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of the Earthworm Epidermis

Tsuyoshi Ueta'*, Yoshihiro Otani? and Naoshi Nishimura?

nstitute of Media and Information Technology, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan
2Graduate School of Informatics, Kyoto University, Yoshida Honmachi, Sakyo-ku, Kyoto 606-8501, Japan
*E-mail address: tsuyoshi_ueta@jikei.ac.jp

(Received December 3, 2010; Accepted August 16, 2012)

The epidermis of an earthworm has a log-pile structure of fibers, and exhibits a structural color. The structure
is considered as a photonic crystal. Optical properties of the epidermis of an earthworm have been investigated
numerically by means of the analogy of the photonic crystal. The numerical method employed here is the periodic
fast multipole method. The structural color is reproduced with the RGB color from the reflection spectrum. The
reflection spectrum and the reproduced color are compared with those by a multilayer model and it is confirmed

that the treatment as a photonic crystal is important.
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1. Introduction

Some kinds of creatures assume a beautiful color as
shown in Fig. 1. In particular, the structural color is used
for coloring in birds and Insecta (Kinoshita ef al., 2002a,
b; Vukusic and Sambles, 2003; Kinoshita and Yoshioka,
2005). The color is for mimicking, for warning to their
predators and for attracting females. It is, of course, ef-
fective and used just in light. Nonetheless, it is known that
annelids, such as an earthworm, a mussel worm, etc. which
live in the eclipsed ground and are considered to be unre-
lated to a color, shine blue to the incidence light of a certain
angle as shown in Fig. 2(a) (Kosaku and Miyamoto, 2002a,
b). Miyamoto and Kosaku (2005) found out a structure
assuming a structural color on the epidermis of an earth-
worm (Metaphire communissima (Goto and Hatai, 1899))
as shown in Fig. 2(b) (Miyamoto and Kosaku, 2005). The
structure exists in the vitric membrane of epidermis. It is
the structure stacked 15-20 layers, rotating lattice structures
90° by turns, where a lattice structure consists of the vitric
fibers of 108-183 nm in diameter located in parallel at in-
tervals of 86-200 nm. They have proposed modeling the
stacked structure by a log-pile structure of fibers as shown
in Fig. 3.

Furthermore, they approximated a layer which consists
of fibers arranged at equal intervals in parallel, by a film
with an effective dielectric constant of the average of that
of the layer, and they modeled the log-pile structure as a
multilayer of the effective film. It was, then, shown that the
Bragg wavelength of the multilayer film is well in agree-
ment with the observed wavelength of the structural color.

On the other hand, the structural color of the wing of
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a butterfly is analyzed considering the wing as a photonic
crystal (Nishiyama et al., 2000; Kinoshita et al., 2002a, b;
Bir6 et al., 2003). Since the log-pile structure of vitric fiber
is a typical photonic crystal, we should analyze the opti-
cal property of this system theoretically and numerically by
treating it as a photonic crystal properly (Joannopoulos et
al., 1995). The purpose of the present paper is to perform
it. Furthermore, the structural color which the epidermis as-
sumes is reproduced by converting the reflection spectrum
of the model and composing RGB color.

2. Numerical Method and Numerical Model

In this research, according to Miyamoto and Kosaku
(2005), the epidermis of an earthworm is modeled as pe-
riodical structure of cylindrical glass rods like Fig. 3. The
problem that a plane wave of electromagnetic waves enters
toward the periodical structure is considered, and the rela-
tion between incident wavelength and energy reflectance,
namely, a reflection spectrum, is calculated to various inci-
dent angles. In treatment of such a system, it is necessary to
deal with the Maxwell equation as the governing equation
in the full vector formulation (Joannopoulos et al., 1995).
For solving this equation, numerical computation is indis-
pensable.

Although the vector KKR for the periodic system of
cylindrical rods can perform the numerical computation
most in a short time (Ohtaka et al., 1998), in this re-
search, the periodic fast multipole method with higher flex-
ibility (periodic FMM) is employed. In general, when the
Maxwell equations are numerically solved in a large-scale
system, the fast multipole method, which is the boundary
element method to which multipole expansion is applied, is
well used, where, in the boundary element method, the dif-
ferential equations, i.e., the Maxwell equations, are trans-
formed into an integral equation by means of a tensor Green
function. The periodic FMM is a numerical method whose
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Fig. 1. Structural color of a morpho butterfly.

(a)

Fig. 2. (a) Structural color of an earthworm (Metaphire communissima
(Goto and Hatai, 1899)). (b) A TEM image of a parallel section of the
glass membrane of the earthworm. Both images are reproduced from
(Kosaku and Miyamoto, 2002a).

Green function is extended for the case that scattering do-
mains exist periodically in a system (Otani and Nishimura,
2008).

In the periodic FMM, a system which is finite in the
direction stacking layers, i.e., x-direction, but infinite in
the y- and z-directions is considered. The unit cell of the
periodical structure in two directions of six layers in the
water is defined as shown in Fig. 4.

By referring to table 1 of Miyamoto and Kosaku (2005),
the values of the interval L of a fiber, the layer space H,
and the diameter D of a fiber are estimated as D = 165
nm, H = 185 nm and L = 225 nm, respectively. The
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Fig. 3. A model of the epidermis of an earthworm, called a log-pile
structure of fibers.
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Fig. 4. The unit cell of the periodical structure in two directions of 6 layers
in the water.

refractive index of water and the fiber is set to n; = 1.33
and n, = 1.58, respectively. The relative dielectric constant
of water and the fiber are, then, & = 1.7689 and &, =
2.4964, respectively, and both relative permeabilities are set
tou; =py =1
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Fig. 5. The energy reflection spectrum for ¢ = 0°.
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In the present study, an incident magnetic field is con-
cretely given as follows as a plane wave entering into the

system.
. 0 e
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where ¢ is an incident angle and w is the frequency of the
incident wave. The energy flow of an electromagnetic field
is defined as the Poynting vector by

S = %Re(E* xH).

)
Here, the symbol * expresses complex conjugate. Energy
reflectance is defined by the ratio of the integration s, about
the plane of incidence of the normal component of the
Poynting vector of the scattered wave, to that of the inci-
dent wave s; as

_ [/ Re ((B<)" x <) - nds
Jf Re ((Em)* x Hi") - ndS
x (H—H*")) - ndS

R E EIHC
'ff e 3
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where E™ and H™ are the incident electric and magnetic
fields respectively, E and H the total electromagnetic fields
and E** and H** the scattered electromagnetic fields. In
calculation of an energy reflection spectrum, the wave-
length of the incident wave is taken in the range of 380-785
nm as the wavelength X in a vacuum. On the numerical im-
plementation, high accuracy of 0.6% in the maximum error
of the energy conservation law is realized in this wavelength
domain.

3. Numerical Results

The reflection spectrum for the incident angle ¢ = 0° is
shown in Fig. 5. We can see a large peak at A ~ 550 nm
and a small subpeak at A &~ 710 nm.
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Fig. 6. (a) The energy reflection spectrum for ¢ = 30°. (b) Magnification
around the sharp peak.

Figure 6(a) shows the reflection spectrum for ¢ = 30°. In
this case, a gently-sloping peak is observed at A &~ 500 nm,
and also a very sharp peak can be seen at > & 475 nm. The
magnification of Fig. 6(a) around the sharp peak is shown
in Fig. 6(b).

It is thought that the sharp peak is attributed to the phe-
nomenon called Fano effect (Fano and Rau, 1986). The
Fano effect is a phenomenon which a characteristic asym-
metrical structure appears in transport property, e.g., a
transmission spectrum and a reflection spectrum, when a
system has discrete states and continuous states (Kobayashi
et al., 2002). It is a quantum-mechanical and/or wavy phe-
nomenon in which resonance and interference take place si-
multaneously. In this system, the resonance between virtual
bound states in the photonic crystal and the incident wave
would take place.

4. Multilayer Model with an Effective Dielectric Con-
stant

For a reference, here, we compute the energy reflection

spectrum by means of the multilayer model with an effec-

tive dielectric constant as Miyamoto and Kosaku (2005).

The model is as shown in Fig. 7. The system is assumed

to be made by stacking the aqueous layer and the effective
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Fig. 7. The multilayer model with an effective dielectric constant eeff.

dielectric layer by turns. An incident wave enters from air.
In this model, the reflection spectrum is analyzed about the
TE mode and the TM mode, respectively. The electric field
in the former and the magnetic field in the latter are parallel
to the layer surface. The dielectric constant of an effective
dielectric layer for the TE mode is defined by the volume
average of the dielectric constant within the fiber layer of a
wood pile model as follows:

D D
ef=¢€1 (1l ——)+e2— “4)

4L 4L
The value is given as e, = 2.18791. The dielectric con-
stant of an effective dielectric layer for the TM mode is, on
the other hand, defined by

nD n

4L

1 1(
— =1
Eeff &1

The value is obtained as g = 2.12569. We employ a
transfer matrix (the interference matrix) method according
to Kokubun (1999), in order to calculate the reflection spec-
trum.

The reflection spectra of both the TE mode and the TM
mode in case the incident angle is 0° are shown in Fig. 8. In
the case of vertical incidence, the difference between the
reflection spectrum of the TE mode and that of the TM
mode is not remarkable. Both reflection spectra of the TE
and of the TM mode have the highest main peak near the
position of the peak in the reflection spectrum of the log-pile
model. The height of the peak around A = 720 nm of the
reflection spectrum of the multilayer model however differs
from that of the log-pile model remarkably. The reflection
probability of the multilayer model in the domain where
wavelength is smaller than 500 nm is remarkably larger than
that of the log-pile model.

Figure 9 shows the reflection spectra of both the TE mode
and the TM mode for the incident angle ¢ = 30°. When an
incident wave enters at 30°, the reflection probability of the
TE mode is, on the whole, much larger than that of the TM
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Fig. 8. The energy reflection spectra of the TE mode (solid line) and
the TM mode (thick line) computed by the multilayer mmodel for the
incident angle ¢ = 0°. The spectrum of log-pile model is also shown
(dashed line).
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Fig. 9.

The energy reflection spectra of the TE mode (solid line) and
the TM mode (thick line) computed by the multilayer mmodel for the
incident angle ¢ = 30°. The spectrum of log-pile model is also shown
(dashed line).

mode. The difference between the position of the main peak
of the reflection spectrum of the log-pile model and that of
the multilayer model grows if an incident angle becomes
large.

Thus, when especially an incident angle is not small,
a multilayer model is not fruitful and has the numerical
computation in which the system is appropriately treated
as a photonic crystal is indispensable.

5. Composition of a Structural Color by RGB Color

When we express a color on a computer using the RGB
color coordinate system, a color is specified with the tris-
timulus values R, G and B. Generally, the procedure of
calculating the tristimulus values of RGB from a spectrum
is as follows (Onai, 2008).

By multiplying a spectrum R¢(A) by three color matching
functions x(A), y(A) and z(}) of the XYZ color coordinate
system, and integrating them with the wavelength A, the
tristimulus values X, Y and Z of the XYZ color coordinate
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Fig. 10. The RGB colors calculated from the reflectance spectra for (a) ¢ = 0° and (b) ¢ = 30°.
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Fig. 11. The RGB colors reproduced by the multilayer model for (a) ¢ = 0° and (b) ¢ = 30°.

system are expressed as follows:

780nm

X =f Re(M)x(A)dA 6)
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380nm

In the present paper, CIE (1931) of 2-deg color matching
functions in the CVRL Color & Vision database was em-
ployed as the three color matching functions x (1), ¥(A) and
Z(A) (The Colour & Vision Research Laboratory, 1995).

Next, X, Y and Z in the XYZ color coordinate system
are converted into R, G and B in the RGB color coordinate
system by means of the following formulae:

R = (3.5064X — 1.7400Y — 0.5441Z) /(X + Y + Z) (9)

G = (—1.0690X + 1.9777Y +0.0352Z) /(X + Y + Z)
(10)

B = (0.0563X + 0.1970Y + 1.05112)/(X + Y + Z).
(1D

Since the brightness of a monitoring screen is propor-
tional to the about 2.2 to 2.4th power of a RGB value rather
than proportional to a RGB value, the gamma correction
for this (R, G, B) is performed. Here, the rectified value is
defined by (R', G', B') = (R'/*2, G'/*>2, B!/22) (Fumoto,
1999). By using the intrinsic function, RGBColor, of Math-
ematica (Wolfram Research Inc., 1988), we can specify a
color in terms of (R’, G’, B).

Actual calculations give (X,Y,2) =
(8.65713, 13.3179, 0.8117) for the incident angles ¢ = 0°,
and (X, Y, Z) = (1.02966, 2.28491, 4.39062) for ¢ = 30°.
The values of the RGB tristimulus values are, then, given
as (R,G,B) = (—0.357461,0.463678, 0.548049) and

(R,G,B) = (0.29581,0.751004, —0.0563071), respec-
tively. Although each component of RGB color coordinates
is originally defined as positive, one or two (never three)
of the R, G, B coordinates often can turn out negative like
this, which is the reason why the XYZ color coordinate
system is introduced. This means that the color lies outside
the “gamut” of colors that the monitor can reproduce. The
out-of-gamut colors are fixed according to the standard
way to add white—equal parts of R, G, and B—just enough
to make all components positive, so bringing the color to
the border of the gamut (Hamilton, 1999). That is, add
—min(R, G, B, 0) to each of R, G, and B. Thus, we obtain
(R',G',B’) = (0,0.91432,0.955886) for the incident
angles ¢ = 0° and (R’, G’, B") = (0.622227, 0.907289, 0)
for ¢ = 30°. By substituting these values into the function
RGBColor of Mathematica, the RGB colors for the incident
angles ¢ = 0° and ¢ = 30° are obtained, and shown in
Figs. 10(a) and (b), respectively.

In the case of the incident angle ¢ = 30°, the structural
color of light blue has appeared, which is very similar to
one seen in Fig. 2(a).

Performing the same calculation for the TM
mode of the multilayer model, we obtain values
of (R’,G’,B’) for the incident angle ¢ = 0° and
for ¢ = 30° as (0.84238,0.663262,0.310623) and
(0.390027, 0.837913, 0.35026), respectively. The colors
reproduced in terms of these are shown in Figs. 11(a)
and (b), respectively. We see that the reflected light never
assumes a color close to a light blue in the multilayer
model, whereas the log-pile model can reproduce the
structured color.

6. Conclusions

Optical property of the log-pile structure of fibers as a
model of the epidermis of an earthworm has been studied
by means of the numerical method for photonic crystals.
The reflection spectra for several incident angles have been
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calculated, from which the structural color reproduced in
terms of the RGB color for each incident angle. The RGB
color calculated from the reflection spectrum for the inci-
dent angle ¢ = 30° has reproduced the structural color ob-
served on the epidermis of an earthworm very well. This
fact clearly shows that the light blue which Kosaku and
Miyamoto (2002a, b) observed on the epidermis of an earth-
worm is attributed to the log-pile structure of fibers.

The difference between the reflection spectra of the mul-
tilayer model and the log-pile model becomes remarkable
as an incident angle becomes large. It has been confirmed
that the multilayer model is not fruitful if the incident angle
is not near right angle.

In order to compare in detail, however, it is necessary
to measure the reflectance spectrum of the epidermis of an
earthworm and to compare it with the ones calculated here.
About numerical computation, only the reflection spectrum
of the TM mode has been considered in the present paper.
It is necessary to perform the same calculation for the TE
mode. We would report on these elsewhere in the near
future.
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