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Abstract — A key feature of single-cell marine organisms
called diatoms is their silica exoskeleton with nanoporous
morphology. These naturally grown structures provide a
promising basis for new biomimetic structural designs, but
may also be used directly in their native form.

Microscale diaphragms found in nature often can withstand
large deformations. They also show vibration eigenfrequencies
in the high MHz to GHz range. These structural properties
open up the possibilities for the development of production
technologies based on micromanipulation of bio-inspired or
bio-derived microscale structures. In this work we report the
results of FEM simulations aimed at investigating the effects of
stiffness, pore diameter, and thickness on the vibrational
characteristics of diatom frustule structures.

Index Terms—Biomaterials, Coscinodiscus sp., Diatom
Frustules, Eigenfrequency, Finite Element Method (FEM)
simulation

I. INTRODUCTION

ANOMETRE scale manipulation of material volumes

has become a major scientific theme in recent decades,
since it opens the possibilities of obtaining substances and
structures with hitherto unprecedented combinations of
functional and deformation properties. [1] One of the major
challenges in nanotechnology lies in the stringent demands
that arise in terms of the high complexity and cost of the
processing  equipment, and associated  significant
environmental impact. In view of these considerations,
significant efforts have been directed at the search for envi -
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-ronmentally nature-like
nanofabrication.

In Nature, nanostructuration arises in many instances
within living systems, not only soft matter, but also in
mineralized tissues containing ceramics such as
hydroxyapatite (mammalian bone and teeth), calcite
(crustacean nacre), and silica (diatom algae).

Manipulating materials to obtain nanostructured objects
and components offer a route to significant advances
towards new technology [2]. Whilst the development of
nature-like (biomimetic) approaches is still at its early
stages, some fundamental insights are beginning to be
collected into ‘soft’ processes and mechanisms that underlie
the transport and deposition of matter in a controlled and
precise fashion used by Nature in its complex architectures.
For example, the dissolution of amorphous glassy germania
(GeO,) and its re-precipitation in crystalline form were
observed using in situ liquid cell within TEM [3]. This study
represents a significant step towards elucidating the possible
mechanisms that make use of aqueous solution to produce
solid structures with precisely defined properties. This is of
obvious relevance for understanding the formation of marine
crustacean and algal skeletons that involves atomic species
present in the world ocean and freshwater water bodies.
Imitating these natural processes is likely to provide a route
towards water-based, environmentally friendly fabrication
of intricately nanostructured elements.

However, many questions remain unanswered. How does
nanostructuration occur? What templates underlie the
formation of specific structural elements, such as micron-
sized pores containing finer, nano-scale sub-channels? How
and why did these intricate architectures evolve through
natural selection and optimization? What vital functions do
they fulfil in the host organism, through the combination of
their photonic, chemical, micro-fluidic, strength, and
vibrational properties? [4]

In the present study we focus attention on the numerical
study of the mechanical vibration behavior of the
mineralized structural shell (frustule) of an important group
of microscopic algae: diatoms. Diatoms obtain their name
from the asexual reproductive mechanism, in which cells
divide into two. They are one of the most wide-spread
microorganisms on the planet. Diatom algae produce about
1/2 of the world's ocean biomass, 2/3 of the oxygen
produced by the World's oceans, and about 1/4 of all oxygen
and organic matter release on the planet Earth. There are
around 200,000 species of diatom algae known to science.
They have a unique porous architecture with dimensions
ranging from 2 pm to 2000 um [5]. The walls cells mainly
composed of amorphous hydrated silica SiO«2H,0 with a
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small proportion of organic macromolecules. About 60% of
the dried weight is made up of silica.

The unique structure and diversity of diatoms motivated
researchers to consider their unique properties, and propose
potential use of these in optical devices [6], drug delivery
[7-8], bio-sensing [9], molecular or particle separation [10],
nano-photonics [11], micro, and nanodevices [12]. This
warrants further exploration of the relationship between
diatom frustule composition, structure, and function.

There are two general types of diatoms depending on
symmetry, frustule shape, ribs, as shown in Figure 1. The
shell of the centric diatom has a form of Petri dish (Fig. 1(a)
one half (cover) slightly more than the other and radial
symmetry. Pennate diatoms display bilateral symmetry.

Fig. 1. SEM images of Diatom Frustules: (a) of centric diatom
(Coscinodiscus sp.) [13] (a) and (b) pennate diatom (Fragilariopsis
kerguelensis) [14].

Within the family of biomaterials, diatom frustules are
some of the most lightweight, stiff, and strong. Fig.2 shows
that the diatom frustules demonstrate an excellent
combination of high strength and low density (black dots)
compared to other natural materials, approaching the
theoretical maximum.
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Fig. 2. Ashby plot of strength and density of natural biological materials
[15]

Computer simulation of the mechanics of diatom frustules
can help understand the deformation response of these
structures through the analysis of their load bearing capacity
and vibration dynamics.

Il.  THE FORMULATION OF PARAMETRIC HIERARCHICAL
CAD MODEL

The present study focuses on exploring the vibrational
properties of centric and pennate diatom frustules. Centric
frustule shape, e.g. Coscinodiscus sp., was chosen for the
first part of this study, because these frustules are
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abundantly widespread in nature, and also display
hierarchical morphology. As the second object of this study,
pennate frustule was studies that is representative of another
large class of diatom algae.

The requirement of optimal consumption of computing
effort imply that some simplification of the structure
provides efficient route to structural analysis. 3D models
were created on the basis of Scanning Electron Microscopy
images and modeled using Solidworks (CAD). At first, 2D
models of the contour of diatoms were created with the
correct dimensions based on SEM images. The result was
extruded numerically to obtain 3D model. Then circular
through pores were added. The porosity n was calculated by
using equation (1), determined by Acmpyy (empty area per
pores, top of diatom model) and Ay, (total area, top of
diatom model):

— Aempty — Nd? (1)
Atotal D2

Hereinafter, d is the pore diameter, D is the diatom
frustule diameter, N is the number of pores, and t is the shell
thickness [16]. Complete 3D CAD diatom models of the top
of the frustule assembly were created to carry out
eigenfrequency analysis using the appropriately adapted
mesh. 3D CAD diatom models were imported into FEM
54) and

software (COMSOL  Multiphysics
simulations performed.
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Fig. 3. CAD model of a dome-shaped diatom Coscinodiscus sp. frustule
(right) with details of the generatrix curve (left) . Dimensions of various
frustule models are listed in Tables 1 and 2 depending on simulation.

I1l. FEM SIMULATION

Computer simulation provides extensive possibilities for
the study of structural and material response to a range of
multi-physics loading conditions. The high cost and
complexity of performing experiments makes computer
simulation an attractive alternative and supporting analytical
framework for parametric investigation and design of
complex multi-material structures.

In this section we report the results of simulating the
mechanical response of diatom frustules under various
loading conditions that are not easily accessible via
experiment.

Enhanced dome-shaped 3D frustule models were created
using shell elements for computational efficiency, in order
to investigate the role of hierarchical structure on the
mechanical properties of the diatom. The initial properties
used in the simulations were taken from the literature data.
Young’s modulus was set to 73 GPa, Poisson’s ratio of 0.17,
and density 2300 kg/m® [17]. The parametric dependence of
eigenfrequency was studied on the pore diameter, shell
thickness, and material stiffness. The pore diameter was
varied from 0.8 pum to 2.6 um. The frustule thickness varied

WCE 2019



Proceedings of the World Congress on Engineering 2019
WCE 2019, July 3-5, 2019, London, U.K.

from 0.1 um to 0.5 um. and Young’s modulus values were 2.58+07

chosen in the range from 10 Pa to 100 GPa. 3 2.06407 y = 7E+08x l
> R? = 0.9767

IV. RESULTS AND DISCUSSION g 1oB07 .
s s
One-layer truncated cone model was used in this study to £ *0507 s
compute eigenfrequency of vibrational response. As seen 5 oe.06 —
from Fig. 4, as the wall thickness increases, the 005400 1
H - .OE+
elgenfrequency increases gradua_lly. The effect of the layer 0 0005 001 0015 007 005 003
thickness on the eigenfrequency is seen to be moderate. 1D

In this study the shell thickness was assumed to be
uniform. However, it is also possible to investigate the Fig. 7. The effect of inverse frustule diameter 1/D on the base
response of shells of non-uniform thickness. eigenfrequency of the hemispherical shell (d of pores=1.5 pm).

2.50E+07 2.0E+07
1 2 | o7 RITSERS
B g + oo T
? 2,00E+07 _7_7‘_7_7*_7_4_7_7,,_,—v—* g o 28 9. @
=1 [
g 1,50E407 § 1.0E+07 y = GE+08x
2 ) = R?=0.9993
T = OF+06x + 2E407 c
& roer v R = 0.9921 8 5.0E+06
S io
i.% 5,00E+06 0.0E+00
0.02 0.022 0.024 0.026 0.028 0.03
0,00E+00
0 0,1 0,2 0,3 04 05 0,6 1/\/‘0

Thickness (t)
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Fig. 4. The effect of wall thickness on the base eigenfrequency of the eigenfrequency of the hemispherical shell (d of pores=1.5 pum).
hemispherical shell (d of pores=1.5 um)

Fig. 5. illustrates the decrease in frustule eigenfrequency

GAEES as the pore diameter increases. For the pore diameter value
of ~3.5 um, the eigenfrequency drops to 0. This reflects the
g 20 e fact that this pore size corresponds to the merging of the
3 1“‘“‘»-\1 pores, thus destroying the continuity of the frustule
g " T~ structure.
E s o0Esor e Result in Fig. 6. show that the eigenfrequency increases
§ ‘”“*-\ with material stiffness (Young’s modulus) following a
i Go0Es0p | Y72 189867422+ 3}3:1:; E%ms“ 18 933 430,30 \\ parabolic law. _ ) )
: \\\ The effects of the frustule diameter on eigenfrequency is
0.00E400 . presented in Fig. 7. It shows that as the diameter of diatom
0.8 % ol diameé-ﬁ(d} 28 33 3 frustule decreases, the eigenfrequency increases,

respectively. The ratio of density shows (Fig. 8.) the
Fig. 5. The correlation between the pore size d of the Coscinodiscus sp.  increase of density leads to a decrease eigenfrequency.

frustule model and eigenfrequency of the hemispherical shell (t=0.3 pm) Overall, we find that the parametric study results are
consistent with the theoretical formula for vibration
8.8E+07 eigenfrequency of thin circular plates, given by [18, 19]:
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Here Y is the geometric parameter that has the units of
inverse length, and depends on the ratio of the shell
thickness t to the diameter D, but also on the diameter d and
the arrangement of pores.

Fig 9 shown below illustrates the modal shapes for
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Young's Modulus (E) }/rlb;?t:g: corresponding to the lowest natural frequencies of
ustules.
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Fig. 6. The effect of material stiffness on the eigenfrequency of the
hemispherical shell (d pores=1.5 um). The results are shown for shell
thickness of t = 1.5 um (lower curve) and t = 0.3 um (upper curve).
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Fig. 9. FEM natural frequency simulation results for Coscinodiscus sp.
(centric) diatom frustule models. Frequencies of individual modes are
indicated. The diatomite frustule diameter was D = 50 um, and the pore
size was set to d = 1.6 pm.
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Fig. 10. SEM image of Staurosira diatom frustule valve halves, with the
overall diameter of about 2 pm.

A full 3D model would be useful to obtain additional
information about the material and structural response, i.e.
the details of local stress values. The correlations between
the eigenfrequency and the frustule morphology and
properties (pore diameter, wall thickness, material modulus
of elasticity) allows identifying the optimal choice of diatom
frustules for MEMS applications.
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In [20], the phase transition from amorphous silica to
crystalline quartz was observed to occur due to heating the
sample of diatomic earth to 1100°C. Given that Young’s
modulus of crystalline quartz is 102.4 GPa and exceeds that
of amorphous silica by almost 50%, and that the
eigenfrequency increases with Young’s modulus as
illustrated in Fig.6, conversion from amorphous to
crystalline quartz provides a means of increasing the
vibrational frequency response of the structure.
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Fig. 11. (a) SEM micrograph of Staurosira diatom frustule exoskeleton
half, and (b) its CAD model for FEM simulations. (¢) SEM image of
Corethron diatom frustule half, and (d) CAD model based on the
micrograph used for the simulation, with the dimensions given in Table 1.

In order to extend our study of the effect of diatom
frustule shape and size on the vibration response, further
shapes of exoskeletons were considered. Fig.10 and 11 show
SEM images of Staurosira and Corethron diatoms,
respectively. Of these two, the former is smaller and
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contains large aspect ratio radial slits, whilst the latter is
larger in diameter, with the half-shell of a shape close to a
semi-sphere.

The results of FEM calculations are summarized in Table
1, illustrating the fact that the resulting change in the shell
eigenfrequency spans almost a decade of values.

TABLE |
THE DIMENSIONS AND PROPERTIES OF STAUROSIRA AND
CORETHRON DIATOM FRUSTULES

Staurosira Corethron
d 2 [pm] 26 [um]
t 0.03 [um] 0.3 [um]
E 73 [GPa] 73 [GPa]
P 2300 [kg/m°] | 2300 [kg/m°]
1) 360 [MHZz] 59 [MHz]

Where, pore diameter d, wall thickness t, Young’s modulus E, density p)
and the eigenfrequency (w) results from FEM analysis. where and
eigenfrequency, respectively.

In the final part of the present study, the vibration response
of pennate diatom frustules was considered. Fig.11
illustrates the shape of Louboutensis Kolski (var. Diploneis
interrupta), along with the simplified numerical model
constructed.

Fig. 11. SEM micrograph (left, shown with false colour) of external valve
of Louboutensis Kolski (var. Diploneis interrupta) [4], and the CAD model
(right) created for the purpose of FEM simulation.
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Fig. 14. FEM results of natural vibration mode simulation of Diploneis
interrupta diatom frustule model. The eigenfrequencies of different modes
are indicated. The diatomite frustule size was | = 42 um, and the pore size
of d = 0.08 um was used.

ISBN: 978-988-14048-6-2
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

Fig.14 shows the normal mode shapes for these diatom
shells, along with eigenfrequencies indicated. This finding
demonstrates the rich variety of vibration modes displayed
by pennate diatom frustules. This type of diatoms had
recently been studied by our group [4]. A diatom colony was
grown and imaged on silicon substrate. This provided an
established route towards obtaining MEMS-like structures
for microelectronic integration. Provided a suitable
excitation mode is found and activated, frustules mounted
on silicon wafers can serve as sensors or actuators e.g. for
high frequency vibration detector, energy harvesting,
radiofrequency tagging, etc.

Further advancements may be made by controlled
arrangement of frustules on the substrate, e.g. by guided
diatom colonization; control over structural stiffness, e.g. by
amorphous silica crystallization, reduction to silicon, etc.

V. CONCLUSION

The findings of the present study show that morphological
features such as pore size, wall thickness, and material
stiffness have a significant effect on the vibrational behavior
of diatom frustules. The ‘natural’ (unprocessed) frustules are
expected to have vibration eigenfrequencies in the range 10
MHz to 100 MHz, making them a promising candidate for
MEMS applications. Diatom frustules with thin silica walls
would be preferred for high frequency applications. The
presence of large diameter or high density of pores reduces
the eigenfrequency of response.
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