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Abstract
STEM is about the integration of science, technology, engineering and
mathematics. To teach STEM effectively, students need practical examples
of subject integration. A good example is the use of an electron microscope
in teaching physics and biology. An electron microscope is an instrument in
which the operation depends on electromagnetism and quantum mechanics, in
particular wave-particle duality. In teaching physics, an electron microscope
can be used to measure the separation of repeated structures that give rise to
interference phenomena. This paper describes the use a tabletop scanning
electron microscope to teach physics and biology together through imaging
butterfly wings. Students are able to identify structures with a spacing
comparable to visible light on butterflies exhibiting structural colour and
much larger spacing on wings without structural colour.

Introduction

In structural colour, regular structures with
a spacing comparable to the wavelength of visible light act like an echelle diffraction grating
(Giraldo et al. 2016). Each ridge acts as a Huygens
radiation source and therefore light emitted at a
certain angle undergoes constructive interference.
A good example of an echelle diffraction grating
is a CD or DVD.

There is an increasing emphasis on STEM in
education. This is partly due to the increased connectiveness of the world and connectiveness of
devices (e.g. Internet of Things). A good example
of this connectiveness is the electron microscope
that melds science and engineering, for example
the use of electromagnetic lenses to focus electrons in a similar fashion to a glass lens focussing
visible light. This paper is a sequel to a paper that
discusses the use of a scanning electron microscope (SEM) in teaching STEM physics (Hughes
2019), in which a SEM was used to measure the
track spacing of a CD, DVD and Blu-ray disc.
The current paper describes the use of the
same Hitachi TM4000 tabletop SEM by students studying the University of Queensland
Foundation year at IES College (https://iescollege.com/) to image butterfly wings to identify
structures that give rise to structural colour.
1361-6552/ 20 /025005+6$33.00

SEM observations
Many organisms exhibit structural colour
(Vukusic 2003, Parker 2006). These colours
are created by diffraction rather than pigments.
Well-known examples are the morpho butterfly
(Morpho peleides), peacock feathers and beetle
carapaces. Electron microscopes were first used
to visualise natural diffraction gratings in the
1940s (Anderson 1942).
A selection of insects showing structural
colour were obtained from the Entomology
1
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Figure 1. Insect wing samples placed on the observation stage of the Hitachi TM4000 electron microscope at
IES. The right side of the top left circular disc holds a sample of the top surface of a blue morpho butterfly and the
left side samples of a Lexus LC Structural Blue edition car. The top disc contains a transparent fly wing and the
bottom right disc the underside of a blue morpho butterfly wing.
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A

Figure 2. The pink butterfly wing magnified 5000 times showing a ladder like structure. Line A shows how the
ridge spacing data was obtained to produce the graphs shown in figure 3(a).

Collection of the Queensland Museum. SEM
images were acquired of a pink butterfly wing
from a specimen of Zizina labradus family
Lycaenidae, and the upper and lower surfaces of
a blue morpho butterfly wing and a transparent
fly wing. Figure 2 shows the pink wing magnified 5000 times. (N.B. this wing is shown on
the TM4000 observation platform in figure 2 of
Hughes (2019).
April 2020

Figure 3 shows a SEM image of the upper
surface magnified 5000 times. Figure 4 shows
an EM image of the wing of a Grey Flesh Fly
(Sarcophaga aurifrons) commonly found in the
Brisbane area. A sample of the paint used on the
Lexus LC Structural Blue edition car was also
scanned, seen on the observation stage in figure 1,
(www.lexus.com.au/news/Dazzling-new-Lexuspaint). Some images possibly showed regular
2
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Figure 3. Upper surface of blue morpho butterfly magnified 5000 times.

Figure 4. Image of a transparent fly wing magnified 400 times.

diffracting structures but were not clear enough to
publish. However, the model was useful in showing students an example of humanly engineered
structural colour.

in figure 5(a). The position of each peak along
the line was used to produce figure 5(b). Rail and
rung separations are tabulated in table 1.
A least squares straight line fit to the data
shown plotted in figure 5(b) reveals the average spacing of the rails and rungs was 1.34 µm
and 513 nm respectively. This can be crosschecked using the data in table 1, which shows

Image analysis
Image measurements were made using ImageJ.
The profile plot along line A in figure 2 is shown

April 2020
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Figure 5. (a) Profile plot of pixel values of the profile at right angles to the rails of the diffraction ladders on the
pink butterfly wing (line A in figure 2). The profile was used to measure the spacing between rails. (b) Plot of the
rail and rung position data presented in table 1. (Error bars have not been drawn to simplify the graph).

mean respective rail and rung separations of
1.347  ±  0.069 µm and 511  ±  0.071 nm, essentially identical to the least square values. Students
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can be taught the value of obtaining results by
two different methods, which increases confidence that the results are correct. This part of the
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Table 1. Data showing the spacing between the rails
and rungs of the diffraction ladder on the butterfly
wing. The two columns on the right show the
difference between the spacing.
Sample #

Rails
(µm)

Rungs
(µm)

Δ rails

Δ rungs

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

0.13
1.6
2.94
4.35
5.67
7.1
8.54
9.8
11.08
12.44
13.67
15
16.32
17.74
19.04
20.42
21.75
23.03

0.03
0.54
1.07
1.49
2.13
2.67
3.07
3.72
4.12
4.68
5.19
5.68
6.23
6.75
7.2
7.73
8.24
8.72
Mean
Stdev

1.47
1.34
1.41
1.32
1.43
1.44
1.26
1.28
1.36
1.23
1.33
1.32
1.42
1.3
1.38
1.33
1.28
1.347
0.069

0.51
0.53
0.42
0.64
0.54
0.4
0.65
0.4
0.56
0.51
0.49
0.55
0.52
0.45
0.53
0.51
0.48
0.511
0.071

is reflected is broad spectrum. During one of the
lessons, students could immediately see from the
image scale that the diffraction of visible light
was impossible.
The cells on the underside of the morpho
wing are clearly much larger than the top rails
and not as regular. The spacing is comparable to
the wavelength of near infrared radiation (NIR).
It is possible that the underside of the wing diffracts NIR, although more research is required to
demonstrate whether this is the case.
Studies have shown that near infrared
(NIR), electromagnetic radiation nominally in
the range 800–2500 nm, colouration is more
widespread than previously thought Mielewczik
(2012). Butterflies use colour for sexual selection, recognising butterflies of the same species,
camouflage, and mimicry (Giraldo and Stavenga
2016). However, butterfly colour in the NIR part
of the spectrum probably has a different purpose
since predators (e.g. birds) cannot see NIR. NIR
reflectance might play a role in thermoregulation
(Stuart-Fox et al 2017). Butterflies could orient
their wing to control the reflection of NIR and
therefore regulate temperature.
Electron microscope images of insect wings,
fuse physics, mathematics and biology. Insects
are readily available at certain times of the year
and there are no ethics requirements. Permits are
not required to collect insects in Australia on private property, provided permission is gained from
the property owner. They are also easily stored for
permanent use. Once dry, they are fragile, but that
is not a disadvantage in this situation as students
need to remove a part of the wing to conduct these
experiments. The lycaenid family is common
and found throughout Australia. These factors
make insects ideal subjects for use in educational
programmes.
Examining microscopic structures using a
SEM also has an engineering dimension through
bio-inspired design where design in nature is used
in engineering (Fu et al 2014). An example is the
development of a thin film solar panel based on
the surface design of a black butterfly that uses
coloration to control temperature (Siddique
2017).

exercise also teaches students the concept of data
reduction where several measurements are combined to produce a single value.
The same technique was used to measure
the spacing of the rails of the upper and lower
surface of a blue morpho butterfly wing. The
spacing of the rails on the upper surface was
420  ±  120 nm and lower surface 800  ±  130 nm.
The spacing of the dark dots on the transparent
wing, similar to the spacing of the hairs, was
27.3  ±  1.3 µm.

Discussion
Students can see that the spacing of regular structures on wings exhibiting structural colour are
comparable to the wavelength of visible light and
similar to the track spacing of CD and DVD discs
known to diffract visible light. Conversely, the
spacing of the structures on the transparent wing
of the Grey Flesh Fly is about 50 times larger than
the wavelength of visible light and therefore diffraction cannot occur. Most of the light impinging on the wing is transmitted and what little light
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