, which supported empty spaces 
~0.1 μm in diameter. He investigated the spongy structures in 
various avian species and found that the widths of the rods 
and air spaces were strikingly uniform in size, while their 
orientations were definitely random. Furthermore, he found 
that the reflection spectrum showed a clear peak, which 
could not be explained in terms of the Rayleigh/Tyndall scat-
tering (Fig. 10.14).
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Prum et al. (1998) played a decisive role in the solution of 
this problem. They employed a spatial Fourier transforma-
tion of a TEM image of the medullary spongy structure in the 
blue feather barbs of C. maynana and found a clear ring 
structure around the origin in wave vector space (see 
Fig. 10.14c for an example). If spongy structures with a wide 
variety of sizes are distributed, a Gaussian-like distribution 
would be obtained around the origin. The presence of a ring 
structure clearly indicates that a characteristic size of the net-
work actually exists, which presumably corresponds to the 
reflection maximum.

Prum et al. (1998) simulated the reflection spectrum using 
the 2D Fourier power spectrum by averaging it radially and 
converting the radius of the ring into the peak position of the 
reflection spectrum, using the average refractive index. The 
result was in fairly good agreement with the experiment. They 
applied this method to the feathers of various other avian spe-
cies (Prum et al. 1999a; Prum 2006) and to avian and mam-
malian skins (Prum et al. 1999b; Prum and Torres 2003, 2004), 
which appeared as quasi-ordered arrays of parallel collagen 
fibers, and found a similar spatial order.

Thus, it is now clear that the spongy structures generally 
possess a characteristic size which actually contributes to the 
generation of a well-defined reflection peak through con-
structive interference; Prum et al. (1998) called the light scat-

tering of this type coherent light scattering. It also becomes 
clear that these structures are widely distributed in the ani-
mal kingdom, particularly in birds and insects. Their struc-
tural units appear sometimes in a form of a network and 
sometimes as randomly distributed spheres. These findings 
are quite important because the structure actually possesses 
short-range order, which induces the interference of light by 
enforcing reflection in a particular wavelength range.

Recently, Dufresne et  al. (2009) employed small-angle 
X-ray scattering (SAXS) to analyze the spongy structures in 
various feather barbs and found similar ring structures both 
for channel and spherical types, as shown in Fig. 10.15. They 
found that the ring structure generally consisted of a definite 
ring, which was followed by a tail or a weak second ring 
outside the main ring (see Fig. 10.15c, d). Since the scatter-
ing efficiency of X-rays is very low, the structural informa-
tion is directly obtainable without being disturbed by 
multiple scattering, which will thus be comparable with the 
Fourier analysis performed by Prum et al. (1998).

Further, Noh et al. (2010) measured the reflection spectra 
under various optical configurations and found that under 
directional lighting, the feather barbs were surprisingly irides-
cent, while under omni-directional illumination, they were 
actually non-iridescent: the reflection spectrum was evidently 
independent of the angle of incidence, if the refraction at the 

a

bc

Fig. 10.14  (a) A common 
kingfisher, Alcedo atthis: (a) 
Barbs, (b) cross-section view of a 
fractured barb, (c) 2D Fourier 
image of the TEM image of its 
spongy structure (Reproduced 
from Kinoshita and Yoshioka 
2005b)
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surface was properly corrected, and was dependent only on an 
angle between the directions of incidence and reflection. The 
authors attempted to reproduce the reflection spectrum from 
the SAXS pattern and obtained good agreement with respect to 
the main ring when the average refractive index was set at 1.25.

From the standpoint of spectral tuning, the spongy struc-
ture gives rather weak tuning capability, because its color-
ing mechanism is essentially based on random structure 
that is slightly modified by the presence of short-range 
order. However, it offers a special effect as compared to the 
ordinary interference-type structural color: the important 
point is that it is basically non-iridescent, so it does not 
show directionality, which eventually prevents the lustrous 
appearance. On the other hand, this rather passive mecha-
nism results in the degradation of the reflection efficiency, 
which is, however, compensated for by placing dark pig-
ments below the spongy structure. Thus, the interplay of 
pigmentary and structural colors is essential in this system, 
as it is in others, for example, the deep blue thin-film reflec-
tive scales of many of the Morpho butterflies (see below).

10.6	 �Diversity of Structural Colors

10.6.1	 �Morpho Butterflies

Very complicated structures, in which both multilayer inter-
ference and grating effects contribute to colors, have been 
often observed in nature, especially in the scales of butterfly 
wings (Ghiradella 1994, 1998). The most remarkable exam-
ple is the Morpho butterfly inhabiting the New World from 
Central to South America. The wings of this butterfly display 
striking, even metallic, blue and have been attracting scien-
tists’ interest from the nineteenth century. Their surprisingly 
elaborate microstructures became clear just after the inven-
tion of electron microscope (Anderson and Richards 1942, 
Gentil 1942). The most remarkable features in the optical 
response of their wings are that while they strongly reflect 
the blue light, the reflection direction spreads widely but 
only within a plane nearly perpendicular to the ridge direc-
tion on the scale (the ridges are longitudinal folds projecting 
from the obverse surface of most butterfly scales) (Vukusic 

a b

c d

Fig. 10.15  Electron 
micrographs of feather barbs of 
(a) channel-type male eastern 
bluebird (Sialia sialis) and (b) 
sphere-type male plum-throated 
cotinga (Cotinga maynana), and 
the corresponding small-angle 
X-ray scattering patterns, (c) and 
(d). Scale bars are 500 nm for 
(a) and (b), and 0.025 cm−1 for 
(c) and (d) (Reproduced from 
Dufresne et al. (2009), with 
permission)
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et al. 1999, Kinoshita et al. 2002a, b). Various models have 
been proposed so far and numerical calculations of diverse 
kinds have been performed to elucidate the mechanism of 
this blue reflection (Gralak et  al. 2001; Kinoshita et  al. 
2002b; Plattner 2004; Zhu et al. 2009; Lee and Smith 2009).

It is now generally understood that the strongly blue and 
widely spreading reflections are caused by a unique scale 
ridge structure. As shown in Fig.  10.16b, the ridges are 
densely distributed at intervals of ~1 μm on a scale; they 
extend longitudinally for almost the full length of the scale. 
Each ridge has stacks of thin shelves, or lamellae, which 
project alternately from each side as shown in Fig. 10.16b; 
these and the air spaces between them form the mirror. This 
unique structure causes the miraculous balance of a multi-
layer interference and diffraction effect that is restricted to a 
plane perpendicular to the ridge direction (Kinoshita et  al. 
2002a, Kinoshita 2013). Further, the alternately configured 
lamellae can be regarded as obliquely inclining lamellae and 
enhance the backscattering when illuminated from oblique 
directions. This will make the blue wing more vivid without 
being disturbed by the specular reflection (Kambe et  al. 
2011). The color of the wing is largely affected by underly-
ing melanin layers, which absorb the light other than blue, 
thereby ensuring the deep blue color. Lacking such underly-
ing pigment, the scales are translucent and “pearlescent,” 
with only a pale blue color (see Fig. 10.16a). Thus, plenty of 
architectural designs in addition to cooperation with pigment 
bestow such a beautiful color on this butterfly and on other 
reflective creatures.

10.6.2	 �Liquid Crystals

There exists in nature yet another class of structural color 
mechanism. Chemists have long known that certain liquid 
crystal molecules orient themselves in certain very specific 
fashions. One such is the so-called “helicoidal,” “choles-
teric,” or “chiral” arrangement: the molecules are arrayed 
such that their orientation precesses, being in each layer 

slightly rotated with respect to those in the layer below. The 
thickness of the layers and the direction (“chirality”) of the 
rotation can be tunable, and if tuned properly, they will pro-
duce structural colors that are analogous to multilayer stack 
colors.

Many thermometers using this type of liquid crystal are 
on the market; these work by reversibly changing their colors 
when the temperature is increased or decreased (thereby 
changing the thickness of the “layers” and hence the optical 
properties). A similar phenomenon occurs in biological sys-
tems; if collagen, chitin, or other biological fibrils are 
arranged in a regular helicoid fashion, the system can be 
tuned to produce color; this is the basis for the iridescent 
cuticles of many beetles, flies, and other insects  
(for reviews, see Neville 1993 and Srinivasarao 1999; see 
Lee 2007 for a discussion of this mechanism in plant color-
ation). The light reflected from these helicoid arrays is circu-
larly polarized; the chirality of biological systems has 
seemed uniformly to reflect left-circularly polarized light, 
but at least one beetle has found a way to simultaneously 
reflect both left and right circularly polarized lights (Caveney 
1971).

10.6.3	 �Interplay with Pigments

Let us bring the pigments back into play by noting that many 
organisms combine structural and pigmentary colors to get 
additional special effects. In birds, green plumage is often 
achieved by combining a structural blue color with a pigment 
yellow. As described above, in many, but not all, blue Morpho 
butterflies, a pigmentary “backing” intensifies the structural 
blue color by absorbing unwanted light entering the reflect-
ing structures, because the wavelengths of such light are 
located in a range other than blue, are also likely to be out of 
phase with the “functional” light, and would dilute the purity 
of the interference color. In a species of Morpho butterflies, 
white spots on the wing are produced simply by removing 
the backing pigments in these areas, while the elaborate 

a bFig. 10.16  (a) Morpho 
sulkowskyi and (b) scanning 
electron microscopic image of a 
cross section of a reflective scale
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microstructures are left untouched (Yoshioka and Kinoshita 
2006). Since, after passing the reflecting structure, light of 
wavelengths other than blue is scattered by the underlying 
wing membrane and scales on the reverse side, it comes back 
to the obverse side without directionality and is perceived by 
the viewers as white spots on the wing.

10.6.4	 �Whiteness and Transparency

The biological world has a few additional ways of handling 
light. Scattering produces brilliant whites (Vukusic et  al. 
2007) and may yield more complex effects, especially if the 
combined optical behavior of all scales in a wing transect is 
taken into account (Stavenga et al. 2006b) or if structures and 
pigments interact to produce “emergent” optical effects 
(Rutkowski et  al. 2005; Morehouse et  al. 2007). And of 
course there is transparency, a highly effective technique for 
evading predators. We have already mentioned antireflective 
coatings, in particular the nipples that allow clearwing moths 
to become essentially invisible against any background 
(Yoshida et al. 1996; Yoshida 2002). But invisibility is best 
understood in the open seas (see Herring 2002, Wilson and 
Hastings 2013 for review), where there is no place to hide. 
Coelenterates and ctenophores may build bodies largely of 
transparent jelly, but arthropods and vertebrates must have 
muscles and skeletons. To some degree, these can be ren-
dered transparent by arranging fibrous proteins so that they 
produce destructive interference in the predominantly blue 
light in their environment(s). But eyes must have pigment 
and gut contents quickly become opaque, even if they do not 
start that way. This may be the reason why so many fishes 
have instead evolved silvery mirrored sides to render them-
selves invisible.

10.6.5	 �Relation to Fluorescence

No discussion of spectral tuning would be complete without 
a brief mention of fluorescence, the process by which light of 
a relatively short wavelength is absorbed and reemitted at a 
longer wavelength (see Chap. 1). This has been reported to 
be widespread in spiders (Andrews et al. 2007), where it may 
have communication and possibly metabolic and other func-
tions as well.

A particularly intriguing case is described in a Papilio 
butterfly (Vukusic and Hooper 2005); the reflective scales 
have 2D photonic crystals on their obverse surfaces; these 
collimate the light so that it is effectively emitted upward (or 
reflected with a help of a mirror lining the reverse surface) 
for the wavelengths of light at around 505 nm. This wave-
length just matches a peak of a fluorescent pigment fused in 
the 2D photonic crystals as also does the central range of the 

animal’s green visual pigment. Thus, the 2D photonic crystal 
in this case may be placed to successfully extract fluorescent 
light from the wing. A similar mechanism is now often used 
in light-emitting diodes to extract the light efficiently from 
the device, another example of biomimicry.

10.6.6	 �Biomimicry

In closing, we would like to revisit briefly some of the ideas 
and systems that we have discussed and present some addi-
tional information. First is biomimicry. We have alluded to 
the burgeoning interest in the field, even reaching into archi-
tectural design (Aldersey-Williams 2004). There has been 
particular interest in duplicating the Morpho iridescent scale 
system (e.g., Aryal et al. 2012), but other systems are being 
studied widely. Two books written for popular audiences are 
Benyus (2002) and Harman (2013); the latter considers some 
of the general economic and business concomitants of some 
of the systems.

In a related vein, scientists have realized that the highly 
structured Morpho wing might provide the design for a 
chemical sensor: gas molecules penetrating between the 
lamellae will change the refractive index of the air compo-
nent and hence the reflectivity of the scale (Potyrailo et al. 
2007). There is little question that more of these biological 
structures will have much to teach us about design.

10.6.7	 �Developmental Studies 
on Microstructures

One particularly intriguing question (actually allied to that of 
biomimicry) is how the organisms make these structures and 
materials in the first place. For many of those discussed 
above, the question remains to be investigated, but Ghiradella 
(1974, 1989) studied the development of the multilayer 
lamellae in the butterfly Colias eurytheme and of the 3D pho-
tonic crystals in another butterfly Mitoura grynea.

In the first case, it was possible to conjecture from the 
internal geometry (including the placement of actin bundles 
of the developing scale) that longitudinal tensile stress on the 
scale obverse epicuticular layer (the outer “envelope” of the 
nascent cuticle) may result in so-called elastic buckling, a 
common physical process that typically gives rise to regular 
and even folds. This has not been confirmed, but given the 
generality of regular folds in nonliving biological structures, 
it is almost certain that a common mechanism underlies this 
particular geometry.

The basis of the pattern formation is clearer with regard to 
the 3D photonic crystals; the smooth endoplasmic reticulum 
organizes itself into a 3D lattice; the cell then pulls in and 
weaves through the lattice space tubes of cell membrane 
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within which the cuticle is secreted, as cuticle always is, 
extracellularly. A variation of same system is obtained in 
striated muscle, in which the sarcoplasmic reticulum (the 
muscle cell’s smooth endoplasmatic reticulum) organizes 
itself in such a way that the T-tubule invaginations of the cell 
membrane can carry the excitation from the nerve end plate 
deep into the contractile machinery.
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