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ChapTer 11

Discussion and Outlook

The research on biological photonic structures is not an unexplored area. Ever since 
the first scientific investigation of structural colours by Hooke in 1665, a large number 
of different photonic structures in a variety of living organisms have been investigated 
by many researchers, among which famous scientists such as Goethe, Newton, Young, 
Michelson, and Rayleigh [1,2].  

Scientific publications that are published to date often present optical phenomena without 
considering the underlying photonic structures. This thesis for the first time gives a 
complete optical characterisation of the investigated structures by following a purely 
physical pathway (see figure 1). Understanding the photonic working principles of the 
various structures is achieved by first investigating the ultrastructure, then characterizing 
the spatial and spectral photonic properties and subsequently measuring the refractive index 
of the structure’s material components. For a quantitative description of the experimental 
results, computational modelling is performed. 

Overview of the physical methods and its advances 
All studies of photonic structures presented in chapters 4-10 basically exploit the same 
physical toolbox (see chapter 2). We like to emphasize here that this rather large palette 
of physical methods is necessary for a complete characterisation of photonic structures. 
Each technique exposes different details of the photonic properties that are crucial for a 
complete understanding (figure 1). In the following, the advances of two specific methods 
are discussed in more detail.

The refractive index of biological materials 
For a quantitative understanding of a given photonic structure by computational modelling, 
the refractive indices of the material components have to be determined. In many animal 
tissues, melanin-based multilayers play an important role, for instance in the highly 
reflecting elytra of C.  fulgidissima and the occipital feathers of the bird of paradise Lawes’s 
parotia (Chapters 4 and 5). In both cases melanin is arranged in layers alternating with 
either chitin or keratin layers. 
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In a previous study, we have measured the refractive index as a function of wavelength for 
chitin and keratin using Jamin-Lebedeff interference microscopy [3]. Chapter 5 extends 
the Jamin-Lebedeff method to absorbing materials, thereby enabling the first quantitative 
measurement of the dispersion of melanin in biological tissue. The study conclusively 
shows that the previously assumed value of ~2 is far too high. 

Outlook. The extended Jamin-Lebedeff interference microscopy technique allows 
quantitative measurements of the refractive index of biological pigments. The refractive 
index of pigmented tissue is not only of importance for the study of photonic structures in 
animal tissues, but it is also significant for understanding the role of absorbing pigments in 
other optical systems. These systems include, for instance, the eyes of butterflies and crabs 
[4], the melanosomes of cephalopods involved in dynamic coloration [5] and the pterin 
pigments in pierid butterfly wing scales [6]. Dispersion measurements using pigmented 
pierid butterfly wing scales are currently under way. 

Imaging scatterometry
For visualisation of the spatial and spectral scattering characteristics of photonic structures, 
imaging scatterometry has been extensively used throughout this thesis. The scatterometer 
allows the visual presentation of the reflection pattern from a structure. This is performed 
either with a narrow aperture illumination, from the primary beam, or with a large aperture 
illumination, from the secondary beam (see chapter 2). 

Chapter 9 presents a novel method that allows a non-invasive characterisation of photonic 
structures, hemispherical Brillouin zone imaging, based on hemispherical illumination 
from the secondary beam. We use this technique to identify the topology of the extremely 
large domains of the photonic crystals in the elytral scales of the diamond weevil. The 

Figure 1: Diagram showing how a photonic structure is characterized. Experimentally, three properties 
define a photonic structure (green). Two of these properties act as input parameters for computational modelling 
(blue). The output of the computational modelling is compared with the spatial and spectral reflectance 
properties (red). 
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imaging scatterometry technique allowed – for the first time – a complete measurement of 
a photonic band structure diagram of a photonic crystal that reflects visible light. 

Outlook. The imaging scatterometer is a very powerful tool to characterise nanostructures 
that reflect visible light. It may be used to characterise novel, artificially created structures, 
specifically their spatial and spectral reflection properties. It furthermore allows the 
measurement of related material parameters, such as the smoothness of the investigated 
nanostructure.

Computational approaches
Knowledge acquired of the photonic structure by experimental methods is complemented 
by computational modelling either by classical optical theory or by more advanced 
techniques, like FDTD modelling.

Analytical modelling approaches (see Appendix A) usually provide essential insight into 
the photonic properties of simple photonic structures (Chapters 4-7). Chapter 4 extended 
the methods of analytical modelling, by using the local refractive index profile, derived from 
the electron density pattern of TEM images; this instead of the usual practice to consider 
finite layers with discrete thicknesses (as e.g. done by [7]). This way, though implicit, local 
disorder in the photonic structures can be accounted for in analytical modelling. For an 
in-depth insight into the photonic properties of complex structures, however, advanced 
modelling techniques have to be used.

FDTD modelling
Chapter 5 introduces a novel FDTD modelling approach that is based on importing 
binarised TEM cross-sections of photonic structures into the simulation volume. This 
approach allows modelling the spatial distribution of the reflectance and transmittance from 
arbitrary, finite-sized photonic structures as a function of light wavelength and polarisation 
in a three-dimensional simulation volume. 

This modelling approach has the power to explain complex optical phenomena that cannot 
be explained by classical modelling or by photonic band structure modelling. These latter 
methods are restricted to topologically simple photonic structures and to periodic structures, 
respectively (see chapter 3). 

Outlook. The implementation of binarised TEM images allows a thorough in-depth 
investigation using FDTD modelling of topologically complex nanostructures that are 
of optical interest. Interesting structures include the three-dimensional photonic crystals 
of weevils (see chapter 10), the boomerang-shaped keratin-melanin-multilayer of the 
breast feathers of Lawes’s parotia [8], or the Christmas-tree multilayer structures of 
Morpho butterflies [2,9]. Together with knowledge of the refractive index of the material 
components, FDTD modelling is able to model the (angle-dependent) reflectance properties 
of these photonic structures.

FDTD modelling is however not constrained to research on biophotonic structures, but 
is also important for the design of novel materials, where a design phase precedes the 
manufacturing phase. FDTD modelling can be an important tool in the design phase. 
Furthermore, FDTD modelling may also shine light on the light transmission through 
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waveguide structures. A potentially accessible case will be the topologically complex 
waveguide structures present in the compound eyes of butterflies [10]. 

Biological implications
In the different chapters, the stage has been set to put biologically important optical 
phenomena on a physical foundation. For instance, the aposematic warning signal of 
Parides sesostris radiated by the structurally coloured wings is now understood in 
considerable physical detail (Chapter 8). Chapter 10 investigates the effect of the unique 
arrangement of the photonic-crystal-containing scales in concave pits on the elytra of the 
diamond weevil, Entimus imperialis, where sparkling reflections fuse by additive colour 
mixing into an overall green colour that provides cryptic camouflage. 

Outlook. The colour mixing mechanism applied by E. imperialis can be potentially 
important to create novel optical materials, which can e.g. be used for anti-counterfeiting 
features. A colour mixing mechanism based on curved multilayer structures has been 
found in a number of papilionid butterflies [11]. These structures have been successfully 
reproduced [12].

A potentially interesting research field is the connection between the coloration of an 
animal and the spectral sensitivity of its visual system. In order to find such a correlation, 
a large comparative study among many different families has to be performed that should 
measure, among other properties, (i) the photonic properties of the animals’ display, (ii) 
the spectral sensitivities of the eyes, (iii) the lighting conditions in the main habitat,  and 
(iv) assess the behaviour when different stimuli are presented. This will ultimately show 
how animals communicate with each other and to what extent iridescent signalling plays a 
role in intra-specific communication and whether the coloration has been important in the 
evolutionary selection process. 

A widely open question is how these complex structures are formed during the development 
of the animal. Few studies exist that investigate this topic. In a seminal paper, Ghiradella 
published transverse sections of wing scales from the butterfly Mitoura gyrnea, which 
show the development of a gyroid-type photonic crystal [13]. Ever since, many studies 
have shown that cubic-membrane-folding supports the development of these phases via 
stable intermediate structures [14-16]. Much more detailed investigations will be necessary, 
however, before proper insight into the formation processes of the complex structured 
matter of beetle elytra, butterfly wing scales and bird feather barbules will be achieved. 
This insight will play a crucial role in future technical applications and the reproduction of 
the filigree structures, for instance for the self-assembly of block-copolymers in polymer 
science [17].

Furthermore, by investigating the physical mechanisms of animal coloration, novel 
hypotheses about the biological, ecological or environmental functions of these beautiful 
animal displays can be created. These may inspire lead to performing behavioural 
experiments and the exploration of the ecological and evolutionary history of animal 
coloration.
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Outlook on technical advances
Many studies have shown that a large variety of visible light reflecting photonic structures 
exists in animals, from simple multilayer structures, disordered multilayers, randomly 
ordered filaments, and two-dimensional photonic crystals to perfectly ordered three-
dimensional photonic crystals. 

The manufacturing of photonic structures that reflect visible light, especially of three-
dimensional photonic crystals, has so far been proven to be extremely difficult for present 
day methods. Top-down methods, such as lithography, are restricted to unit cell sizes that 
reflect light with wavelengths above the visible wavelength range, and bottom-up methods, 
like the self-assembly of polymers, are restricted to unit cell sizes limited to length scales 
that reflect light of shorter wavelengths. Therefore, to achieve visible light reflecting 
structures, the replication of biological photonic crystals as bio-templates is a step in the 
right direction until such structures can be produced by novel methods de novo in the near 
future. Currently, biological structures are replicated by various techniques, e.g. sol-gel 
infiltration [18-20].

Additionally, the accumulating knowledge base of the photonic structures will serve as 
an inspiration for the manufacture of novel optical materials that can be used for various 
purposes [21], such as highly efficient gas sensors [22,23] or infrared imaging devices [24], 
but also for effect paints for use in art, cosmetics and fashion [25]. 

references
1. Levinson, H. & Levinson, A. 2001 Goethes Insekten und Insekten-Nachbildungen in Weimar. Spixiana 

Suppl. 27, 11-32. 
2. Kinoshita, S. 2008 Structural colors in the realm of nature. Singapore: World Scientific. 
3. Leertouwer, H. L., Wilts, B. D. & Stavenga, D. G. 2011 Refractive index and dispersion of butterfly chitin 

and bird keratin measured by polarizing interference microscopy. Opt. Express 19, 24061-24066. 
4. Pirih, P. 2011 Vision, pigments and structural colouration of butterflies. University of Groningen: PhD 

thesis. 
5. Hanlon, R. T., Chiao, C. C., Mathger, L. M., Barbosa, A., Buresch, K. C. & Chubb, C. 2009 Cephalopod 

dynamic camouflage: bridging the continuum between background matching and disruptive coloration. 
Phil. Trans. R. Soc. B. 364, 429-437. 

6. Wijnen, B., Leertouwer, H. L. & Stavenga, D. G. 2007 Colors and pterin pigmentation of pierid butterfly 
wings. J. Insect Physiol. 53, 1206-1217. 

7. Noyes, J. A., Vukusic, P. & Hooper, I. R. 2007 Experimental method for reliably establishing the refractive 
index of buprestid beetle exocuticle. Opt. Express 15, 4351-4358. 

8. Stavenga, D. G., Leertouwer, H. L., Marshall, N. J. & Osorio, D. 2011 Dramatic colour changes in a bird 
of paradise caused by uniquely structured breast feather barbules. Proc. R. Soc. B 278, 2098-2104. 

9. Zhu, D., Kinoshita, S., Cai, D. & Cole, J. B. 2009 Investigation of structural colors in Morpho butterflies 
using the nonstandard-finite-difference time-domain method: Effects of alternately stacked shelves and 
ridge density. Phys. Rev. E. 80, 051924. 

10. Stavenga, D. G. & Arikawa, K. 2011 Photoreceptor spectral sensitivities of the Small White butterfly 
Pieris rapae crucivora interpreted with optical modeling. J. Comp. Physiol. A 197, 373-385. 

11. Vukusic, P., Sambles, J. R. & Lawrence, C. R. 2000 Colour mixing in wing scales of a butterfly. Nature 
404, 457. 

12. Kolle, M., Salgard-Cunha, P. M., Scherer, M. R., Huang, F., Vukusic, P., Mahajan, S., Baumberg, J. J. 
& Steiner, U. 2010 Mimicking the colourful wing scale structure of the Papilio blumei butterfly. Nat. 
Nanotechnol. 5, 511-515. 

13. Ghiradella, H. 1989 Structure and development of iridescent butterfly scales: Lattices and laminae. J. 
Morphol. 202, 69-88. 



140

14. Almsherqi, Z. A., Kohlwein, S. D. & Deng, Y. 2006 Cubic membranes: a legend beyond the Flatland of 
cell membrane organization. J. Cell Biol. 173, 839-844. 

15. Hyde, S., Andersson, S., Larsson, K., Blum, Z., Landh, T., Lidin, S. & Ninham, B. 1997 The Language of 
shape: the role of curvature in condensed matter: physics, chemistry, and biology. Amsterdam: Elsevier. 

16. Saranathan, V., Osuji, C. O., Mochrie, S. G., Noh, H., Narayanan, S., Sandy, A., Dufresne, E. R. & Prum, 
R. O. 2010 Structure, function, and self-assembly of single network gyroid (I4132) photonic crystals in 
butterfly wing scales. Proc. Natl. Acad. Sci. U. S. A. 107, 11676-11681. 

17. Vukovic, I., Punzhin, S., Vukovic, Z., Onck, P., De Hosson, J. T., ten Brinke, G. & Loos, K. 2011 
Supramolecular route to well-ordered metal nanofoams. ACS Nano 5, 6339-6348. 

18. Galusha, J. W., Jorgensen, M. R. & Bartl, M. H. 2010 Diamond-structured titania photonic-bandgap 
crystals from biological templates. Adv. Mater. 22, 107-110. 

19. Mille, C., Tyrode, E. C. & Corkery, R. W. 2011 Inorganic chiral 3-D photonic crystals with bicontinuous 
gyroid structure replicated from butterfly wing scales. Chem. Commun. 47, 9873-9875. 

20. Vernon, J. P., Hobbs, N., Cai, Y., Lethbridge, A., Vukusic, P., Deheyn, D. D. & Sandhage, K. H. 2012 
3D photoluminescent lanthanide-doped barium titanate structures synthesized by coating and shape-
preserving reaction of complex-shaped bioorganic templates. J. Mater. Chem. 22, 10435-10437. 

21. Biró, L. P. & Vigneron, J. 2011 Photonic nanoarchitectures in butterflies and beetles: valuable sources for 
bioinspiration. Laser Photon. Rev. 5, 27-51. 

22. Potyrailo, R. A., Ghiradella, H., Vertiatchikh, A., Dovidenko, K., Cournoyer, J. R. & Olson, E. 2007 
Morpho butterfly wing scales demonstrate highly selective vapour response. Nat. Photon. 1, 123-128. 

23. Biró, L. P., Kertész, K., Vértesy, Z. & Bálint, Z. 2008 Photonic nanoarchitectures occurring in butterfly 
scales as selective gas/vapor sensors. Proc. SPIE 7057, 705706. 

24. Pris, A. D., Utturkar, Y., Surman, C., Morris, W. G., Vert, A., Zalyubovskiy, S., Deng, T., Ghiradella, 
H. T. & Potyrailo, R. A. 2012 Towards high-speed imaging of infrared photons with bio-inspired 
nanoarchitectures. Nat. Photon. 6, 195-200.

25. Schenk, F., Wilts, B.D. & Stavenga, D.G. 2013 The Japanese Jewel Beetle: a painter’s challenge. Bioinspir. 
Biomim., submitted.


