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This module consists of reading material and an experiment to determine the inter-track 
spacing on a CDROM. The reading material explores the world of structural colour. 
Exploited by many insects to present vivid iridescent colour, surface structure is also the 
way in which a CDROM disperses light. 
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Structural Colour in Insects  
 
Introduction 

 
Light can be characterised by its intensity, spectral 
distribution, polarisation and intensity. There are obvious 
examples of adaptation for different light intensities. 
Nocturnal animals have evolved special structures to 
increase the sensitivity of their eyes. An example of 
such a structure is the tapetum1. Polarisation provides 
visual clues to enable navigation, but also reveals 
transparent prey to the properly equipped predator. The 
vivid, iridescent colours found on some butterflies and 
beetles are developed by structure, rather than pigment. 
This short article explores the physics of structural 
colour. 
 

 

                                                           
1 An area in the pigmented layer of the choroid coat of the eye in many animals, which has an 
iridescent or metallic lustre and helps to make the eye visible in the dark. From 
http://www.hyperdictionary.com/dictionary/tapetum 

 
 
 
Structural Colour 
 
You are probably familiar with the colours formed 
by a soap film, or layer of oil. Structural colour in 
insects originates in the same manner. Light 
exhibits both wave and particle properties. It is the 
interaction of light wave with thin film structure 
that leads to the creation of these iridescent 
colours. 
 
Light waves can mix, or superimpose, with each 
other in such a way that the resulting wave may 
be more intense or might disappear. See Box 1. 
When light waves are incident on a thin film of 
transparent material (for example, glass) they are 
partially reflected from the first surface, and partly 
transmitted and reflected from the second surface 
(fig.2.). Rays of light reflected from the second 
surface will superimpose on those reflected from 
the first. Their phase relationship will depend 
upon the extra distance they have travelled. This 
is called the path difference. 

Box 1: Wave interference. 
 
 
 
 
 
 
If two waves of the same wavelength and 
phase superimpose, the resulting wave is of 
greater amplitude. This is termed 
constructive interference. 
 
 
 
 
 
 
 
However, if the waves are out of phase they 
cancel each other out. This is destructive 
interference. 

+ = 

+ = 

Fig. 1  Real-colour images from a 
portion of an A. meliboeus wing  
Vukusic et al (2001) 
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When a ray of light reflects from a material of higher refractive index it undergoes a 
phase reversal. If the subsequent path difference is a whole number of wavelengths then 
the emerging ray will be out of phase with the ray reflected from the first surface. The 
two will interfere destructively (see fig.2).  

 
 
 
 
Optical path length 
 
The transmitted ray will travel more slowly in the more optically dense material. Clearly 
this will also alter the phase relationship between the rays. It is useful to define an optical 
path length that negates this difficulty. The optical path length is defined as that length 
which contains the same number of wavelengths as the physical path. It is simply the 
refractive index, n, multiplied by the physical path length.  
 
Condition for interference 
 
The physical path difference is 2dcosθr, so the optical path difference will be 2ndcosθr. If 
this is equal to a whole number of wavelengths the condition for destructive 
interference is met.  
 
� Why destructive, it looks more like the condition for constructive interference to me? 
 
� Remember the phase reversal at the reflection at the lower interface between the film 
and material of higher refractive index. 
 
The condition, therefore, destructive interference is  
 

mλλλλ =  2dcosθθθθr 
 
where ‘λ’ is the wavelength and ‘m’ an integer. (m = 1, 2, 3, …..) 
 

Fig 2. Partial reflection at the first and second surfaces in a thin film. The ray that has passed 
through the material clearly travels further. 
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A further phase shift of half a wave will lead to constructive interference. This condition is 
expressed mathematically as  
 

(m + ½)λλλλ =  2dcosθθθθr    
 
Constructive interference leads to rays that appear to be strongly reflected. Film 
thickness, refractive index and angle of incidence will determine the appearance. 
 
Structural considerations 
 
Parker (1996) reviews the range of structures that lead to the formation of colour and 
identifies three groups (fig 3.). 
  
A. Scattering of selected wavelengths from small particles. If the particles are less than 

about 575 nm the scattered light will be bluish.  
 
B. Thin film, multilayer structures. Reflection from a single film has been discussed in 

detail. Multilayer systems increase the intensity of the reflected light, and 
manipulation of film thickness tunes the wavelengths that are reflected. Fig. 3 B 
illustrates a chirped layer. Progressively thinner layers reflect shorter wavelengths, 
often the colours mix to produce a white, or silvery, colour. Other combinations are 
possible. 

 
C. Surface gratings, which have ‘lines’ etched along the surface, diffract light causing 

specular reflection in a manner analogous to the surface of a CD ROM. 

Fig 3. Colour producing structures. Parker, A.R., McKenzie, D.R. & Large, M.C.J. (1998) 
Multilayer reflectors in animals using green and gold beetles as contrasting examples. The 
Journal of Experimental Biology 201, 1307-1313. 
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Experimental studies 
 
Parker et al. (1998) have reviewed multilayer systems, using the green beetle Calloodes 
grayanus and gold Anoplognathus parvulus as contrasting examples (Fig. 4). 
 
They examined reflected light using a spectrophotometer. Sections of the elytra from 
both beetles were examined using a transmission electron microscope (TEM). 
Mathematical models based upon the revealed structure confirmed the reflection 
spectrum. 

 
A. parvulus uses a chirped stack to reflect 
blue, green and yellow light. This mixes in 
additive2 fashion to produce a strong 
metallic gold colour. Red and violet 
wavelengths are largely transmitted by the 
multilayer structure ( fig 5). 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The structure utilised by C. grayanus is a regular multilayer stack that differs from the 
ideal ¼ wave stack. (A ¼ wave stack has film thickness of ¼ the wavelength of the light 
that it is intended to reflect and can approach 100% reflectance. C. grayanus reflects 
strongly in the green and infra-red wavelengths. A transparent but disordered surface  

                                                           
2 Not to be confused with the mixing of pigment, a subtractive process. 

Transmitted portion, 
mainly red and violet 

Chitin layer: 
causes some 
back reflection 

Chirped multilayer 
reflector 

Uniform 
transparent layer 

Blue 

Green 

Yellow 

Fig. 5. TEM micrograph of the gold beetle 
Aspidomorpha tecta. (Neville 1977).Scale 
bar 1µm. Schematic adapted from Parker et 
al. (1998) 

Fig. 4. Reflected light micrographs of  A. 
parvulus (A) and C. grayanus (B). The green of 
C. grayanus is more diffuse than the specular 
reflection of  A. parvulus. See text for an 
interpretation. (Parker et al. 1998) 

Fig. 6. Schematic of the structure of the cuticle of 
C.grayanus. From Parker et al. (1998) 
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layer scatters the reflected light (Fig. 6) so that specular reflection does not occur and 
the reflected green is diffused. This means that the beetle appears uniformly coloured 
from all directions. Parker et al. (1998) have demonstrated that this reflectance spectrum 
(Graph 1) is similar to that from a leaf taken from the plant Ficus macrophphylla 
macrophylla (Moreton Bay fig). This provides circumstantial evidence that the green 
colouration developed by C. grayanus is for camouflage.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wavelength / nm 
 

Graph 1. Reflectance spectra from the dorsal 
surfaces of A. parvulus, C. grayanus and the leaf 
from Ficus macrophylla macrophylla. Note the 
similarity between the spectrum of the leaf and 
beetles C. grayanus. 
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Structural colour in Lepidoptera 
 
A butterfly wing is covered in scales which grow out of the surface, overlapping each 
other like roof tiles. They are typically 75 by 200 µm in dimension. Whilst their 
undersides are rather flat the top surface provides the structure which determines their 
appearance. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
The photonics research group at 
Exeter University have been 
particularly active in studying 
structural colour in Lepidoptera. 
Vukusic et al. (2000) have 
suggested a classification for 
microstructure in the scales found 
on iridescent butterfly wings. 
 
The three classes are : 
 
Type 1: multilayer systems 
incorporated into ridge structure. 
 
Type 2: multilayer systems 
incorporated into scale body. 
 
Type 3: Not multilayered, but 
other specialised diffraction and 
scattering systems. 
 

Fig. 7. Schematic overview of classification of microstructure in butterfly wing scales. 
(Vukusic et al. (2000) 

Fig. 8. Iridescence in the butterfly Morpho rhetenor a. Real 
colour image. b. TEM image of the cross-section of a wing-
scale of M rhetenor. c.  TEM image of the cross section of a 
wing-scale from the butterfly M. didius. Vukusic, P. and 
Sambles, J.R. (2003) Scale bars b. 1.8 µm, c. 1.3 µm. 
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The ’type 1’ is further subdivided into three sub-groups. The first group (1a)  is illustrated 
in Fig. 8. Multi-layer arrangement is developed by a ‘Christmas tree’ structure. The tilt in 
these ridge structures ensure that the vivid colours developed are reflected over a broad 
range of angle. The vivid colouration of the M. rhetenor butterfly can be seen up to ½ a 
mile away. This is due to the depth of the multi-layer stack (10 – 12 layers). 

 
Type 1b scales have fewer ridge structures, 
limited to five or six layers, and they tend to 
be at higher angles of inclination (see fig 9). 
The butterfly Ancyluris meliboeus uses this 
type of structure and can appear deep blue 
through to orange, depending upon 
orientation (Figs.1 and 10). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Type 1c scales have the multilayer structure mounted almost at right angles to the ridge. 
This has the effect of limiting the range of angle from which structural colour can be 
viewed. 
 
Some Speculations 
 
Why should insects have used so much energy in evolving structural colour? We have 
seen the possibility of camouflage, but the beetles A. parvulus  and C. grayanus (Fig. 4) 
are really showing off! Perhaps, to a predator, they look like drops of water on a leaf. 
Perhaps their species finds it preferential to exploit ostentatious display to attract sexual 
partners. Similarly, for the butterfly its erratic flight adorned with iridescent flashes of 
brilliant colour might confuse a ‘would be’ predator. Again, it might be display. We 
certainly cannot perceive these creatures from the point of view of the predator, or the 
sexual partner. However, we can work to understand nature’s physics, and seek to 
develop technologies which exploit our findings. 
 

Fig. 10. A narrow beam of collimated white light shines at right angles on a single 
iridescent region of A. meliboeus wing. A range of colour is produced, each colour being 
reflected at a different angle. Vukusic et al (2000) 
 

Fig. 9. Type 1 b as found in the butterfly  
Ancyluris meliboeus. Vukusic et al (2000) 
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Spectroscopy 
 
Introduction 
 
We have seen that certain insect, and other animals like the peacock, exploit structure to 
produce iridescent light.  You will have seen brilliant bands of colour scattered from a 
CDROM and might now suspect that this is caused by underlying structure. 
 
An energy saver bulb emits a line spectrum instead of the more familiar continuous 
spectrum. Dispersion into a line spectrum by a diffraction grating of known grating 
spacing will enable the frequencies of the emitted lines to be determined. Once the 
wavelengths of the light are known you will use this to determine the intertrack spacing 
of a CDROM. 
 
Part (a) Analysis of the light: 
 
 
Apparatus 
 

 
Fig 1. General arrangement of apparatus. 

Method 
 
• Assemble apparatus. Ensure that the diffraction grating is lined up with the slit (use 

the lines ruled on the frame of the grating) 
• View the spectra obliquely. You should see line spectra displayed either side of the 

zero order spectrum. Each successive spectrum is known as the first, second third 
order and so on.  

• A measurement of the diffraction angle is made by lining the optical pin with the 
image of the slit and the line ruled on the frame of the diffraction grating. See Fig. 2. 

• Measure the diffraction angle for the violet line in the first order spectrum on both 
sides of the zero order spectrum.��

• Repeat for the blue, green and red lines. Note that the diffraction angle will be the 
averages of the left and right sides. 



PromoteMSc                        Structural Colour 

Matt Chessher                                                                  2004 11

�

�

 
Fig 2. Measuring the angle of diffraction. 

�
Results 
�

Spectral 
line Order θθθθleft�

/o 
θθθθright�

/o 
Mean 

θθθθ�/o� Sin�θθθθ�

VIOLET 1 �
� � �

 2 � � � �

  3 � � � �

BLUE  1 � � � �

 2 � � � �

 3 � � � �

GREEN 1 � � � �

 2 � � � �

  3 � � � �

RED 1 � � � �

 2 � � � �

� �� � � � �

�
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• Now for each colour plot a graph of sinθ against order.��
• �λ�= d.sinθ�so�λ�= d.(sinθ�/n (or d x slope). Find the wavelength, λ, of each colour in 

nm. 
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Part B: Inter-track spacing of a CDROM 
 
Apparatus 
 

 
Fig. 3. General arrangement of apparatus 

 
Method 
 
• The apparatus is largely pre-assembled. 
  
• You need to bring the energy saver lamp up to the slit. Turn it on and position it so 

that the light scattered from the fibre board base spreads out either side of the centre 
line. 

 
 
• Take a viewing position so that your head is to the left of the lamp. Look along the 

board toward the CD ROM adjusting the height of your eyeline until you see short, 
vertical, coloured lines. You might find the sketch below helpful. 

 
 

 
 
 
• To measure a diffraction angle you need to line up the spectral line and both optical 

pins. This illustrates the pins lined up on the red line.  
 
• You are now in a position to take readings for the angles of diffraction of the violet, 

blue, green and red lines. I suggest you complete the left hand side before moving to 
the right hand side. 
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• You will measure the diffraction angles for the VIOLET, BLUE, GREEN and RED 
spectral lines on both sides of the apparatus. When you repeat from the right hand 
side of the lamp you will see full arcs, rather than short lines. 

 
• Note that the diffraction angle will be the averages of the left and right side readings. 
 
Results and Analysis: 
 
1. 
 

Spectral 
line 

Wavelength 
/nm 

θθθθleft 
/o 

θθθθright 
/o 

Mean 
θθθθ /o Sin θθθθ 

VIOLET       

BLUE       

GREEN       

RED       

 
 
2. Plot a scatter graph of wavelength (y-axis) against sin θ (x-axis). Fit the best straight 
line (it should pass through the origin). 
 
3. Determine the slope of the graph. Show clearly how this is done on your graph. 
 
4. The diffraction formula for the first order spectrum that you have examined is 
 

λλλλ = dsin θθθθ    
    
in which ’λ’ is wavelength and ‘d’ the intertrack spacing. Write down the formula needed 
to find ‘d’, and hence write down your value for ‘d’. 
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Photographs of typical apparatus 
 
       
�

�

�

�

�

�

�

�

�
One possible arrangement for the apparatus used to determine the wavelengths of the 
spectral lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photographs 3 and 4 show a way of arranging the equipment to determine the inter-track 
spacing of a CDROM. 
 

1 2 

3 4 
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Paper Protractor 
 
 


