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1. ABSTRACT
Tropical Morpho butterflies are known for their bright blue iridescent colors, formed
from an array of scales on the dorsal side of their wings. We present here an experimental study
of the wing’s spectral response by using multispectral, angle resolved analysis of the wing
nanostructure in response to liquids of different indices of refraction and show sensitivity to
changes in refractive index of ∆n=0.01. Additionally, we pair these results with the study of the
spectral response of small portions of wing with varying numbers of scales which were found to
yield narrower spectral responses and increased sensitivity. We examine changes in scale
number to find an optimal wing size that provides the narrowest bandwidth to be used for an
optical sensor design. Individual wings of 4 mm x 4 mm samples were segmented using
femtosecond laser machining to produce repeatable cuts to provide information regarding
changes in scale number. These results underscore the opportunity to use these natural templates
as colorimetric sensors for integration in optofluidic devices while illustrating the structural
hierarchy present in the wing architecture in which the overall spectral signature appears as a
collective effect caused by the disordered arrangement of individual scattering elements. We
hypothesize an optimal structural hierarchy exists in the wing composed of highly sensitive
individual scattering elements by monitoring the overall color change observed in a baseline
image. Ordered scale portions provided a narrower spectral bandwidth with higher sensitivity, at
the area of least disorder, to the same changes in index of refraction contrast. Results show there
is a natural tunability of the colorimetric response depending on the number of scales used in
each sample. This information introduces an additional variable which can be used to change the
sensitivity of natural and engineered photonic crystals. Images taken at individual wavelengths
were recorded using a multispectral imaging camera (CRI Nuance CCD camera and imaging
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software) to measure the peak wavelength response for individual samples after the addition of
different oils.
Further investigation with engineered two dimensional photonic crystals was used to
monitor the sensitivity for colorimetric detection. The same methods performed on Morpho
menelaus samples were repeated on nanoquilt “smart slide” samples. Results show that both
systems have similar characteristics with a linear peak shift as a function of added refractive
index making both nanostructures useful for optofluidic sensor designs. However, “smart slide”
samples provide a highly ordered and repeatable colorimetric signature compared to Morpho
samples, which, while presenting colorimetric complexity, do not present pattern recurrence
between different scales. The “deterministic disorder” of the engineered structures allows for the
use of multiple scattering effects embedded in the nanostructure to track changes in structural
frequencies instead of an overall compound colorimetric response.
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2. SIGNIFICANCE
The use of a deterministic colorimetric sensor for biomedical application promises
significant innovations in the field of degradable biosensor technology. The particular use of
nanotechnology is evolving in the field of bio-optics and biophotonics because the discovery of
new materials provides additional applications in an otherwise growing field. This in conjunction
with the developing field of biomaterials can introduce new ideas for biomedical devices.
Biomaterials have inherent versatility because of the multiple functions they can provide.
Examples of these are visible in their use as tissue scaffolds, drug delivery capsules, or bio
fillers, to name a few. When paired with nanotechnology, these materials yield the possibility for
new biosensor technologies. Current methods of biosensor technology are based on chemical
detection which involves the identification of appropriate substances to induce useful chemical
interactions (Ligler et al. 2002). Current methods of biochemical detection involve fluorescence
tagging, oxidation/reduction reactions, and other organic synthesis which require special purified
chemicals (Eggins 1996). These methods result in an extended cost burden because products are
always in demand and require preparation, sampling, and time for result analysis and assessment.
Once these variables are identified, chemical detection is useful because of its specificity to the
observed variables. However, as mentioned above, time, supply and cost are persistent barriers.
The removal of chemicals from the process to realize a biological sensor based on
physical detection (i.e. reagentless sensing) opens the potential for a new class of medical
interfaces. To date there is no active and noninvasive biosensor to quantify the concentration of
organic compounds which uses solely physical means to detect information in real time (Ligler et
al. 2002). One such example would be a sensor that regulates colorimetric scattering properties
using photonic crystals to detect changes in refractive index. One use for physical concentration
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detection would be to detect refractive indices to physically monitor concentration of biological
substances. Incorporating this technology with implantable biocompatible and degradable
sensors would provide potential to monitor real time biochemical information using non-harmful
and minimally invasive methods. This gap in knowledge limits the effectiveness of chemicals
and the methods of measuring concentrations of systems using only physical means.
The long term goal of this project is to examine the use of Nature’s photonic crystals to
detect changes in chemical concentration using only refractive index based thin film
interferences and examining changes through associated structural spectral responses. These
responses are based on changes in the thin film optical path lengths, which are dependent on the
difference in refractive indices between two dielectric constants and the distance between each
dielectric layer (Joannopolous et al. 1995). Changing either the refractive index contrast or the
distance light travels through the medium causes changes to the optical path length of the thin
film resulting in a varying color spectrum. Understanding naturally occurring structures and how
to attempt to replicate these structures will give insight to the necessary approaches for these
nanoscale architectures to be used for bio-optical sensors.
The objective of this study is to monitor colorimetric response to measure the peak
wavelength as a function of additive refractive index for Morpho menelaus wings and nanoquilt
“smart slides”. Our central hypothesis is the overall compound colorimetric response of
individual samples is composed of a collection of scattering elements. We also believe the
number of scattering elements examined in each sample will be used to control the bandwidth
and tunability to alter the sensitivity of the nano structural design to find an optimal system for
detection. We also plan to examine colorimetric patterns of each scattering element to track
individual frequency elements defined by specific spectrums. Our hypothesis is based on the fact
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that photonic crystals are composed of scattering elements which are dependant on the change in
refractive index between dielectrics and the overall nanostructure. Different scattering elements
provide different colorimetric fingerprints which can be monitored due to changes in their
structure.
Preliminary results with acetone on the Morpho’s dorsal wing show a visible color
change from blue to green providing a visible colorimetric change. The rationale for this study is
to understand how a different index of refraction contrast affects the spectral response of natural
and engineered photonic crystal structures and correlating the scattering effects from individual
samples to find an optimal size for optimal spectral responses. This method will be used to
design an optofluidic sensor to monitor changes in refractive index based on colorimetric
signatures.
This project is innovative because it examines natural photonic crystals in hopes of
mimicking their structure for the design of new approaches to colorimetric sensing. This design
could be combined with multipurpose biomaterials that could lead to a new route of degradable
sensors providing new methods for minimally invasive techniques. New colorimetric sensors
which are refractive index specific and accurate to nano changes in design can provide relevant
information regarding changes in pH and concentration to monitor in the fields of bio-assays,
microfluidic devices, chemical analysis, pharmacology, and thin film biomaterials. Therefore, it
is critical to understand the effects of nature’s photonic crystals to optimize the use of this
structure to develop new technologies to provide instantaneous biological information for the
quality of patients and to develop a new set of sensors which use physical processes for attomole
accurate detection and personalized medical sensors.
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3. BACKGROUND
Diabetes is a life long disease that threatens more than 23.6 million Americans. Diabetes
is the seventh leading cause of death in the Unites States and claims approximately 72,000
Americans every year (American Diabetes Association). Diabetes also causes complications in
everyday life including heart disease, stroke, high blood pressure, blindness, kidney disease,
nerve disease, and amputation (American Diabetes Association). The use of a colorimetric
biosensor for glucose detection promises significant innovations in the field of biomedical
sensing for patients with diabetes.
The colorful wings of the Morpho family of butterflies have interested researchers for
many years. The naturally generated nanostructures that constitute the morphology of the dorsal
side of these wings give these tropical butterflies their iridescent blue colors. Often dubbed as
“nature’s photonic crystals,” the colors come from the multilayer thin film structures of the
butterfly scales which sieve white light through optical interference (Tada et al. 1999). The
microrib structure of the scales is responsible for multiple diffractive effects which cause
interference and selection of certain wavelengths of light as a function of the spacing between
layers (Figure 1) (Tada et al. 1999, Potyrailo et al. 2007, Huang et al. 2006). Previous
observations on butterfly wings have revealed that, in the visible spectrum, the color is
dependent to changes in the incident angle of light, the viewing angle of the observer, the
polarization of light, and the orientation angle of the butterfly scales (Tada et al. 1999, Potyrailo
et al. 2007, Huang et al. 2006, Vukusic et al. 1999).
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Figure 1. Scanning electron microscope (SEM) image of microrib structure of Morpho menalaus scales.

Morpho butterfly wings are covered with millions of scales in a shingle pattern, similar to
the pattern on a tiled roof (Figure 2). Each scale is made of the organic molecule chitin and
specifically designed with upper and lower laminae to generate thin-film interference (Tada et al.
1999). The thin layers of scales and air form an alternating pattern complex which results in the
blue color of the Morpho menelaus butterfly. The iridescence results from diffraction within each
scale and interference of longer wavelengths of light (Potyrailo et al. 2007).

Figure 2. Microscope image of Morpho menelaus wing at 5x magnification.
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Earlier experiments have shown that the addition of different gases with varying
refractive index generated a detectable colorimetric shift caused by the change in the diffraction
pattern in the wing induced by the change in the refractive index of the gas (Potyrailo et al.
2007). Similarly, in a well known example of reversible structural color change on a butterfly
wing, acetone can be used to alter the index of refraction contrast (from Δn ~ 0.5 to Δn ~ 0.2)
and visibly turn the wing from blue to green.

Figure 3. The color change of a Morpho menelaus wing when acetone is added. By introducing a different
substance to the microstructure of the wing, the optical path of the thin film diffraction pattern is altered which
changes the wavelength of light that undergoes diffraction.

The change in color is caused by a change in the superposition of light induced by the
addition of a substance which changes the optical path length of thin film array found in the
microstructure of the scales. The key component in this array is the wave properties of light.

3.1 Superposition of light
The propagation of electromagnetic waves are governed by Maxwell equations
(Joannopoulos et al. 1995) which, in turn, define how light will propagate through a medium and
how light interacts when it encounters other electromagnetic waves. The wave nature of light is
manifested through superposition (e.g. interference) effects. In the linear regime, the net response
in space and time caused by two or more waves is the sum of the response caused by each wave
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individually (Joannopoulos et al. 1995). When two or more electromagnetic waves overlap in the
same space and time, the amplitudes of the waves are added together (Figure 4).
A special type of superposition is when amplitudes of light generate constructive
interference patterns and destructive interference patterns. Constructive interference patterns
result when waves with the same sign amplitudes superimposed onto each other forming a wave
with a larger amplitude. Destructive interference occurs when the amplitudes of waves added to
each other cancel resulting in no amplitude (Hetch 2002). Due to this unique mathematical
property, interference is a characteristic property of wave mechanics.
Thomas Young demonstrated the wave behavior of light in the 18th century with his
double slit experiment (Hetch 2002). However, for waves to generate destructive interference,
the wavelength, amplitude, and phase of the wave must be coherent. White light is composed by
many different frequencies, amplitudes, and polarizations. Destructive interference can be
generated by allowing the same wave to interfere with itself because it has the same phase and
the same amplitude. However, for a wave to interfere with itself it must encounter an obstruction
approximately the same size as the wavelength. The wave will have the same phase, frequency,
and orientation as the original wave and a visible interference pattern can be generated through
the process known as diffraction.
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Figure 4. Two dimensional representation of superposition of waves (Wikipedia).

3.2 Diffraction
Diffraction occurs when a wave encounters an obstacle on the relative order of the
diffracting object (Hetch 2002). Diffraction is known as the apparent bending of waves around
small obstructions and the spreading out of waves past openings smaller than the wavelength.
One type of optical element which generates interference patterns using the superposition of light
is a diffraction grating. Diffraction is the bending of waves but interference is the meeting of
waves resulting in superposition. Diffraction is used to cause interference of waves and results in
the separation of different frequencies of light. Diffraction is also used to control the bending of
waves which can result in constructive and destructive interference patterns.
A diffraction grating is an optical component with a regular pattern which separates light
into its individual components. Diffraction gratings use this phenomenon to control the direction
of different frequencies of light. Depending on the spacing of the grating and the wavelength of
light, the components of light will travel in different directions and separate in different amounts
(Hetch 2002). This feature is unique because it can be used to determine the components of light
in a system with little loss of light intensity.
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3.3 Optical path length
An important concept regarding diffraction is the optical path length. Optical path length
is the product of the geometric length of a light ray and the index of refraction of the medium
through a system (Hetch 2002). Optical path length can determine the phase of a light wave
when it exits a transparent medium. This property is specifically important in thin film
interference because it establishes at what point the wave will reflect with a secondary surface to
produce other optical phenomenon. It determines which wavelengths will interfere with each
other depending on the thickness of the film. Optical path length governs how waves move
through varying mediums to cause interference patterns for certain wavelengths of light.
Changing the refractive index contrast or changing the geometric length of a thin film alters the
optical path length ultimately causing waves of different frequency to interfere with each other
(Hetch 2002). The distance a light ray travels in a thin film changes the phase of reflected
wavelengths therefore allowing different colors of light to interfere with each other. Therefore,
the incident angle can also cause changes in optical path length because this changes the travel
distance of light rays in a material.
In more complicated systems with more than one layer, the optical path length of each
medium is added together to find the total optical path length. According to Fermat’s principle,
the path a light ray takes between two points is the shortest optical distance through the medium
(Hetch 2002).
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3.4 Thin film interference

Figure 5. Schematic representation of thin film interference. The above example is a one layer system where light is
reflected from both the top surface and the bottom surface of the film.

One type of natural interference that generates colors due to change in optical path length
is thin film interference. The occurrence is known as thin film interference because it is the result
of the interference of light reflecting off the top surface of a film with light reflecting from the
bottom surface of a film (Inoue 2004). The film thickness must be on the order of the wavelength
of light to generate the desired visible interference pattern. The net reflected electromagnetic
waves are the sum of the reflected rays between each layer in a thin film sample (Figure 5).
However, during this summation the phase of the waves must be considered because at different
interfaces the phase of an electromagnetic wave will change depending whether if the ray is
reflected from a high refractive index medium to a low refractive index medium or from a low
refractive index medium to a high refractive index medium. A 180 degree phase shift occurs
when a ray is reflected traveling from a high refractive index medium to a low refractive index
medium defined by a fundamental property of wave motion.
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To generate constructive interference the reflected waves must be shifted by a multiple of
a wavelength. This accounts for any phase shifts which may occur during reflection or refraction
of the wave. Naturally occurring examples of thin film interference are oil slicks or soap bubble
films (Figure 6). Even if the thickness and the refractive index of the film remains constant, the
light angle can cause changes in light scattering color. Steeper incident angles towards the film
generates a longer optical path length resulting in interference of smaller wavelengths, while a
mild incident angle will cause short optical paths resulting in interference of longer wavelengths
(Berthier 2008).

Figure 6. Thin film interference shown by the rainbow colors reflected from the soap bubble. Due to the incident
angle and the non-uniform thickness of the film, a rainbow of colors is possible. Reflected light with smaller
incident angles interfere longer wavelengths of light leaving shorter wavelengths of light to reflect due to the shorter
optical path length (seen in the center of the bubble film in the purple and blue), while reflected light with larger
incident angles interferes shorter wavelengths of light leaving longer wavelengths of light to be reflected due to the
longer optical path length (seen a the edges of the bubble film in yellow and orange) (wikipedia).

As mentioned above, the optical path depends on the geometry of the material and its
refractive index. Changes to either of these variables results in changes to the optical path length
which results in a different color generated by the thin film. In this study, oils of varying
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refractive indices are added to the scales of the Morpho menelaus butterfly and a visible spectral
shift is seen from blue to green. Changing the refractive index contrast between Morpho scales
and air (which normally surrounds the scales) causes changes to the optical path length of the
light ray generating a different interference patterns and shifting the reflected light from blue to
green.

In phase
In phase

d

d

n

n

Figure 7. Schematic diagram of thin film interference depending on changes to optical path length by varying the
height of the film.

The simplest case of thin film interference comes from a single reflecting layer.
However, more complex interference patterns can come from multilayer films to interfere and
scatter different wavelengths of light. Thin films with more than one layer are seen in the
nanostructures of wing scales (Berthier 2008). Extending directly from a single layer system, a
multilayer system can be used to create the same effects. Multilayer systems use the same
properties as single layer thin film interference except there are more reflective surfaces to return
light back to the source (Figure 8). Because of the multitude of concurring reflections,
multilayer systems are more selective in the spectral bandwidth of scattered light. However, even
though these systems are more selective, they are also more complex in their overall structure.
Their net electromagnetic reflection is the sum of the multiple returning waves. Therefore, the
more reflecting surfaces increases the intensity of the returning light. Nevertheless, the problem
with multilayer systems is they require precise distances between scattering layers. Each layer
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must be exactly the same distance as the previous layer, otherwise the system does not produce
the given scattering response. Therefore, multilayer systems are highly organized crystalline
structures of different scattering materials.

Figure 8. Schematic diagram of multilayer thin film interference. To generate a perfect system, layers must be one
quarter the length of the wavelength of the reflected light.

As mentioned above, at each layer where there is a change in refractive index between
materials, there is also a loss of intensity. The intensity change is dependent on the difference in
refractive indices. Nevertheless, by adding more layers we assume that the transmittance layers
do not absorb any wave energy and have no reflective losses (Berthier 2008). From this idea we
can build layered stacks that induce interference patterns where the superposition of different
wavelengths of light occurs. These structures can be designed in all three dimensions to generate
diffraction patterns at different viewing angles and different wavelengths of light to create what
are called “photonic crystal” structures. These photonic crystal structures have a specific band
gap feature that allows them to mold the flow of light, namely by guiding only specific
frequencies in certain directions.
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3.3 Photonic Crystals
Photonic crystals are structured materials which affect the motion of photons in a similar
way that electrons are guided in a semiconductor crystal material. Photonic crystals are unique
because they generate a band gap for light ultimately controlling the path and frequency that
light can have through them (Joannopoulos 1995). The basic physical phenomenon is based on
diffraction and superposition of waves that define allowed propagation directions for photons
because of changes in dielectric material and scattering elements of the photonic crystal.
Typically, the dielectric material used is normally a low loss periodic structure which allows
certain frequencies of light to pass. Similar to thin film diffraction, which is the simplest (onedimensional) structure of a photonic crystal, the size and arrangement of the structures
determines which wavelengths are preferentially guided. As seen in Figure 9, photonic crystals
come in all three dimensions of space depending on their periodicity. Adding a new dimension to
the photonic crystal makes the structure more complex, but with each new dimension, there is
increased control of the band gap making these structures selective to a very specific range of
frequencies.

Figure 9. Schematic diagrams of 1-dimensional, 2-dimensional, and 3-dimensional photonic crystals
(Joannaopoulos 1995).
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Photonic crystals are ultimately built on a largely periodic arrangement of alternating
dielectric materials. The size and morphology of each structure, the refractive index contrast
between each material, and the periodicity of the structures are used to define the control of the
intended band gap (Joannopoulos 1995). There are challenges to make structures at the nanoscale
with precision and accuracy because even small changes in periodicity of the material can
profoundly affect or destroy the photonic band gap of the material reducing the color selectivity
of the structure. Typical structures which are not rigorously periodic but exhibit photonic crystal
behavior can be found in nature in scales of the butterfly wings, fish, and beetles, or in the
unique rainbow of colors generated by opal gemstones.
These structures define the iridescence of butterfly wings, in particular the Morpho
menelaus butterfly which exhibit more radiant colors than those offered by regular pigments
(Bertheir 2008). Examining the finer detail of the wing structure, at the nanoscale, reveals an
array of chitin structures which are reminiscent of a thin film diffractive structure. The latter
exhibit an alternating pattern of dielectric material forms a multilayer diffractive grating that
sieves out different wavelengths of light to privilege a dominant color, normally centered around
480 nm with a bandwidth ranging from 70nm to 120nm depending on the extent of the wing
considered (Figure 10). Therefore, the nanostructure of the wing can be defined, and often is, as
a naturally occurring photonic crystal structure. However, the inherent variability of the naturally
occurring structure is not perfect and there are changes of intensity in the scattered wavelengths
depending on observation angle. It is an optical phenomenon caused by multiple reflections from
multilayered, semi-transparent surfaces where interference and phase shift of the reflections
adjusts the incident light by magnifying or attenuating frequencies of light.
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a)

b)

Figure 10. a) Scanning electron microscope image of cross section view of an individual Morpho scale. b) A
schematic diagram representing the multilayer structure of Morpho scales (Potyrailo et al. 2007).

3.6 “Smart slide” nanoquiltsTM
Nanoquilt sensing “smart slides” are two dimensional nanostructures which contain a
combination of periodic and aperiodic arrays. Nanostructure periodic and aperiodic arrays are
fabricated using electron-beam lithography of chromium nanoparticles on silicon wafers to with
20 nm minimum separation (Boriskina et al. 2008). The periodic and aperiodic arrays presented
here have the same nanoparticle diameter with different separations according to the desired
structure.

100 μm
Figure 11. Periodic and aperiodic structures on nanoquiltsTM. The color localization can be seen in the aperiodic
structures which are on the left side of the picture. The solid color squares are periodic structures.
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Periodic arrays contain arrangements of individual 200 nm diameter nanoparticles that
are equally spaced in a regular 2D lattice. These periodic structures are spaced differently
yielding programmably different scattered colors determined by the different particle spacing.
Aperiodic structures are different from periodic patterns because they do not use regular patterns
to define their structure. However, even though aperiodic structures do not follow a repeating
pattern, their arrangement is based on deterministic recurrence rules defined by L-system and
number theory making these structures deterministic (Gopinath et al. 2008). When illuminated
by white light, these aperiodic structures manifest light localization using this structural
complexity. Studies have shown that changing the height of the groves in an aperiodic structure
changes the light localization and provides a visible colorimetric signature in response to
nanometer changes in surface heights (Figure 12) (Amsden et al. 2010).

Figure 12. Atomic force microscope image of aperiodic pillar heights in nanoquilt samples.

3.7 Overview
In this study, we extend this paradigm to fluids by characterizing the spectral response of
Morpho menelaus wings and scales in the presence of liquids with different refractive indices to
determine the performance of the wing surface when used as an optofluidic device. When small
volumes (~1 μl) of refractive index oils are deposited on the surface of the wing to fill the air
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gaps in the wing’s nanostructure, the interference process is altered and results in an observable
spectral shift as well as a decrease in reflected intensity. Oils are used for this study due to their
low surface tension and ability to penetrate the nanoscale of what is otherwise an extremely
hydrophobic surface (Byun et al. 2009). Further, the oils are calibrated to within 2 parts in 104 in
their refractive index value allowing for detailed study of the influence of variations in index of
refraction on spectral responses.
While previous studies have reported that adding liquids to the wing surface reduces the
reflected intensity, in this work we direct our attention to the spectral shift induced by the
variation in the index of refraction contrast Δn (Potyrailo et al. 2007, Vukusic et al. 1999, Gralak
et al. 2001). This leads to the observation that a small change (Δn~0.01), in the refractive index
of the fluids on the wing results into a colorimetric shift of ~2 nanometers when compared to the
spectral response of the dry wing and establishes a linear dependence between the fluid index of
refraction and the wing colorimetric response.
Further experiments are performed by observing the spectral response of individual
scales that compose the Morpho wing. Previous work has showed there is structural hierarchy
between different types of scales (Ding et al. 2009). Depending on the number of scattering
elements in a sample, there exists an optimal amount of scales which causes a narrowing in the
overall bandwidth of the scattering response of each sample. These findings present a
demonstration of the fault-tolerant hierarchy of naturally occurring structures where quasiperiodic arrangement of these individual scatterers (e.g. wings scales) provides a robust, albeit
spectrally broader, in contrast to the irregular and variable response of response of a single
scatterer.
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A second part of the study examines engineered nanoquilt “smart slides” and compares
them to the photonic crystal structures of Morpho menelaus wings and scales. Aperiodic sensing
nanoquilts are examined alongside natural photonic crystal structures found in butterfly wings,
and the observed data will be used to examine the significance of these sensors as devices for
biomedical detectors. Seven different nanoquilt samples are examined under the same conditions
as Morpho wings and scales to determine how effective this type of nanoscale architectures are
for use in optofluidic sensing.
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4. HYPOTHESIS
In this study, we examine the spectral response and structural hierarchy of Morpho
menelaus scales, and look at site specific colorimetric responses in nanoquilt systems to provide
an engineering approach and explain structural color changes in the presence of changing
refractive fluids. Therefore, we hypothesize that changes in size, spacing, width, and refractive
index will produce tunable, site specific colorimetric signatures that can be used as biosensors.
This idea shows promise for future development of biodegradable sensors which can be used as
an implantable device for biomedical measurements.
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5. SPECIFIC AIMS
The five main objectives for this research experiment were: 1) to assess the colorimetric
response of Morpho menelaus wings to determine spectral variance due to scale orientation. This
was achieved by taking spectrally resolved images using a multispectral camera (CRI- Nuance
CCD, Woburn, MA) and rotating a sample about its center and detecting changes in peak
spectral response as a function of orientation, 2) to determine the colorimetric response of large
wing portions in the presence of fluids by adding oils with different refractive indices to
individual segments of wing to measure the spectral peak shift of individual samples. We expect
a linear trend in spectral peak shift as a function of fluid of refractive index, 3) to determine the
colorimetric response of potions of butterfly wings of varying size each containing variable
number of scales, down to individual scales. We expect to observe similar trends in the spectral
responses, with varying sensitivity as a function of the number of scales (or the size of the
samples), 4) to determine the colorimetric response of wing samples due to different numbers of
scales in each sample and measure sensitivity and bandwidth response with respect to refractive
index and scale number, and 5) to examine the spectral shift of two dimensional photonic
crystals (nanoquiltsTM) and compare these results to Morpho menelaus scales.
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6. METHODS
6.1 Determining spectral baselines due to scale orientation
Preliminary data was used to determine the variance between individual samples from
identical portions of wing. Data was first collected by examining changes in the spectral
response as a function of variation in the incident angle of light. As reported in the literature,
when the incident light angle changes with respect to the wing the reflected wavelength of light
shifts accordingly (Tada et al. 1999). The angular dependence on the reflected wavelengths of
light is due to changes in the optical path of individual light rays which enter into the cross-rib
architecture of the wing’s nanostructure, which results in different scattering (Figure 13).

Figure 13. Schematic diagram for side and top view illumination set up. The viewing angle of the
camera was measured from two different positions to optimize the intensity of the reflected light from
the butterfly wing.

Wing samples were placed on glass slides with the scale orientation held at a constant
direction. A white light halogen lamp source was coupled into an optical fiber bundle that was
able to pivot about the vertical axis of the wing to change the orientation of light. Incident light
angles varied from 0° to 50° while the viewing angle was held constant at Φ=20 degrees from
normal. Using a Nuance CRI CCD camera, spectrally resolved images were taken ranging from
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420 nm to 650 nm with 10 nm step intervals. Averaging 5 samples together, the spectral peaks of
each wing orientation were found to shift depending on the orientation of incident light.
Determining the effect of scale orientation was also examined by rotating a single wing
sample about its center. Such sample (measuring approximately 4 mm by 4 mm) was attached to
a microscope slide using adhesive and placed on the same optical setup as before (Figure 13).
The incident light angle was held constant at 40° which was found to provide the optimal
reflected intensities, and spectrally resolved images detected in a wavelength range from 420 nm
to 650 nm with 2 nm resolution were measured using the hyperspectral CCD camera (Nuance
CRI camera). Data was collected by rotating the orientation of the wing about its center to
change the orientation of the scales. The sample was rotated in a clockwise motion from α=0° to
α=90° in 10° step increments (Figure 14). The spectrum from each sample position was
analyzed by fitting to a Gaussian curve.

α

sample

halogen
light
source

Figure 14. Schematic diagram of angle determined wing samples.

6.2 Colorimetric response for large wing portions
Morpho menelaus wings were individually segmented into small squares (4 mm x 4 mm)
using medical scissors and medical scalpels and were then assembled on glass slides. The wing
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section was mounted using adhesive to guarantee the control and optimization of the incident
light source angle, viewing angle, orientation of the wing, and gross orientation of the wing
scales. The latter point is particularly important given the fact that, while each of the scales
exhibits a periodic structure, the overall arrangement of the scales on the wing surface exhibits
some variability in orientation. This portion is significant to section 6.1 to determine the effects
of variability due to change in scale orientation.
The incident illumination was provided by a white light halogen lamp coupled into an
optical fiber bundle that was kept at a fixed angle of 40 degrees from the normal to the wing
plane, whereas the viewing angle was held constant at =20 degrees from normal. The spectral
response of the wing was analyzed with a multispectral imaging CCD camera (CRI Nuance).
Tunable liquid crystal filters provide spectral selectivity in the images acquired with a resolution
of 2 nanometers. For this analysis, the camera was operated over a range spanning from 420 nm
to 650 nm. After performing white balancing of the camera with a reference substrate, samples
were placed with the scales parallel to the incident light (and with the overlapping scales
pointing away from the light source). A single image was acquired to measure the spectral
response of the whole wing and serve as a reference value. Subsequently, using the same slide,
small quantities (~ 1 μl) of oil of varying refractive index (from n=1.30 to n=1.47) were added to
each slide ensuring complete coverage of the entire wing section sample before acquiring a
second spectral reading. When the oil was applied, it was added to a corner of each wing and
using capillary action, the wing slowly changed color due to the addition of the refractive oil.
This method was used to ensure only the necessary amount of oil was added to each sample and
to reduce refractive changes resulting from the spherical surface of the oil drop. This procedure
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was repeated for 18 slides, each with a different refractive index oil and the entire experiment
was repeated twice.

6.3 Colorimetric response of micro portions and individual scales
Similar to the colorimetric response of larger segments of wings, smaller sections of wing
(approximately 500 μm x 500 μm) were examined using similar methods. Again, the spectral
response of the wing was analyzed with the multispectral imaging CCD camera (CRI Nuance).
However, instead of illuminating samples from a specific angle, samples were illuminated from
all angles providing complete coverage of the wing. To ensure complete light coverage of each
portion, samples were imaged under an Olympus microscope at a 5x magnification. The
alignment of scales was held constant to prevent changes in scale orientation resulting in spectral
variance due to scale direction. From the previous methods with larger wing portions and from
previous literature, it was known that the incident angle and viewing angle of light is important
to determine colorimetric response of each wing. Changing the incident angle of light reflected
from the wing changes the optical path length resulting in a different superposition of white light
providing a varying color response.
After white balancing the camera with a reference substrate, sections of wing were
examined under the inverted Olympus light microscope. Individual butterfly samples were
sectioned from the same wing and placed on cover slides with the dorsal side (blue side) of the
wing facing down. A drop of refractive oil was added to the wing section and a second cover
slide was added on top to keep the sample flat. Samples were spectrally analyzed over
wavelengths spanning from 420 nm to 650 nm acquiring 2 nanometer resolution. Refractive
fluids ranging from 1.30 to 1.47 were used to induce a color change and a spectral image was
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acquired for each sample. This procedure was repeated 18 times for different fluids of refraction
and the entire experiment was repeated twice.
For individual scales, a segment of Morpho wing was turned over so the dorsal scales
were facing a cover slide. The wing was gently tapped with a hammer to remove any loose scales
from the wing onto the cover slide. Approximately 500 scales would be removed in each attempt
leaving scales facing all directions and different orientations. Using the same method as above,
the camera was white balanced using a reference substrate, and spectral images of individual
scales were taken at 10x magnification using an Olympus inverted light microscope. A single
drop of refractive fluid was placed on the cover slide and second cover slide was placed on top to
hold the scales in place. As in the previous two methods, samples were spectrally analyzed over
a range spanning from 420 nm to 650 nm in 2 nm steps. Refractive fluids ranging from 1.30 to
1.47 were used to induce index matching of each sample. This procedure was repeated 18 times,
for different refractive fluids, and the entire experiment was repeated twice.

6.4 Laser machined segments of wing
Examining the data from micro wing portions provide a similar peak shift trend but also
provided spectral data with decreased error compared to larger wing portions and individual
scales. With this information in hand, it was hypothesized that an optimal spectral response
existed as a function of the number of scales per sample.
Using identical methods as before, samples were cut from the same wing in 4 mm by 4
mm square segments. However, unlike before where sample were kept whole, samples were
laser machined in the direction of scale overlapping to make “fingers” providing variable number
of scales. The samples were laser machined to make sure each cut was evenly spaced to provide
high accuracy and reproducible samples (Figure 15).
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Cut portion
of wing

Uncut portion
of wing
Figure 15. A schematic diagram of laser machined samples representing distances between cuts.

The laser machining setup was powered by a Tsunami titanium: sapphire laser from
spectra physics. The Ti:sapphire laser was pumped by an ultrafast Inspire OPO laser source from
Newport Optics with a laser power of 9.3 Watts to pump the Ti:sapphire laser which averaged an
output power of 2 Watts. The laser light passed through an optical setup of wave plates and
polarizers before it entered an Olympus inverted microscope where the power of the beam before
entering the microscope was approximately 1 Watt. The laser beam was focused through a 5x
magnification objective onto the machining stage where individual scale samples were placed.
The machining stage had three planes of movement with precision up to 1 micron. As seen in
Figure 15, the wing was machined so that the cuts were parallel to the direction of the scale
orientation. It was hypothesized that light was guided between scales and there was an optimal
distance which determined order not seen in individual scales and washed out in large segments
of wing. Examining bandwidth changes due to change in scale number was hypothesized to be a
direct result from both scale types. (Figure 16).

29

laser beam

a)

cover
scales

cross sectional view of scale structure

ground
scales

cover
scales

laser cut

b)

ground
scales

Figure 16. a) Schematic diagram of internal resonance theory within Morpho wings. b) Cross sectional view of
individual scales to represent only very steep angles can cross the laser machined gap. This event is unlikely to
occur because incident light had an angle of 40° and the required angle to reach beyond the cut was approximately
86°.

Five different spacing cuts were made on each 4 mm by 4 mm wing section to determine
the effects of the proposed theory. The laser machined samples were cut at different spacings to
change the length of the hypothesized resonance of light between scales. The five different
lengths cuts were 0.5 mm, 1.0 mm, 1.25 mm, 1.5 mm, and 2.0 mm along the direction of scale
orientation producing samples containing 5 scales, 10 scales, 12.5 scales, 15 scales, and 20 scales
respectively. Variation in spacing width was used to give different sample lengths for different
number of internal reflections to change the internal resonance of each sample, which would
provide optimal varying colorimetric responses.
Using the exact same procedure in section 6.2, wing samples were mounted onto glass
slides with the scales oriented in the same direction. A drop of refractive fluid was added to each
sample at the corner and capillary action was used for the oil to cover the entire sample resulting
in a change in color due to changes in refractive index contrast. Each sample was spectrally
30

analyzed using a Nuance CRI camera measuring wavelengths from 420 nm to 650 nm with 2 nm
resolution. This procedure was repeated for 18 slides varying the refractive index fluid from 1.30
to 1.47 and the entire procedure was repeated twice for different length cuts.

6.5 Colorimetric response of “smart slide” samples
Comparing nature’s photonic crystals to engineered photonic crystals was also examined
using this experimental setup. Using a similar procedure, two-dimensional photonic crystals
known as nanoquilts made of silicon were examined under an Olympus inverted microscope.
Rudin-Shaprio 200nm
Thue-Morse 200nm
Gaussian Prime 100nm
Periodic 300nm
Periodic 400nm
Periodic 500nm
Periodic 600nm

Figure 17. Schematic diagram of nanoquilt patterns for periodic and aperiodic structures.

Each nanoquilt sample contained four periodic structures and three aperiodic structures
which when illuminated by light induced individual diffraction providing deterministic
colorimetric fingerprints (Figure 17) (Gopinath et al. 2008). Samples were machined using
electron-beam nanolithography techniques to produce pillars 40 nm tall with spacing between
100 nm and 600 nm between each pillar. The machined nanoquilt structures act as twodimensional photonic crystals because they present a changing dielectric material in one
direction and a change in pattern in the second direction.
Using the Olympus inverted microscope, one nanoquilt sample was placed on a cover slip
with the structural pillar facing down. A drop of refractive oil was added to each sample filling
31

the air gaps in the nanostructure with oil. Using the Nuance CRI camera, samples were spectrally
characterized from 420 nm to 720 nm with 2 nm resolution. After each characterization for
individual refractive oils, the nanoquilt sample was cleaned in a bath of acetone and ethanol to
remove any oil residual. The procedure was repeated for refractive oils ranging from 1.30 to 1.63
with a 0.03 step to provide a larger sample range. The experiment was performed once due to the
consistency of the individual sample.
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7. RESULTS
7.1 Normalizing and correcting the data
The data was first analyzed by plotting the factored spectrum in Origin Pro 8.0. Raw data
was factored by taking an original white spectrum and dividing the intensities at individual
wavelengths by the maximum intensity. Each factored value, specific for every wavelength, was
multiplied to each corresponding wavelength in the raw data set to correct for anomalies
generated by changes in the camera’s filter and to remove any present noise. Next, spectral
intensities were plotted as a function of wavelength to generate apparent Gaussian plots. Using a
nonlinear fit program, best fit Gaussian curves were plotted to provide relative information from
the each data set. Each curve provided information regarding peak wavelength position and
bandwidth data required for the analysis. The following figure is a representation of one data set
with factored raw data and the matching best fit curves (Figure 18).

Figure 18. Representation of normalized data and fit Gaussian curves.
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7.2 Spectral variance due to scale orientation
As previously mentioned, the microrib structure of the scales is responsible for multiple
diffractive effects which cause interference and iridescences (Tada et al. 1999, Potyrailo et al.
2007, Huang et al. 2006). Morpho butterfly wings are covered with millions of scales arranged in
a shingle pattern, which is not rigorously periodic but, instead, has some variability in
orientation. In fact, this is a particularly interesting aspect of naturally occurring structural color
which is often the result of hierarchic self-assembly processes and results in some degree of
disorder within a largely periodic nanostructure. Additionally, these structures are constituted by
low index contrast materials (in the case of the butterfly wing, chitin with n~1.5) thereby
implying a robust and fault-tolerant biophotonic architecture on the nanoscale.
For this reason a baseline analysis of an individual sample was used to assess the
dependence of the spectral response as a function of scale orientation with respect to a fixed
illuminating source. In this case, a single sample of an oil-free wing was mounted on a rotating
stage and the spectral response of the wing was evaluated at different positions, by varying the
angle α between 0-90 degrees with respect to the illumination source. The resulting peak are
represented in Figure 19 and show that by changing the angle of orientation of the scales with
respect to the incident light, the peak of the wing’s spectral response varies by approximately 12
nm.
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Figure 19. Measurements of spectral response of Morpho wing. The data on the left show a ~10 nm difference in
the spectral response of the wing for two different orientations (α=0° and α=45°). The data on the right shows the
dependence of the spectral response peak as a function of the orientation angle revealing any modulation in the
spectral response over 90 degrees.

While it is sometimes assumed that all scales are facing the same direction and that each
scale’s lamellar nanostructure is identical to the rest, different sections of the same wing exhibit
slight variations in peak wavelength (of the order of a few nanometers). This is illustrated in
Figure 19 that shows how the spectrum taken for each sample from the same wing exhibit slight
differences caused by the disordered orientation of the scales in different areas of the wing.
This naturally occurring deterministic disorder induces a variance in the spectral response
of each of the individual samples taken from the same wing. This makes the spectral baseline
characterization particularly important in order to quantify the spectral responses induced by the
index fluids. In fact, even by controlling and reproducing the initial orientation of the scales,
there is still a noticeable difference in the measured baseline peak wavelength (the maximum
observed sample-to-sample deviation in the spectral peak was 25 nm in the spectral peak).
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Figure 20. Comparison of two similarly oriented samples taken from the same Blue Morpho wing (without the
addition of oil). The data is shown for both the full wing samples to illustrate the structurally induced variability of
the spectral response within the same wing underscoring the importance of establishing a baseline for each sample
when using the wing as a sensor.

7.3 Colorimetric response of large wing portions
Once the baseline was established, fluid-induced colorimetric shifts were studied. A
sampling of the results for three samples taken from the same wing is illustrated in Figure 21
which shows side by side images of the wing sample without oil, with oil, and the corresponding
spectral responses. The oils used in the figure have refractive indices of 1.30, 1.40, and 1.50
respectively. An initial look at the images show an overt color change when oil is present on the
surface of the wing with the wing turning black as the oil index approaches the index of
refraction of the constituent materials of the wing, as previously reported (Berthier 2008). To
quantify the induced spectral shift as a function of index of refraction, multispectral images were
acquired as previously described. Analysis of this data subset shows that the addition of the
refractive oils induces a shift towards longer wavelengths that was found to be linear with
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respect to the refractive index of the added oil. The average peak value found for the slides with
no oil was λ = 478 ± 12 nm and used as the baseline for the evaluation of the induced shifts.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 21. Graphical representation of spectral shifts induced by putting index oils onto 5 mm x 5 mm portions of
wing, (a), (b) and (c) represent the sample with no oil, with oil and the spectral readings from both respectively in
the case of oil having index of refraction n=1.3. (d), (e), and (f) are the same measurements performed for n=1.4 oil
and (g), (h), and (i) are performed for n=1.5.

Figure 22. Spectral response from the wing as a function of varying fluid index of refraction on the surface. The
data points represent the measured shift in peak wavelength of the wing with oil. The linear fit would suggest a
~2.45±5 nm shift per a 0.01 change in refractive index. The bandwidth is 109±5 nm wide.
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As expected, a shift towards longer wavelengths occurred as the index of refraction of the
oils increased. An analysis of the shift is illustrated in Figure 22, which shows the spectral
response of samples from the same wing in the presence of oil as a function of varying fluid
index of refraction on the surface. The shift trend is linear suggesting a ~2.45±0.05 nm shift per a
0.01 change in refractive index. The data is contained within a spectral band (also indicated in
the Figure 22), which can be associated to the intrinsic variation of the baseline spectral peak
dependent on the structural variability of the wing. As the refractive index of the oils becomes
closer to matching of the index of the refraction of the butterfly wing (1.50), a shift compared to
the no oil samples was larger. Oils with a refractive index of 1.3000±0.0002 had an average peak
of 536±6 nm compared to oil with a refractive index of 1.5000±0.0002 which had an average
peak of 570±20 nm.
Using large portions of the wing affects the spectral bandwidth of the response ultimately
hindering the sensitivity of the measurement as a function of varying refractive index. The
calculated average bandwidth of five random samples was 109±5 nm. To monitor the effects of
the general hierarchy of the Morpho wing, samples varying in scale number were examined to
understand new levels of order.

7.4 Colorimetric response of micro portions and individual scales
Higher sensitivity in the spectral response was obtained by reducing the number of scales
selected in each sample used for colorimetric optofluidic sensing. To examine this, the same
methods were performed on a portion of the wing measuring approximately 500 μm x 500 μm
(approximately 5 scales). By assessing the baseline response of these reduced area samples, the
baseline spectral response of the wing had a narrower bandwidth measuring 80±2 nm offering a
more consistent and repeatable starting point for colorimetric detection. Similar to above, a
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sampling of the results for three samples taken from the same wing is illustrated in Figure 23
which shows side by side images of the wing sample without oil, with oil, and the corresponding
spectral response. The oils used in the figure have refractive indices of 1.30, 1.40, and 1.50
respectively.
(a)

(b)
(c)

(d)

(e)

(f)

(i)
(g)

(h)

Figure 23. Graphical representation of spectral shifts induced by putting index oils onto 500 μm x 500 μm portions
of wing, (a), (b) and (c) represent the sample with no oil, with oil and the spectral readings from both respectively in
the case of oil having index of refraction n=1.3. (d), (e), and (f) are the same measurements performed for n=1.4 oil
and (g), (h), and (i) are performed for n=1.5.

Consistent with previous results, the spectrum shifts towards longer wavelengths as the
fluid index of refraction values increase. In this case, however, the peak spectral shift is
~2.57±0.12 nm per a 0.01 change in refractive index.
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Figure 24. Graphical representation of shifted spectral peaks with the addition of oils. The linear trend has a slope of
257±12 nm meaning there is a 2.6 nm change for every ∆0.01 in refractive index.

Originally, it was believed structural hierarchy would produce more order as the wing
was reduced to individual components (wing to scales). After analyzing samples from macro
segments of wing (4 mm x 4 mm samples) and data from micro samples (approximately 500 μm
x 500 μm), individual scales were analyzed in hopes of seeing higher control of variability.
It was hypothesized that individual scales would provide smaller variability due to the
fluctuations from a combination of scales not all perfectly aligned. As predicted, scales provided
a smaller bandwidth showing significant order as individual scattering elements were reduced in
number, offering more control on individual orientation. Similar to above, a sampling of the
results for three samples taken from the same wing is illustrated in Figure 25 which shows side
by side images of scales without oil, with oil, and the corresponding spectral response. The oils
used in the figure have refractive indices of 1.30, 1.40, and 1.46 respectively.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 25. Graphical representation of spectral shifts induced by putting index oils onto 50 μm x 50 μm portions of
wing, (a), (b) and (c) represent the sample with no oil, with oil and the spectral readings from both respectively in
the case of oil having index of refraction n=1.3. (d), (e), and (f) are the same measurements performed for n=1.4 oil
and (g), (h), and (i) are performed for n=1.46

However, unlike the previous two examples, individual scales provided no linear trend as
seen in Figure 26. The average bandwidth for individual scales was calculated to be 72±10 nm
which seemed to fit the hypothesized trend, however there was an apparent change in the
examined baseline color from altering structures of the wing.

Figure 26. Graphical representation of shifted spectral peaks with the addition of oils for individual scales. There is
no visible linear trend for every ∆0.01 in refractive index.
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Under further investigation, wings are composed of two different types of scales working
together for a more controlled baseline color. Wing samples are made up of ground scales and
cover scales that reduce color variability of larger wing samples. When these two different scales
are arranged together they provide an overall spectral color. However, when individual scales
(ground scales) were observed, the secondary scale (cover scale) was removed resulting in a
different spectral baseline with more degrees of variability. Even though the bandwidth was
smaller for individual scales, the dual scale system of different components (i.e. different scales)
generates more control compared to the individual scale study.

7.5 Laser machined segments of wing
As mentioned above, two different types of scales were observed: cover scales and
ground scales. The literature states that cover scales are transparent reflectors and protect the
ground scales, the scales responsible for iridescence, from damage. Cover scales let light pass
through to get to the more highly arrayed ground scales. According to Berthier, he states “cover
scales actually hardly contribute to the wing color and to spatial dispersion of light. This function
is fulfilled by ground scales, whereas cover scales let light enter them without hindering it in any
way.” However, when examining the scales under Scanning Electron Microscopy (SEM), it was
observed that cover scales have their own periodic structure and can produce colors ranging from
blue to pink and are also highly dependant on orientation, similar to ground scales. Compared to
the ground scales nanostructure, cover scale nanostructure is much larger and can potentially
interact with light.

42

Figure 27. SEM image of cover scale and ground scale at an identical magnification. The ground scale (shown on
the right) is more defined compared to the cover scale (on left). Literary sources suggest structural color results from
scatter in the ground scales due to its higher defined structure compared to cover scales.

To keep the cover scales and ground scales in their arranged order, wing samples were
laser machined to reduce scale number in a controllable fashion while maintaining the order of
both scales. As mentioned above, it was hypothesized the change in variability was due to the
interaction of cover scales and ground scales with each other by providing a reflected resonance
pathway of light. To show if size of wing segments was important, individual samples were laser
machined leaving half of the sample cut and the other half of the sample uncut. This method was
used to prove if in fact variability could be controlled on identical samples.

43

Cut portion
of wing

Uncut portion
of wing
Figure 28. Diagram representing cut and uncut portion of wing sample.

If changes in variability existed, it could be measured graphically. Each half of the
sample was spectral analyzed after the addition of refractive oils. Cut portions of wing were
spectrally measured compared to uncut portions of wing and graphed next to each other to
understand if color variability was a function of wing size. Results showed cut portions of wing
have less variability compared to the uncut portions of wing (Figure 29).

Figure 29. Laser cut and uncut portions of the same wing sample. Results show how uncut portions of the wing
have more variance compared to cut portions of the wing. This confirms there is less variance for smaller groupings
of scales.
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Different cut sizes provided samples with different number of scales. As seen above the
spectral response of varying cut sizes showed similar linear shifts as a function of refractive
index. Similar to the studies mentioned already, the slope of each trend line and the average
bandwidth of different cut portions were calculated and plotted together. The average peak
wavelength and average Full Width at Half Maximum (FWHM) is tabulated in the figure below
along with the different size cuts and the number of scales present for each sample.
Cut Size
mm
0.10
0.50
1.00
1.25
1.50
2.00
5.00

# of scales
#
1
5
10
12.5
15
20
50

Peak Wavelength
Nm
468.724
±
3.189113
472.7984
±
2.584933
467.8769
±
2.002835
476.3037
±
6.425154
476.6693
±
5.212633
475.3595
±
6.221459
487.6455
±
6.486727

72.85543
88.64941
80.40278
91.33564
94.4051
97.16954
108.7418

FWHM
Nm
±
±
±
±
±
±
±

3.305783
1.872176
1.352691
3.502981
2.26749
6.823632
4.746719

Figure 29. Table of average peak wavelength and average FWHM for cut samples. Five samples were averaged to
calculate the peak and FWHM values above.

Plotting the bandwidths as a function of scale number provided a characteristic trend
between order and disorder arrangement. Figure 30 shows an apparent increasing trend, but
there also exists an optimal bandwidth for the general hierarchy as a function of scale number
when 10 scales are arranged together. A visible order → disorder → order → disorder pattern is
apparent monitoring the general order of the wing. We can hypothesis the existence of
generating order from an arrangement of disordered optical structures. The relative error of the
wing is found in localized scale numbers and is not a function of other architectural features.
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Figure 30. Graphical plot of FWHM as a function of scale number. Five baseline spectrum were averaged together
to find the calculated values for each data set. Depending on the number of scales for each sample, the bandwidth of
each spectrum changed. The hypothesis is light rays have a specific resonance structure within individual scales
which provides different numbers of reflection in each scale.

The localized error relative to scale number also provided results for changes in
sensitivity of wing samples. Each data set of different cuts showed linear trends as expected and
under further examination revealed different slopes as a function of scale number. Therefore, the
slopes of each linear trend line from the five different cuts were plotted as functions of scale
number (Figure 31).
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Figure 31. Graphical representation of the sensitivity of for different cut sizes. Each size cut provided a
different slope suggesting tunability of samples depending on the number of scales in each sample. Each
test was conducted twice and each sample was averaged and the slopes were plotted against the size of each
cut.

The slopes of each trend line correlates to the sensitivity of each sample size.
Controllable tunability is apparent because the sensitivity of each data set changes as a function
of scale number. Results provide an optimal sensitivity at 10 scales showing there is a
relationship between sensitivity and variability as a function of scale number because each
hierarchical feature occurred at the same number of spectrally examined scales.

7.6 Colorimetric response of “smart slide” samples
Spectral analysis of machined nanoquilts were also examined in this study using similar
methods as the butterfly wings and scales to compare how machined photonic crystal compared
to natural photonic crystals in the presence of changing refractive fluids.
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Seven different nanoquilt patterns were examined using the Nuance CRI camera and
software. The seven different nanoquilts which were examined were 200 nm Rudin-Shapiro, 200
nm Thue-Morse, 100 nm Gaussian Prime, 300 nm Periodic, 400 nm Periodic, 500 nm Periodic,
and a 600 nm Periodic structure. The name of each aperiodic sample is after the mathematical
probability which defines their two-dimensional position. Due to the two-dimensional aperiodic
structure, each sample generates a deterministic probable colorimetric fingerprint.

a)

b)

c)

d)

Figure 32. Microscope images of (a) periodic and (b), (c), (d) aperioodic nanoquilts. (a) Four periodic structures
with different size spacing, (b) 100 nm Gaussian Prime aperiodic structure, (c) 200 nm Thue-Morse aperiodic
structure, and (d) 200 nm Rudin-Shapiro aperiodic structure.

Applying the same methods as the butterfly wing, each nanoquilt pattern was spectrally
analyzed after the addition of fluids of refractive index and a relative portion of each curve was
fit to a mathematically defined Gaussian curve. Unlike the butterfly samples which each had
spectral peaks around 480 nm, the peak of each nanoquilt varied depending on its two
dimensional structure. Figure 33 below represents the data acquired of the two best samples with
individual Gaussian curves plotted.
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a)

b)

Figure 33. Spectral graphs of (a) Thue-Morse aperiodic structure and (b) Rudin-Shapiro aperiodic structures in the
presence of different refractive fluids.

Of the seven different structures which were tested, only the two samples showed above
provided the most promising results. Entire nanoquilt “smart slides” are not as sensitive
compared to butterfly scales because nanoquilts are a mix of different localized frequencies
while butterfly scales are composed of fewer frequencies in nondeterministic locations.
However, each structure show identical linear peak shifts as a function of additive refractive
index fluid. The two curves shown above were the most sensitive samples compared to the other
five and show sensitivity approximately five to ten times larger than the samples not shown.
Even the two “smart slide” which showed promise to changes in refractive index where two to
ten times less sensitive compared to butterfly samples, seen in the sample slopes (Figure 34).
Even though the gross collection of frequencies are not as sensitive to changes in refractive
index, these machined structures still show promise to be used for refractive index measurements
as “smart slide” optofluidic sensors because of their deterministic colorimetric fingerprints
providing nanoscale redistribution of color.
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a)

b)

Figure 34. Spectral response of nanoquilts as a function of varying refractive index fluid. The linear trend has a
slope of a) 187±8 and b) 34±2 nm meaning there is a 1.9 nm change and 0.34 nm change for every ∆0.01 in
refractive index.

7.7 Color tracking for scales and “smart slides”
The overall spectral response of butterfly wings, scales, and nanoquilts provide a peak
color response. However, as some images have suggested, these samples are composed of
individual scattered frequencies which produce the broad spectrum from the results above. When
these individual elements are analyzed more closely, there is a visible specific color response at
determined locations. This nanoscale redistribution of color is determined by the structuralinduced scatters that create multi-wavelength colorimetric baselines (Amsden et al. 2010).
Monitoring how these color elements move or react with respect to changes in refractive index
provide insight to the possibilities of how these samples can be used as nanopatterned surfaces
with deterministic light scattering fingerprints (Amsden et al. 2010). These fingerprints of each
sample change the scattering effects associated as a function of refractive index and provide new
signature responses where movement of individual color elements can be tracked in the visible
range.
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Using Nuance Camera software to analyze images, spectral response of the data provided
insight about how elements of color move in a changing refractive index environment. Figure 35
below shows how elements within individual Morpho scales are composed of different
colorimetric components. Examining the blue spectrum from the blue portion of the wing along
with the colorimetric response in the presence of index fluids provide insight to monitor the
components within different scales.

25 μm

25 μm

Figure 35. The detailed structural color of a Morpho scale in air and a Morpho scale in refractive index fluid 1.30.
Even though individual scales were not subjected to the same index fluid, the color response was still drastically
different compared to scales in air providing information of individual scattering elements within each scale. The
peak of the two components was 435 nm and 544 nm.

Tracking these individual components using unmixing software through Nuance CRI,
which locates the position of the selected spectrums in each image and then overlays the two
together, the observed total colorimetric response of individual scales was monitored. The
software provides a color correction and displays individual components as shown in Figure 36.
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a)
50 μm

b)
50 μm

c)
50 μm

d)
50 μm

e)
50 μm

f)
(h)
50 μm

Figure 36. Colorimetric response of Morpho scales as a function of induced refractive index oil. The top of each
subset box (a), (c), (e) are images detected without any color correction. The bottom of each subset box (b), (d), (f)
is the recolored image using the spectrum provided above. The difference between left and right columns is scale
samples in air and scale samples in refractive index fluid (1.30 (a) (b), 1.40 (c) (d), and 1.50 (e) (f)).

Monitoring the colorimetric fingerprints of butterfly scales only reveals that individual
scales are composed entirely of the selected spectrums and provide little information regarding
location of changing frequencies. These features are not highly deterministic and require more
order to provide higher accuracy using gross scattering elements.
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Unlike butterfly scales, nanoquilt samples have a more deterministic spectral signature
providing a highly organized fingerprint so individual elements within each sample can be
monitored with high precision and accuracy.

a)

b)

c)

Figure 37. Dark field images of multi spectral response for the Gaussian-Prime (a), Rudin-Shapiro (b), and ThueMorse (c) aperiodic structures. The corresponding scattering response is shown for individual elements in each
sample and the spectral response of each element.

As with the butterfly scales, tracking these spectrum across varying refractive index
fluids was monitored. This method was proven effective to monitor the same spectral signatures
under monolayer protein addition to examine individual element position due to changes in
nanostructure topography, thereby changing the resulting scattering response of each element
(Amsden et al. 2010). Figure 38 shows light localization changes due to the addition of
refractive index fluids. Even without color correction software, it is still possible to monitor
visible color changes. As shown in the figure below, an overall color change can be observed in
comparison to the baseline image proving the effectiveness to monitor refractive index changes
of Δ0.06.
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a)
10 μm

b)
10 μm

c)
5 μm

d)
5 μm

e)
5 μm

f)
5 μm

Figure 38. Colorimetric response of nanoquilts to additions of refractive index oils. The figure shows three different
aperiodic images (Gaussian Prime (a) (b), Rudin-Shapiro (c) (d), and Thue-Morse (e) (f)) for samples in air and after
the addition of refractive index fluid 1.30. The top of each subset box (a), (c), (e) are images detected without any
color correction. The bottom of each subset box (b), (d), (f) is the recolored image using the spectrum provided
above. The difference between left and right columns is samples in air and samples in refractive index fluid 1.30.
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8. DISCUSSION
In this study we showed the importance of scale number to the colorimetric response of
Morpho menelaus wings and scales in the presence of fluids. Previous studies with Morpho
wings and varying refractive indices show that wings will experience color changes induced by
changes in optical path of the wing nanostructure (Potyrailo et al. 2007, Berthier 2008). Studies
conducted have shown how varying quantities of refractive fluids reduces the intensity of the
back scattered reflected light.
Examining the orientation of the wings is important to this study because a few scales are
not aligned perfectly due to the imperfections seen in nature even though the scales have a gross
arranged order. This examination was used to quantify the variance of peak found in each sample
because it was impossible to use the different refractive fluids on identical samples. Therefore, it
is important to take an initial background spectrum of each sample before the addition of fluids.
This study examines how samples vary as a function of orientation which is quantifiably
dependant of scale angle orientation with respect to the incident light. The 12 nanometer
variance determined between samples was dependant on orientation of individual scales
compared to the gross orientation of the overall wing.
This information explains the variation of peak spectrum found in wings while the overall
alignment of scales is in a gross overall direction. It is observed that scales are oriented in ways
to completely cover the dorsal side of the wing efficiently without regard to ordered scale
orientation. Even in perfectly aligned wings, there are still fluctuations of individual scales which
change the gross spectral response of the wing.
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Figure 39. Cartoon of arrangement of scales compared to location on Morpho wing.

The linear peak shift that was seen in almost all the samples as a function of index of
refractive fluid shows how these nanostructures can be manipulated to generated different colors
depending on changes in refractive index contrast. Using the nanostructure of the Morpho scales
and changing the optical path length is an effective way to use structural color in a variable
refractive environment. The key component to this study was to determine the effectiveness of
this method as an optofluidic sensor by monitoring these nanostructures with high sensitivity and
success. In the process of demonstrating the efficiency of this structure, this study presented an
optimal hierarchy between different scattering scales providing insight regarding the importance
of individual scatters for photonic crystal research. The structural color and sensitivity of such
devices can be controlled as a function of size, or the number of scattering elements specifically
arranged to determine an output spectrum.
Also in this study, we examined more highly arranged photonic crystal structures visible
in nanoquilt “smart slide” samples. It was shown how the gross colorimetric responses of
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nanoquilt are not as sensitive compared to butterfly wings in a changing refractive index
environment. However, similar to the butterfly scales which generate a disordered color
arrangement, the nanoquilts produce a multi-frequency spectral fingerprint ranging the visible
spectrum in a highly order and controllable method. The complete fingerprint of nanoquilt
samples was determined as a function of refractive index producing a broader spectrum
composed of more scattered frequencies providing reduced sensitivity of the gross colorimetric
response compared to butterfly samples. Butterfly scales have a single determined nanostructure
which provides increased sensitivity and alters the bandwidth of individual samples.
Nevertheless, the two structures, butterfly scales and nanoquilts, show promise as individual
photonic crystals using different properties of the individual scattering composition.
Morpho scales have a highly disorganized structural array which provides obstacles when
monitoring individual scattering components. However, they provide significantly less error due
to fewer scattered frequencies unlike the nanoquilt samples. Nanoquilts provide multiple
scattering signatures that are more highly organized and controllable compared to Morpho scales
for possible deterministic changes in color at individual locations. Each structure individually is
not sensitive enough to changes in refractive index, but combining the highly organized arrays
seen in nanoquilt samples, due to light localization, and the increased sensitivity and tunability
found in Morpho scales would produce highly sensitive measurements to changes in peak
spectrum as a function of varying refractive index allowing these nanostructures to be used as
individual components for optoelectronics and biochemical detectors.
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9. CONCLUSION
In this study, we demonstrate controllable structural color based on natural and
engineered photonic crystals in the presence of changing fluids of refractive index. We show
bandwidth 3D and 2D photonic crystals that exhibit linear peak shifts as functions of varying
refractive index. Further, when Morpho menelaus wings are sectioned using high powered laser
machining to separate individual scattering elements, an optimal bandwidth response and
improved sensitivity is achieved compared to the rest of the wing. The effect is characterized
experimentally and a theoretical model is suggested to explain the nature of improved structural
bandwidth as a function of different scattering elements.
The work presented here represents a set of preparatory measurements for future work in
structural color sensing in the presence of changing refractive index fluids. Photonic crystals
have demonstrated their applications in optoelectronics devices and here provide results
regarding dependence on individual scattering elements. Morpho wings and scales present an
order → disorder → order → disorder arrangement showing there is an optimal arrangement
between numbers of individual scattering elements. Examining the interaction of different scales
on the surface of the wing reveals the importance between scattering elements which work
together in basic arrangements to provide optimal sensitivity and bandwidth control.
Also in this study, we show the results of engineered photonic crystals to be used as
sensing “smart slides”. In previous work, these nanoquilt structures are ideally suited as a
sensitive transduction mechanism capable to reveal nanoscale variations of surface topography.
“Smart slides” have shown by adding a protein monolayer to their surface, a visible color change
due to light localization can be detected (Amsden et al. 2010). However, instead of changing
surface topography, contrast to refractive index was examined. Similar to the results found in
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changes to surface topography of the nanoquilt samples, changes in refractive index contrast
produced an observable localized color change in comparison to the baseline image completed
using real time imaging and in a label free environment. The deterministic components encoded
in each sample can be used as a source of additional information to produce a multipurpose
sensing structures to track individual scattering elements visible to changes in refractive index of
Δn=0.06 for nanoscale detection of biological components.
The combination of these two features, structural color optimization and light
localization, will open new pathways for microfluidic biological photonic crystal structures that
provide information for attomolar concentrations that would otherwise be unobtainable in more
common techniques that do not support sensitivity at low concentrations levels.
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10. FUTURE WORK
Future studies of this work will be to show the existence of the resonance structure
hypothesis in Morpho scales which provides the optimization of bandwidth and sensitivity
suggested in this study.
Other studies will include working with the biocompatible protein silk from Bombyx mori
silk worms. In preliminary casting experiments, where a silk solution is poured onto the wing
surface and allowed to dry for 12 hours at optimal temperature and humidity, difficulty resulted
in the removal of the silk film from the dorsal side of the wing. As mentioned before, the wing is
covered with a mixture of ground scales and cover scales in a highly organized pattern which
limits the casting of the nanostructure of the wing architecture. Even though the silk solution is
capable of casting the nanostructure of the scales due to its high crystallinity, the result of the
cover scales provides difficulty in casting the entire structure. When the films are removed from
the dorsal side of the wing, the cover scales are also removed in the process resulting in a foreign
structure attached to the silk films. Future work would include removal of these scales from the
silk films without damaging the casted nanostructure of the cover scale. Work could also be
conducted with the cover scales still present in the silk films conducting tensile test of the
naturally elastic silk films and monitor changes in color shifts.
Ultimately, the goal is to machine Morpho wing structures in biocompatible materials.
This can be used to create optoelectronics to be used for biomedical application and produce real
time information within the body. Machined samples could be doped with biologically active
elements to form, biological, chemical, or optical components to form precursor bio-optical
elements.
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APPENDIX
A. Determining spectral variance due to scale orientation

B. Colorimetric response of large wing portions
Experiment 1

Experiment 2

Second experiment peak plot

C. Colorimetric response of micro portions and individual scales
Experiment 1

Experiment 2

D. Laser machined segments of wing
0.5 mm cuts
Images

Experiment 1

Experiment 2

First experiment peak plot

Second experiment peak plot

1.0mm cuts
Images

Experiment 1

Experiment 2

First experiment peak plot

Second experiment peak plot

1.25 mm cut
Images

Experiment 1

Experiment 2

First experiment peak plot

Second experiment peak plot

1.5 mm cut
Images

Experiment 1

Experiment 2

First experiment peak plot

Second experiment peak plot

2.0 mm cut
Images

Experiment 1

Experiment 2

First experiment peak plot

Second experiment peak plot

E. Colorimetric response of “smart slide” samples
Gaussian Prime aperiodic structure

Blue periodic structure

Blue peak plot

Green periodic structure

Green peak plot

Maroon periodic structure

Maroon peak plot

Brown periodic structure

Brown peak plot

F. Scanning Electron Microscope Images

