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Abstract: We present a novel simulation method to investigate the mul-
ticolored effect of theDiachea leucopoda(Physarales order,Myxomycetes
class), which is a microorganism that has a characteristic pointillistic irides-
cent appearance. It was shown that this appearance is of structural origin,
and is produced within the peridium -protective layer that encloses the mass
of spores-, which is basically a corrugated sheet of a transparent material.
The main characteristics of the observed color were explained in terms of in-
terference effects using a simple model of homogeneous planar slab. In this
paper we apply a novel simulation method to investigate the electromagnetic
response of such structure in more detail, i.e., taking into account the inho-
mogeneities of the biological material within the peridium and its curvature.
We show that both features, which could not be considered within the
simplified model, affect the observed color. The proposed method is of great
potential for the study of biological structures, which present a high degree
of complexity in the geometrical shapes as well as in the materials involved.
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1. Introduction

Many natural species are known to use structural color effects to generate their appearance
and visibility. Structural colors have a physical origin and are produced by the interactions of
natural light with the microstructures present in the cover tissues of biological organisms. In
general, color results from a combination of pigmentary and structural effects [1,2], such as in-
terference, diffraction and scattering. The study of the interaction between the electromagnetic
waves and the intricate biological structures has recently attracted the attention of biologists,
physicists and engineers [3,4], since it contributes to biological sciences by identifying their be-
havioural functions [5] and, at the same time, natural structures inspire biomimetic technologies
for applications in different industries related to color [6–9].

TheMyxomycetesare a group of organisms that exhibit characteristics of both fungi and an-
imals, and are considered to be more closely related to the protozoans [10]. There are some
genera which exhibit bright colors, one of which isDiachea, which belongs to the Physarales
order. In particular,Diachea leucopoda(Bull.) Rostaf. is characterized by a cylindrical stalked
fruiting body (sporangia), with a thin, corrugated, external layer (peridium), that covers the
mass of spores [11]. The color inMyxomyceteshas been investigated due to its use as a tax-
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onomical tool [12–14]. Previous studies onDiachea individuals reported that certain species
exhibit beautiful bronze and/or blue iridescent colors, whereas others do not display any optical
effect [14]. In a recent paper, we demonstrated that the multicolored pointillistic effect, charac-
teristic of theDiachea leucopoda, is of structural origin, and it is produced by light interference
within the peridium [15]. In [15], the peridium was modelled as a planar film of a homogeneous
transparent material, and it was shown that the observed color depends on the layer’s thickness
and on the refraction index of the material. The results obtained also showed that the peridium
has other interesting properties, such as autofluorescence and iridescence, which could be of
high impact in ecological studies of this group of organisms, and also exhibits potential appli-
cations in industry [16].

Natural photonic structures exhibit a high degree of complexity in their geometrical shapes
as well as in the materials involved. For this reason, appropriate theoretical methods must be
employed, which would permit one to correctly predict and investigate the electromagnetic re-
sponse of biological photonic systems [17]. The simplest model of thin film interference has
been able to successfully explain the color appearance in dove feathers [18,19]; the multilayer
reflector electromagnetic model was used to explain the iridescent effect in many species, espe-
cially in the cover tissues of beetles [18,20–22]. Also, diffraction grating models have been used
to reproduce the electromagnetic response of butterflies’ scales [23]. For three-dimensional
structures, a simple approach was adopted by Prumet al. [24, 25], who used two-dimensional
Fourier analysis of transmission electron microscopy (TEM) images to model the effect of the
periodicity in the refraction index distributions of natural structures, to predict preferent re-
flected wavelengths. On the other hand, there has been significant progress in electromagnetic
modelling techniques for complex three-dimensional structures in the last twenty years, and
this is allowing more and more precise calculations of the electromagnetic response of natu-
ral biological structures. Among these techniques, the most popular ones are finite difference
time domain methods, finite element methods, and photonic bands calculation methods based
on plane waves expansions. These tools require a previous and detailed definition of the exact
spatial geometry and structural profiles of the modelled structure, and this task is usually done
using pre-built geometrical shapes. Although this kind of methods are very useful for many sys-
tems, the appropriate design of the structure often becomes a task itself. Biological structures
have intrinsically complex geometries, and therefore it is very difficult to accurately reproduce
their actual shape with the available design tools.

Recently, a simple method based on the propagation of mechanical waves along a springs’
mesh connecting particles of equal mass has been proposed to compute the optical response of
photonic structures [26]. One of the most remarkable features of this method lies in the possibil-
ity of introducing the investigated structure (geometry and refraction index distribution) within
the code by means of a digital image. This is a great advantage, especially for dealing with
natural photonic structures. This method can be used to simulate electromagnetic waves’ prop-
agation along a dielectric medium (with or without absorption) in the case of a bidimensional
structure (with traslational symmetry) under transverse electric (TE) incidence.

In this paper we apply a novel simulation tool proposed in [26] to investigate the electromag-
netic response ofDiachea leucopodain more detail, taking into account the inhomogeneous
nature of the peridium and its curvature. In Section 2 we summarize the simulation method, the
identification of mechanical and optical parameters, and explain how the structure under study
is introduced, considering its geometrical composition as well as the refraction index distribu-
tion. In Section 3 we characterize the peridium structure, and results of reflectance for different
structures are shown and compared in Section 4. Finally, discussion and concluding remarks
are given in Section 5.
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2. Photonic simulation method

Thesimulation code developed to compute the optical response of photonic structures is based
on the method presented in [26] to simulate the propagation of transverse mechanical waves.
The physical system consists of a two-dimensional array ofp× q particles contained in the
same plane. Each particle is bonded to its four first neighbours by means of elastic springs. The
movement of the particles is constrained to the direction normal to the plane of the array. To
generate a wave that propagates along the plane of the particles, an external force along the
transverse direction should be applied to selected particles.

For largep andq, the array of particles can be considered as a continuous medium represent-
ing an elastic membrane subjected to a tension per unit lengthT = Fe/lT , whereFe is the elastic
force andlT is a length. The simulated membrane has a superficial mass densityµ = mNm/s,
wherem stands for the mass of the mesh element andNm is the number of particles contained
in a region of areas. For a medium with ground density massµ0, the speed of the waves is
given by v0 =

√

T/µ0. Therefore, in a region with mass densityµ > µ0 the speed of the waves
is v < v0. Making an analogy with optics, regions with mass densityµ0 can be identified with
vacuum, i.e., a medium of refraction indexn0 = 1, while a region with an arbitrary mass den-
sity µ corresponds to a medium with a real part of the refraction indexn =

√µ/µ0 [26]. This
approach permits to reproduce optical phenomena involving dielectric materials illuminated by
transverse electric (TE) polarized light in two-dimensional configurations, and this has been
verified for different systems and incidence configurations.

One of the remarkable features of this simulation method is the possibility of defining the
simulation domain by means of digital images or bitmaps [26]. Each pixel of the image repre-
sents the position of the particle in the array. In this manner, a digital image ofp×q pixels au-
tomatically defines the size of the simulation domain. An appropriate scale given in [nm/pixel]
links the size of an object in the digital image, in pixels, with the actual physical size of the sam-
ple to be simulated, which in the case of natural photonic structures is measured in nanometers.

Three bitmaps of equal size are defined within the simulation code to introduce different
characteristics of the structure and the illumination conditions, which are denoted asM (mass
density),D (damping) andE (excitation). The grey levels in theM bitmap represent the mass
distribution within the array, which should be assigned using an adequate linear conversion
function. The bitmapD encodes the damping constant of each point of the array, which allows
introducing an attenuation constant in the medium, and theE bitmap is used to specify the
excitation, i.e., the particles on which the external force is applied. Following the analogy with
the propagation of electromagnetic waves in an optical medium, theM bitmap determines the
refraction index distribution in space, theD bitmap specifies the regions where there is absorp-
tion, and theE bitmap specifies the light sources. In this manner, this simulation method allows
studying the electromagnetic response of any two-dimensional distribution of refraction index
in dielectric media. This distribution can either be generated artificially, i.e., by building the
structure with any available computational design tool, or by a digital image of the actual spec-
imen to be investigated. In this paper we show results for both kinds of structures. The artificial
ones allow simulating the granularity observed in the natural structures, and, at the same time,
permit controlling the statistics and the general homogeneity of the synthetic slab. To generate
the artificial slab, theM bitmap is defined as follows. First, the whole set of pixels is initialized
with a 0 grey level (black colour). Then, a randomly selected group of pixels in this bitmap
is set on a 255 grey level (full white colour). The density and the random distribution of the
generated white pixels is homogeneous and it can be controlled. A convolution filter is then ap-
plied to the bitmap in order to produce a blur around the white pixels, such that the size of the
convolution kernel of the filter determines the size of the blurred spots. Finally, the grey levels
are linearly associated to a desired refraction index interval of known mean value. On the other
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Fig. 1.Diachea leucopodaobserved under the optical microscope.

hand, the actual structure to be analyzed is introduced into the simulation by a TEM image of
the peridium cross section. Since there are no specific values of the refraction index of theDi-
achea leucopodaperidium available in the literature, its variation range was chosen according
to the existing reports on refraction indices of materials comprising natural microstructures [3],
as already done in [15].

3. Sample observation and characterization

In Fig. 1 we show images of fresh samples ofDiachea leucopodastructures observed under an
optical microscope. Their appearance exhibit pixels of bright colors mounted on a dark back-
ground. In these samples, areas with different hues can be distinguished, mainly orange, blue
and purple. However, other samples present a pointillistic multicolor effect along the peridium
surface (not shown).

Scanning (SEM) and transmission (TEM) electron microscope images of the peridium are
shown in Fig. 2. A complete structure is shown in Fig. 2(a), and a small fragment of the perid-
ium can be observed in Fig. 2(b), where it is evident that the profile of a transversal cross
section follows a fairly regular array of undulations of heights of≈ 5µm, separated≈ 10µm.
Figs. 2(c) and 2(d) show peridium cross section images obtained by SEM and TEM, respec-
tively. It is evident from these images that the peridium is inhomogeneous: it presents granules
of dense material on a light background. In Fig. 2(d) the external parts of the peridium appear
more traslucid than the central one since the roughness of its topography reduces the optical
density. The thickness of the peridium exhibits variations between 200 and 700 nm [27–29].
According to these works and to our observations in the SEM and TEM images for several
samples, the peridium thickness is not uniform at different parts of the same sample, and it can
be as thin as 50 nm.
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(a)

(b)

(c)

(d)

Fig. 2. (a)-(c) Scanning electron microscope images of theDiachea leucopodawith dif-
ferent magnifications: (a) a complete individual, (b) the peridium, (c) cross section of the
peridium; (d) transmission electron microscope image of the peridium cross section.

4. Results

As previously observed in [14], the peridium is a transparent film, and it is the responsible of
the color effect exhibited by this species, as already reported in [15]. A simple model explained
that the observed color is the result of interference within a thin film (the peridium), which has
non-uniform thickness. However, this model did not account neither for the influence of the in-
homogeneous composition nor for the effects of the curvature in the observed color. Therefore,
in this work we especially focus in these two aspects. To get insight into the influence of the in-
homogeneities in the color production, in the first examples we investigate the electromagnetic
response of a planar inhomogeneous slab.

In Fig. 3 we compare the total reflectance of a planar piece of peridium of 525 nm of thick-
ness, with the reflectance of other slabs of the same thickness but different compositions. The
illumination is normal to the sample and the width of the incident beam is 2µm. The green
curve corresponds to a homogeneous slab (H), the blue and the red curves correspond to ar-
tificially generated inhomogeneous slabs with the refraction index varying between 1.5 and 2
(A1), and between 1.61 and 2 (A2), respectively, and the yellow one is the reflectance from the
portion of peridium (R), whose refraction index distribution has been assigned according to a
TEM image of the peridium cross section. As explained in Section 2, to define the refraction in-
dex distribution, the grey levels of the bitmap of each slab are associated with a given refraction
index interval of known mean value. In Fig. 3 all the slabs have been assigned the same mean
value of the refraction index (nmean= 1.75 in this example). The refraction index range was
chosen according to the existing reports on refraction indices of materials comprising natural
microstructures [3], which is approximately between 1.5 and 2. The bitmaps used to generate
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Fig. 3. Integrated reflectance of a planar slab of thickness 525 nm andnmean = 1.75 as
a function of the wavelength, for a normally incident beam of width 2µm. The different
curves correspond to different compositions of the slab: homogeneous (H), inhomogeneous
with 1.5< n< 2 and size of the granules≈ 60 nm (A1), inhomogeneous with 1.61< n< 2
and size of the granules≈ 120 nm (A2), and inhomogeneous based on a TEM image of the
peridium cross section (R). Inset: bitmaps used to generate these curves. The four images
share the same gray scale: black corresponds to the lower refraction indexn = 1.5 and
white ton = 2.

these curves are shown in the inset, where the four images share the same gray scale: black
corresponds ton = 1.5 and white ton = 2. To keep the samenmeanin all the curves, in the case
of the actual sample (curve R) the refraction index ranges between 1.5 and 1.85. Notice that the
R bitmap is the complement (in terms of the grey scale) of a section of the TEM image shown
in Fig. 2(d). Curves A1 and A2 also differ in the size of the granules, as observed in the inset:
while in A1 the granules are of≈ 60 nm, in A2 they are of≈ 120 nm. For inhomogeneous slabs,
the reflected light is scattered in all directions, and then, the total reflectance of the structure is
obtained by integration of the angular reflection coefficient.

The four curves in Fig. 3 have peaks at the same spectral positions. This was to expect since
these maxima correspond to the resonant wavelengths given by the constructive interference
within the slab, that only depend on the thickness and on the mean refraction index of the
slab, and both parameters are equal for all the curves. There is a noticeable difference between
the actual sample and the other slabs: the granule distribution -and consequently the refraction
index distribution- in samples A1 and A2 is uniform, but this is not the case in the natural TEM
image, where the right zone is darker in average (lower refraction index) than the left one.
This results in a slightly lower reflectance of curve R, compared with the other ones. Curves
H and A1 are almost completely overlapped, and this confirms that for sizes of the granules as
small as 60 nm, the integrated reflectance is not significantly affected by the inhomogeneous
composition of the slab. If the granule size is increased (red curve, A2), the reflectance is
slightly modified. This suggests that if the size of the inhomogeneities is kept small compared
with the wavelength, the total reflectance of a planar slab is not significantly affected, and the
simple model of a homogenous slab can still be used to calculate the total reflectance. However,
as we shall see in the following figure, the angular distribution of intensity changes, and this
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(a) (c)(b) 

Fig. 4. Logarithm of the differential reflection coefficient of a planar slab of thickness 525
nm as a function of the wavelength and of the observation angle for a normally incident
beam of width 2µm, and for three of the slabs considered in Fig. 3: (a) H; (b) A1; (c) R.

contributes to the iridescence.
To analyze the iridescent effect produced by the peridium of theDiachea leucopoda, in the

following examples we compare the angular behaviour of the reflectance, for the different slabs.
For better visualization, we plot the logarithm of the differential reflection coefficient (drc), i.e.,
the fraction of the total energy incident on the structure that is scattered into an angular interval
about the reflection direction defined by the observation angle [30]. In Fig. 4 we show contour
plots of log(drc) as a function of the wavelength and of the observation angle, for three of the
slabs considered in Fig. 3: H, A1 and R. It can be noticed that for the homogeneous slab, the
reflected intensity is almost completely concentrated within the original beam width, whereas
for the real and for the artificially generated inhomogeneous slabs, the intensity is more spread
out. As observed in Figs. 4(b) and 4(c), the intensity of light scattered in non specular directions
depends on the wavelength, and this effect contributes to the iridescence, i.e., to the dependence
of the observed color on the observation angle.

Up to now, only the effects of the composition of the slab has been analyzed. However, the
curvature of the sample also produces iridescence and affects the observed color. Therefore,
in Fig. 5 we show contour plots of the logarithm of the differential reflection coefficient for
curved samples. The radius of curvature of the analyzed structures is 6µm, and this value
was taken from the SEM images of the peridium. In the case of a curved homogeneous slab
(Fig. 5(a)), the reflected light is scattered back and propagates in a broad beam, much wider
than that corresponding to the planar homogeneous slab (see Fig. 4(a)). If an inhomogeneous
composition of the slab is also considered, the reflected intensity is modified, and the angular
intensity distribution strongly depends on the wavelength, as observed in Fig. 5(b). This plot
clearly shows that the curvature of the sample plays an important role in the iridescent effect
observed in theDiachea leucopoda, and also, the inhomogeneous composition of the peridium
affects the reflected intensity.

To better visualize the dependence of the reflected intensity distribution on the incident wave-
length, in the movie of Fig. 6 (Media 1) we show the reflected near field intensity as the incident
wavelength is increased from 380 to 780 nm. It can be observed that there are wavelengths for
which the intensity is minimum, and this values correspond to the minima of the integrated
reflectance shown in Fig. 3, i.e., to 460 and 620 nm, approximately. Notice that certain wave-
lengths are more widely scattered than others, and this produces a remarkable iridescent effect.
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(b)(a)
Fig. 5. Logarithm of the differential reflection coefficient of a curved slab of thickness 525
nm and radius of curvature 6µm as a function of the wavelength and of the observation
angle for a normally incident beam of width 2µm, and for different composition of the
slabs. (a) homogeneous withn = 1.75; (b) inhomogeneous withnmean= 1.75 and 1.5<
n < 2. In the inset above each panel we show the corresponding refraction index bitmaps
of the curved slabs.

5. Discussion

The characteristic multicolored effect exhibited byDiachea leucopodawas studied using a
numerical simulation code especially suitable for dealing with natural photonic structures. The
inhomogeneous composition as well as the curvature of the peridium have been taken into
account within the model, and this allows a more realistic approach to the electromagnetic
response of the actual natural system. The effects of the inhomogeneous composition of the
peridium and of its curvature on the reflected response have been analyzed, and it was shown
that these characteristics affect the reflectance, and consequently, the observed color.

The developed numerical method was shown to be effective for the calculation of the electro-
magnetic response of this complex structure. Taking into account that it permits the introduction
of the structure via a digital image, this method emerges as a promising candidate for inves-
tigating structural color and other electromagnetic effects in biological structures, which are
intrinsically complex in their geometrical shapes as well as in their composition.

However, in order to optimize the tool for these kind of calculations, several aspects of the
method should be improved. First of all, the computation of the response under transverse mag-
netic (TM) polarized illumination should be included, to allow the calculation of the complete
response, and reproduce the observed color. The propagation of a TM electromagnetic wave
cannot be simulated by a mechanical wave in an array of particles joined by springs. Therefore,
a full vectorial version of the code for the simulation of electromagnetic waves propagation
is required. Second, the materials comprising biological structures usually absorb part of the
incident radiation, and this is accounted for by a complex refraction index. Due to the charac-
teristics of theDiachea leucopodaperidium, in this example real indices have been considered
to explain the color generation in this species. However, in most natural structures color results
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(a) (c)(b) 

Fig. 6. Movie of the reflected near field of an artificially inhomogeneous curved slab of
thickness 525 nm, radius of curvature 6µm, nmean= 1.75 and 1.5< n < 2, for a nor-
mally incident beam of width 2µm, for increasing wavelengths (from 380 to 780 nm, in
steps of 10 nm) (Media 1). The three panels correspond to different frames for particular
wavelengths: (a)λ = 520 nm; (b)λ = 560 nm; (c)λ = 760 nm.

from a combination of structural effects and selective absorption, and therefore the introduc-
tion of the imaginary part of the refraction index is needed in order to get an accurate response.
Finally, although certain types of natural photonic structures can be accurately modelled by
two-dimensional systems, biological structures are in general three-dimensional, and then, an
extension of the calculation model to deal with such complex structures, with refraction in-
dex variations in all directions, still remains a challenge. The development of such an extension
would permit us to analyze structures with no traslational symmetry. All these aspects are being
analyzed and an improved version of the photonic simulation method is being developed.
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