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Preface

This book is based on the hypothesis that evolution created a large variety of fan-
tastic, very efficient lightweight structures as a result of the adaptation to diverse
environmental factors, i.e. significant mechanical challenges and the need to build
lightly and/or economically.

The focus of this book is on planktonic organisms, where there is good evidence
that an arms race between predators such as copepods and their floating prey—
diatoms and radiolarians—Ieads to a large, continuously changing pool of species
with individual (defensive) lightweight structures (see Knoll and Kotrc, Chap. 1).
Due to a very patchy fossil record, it is impossible to follow the development of
feeding tools of copepods to a similar extent—but we do see the results of the arms
race: the gnathobases of copepods are not only highly developed in their complex
geometries, they also have a sophisticated multi material composition (see Michels
and Gorb, Chap. 3).

Diatoms and radiolarians are unicellular organisms and thus restricted to sizes
between a few pm and 1 mm. They use amorphous silica as the main building
material, which is very convenient as it makes, unlike crystalline minerals, any
form possible—even in the size range between a few nm and a mm. The process of
biomineralization is initiated by small amounts of organic components and recent
research has shown that there is not only one, but a large variety of chemical compo-
nents involved in this process (Ehrlich and Witkowski, Chap. 4). This makes diatom
silica a composite, and an additional structuring of interfaces between organic and
inorganic components most likely results in anisotropic, strong material properties.
This would be consistent with theoretical mechanics: the best lightweight solutions
are a combination of sophisticated structures and composite materials.

The resolution of microscopes with regard to resolving the diatom composite
structure qualitatively and quantitatively in 3D is, however, so far unsatisfactory.
Layers of silica seem to have a size of 3040 nm, and the organic layers are even
thinner, so that a reasonable material model could not be realized within the proj-
ect. Although virtually all other structural biogenic materials are also composites,
there is one group of organisms, where composites are very common, and which
also combine silica with organic materials: higher plants. Especially in equise-
tales and graminaceae silica structures (phytoliths) are very abundant. Since many
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publications have already dealt with fibre orientation of wood and plant stems,
Keutmann and Speck (Chap. 9) focus on the detection and potential mechanical
function of phytoliths in higher plants.

Light weight structures are also an issue in much larger marine organisms, such
as echinodermata, especially sea urchins. They use CaCO; to build their skeletons
and have also optimized their mechanical strength to reduce mortality by preda-
tion; the selection pressure to build light structures is probably based on their need
for mobility and to save energy necessary to build a CaCO,-skeleton. The fossil
record is excellent and the geometries of the solitary organisms are less restricted
by growth processes than they are in trees or snails. A variety of fascinating typical
lightweight principles of sea urchin skeletons are described by Nebelsick et al. in
Chap. 8.

Since evolutionary processes have led to fantastic lightweight solutions, espe-
cially in diatoms, but are not easily accessible for engineers, Chap. 5 (Kooistra and
Pohl) summarizes a variety of interesting principles and gives examples of how
they could be applied in the technical world.

Hierarchically organized—fractal—structures are very common in nature. Es-
pecially diatom shells are known for honeycomb structures which are interlaced
within each other. In other cases they have different stiffening devices such as ribs,
honeycombs, and undulations which are combined in different dimensions. This
design is advantageous if a massive outer skin, resulting in the best second moment
of area, is for whatever reason not applicable. In the case of diatoms, high perme-
ability is required to ensure efficient uptake of nutrients. Other (including technical)
reasons could be the need for transparency or a production process.

The combination of complex fractally structured geometries with modern fibre
reinforced plastic materials is a highly challenging task, as multiple branchings are
the rule and have to be solved. In Chap. 7 by Milwich, an innovative method is
described to produce geometrically complex Carbon Fibre Composite (CFC) struc-
tures. Mechanical tests revealed very promising properties, e.g. for robot structures.
Thus, with the rapid development of production technologies, the near future will
see considerable progress in this field.

A highly aesthetic solution for an exhibition pavilion made of thin glass fibre re-
inforced plastic is described by Pohl (Chap. 6). This ambitious project shows how a
combination of lightweight principles from nature, human intuition, and innovative
manufacturing approaches can lead to a highly attractive product with the potential
for upscaling. In this case, the design aspect is very important and has been success-
fully realized—visitors of the pavilion were enthusiastic.

An innovative, powerful method which combines several principles of the evolu-
tionary optimization process is the ELiSE method (Chap. 10). It uses the full poten-
tial of a synthesis of (a) natural lightweight principles, (b) the innovation strength
of ecosystems due to a high biodiversity, and (c) the power of the optimization
process. It has thus a higher similarity to the natural process of structure evolu-
tion than most other methods used in bionics, but at the same time complies with
industrial approaches of product development. An example for this method is given
in Chap. 11, where an offshore foundation has been developed on the basis of the
ELiSE process.



Preface vii

Most of the chapters contain results of the Helmholtz Virtual Institute Plankton-
Tech, which integrated basic research on the biology of lightweight structures with
approaches to transfer them to technical structures. We are very grateful for this
substantial support by the Helmholtz Society. It is evident that the combination of
basic research, applied research and technical realization presented here shows but
a snapshot of the increasing tendency to use principles from nature to design clever,
environmentally friendly and sustainable technical solutions. I hope it became vis-
ible that only substantial effort, dedication, and interdisciplinary cooperation leads
to progress in this field and I expect that similar constellations and projects will fur-
ther improve both our knowledge on fascinating principles in nature and our ability
to use them for our own benefit.

2015 Christian Hamm
Bremerhaven
Germany



Structure and Function of Biological Systems
as Inspiration for Technical Developments

Throughout evolution, organisms have evolved an immense variety of materials,
structures, and systems. This book series deals with topics related to structure-func-
tion relationships in diverse biological systems and shows how knowledge from
biology can be used for technical developments (bio-inspiration, biomimetics).
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Chapter 1
Protistan Skeletons: A Geologic History
of Evolution and Constraint

Andrew H. Knoll and Benjamin Kotre

1.1 Introduction

The ninth century Persian polymath, Abu-Bakr Muhammed ibn Zakariya al-Razi
first divided the material world into the categories of animal, vegetable and min-
eral (Strathern 2005). Although this classification would guide alchemists well
into the Age of Enlightenment, even cursory inspection shows that the world is
not so simple. Many animals and plants precipitate minerals, as do a broad array of
microorganisms whose existence could not have been known to al-Razi. Bacterial
metabolism induces the precipitation of carbonates, sulfides and oxides from
pore waters in sediments (Konhauser and Riding 2012), and at least a few bacte-
ria precipitate magnetite within their cytoplasm to guide movement (Frankel et al.
1998). Eukaryotic organisms precipitate a variety of minerals intracellularly, serv-
ing a range of functions that includes the regulation of buoyancy, gravity sensing,
magnetotaxis, and storage (Raven and Knoll 2010). Of particular interest are those
eukaryotes, large and small, that precipitate mineralized skeletons: tests, scales,
spicules, sclerites, shells and bones.

More than 50 biominerals have been recorded in eukaryotic organisms, half of
them containing calcium and a quarter crystallographically amorphous (Weiner and
Dove 2003). Overwhelmingly, however, the minerals found in skeletons are Ca-
phosphates (especially dahllite), calcium carbonate (calcite and aragonite), or amor-
phous silica. How are skeletal biominerals distributed among organisms, and what
features of function and environment account for this distribution? How, as well,
have biomineralizing eukaryotes evolved through time?

A. H. Knoll (<) - B. Kotrc
Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, USA
e-mail: aknoll@oeb.harvard.edu

B. Kotrc
e-mail: kotrc@mit.edu

© Springer Science+Business Media Dordrecht 2015 1
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2 A. H. Knoll and B. Kotrc

1.2 The Phylogenetic Distribution of Biomineralized
Skeletons

Molecular research has begun to resolve evolutionary relationships among eukary-
otic organisms. Most treatments recognize half a dozen “superkingdoms” within
the Eukarya, although branching relationships among these major clades remain
a topic of debate (e.g., Burki et al. 2008; Parfrey et al. 2010; Walker et al. 2011;
Fig. 1.1). Our understanding of skeletal biomineralization derives principally from
animals, giving the impression that calcium carbonate is the most widespread
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Fig. 1.1 A phylogeny of biomineralizing eukaryotes, drawn from papers cited in the text. Letters
in ovals indicate major occurrence of biomineralized skeletons of calcium carbonate (C), Ca-
phosphate (P), amorphous silica (S), or, uniquely in the case of acantharians (strontium sulfate).
Grey letters indicate minor occurrences within a clade
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means of mineralizing skeletal elements. Calcite and/or aragonite strengthen
external skeletons in a number of phyla including the sponges, cnidarians, bra-
chiopods, bryozoans, molluscs, annelid worms, and arthropods (e.g., Knoll 2003;
Cuif et al. 2011; Wallace et al. 2012). Echinoderms also precipitate skeletal plates
of calcite, but do so internally, beneath a thin layer of epidermis, and tunicates,
as well, precipitate aragonitic spicules within their bodies. Among living animals,
phosphatic skeletons are formed externally by some brachiopods, internally by ver-
tebrates and, rarely, as minor components of arthropod exoskeletons (Bentov et al.
2012); fossils indicate that phosphatic skeletons were more widespread during the
Cambrian Period, characterizing early chaetognath teeth and skeletons in a limited
number of now extinct lineages (Zhuravlev and Wood 2008; Maloof et al. 2010).
Silica biomineralization is even more restricted among animals, characterizing only
early branching sponges (Miiller et al. 2007), with minor occurrences in calcareous
brachiopods and a few arthropods (references in Knoll 2003). Among seaweeds,
calcite and aragonite also dominate skeletal biomineralization, occurring among the
green, red, and brown algae (Raven and Giordano 2009). Land plants are different,
precipitating amorphous silica within epidermal cells (Raven 1983).

The greater phylogenetic distribution of mineralized skeletons reflects a second
short-coming of al-Razi’s classification. Many eukaryotes are neither animal nor
vegetable, instead belonging to diverse clades grouped informally (and paraphy-
letically) as protists, and these microscopic eukaryotes paint a different picture of
skeletal biomineralization. Testate and scale-forming organisms are widely, if dis-
continuously distributed among protists. They may serve a number of functions, but
ballast and defense against predation probably explain many such structures (e.g.,
Cohen and Knoll 2012). Calcite mineralizes the tests of some foraminiferans (Lipps
1973) and the scales of coccolithophorid algae (Young and Henriksen 2003), and
rare occurrences of carbonate biomineralization have been reported among dinofla-
gellates and in at least one amoebozoan. Phosphatic biomineralization, however, is
exceedingly rare in protists, being reported only in the scales of a single freshwater
green phytoflagellate (Domozych et al. 1991; but see Raven and Knoll 2010) and in
the test lining of a freshwater amoebozoan (Hedley et al. 1977). In contrast, amor-
phous silica occurs in diverse protistan clades (Preisig 1994, Fig. 1.1), including
the choanoflagellates, rhizarians (four or more independent origins), haptophytes,
heliozoans, amoebozoans (at least three independent origins), and stramenopiles
(at least three origins). New occurrences continue to be discovered, for example,
the report of a ciliate that coats its resting spores with granules of amorphous silica
(Foissner et al. 2009).

Among biomineralizing protists, acantharians desrve mention for a unique fea-
ture: they fashion spiculate tests and cysts of celestite (SrSO,) (Decelle et al. 2013).
Non-skeletal Sr and Ba sulfates are precipitated by phylogenetically diverse pro-
tists and appear to function in the perception of gravity or buoyancy control (Ra-
ven and Knoll 2010). Molecular sequence comparisons place acantharians within
the traditionally defined polycystine Radiolaria (Kunimoto et al. 2006, Krabberod
etal. 2011), and so it is noteworthy that some radiolarians precipitate celestite crys-
tals within their cytoplasm. It may be that members of this group repurposed this
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biomineralizing capacity to precipitate skeletal celestite tests on a molecular tem-
plate inherited from radiolarian ancestors (Raven and Knoll 2010; Decelle et al.
2012). Today, acantharians place a key role in the distribution of strontium in the
oceans (De Decker 2004; Decelle et al. 2013)

A comparison between microscopic and macrosocpic eukaryotes prompts a sim-
ple question: why should silica precipitation be so prominent among microscopic
eukaryotes, when Ca-minerals dominate in the macroscopic biota?

1.3 Silica Use by Protists

Silica might seem an unusual choice for skeletal mineralization, given its low con-
centrations in seawater and most terrestrial environments. The physiological cost
of biomineralization, however, scales with saturation state, not with absolute abun-
dance. Seawater becomes saturated with respect to amorphous silica at concentra-
tions of about 60 ppm, and in pre-diatom oceans, it is likely that marine waters were
commonly at or near this saturation state (Siever 1992), or even higher (Grenne and
Slack 2003). Silica concentrations can also be high in rivers, lakes and groundwa-
ters—waters that are commonly undersaturated with respect to calcium carbonate
minerals.

Of course, the upper ocean is also oversaturated with respect to calcium carbon-
ate minerals, and so saturation sate alone cannot account for the widespread use
of silica in protestant skeletons. Perhaps the key lies in material properties. Amor-
phous silica can be fashioned into complex structures on a scale of microns or less,
enabling silica-precipitating microorganisms to make strong, lightweight structures
with pores and struts that are little approximated by carbonate-precipitating protists.
Moreover, both observation and experiment show that amorphous silica precipitates
readily on long chain polyamines and structural proteins such as chitin and collagen
which, themselves, can be fashioned into structures of outstanding complexity on
micron- or even submicron spatial scales (Ehrlich 2010). That is, many protists,
whether mineralized or not, fashion organic scales of exquisite complexity. The
advantage, then, of amorphous silica in protistan biomeralization may be that it can
reinforce those fine-sccale constructions free of the crystallographic constraints that
influence carbonate biomineralization (e.g., Young and Henriksen 2003). Together,
the constructional properties of these organic molecules and the silica that binds to
them may account for the repeated evolution of silica biomineralization in scale-
and test-forming protists.

Our understanding of silica biomineralization in protists stems almost entirely
from laboratory studies of diatoms (reviewed by Kroger and Poulsen 2008; Wallace
et al. 2012). The concentration of orthosilicic acid in the internal vesicles where
frustule formation occurs is commonly high relative to the ambient environment, in-
dicating that diatoms can pump silica across membranes (Hildebrand 2000). Nucle-
ation appears to occur on a polysaccharide-rich organic template, catalyzed by long
chain polyamines and silaffin proteins (Kroger and Poulsen 2008). Silicification in
sponges involves a different set of organic constituents (references in Wallace et al.
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2012), demonstrating that distinct proteins and polysaccharides have been recruited
for silica skeletogenesis in different silicifying clades. In this regard, it is curious
that preliminary molecular research on silica precipitation in choanoflagellate loricae
(e.g., Gong et al. 2010) indicates that silicon transporters in this group are related to
those in diatoms, implying lateral genetic transfer (Marron et al. 2013). Not much
is known about the molecular biology of silicification in radiolaria or other groups.

Various functions have been inferred for silicified tests and scales in protists.
Defense against grazers is commonly invoked, and Hamm et al. (2003; Hamm
2005) have demonstrated experimentally that diatom frustules have a mechanical
strength that would deter mandibulate microzooplankton predators such as cope-
pods, euphausiids, and, in fresh water, cladocerans. Indeed, a portion of the diatoms
ingested by both copepods and euphausiids has been observed to survive passage
through the gut unscathed (Fowler and Fisher 1983). Other functions have been
proposed for diatom frustules, involving buoyancy, light modulation, catalysis of
carbon assimilation, maintenance of shape and orientation, and defense against vi-
ruses (references in Finkel and Kotrc 2010)—these are not mutually exclusive hy-
potheses. Whether the siliceous scales of chrysophytes, heliozoans and prymensio-
phytes would protect against microarthropod grazing is open to question, but they
might well deter protistan predators such as ciliates. A correlation between the test
morphology and feeding mode of radiolarians suggests that siliceous tests in these
protists may also play a role in providing shape and structure to the cytoplasm (Mat-
suoka 2007), supporting prey-capturing pseudopodia analogous to the vertebrate
skeletomuscular system (Anderson 1983), and perhaps in orienting cells within the
water column (Haeckel 1887). Sorting out functional hypotheses might be aided by
surveying the geologic history of silica-precipitating protists.

1.4 A Short History of Protistan Biomineralization

The oldest eukaryotic microfossils that might be interpreted in terms of defense
against predators are vase-shaped tests and scales, both found in 800—740 million
year old (Ma) rocks. 10-30 um scales preserved in platform carbonates from north-
western Canada were originally interpreted as siliceous, based largely on compari-
sons to scales formed today by chrysophyte algae (Allison and Hilgert 1986). In a
restudy, Cohen et al. (2011) used Raman and fluorescence spectroscopy to show
that the scales actually consist of apatite in an organic matrix. Systematic investiga-
tion of scales freed by acid digestion from host rocks documents some three dozen
morphospecies, the highest diversity of eukaryotic fossils found to date in any pre-
Ediacaran rocks (Cohen and Knoll 2012). Many protists form scales, but none of the
ca. 800 Ma scales can be allied unambiguously to an extant clade. Indeed, it remains
an open question whether the apatite within the fossils reflects biomineralization or
early diagenetic phosphatization, as observed in small shelly fossils from Cambrian
strata. If the observed phosphate was emplaced diagenetically, it is probable that
the scales were originally organic, as we know of no fossils in which phosphate has
replaced pre-existing silica.
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The other microfossils of interest are assemblages of ca. 100 um long, vase-
shaped tests found in 740-780 Ma rocks from around the world but preserved es-
pecially well in the Grand Canyon. At least some of these tests can be assigned to
clades of testate amoebae in the Amoebozoa (Porter et al. 2003). A subpopulation
displays abundant ovoid holes 5-10 pm in maximum dimension and arranged in a
hexagonally close-packed pattern. Porter et al. (2003) hypothesized that these holes
reflect the positions of scales that covered the test in life, much like the extant testate
rhizarian Euglypha. More recent molecular clock estimates suggest that euglyphids
originated long after 750 Ma, requiring that any comparison with the Grand Canyon
fossils reflect analogy rather than homology (Berney and Pawlowski 2006). Also,
whether the inferred scales were siliceous or not remains unknown. Thus, while-
pre-Edicaran rocks preserve evidence for protistan defensive structures and include
possible candidates for early skeletal biomineralization, it is only in the Ediacaran
Period that we begin to see unambiguous evidence of mineralized skeletons.

Microbial reefs from late Ediacaran (550-542 Ma) platform carbonates contain
locally abundant populations of at least three biomineralizing animals. As in the
case of older protists, both the systematic relationships and original mineralogy of
these fossils remain questions for debate. Much opinion, however, places tubular
Cloudina and goblet-shaped Namacalathus among the Cnidaria, and the Nama-
poeikea with calcareous sponges (Grotzinger et al. 2000; Wood et al. 2002). All
had thin calcified surfaces, possibly aragonitic in Namapoeikea, but less readily
interpreted in the other taxa (Porter 2010).

A new age of biomineralization began with the Cambrian Period. Molecular clock
estimates suggest that silica-precipitating sponges evolved as much as 750-800 Ma
(Sperling et al. 2010), but unambiguous spicules occur only basal Cambrian rocks
(Antcliffe et al. 2014), when a radiation of both hexactinellids and siliceous demo-
sponges first brought sponges to biogeochemical prominence in the marine silica
cycle (Maliva et al. 1989; Carrera and Botting 2008). Calcareous sponges also radi-
ated in Cambrian oceans, most prominently the ecologically important but strati-
graphically short-lived archaeocyathids (Debrenne 2007). Cnidarians show evidence
of Cambrian diversification, but massively calcifying corals spread only during
the succeeding Ordovician Period (Park et al. 2011). And among bilaterian animals,
calcareous and, to a lesser extent, phosphatic skeletons evolved independently in
diverse phyla, filling most of the skeletal morphospace that would be occupied dur-
ing the Phanerozoic Eon (Thomas et al. 2000). There is broad agreement that the
polyphyletic (Knoll 2003) evolution of mineralized skeletons reflects an increase in
metazoan predation, at least in part (Bengtson and Conway Morris 1992). Despite
the evolution of mineralized skeletons in many clades, however, skeletons played a
relatively minor role in the carbonate cycle of Cambrian oceans (Pruss et al. 2010,
2012; Creveling et al. 2013). The evolution of biomineralized structures reflects
cost:benefit ratios, and in this context, the limited biogeochemical importance of
carbonate skeletons in Cambrian oceans may relate to limited predation pressure
(and hence, low benefit, given the cost of skeleton precipitation), warm oceans with
anoxia in subsurface water masses (a circumstance that, like ocean acidification,
increases the cost of carbonate precipitation by lowering saturation level; Knoll and
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Fischer 2011), or both. Only with renewed Ordovician diversification did highly
calcified, sessile benthic invertebrates become established as dominant constituents
of marine carbonates (Pruss et al. 2010).

What about Cambrian protists? Did they participate in the “Great Leap Forward”
of biomineralization? Protists certainly radiated in Cambrian oceans along with ani-
mals; this is seen clearly in the records of cysts made predominantly by algae (Knoll
1994; Vidal and Moczydlowska 1997) and in the diversification of benthic forami-
niferans with agglutinated skeletons (Mcllroy et al. 2001). The main actors in pro-
tist biomineralization, however, appear to have been the silica-precipitating Radio-
laria. Radiolarian fossils have been described from lower Cambrian strata (Pouille
et al. 2011) and show gradual diversification throughout the period. Like animals,
however, radiolarians really emerged as important components of the marine silica
cycle with renewed expansion during the Ordovician Period (Maliva et al. 1989;
Won and Tams 2011).

Among animals, novel instances of skeletal biomineralization tailed off after
the Ordovician Period, but this does not seem to be true of protists. The vagaries
of preservation may bias the protistan record toward younger occurrences, as may
the ecological restriction of some biomineralizing clades to fresh water and wet soil,
environments less likely to be preserved in older successions. Nonetheless, innova-
tions in protistan biomineralization appear to have continued and, likely, accelerated
over the past 500 million years (Fig. 1.2). Foraminifera, for example, can have or-
ganic, agglutinated, or calcareous tests (Lipps 1973). While molecular clocks suggest

Ebridians

Chrysophytes

Major radiation of

skeleton-forming
animals

Silicoflagellates
Diatoms
Euglyphid Rhizarians

E Silica
I Carbonate

Coccolithophorids

Rotaliid Forams
Siliceous Haptophytes
Miliolid Forams

Radiolaria

Scales

Testate protists
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850 542 252 65 (Ma)

Fig. 1.2 Geologic history of biomineralizing protistan clades, drawn from the fossil record (solid
lines) or molecular clock estimates (dashed lines). Data sources cited in text
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a Neoproterozoic origin for the clade (Groussin et al. 2011), the oldest widely ac-
cepted foram fossils are agglutinated tests in Cambrian rocks (Mcllroy et al. 2001).
Calcareous tests emerged with the mid-Paleozoic radiation of miliolids and, again,
with the independent acquisition of calcitic tests by rotaliids during the Triassic Period
(Groussin et al. 2011). Haptophyte algae also evolved calcitic scales (coccoliths)
toward the end of the Triassic Period, about 210 Ma (Young and Henriksen 2003).

Experiments have shed light on calcification in both forams and coccolithopho-
rid haptophytes, and in both cases, ions derived from seawater are pumped into a
membrane-defined space where carbonate (in at least some cases, initially as amor-
phous calcium carbonate) forms on a macromolecular template, perhaps facilitated
by physiological modulation of pH (e.g., Paasche 2002; Marsh 2003; Erez 2003;
Bentov et al. 2009). Together, the radiation of coccolithophorids and the polyphylet-
ic (Ujiié et al. 2008) expansion of calcified forams into the marine plankton changed
the nature of carbonate deposition in the oceans (Zeebe and Westbroek 2003).

Despite the early evolution of scales in eukaryotes (Cohen and Knoll 2012),
silica biomineralization of protistan scales also appears to be, in large part, a
much younger phenomenon. Molecular clocks suggest that prymensiophytes with
siliceous scales appeared no earlier than about 300 Ma (Berney and Pawlowski
20006). Euglyphid rhizarians, known to produce siliceous scales that tile their tests,
are thought on the basis of molecular clock estimates to have Mesozoic origins
(Berney and Pawlowski 2006; Brown and Sorhannus 2010), and the siliceous
microfossils of ebridians, placed within the Rhizaria on the basis of molecu-
lar sequence comparions (Hoppenrath and Leander 2006), date back only to the
Paleocene (Ernissee and McCartney 1992). Similarly, the array of silica-precipitating
clades within the stramenopiles—chrysophytes, synurophytes, dictyochophytes
(silicoflagellates), and diatoms (Andersen 2004)—appear on the basis of both fos-
sils and molecular clocks to characterize only Mesozoic and younger ecosystems
(chapters in Falkowski and Knoll 2007; Brown and Sorhannus 2010).

Diatoms, of course, are the crown jewels among silica-precipitating protists,
fashioning frustules of SiO, that inspire technological innovations in lightweight
design (Gordon et al. 2009). Diatoms first appear as fossils in uppermost Jurassic
rocks and diversify through the Cretaceous Period and into the Cenozoic Era, both
in the oceans and in non-marine environments (Kooistra et al. 2007). These algae
may be responsible for as much as 20% of Earth’s total primary production, and
they dominate the marine silica cycle, quantitatively removing dissolved silica from
surface water masses (Maliva et al. 1989; Maldonado et al. 2011). Moreover, the
ballast provided by mineralized frustules contributes to the dominant influence of
diatoms in marine export production (Smetacek 1999).

This brief outline of the evolutionary history of biomineralizing protists prompts
two questions: why silica and why so late in the evolutionary day? As noted above,
the first question finds answer in the material properties of amorphous silica and
the biomolecules onto which it is precipitated. Amorphous silica can be formed into
strong porous and strutted structures on lengths scales of less than a micron, mak-
ing it ideal for protistan biomineralization. In some ways, the question of mineral
utilization should really be: why don’t animals and macroscopic algae make greater
structural use of silica, and here the answer probably lies in its low solubility in
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fresh and marine waters—there simply isn’t enough silica in seawater to make large
skeletons from a physiologically realistic volume of water (Wallace et al. 2012).
Silica—found in freshwater water algae, soil protists and vascular plants—also fits
the environmental constraints of terrestrial environments: most rivers, lakes and
groundwaters are undersaturated with respect to calcite and aragonite.

Why so many armored protists (both siliceous and calcareous) gained importance
only during the past 200 million years is a more intriguing question. As noted earlier,
scales have been produced by protists since the Neoproterozoic Era (Cohen and Knoll
2012), and while it is impossible to know whether or not groups such as testate amoe-
bozoans, testate rhizarians, and heliozoans precipitated silica in these oceans, there is
little evidence for such biosynthesis, and any protistan biomineralization must have
played an insignificant role in the marine silica cycle (Maliva et al. 1989). The late
geological appearance of siliceous scales certainly has a phylogenetic component to
it: silica-precipitating haptophytes and stramenopiles did not exist before the latest
Paleozoic or early Mesozoic Era. This, however, does not by itself resolve the issue,
as silica precipitation requires a functional as well as phylogenetic explanation.

The Mesozoic to earliest Cenozoic appearance of siliceous skeletons in diatoms,
silicoflagellates, chrysophytes, and ebridians, along with the evolution of calcitic
tests in coccolithophroids and the expansion of calcified forams into the water col-
umn, might find ecological explanation in an increase in predation by microzoo-
plankton. A general increase in predation pressure in the oceans occurred on this
time scale (Vermeij 1977), as did a shift in shelf primary producers from green
flagellates and cyanobacteria to dinoflagellates, coccolithophorids and diatoms
(Falkowski et al. 2004). Perhaps radiating primary producers precipitated evolu-
tionary changes in microzooplankton and throughout marine food webs (e.g., Knoll
2013), with predation pressure feeding back onto both photosynthetic and hetero-
trophic protists. A nearly monotonic increase in 37Sr/*Sr of seawater over the past
150 million years also suggests that erosional fluxes—including silica—from con-
tinents to the oceans increased over this interval (Richter et al. 1992). Over time,
then, silica flux may have increased even as surface reservoir size declined.

1.5 The Evolutionary Consequences of Diatom Radiation
for Silica Biomineralizers

Despite the widespread removal of carbonates from the oceans by marine animals
and protists, surface oceans remain oversaturated with respect to calcite and arago-
nite, and there is little evidence that carbonate precipitation by any one clade has in-
fluenced the evolutionary trajectories of other calcareous species. This is, however,
not the case for biological participants in the marine silica cycle. Skeleton-forming
organisms deplete silica levels in surface oceans to values an order of magnitude
lower than those that characterized seawater before the advent of siliceous skeletons
(Siever 1992), and one might reasonably expect that the secular decline in silica
availability has impacted the evolutionary trajectories of silica-precipitating ani-
mals and protists.
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Consistent with paleontological evidence that they first evolved in silica-rich
Neoproterozoic and Cambrian oceans, sponges (at least the few species that have
been examined experimentally) show maximum uptake efficiency at dissolved sili-
ca levels much higher than those found in modern surface oceans (Maldonado et al.
2011). Siliceous sponges can be locally important in coastal ecosystems (Maldona-
do et al. 2010), but the fossil record indicates that they have progressively declined
in ecological importance among shelf communites through the late Mesozoic and
Cenozoic eras (Maliva et al. 1989). Indeed, when grown at silica concentrations
similar to those inferred for a pre-diatom world, some modern sponges produce
spicule morphologies not seen in the geologic record since the Jurassic Period (Mal-
donado et al. 1999). It has been hypothesized that the inefficient uptake of silica by
sponges relative to diatoms accounts for their ecological retreat to deeper waters
(Maldonado et al. 2012)—diatom success, then, has impacted sponge evolution by
restricting many silica-precipitating species to deeper seafloors where silica con-
centrations are relatively high and diatoms that compete for silica are absent.

Much like sponges, the Radiolaria also evolved in silica-rich oceans. Their fossil
record has revealed a remarkable trajectory of morphological change, especially
over the course of the Cenozoic Era. During the same time interval that the diatoms
rose to their present-day diversity and dominance over the marine silica cycle, the
shell weight of radiolarians in low latitude oceans declined severalfold (Harper and
Knoll 1975). Morphological measurement has since shown that this decline is due to
a decrease in silicification, rather than a reduction in size, with shell walls becoming
thinner and more porous through time (Lazarus et al. 2009). Although most modern
surface ocean waters have extremely low silica concentrations, this is not true of
the high-latitude Southern Ocean, where upwelling has supplied silica-rich water
to the surface since the late Eocene Epoch. Interestingly, radiolarian assemblages
from those southern high latitude regions do not show a reduction in silicification
over the Cenozoic (Lazarus et al. 2009), further supporting the conclusion that the
evolutionary trends in radiolarian biomineralization happened in response to chang-
ing silica availability. Radiolarians also appear to be less common in shelf environ-
ments than they were in earlier oceans (Racki and Cordey 2000), arguably another
habitat shift in response to the radiation of diatoms across continental shelves.

Though the known fossil record of the silicoflagellates extends only to the Me-
sozoic Era (Bukry 1981), the decline of silica availability in surface waters of Ce-
nozoic oceans should still have affected their evolution. Although there appears to
have been no change in the average silicification of silicoflagellates over the past
60 million years (van Tol and Finkel 2012) of the sort seen in Radiolaria, shifting
costs and benefits of biomineralization may nonetheless have impacted silicofla-
gellate evolution. Silicoflagellates with spines show quite a different trajectory of
morphological change from those without spines, which are also larger. While the
larger, spineless forms decreased in size and eventually became extinct, the smaller,
spined forms increased the number of spines while their size remained constant.
Van Tol and Finkel (2012) suggested that these two groups may have employed two
different strategies to avoid predation—Ilarge cell size versus anti-grazing spines.
Because of their larger surface to area ratio and consequently higher nutrient uptake
rate, the benefit of spines in the smaller, spined forms could have outweighed the
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rising metabolic costs of uptake with declining silica availability, even as those
costs began to exceed the benefit of large size for the spineless forms.

Diatoms may have been the major agents of geochemical change in the Phanero-
zoic silica cycle, but one might nonetheless expect these changes to have affected
their own evolution. Indeed, anecdotal evidence suggests that robust and heavily
silicified diatoms are common in Cretaceous and early Cenozoic assemblages, but
are gradually replaced by more delicate forms (Armstrong and Brasier 2005; Barron
and Baldauf 1995). For example, the Cretaceous species of the genus Hemiaulus are
heavily silicified, while those occurring in Cenozoic deposits are more lightly silici-
fied (Round et al. 1990). This pattern was borne out in a semi-quantitative survey of
three well-preserved diatom assemblages spanning from the Early Cretaceous to the
Neogene, which showed a decline in percent silicification of frustule walls (Finkel
and Kotrc 2010). While thinner walls are more common in the younger assem-
blages, the pattern is complicated by the observation that silicification is actually
inversely proportional to wall thickness. Thus, while there are more thinner-walled
forms with time, these lack the larger pores and chambered, multiple-layer structure
of many thicker-walled forms, meaning the decline in percent silicification cannot
be predicted by wall thickness alone.

Studies of extant diatoms grown in culture under varying silica concentrations
have also shed light on how declining silica availability has affected diatom evolu-
tion. When measured across a range of concentrations, the kinetics of silica uptake
in diatoms seem to be multiphasic, which may suggest that multiple silica uptake
systems evolved over the course of declining silica concentrations (Finkel et al.
2010). While the degree of silicification and the frustule micromorphology of sever-
al species changed with silica concentration in culture experiments, the oldest spe-
cies examined was also the most heavily silicified—consistent with having evolved
in a higher-silica oceans than the younger, less-silicified species.

This is not to suggest that silica alone has driven morphological trends in the
evolution of diatoms or any other clade; surely silicifying organisms have respond-
ed through time to secular variations in nutrient abduance, temperature, ocean cir-
culation and grazing pressure. Nonetheless, research on the fossil records of several
silica-precipitating clades indicates that the remarkable evolutionary success of dia-
toms in the world’s oceans, with its attendant consequences for silica availability
in surface water masses, has impacted the evolution of all major participants in the
marine silica cycle—including diatoms, themselves.

1.6 Summary

Both living and fossil protists show evidence of skeletal biomineralization, docu-
menting a structurally and mineralogically diverse range of lightweight bioconstruc-
tions. Protistan fossils and phylogeny do not follow predictions made on the basis
of animal biology: Biomineralization predominantly uses amorphous silica, and
new silica-precipitating clades have continued to arise through time. The material
properties of amorphous silica and the biomolecules on which it precipitates open
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up new opportunites for complex microstructures that play a number of roles in
protistan biology, including—but not restricted to—defense against microarthropod
grazers. At the same time, the remarkable rise of diatoms to ecological prominence
in the oceans has depleted silica concentrations in the mixed layer of most oceans,
imposing a significant constraint on the evolution of protists that participate in the
marine silica cycle. The bioconstructions observed in living marine protists reflect
both the opportunities and constraints associated with silica biomineralization, and
the increasingly more economical use of silica through time documented for some
clades, has the potential to guide future thinking about improving biomimetic de-
signs while conserving materials. In this respect, the long evolutionary history of
biomineralizing protists may inspire novel approaches to technology.
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Chapter 2
Morphospaces and Databases: Diatom
Diversification through Time

Benjamin Kotrc and Andrew H. Knoll

2.1 Introduction

The diversity of diatom form has been a source of fascination and inspiration since
diatom frustules were first described by the 19th Century pioneers of micropaleon-
tology (Ehrenberg 1838; Haeckel 1904) and their shapes applied to Art Nouveau
architecture and design, like René Binet’s design for the Printemps department store
(Proctor 2006) or Hendrik Petrus Berlage’s jewelry imitating chain-forming dia-
toms (Netherlands Architecture Institute 2012). Many thousands of extant diatom
species have been described (Mann and Droop 1996), their shapes representing a
wide range of variations on a basic pill-box Bauplan—from circles to triangles, nee-
dles, and curves—with staggering variety in the geometrically arranged, hierarchi-
cal pore structure (Round et al. 1990), lending an aesthetic that evidently appealed
to turn-of-the-century designers. With biomimetic design advancing from superfi-
cial aesthetic inspiration to an application of underlying structural and evolutionary
principles, renewed interest in diatoms warrants efforts toward a deeper understand-
ing of their diversification, a cardinal feature of any clade’s evolutionary history.
The fossil record provides two windows on clade diversification history: taxo-
nomic diversity and morphological disparity. The former, often referred to as taxo-
nomic richness or simply as diversity, is the familiar measure that tallies numbers
of taxa (commonly species). The latter, disparity for short, describes the variety of
shapes or the “within-group variance of form” (Erwin 2007) by directly quantifying
organismal morphology. In a sense, diversity and disparity both measure variety
of form, because fossil taxonomy is, of course, itself based on morphology. It is

B. Kotre (<)
Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA 02138, USA
e-mail: kotrc@mit.edu

A. H. Knoll

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute
of Technology, Cambridge, MA 02138, USA

e-mail: aknoll@oeb.harvard.edu

© Springer Science+Business Media Dordrecht 2015 17
C. Hamm (ed.), Evolution of Lightweight Structures, Biologically-Inspired Systems 6,
DOI 10.1007/978-94-017-9398-8_2



18 B. Kotrc and A. H. Knoll

also intuitive, however, that the two approaches measure this variety in very differ-
ent ways. As an extreme example, a collection containing one species of fish, one
species of elephant, and one species of insect has the same taxonomic diversity as
a collection of three fish species, though the former clearly represents much greater
morphological disparity.

We have two tie points on both the taxonomic and the morphological diversifica-
tion of diatoms—their origin and their present diversity and disparity—from which
we can trivially infer a net increase through time. But the more interesting ques-
tions about what happened in between are less trivial. What were the trajectories of
diatom diversity and disparity through time? Has there been a monotonic increase,
or was an early rise followed by stasis or even decline? Did diversity and disparity
vary in lockstep or independently?

While the fossil record of diatoms extends back to at least the early Creta-
ceous Period (Gersonde and Harwood 1990) and includes many occurrences from
nonmarine environments, the most robust and abundant data come from deep-sea
sediments of the Cenozoic Era. Although it does not represent the entire clade’s
evolutionary history, we focus on this record here because it allows us to consider
the biases that uneven sampling through time may impart to our view of evolution-
ary history and process.

2.2 Reconstructing Taxonomic Diversity

Conventionally, the Cenozoic history of marine planktonic diatom diversity
describes a steep, almost monotonic rise of about an order of magnitude (Spencer-
Cervato 1999). This view plays a central role in a number of evolutionary narra-
tives involving the diatoms, including their coevolution with grasses (Falkowski
et al. 2004) and whales (Marx and Uhen 2010), their role in reshaping the silica
cycle, and its effect on radiolarians (Lazarus et al. 2009). Although widely accepted,
this view has recently been challenged (Rabosky and Sorhannus 2009). The con-
ventional diversity curve is generated from Neptune, a large database of marine
microfossil occurrences reported from the Deep Sea Drilling Program and Ocean
Drilling Program, representing several decades of micropaleontological research
(Lazarus 1994; Spencer-Cervato 1999). The diversity history derived from these
occurrences is not, however, a unique result, since different methodological choices
can be made in taxon counting, dealing with data imperfections, and accommodat-
ing secular variations in sampling intensity. Each of these can change substantially
the diversity curve generated.

Taxon counting. In order to get from database to diversity curve, occurrence
data need to be divided into time bins (in our examples below, of 2 million year
duration) and the number of taxa in each bin counted. Traditionally, this has been
done by counting taxa as present in all time bins between their earliest and latest
occurrences, then tallying taxa known to have existed in each time bin regardless
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Fig. 2.1 Diatom diversity through time over the Cenozoic era, based on analysis of the Neptune
database by range-through taxon counting (RT), sampled-in-bin taxon counting (SIB), subsam-
pling by-lists, weighted by occurrences (OW), and shareholder quorum subsampling (SQS)

of whether observed or inferred. This “range-through” method (RT, see Fig. 2.1)
has an advantage over simply counting taxa observed, or sampled in-bin (SIB, see
Fig. 2.1), because it takes into account variations in preservation and sampling from
one bin to another. For example, in Fig. 2.1, the plot of diatom diversity from Nep-
tune using RT taxon counting makes up for missing data between 54—48 Ma; diver-
sity during that interval was clearly not zero, as a literal reading of the SIB curve
might imply.

Despite its advantage in accounting for ‘Lazarus taxa’ (taxa that appear to go
extinct, only to reappear later in the record; Flessa and Jablonski 1983), however,
the RT method has fallen out of favor among some paleobiologists because it im-
parts a number of undesirable and potentially severe biases: the Signor-Lipps effect,
the Pull of the Recent, and other edge effects reviewed by Alroy (2010a). The SIB
sampling method is preferred over RT and other methods such as tallying only those
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taxa known to cross the boundary between adjacent time bins because it is immune
to these biases, and the bin-to-bin sampling differences that remain can be counter-
acted with corrections like the part-timer sampling probability, which effectively
performs a temporally localized range-through among adjacent time bins (Alroy
2008). While the diversity curve for the Neptune diatom data obtained by SIB taxon
counting does differ from the conventional curve obtained using RT in the details,
the curves are rather similar in shape to first order.

Data quality. Generally, paleontologists worry that the fossil record underesti-
mates the true ranges of taxa (e.g. Marshall 1990), but the record of marine micro-
fossils is so unusually rich that the opposite has been suggested for the Neptune
database. Marine microfossils can appear outside of their true range due to “RATS”,
that is, because of the physical reworking of sediments (erosion and redeposition
in a stratigraphically younger position), errors in the age model assigning a fos-
sil occurrence to the wrong time bin, or taxonomic error (Lazarus 2011). For the
curve that has become the canonical depiction of diatom diversity, these problems
were addressed by manually excluding occurrences in Neptune considered unreli-
able, including occurrences near depositional hiatuses (Spencer-Cervato 1999). The
effect of all but the most severe instances of reworking can be obviated by setting
sufficiently wide time bins, and misplaced occurrences far from the true range of
a taxon are much less of an issue for SIB than RT taxon counting. Nonetheless,
outliers could also be identified for removal by applying hat-shaped models of the
rise and fall in occurrences through a taxon’s range (Liow and Stenseth 2007; Liow
et al. 2010), but a much simpler method recently proposed just trims a certain cali-
brated percentage of occurrences from the beginning and end of a taxon’s range—
aptly named Pacman profiling (Lazarus et al. 2012a).

Sampling biases. An arguably graver concern for the accurate reconstruction of
diatom paleodiversity is that the amount of data in the Neptune database greatly
increases with time, as shown in Fig. 2.2. This is worrisome because it is easy to
imagine a situation where true diatom diversity in fact remained constant, but a
steadily increasing number of samples through time captures more species from
younger intervals, giving a false impression of rising diversity. Although this con-
cern was noted in the first explorations of the Neptune dataset (Spencer-Cervato
1999), it was only recently addressed in detail (Rabosky and Sorhannus 2009).

Such temporal sampling biases are common in paleontological datasets, for a
number of reasons. In general, older sediments are less abundant than younger ones.
For microfossils from deep-sea drilling cores more specifically, sediments are pro-
gressively destroyed as ocean crust becomes subducted by plate tectonic processes,
making older sediments less common. Perhaps more importantly, the deep drill-
ing commonly required to reach older sediments is expensive, and requires drilling
through younger sediments for which samples are usually also collected. Finally,
diatoms undergo a series of diagenetic mineral transitions as burial temperatures
and pressures increase, making the preservation of recognizable morphological fea-
tures less likely with age (DeMaster 2003). In recent decades, paleobiologists have
directed much research effort towards developing numerical methods to correct for
these sampling biases.
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Fig. 2.2 Number of lists (of taxa found at a particular depth in a particular borehole) in the
Neptune database through the Cenozoic era

Subsampling methods. The idea at the heart of these methods is that we can obtain
a more accurate reconstruction of diversity history if we measure diversity using a
standardized, comparable sample size in each time bin. It is important to note that
the goal of such subsampling methods is not to get closer to the true absolute val-
ues of diversity (as range-through taxon counting does, for example), but rather to
reconstruct the relative shape of the diversity curve as accurately as possible. The
basic procedure underlying these methods involves randomly drawing items from
the full data set of the time bin in question until some quota is reached. The number
of taxa in that subsample are then tallied and the process is repeated a large number
of times to obtain an average diversity and an associated confidence interval for that
time bin. This whole process, in turn, is repeated for all time bins, using the same
quota for each.

The well-established subsampling methods all use a uniform quota of items,
but differ in how items are drawn and how the quota is set. For example, in clas-
sical rarefaction (CR, Miller and Foote 1996), occurrences are drawn from the
full dataset until a quota of some fixed number of occurrences is reached. The
items drawn can also be taxonomic lists, which in the case of the Neptune data
means the list of taxa found in a particular borehole at a particular depth. In this
case, the quota can be simply set as a number of lists, in which case the method is
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referred to as by-lists, unweighted subsampling (UW, Alroy 2000), or as a num-
ber of occurrences, (weighted by occurrence subsampling, or OW for short, Alroy
1996). In practice (at least for the Neptune diatom data set), these methods give
broadly similar results.

Subsampling methods were only recently applied to diatoms (Rabosky and
Sorhannus 2009), painting a picture of diatom diversification very different from
curves generated from RT and SIB tabulations of Neptune data (Fig. 2.1). A rep-
resentative diversity curve generated by OW subsampling (Fig. 2.1 OW), similar
to those produced by CR and UW subsampling, still shows a net increase over
the Cenozoic Era, but the total increase is only about twofold. Perhaps more im-
portantly, maximum diversity is sited in the late Eocene Epoch, with tabulated
diversity falling substantially through the Oligocene, before recovering through
the Neogene Period.

Another method of subsampling, which uses a quota measured by the sum of
squared occurrences (O2W), has also been applied to diatoms and results in an
even flatter diversity curve with a still more pronounced Eocene-Oligocene diver-
sity peak (Rabosky and Sorhannus 2009). The reasoning that underpins this method
(Alroy 2000) is a little complicated, but can be understood by considering how
taxon occurrences are recorded. A paleontologist describing the species in a sample
will examine specimens, i.e. individual fossils, recording new species as they are
encountered. Because not all taxa are equally abundant, the common taxa will be
found quickly, while rare taxa are only likely to be counted after many specimens
have been examined. This results in an asymptotic collector curve (or accumulation
curve), in which taxa discovered are plotted against specimens examined (or sam-
pling effort expended). The O2W method attempts to account for this non-linear
relationship between specimens and species. Unfortunately, diversity estimates
under this method have been found to be strongly biased when the geographic
structure of diversity changes through time (Bush et al. 2004), so we do not show
O2W results here.

A major shortcoming of all of the fixed-quota subsampling methods is that they
can systematically undersample intervals with high diversity, because uniform sam-
pling is not necessarily fair sampling (Alroy 2010a). Consider an ideal case where
there has been no change in the true diversity through time, but an increase in sam-
pling results in an apparent increase in diversity: in this situation, fixed-quota meth-
ods will theoretically perform well. But if there has been a true increase in diversity
in addition to an increase in sampling, these methods may artificially flatten the
resulting diversity curve, because more diverse intervals will require more sampling
to capture the same proportion of the total (true) diversity. As an extreme example,
consider that a population of five species can be sampled completely with 100 oc-
currences, while the same size sample will underestimate radically the diversity of
a population with 500 species. When we allow for the possibility that true diversity
can vary widely, it makes intuitive sense to allow the quota of items drawn in sub-
sampling to vary also—and from this perspective, we can also see that the level to
which we ought to standardize samples is not a fixed amount of sampling, but some
amount of sampling that aims to return a fixed proportion of the total diversity, or
coverage.
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A recently published subsampling method, shareholder quorum subsampling
(SQS), is based on this principle of taxonomic coverage (Alroy 2010a). The meth-
od is named by analogy to a corporate shareholder’s meeting, where a quorum of
shareholders needs to be present such that the sum of their shares meets a thresh-
old proportion of the total shares in the company. In SQS, we can think of taxa as
shareholders and their share of the frequency distribution (proportion of total occur-
rences) as shares. Occurrences are drawn much as before, but rather than stopping
at a certain number of occurrences or lists, samples are drawn until a ‘shareholder
quorum’ is reached—that is, until the sum of the frequencies of sampled taxa ex-
ceeds some threshold. The number of lists or occurrences it takes to reach this quota
is free to vary, making this method philosophically quite distinct from the uniform
sampling methods like CR, UW or OW.

In order to ensure that the proportion of frequencies drawn represents a certain
proportion of taxonomic coverage, however, we need to know how taxonomically
complete each sample is—that is, we need an estimate of coverage. Another way
to think of this problem is to consider the observed frequency distribution to over-
estimate the frequency of those taxa observed in favor of those taxa not observed,
whose frequencies are rounded down to zero. We need an estimate of how much of
the underlying, true frequency distribution has been muted by such rounding down.
One such estimate, used commonly in ecology, uses the proportion of observations
that are singletons, i.e. taxa only seen once in that sample, calculated as Good’s u
(Good 1953). In ecology these observations are individuals, but the approach can
be extended to compiled paleontological data where these observations are occur-
rences (i.e. the presence of a taxon at a particular location and stratigraphic position,
irrespective of its abundance; Alroy 2010a). While for the purposes of ecological
studies, singletons are those taxa that occur only once in a sample area such as
a quadrat, Alroy (2010a) argued that for paleontological data the best analogical
equivalent was to count singletons as taxa occurring only in a single publication.

We applied a modified version of this basic SQS algorithm to the diatom occur-
rence data from Neptune. Because of the way micropaleontological data are col-
lected (the occurrence of a set of taxa reported over a stratigraphic range), taxa will
almost always have more than one occurrence in any given publication. Instead, we
used taxa occurring only in a single borehole in place of singletons.

Our results for SQ subsampling of the Neptune diatom data (Fig. 2.1, SQS) are
broadly similar to those of the fixed-quota subsampling methods (Fig. 2.1, OW),
suggesting that true diversity increased only slightly over the Cenozoic Era. Much
as under the fixed-quota methods, peak diversity is reached in the latest Eocene/ear-
liest Oligocene, but under SQS this peak is exaggerated, suggesting that diversity
then was significantly higher than today—similar to the results of the O2W method
(Rabosky and Sorhannus 2009).

In spite of the obvious sampling bias in the Neptune data, the largely station-
ary view of Cenozoic diatom diversity suggested by subsampling methods has not
been universally accepted by micropaleontologists. A potential vulnerability of
subsampling methods, including SQS, is that they may not give accurate results if
there are large changes in relative abundance structure (or evenness) through time
(Lazarus et al. 2012b). We can understand this problem by considering the relative
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frequency distribution of a time interval—a rank-ordered plot of the proportion of
occurrences of each taxon (such that the extent along the x-axis represents total
diversity). Fixed-quota subsampling methods can be thought of as sampling all taxa
falling above a threshold ‘veil line’ of some relative frequency (Alroy 2010a). The
failing of these methods, addressed by SQS, can be visualized by considering what
happens if the diversity increases, but the shape of this distribution stays the same:
because each taxon now has a smaller relative frequency, a greater proportion of the
taxa falls under the veil line, underestimating diversity under subsampling. Under
SQS, a constant area under this curve is sampled, so even if the total diversity in-
creases, the same proportion of the frequency distribution will be recovered—and,
if the shape of the distributions stays the same, the same proportion of total diver-
sity. If the shape of the frequency distribution were to change drastically, however,
SQS might not work as well.

Empirically, the diatom occurrence data in Neptune do show a change in fre-
quency distribution from more even to more uneven, and it has been argued that
these changes may cause subsampling methods (including SQS) to mask a true rise
in diversity (Lazarus et al. 2012b). If we imagine SQS subsampling to recover a
fixed area under a rank-ordered relative frequency distribution (see supplement to
Alroy 2010b), the area under a flat curve (an equitable frequency distribution) will
sample a greater proportion of the total diversity than the same area under a hollow
curve (an uneven frequency distribution). Lazarus et al. (2012b) apply an empirical
correction factor to account for the changes in frequency distribution and recover
a rise in diatom diversity more similar to the canonical view. A similar correction
factor with even greater leverage is used to account for an increase in provinciality
through time, particularly regarding the development on an endemic polar fauna
(Lazarus et al. 2012b).

Lazarus et al. (2012b) marshal further support for the conventional view of dia-
tom diversification from a catalogue of about 500 diatom species’ ranges compiled
from both marine and land-based sections under expert curation against taxonomic
and stratigraphic error. The curve generated is similar in form to the canonical dia-
tom diversity curve (Spencer-Cervato 1999), albeit showing a net increase that is
slightly less steep. This data set has certainly been better flushed of “RATs” (the
sorts of errors described in the section on data quality above) than Neptune, but the
question of sampling bias arguably remains: while there is no strong correlation
in this compilation between diversity in a time bin and the number of publications
from which this diversity is derived (Lazarus et al. 2012a), the relationship between
a taxonomic or biostratigraphic publication and the amount of sampling it repre-
sents is not clear and not necessarily fixed.

To summarize, the taxonomic window on diatom diversification provides an un-
certain picture of Cenozoic diatom evolution. Interpreted at face value, the fossil
record suggests a steep Cenozoic rise in species richness, whether from deep-sea
occurrences in the Neptune database (Spencer-Cervato 1999) or from a biostrati-
graphic catalogue of first and last appearances (Lazarus et al. 2012a). When the
stark secular rise in the amount of available data is taken into account using item
quota (Rabosky and Sorhannus 2009) or SQS subsampling methods, however, a
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more stationary pattern emerges, showing at most a modest overall increase in
species richness and peak diversity around the Eocene/Oligocene boundary. With
changes in relative abundance potentially biasing the results of these subsampling
methods, we are left with a level of uncertainty about the true diversification history
of the diatoms. Recalling that there is another window on diversification, however,
we turn to the history of diatom morphological disparity to gain another perspective
on this question.

2.3 Reconstructing Evolution in Shape Space

In common paleobiological usage, disparity describes a quantification of morpho-
logical differences among organisms (Wills 2001, p. 56). Unlike species richness
for diversity, there is no singular metric for disparity; commonly used measures can
be more easily understood in the conceptual framework of morphospace—a math-
ematical construct used to quantify and describe organismal morphology.

Morphospaces. Morphospaces are n-dimensional mathematical spaces describing
the form of a group of organisms. As such, morphospaces are an example of what,
in the context of ecology, Lewontin (1969, p. 13) called “the concept of the vector
field in n-dimensional space,” which he described as “the most fundamental [con-
cept] we have for dealing with the transformations of complicated dynamical sys-
tems in time.” Familiar, conceptually related notions include adaptive landscapes
(Wright 1932) and niche space (Hutchinson 1978, p. 158), but rather than gene
alleles or ecological variables, the axes of morphospaces represent morphological
characters or parameters. Each point in morphospace represents a particular, unique
morphology, and it can either be occupied (i.e. represent a morphology actually
realized by an organism) or not.

With this framework in mind, we can consider the morphological disparity of a
group as a description of how the group is distributed in morphospace—are the taxa
spread out widely (signifying large morphological differences) or clustered together
(signifying morphological similarity)? As discussed in more detail below, this spa-
tial distribution of taxa can be quantified in a number of ways, leading to multiple
metrics of disparity. Before considering how to measure morphospace occupation,
however, it is worth briefly examining the different ways in which morphospaces
can be constructed.

Morphospaces are often divided into two kinds, those whose axes are param-
eters of a shape-generating function, called generative or theoretical morphospaces,
and those whose axes are measurements of organisms, called empirical morpho-
spaces (McGhee 1999). Theoretical morphospaces generally have only a few axes
and thus a small number of dimensions that is easy to visualize; the first and best-
known example is Raup’s (1966) classic morphospace of coiled shells. Empirical
morphospaces, in contrast, often have a very large number of axes (representing
a large number of measured morphological characters) and generally require an
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ordination procedure such as principal components analysis (PCA) or principal
coordinates analysis (PCO) for visualization and analysis, an approach pioneered
by Foote (1989). Because of this, empirical morphospaces have been described as
having axes that are data-dependent or unstable, since different measurements of
the same morphology will result in different ordinated axes (McGhee 1999). Seen
from a more general perspective, however, the distinction between theoretical and
empirical morphospaces can become conceptually and mathematically blurred if
the latter are considered in their full, unordinated dimensionality (sometimes called
“raw morphospaces,” Eble 2000): the number of axes could then be seen as the
most significant difference between the two. From this perspective, both sorts of
morphospace can be used to investigate the realms of unrealized as well as real-
ized morphologies—although theoretical morphospaces can undoubtedly generate
a wider range of unrealized form than empirical morphospaces can.

Limitations of theoretical morphospaces. While there is broad consensus that
theoretical morphospaces are preferable because their use of explicit, measurement-
independent growth models that allow one to explore a wider range of unexplored
as well as impermissible forms (e.g. Erwin 2007), their application is unfortunately
not always possible (McGhee 1999, p. 26). Growth models for theoretical mor-
phospaces are more readily devised for organisms with accretionary or branching
growth (e.g. Raup 1966; Niklas 1999), but mathematical shape models with a rea-
sonable number of parameters can only reproduce so many aspects of form. The
applicability of generative morphospaces with a small number of parameters is thus
limited in a two ways that are well illustrated by the case of the diatoms: the range
of overall forms that can be generated, and the difficulty of including complex and
higher-order morphological features.

Previous diatom morphospaces. The diversity of fundamental forms that can be
generated by a mathematical model with a few parameters is limited. In diatoms,
for example, capturing the great variety of different symmetries of the valve in plan
view alone (circular-elliptical, triangular, rectangular, curved, isopolar or hetero-
polar, and so on) in a generative model would require many parameters, and even
then the plan-view outline shape says nothing about the obviously important three-
dimensional shape of the valve. Generative shape models that have been developed
for the diatoms are thus by necessity limited both in terms of covering only a subset
of the full taxonomic and morphological diversity, and in terms of describing a
subset of the overall frustule morphology. Examples include models for a particular
species (Stoermer and Ladewski 1982) or genus (Mou and Stoermer 1992), a more
widely applicable model describing only valve outlines (Arita and Ohtsuka 2004),
and a model based on 3D parametric equations limited to a group of asymmetri-
cal pennate diatoms (Pappas 2005). While generative morphospaces of this nature
have been profitably applied to questions of taxonomic distinction or morphological
evolution within particular groups, they capture neither the total diversity of over-
all diatom form, nor the higher-order features of diatom morphology such as pore
arrangement, spines, processes, or the raphe—even though these may well be of
biological and evolutionary significance.
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We are thus led to an empirical morphospace approach in trying to understand
the Cenozoic evolution in morphospace of the marine diatoms in as a whole. This
approach has been successfully applied to many other groups with complex mor-
phologies, highlighting important features that are hard to model with simple geo-
metric models (e.g. Foote 1991; Lupia 1999; Boyce and Knoll 2002). Under the
auspices of the PlanktonTech initiative, we conducted an empirical morphospace
study of Cenozoic marine planktonic diatoms, the detailed methodology and results
of which are published elsewhere (Kotrc and Knoll 2015a, b). Summarized briefly,
this approach involved quantifying the morphology of Cenozoic diatom taxa using
a large number of morphological characters to construct a morphospace, apply-
ing an ordination procedure to visualize this morphospace, and then populating the
morphospace through time based on the fossil record. Since the Neptune database
is a readily available compilation of fossil diatom occurrences, we used it to popu-
late the morphospace. Because an analysis at the species level would be intractable
(there are over 1,000 diatom species in Neptune), we chose to work at the genus
level; our final analysis included 140 genera (for complete methods and data see
Kotrc 2013, Kotrc and Knoll 2014; Kotrc and Knoll 2015a, b).

Choice and coding of characters. We used descriptions of frustule morphology
and taxonomic descriptions of the genera in Neptune to compile a list of morpholog-
ical characters. In formulating these characters, we were careful to strictly describe
morphology independent of taxonomy or phylogeny—meaning that structures were
quantified by their similarity in form regardless of whether they are equivalent
in development or evolutionary origin. In some cases, this meant bridging sub-
stantial gaps in the nomenclature used to describe structures in different groups
within the diatoms, for example the terms applied to the arrangement of pores in
centric diatoms (“areolation”) versus in pennate diatoms (“striation”). This strictly
morphological approach distinguishes morphospace analysis from morphometric
approaches in which the importance of choosing homologous characters is often
strongly emphasized (e.g. Rohlf and Bookstein 1990). It has the advantage of allow-
ing the evolutionary exploration of form on its own merit, independent of how this
form is achieved phylogenetically or developmentally. Our final analysis included
100 morphological characters, coded as unordered, discrete character states (includ-
ing many binary characters), allowing us to account for both intrageneric variation
and the categorical nature of many characters (such as the presence or absence of a
raphe, a slit along the valve face of some diatoms that enables locomotion).

Ordination. The resulting morphological character codings for each genus define
a 100-dimensional, categorical morphospace, a “raw morphospace” in the sense
alluded to above. Visualizing this morphospace requires that we find a lower-
dimensional projection of the relative locations of our genera, something that can be
accomplished with PCO, a method analogous to the more familiar PCA that works
with unordered discrete characters. This transformation results in a representation
of the morphospace along continuous axes, the first two of which (the two captur-
ing the greatest amount of the information in the full-dimensional morphospace) are
shown on the left in Fig. 2.3.
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Fig. 2.3 Left: first two principal coordinate (PCO) axes of marine planktonic diatom morpho-
space; plot symbols reflect states morphological characters describing valve shape in plan view
and presence/absence of raphe. Right: the same plot populated through time using occurrence data
from the Neptune database; colored polygons below show convex hull areas enclosing points in
time bins above of the corresponding color

Visualization. Empirical morphospace plots resulting from ordination procedures
like this one can be hard to interpret if the only information presented is the location
of genera on ordinated axes of mysterious meaning. Providing representative images
of morphologies at selected locations is helpful, but because we have morphologi-
cal data for each of the points, it can make sense to modify the shape of plot points
themselves to reflect morphological character states. In the left panel of Fig. 2.3,
we have represented the states of three characters relating to the plan (valve) view
shape of each genus: the overall shape (elliptical, triangular, square, or ovate.), the
aspect ratio, and the presence or absence of a raphe. The plot shows equant forms
toward the top left, and elongate forms with and without raphes toward the bottom
right. For examples of these morphologies, we refer the reader to the excellent SEM
images in Round et al. (1990). This division reflects the largest-scale taxonomic
division within the diatoms—centrics versus pennates—and raises the question to
what extent phylogenetic structure is evident in morphospace.
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Morphospace and phylogeny. Comparing the proximity of genera in morpho-
space to their proximity on a molecular phylogenetic tree shows only a very weak
correlation; phylogenetic proximity at finer levels of resolution beyond the centric-
pennate divide is not a good predictor of proximity in morphospace (Kotrc and
Knoll 2015a). For example, the two major subdivisions within the pennate diatoms
(raphids and araphids) do not appear to occupy distinct regions of morphospace.
This may seem surprising, considering diatom phylogenies from before the molec-
ular era broadly agree with molecular ones. It helps to remember, however, that
morphological phylogenies identify key features with defined polarities, called syn-
apomorphies, signifying inclusion in groups; this morphospace, in contrast, consists
of equally weighted characters.

These results seem to suggest that the major groups of diatoms iteratively re-
colonized already-occupied regions of morphospace. In the case of the raphe, for
example, this might make sense if we consider that—in providing for locomotion—
it represents a key innovation in the radiation of diatoms in benthic and terrestrial
environments. The taxa in our analysis come from the marine plankton, however,
where—in the absence of substrates upon which to locomote—this innovation may
have been of relatively little consequence. As a result, raphid diatoms in the plank-
ton may have radiated to fill ecological niches indistinct from those occupied by
their araphid cousins, resulting in overlapping occupation of morphospace.

While on the topic of diatom phylogenies, we divert briefly to consider that a
clade’s diversification history can also been addressed from a phylogenetic perspec-
tive directly, something commonly achieved using molecular phylogenies of their
extant members and “lineage through time” plots. While such an approach could be
taken for the diatoms (perhaps even using a phylogeny derived from morphological
data, such as the data matrix underlying the morphospace analysis here), we point
out the limited inferences that can be drawn from such analyses. Diversification
rates result from a balance between origination and extinction, and as Quental and
Marshall (2010) showed, molecular phylogenies are sensitive to the former, but
blind to the latter. As an example, they compare a diversification history for whales
derived from a molecular phylogeny, suggesting a history of unchecked diversifica-
tion since the Oligocene (Steeman et al. 2009), to one based on the group’s rather
complete fossil record, which reveals a sharp decline in diversity from the Late
Miocene to the present, a worrying discrepancy due to extinctions not revealed by
the molecular phylogeny.

Returning to morphospace, molecular clocks suggest that the four major groups
of diatoms (the raphid and araphid pennates and two groups of centric diatoms, the
radial centrics and bi- and multipolar centrics) had diverged by the late Cretaceous
Period (e.g. Kooistra et al. 2007). Given the apparent overlap of these groups in
morphospace, we might expect to see broad morphological stasis across the Ceno-
zoic Era. Fortunately, we can further explore this question by extending our mor-
phospace back through time using the fossil data from Neptune.

Morphospace through time. The right hand side of Fig. 2.3 shows the occupa-
tion of the two-dimensional morphospace plot on the left through geologic time,
tilted to an oblique view, for several Cenozoic time bins (with the youngest at the
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top). The polygons at the bottom of the plot are convex hulls enclosing the points
in each of the time bins above in the corresponding colors; convex hulls being the
shape that would be made by stretching a rubber band around the points in a time
bin and thus describe the extent of occupied morphospace. While the Cenozoic
assemblages cover a larger area of the plot than the Cretaceous ones, the area does
not increase very much through the Cenozoic Era. One interesting observation is
that the quadrant at the center of pennate diatom morphology (the bottom right) is
sparsely occupied up until the Miocene. This general impression of how morpho-
space has been occupied through time can be quantified much more rigorously by
calculating metrics of disparity for each time bin in the Neptune data set.

Metrics of disparity. Many different ways of measuring disparity have been
devised. A thorough review of these different metrics is beyond the scope of this
chapter (for more detailed treatments see Wills et al. 1994; Ciampaglio et al. 2001;
Erwin 2007), but a key point is that these metrics do not all describe the same
aspects of morphospace occupation. To illustrate this notion, we present two dispar-
ity metrics here: convex hull volume and mean pairwise distance. The former is a
higher-dimensional extension of the rubber band method introduced in Fig. 2.3;
instead of measuring the area enclosed by the polygon, the volume or hypervolume
enclosed in three or more dimensions is calculated. While convex hull volume is a
measure of the total extent of morphospace occupied, the latter metric—as implied
by its name—measures the average distance between pairs of taxa, measured as the
proportion of character state mismatches out of possible matches.

It is not hard to see that because these metrics describe different aspects of mor-
phospace occupation—the total extent of occupied morphospace and the degree of
dispersion of taxa in morphospace, respectively—they can give different answers
regarding disparity trends through time. In the case of diatom morphospace, for
example, mean pairwise distance (Fig. 2.4, top left panel) stays roughly constant
through time, while convex hull volume (Fig. 2.4, top right) shows a substantial
increase (regardless of how may dimensions are considered in the volume calcula-
tion). While these results would appear to be at odds if we were to consider dispar-
ity as a monolithic concept, inspection of the stacked morphospace plot in Fig. 2.3
makes clear which aspects of morphospace occupation they describe: on the one
hand, the total extent of occupied morphospace is increasing as new genera expand
into previously unoccupied morphologies, while on the other hand, the number of
genera is increasing, leading to a roughly constant (or slightly increasing) “packing”
of genera into the occupied region. We can thus think of mean pairwise distance as
representing something of a density measure and convex hull volume as the total
extent of occupied morphospace. As is the case in Fig. 2.4, the density (mean pair-
wise distance) can remain roughly constant as occupied morphospace (convex hull
volume) expands, but only if there is a commensurate rise in diversity.

Sampling. This increase in the number of genera in morphospace raises an inter-
esting question about sampling. Since we spent much of the first half of this chapter
voicing concern about the possibility that the evident rise in taxonomic diversity
may simply be an artifact of sampling, it seems natural to ask: could sampling also
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affect metrics of morphological disparity? Although we introduced disparity as a
different window onto the diversification history of a clade, it is based on the same
fossil record and is thus subject to the same geological sources of bias. Studies on
the effect of sampling on disparity metrics have suggested the use of mean pair-
wise distance, which has been observed to be more robust to variations in sampling
than other disparity measures (Foote 1992; Ciampaglio et al. 2001; Butler et al.
2012). As we have just seen, however, considering one disparity metric alone limits
analysis to just one aspect of morphospace occupation. While it is always possible
to consider the effect of increasing numbers of taxa in a morphospace indirectly,
for example, by rarefaction to a standardized number of taxa (Foote 1992), we can
do better in the unique situation where a morphospace has been populated using a
database of fossil occurrences. In this case, we can apply those subsampling metrics
(discussed above) developed for addressing sampling bias in studies of taxonomic
diversity to our morphospace, and calculate metrics of disparity under subsampling.

The results of applying SQS to the diatom morphospace and calculating our two
chosen disparity metrics are shown in the bottom half of Fig. 2.4. Mean pairwise
distance does not appear to be significantly impacted by the subsampling exercise,
lending further support to the notion that this metric is robust to sampling varia-
tions. For convex hull volume, in contrast, the increasing trend over the Cenozoic
seems to all but disappear, revealing a much more stationary pattern through time.
When sampling is taken into account, then, disparity metrics paint a picture of rela-
tive Cenozoic stasis in diatom morphological evolution that stands in agreement
with both the comparison between morphospace and phylogeny and the results of
subsampled taxonomic diversity.

2.4 Synthesis

The fossil record provides us with two windows onto the Cenozoic diversifica-
tion history of diatoms, through taxonomic diversity and morphological disparity.
When read at face value, the record suggests steep Cenozoic diversification from
both a view through diversity and through convex hull volume, a disparity measure
describing the total extent of occupied morphospace; mean pairwise distance, in
contrast, suggests a stationary pattern through Cenozoic time. When secular trends
in sampling intensity are taken into account using both well-established and new
subsampling methods, however, the records through both windows broadly suggest
stasis, a pattern also predicted from a comparison of morphospace and molecular
phylogeny. While disparity as measured by mean pairwise distance seems to be
robust to sampling, the other results—disparity as well as diversity—hinge upon
whether we believe that subsampling algorithms do a better job at uncovering true
diversity history than a literal reading of the fossil record, or whether they simply
trade sampling bias for another bias resulting from changing relative abundance
distributions.
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A similar pattern has been discovered in another group of open ocean microfos-
sils, the planktonic foraminifera: a literal reading of their deep-sea record also sug-
gests a steep and roughly monotonic rise in species richness through Cretaceous and
Cenozoic time, but, when sampling is accounted for by either subsampling or mod-
eling, a much more gradual rise is recovered, with peak diversity in the Cretaceous
(Lloyd et al. 2012a). And the fossil record of cocclithophorids also contrasts a literal
reading of the Cretaceous-Cenozoic record with results obtained when sampling is
taken into account (Lloyd et al. 2012b).

Without the compelling empirical suggestion of a Cenozoic rise in diatom di-
versity, it is worth considering whether an unfettered diversification would be ex-
pected a priori. The answer is not immediately obvious, but surely requires consid-
eration of the relationship between phytoplankton diversity and both physical and
chemical oceanography—as highlighted, for example, by global marine ecosystem
models that implicate the role of resource availability and dispersal in controlling
phytoplankton diversity (Follows et al. 2007). While these oceanographic factors
are undoubtedly linked to climate, how exactly changes in climate would be ex-
pected to affect diatom diversity is a question deserving of further attention. We
do note the correspondence between the high rates of diversity change around the
Eocene-Oligocene boundary and the major shift in the Earth’s climate system ob-
served around that time. The decline in diatom diversity, particularly pronounced in
the subsampled results, coincides broadly with a sharp drop in ocean temperature
(about 5°C cooling in the high latitudes, Liu et al. 2009), thought to be driven by
the establishment of circum-Antarctic circulation (Kennett 1982) and/or decreases
in atmospheric CO2 (Pagani et al. 2005).

If the pattern of relative Cenozoic stasis in diversity and disparity to which the
results presented here point is accurate, most of the marine planktonic diatoms’
diversification was a Mesozoic to earliest Cenozoic event, perhaps prompting a re-
examination of evolutionary narratives in which a Cenozoic rise in diatom diversity
features prominently. In many of these narratives, however, diatom diversity merely
stands as a proxy for diatom participation in the silica cycle, yet the number of taxa
is only one factor in their importance to silica cycling. It is also conceivable that
there were changes through time in diatom abundance or the rate of diatomaceous
sediment deposition. Such changes could, at least theoretically, be independent of
diversity; consider, for example, that in the Southern Ocean diatom ooze belt, per-
haps the most important area of diatomaceous silica deposition today, sediments are
dominated by just one species, Fragilariopsis kerguelensis, constituting up to 60 to
90% of total diatom abundance (Zielinski and Gersonde 1997). In addition to its
abundance, F. kerguelensis is rather heavily silicified, illustrating also the potential
role of changes in silicification to the diatoms’ biogeochemical impact. The origi-
nation of even a small number of such numerically dominant or robustly silicified
taxa could potentially expand the diatoms’ role in the silica cycle to an extent much
greater than the concomitant taxonomic diversification. Indeed, as described in the
discussion of subsampling methods above, frequency distributions in the Neptune
database indicate an increase in dominance through time compatible with such a
scenario.
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From the perspective of diatoms serving as starting points for biologically in-
spired design, one implication of an early exploration of morphospace might be
that fossil morphologies ought to be considered alongside those of extant diatoms.
Particularly if the maximum range of diatom form was achieved early in the Ceno-
zoic, fossils from that time period may provide a range of biological constructions
of engineering value not available in recent forms.

There are also important limitations of this study that must be considered. We
have only considered the taxonomic and morphological diversity of marine plank-
tonic diatoms here, although these only account for as estimated one-tenth the total
diversity of diatoms (Kooistra et al. 2007). While we are not aware of systematic
compilations of global diversity history of either benthic or freshwater diatoms, we
expect the trajectories may be different than in the marine plankton—freshwater
diatoms, for instance, being dominated by the pennate clade, whereas centric dia-
toms predominate in the marine planktonic realm (Round et al. 1990). Constructing
a morphospace capable of representing the full taxonomic and temporal sweep of a
clade as large and diverse as the marine planktonic diatoms also requires trade-offs
in the level of morphological detail that can be recorded. For example, changes in
the degree of silicification of diatom frustules are not well captured by the morpho-
logical characters in this study, since these are not necessarily visible in those char-
acters that can be coded cohesively at the genus level. If predictions from the fossil
record of radiolarians (Lazarus et al. 2009) and semi-quantitative observations of
the diatom fossil record (Finkel and Kotrc 2010) hold true, diatoms ought to show
a reduction in silicification over the Cenozoic Era, a pattern of interest to engineers
seeking structures that maximize strength with minimal use of constructional ma-
terial. Such trends may be best investigated by looking at morphological changes
within long-ranging genera (such as Stephanopyxis), where insight might be gained
to how nature does more with less. For figured examples of such morphologies, we
refer the reader to Gombos (1980), Olshtynskaya (1990 and 2002), Sims (1986,
1988 and 1990), and Round et al. (1990, particularly pp. 144, 166, 172, 182—189,
202, 216, 226229, 268-279, 316, 330, 416 and 564).
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Chapter 3
Biomineralization in Diatoms: The Organic
Templates

H. Ehrlich and A. Witkowski

3.1 Introduction

Naturally occurring silica-containing skeletons are nanoorganized composites
where organic components mostly of proteinaceous origin are functional parts of
broad variety of skeletal architectures (Wong Po Foo et al. 2006). Diverse protein-
aceous materials have been proposed to regulate biosilicification in vivo in organ-
isms including plants (Perry et al. 1984), diatoms (Kroger et al. 1999, 2002; Kroger
and Sumper 2004), other protists (Schultz et al. 2001), and sponges (Cha et al. 1999;
Weaver and Morse 2003; Miiller et al. 2005; Ehrlich et al. 2010). Siliceous plank-
tonic organisms, including diatoms, provide an abundant assemblage of unusual
skeletal structures. Diatoms are fascinating because of their biosilica cell walls
that are hierarchically organized structures from nano to micro scale. These bio-
constructs determine design and development of novel artificial approaches with
respect to lightweight structures (Hamm et al. 2003; Hamm and Smetacek 2005)
and advanced materials (Gordon and Parkinson 2005; Kroger and Sandhage 2010).

The diatom cell’s rigidity is provided by the skeleton—the silica frustule (Hecky
et al. 1973). Their shapes vary from circular/triangular to bipolar, and their sizes
from two up to a few hundred micrometers. Some even grow to an exceptional
5500 p5. They are broadly categorized into radial forms with nanostructured pore
patterns (centrics) or bilateral symmetries (pennates) (Round et al. 1990; Yang et al.
2011). The highly specialized nanostructure of a cell wall determines photonic
properties on nanoscale being involved in photosynthesis, staving off predators
due to their sturdy structure, and acting as a counterbalance to turgor pressure (see
for review Yang et al. 2011). Therefore, a better understanding of the principles of
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biomineralization in diatoms is a worthwhile challenge for the scientific community
(Ehrlich 2010; Patwardhan 2011; Sheppard et al. 2012).

According to the established point of view (see Tesson and Hildebrand 2010),
both organic compounds and organelles in the diatom’s cell are involved in the
formation of mineralized nanostructures of their frustules. For example, the Silica
Deposition Vesicles (SDV) are examples of specialized compartments where silica
structures are synthetized. After this process is completed, the entire formation un-
dergoes exocytosis and forms the new frustule. Soluble silicic acid is the form for
silicon transport into the cell, however, it is thought that solid silica structures are
as condensed inside the SDV.

There are numerous candidates among organic molecules as main players in dia-
tom biosilicification. But while the common biomineralization pathway is unclear,
it has been well established that biomineralization of tissue in living organisms is
determined and regulated by corresponding organic molecules that are able to nu-
cleate and to control the formation and growth of the mineral phase. This process is
usually termed as “templating”, and has become somewhat generic though, denot-
ing numerous proposed organic-inorganic interactions, including molecular as well
as structural affinities (Subburaman et al. 2006). The term of “template for mineral-
ization” seems appropriate with respect to the aminoacids, peptides, polypeptides,
proteins (structural or/and acidic), glyco- and proteoglycans, lipids and polysaccha-
rides (cellulose, chitin) as well as other biomolecules which possess the “templating
activity” on such stages of biomineralization process as transport, nucleation, as
well as growth and stabilization of corresponding biocomposite.

There are no doubts that especially molecular recognition between inorganic and
organic species is crucial for generating of such complex structures. It is suggested
that both individual interactions or combinations of interfacial or non-bonding in-
teractions including hydrogen bonding, electrostatic, stereo-chemical and hydro-
phobic effects are essential for mineralization process (Patwardhan et al. 2007).
Principally, templates provide both the preferential locations for nucleation sites
and control the orientation of corresponding mineral phase (De Yoreo and Vekilov
2003). Stephen Mann in his fundamental work (Mann 2001) proposed that a key
mediator of controlled biomineralization is represented by some kind of insoluble
macromolecular framework: “The matrix subdivides the mineralization spaces,
acts as a structural framework for mechanical support, and is interfacially active
in nucleation.” It is involved in subdivision of mineralization spaces, is interfacially
active during nucleation and functions as a mechanical support. Characterization
of organic substances which are associated with diatom silica has identified four
classes of biomolecules likely to be the key players in biosilicification on nanoscale,
however there are doubts whether these molecule classes can resemble some kind
of “structural framework for mechanical support” in diatoms. Specifically modified
(poly)peptides known as silaffins, acidic polypeptides called silacidins, as well as
unique long chain polyamines (LCPAs), (see for review Tesson and Hildebrand
2010) and recently discovered cingulins from diatom’s microrings (Scheffel et al.
2011) are definitively involved in biosilicification process on molecular level. Com-
binations of these biomolecules can be formed via electrostatic interactions. Due
to this process, broad variety of nanoscale structures can be observed after in vi-
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tro precipitation of silicic acid, however obtained products only partially resemble
structural morphologies of diatom silica (see for review Wieneke et al. 2011).

Mostly, they lack the degree of architectural complexity of mesoscale silica
structure observed in diatoms, which suggests that some alternative components of
cellular origin are involved. We think that the best candidate in this case is nano-
fibrillar B-chitin recently discovered within cell walls of well investigated diatom
Thalassiosira pseudonana Hasle & Heimdal (Brunner et al. 2009; Ehrlich 2010a),
the first diatom where the genome was successfully sequenced (Armbrust et al.
2004). From our point of view (Ehrlich 2010b), there are two possibilities for or-
ganic templates to be involved in the regulation of biomineralization. The first one
is a direct regulation, and the second acts via the various functionally active and
structurally diverse biomolecules which may become attached to the template.
Therefore, chitin as biological material with crystalline highly ordered structure
together with low-molecular weight biomolecules listed above may be responsible
for biosilicification in diatoms.

3.1.1 Organic Templates Within Cell Walls of Diatoms

Thorough analysis of literature on organic templates which have been linked to bio-
silicification in diatoms leads to the following metabolic routes: Serine and Threo-
nine, Hydroxiproline, Frustulins and Pleuralins, Silaffins, Long Chain Polyamine
and Silicidins, Cingulins, and the Chitin routes.

3.1.2 The Serine and Threonine Route

The biochemical advances that led to our modern understanding of organic tem-
plates in diatoms’ frustules began in the 1960s. The cell wall of diatoms was found
to be composed of siliceous frustules with elegant architecture, which are encased in
an organic coating (Reimann et al. 1965, 1966, for summary cf. Round et al. 1990).
Even fossilized frustules can possess well preserved organic coating (Lewin 1961;
Kamatani 1971). In a classic paper by Hecky et al. (1973), the sugar and amino acid
composition of frustules from six diatom species (Cyclotella cryptica, C. stelligera,
Melosira nummuloides, M. granulate, Navicula pelliculosa, Nitzschia brevirostris)
have been described. According to this work, cell-wall protein is, in contrast to
cellular protein, enriched in glycine, threonine and serine. At the same time it is
characterized by the lower content of sulfur-containing, acidic, and aromatic amino
acids. These authors reported both sufficient variability in frustular carbohydrates
and amino acids. In some estuarine species, glucose is replaced by fructose.

Since the isolation procedure which aims to isolate organic matrix from biosilica
structures plays a crucial role in experiments, we take the liberty to present a de-
tailed description of the process. Hecky et al. (1973) proposed the following meth-
od. Harvested diatoms were re-suspended in 40 ml of triple distilled water, and then
sonicated under selected conditions (settings and time). The effectiveness of sonica-
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tion was monitored using light microscopy until the cell walls appeared free of cell
contents. Selected sonicated subsamples were stained with phosphotungstic acid to
check possible contamination by cellular debris using transmission electron micros-
copy. With exception of Navicula pelliculosa, the treatment effectively cleared the
cell walls of cell contents in all diatoms studied. Differential centrifugation (1800
x g, 2 min) was used to collect frustules after sonication. The cell contents, which
were localized in the supernatant after the first centrifugation, were collected and
dried in vacuo over KOH pellets. This fraction was consequently analyzed to check
the purity of the cell-wall preparation additionally. The frustules were re-suspended
in triple distilled water, centrifuged again four times, and, finally, dried in vacuo
over KOH. The hydrolysis procedure has been used for both the cell-wall and cell-
contents fractions of selected diatoms. For example, 1.0-6.2 mg of frustules were
hydrolyzed in 1.8 N HCI, at 100°C for 4 h, under a nitrogen atmosphere, for de-
termination of sugars. Also, under nitrogen, 1.7-7.7 mg of frustular material was
hydrolyzed in 6 N HC1 for 22 h at 100 °C with the aim to determine amino acids.
Obtained hydrolyzates were dried and re-dissolved in triple distilled water several
times to eliminate the residual HC1. One ml of a pH 2.2 citrate buffer was added to
the amino acid residue, and analyzed using amino acid analyzer (Hecky et al. 1973).

Using these techniques, the authors made the following conclusions: The hy-
droxyl-containing side-chains of serine and threonine are, probably, involved in

}‘ Environment

% «Buffer» zone

Structural carbohydrate
} Other compounds, e.g. lipids
J metal ions, other proteins

} Template

Silica frustule

Si0 -nH O

Fig. 3.1 Hypothetical distribution of organic layers in the diatoms frustule. The outer layer is of
polysaccharide origin and consist of various sugars like glucose (G/); mannose (M); fucose (Fu);
xylose (X). Correspondingly, the outward directed hydroxyl groups of sugars are responsible for
formation of the hydrophilic buffer zone. Amino acids like serine (ser), glycine (Gly), threonine
(Thr), aspartic acid (4sp) are represented within the protein template. The hydrogen bonds are
marked with hatched lines. The three dimensionality of the silicic acid (and resulting silica) with
Si in fourfold coordination with oxygen atoms is represented in the form of fetrahedral geometry.
(Image courtesy of Alexej Rusakov, inspired by Hecky et al. 1973)



3 Biomineralization in Diatoms: The Organic Templates 43

Si-deposition. Such small amino acid as glycine may play a role of a spacer in the
protein molecule. The function envisaged for the template protein is presented sche-
matically in Fig. 3.1. It is proposed that the protein enriched in serine and threonine
is localized on the the inner surface of membrane within which silica deposition
occurs termed the silicalemma (Reimann et al. 1966). This protein is responsible
for the formation of a layer of hydroxyl groups which are involved in silica con-
densation reactions with a consequent loss of water molecules. After that, the mo-
lecular layer of condensed silicic acid will be chemically attached to the protein
template, in a geometric arrangement that will appropriate further polymerization of
silicic acid. In contrast to simple interaction between the silicic acid molecules via
random collisions, such a state is kinetically more favorable. Hypothetical support
for the proposed interaction between serine and silicic acid comes from relatively
high content of serine in relation to other amino acids with high resistance to ther-
mal degradation found in geological record of ancient chert deposits (Hecky et al.
1973). Probably, the stabilization of serine due to its incorporation within the silica
framework suggests the preferential serine-enrichment in the chert.

Thus, according to the model described by Hecky et al. (1973), the Si-depositing
mechanism in diatoms may be based on condensation of silicic acid, using serine
and threonine-rich protein template in epitaxial order. It was suggested that the solu-
bility of diatom frustules under various environmental conditions is dependent on
the nature of this template and the presence of polysaccharides in the frustule. The
diversity of saccharides appears to be related to environmental factors, and can be
useful in bio-systematic studies. Although from our point of view, the methods used
in this study are very harsh and only provide supporting rather than convincing evi-
dence for various speculations, the proposed model is very intriguing.

The Hydroxyproline Route

Contrary to Hecky et al. (1973), other researchers reported hydroxyproline related
aminoacids within cell walls of diatoms. For example, Nakajima and Volcani (1969)
reported 3,4-Dihydroxyproline, and Sadava and Volcani (1977) studied 4-hydroxy-
proline and 3,4-dihydroxy-L-proline in diatom frustules. These amino acids appear
to originate from peptidyl proline. Cell-free extracts have been used to show the
conversion of peptidyl proline to peptidyl hydroxyproline as well as the kinetic of
this reaction using '*C proline. Experimental data showed that dihydroxyproline
does not arise from the further hydroxylation of peptidyl hydroxyproline. For ex-
ample, a lag of several minutes between the incorporation of '*C proline into pro-
tein and the appearance of '*C hydroxyproline has been observed. However similar
lag for the appearance of dihydroxyproline has not been registered. Additionally, it
was shown that the formation of hydroxyproline was blocked by a,a-dipyridyl, but
not the formation of the dihydroxypyroline from peptidyl proline. Being morpho-
logically identical, frustules synthesized in the presence of dipyridyl showed minor
difference in their chemical composition from frustules formed in its absence. The
metabolism of '*C dehydroproline occurs rapidly in the cells, with '*C dihydroxy-
proline a main product. Increased synthesis of '*C dihydroxyproline at the end of
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cell separation have been reported in studies on conversion of '*C proline to '“C
hydroxyproline at various stages of frustule formation (Sadava and Volcani 1977).
Consequently, it was suggested that synthesis of dihydroxyproline plays a role in
different developmental stages of the diatom cell wall formation.

Using slow-alkali etching of Hyalonema sieboldi glass sponge biosilica, we ex-
tracted the organic matrix, which was shown to be mostly represented by a hydrox-
ylated fibrillar collagen with an unusual [Gly-3Hyp—4Hyp] motif (Ehrlich et al.
2010).This firstly discovered collagen motif determined in the studied deep-sea
glass sponge is in a good agreement with the model of Schumacher et al. (2006),
where 3(S)-hydroxyproline residues in the Xaa position of the collagen triple helix
are described. This model offers a plausible molecular mechanism for the interac-
tion between Gly—-3Hyp—4Hyp polypeptides of isolated poriferan collagen template
and polysilicic acid. The interaction between hydroxylgroups and orthosilicic acid
is likely to be a hydrogen bond (Tilburey et al. (2007). The model proposed by us
shows the possibility of existence of stable biocomposite based on hydrogen bond-
ing between surfacely located hydroxyls of 3-Hyp and 4-Hyp and hydroxyl groups
of polysilicic acid. Thus, the condensation reactions of silicic acid molecules with a
consequent loss of water can be carry out on the surface layer with hydroxyl groups
of the collagenous origin. Finally, similar to the model of Hecky et al. (1973), this
initial layer of condensed silicic acid will be chemically bound into the hydroxyl-
ated collagenous template that will favor continuing polymerization of silicic acid
according to specific geometric arrangement.

We hypothesized that this type of collagen that emerged at an early stage of
metazoan evolution is a novel template for biosilicification in nature. The occur-
rence of additional trans-3-Hyp seems to play a key role in initiating of silica pre-
cipitation as well as in stabilizing of silicic acid molecules. The post-translational
hydroxylation of proline and lysine residues in ancient collagens may have been
linked to an increase of atmospheric oxygen during the Proterozoic (Exposito et al.
2002). The occurrence of skeletal silica- and hydroxylated collagen-containing bio-
composites of the first multicellular organisms might be a co-evolutionary event.

The Frustulins and Pleuralins Route

In the 1990s, much attention was given to different kinds of calcium binding glyco-
proteins (Kroger et al. (1994), proteins with high weight molecular weight (Kroger
et al. 1997), and proteins known as frustulins (Krdger et al. 1996) and pleuralin
(Kroger and Sumper 1998). As reviewed by Kroger and Paulsen (2008), frustulins
are proposed to be general diatom cell wall proteins that have been isolated and
identified in both centric and pennate diatoms. The characteristic feature of frustu-
lins is the presence of cysteine-rich domains (ACR) that contain ~50 amino acids
including 10 highly conserved cysteine residues as well as multiple acidic domains.
Short stretches of polyglycine side by side with proline rich regions (about 30 %
proline residues) are involved in spacing of the ACR domains, which can be also
directly adjacent to each other. There are some specific differences in chemistry
of the C-terminus of the e-frustulin in different species. For example, that from N.
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pelliculosa contains a tryptophan-rich domain (about 7% W), however there is lack
on this domain in frustulinsfrom C. fusiformis and T. pseudonana (Kroger et al.
(1996). Ethylenediamine tetraacetate (EDTA) was effectively used for extraction of
frustulins from the cell walls. This feature confirms a specific affinity of these pro-
teins for Ca®*ions. It is suggested that the Ca>*-binding sites are localized within the
ACR domains. Some kind of frustulins-based continuous protein coat that covers
all parts of the frustule have been reported in C. fusiformis (de Poll et al. 1999. Both
biochemical and immunocytochemical studies on the expression and localization of
frustulins has been performed by de Poll et al. (1999) for C. fusiformis, N. pellicu-
losa, and N. salinarum in detail. The obtained results concluded that the frustulins
were not apparently involved in the silicification process because they were not
localized in the silicalemma of the newly formed SDVs. Consequently, the data
reported by de Poll et al. (1999) imply a structural role of the frustulins in the casing
of these algae rather than their regulatory function in biosilicification.

According to immunochemical investigations, the pleural (girdle) bands of the
diatoms epitheca are the location places of pleuralins. For example, C. fusiformis
contain 3-5 girdle bands in the overlap region. It is suggested that, in contrast to
frustulins, pleuralins are more tightly bound to the frustules because they can be
isolated only after treatment with anhydrous hydrofluoric acid. Interestingly, am-
monium fluoride treatment at mildly acidic conditions, under which diatom silica
dissolves completely, does not solubilize pleuralins. Probably, pleuralins are cova-
lently cross-linked to an as yet unidentified frustular organic component, for ex-
ample, a chitin that is resistant to HF-treatment. Four amino acids (proline, 22 %;
serine, 11 %; cysteine, and 11 %; aspartate, 9 %) are the main structural compounds
of the so called PSCD domain. This domain is characteristic for pleuralins, where
the C-terminal parts are not related to the sequences which are typical for PSCD
(Kroger et al. 1997).

The Silaffins, Long Chain Polyamine and Silicidins Route

The procedure that is based on treatment of diatoms frustules with acidified (pH
4-5) ammonium fluoride solution (10 M NH,F,) lead to dissolution of siliceous
layers and to extraction of are a family of phosphoproteins termed silaffins, or pro-
teins with silica affinity (see for review Krdger et al. 1999, 2000, 2002; Kroger and
Paulsen 2008). Because of this method, pleuralins, which can be extracted only us-
ing anhydrous HF, distinguishes from silaffins, which appear to be entrapped inside
the silica. Even harsh solubilization methods based on mix of 2% SDS at 95°C, 8M
urea, or 6M guanidinium-HCI at room temperature were no effective with respect
to isolation of silaffins. Like the silaffins (Fig. 3.2a), long-chain polyamines usually
abbreviated as LCPA, become isolated only upon dissolution of the silica that sug-
gest their localization within the mineral phase. Identification of LCPA shows that
all of known substances have either a putrescine, propylenediamine, or spermidine
basis molecule with associated linear oligo-propyleneimine chains (Fig. 3.2b).
LCPA molecules are chemically very similar to the oligopropyleneimine modi-
fied lysine residues identified in silaffins. Sumper and Brunner (2006) reported that
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Fig. 3.2 Schematic representation of the common chemical formula of silaffins (a) and long-chain
polyamines (b)

each diatom species may contain a characteristic mixture of LCPA molecules, which
differ in the degree of N-methylation as well as in chain length. Usually, frustular
silica from most diatom species studied to date contains practically equivalent con-
tent of silaffins and LCPA. However, such species as Coscinodiscus asteromphalus,
C. wailesii and C. granii, appear to contain only LCPA (Sumper 2002). Because of
evidently confirmed localization of both silaffins and LCPA within the silica, these
biomolecules are suggested to be involved in diatom biosilicification. Moreover,
detection of long-chain polyamines in siliceous skeletal structures of marine sponge
Axinyssa aculeata (Matsunaga et al. 2007), suggest the possible role of them also in
silica formation in multicellular organisms.

Wenzl et al. (2008) described the silicidins, a new class of aspartate/glutamate-
rich and serine phosphate rich peptides within siliceous structures of 7. pseudonana.
Intriguingly, the discovery of silicidins was determined by a new demineralization
procedure. These authors observed the following phenomenon. If silaffin-1/2 L is
inserted after purification by size exclusion chromatography into 2M sodium chlo-
ride solution and again placed to size exclusion chromatography under high-salt
conditions, a previously undetected component with low-molecular-weight can be
separated readily from this silaffin. Three forms of silicidins have been isolated and
separated from this material after treatment with anhydrous HF and purification by
reversed-phase chromatography. The efficiency of these interesting peptides espe-
cially for phosphate anions to induce comparable amounts of silica precipitation is
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remarkable. The concentration of silicidins must be at least two to three orders of
magnitude higher, because the size of the silica nanospheres produced increase with
the concentration of the silacidins when phosphate anions are present. According to
modern hypothesis, silacidins can serve as the polyanion required in living diatoms
for biosilicification regulated by polyamines (and/or silaffins) (Wenzl et al. 2008).

The Cingulins Route

According to recent work by Nils Kroger and co-workers, the silaffins are originally
derived from some serine and lysine rich polypeptides, which are precursors with
noncomplex amino acid compositions containing N-terminal signal chains for co-
translational import into the endoplasmic reticulum. Their post-translational modi-
fications consequently include the phosphorylation of numerous serine residues
and alkylation of lysine residues. Nowadays, the amino acid composition-based
bioinformatics approach enabled the identification of 86 silaffin-like proteins in the
genome of the diatom 7. pseudonana (Scheftel et al. 2010). However, the applica-
tion of sequence homology-based tools for the identification of related proteins in
diatom genome databases is not possible because silaffins from different diatom
species do not show significant sequence homology.

Recently, the association of six silaffin-like proteins have been demonstrated in
the girdle band region of the frustule which consists of multiple overlapping but
independent siliceous microrings. These nanostructures constitute about half of the
frustules in most diatom species. The term “cingulins” have been proposed for the
six girdle band-associated silaffin-like proteins because of the name of the girdle
band region known as “cingulum”. Microrings with deeply integrated cingulins rep-
resent a nanostructured water insoluble organic matrix that is involved in biosilici-
fication. The importance of the cingulins and the microrings in silica formation as
common phenomenon in different species in diatoms is still under investigation.

Kroger and his team proposed the following demineralization approach to iso-
late the microrings and cingulins (Scheffel et al. 2010). Ammonium fluoride under
acidic conditions was used for solubilization of the cingulins after dissolution of
the mineral phase. This method was used previously for solubilization of LCPA,
silaffins, and silacidins, but failed to solubilize the cingulins as was demonstrated
below. Thus, strong GFP fluorescence was detected in the ammonium fluoride in-
soluble material (AFIM) from cingulin-GFP expressing transformants in contrast to
the weak GPF fluorescence in the AFIM isolated from the tpSil3-GFP expressing
transformants. In all cases the cingulin-GFP fusion proteins are visible as fluores-
cent rings. Between 64 and 100 % of the GFP fluorescence localized in the isolated
biosilica from cingulin-GFP expressing diatoms strains was retained in the AFIM as
have been quantified using fluorophotometry. It is not excluded that the insolubil-
ity of cingulins in 7. pseudonana is a result of their association with or integration
within the recently discovered chitin-based scaffold (Brunner et al. 2009).

The special test with chitin-indicating stain Calcofluor White showed that the
AFIM from the cingulin-GFP expressing transformants contained chitin. The GFP
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fluorescence was retained after specific treatment of the AFIM with chitinase. This
enzymatic treatment, however, showed no effect on ring-shaped structures of the
cingulin-containing insoluble material. Consequently, this data confirmed that cin-
gulins of 7. pseudonana are localized within an insoluble, but chitin-independent,
ring-shaped matrix that is associated with the siliceous girdle band. The functional
role of the insoluble cingulin-containing matrices in microrings probably consist
in its tempating activity with respect to very special and oriented deposition of
nonporous silica along “preferred sites” that possess silica-forming activity. The
spaces in between these preferred sites may be responsible for the self-assembly of
supramolecular aggregates of soluble biomolecules listed above that are suggested
to template unique porous silica patterns.

3.1.3 Chitin in Diatoms

Depending on its source, chitin—the poly (B-(1-4)-N-acetyl-D-glucosamine- oc-
curs in o,  and y forms (Rudal and Kenchington 1973; Blackwell 1973), which
can be accurate differentiated using X-ray diffraction, infrared and solid-state NMR
spectroscopy (Rinaudo 2006). The most abundant form is the a-chitin that plays
the crucial role as structural component in skeletal formations of numerous fungi,
yeast, invertebrates like insects, crustaceans, aranoids, worms and sponges (see for
review Ehrlich 2010a, b). Diverse protozoa (Herth et al. 1977; Herth 1980; Herth
et al. 1986), polychaete (Lotmar and Picken 1950), pogonophoran and vestimetif-
eran worms (Blackwell et al. 1965; Gail et al. 1992), and squid pens (Rudall 1969;
Rudall and Kenchington 1973) contain skeletal structures made of B-chitin that is
the more rare form of this aminopolysaccharide.

Hierarchical organisation is one of the principal characteristic of broad variety
of chitin-containing biological materials. Although the diversity of the occurrence
of different chitin aggregation states within one organism, it include following hi-
erarchical levels:

a. Molecular level with chitin chain oriented along the c-axis where hydrogen ions
are laterally spaced by 0.475 nm with a monomer length of 1.032 nm.

b. Nanofibrillar level when nanofibrils of about 2-3 nm in diameter, each with19
chains of about 300 nm length. The lateral dimensions on this level are spe-
cies dependent and can range from 2.5-25 nm (Goodrich and Winter 2007). The
nanofibril must possess amounts of chains close to a minimum for stability but
with an optimum surface area for interfacial interactions within chitinous struc-
tures (Vincent 2002).

c. Microfibrillar level when chitin microfibrils are formed and well visible under
electron microscopes, for example in the form of shallow helices within the
walls of stipe cells in some fungi (Kamada et al. 1991).

d. Fibre-level when microfibrills are bound in the structures with more than 1 um
in diameter (Al-Sawalmih 2007).
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After pioneering work on chitin identification in diatom 7. fluviatilis by McLachlan
et al. (1965), a particularly pure form of B-chitin was identified in the spines pro-
duced by different diatom species (Herth and Barthlott 1979; Herth et al. 1986;
Dweltz et al. 1968; Revol and Chanzy 1986). Also, the centric planktonic diatom
Cyclotella synthesizes long fibrillar chitinous appendages (Blackwell et al. 1967),
that slow down the sinking velocity of the cells (Walsby and Xypolyta 1977).

It was reported (Gooday et al. 1985) that the formation of B-chitin spines by the
diatoms as well as their growth rates can be inhibited by the nucleoside antibiotic
nikkomycin even at a minimum inhibitory concentration of 4 uM. In contrast to
control cells, the chitin-free cells, which had been treated with nantibiotics, sedi-
mented much more rapidly (Gooday et al. 1985).These chitinous spines are ex-
tremely stiff and crystalline and occur as up to 50 nm wide ribbons composed of
parallel oriented nanofibrils which diameters between 5 and 30 nm. It was observed
that diatom chitin forms broader ribbons and is more crystalline than those of fun-
gal, or arthropodal origin (Herth and Zugenmaier 1977). The biological role of the
chitinous spines in diatoms was also proposed. Thus, Gifford et al. (1981) suggested
that the spines of marine diatom 7. weissflogii can function as a protective mecha-
nism that makes the diatom effectively larger and thus unavailable for consumption
by small herbivores such as copepods.

The origin of chitin in diatoms has also been investigated. For example, the sil-
ica valve formations related to B-chitin fibril synthesis were studied in the centric
diatoms Cyclotella cryptica, C. nana, C. meneghiniana, and Thalassiosira fluviati-
lis(=T. weissflogii (Grunow) G. Fryxell & Hasle) by use of transmission and scan-
ning electron microscopy (Herth and Barthlott 1979a). For T fluviatilis, the valves
are described by a marginal ring of up to 86 processes and a central, less regular set
of processes. Different supporting structures as well as a system of chambers sur-
round the processes, which appear pore-like and may play an important role in fibril
formation. It is thought that these processes give birth to the B-chitin fibrils. These
fibrils, being attached in the pores, can be easily detached from the diatoms cells by
aerating the cultures. Nascent -chitin fibrils synthetized from diatom Thalassiosira
sp. have been analysed by microdiffraction method. It was observed that that the
c-axis of the crystal was oriented toward the diatoms (Sugiyama et al. 1999). Also
the situation with respect to processes and chitin fibrils, the architecture of the pore
apparatus and the valves in the investigated Cyclotella species, was similar. It is not
excluded that the processes of the investigated centric diatoms are crucial struc-
tures which are responsible for the formation of B-chitin fibrils. According to Herth
(1978), the unique membrane-associated chitin-fibril-synthesizing apparatus is the
key player in formation of chitinous structures in the centric diatom Cyclotella.
Electron microscopy methods have shown that in all species that synthesize chitin,
the conical invaginations of the plasma membrane bear a special coat on their cyto-
plasmic face. This face shows also a specific hexagonal arrangement (Herth 1979).

Since 1997, the large scale production of B-chitin fibres (poly-GlcNAc) from
diatoms for biomedical aims have been patented and established (see for details
Vournakis et al. 1977a, b). However, up to publication by Brunner et al. (2009), the
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Fig. 3.3 Alkali treatment
of T. rotula cells resulted

in partial dissolution of the
siliceous cell walls. The
nano fibrillar network that is
resistant to dissolution in 2.5
M NaOH at 37 °C became
visible

Th_Rotula_Demin, 07.03.08, 1kV, Smm, 50000x, — 400 nm —

Fig. 3.4 SEM image of the
Pinnularia quadratareal (A.
Schmidt) Cleve var./minor/
(Dstrup) Heiden from the
Japan Sea bottom sediments.
Arrows shows the nano fibril-
lar structures within disrupted
cell wall

_Zire, 27.05.08, 1kV, 5mm, 50000x, — 400 nm —

possible role of chitin as scaffolding as well as templating material in siliceous cell
walls of diatoms was not investigated. The motivation to search for chitin within
these structures in diatoms is based on observation made by Hermann Ehrlich and
Vasiliy Bazhenov in March and May 2008 on partially demineralized 7. rotula and
dead marine diatom Pinnularia quadratarea, respectively. The original SEM imag-
es (never published previously) are presented here (Figs. 3.3, 3.4). The nano fibrils
within partially disrupted cell wall of this species are well visible.

Chitin is very stable in alkali solutions even several months after insertion in
contrast to amorphous silica and proteins with exception of collagen and elastin (see
for details Hattori et al. 1999; Ehrlich 2010a, b; Ehrlich et al. 2010b). Therefore we
have established an effective method for the desilicification of diatoms based on
alkali treatment procedure. In experiments with glass sponges, alkali treatment at
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Fig. 3.5 TEM image of the
completely demineralized

T. pseudonana shows the
presence of a nano fibril-

lar network. Both, internal
nano fibrills originally
localized within cell walls,
as well external nano fibrils
described in numerous papers
previously, have been identi-
fied as B-chitin

37°C is a more gentle demineralization procedure with respect to obtaining native
organic matrices in contrast to rapid HF-based desilicification methods which can
lead to artefacts (Ehrlich et al. 2010b). SEM studies (see images below) show strong
evidence that alkali etching of cultivated and liophylized cells of 7. rotula revealed
organic templates of fibrillar nature.

We used T. pseudonana to carry out experiments on chitin identification within
cell walls of diatoms. Intriguingly, Durkin et al. (2009) identified and described
genes that encoded putative chitin synthases in a number of diatom genera, which
indicates that the chitin-synthesizing ability is more distributed and probably plays
a more significant role in algal biology than previously thought. Four phylogenetic
clades have been reported for diatom chitin synthases. For example, three types of
chitin synthases are encoding by six genes in 7. pseudonana. Some environmental
factors like short-term limitation by silicic acid or iron, or, even, short-term silicic
acid starvation can increase the transcript abundance of the gene encoding one of
these chitin synthase types. Furthermore, after long-term silicic acid starvation,
transcript abundance of chitin synthase gene increased with a chitin-binding lectin
localized to the girdle band region of the frustule. It can be assumed that chitin syn-
thesis in diatoms is associated with their cell walls (Durkin et al. 2009).

Our results (Brunner et al. 2009) confirmed suggestions made by Virginia Arm-
brust and co-workers. This evidence showed that the siliceous frustules of the dia-
tom 7. pseudonana exhibit filigree nano structured internal chitin-containing net-
works (Fig. 3.5). The 3C solid state NMR analysis suggested that this internal chitin
contains a high amount of other bio-molecules, and seems to be amorphous. More-
over, SEM and TEM images showed that the nano- and microarchitecture of sili-
ceous frustule of this diatom is strongly determined by structural features of chitin.

Further experiments on desilicification of 7. rotula (Fig. 3.6) that use the al-
kali treatment revealed similar results to that of 7. pseudonana. The SEM images
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Fig. 3.6 The naturally occur-
ring cell of 7. rotula. (Image
courtesy D. Krawczyk)

b 4 pm —] (]

Fig. 3.7 SEM image: the cell of 7. rotula prior (left) after 48 h of demineralization using 2.5 M
NaOH at 37°C. The presence of both, chitinous threads (arrows) and nano fibrils from dissolved
cell wall are well visible

presented below (Figs. 3.7, 3.8 and 3.9) show that a nano structured chitinous net-
work also is the base organic matrix for this diatom. The role of chitin in biosilicifi-
cation in diatoms is still an open question. It was reported (Spinde et al. 2011) that
poly-GlcNAc of diatomaceous origin can be biomimetically effectively silicified
using such precursor as orthosilicic acid at pH 5.5. The silica-poly-GlcNAc nano
composites obtained in this way show a homogeneous poly-GlcNAc dispersion.
Evidence with regard to the preferential role of the OH group located at carbon
position C-6 in the interaction between poly-GlcNAc and silica, that occur via hy-
drogen bonding, was obtained using solid-state '3C NMR spectroscopy. In contrast
to the situation observed for positively charged polymers, this weak interaction does
not result in an acceleration of the silica poly-condensation process.
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Fig. 3.8 SEM image: the nano fibrillar network of chitinous origin is well visible within cell walls
of T. rotula prior (left) and after (right) alkali-based demineralization

— 200 nm — = 200 nm —

Fig. 3.9 SEM image: residual nanoparticles of silica (arrows) are tightly attached to the surface
of chitinous nano fibers visible after gentle demineralization of 7. rotula cells in alkaline solution
at37°C

3.1.4 Discussion

Organic matter definitively plays a crucial role as principal structural material in
diatoms’ cell walls. The history of its investigation is long. Thus, as reported by
Mangin (1908), the first mention of the structural association of organic membrane
with the siliceous valves of diatoms was made by Bailey in 1851. The staining
test prepared by Mangin showed absence of cellulose within frustules of diatoms.
However, staining of selected diatoms specimens with methylene blue, naphthyl
blue, ruthenium red, neutral red, safranin and alum haematoxylin showed positive
results with respect to pectin. Also, after dissolution of siliceous cell walls with
HF, some kind of “pectic” membranes and external envelopes, gelatinous pads and
tubes remained.

Similar results were reported later also by Liebisch (1929). However, according
to the modern points of view analyzed above, there is no “pectine route” confirmed
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experimentally for diatom cell walls’ silicification. Furthermore, Joyce Lewin re-
ported in 1955 that cells of Navicula pelliculosa synthetized a gelatinous capsule
after cell division. This phenomenon has been observed if phosphorus, nitrogen, or
silica were eliminated from the culture medium. Capsular material was extracted
using procedure, which is based on its solubility in 20 % sodium hydroxide. Finally,
some kind of glucuronic acid—based biopolymer has been identified (Lewin 1955).

From the chronological point of view, the study of organic templates which are
likely to be involved in biosilicification in diatoms, is a history of demineralization
techniques. In contrast to naturally occurring dissolution of diatom cell walls in
natural habitats (see for review Ehrlich et al. 2010b), all experiments in vitro were
based on chemical reagents including HF- or alkali-based techniques. It can be sug-
gested that the use of some novel reagents will result in the discovery of novel pep-
tides or proteins. Probably, the best way to obtain true understanding about the bio-
silicification phenomenon in diatoms can be based on future joint projects, which
will include experts in genomics, proteomics and molecular biology of these algae
together with chemists and material scientists.

Another important aspect of the findings shown in this overview is that all the
organic components presented here will certainly have an effect on the material
properties of diatom silica. Since evolutionary processes, such as selection pressure
caused by mechanical attacks of predators, are active on the finished frustule, it fol-
lows that nature, amount and orientation of the organic material within the frustule
must be designed to optimize material properties. Therefore, it can be assumed that
the formation process must be efficiently controlled by diverse organic components
which are, at the same time, responsible for superior material properties.

Although the material properties of diatom silica are largely unknown, since only
indirect data is available, first results suggest that the material properties (ultimate
strength) are much better than those of hydrated silica (opal), which occupies more
than 90 % of the volume (Round et al. 1990; Hamm et al. 2003). A similar effect
has been described for nacre of abalone, where the strength is increased by a factor
of 3000 compared to the most important component (aragonite). An understanding
of the diatom frustule as a complete mechanical system would require detailed re-
search on its nanostructure, chemical composition, and overall geometry. Compared
to nacre, the spatial resolution of the analyses will have to be much higher, but re-
cent developments of analytical methods, such as TOF-SIMS and Nano-SIMS, will
enable us to analyze quality, quantity, and location of structural components of the
diatom frustule in detail. Finally, the integration of an efficient formation process
with superior material properties and geometry is an achievement which is highly
attractive for a transfer into technological application. If successful, such a transfer
could even improve the currently evolving techniques of rapid manufacturing.
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Chapter 4

Mandibular Gnathobases of Marine Planktonic
Copepods—Structural and Mechanical
Challenges for Diatom Frustules

Jan Michels and Stanislav N. Gorb

4.1 Significance of Copepods in Marine Pelagic
Food Webs

Crustaceans of the subclass Copepoda (Fig. 4.1) inhabit an impressively large vari-
ety of aquatic habitats (e.g. Huys and Boxshall 1991). In all regions of the earth they
can be found in almost any body of water including habitats with extreme conditions
such as the deep sea, active hot hydrothermal vents and very cold sea ice. Copepods
are expected to contribute the largest amount of individuals to the metazoans, even
larger than those contributed by insects and nematodes (Hardy 1970; Humes 1994).
In the marine pelagial the abundance of copepods is particularly pronounced. As
a result of this, in all ocean areas worldwide copepods represent the most numer-
ous zooplankton group contributing 55-95% of the total zooplankton individuals
(Longhurst 1985). The diet of many copepod species contains large proportions of
phytoplankton, and copepods are an important food source for various fish species
and a large number of other organisms feeding on zooplankton. Accordingly, due to
their dominance within the zooplankton, copepods are the main primary consum-
ers and significant links between the primary producers and organisms of higher
trophic levels. As such, they represent important food web components and very
probably key organisms for processes such as carbon cycling and nutrient regenera-
tion in the marine pelagial (e.g. Verity and Smetacek 1996; Turner 2004). In many
ocean areas, diatoms account for a large proportion of the phytoplankton (e.g. Verity
and Smetacek 1996; Smetacek 1999; Armbrust 2009 and citations therein). For this
reason they often are an important food source for copepods, and the knowledge
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Fig. 4.1 Exemplary copepod species. a Female of Calanoides acutus, one of the dominant cala-
noid copepod species within the zooplankton of the Southern Ocean (dorsal view). b Female of
the harpacticoid copepod genus Mesocletodes, collected from deep-sea sediment in the Southern
Ocean (lateral view). ¢ Female of Ceratonotus steiningeri, a harpacticoid deep-sea copepod spe-
cies, collected from sediment in the Angola Basin at a water depth of 5389 m (dorsal view). d
Female of the planktonic calanoid copepod species Temora longicornis, collected in the North Sea
(ventral view). Scale bars=1 mm (a), 100 um (b, ¢), 200 um (d). a Photograph (courtesy of Ingo
Arndt). b—d Confocal laser scanning micrographs (maximum intensity projections). b—d Adapted
from Michels and Biintzow (2010), Michels (2013) and Michels and Gorb (2012) with permission

of feeding interactions between these two groups of organisms is essential for the
understanding of processes related to the food web and energy and particle fluxes
in the marine pelagial.

4.2 Mandibular Gnathobases—Specific Feeding Tools with
Morphologies Adapted to the Diets of the Copepods

Copepods usually possess five pairs of mouthparts (Fig. 4.2a), which are used to
detect, collect and take up food organisms and particles (Koehl and Strickler 1981;
Paffenhofer et al. 1982; Strickler 1982; Price et al. 1983; Bundy and Vanderploeg
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Fig. 4.2 Mouthparts and different types of mandibular gnathobases of calanoid copepods. a Sec-
tion of the micrograph shown in Fig. 4.1d, indicating the location of the five pairs of mouthparts
of Temora longicornis: A2 second antenna, Md mandible, Gn mandibular gnathobase, Mx1 first
maxilla, Mx2 second maxilla, Mxp maxilliped. (Only one mouthpart of each pair is marked.)
b Confocal laser scanning micrograph (maximum intensity projection) showing the left gnatho-
base of a male Heterorhabdus sp. from the Southern Ocean (cranial view). e—f Scanning electron
micrographs showing the left gnathobases from females of different Antarctic copepod species
(all cranial view). ¢ Rhincalanus gigas. d Calanoides acutus. e Calanus propinquus. f Metridia
gerlachei. Scale bars=50 pm (b), 25 um (c—e), 20 pm (f). b Adapted from Michels (2007) with
permission

2002; Malkiel et al. 2003; Koehl 2004). The mouthparts create water streams, so-
called feeding currents, at the ventral side of the copepods’ bodies and scan these
currents for food organisms and particles by means of mechanoreceptors and che-
moreceptors. After detection, the organisms and particles are evaluated with the aid
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of these receptors, and the favoured ones are moved to the stoma of the copepods by
additional movements of the mouthparts. Subsequently, the food items are grabbed
and, if necessary, crushed and minced by the mandibular gnathobases, the basal
parts of the mandibles, before being ingested. While, in general, the morphology of
the mouthparts differs between species with different diets (e.g. Anraku and Omori
1963; Arashkevich 1969; Schnack 1989; Ohtsuka and Onbé 1991), the differenc-
es in the morphology of the mandibular gnathobases are particularly pronounced
and clearly related to the diet of the respective copepod species (e.g. Anraku and
Omori 1963; Arashkevich 1969; Itoh 1970; Schnack 1989; Michels and Schnack-
Schiel 2005). The different gnathobase morphologies can be classified in three main
groups: (1) gnathobases of copepods that are carnivorous and feed mainly on other
zooplankton organisms have relatively long and sharp tooth-like structures (called
‘teeth’ in the following), and the number of teeth is smaller than those of the gna-
thobases of the other two groups (Fig. 4.2b); (2) copepod species that mainly feed
on phytoplankton possess robust gnathobases with compact and relatively short
teeth at their distal ends (Fig. 4.2c—e); (3) omnivorous copepods have gnathobases
with a morphology representing an ecotonal form between the morphologies of
the other two groups (Fig. 4.2f). The gnathobases of the first group are often rather
specialised. Prominent examples for such a specialisation are the gnathobases of the
calanoid copepod genus Heterorhabdus. They possess only a small number of teeth,
and their ventral tooth exhibits a complex morphology that is comparable to the ar-
chitecture of hypodermic needles and is strongly adapted to catching, anaesthetising
and killing prey organisms (Nishida and Ohtsuka 1996). This tooth is hollow and
features two openings, one at its base and another one at its tip. The lumen of such
a tooth is filled with venom or anaesthetic secreted from glandular cells through
specific labral pores, which are located close to the opening of the tooth base when
the gnathobase is in its ‘inoperative position’ at the labrum. The ventral tooth of the
left gnathobase is exceptionally long (Fig. 4.2b), and it is easily conceivable that
this tooth can be efficiently used by the carnivorous copepods to spear prey and
inject the venom or anaesthetic into its body. In general, the gnathobases of the first
group are suitable to pierce and tear apart the prey with their long, pointed and sharp
teeth and the reduced number of teeth. By contrast, due to their short, compact and
relatively numerous teeth, the gnathobases of the second group seem to be very ca-
pable of crushing stable food items such as diatoms. The teeth of these gnathobases
have usually been called ‘grinding teeth’ (e.g. Anraku and Omori 1963). However,
a grinding function of these teeth to crush for example stable diatom frustules is not
very conceivable. Many of the respective gnathobase teeth possess small cusps that
would clearly decrease the efficiency of such a mechanism. It is much more likely
that the copepods crush food items such as diatom frustules by exerting pressure
with their gnathobase teeth and thereby concentrating the force on a clearly smaller
area by means of the small teeth cusps. Especially in the case of the hollow diatom
frustules the application of such a punctual pressure seems to be advantageous over
a grinding mechanism and likely leads to a more effective disruption of the frustule
structures.
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4.3 Mandibular Gnathobases with Siliceous Teeth

In many calanoid copepod species, some of the gnathobase teeth obviously consist
of another material than the rest of the gnathobases. This different appearance can
ecasily be shown in an ordinary way by bright-field microscopy, and it becomes
clearly evident when the gnathobases are visualized with scanning electron micros-
copy (e.g. Figs. 4.2c—¢, 4.3a, 4.3c—¢, 4.5a, 4.6a). Already several decades ago the
application of simple preparation methods and microscopy techniques resulted in
the assumption that such teeth are composed of silica (Beklemishev 1954). How-
ever, it was not until many years later that the presence of gnathobase tooth struc-
tures with similar material properties was mentioned and described for additional

Fig. 4.3 Mandibular gnathobases of female Centropages hamatus. a, c—e Scanning electron
micrographs (all cranial view). a Overview of the distal part of a gnathobase. ¢ Overview of the
ventral part of the distal gnathobase structures. d Detailed view of the ventral tooth shown in c.
e Detailed view of the ventral tooth shown in a. b p-PIXE mapping showing the distribution and
concentration of silicon in the distal part of a gnathobase. The orientation of the gnathobase is
similar to that of the gnathobase shown in a. The results of the elemental analysis indicate that
the ventral tooth (V) and the first central tooth (C1) contain silica. Arrows indicate areas with a
large number of scratches. Scale bars=20 pm (a), 10 pm (¢), 5 um (d, e). Figure reproduced from
Michels et al. (2012) with permission
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copepod species (Sullivan et al. 1975; Vyshkvartseva 1975; Miller et al. 1980), and
not earlier than several additional years later the application of microprobe and
electron diffraction analyses confirmed the presence of silica in such teeth (Miller
et al. 1990). The analyses indicated that the silica is present in the teeth in the
form of opal, a hydrated amorphous type of silica. For this reason, the term ‘opal
teeth’ was established. The application of both differential interference contrast mi-
croscopy and transmission electron microscopy revealed the morphogenesis of the
siliceous teeth (Miller et al. 1990). They develop early in the pre-moult phase of
the moult cycle. After the formation of fibrous tooth moulds, these moulds are con-
nected via ducts to glandular tissue located in the proximal part of the gnathobase.
It is assumed that unpolymerised silicic acid is released by this gland tissue and
transported inside the ducts to the moulds where the silicification takes place. The
final siliceous crown-like or cap-like structures are located on a socket consisting of
chitinous exoskeleton material (Fig. 4.6Db).

Recent studies revealed new insights into the architecture of the siliceous teeth.
While the presence of silica in the gnathobase teeth was confirmed with modern
high-resolution elemental analysis techniques and confocal laser scanning micros-
copy (Bechstein et al. 2011; Michels et al. 2012, 2015; Figs. 4.3b, 4.4c—e, 4.5b+4d),
the results of high-resolution transmission electron microscopy analyses clearly
indicate that large proportions of the silica in the gnathobase teeth exhibit a nano-
crystalline structure and consequently are not present in the form of amorphous opal
(Michels et al. 2015). Evidence for a crystalline structure of the siliceous teeth had
already been mentioned earlier but unfortunately without showing and describing
any results (Miller et al. 1980). The recent analyses showed that the crystalline sili-
ca material present in the siliceous teeth is consistent with the mineral a-cristobalite
(Michels et al. in 2015).

In nature, silica biomineralisation typically takes place on organic matrices com-
posed of chitin or collagen that are preferential sites for nucleation and control the
formation of the silica structures (see Ehrlich 2010). Siliceous diatom frustules, for
example, contain an internal organic network of cross-linked chitin fibres that is
assumed to be a scaffold for silica deposition (Brunner et al. 2009). After chemi-
cal removal of the silica from the gnathobases or fracturing the siliceous cap-like
structures fibre networks become visible in the siliceous gnathobase teeth (Michels
etal. 2015; Fig. 4.6b+c). The fibres are similar in appearance to those present in the
diatom frustules, and they were shown to also be chitinous (Michels et al. 2015). It
is very likely that the fibre networks serve as templates or scaffolds during the silici-
fication process and are congruent with the fibrous tooth moulds mentioned above.

The silica-containing structures in the copepod gnathobases likely increase the
mechanical strength and stability of the gnathobase teeth, and they are assumed to
have coevolved with the siliceous diatom frustules (e.g. Hamm et al. 2003; Michels
et al. 2012). For copepod species that mainly feed on phytoplankton this is certainly
conceivable. However, the presence of silica in gnathobase teeth of carnivorous
copepods (see Nishida and Ohtsuka 1996) suggests that siliceous teeth represent
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an adaptation to frequent mechanical loads in general. In this context, the degree of
silicification seems to be related to the mechanical stability of the main food items
and thereby to the intensity of the prevalent loads. In siliceous teeth such as the
cannula-like ones of Heterorhabdus spp. that are likely exposed to relatively mod-
erate forces only the silica-containing structures are relatively small and not par-
ticularly pronounced (see Nishida and Ohtsuka 1996). By contrast, siliceous teeth
regularly facing strong mechanical interactions with diatom frustules, which can be
mechanically very stable (Hamm et al. 2003) and thus cause high forces affecting
the teeth during feeding, typically exhibit very pronounced silica-containing
structures, which seem to be rather compact and stable (e.g. Michels and Schnack-
Schiel 2005; Figs. 4.2c—e, 4.5a, 4.6a). For this reason a coevolution between diatom
frustules and gnathobases with very pronounced siliceous teeth is very likely.

Already relatively long ago the question regarding the origin of the silica in the
gnathobase teeth arose (Sullivan et al. 1975). There are two potential sources. The
copepods could either take up silicic acid from the seawater where it is present in
all ocean areas (Tréguer et al. 1995; Pilson 2012), or they could utilise the silica that
they ingest when they feed on diatoms or other copepods with siliceous teeth for
the formation of their own siliceous teeth. Laboratory experiments showed that the
copepods take up silicic acid from the seawater and are able to cover their silicon
demand for the formation of siliceous teeth even at rather low silicic acid con-
centrations (Miller et al. 1980). The results indicate that the lowest natural marine
silicic acid concentrations, found in oligotrophic ocean areas, are still high enough
to sufficiently supply the copepods with silicon. Nevertheless, it is imaginable that
the copepods use both potential sources and, besides taking up silicic acid from the
seawater, also extract silicon from their diet where it is often present in high con-
centrations and therefore represents an efficient source. However, this hypothesis
has never been investigated so far. In a respective experiment the frustules of living
diatoms could be labeled with the radioisotope 3’Si, and the diatoms could be fed
to copepodids (juvenile copepods) to test if 32Si is included in the siliceous teeth of
the copepods after moulting.

Up to now the mechanical stability of the silica-containing structures of gnatho-
base teeth has not been analysed. Such an analysis could potentially be performed
using nanoindentation. However, because of the small dimensions of the structures
it would be rather difficult to get reliable results. For insect mandibles, many of
which are known to contain relatively high concentrations of zinc and manganese
(e.g. Hillerton et al. 1984; Quicke et al. 1998), it has been shown that the metal in-
corporations increase the hardness of the mandible material (Schofield et al. 2002;
Cribb et al. 2008). Copepod gnathobases often exhibit scratches caused by contact
with stable food items. Interestingly, these scratches are typically only found on
the surfaces of the chitinous material while the surfaces of the siliceous structures
seem to be resistant to such abrasive damage (Fig. 4.3c+d). This indicates that the
presence of silica very likely increases the hardness and stiffness of the gnathobase
teeth and thus has a similar effect as zinc and manganese have in insect mandibles.



66 J. Michels and S. N. Gorb

4.4 Mandibular Gnathobases, Diatom Frustules
and the Evolutionary Arms Race

In addition to the presence of strong silica-containing structures, recent detailed
analyses of the material composition of copepod gnathobases yielded further in-
dication of a coevolution between diatom frustules and very pronounced siliceous
teeth. The respective analyses had been inspired by the knowledge that structures
consisting of hard and stable materials easily break because of local stress con-
centrations under strong mechanical loads when being in contact with other hard
structures (Bhushan 2000). To test the idea that the non-siliceous gnathobase parts
might have evolved specific properties that reduce the risk of wear and damage
of the siliceous teeth, the materials embedding and bearing these teeth were re-
cently investigated in the two calanoid copepod species Centropages hamatus and
Rhincalanus gigas both of which have diets with significant proportions of diatoms
(Michels et al. 2012, 2015). Interestingly, in the gnathobases of both species exo-
skeleton structures with high proportions of the elastic protein resilin were dis-
covered. The results show that the architecture of the composite structures in the
gnathobase teeth is much more complex than previously assumed. In C. hamatus,
the siliceous teeth feature a cap-like structure that contains high resilin proportions.
This structure is located on top of a chitinous socket and covered by another cap-
like structure containing silica (Fig. 4.4). The siliceous teeth of R. gigas are charac-
terised by a silica-containing cap-like structure that is situated on top of a chitinous
socket (Fig. 4.5d). At the bases of the sockets of the siliceous teeth, the gnathobase
exoskeleton features high proportions of resilin (Fig. 4.5¢+d), while, by contrast,
in the central and proximal parts of the gnathobase the exoskeleton is dominated by
chitinous material (Fig. 4.5d).

Compared with chitinous exoskeleton material, resilin is very soft and elastic
(e.g. Weis-Fogh 1961; Andersen and Weis-Fogh 1964). At first view it might be
surprising that hard and stiff structures, which are supposed to be adapted to crush-
ing stable diatom frustules, are combined with very soft structures. A possible ex-
planation is that in some cases, while the copepods feed on diatoms, the pressure
acting on the tips of the siliceous teeth might result in the local stress concentra-
tions exceeding the breaking stress level and therefore in an increased risk of crack
formation in and breakage of the teeth. A mechanical system that has to resist high
amounts of stress under pressure will be more effective against damage and wear if
it consists of a smart combination of materials with different mechanical properties
(or a gradient in the material properties) since such an architecture leads to the mini-
misation of the probability of local stress concentrations (e.g. Gibson and Ashby
1988; Wang and Weiner 1998). It is conceivable that the soft and elastic resilin-con-
taining structures of the siliceous teeth function as flexible supports of the hard and
stiff tooth structures. In case the breaking stress level is reached, these structures
might be deformed by compression and thereby reduce stress concentrations in the
tooth material. Such a mechanism likely improves the resistance of the siliceous
teeth to mechanical damages. In C. hamatus, additional structures with high resilin
proportions, located at the dorsal edge of the central part and at the ventral edge of
the proximal part of the gnathobases (Fig. 4.4a—c), might have a damping function
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Fig. 4.4 Mandibular gnathobases of female Centropages hamatus. a—e Confocal laser scanning
micrographs (all cranial view) (a—¢ maximum intensity projections showing the whole gnatho-
base; d, e 1-pm-thick optical sections through the ventral tooth). a Distribution of resilin. b Chitin-
ous exoskeleton (red) and resilin-dominated structures (blue). c—e Chitinous exoskeleton (orange,
red), resilin-dominated structures (blue, light blue) and silica-containing structures (green). Scale
bars=20 um (a—c), 5 um (d, e). Figure adapted from Michels et al. (2012) with permission

making the whole gnathobases resilient and therefore further reducing the risk of
mechanical damage of the siliceous teeth.

Diatom frustules with their often complex architectures, which cause relatively
high frustule stabilities and have very likely evolved to resist pressure exerted on
the frustules from outside (Hamm et al. 2003), represent the most stable food items
found in copepod diets. Intact diatoms can survive the passage through the guts
of zooplankton organisms (Fowler and Fisher 1983). For this reason being able to
crush and mince the diatom frustules is important for the copepods to better digest
the diatom cells. However, successful crushing and mincing of such mechanically
protected frustules demands the deployment of rather specific feeding tools.
Accordingly, the presence of very complex composite tooth structures containing
diverse materials such as resilin and silica supports the assumption that the respec-
tive siliceous copepod teeth have specifically coevolved with the stable diatom
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Fig. 4.5 Mandibular gnathobases of female Rhincalanus gigas. a Scanning electron micrograph
showing the distal part of a gnathobase (cranial view). b u-PIXE mapping showing the distribution
and concentration of silicon in the distal part of a gnathobase. The orientation of the gnathobase
is similar to that of the gnathobase shown in a. ¢, d Confocal laser scanning micrographs (maxi-
mum intensity projections) showing the material composition of the distal part of a gnathobase
(caudal view). ¢ Distribution of resilin. d Chitinous exoskeleton (orange), resilin-dominated struc-
tures (blue, light blue, turquoise) and silica-containing structures (green). The results indicate that
the ventral tooth (V) and all central teeth (C1—C4) feature a silica-containing cap-like structure
located on top of a chitinous socket. Scale bars=25 um. Figure adapted from Michels et al. (2015)
with permission

frustules in an evolutionary arms race (for the explanation of the term ‘arms race’
see Dawkins and Krebs 1979) and enable the copepods to more efficiently feed on
and utilise their main food organisms.

Plankton evolution is hypothesised to be mainly controlled by protection against
specific ‘attack systems’ of grazers and predators, which has led to a large variety
of morphologies and chemical and mechanical defence systems (Smetacek 2001).
In this context, the copepod gnathobases featuring hard and stable biomineralised
tooth structures with soft and elastic supports represent examples of highly-adapted
‘attack systems’. A powerful operation of the gnathobases is ensured by pronounced
mandibular muscles (Fig. 4.7). This combination enables the copepods to crush
and mince the diatom frustules into small pieces (e.g. Turner 1978; Friedrichs et al.
2013). Large copepods such as the Antarctic species Calanus propinquus with pro-
nounced siliceous teeth (Fig. 4.2¢) are capable of destroying even the frustules of
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Fig. 4.6 Mandibular gnathobases of female Rhincalanus gigas. Scanning electron micrographs
(all caudal view). a The four central teeth. b Central tooth after the removal of large parts of the
silica-containing cap-like structure. ¢ Detailed view of the structures marked by the rectangular
frame in b. Scale bars=20 pm (a), 5 pum (b), 1 um (¢). CS chitinous socket, SC silica-containing
cap-like structure. Figure adapted from Michels et al. (2015) with permission

Fig. 4.7 Muscular system of the anterior part of Centropages hamatus. Confocal laser scanning
micrographs (maximum intensity projections) showing ventral views of the exoskeleton (a) and
the muscles (b) of female C. hamatus. Please note that the two micrographs show different sec-
tions of two different copepod specimens. The asterisk and the arrow indicate the positions of
the left gnathobase and the strong muscles of the left mandible, respectively. Scale bars=50 pm.
Figure reproduced from Michels (2013) with permission
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Fig. 4.8 Faecal pellets from feeding experiments with the diatom species Fragilariopsis kerguel-
ensis and juveniles (copepodite stage V) of the Antarctic copepod species Calanus propinquus.
a—h Scanning electron micrographs showing pieces of F kerguelensis frustules present in the
faecal pellets. Scale bars=5 pm
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the diatom Fragilariopsis kerguelensis (Fig. 4.8) that are particularly stable (Hamm
et al. 2003). The copepods’ ability to crush and mince diatom frustules certainly not
only depends on the morphology and the material composition of the gnathobases
but is also related to the dimensions of the copepods and their diatom food. In
feeding experiments, for example, the relatively small copepod Acartia clausi was
observed to damage only frustules of the small size fraction of the diatoms offered,
while the larger species Centropages hamatus and Temora longicornis were able to
also damage the frustules of the large size fractions (Friedrichs et al. 2013).

Besides their morphological adaptations, copepods exhibit specific feeding
techniques and strategies enabling them to better utilise the available diatom food.
Frustules of large diatoms such as Coscinodiscus wailesii are not always completely
destroyed and ingested during feeding. 7. longicornis was observed to break only
small pieces out of the C. wailesii frustules, and subsequently it ingested the cell
contents and dropped the frustules (Jansen 2008). In other experiments, C. hamatus
exhibited a similar feeding strategy. While smaller C. wailesii frustules were broken
in pieces, the large frustules were only ‘opened’ by breaking a hole in the girdle
band, which was shown to be the frustules’ weakest part (Friedrichs et al. 2013).

In general, the adapted gnathobase morphologies and material compositions
combined with effective feeding techniques and strategies make copepods very
powerful antagonists of diatoms in the evolutionary arms race. Copepod features
such as the shape of the body, the antennae equipped with a high amount of sensors,
powerful muscles enabling exceptional escape jumps, the capability to remotely
detect and capture prey and efficient mate finding are assumed to be the basis for
the success of the marine planktonic copepods (Kierboe 2011). Nevertheless, it is
conceivable that the development of the complex composite gnathobase structures
that are adapted to efficiently capturing (or grabbing), crushing and mincing food
items also accounts considerably for the dominance of the copepods observed today
within the marine zooplankton.
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Chapter 5

Diatom Frustule Morphology and its
Biomimetic Applications in Architecture
and Industrial Design

Wiebe H. C. F. Kooistra and Goran Pohl

5.1 Introduction

Diatoms constitute a highly diverse group of unicellular, photosynthesizing eukary-
otes that are common in marine and freshwater habitats. Many species abound in
the passively drifting community, called plankton, whereas numerous others occur
epiphytically, on rocks, in the sand and on mudflats. The defining feature of the dia-
toms is their multipart silica cell wall, called a frustule, whose architecture is highly
diverse and often remarkably beautiful (for an overview of the morphological di-
versity, see Round et al. 1990). The enormous diversity in shape and ornamentation
of the frustule elements can be appreciated using microscopy. Until the 1970’s that
meant, light microscopy. Intricate understanding of frustule architecture and fine
structure arrived with the use of scanning and transmission electron microscopy
(see Round et al. 1990), x-ray scattering (Vrieling et al. 2000) and atomic force
microscopy (Crawford et al. 2001). From then on, biologists and biophysicists alike
could observe frustule architecture in all its details and explore its functionality
(Hamm et al. 2003). An overview of all this diversity is provided in part 5.2.

From a biomimetic perspective, diatom frustules form a source of inspiration
for materials-science, architecture, nanotechnology, photonics and design of light-
weight structures (Drum and Gordon 2003; Bradbury 2004; Townley 2011). Of
course, frustule architectural details cannot be transferred directly into engineer-
ing, but many similarities and analogies render diatom frustules interesting study
objects for research, technological development and innovation in professions such
as architecture, engineering and industrial design (Townley 2011; Nachtigall and
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Pohl 2013) for a number of reasons. Physical constraints on frustule architecture are
often comparable to those familiar to architects and industrial engineers, despite the
scales being vastly different. Analogies also abound between how diatoms construct
frustule elements and constructors build large buildings in busy cities regarding
how various elements are put together and how all the details of the construction
process are managed. Yet, there are also clear differences, which prohibit a direct
transfer of knowledge about form and function of frustule elements into architecture
and technical design. These aspects are discussed in part in 5.3.

In the last part of this chapter (5.4) we present a series of features of frustules
and their biomimetic applications in design, in particular in architecture, and we
focus thereby on the utilisation of fibre reinforced composite materials. One of the
overarching issues in diatom biology and design alike is the parsimonious use of
materials. Diatom frustules and buildings alike can be viewed as a compromise
among several requirements, specifications, and constraints dictated by a series of
at times conflicting functions. In diatoms natural selection of the variation present in
a population by a range of environmental pressures drives optimisation of frustule
ultrastructural details, or more precisely, the processes that produce the optimised
frustule; all this within the biophysical and biochemical limits of the construction
process as well as of the finished product. Over time, changing selective pressures
can change these details, often in radical ways. Some facets of these evolutionary
principles now find applications in the search for optimal design of constructions
and industrial products (see the example in 5.4.4).

5.2 The Diatom Frustule

The diatom frustule is an architectural marvel, consisting of a series of cell wall ele-
ments that envelop the living cell. It consists of two valves, each accompanied by a
series of girdle bands. The valves resemble petri dishes; they are usually composed
of a flat area, called valve face, and a rim, called mantle. The mantle overlaps the
girdle bands. One valve together with its set of girdle bands is called the epitheca,
and this set of elements overlaps a similar but slightly narrower set called the hy-
potheca (Round et al. 1990).

5.2.1 Construction of Silica Cell Wall Elements

During vegetative cell division, new thecae are constructed precisely inside the con-
fines of the parental epitheca and hypotheca. In this way, the cell remains covered
entirely by its silica wall throughout the cell division (Round et al. 1990). There is
a drawback, however, namely miniaturization with on-going cell divisions. Newly
formed thecae are always hypothecae. The one formed inside the parental epitheca
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is of the same size as the parental hypotheca, but the one formed inside the parental
hypotheca is minutely smaller. Consequently, average cell diameter diminishes and
the variance in cell diameter increases in a clonal cell line until cells become so
small and stunted that they are no longer viable.

The principal escape from this miniaturization-trap constitutes sexual reproduc-
tion. Cells can become sexualized when reaching a threshold window of cell sizes.
Sexual reproduction includes meiosis and gamete formation, followed immediately by
gamete fusion, and the swelling of the resulting zygote to form a so-called auxospore.
Within this auxospore the initial vegetative cell is formed (see Round et al. 1990).

The reason why this is relevant for biomimetics is that processes during auxo-
spore formation determine the overall shape of the initial diatom cell that “hatches”
from the auxospore, and the shape of this cell delineates the shapes of its daughter
cells upon division and so forth. In diatoms that are petri dish-shaped, swelling of
the zygote proceeds isometrically, the resulting auxospore is globular and the valves
of the initial cell are dome-shaped. This initial cell divides along its equatorial plane
and, consequently, the valve faces of the daughter cells’ newly formed valves are
flat. Subsequent divisions generate cells that resemble cylinders. In diatom cells
whose valves deviate from a petri dish-shape, swelling of the zygote is constrained
anisometrically by the formation of silica bands, called properizonial or perizonial
bands, formed in sequence to guide the swelling zygote into a range of species-
specific shapes, from anything resembling a cigar, a perfume bottle, or a tri- or mul-
tipolar star. The initial valves are laid down against the inside of the auxospore wall
and, consequently, follow the shape of the auxospore (see Round et al. 1990). For
clarity, “polar” and “polarity” means valve faces deviating from a circular shape.

Construction of new silica cell wall elements proceeds in silica deposition
vesicles (SDV; Schmid and Schulz 1979). Upon cell division, the daughter cells
lay down SDV’s in which new valves are constructed, and subsequently SDV’s in
which girdle bands are produced as the need for them arises in the growing cell.
Dissolved silicic acid is actively taken up from the exterior and concentrated in the
cytoplasm far above the level at which silica would polymerize. Precipitation in the
cytoplasm is avoided because silicic acid transporter proteins bind the silica and
transport it into the SDV. In the meantime, another class of peptides, silaffins, silaci-
dins and long chain polyamines (LCPA’s), are produced in the endoplasmatic reticu-
lum and shuttled in vesicles to the Golgi Body. There, the peptides are modified and
activated upon which they are shuttled in vesicles from the Golgi body to the SDV.
Upon arrival in the SDV, the LCPA’s and other peptides assemble into a matrix
on which the supersaturated silica precipitates in an amorphous form (Hildebrand
2008; Kroger and Poulsen 2008). The density, nature and post-translational modi-
fications of the peptides in particular regions within the SDV determine the struc-
ture and density of the precipitated silica. Invaginations in the SDV probably serve
as casts guiding the formation of microscopic architectural details of the frustule
elements. Once construction is completed, the frustule element is coated with an
organic envelope and excreted through the cell membrane (see Round et al. 1990).
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5.2.2 Frustule Shape and Ornamentation

Of the frustule elements, the valves are usually the architecturally most elaborate
and provide the most inspiration for biomimetic purposes. The valve face generally
shows a central area or a thickened midrib from which ribs extend towards the outer
rim (Fig. 5.1). In the majority of species, the valves consist of a single layer, yet sev-
eral species, especially larger ones, possess chambered valves consisting of an outer
and an inner layer connected e.g., by a honeycomb matrix. The inner layer generally
connects to the interior by means of a fine mesh of pores or a simple opening. Large
species often have reinforced their valves on the interior side with thickened ribs,
buttresses, flying buttresses, cross beams and other architectural aids. Figure 5.2
shows a valve of the centric diatom Cyclotella atomus exhibiting a primary layer of
radiating ribs with small pores in between, which is reinforced by means of a large
central area and a secondary layer of larger radial ribs.

Frustules need to be strong enough to resist, or at least hinder, the onslaught of
herbivores (Hamm et al. 2003). But this is not the only function: transporting mate-
rial through it is another. Rows of pores between the ribs permit exchange with the
environment. Many species possess fields of tightly packed pores located at the
valve apices. These pore fields exude sticky polysaccharides to form mucilage pads
for attachment. Since these fields could impair structural integrity, they are often
fairly thick and surrounded by support structures.

Most diatoms have tubular processes through their valve face. Labiate processes
(= rimoportulae) constitute the most widespread ones and probably serve to excrete
and/or ingest organic matter. Labiate refers to the lip-like internal end of the tube
that is folded to the side. Another type of tube, the strutted process (= fultoportula;
see Fig. 5.2), is found exclusively in the order Thalassiosirales (see Round et al.
1990) and is involved with the excretion of B-chitin fibres. These fibres extend into
the environment or connect sister cells into a chain. The small struts surrounding
these tubes anchor the tube into the surrounding cell wall, as structural reinforce-
ments against the tensile stress of the chitin fibres. A third kind of process, called a
raphe, consists of two slits that allow the cells to slide actively over the substratum
by means of a cost-effective traction system (Edgar and Pickett-Heaps 1984). The
slits usually flank the midrib and are “>” shaped in section through the cell wall.
The raphe represents a structural weakness in the valve architecture. To avoid the
valve from breaking along this weakness, many species possess series of bridge-like
structures, called fibulae, over the raphe on the interior side of it, thus reinforcing
the valve. Moreover, the ends of the slits are generally bent sideways or droplet-
shaped to avoid cracking.

5.2.3 Diatom Taxonomy and Phylogeny

Diatoms have been ordered into groups of convenience based on characteristics
of valve structures and processes (Kooistra et al. 2007). Radial centrics possess
radially organized valves with ribs radiating from the centre, and labiate processes,
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Fig. 5.1 Schematic
organisation of: a a valve of
a centric diatom in valve-
view; b a valve of a pennate
diatom; ¢ organisation of a
secondary layer in valves
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Fig. 5.2 Transmission
electron micrograph showing
a valve of the centric diatom
Cyclotella atomus exhibiting
a primary layer of radiating
ribs with small pores in
between, which is reinforced
by means of a large central
area and a secondary layer
of taller radial ribs. Note

the strutted process located
off-centre permitting a view
straight through its central
tube. A further eight strutted
processes are located along
the valve perimeter (© Diana
Sarno, SZN)

if present, usually located in a ring in the valve mantle or near the centre. Rep-
resentatives of the radial centrics are, for example, Actinoptychus, Asterolampra,
Arachnoidiscus, Aulacoseira, Corethron, Coscinodiscus, Cymatosira, Ellerbeckia,
Leptocylindrus, Melosira, Paralia, Rhizosolenia, and Stephanopyxis.

Multipolar centrics also show a radial pore organization, but their cell outline
is usually elongate, triangular or star-like, i.e., reveals polarity. This shape results
from the aforementioned properizonial bands constraining the shape of the swelling
auxospore from which the initial vegetative diatom cell emerges. Their valve poles
possess pore fields, and their processes, if present, are situated usually within the
central area or somewhat off-centre. Representatives are, for instance Bacterias-
trum, Biddulphia, Briggera (fossil), Chaetoceros, Ditylum, Eucampia, Helicothe-
ca, Isthmia, Minutocellus, Odontella, and Triceratium. The Thalassiosirales (e.g.,
Lauderia, Porosira, Skeletonema, Thalassiosira) exhibit a radial centric organiza-
tion, but from an evolutionary perspective belong to multipolar centrics.

Pennate diatoms are elongated with a midrib, from which ribs extend out more
or less perpendicularly. The pennates can be subdivided into raphid pennates,
which possess raphe slits, and araphid pennates, which lack such slits, but instead
have apical pore fields and apical labiate processes. Typical araphid pennate rep-
resentatives are Asterionella, Asterionellopsis, Fragilaria, Grammatophora, Lic-
mophora, Lioloma, Staurosira, Synedra, Rhabdonema, Striatella, Thalassionema,
and Thalassiothrix. Typical raphid pennates include Amphora, Bacillaria, Campy-
lodiscus, Campyloneis, Cocconeis, Cylindrotheca, Fragilariopsis, Gomphonema,
Navicula, Nitzschia, Phaeodactylum, Pseudo-nitzschia, Sellaphora, and Surirella.
Fine details of frustule ultrastructure of all these genera are documented lavishly in
Round et al. (1990) with their book offering a great source of inspiration for biomi-
metic approaches.
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Results of molecular phylogenetic studies (e.g., Medlin et al. 1993; Sinninghe-
Damsté et al. 2004; Sorhannus 2004; Kooistra et al. 2007) show that diatoms are
sister lineage to a group of extremely small, fast-swimming flagellated microal-
gae called Bolidomonadales (Guillou et al. 1999) and a small group of microalgae
called Parmales (Ichinomiya et al. 2011). The latter form silica frustules as well,
but these differ structurally from those of diatoms (Mann and Marchant 1989).
Within the diatoms, radial centrics constitute the most ancient group, and mul-
tipolar centrics evolved from radial ancestry. Thalassiosirales appear like radial
centrics but they form a lineage within the multipolar centrics indicating that their
last common ancestor lost polarity secondarily. Multipolar centrics form a grade in
most phylogenies because the pennates evolved from multipolar centric ancestry.
Likewise, araphid pennates constitute a grade because the raphid pennates evolved
from araphid ancestors.

5.2.4 Linking Structures

Many diatoms form chains composed of sister cells that hold on to one another—
following cell division—by means of linking structures between adjacent valves
in a number of ways (see Round et al. 1990 for examples). One mode of chain
formation is by means of mucilage pads exuded through the apical pore fields, and
is encountered in araphid pennates and in many centrics. Another form of connec-
tion is achieved by interlocking teeth or claws lined up along the rim of the valve
face. These structures are laid down during valve formation. They are encountered
all over the diversity of diatoms and probably have been acquired multiple times
independently, originally often for entirely different purposes than chain formation.
A third form of connecting valves is through the setae of diatoms in the family
Chaetocerotaceae (Chaetoceros and Bacteriastrum). Setae are hollow tubes ex-
tended from the valve apices following valve formation (see Kooistra et al. 2010
for examples). They connect with the setae on the valve of the adjacent sister cell.
A fourth type of connection constitutes the chitin fibres exuded through the strutted
processes in the valve face of Thalassiosiralean diatoms (see e.g., Fig. 5.2). Within
this group the diatoms of the genus Skeletonema possess strutted processes whose
external tubes are elongated to such an extent that their ends interlock with those
from the adjacent sister valve to form a stiff chain (Fig. 5.3; Sarno et al. 2005,
2007). To prohibit teeth or claws from becoming overly long in chains interlocked
by strutted processes, a cell positioned in the middle of a chain produces daughters
whose adjacent valves bear structures that do not interlock. This permits the daugh-
ter cells to become the terminal cells of two daughter chains, and drift apart without
damage. The connecting structures between the cells are unlikely to have to endure
strong tensile forces, but chains can be exposed to bending, which creates tension-
and compression stresses over short distances in these elements.

Another form of linking structures, namely those that hold frustule elements
within a cell in place, is found in the raphid pennate genus Campyloneis (De Ste-
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Fig. 5.3 Scanning electron
micrograph of sibling valves
belonging to adjacent sister
cells of the centric diatom
Skeletonema japonicum. Note
the intricately interconnecting
strutted processes. These are
partially open towards the
valve perimeter allowing

a view inside the tube and
showing the actual passage
through the valve in two
places (© Diana Sarno, SZN)

fano et al. 2003). Diatoms in this genus occur epiphytically on sea grass leaves and
other flat surfaces where they have to resist, or at least counter, the scraping forces
of radulas belonging to molluscan grazers. The hallmark of this genus is that its
epitheca and hypotheca each include what effectively is a double valve. The inner
valve is partly open to permit free passage to the cytoplasm (see e.g., Fig. 5.4 in De
Stefano et al. 2003), and the outward facing side of the inner valve and the inward
facing side of the outer valve are not physically connected. They are just piled on
top of each other. Sliding sideways alongside each other is prevented in two ways.
One constitutes a grid of bolt-like bosses on the surface of one valve that fit into
openings in the other valve (see Figs. 5.4c and d in De Stefano et al. 2003). Another
mode consists of clusters of raspberry-like bosses projecting from the outwards fac-
ing side on the ribs of the inner valve as well as from the ribs on the inward facing
side of the outer valve (see Figs. 4f and g in De Stefano et al. 2003). Similar sets of
bosses are found on the inward facing sides of the two inner valves. We believe that
this system functions as follows: Lateral stresses in any direction due to pressure
from the side or from above are countered by a slight deformation of the valves ac-
companied by a small movement. The raspberry bosses permit such movement by
sliding in minute increments over one another’s surfaces, depending on the intensity
of the deformation. Following each increment of sliding, the bosses find themselves
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Fig. 5.4 Scanning electron micrograph showing concentric ribs in the valve of the bipolar centric
diatom Isthmia (© AWI)

against one another in slightly different semi-stable positions. This way, modest
deformations and movements are permitted whilst retaining structural integrity. As
soon as the stress is gone, the bosses slide back into their relaxed positions.

5.2.5 The Fossil Record

Diatoms possess an extensive fossil record. Frustule elements are preserved, of-
ten in exquisite detail over millions of years (e.g., Gersonde and Harwood 1990;
Harwood et al. 2004; Suto 2006; Ishii et al. 2011). Radial centrics first appear in
the Jurassic, multipolar centrics are present in the Early Cretaceous, the pennates
first appear in the Late Cretaceous, and the first raphid pennates are present un-
ambiguously in the Paleogene (Rabosky and Sorhannus 2009). This sequence cor-
roborates findings in phylogenetic studies of extant diversity. The fossil record is
highly relevant from an architectural design viewpoint because several cell wall
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designs, ornaments, and connection modes to form chains do not exist in the extant
diversity. Examples of such fossil diatom architectures can be found among the
genera illustrated in Gersonde and Harwood (1990) and Round et al. (1990). Often
the valves and girdle bands are preserved in such exquisite ultrastructural detail that
the ecological niches of these fossil diatoms, as well as the modes of chain forma-
tion can be reconstructed mathematically and inferred based on what is known from
comparable, but unrelated, extant diatoms.

5.2.6 The Need for Shared Terminology

In order to enable diatomists, architects, designers, and civil engineers to commu-
nicate freely, their glossaries of architectural elements need to be compared. Their
different ways of approaching design in diatom frustules and buildings need to be
shared. Nachtigall and Pohl (2013) provide a series of schematic drawings (Fig. 5.1)
of (a) a valve of a centric diatom in valve-view, showing a central ring and ribs radi-
ating from it, (b) the valve of a pennate diatom showing a midrib or main supporting
beam and perpendicular ribs, and (c) the organisation of a secondary layer in valves
in certain centric diatoms, follow principles of repetition of structures, e.g. in the
form of a honeycomb pattern (see Round et al. 1990).

Diatom frustules are built hierarchically and exhibit symmetries in different
planes. In most of the centrics and virtually all of the pennates, the valves are struc-
turally reinforced by means of ribs, as shown on the interior side of the valve of
the bipolar centric diatom Isthmia (Fig. 5.4). The radially organized ribs in radial
centric valves are in some species reinforced by concentric ribs perpendicular to the
radial ones, as shown in Arachnoidiscus (Fig. 5.5). This pattern of ribs resembles
the reinforcement structures of large domes. Examples are the glass domes over
the Reichstag building in Berlin, Germany, and the Galleria Vittorio Emmanuele
in Milan, Italy (Fig. 5.6). Many radial centrics possess valves in which ribs are or-
ganized in a honeycomb-pattern, as in e.g., the radial centric diatom Actinoptychus
(Fig. 5.7), which provides strength against deformation whilst minimizing material

Fig. 5.5 Scanning electron
micrograph of the inside of
a valve of the radial centric
diatom Arachnoidiscus (©
AWI)
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Fig. 5.6 The central dome of Galleria Vittorio Emmanuele at Milan, Italy; an example of a glass
dome supported by a structure of radial and concentric ribs structurally and functionally similar
to that in the valve of the radial centric diatom Arachnoidiscus. http://www.milanexpotours.com/
milan-expo-project-2015/numbers/galleria-vittorio-emanuele.html

Fig. 5.7 Scanning electron
micrograph showing a sec-
tion in a valve of the radial
centric diatom Actinoptychus;
note the honeycomb-like
secondary reinforcement on
this valve (© AWI)

usage. Pennate valves possess a midrib which diatomists call “sternum”, engineers
“main supporting beam”, and shipbuilders “keel.” Perpendicular to this midrib is a
row of ribs that diatomists call “interstriae” (the rows of pores in between them be-
ing the striae). Architects and shipbuilders call them crossbeams or ribs. Upon these
ribs are often finer support structures. Given the symmetries, frustule elements can
be perceived as a system of morphogenetic elements that can be translated into


http://www.milanexpotours.com/milan-expo-project-2015/numbers/galleria-vittorio-emanuele.html
http://www.milanexpotours.com/milan-expo-project-2015/numbers/galleria-vittorio-emanuele.html
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Fig. 5.8 Principal organization of valve architecture in centric,pennate,parallel rows, regular dis-
tribution with organization centre of secondary layers as defined in Nachtigall and Pohl (2013;
© AWI, © Pohl Architekten)

“building blocks” in architectural applications. Symmetries and hierarchy are most-
ly self-similar copies in different scales.

To aid architects, engineers, and designers in defining these symmetries, Nachti-
gall and Pohl (2013) have added new specifications to the diatomists’ terminologies
that describe not only the primary organisation of the diatom valves with their ribs,
but also the secondary layers with their honeycomb-like chambering in between the
primary and secondary walls (Fig. 5.8).

5.3 Biomimetic Applications of Diatom Frustule
Morphology

At the end of the nineteenth century Ernst Haeckel published his work “Kunstfor-
men der Natur (Haeckel 1898), which found an eager readership not only among
biologists, but also among designers and architects. “Art Nouveau—Jugendstil”
architecture is replete with biomimetics examples, and these are not restricted to
decorations. Another classic work that served as inspiration for architects is D’ Arcy
W. Thompson’s “On Growth and Form” (D’Arcy Thompson 1917). During the
1970s and early 1980s, Otto, the architect of lightweight tent structures (Otto et al.
1985), botanist Johann-Gerhard Helmcke, and plant physiologists Schmid and
Schulz (1979) analysed the fine structural details and genesis of diatom frustule
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architecture in electron microscopy. Their work forms the foundation of on-going
studies by architects, civil engineers, and industrial designers (Gruber 2010).

5.3.1 Analogies in Form and Function Between Diatom
Frustules and Buildings

The similarities between form and function of parts in diatom frustules, and con-
struction elements in works of architecture and engineering are obvious. And there
are several reasons for that.

Biophysical constraints on frustule architectural design are often startlingly simi-
lar to the constraints architects and industrial engineers are confronted with. Of
course, the building materials differ. Diatom frustules consist of nanometre-size
spherules of amorphous silica precipitated onto an organic matrix of peptides (Hil-
debrand 2008; Kroger and Poulsen 2008), a material that has properties differing
from materials such as steel, aluminium, glass, reinforced concrete, rock, wood,
and a range of composite materials. Yet, the architectural solutions in diatom frus-
tule elements to overcome those constraints are often remarkably similar to those
deployed in architecture to enclose or bridge vast expanses. Truss, beam, frame, rib,
outrigger, framework, and grid-shell can all be used to describe construction parts
of frustule elements and technical structures (Otto et al. 1985). Yet, the analogies
do not stop there.

Remarkable analogies exist between the way a diatom cell constructs frustule
elements, and how constructors and engineers create complex structures. Cast-
ing of reinforced concrete and composites in construction exhibits analogies with
how frustule elements are laid down in SDVs. In addition, the daunting logistics of
building a skyscraper in a busy city closely resemble those of constructing diatom
frustule elements: various materials are procured or pre-constructed elsewhere and
then transported along different pathways to be delivered on time and in the right
place and order, while surrounded by frantic, unrelated activities. In recent years,
engineers increasingly focus on the possibilities of nanotechnology. Nano-engineer-
ing differs from how frustule elements are made, but aspects of what happens in
SDVs may one day find application in nanotechnology.

Shape and structure of diatom frustules and buildings alike constitute a com-
promise among multiple functions and demands. For diatoms, dissolved silica is
usually scarce and to be deployed parsimoniously to construct frustules that, none-
theless, need to resist deformation (Hamm et al. 2003). Frustules of planktonic spe-
cies need to be lightweight not only to save material but also to avoid sinking. In a
similar fashion, architects and industrial engineers have to be economical because
materials are expensive, add weight and take up space. Apart from the defensive
function, frustules must accommodate pores to allow exchange of nutrients and
organic materials. In addition, the frustule is believed to have photonic properties,
trapping, guiding, and focusing light waves to optimize photosynthesis (Parker
et al. 2013). All these functions and demands impose constraints on the frustule
architecture. Likewise, architects and material designers have to take into account
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the technological and economic feasibility of their construction plans on top of
limitations set by different functions, needs, and regulations of the finished product.

5.3.2 Challenges and Opportunities for Biomimetics
in Knowledge Transfer

In spite of all the similarities discussed above, designers, architects, and engineers
encounter challenges when transferring aspects of frustule morphology into their
designs. To begin with, the scales are vastly different, and physical properties of the
materials differ radically at these different scales, prohibiting isometric scaling-up.
Also, diatoms construct frustule structures from locally fabricated organic com-
pounds and imported silica (Hildebrand 2008; Kroger and Poulsen 2008), fine-tuned
to requirements of on-site internal and external loads. Instead, engineers, architects,
and industrial designers generally have to make do with standardized production
processes offered by worldwide operating industries and have limited possibili-
ties to adapt materials and production processes to the specific requirements of
their constructions in different locations. Nature has developed gradient material,
composites, and complex compounds while the abovementioned professionals are
constrained by the economic reality of having to assemble pre-fabricated, relatively
simple, semi-finished parts. New generic design methods, using parametric com-
puter algorithms, are also restricted by the mechanical limitations of the machines
building these parts.

The principal difference between natural systems and human-made structures
seems to be the growth process of the former, which is far ahead of the additive
process deployed in design, architecture or engineering. Nonetheless, diatom frus-
tule elements constitute a great source of inspiration for biomimetics because once
produced, they have become non-living structures, which cannot grow anymore,
and in this aspect they are analogous to a building or a machine (Nachtigall and
Pohl 2013).

5.3.3 Biomimetics to Enhance Material Development
for Future Buildings

Technical limitations can be overcome if materials and construction processes are
developed according to natural designer principles. Novel building materials pro-
vide examples of opening up new opportunities for biomimetics in knowledge trans-
fer. Until recently, composites assembled from textiles and fibres have been applied
mainly for high-tech purposes, but nowadays they are also increasingly applied in
architecture and industrial engineering. Especially composites made of glass fibres
or carbon fibres and a resin matrix seem to match demands on material efficiency,
effectiveness, and lightweight, in combination with adaptability for changing needs.
Additional aspects that are implicated in this composite material, concern free form-
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Fig. 5.9 Abstraction models, following organisation principles of diatoms and taking into account
industrial production processes defined in Nachtigall and Pohl (© Pohl et al. 2012)
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Fig. 5.10 Transmission of light, biomimetically transferred from the natural example of light
bundles in deep-sea sponges of the genus Thethya into the application of daylight harvesting and
transfer by buildings (© Gosztonyi et al. 2011a)

ability and anisotropy. In fibrous materials and building parts, fibres can be embed-
ded into functional elements similar to how species deploy fibres in response to
external and internal demands (see Fig. 5.9). These fibres can accomplish additional
tasks as well, such as detection (Kroll et al. 2011) and conduction. Miiller et al.
(2006, 2007) described bionic applications of siliceous sponge spicules. Based on
these scientific findings and on fundamental research by Zitzler (2008), Gosztonyi
et al. (2011a), light transmission principles based on silica fibrous bundles where
developed to illuminate buildings (Fig. 5.10).

Future buildings have to be constructed by following standards to minimize en-
ergy losses through their envelopes. In addition, these envelopes need to be flexible
in response to changing conditions. Fibres can match these demands and will be
able to help the production of multifunctional building envelopes (Gosztonyi et al.
2010; Gosztonyi et al. 2011b; Gruber and Gosztonyi 2010).

In view of this architectural potential, ultrastructural details of diatom frustules
are often highly repetitious, and can therefore be regarded as a biomimetic base
for structural implementations. Glass fibre reinforced composites are now used to



5 Diatom Frustule Morphology and its Biomimetic Applications ... 91

Fig. 5.11 The research structure COCOON_FS showing a modular structure composed of a
restricted number of building block types reminiscent of the highly repeated patterns in diatom
valves. Note that the assembly process of COCCON_FS differs radically from the way diatom
frustules are formed. http:www.pohlarchitekten.de; http:www.planktontech.de (© G. Pohl)

develop architectural structures as well as to gather experiences with the opportuni-
ties the application of this material offers and problems it can solve (Ehrlich et al.
2011). The research structure COCOON_FS (Fig. 5.11), is a showcase of such a
development, designing architecture with structural knowledge from biomimetics.
Major progress can also be expected of novel ways to construct elements. Classical
construction proceeds by means of assembling objects from different raw parts, or
by etching or cutting away parts from a solid structure. Yet these methods have their
limitations and disadvantages. The emerging field of using fibre reinforced com-
posites for buildings may overcome some of these limitations, especially if used for
building skins that embed extra functions.

5.3.4 Approaches to Knowledge Transfer in Biomimetics:
Pool Research

How to transfer ample examples of design in diatom frustules via technological
development and innovation into practical engineering applications? In a classical
“biology-push” approach in biomimetics, a scientist observing a biological design
might contemplate its possible applications. Unfortunately, biologists generally
lack the technological background to fully appreciate the applicability of biological
phenomena in engineering and architecture. In a “technology-pull” approach, an



92 W. H. C. F. Kooistra and G. Pohl

Market = |----eressennenes A ARGECTIEELTEE Human

==
4=

Culture

Technology |, CREATION OF IDEAS ,
POOL RESEARCH ™.

! Environment

Materials [r====sssmemmmemrmencee e Nature

Fig. 5.12 Factors influencing creation of ideas in Pool research according to VDI Guideline 6226
in Nachtigall and Pohl (2013; © Pohl Architekten)

architect, engineer or designer confronted with a challenge may explore biodiver-
sity to find a solution. The problem here however, is where to search. Architects and
engineers usually do not have all the biological background knowledge to readily
find the proper biological model.

In this context, a third method has been established which enriches all profes-
sions that deal with multiple-knowledge-based developments of technical products,
as industrial designers or architects do. The whole complexity of natural solutions,
technology, materials, inspirations by culture, environmental and market-driven
needs, and finally the human scale can be seen as a data catalogue of knowledge.
Based on network-methods that connect those multiple benefits and demands, ideal
solutions can be developed and realized (Fig. 5.12). For this method, the term “pool
research” has been established by Pohl et al. (2010), and has been implemented
extensively in biomimetic research (Braun 2008; Gosztonyi et al. 2010; Gruber and
Gosztonyi 2010).

Pool research is particularly well-suited for architects, structural engineers, and
industrial designers who search for designs in nature and wish to transfer these into
innovative solutions for technology, industry and architecture (Pohl et al. 2010;
Anonymous 2013; Nachtigall and Pohl 2013). The methodology includes the col-
lection of basic knowledge from biological systems to better understand biological
form and function without any defined technical need in advance. Pool research
is implemented throughout the whole working process of biomimetics. It starts
with biological exploration, helps within the development phase, and focuses on
practical application. It can be seen as the central tool for decisions of all collabo-
rators involved. Its value is not merely a function of determinable combinations
of rational aspects, but a synergistic combination of these aspects together with
a sum of subjective and cultural influences (Anonymous 2013). In pool research,
knowledge accumulation is at the core of the designer’s methodology. In this way,
the pool of accumulated biological knowledge and insights can be applied directly
for design or technical development. Alternatively, ideas can be kept in store for
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Fig. 5.13 Workflow in Pool research according to Pohl et al. (2012) and VDI Guideline 6226
(2013 © G. Pohl)

future applications when technological developments have overcome constraints of
what can be realized, or when a demand for the product has developed, thus mak-
ing realization economically feasible. The collected background knowledge of pool
research can then readily translate biological designs into innovative technological
and architectural designs.

Pool research also constitutes a practical strategy to shorten development times.
Knowledge generated through pool research is important for all professions that
can develop ideas inspired by the extensive diversity of nature-realized options
(Fig. 5.13; Nachtigall and Pohl 2013).

5.4 Knowledge Transfer of Functional and Structural
Elements from Diatom Frustules into Architecture

Many examples of knowledge transfer of functional and structural elements in di-
atoms into architecture exist (Otto 1975a, b; 1985, 1986; Teichmann and Wilke
1996). Nachtigall and Pohl (2013) review the state-of-the-art of current knowledge
and give a preview of expected developments in architecture. In the following
sections, examples are given of the range of actual and expected developments re-
garding knowledge transfer from diatom frustules into architecture.

5.4.1 Freeform Ribs

Valves of the radial centric diatom Arachnoidiscus (Fig. 5.5) offer a prime example
of primary and secondary rib structures that can be translated into freeform archi-
tecture by using specialized computer algorithms. With the aid of these algorithms,
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Fig. 5.14 Cutting design of building elements (ribs) and a 3D depiction of the assembled roof
structure constructed with the building elements, student’s design at the School of Architecture
Saar, G. Pohl (© N. Feth)

the building substance is divided into structural ribs and filling elements that can
be extracted and assorted to planar cutting elements (Fig. 5.14). This translation
of geometrical complexity into flat surface structures helps fulfilling the technical
demands of “easy-to-manufacture” and “easy-to-build” (Nachtigall and Pohl 2013).

5.4.2 Composite Materials for Grid Shell Structures

The valve exterior of the bipolar centric diatom Isthmia (Fig. 5.15; valve inside,
see Fig. 5.4) provides an example of a structure in which stability is optimised
while material usage in minimised. The fine structural solution deployed in this dia-
tom lends itself ideally for transfer into the design of technical grid shell structures

Fig. 5.15 Scanning electron
micrograph of the exterior
side of a valve belonging to
the bipolar centric diatom
Isthmia (See interior side,
Fig. 5.4) (O AWI)
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Fig. 5.16 Example of a loadbearing grid structure, with a flexible component on the left, and the
technical structure showing the assembled components on the right, as in Nachtigall and Pohl
(2013; © J. Otten and G. Pohl)

(Fig. 5.16). Lightweight structures consisting of a single or multiple building ele-
ments can be designed that still provide space cover, are stable and strong, and offer
shading and protection. The technical task is to build these elements in a computer-
aided cutting and bending process because of the great variety of elements used
for multi-curved surfaces. For this purpose, parametric computer programming can
solve design and manufacturing needs. The ideal material for such usages consti-
tutes fibre reinforced plastic composites composed of knitted fibres embedded in a
matrix (Nachtigall and Pohl 2013).

5.4.3 Hierarchical Structures

Hierarchical structures, as observed in Actinoptychus (Fig. 5.7) can be used as bio-
mimetic examples to influence the layout of loadbearing structures developed by
architects and civil engineers (Fig. 5.17). With the help of modern FEM-programs,
it is possible to describe these forces in complex structures. Progress made in this
field in recent decades helps with a more thorough understanding towards structural
solutions found in natural systems and to implement the results into building struc-
tures (Nachtigall and Pohl 2013).

5.4.4 Combinations of Structural Elements

The BOWOOSS research pavilion, a timber construction by the B2E3 Institute for
Efficient Architecture, Saarbriicken, Germany (Fig. 5.18) is a result of fundamental
research on biomimetics in architecture (Pohl et al. 2012). Studies on diatom frus-
tules have been compared using ,,Pool Research®. Natural and technical designs
were structured, classified, and compared, and their possibilities for applications
explored. As a result, the geometry of the building has been worked out in steps.
Using evolutionary computer algorithms, a series of “individuals” was “mutated” in
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Fig. 5.17 Abstraction of hierarchical structures (© AWI) and hierarchical element of a roof struc-
ture for a design of the new railway station in Luxemburg-Cessange (© Knippers Helbig Advanced
Engineering, Pohl Architects)

a sense that the “morphology” of each individual was changed subtly and randomly
(see Fig. 5.18). The changed “individuals” were then exposed to “natural” selec-
tion by financial-economic, esthetical, and technical criteria. The ones exhibiting
the best “morphology” were allowed to “survive” and give rise to a new cohort of
“individuals,” which in turn were “mutated” and so on until an optimal solution
was encountered. The architecture translates natural design into technical foldings,
uses rib structures and hierarchical structures and presents volumetry in a sensi-
tive manner (Beautyman 2012). Diatoms of the species Synedrosphenia, Actinop-
tychus (Fig. 5.7) and Arachnoidiscus (Fig. 5.4) exhibit morphological specifica-
tions in their valve ultrastructure that have been of interest for this development. In
computer calculations, their efficient load-bearing valves have been identified as
a combination of three-dimensional ribs in combination with pore-like openings.
The research pavilion BOWOOSS transfers these biological examples, integrating
its load-bearing structure within the envelope (Fig. 5.17). The superstructure seems
highly complex (Fig. 5.18) but is fabricated with the use of simple building ele-
ments (Fig. 5.19).

The structure is supported by laminated timber struts, which in a static sense
form the primary and secondary structure, and are permanently fixed to the hull.
The hierarchical system is multi-layered, as the biological examples of Actinopty-
chus and Arachnoidiscus reveal. Surfaces with pores are following the primary and
secondary ribs, which in biological principles may follow multiple layers. The com-
plex composite offers stability and envelops the hull in one. The organically formed
ribs are made of 60-mm laminated European spruce, fixed permanently to 27-mm
birch plywood foldings that give BOWOOSS a self-stabilizing effect. The hull fil-
ters natural light, offers ventilation and regulates transparency. The pore structures
in the folding plates are designed using generative computer tools with holes placed
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Fig. 5.18 a The BOWOOSS pavilion as installed in Saarbriicken, Germany in 2012, by the
BOWOOSS research group, G. Pohl, B2E3 Institute for Efficient Architecture, HTW des Saa-
rlandes. http:www.b2e3.de; http:www.pohlarchitekten.de (© G. Pohl) b models of two alterna-
tive variants of the BOWOOSS pavilion generated using evolutionary computer algorithms (©
G. Pohl)
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Fig. 5.19 The BOWOOSS pavilion, revealing a frame of ribs (in red) supporting the elabo-
rately folded skin (in green). http://www.detail.de/architektur/themen/forschungspavillon-
bowo00ss-019502.html (© N. Feth and G. Pohl)

in areas with minimal structural loads. Oval-shaped openings have been maximised
taking into account static needs following tests of physical models. The pores save
structural weight, which translates in low transportation costs and low installation
weight. The individual pores are non-continuously curved as methods that can be
recognized on structures of load-changes in plants (Pohl et al. 2012; Nachtigall and
Pohl 2013).

5.4.5 Linking Structures Between Valves

Linking structures are difficult to incorporate in technical products. One possibility
is to build structural knots with cast iron or aluminium to form the connecting parts
into the material of beams. With 3D-printers, one could print plastic or metallic
compound knots, but still the problem remains on how to integrate these into the
building superstructure.

Strong internal forces caused by external loads on building elements are con-
centrated on structures connecting the building elements. Therefore, these linking
structures need to be strong. Various connecting structures can be found between
adjacent valves of sister cells in chain forming diatoms. A cell can build such struc-
tures permitting the adjacent structures to intertwine in such a way that it is impos-
sible to take them apart without breaking the structure. An example of such inter-
twined linking structures between adjacent valves of sibling cells is shown at the
tips of interconnecting strutted processes between adjacent valves of sibling cells
in the centric diatom Skelefonema (Sarno et al. 2005, 2007; Fig. 5.3). This concept
could be applied in massive loadbearing structures linking pillars to the frame of a
roof (Fig. 5.20). This type of connectors may find applications in architecture and
engineering, though it is no sinecure to prefabricate linking structures as shown in
Skeletonema.

5.4.6 Load Bearing, Transmission and Detection: Natural
and Technical Fibres

A promising development will be the production of fibre-reinforced knots with fi-
bres layered to be optimally adapted to the load directions and load strength. Fibres
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Fig. 5.20 Example of
Y-shaped connection
composed of interlinking
structures reminiscent

of those observed in
Skeletonema (see Fig. 5.3, ©
BOWOOSS research group,
Otten and Pohl)

for load bearing purposes exist in huge varieties in nature, in particular in higher
plants and animals. Also the diatoms provide examples for natural solutions of
structural enhancement. As explained before, the silica cell wall is not just glass,
but instead a composite of peptides on which silica has precipitated (see 5.2.1).
Another example constitutes the chitin fibres in Thalassiosirales connecting cells
into chains. Natural and technical fibres have an enormous potential to carry tension
forces (Ehrlich et al. 2011). For technical monitoring purposes, fibre reinforcements
will embed embroidered sensors, for example for measuring compression and ten-
sion (Kroll et al. 2011). Such a sensory system is reminiscent of the nervous system
with its bewildering assortment of sensory devices.

5.4.7 Anisotropic Skins: Fibre Reinforced Composites (FRC)

Skins of buildings are mostly made of added systems that exhibit the same speci-
fications over the entire surface. Demanding requirements concerning energy and
material efficiency will not match with this construction mode. Natural solutions
in diatom frustules provide functional, structural, and design solutions that can be
translated into architectural products, especially for complex, three-dimensional ge-
ometries. Fibre reinforced composites exist in natural systems that deploy material
in quantity and quality precisely to what is required on the spot. Hence, thickness
and fibre orientation may differ from spot to spot, depending on the strength re-
quired. Such principles are already deployed in the sails of racing vessels and will
undoubtedly find application in technical composites of architectural hulls (Pohl
and Pfalz 2010).

Facades are currently developed by combining raw materials by means of adding
profiles. So far, technical research endeavours on fibre constructions for lightweight
structural elements in architecture are mostly limited on load bearing or enveloping
(Ehrlich et al. 2011). Solid parts made of biogenic fibres on one hand, and flexible
hydro-pneumatically “blown” membranes on the other hand, for example in cell
walls (Otto 1975a, b), are each specific and quantified to exterior and interior loads.

In the methodical approach of pool research in biomimetics, natural systems
such as diatoms will need to be studied more thoroughly. Identifying the complex
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functional systems in natural solutions will be necessary (e.g. load bearing, pro-
tection, semi-permeability, detection). Classification of the “ideal” natural models,
especially using silica and silica reinforcement, tend to have an important potential
for man-made productions. Structural elements, as they occur in broad varieties in
diatoms, show an interesting transfer potential that has just started to be understood
for architectural means. Within the facade research group at the Technical Univer-
sity Delft, the Netherlands, a major aim of the on-going research will be to imple-
ment the understanding of biological solutions to fibre reinforced systems for new
facades in architecture. Anisotropic skins using fibres will, with the help of natural
examples, be able to build smart facades that integrate load optimized construction
systems and embed extra functions in skins for the overall need of next generation
architecture (Gosztonyi et al. 2011b, Nachtigall and Pohl 2013).
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Chapter 6
Fibre Reinforced Building Envelopes Inspired
by Nature: Pavilion COCOON_FS

Goran Pohl

6.1 Introduction

Analysing the biological load bearing systems of diatoms and planktonic organ-
isms, as well as evaluating their technical potential as physical structure, led to an
intense study of biological models of geometry, proportions, load bearing behav-
iour, functional complexity and the ability to adapt. Examining and systematising
pore structures details, structural connections, node and fin structures and modular
structure was part of the research project. Exploring the hierarchically organized
structure of hull constructions led to the projects driving idea: the development of
an optimised supporting structure.

Contrary to conventional structures, separating hull and supporting structure,
both elements now merge into one. Considering the most efficient use of materials,
the elements were simultaneously optimised and hierarchically structured, divided
by self-optimising path-systems—emergent Voronoi-diagrams—for static stabilisa-
tion. The parametric definition and programming of the desired dependence simu-
lated a self-controlling static system. Thus, a functional diversity, the integration
of adaptive subsystems, is theoretically possible. Considering technical and avail-
ability reasons, the variety of material, that theoretically could be implemented in
the structures, was limited.

In further research, one focus will lie on the benefits of new material com-
pounds, allowing for the addition of functions to the elements (Figs. 6.1, 6.2, 6.3
and 6.4).
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Fig. 6.1 Detail of diatom. (© Alfred Wegener Institute)

G. Pohl

Fig. 6.2 Modular structure—Hierarchizations-Development steps to a constructive component.

(© Goran Pohl/Leichtbauinstitut Jena)
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Fig. 6.3 Actinoptycus Senarius (above). (© Alfred Wegener Institute)

Fig. 6.4 Detailed view of COCOON _FS. Hierarchical structure with primary and secondary fins
(below). (© Foto: Goéran Pohl)
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6.2 Morphogenetic Design

EEINTS

Derived from the Greek language, Morphé stands for “stature”, “shape”, while Gen-
esis means “origin”, “emergence”.

Morphogenesis is understood in biology as the study of structure and shape.

Morphology describes macroscopically and microscopically visible features,
starting with support structures and organs and organelles and further structural
differentiations.

The classification of diatoms, i.e. plankton, is geared toward the characteristic
fin structures (valves). Constructional characteristics differentiate between simpler
circular structures (Centrales, mostly of fossil origin), and more complex symmetric
multi-polar structures (Pennales). (Round et al. 1990)

Morphogenetic design can be described as the design of structure and form in
regard to differentiations as shape, subdivision and detailization (Fig. 6.5). (Nachti-
gall and Pohl 2013)

Fig. 6.5 Night view. (© Foto: Roland Halbe)
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6.3 Motivation

Erich Haeckel’s findings in nature, as he called them “art forms in nature” (Haeckel
1898) have influenced a generation of architects, designing floral ornaments that
have mostly been hand-made. In the later decades, planners followed archetypes
of structuralism that have been supported by industrial mass production. Since the
possibilities of computer generation grew, new constructive components in archi-
tecture are pushed by virtual three-dimensional geometry. For the generation of
complex structures, computer programs allow the use of parametric tools, assem-
bling building envelopes from multi-dimensionally twisted and refined elements.
These forms of architecture are asking for technologically feasible solutions. Con-
ventional building materials are hard to adapt to multipolar requirements. Construc-
tion technology is characterized by a fixation on conventional materials, which
cannot put the computer-generated geometries and structural elements into effect.
New materials promise a high potential for realizing complex shapes, but require
appropriate data generation, iterative constructional development of computer data
and manufacturing technologies, as well as verification of their specific applica-
tions. Research of sustainable materials inevitably goes hand in hand with finding
new ways of generating solutions on all levels of the process chain. Constructional
realization of parametrically generated architecture follows the tradition of light-
weight constructions, starting after the end of WWII. Lightweight building technol-
ogies are firmly established in architecture since the 1950°s and 1960’s, the days of
Buckminster Fuller, Kenzo Tange, Heinz Isler, Ulrich Miither and Frei Otto. Simple
physical models were measured geodetically, and the resulting data was propagated
onto concrete shells, (Jodicke 1962; Dechau 2000; Ramm and Schunck 2002) pat-
terns for textile membranes (Otto and Rasch 1995) and sophisticated steel structures
(Krausse and Lichtenstein 2000). Many biological paradigms were the findings of
research and resulted in weight-optimized products (Teichmann and Wilke 1996;
Hamm 2005) and led to nowadays established technical solutions. In contrast to
these early methods, numerical tools allow the creation and evaluation of build-
ing geometry in a three-dimensional space, and the conversion into programmable
manufacturing tools (Veltkamp 2007). In addition, modern construction materials
can be further refined, and potentials for efficiency enhancement can be realized
through load-appropriate anisotropies. This leads to a serious innovative push in
construction technology. At the same time materials and manufacturing technolo-
gies are being introduced to facilitate the realisation of efficient architecture, allow-
ing spatially complex structures. (Pohl and Pfalz 2010)

Nature has developed shapes which, in many species achieve their special charac-
teristics through a hierarchical configuration. Biogenic structures only visible under
an electron microscope reveal material configurations and connecting components
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which are morphologically comparable to technical systems. Fibre bundles, made
from biogenic silicate (Hildebrand 2008), create stable fin structures in diatoms,
whose hierarchical valve structure creates a semipermeable shell, primary and sec-
ondary load-bearing elements and equalizing substructures from a single material
component. (Hamm et al. 2003) Upon further examination of the diversity, assem-
bly hubs were created from the same material and allow several other elements to
be positively tied.

At the virtual research institute PLANKTONTECH, run by the Helmholtz As-
sociation, biologists from connected universities and institutes researched the char-
acteristics of diatoms, which are a category of marine plankton. This can be seen as
a new research, beginning from the point, Frei Otto and his collegues ended in the
1980’s, already finding technical transfer potentials of diatom shells (Otto 1985).
Generally all diatoms have hierarchically composed shell structures. The classi-
fication of diatoms is geared toward the characteristic fin structures (valves) and
differentiates between simpler circular structures (Centrales), usually from extinct
species, and more complex symmetric multi-polar structures (Pennales) (Round
et al. 1990). Both designs form their silicate shells in stable, multi-finned husks.
Biologists from Bremerhaven’s Albert Wegener Institute, Freiburg’s Albert Lud-
wig University, Berlin’s Technical University, Harvard University and New Jersey’s
Rutgers University have been contributing to the findings of the research conglom-
erate. The Assembling and classifying of these findings under the topic of technical
transferability was performed by the Institute of Lightweight Constructions Jena,
led by Julia Pohl. Their implementation into technical fibre structures was part of
the research done by Gdran Pohl with support of Pohl Architekten and the Federal
Institute for Textile and Process Technology, the ITV Denkendorf.

6.4 Methods of Transferring Natural Solutions
into Architecture

The design methods of architects primarily base on knowledge about the human
scale. This simple statement describes what architecture is for: buildings to be used
in a social and cultural context. While looking for solutions only in the repertoire
of technical developments, one will not match the standards of research. Werner
Nachtigall, one of the best known experts in biomimetics, has been stating that if
one doesn’t use the sources of natural developments, every research seems to be
incomplete. Professional research does not allow disregarding even one source of
knowledge-potential (Schultz 2011).

The knowledge transfer that this article is about uses the method Pool Research
(corresponding to VDI guideline 6226 (2013), see also chapter “Diatom Frustule
Morphology and its Biomimetic Applications in Architecture and Industrial De-
sign”). The method was established by Pohl et al. (2010a) as design approach for
architects and industrial designers using biomimetics. In the PLANKTONTECH
research groups, broad research on diatom morphology provided the base of natural
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solutions to be transferred into design systems. This pool of natural know-how has
been examined and structurally classified. Finally, the morphogenetic structures of
hierarchic systems in diatoms have been explored in depth. The outcome could be
translated into structural demands of buildings like the pavilion COCOON_FS de-
scribed here: self-supporting shell structures using lightweight material (silica) for
integrated building envelopes. In diatoms structures are hierarchically organised for
stability purposes. Ribs and beams as embedded supporting structures are naturally
made from the same material as the cladding structure is: from biogenic silica. This
morphological principle can be transferred directly in building-systems. First, silica
as material does not seem to fulfil the demands, mostly being used for windows
in technical systems and able to withstand pressure loads, as it is weak in terms of
tension. From this point, technical developments help to match the needs evoked by
the idea of natural hierarchic structures. Considering technical fibres such as glass
fibres and the potential of fibre reinforced polymers (frp), emerging new typologies
of facades will benefit from investigations on diatom structures. These facts show
that a combination of various fields of research is needed, thus future architecture,
meaning biomimetics, benefits.

6.5 Technique and Material

“Limits of technology are not limiting us, but inspiring us” (Frei Otto on November
18, 2011) at a conference on lightweight construction at Chemnitz Technical Uni-
versity (Otto 2011). With regards to frp materials, there is a huge potential which
can be seen as ideal for anisotropic skins: super stable building skins have em-
bedded extra functionality. Free mouldability of fibre-composite structures allows
buildings to generate supporting-structures and envelopes in one single produc-
tion process. Elements of construction can be configured load-appropriately and in
seemingly any geometric shape. This construction material is usually composed of
glass or carbon fibre and a matrix of polyester or epoxy resin to embed the fibres
into a laminate. Other materials known for specific applications are aramid fibres or
natural fibres (hemp, flax etc.) and matrices made from renewable resources. Natu-
ral fibres are already being used in the automotive industry, especially for lining
components—their behaviour in crash situations is very favourable. Technology-
transfer from the high technology industries benefits from natural structures which
can be seen as the most influential factors for resource-efficient buildings in the fu-
ture. A massive development stimulus in the building industry is recently ongoing in
thin and free-form fibre-reinforced concrete elements which are mainly being used
for veneer constructions. In the case of COCOON_FS, implementing pool research
findings and technical inventions have provided new knowledge about fibrous ma-
terials and manufacturing methods for free-form lightweight building technologies.
This lead to the experimental research prototype COCOON_FS. In further steps,
the prototype will be refined for production readiness, and experiments have to be
conducted regarding the properties and usability of other material combinations.
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6.6 Milestones in PLANKTONTECH Research
and Development of COCOON_FS

In a development step following Pool Research, the structural behaviour of diatoms
can be characterized as follows:

Valves create hierarchical fin structures, which tie positively with the three-di-
mensionally arranged roof cover and result in a structured construction technique.
Compared to the shells of the Clypeasteroida and similar sea urchins, which consist
of separate, interlocked calcium carbonate plates, this technique appears to exhibit
better rigidity and lower material usage, based on supporting fin and pore structures.
This attribute can be reproduced in the technical implementation of self-supporting
shell-fin-systems. The production of a prototype with the specific lightweight build-
ing characteristics of diatoms provides a deep insight on materiality as well as on
production. The building shape is one factor and implementation of the entire pro-
cess chain of the industrial manufacturing is another. When abstracted and projected
onto the material-intrinsic requirements for numerical iterative tools, the design-to-
production flow happens in several stages that can be seen as milestones:

a. Basic research of the PLANKTONTECH group members, assembling the
member’s findings, evaluation and preparing for transfer as part of Pool Research

b. Design studies based on PLANKTONTECH Pool Research

Programming and preliminary design for COCOON_FS

d. Structural Morphogenetic Design for COCOON_FS: generic development steps
of a hierarchical veneer and hull structure)

e. Static analysis

f. Constructional Morphogenetic Design for COCOON_FS: development of a cel-
lular hull design in fibre-composite construction.

g. Testings and optimization steps due to material and manufacturing requirements

h. Production

i. Transport and Installation (Fig. 6.6)

o

Fig. 6.6 Evening view with
inside lighting. (© Foto:
Roland Halbe)
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6.7 Programming and Preliminary Design
for COCOON_FS

The design-step programming reveals the functional needs of a building, while the
preliminary design is based on these requirements. The results of programming can
be characterized as requirements for the pavilion:

» Portable structure, easy to transport

+ Installation has to be very quick, within 2-3 h

» Lightweight

» Translucent for illumination purposes, nightly attraction

* Optional elements for low volume-packaging

» Functional needs: space requirements for up to 2 persons (information desk) and
for up to 5 persons (visitors).

» Display surfaces for small exhibitions on biomimetics (PLANKTONTECH re-
sults), design, and art.

The development of COCOON_FS has to match several criteria. Functional needs
demanded a maximum of space. Given the transportation needs, a building was
considered which would be able to either be cellular organised and built on site or
to be transported as one piece. Demands on minimum weight with a maximum of
stability forced a rethinking of the engineering process of construction buildings.
The footprint of COCOON_FS was limited to a maximum of 10 m?. The reasons for
this limitation are the German regulations for official approval: more square footage
would have required additional permissions which would have been subject to ap-
proval by the authorities and would have brought on additional costs rendering the
research object ineffective and expensive. The space allocation plan was developed
in line with the requirements of a minimal area and the maximization of usable
space. On the base of this space allocation plan, the configuration was created (flex-
ible layout, space for an information and cashier counter for two people, wall areas
for research exhibits, catalogues and posters, space for up to 5 visitors at a time).
As a result of these limiting factors, the hull is initially arched outwards and has a
slightly curved roof, thus maximizing the available space.

6.8 Structural Morphogenetic Design

The pavilions geometric description is generated three-dimensionally by a universal
CAD-System, Rhino.

The form-finding process is defined by several iterations until the volume con-
tains all parameters.

Regarding use, maximum height and width, maximum basic area and geometric
form, there are geometric requirements. Further steps refine the shell, considering
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the production capability. The entire building structure is generated and gridded as
a closed surface originating from the first form.

Single elements are extracted and constructively refined as cells. The parameter-
ized image of the closed building structure in a 3D-CAD-System ensures accuracy
and a precision fit of the final single forms.

4 mm were consistently defined as joint width between the cells.

COCOON FS is a combination of individual cells. During further parametric
development iterations the geometry of these cells was examined and confirmed.
Their shape received a hierarchically layered structure consisting of primary and
secondary fins, interconnected with the hull. Using the secondary fins as thickened
hierarchical structures, it was possible to reduce the thickness of the outer walls to
3 mm, while the fins themselves were downsized to a 6 mm material gauge fol-
lowing load-bearing tests. Another side-effect using hierarchical structures is the
equalization of thermal suspension and of production tolerances.

Further generative computer developments were necessary to convert the origi-
nal geometry into a new shape, and to free-form a horizontal intersection which
allowed a combination of equal or similar elements. These iterative optimization
steps have been indispensable to reduce the cost of production.

Parametric studies of the transportability showed that the COCOON_FS struc-
ture can be built and transported very flexibly:

» Packaging of individual cells: A single panel van is sufficient to transport all
components. Assembly happens on location, with permanent or detachable joint-
ing. Components can be loaded and unloaded manually. A false work is required
for assembly which can easily be created on location using a template.

*  When the structure can be pre-assembled at the factory and shipped to its desti-
nation, the consistent assembly methods are advantageous. COCOON_FS can be
transported on a flat-bed vehicle and loaded/unloaded with a crane.

* COCOON FS can be broken apart into larger sub-assemblies and is therefore
suitable for shipping in variably sized containers. Hull elements are assembled
at the factory under controlled conditions. The element configuration is adjusted
to container measurements.

6.9 Statical Analysis

Self-supporting elements-without substructure-adhesive bond (Fig. 6.7)
Weight of the whole pavilion: approx. 750 kg. The low weight requires the use of
a heavy-weight base, or for the pavilion to be anchored to the floor.
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deformation diagram [mm)] equivalent stress Von Mises [N/mm?]

LALALA

Hat

deformation 3.5 mm deformation 0 356 mm

Fig. 6.7 The images above show the effects of increasing hierarchization (/eft to right): Adding
a further substructure, the structured cell elements” deformation is reduced to 10% of its original
dimensions. Given the same hierarchization step, stresses Von Mises are reduced by 15%. (©
Alfred Wegener Institute)

6.10 Constructural Morphogenetic Design

The implementation of separate supporting structures would have been the tradi-
tional way of civil engineering. Like diatom frustule, integrated structures should
match the demands of loadbearing and enwrapping in one. This leads to the devel-
opment of self-supporting cell elements that could be assembled to a self-support-
ing building-structure. In the next step, individual cells have been verified to be
produced. The following iterations have to construct every single element and to
optimize this cellular system. Individual cells promised to be easy to produce and
to improve transport flexibility. This view established the structural organisation of
the pavilion. The constructural morphogenetic design considered all benefits and
limits of the material as well as the specific needs for later installations (Figs. 6.8
and 6.9).

To create the elements of the construction, each element has to be exactly defined
by 3D-data. This data shows the positive element, needing to produce a mould, a
negative for each part. In this mould, the cells are laminated almost like a cake in a
cake tin (Figs. 6.10 and 6.11).

The data of the positive elements has to be translated into data of negative
moulds. The process is as follows:

Three-dimensionally created CAD-data was carried over into self-contained sur-
faces and exported into milling data for the CNC-controlled form cutters to produce
the moulds. The data transfer runs via.iges or.step, which can be created from the
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Fig. 6.8 One cell, showing ribs in the centre and leading to the fins that are necessary to connect
each cell to the other (see pict. xx). (© Goran Pohl/Leichtbauinstitut Jena)

Fig. 6.9 Cells have to be constructed with high accuracy. Inside the construction, the fins of each
cell are visible. Their function is the attachment of each cell to the other via gluing. (© Goéran Pohl/
Leichtbauinstitut Jena)

program Rhinoceros. The manufacturer needs data readable in Catia. Afterwards,
shapes were milled from laminated MDF blocks and—ready to be laminated-coated
in varnish. Parametric shape optimizations yielded 15 primary shapes and 8 non-
standard parts, while the latter resulted from the basic shapes. Between 3 and 28
exemplars of the primary shapes, and 1-2 exemplars of each non-standard shape
were cast (Fig. 6.12).

During the first tests, a 2-part mould was considered advantageous. However,
first production results indicated that a change to a 3-part mould would be more
beneficial due to the midrib that occurred from the 2-part mould. Despite a slightly
higher production effort, less reworking and finishing was required (Fig. 6.13).

In addition, the first production results yielded important conclusions about the
maximum bend and insertion radii of mattings and lattices, and about the flow be-
haviour of the embedding matrix. A parametrically programmed monitor visualized
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Fig. 6.10 Overview of all
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the range of high-angle bend radii and large matrix accumulation. Subsequently,
the fin radii were adjusted using the parametric system. The results are being com-
piled in a research report, which will be available for future free-form structures

(Figs. 6.14 and 6.15).
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Fig. 6.12 Showing one of the non-standard elements which results from the basic element. This
element is the base element that is connected to the floor. It differs by embedding an incline. (©
Goran Pohl/Leichtbauinstitut Jena)

Fig. 6.13 2-part mould ready to laminate the first cells (/eff), 3-part-mould (right). (© Fotos:
Goran Pohl)
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Fig. 6.14 Constructional Morphogenetic Design: Example of fibre structure optimization. The
images above (right and middle) show areas in red. The fibres will not be embedded exactly in
the mould (right image) and no fabrication problems will occur (image in the middle). The red
element in the bottom right corner illustrates the areas of heavy forces due to connection when
glued just in these areas. Finally, connections have been changed by identically spaced screwing
during primary installation and gluing cell to cell at the end. (© Goran Pohl/Leichtbauinstitut Jena)

Fig. 6.15 Constructional elaboration (above). (© Goran Pohl/Leichtbauinstitut Jena)
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6.11 Production

Lamination and Material Examinations

For the impressions of the cells, different glass fibre mats and fabrics were cho-
sen and placed into polyester and epoxy resin. The first elements were manufac-
tured as wet laminate in a handcraft lamination process. Easy moulding is the ad-
vantage of this process. However, personnel expenses are relatively high and the
final composites’ load bearing capacity is low. During the examinations, special
fabrics and translucent resins were used to achieve high translucent cells. Given the
material combination, resin flows too fast and the composites’ homogeneity can’t
be ensured. Due to the production process and easily flowing resin, air inclusions
became visible. In the beading, accumulations of resin didn’t lead to an optically
pleasing result. Therefore, a less translucent resin with white staining was chosen
and the fabric was varied during the examinations. Thanks to these modifications,
it was finally possible to generate a near perfect appearance. The best result was
achieved by a combination of different mats with fleece placed inside.

Polyester resin served as a matrix. Apart from handcraft lamination, vacuum
production was examined, using a unilateral form and a vacuum film with vacuum
injections of resin. A counter mould was also considered. For the final production,
the handcraft lamination process was chosen as it appeared to be the easiest way.
Laminating the first samples of elements in a 2-part form, the fins thickness could
be reduced to 60 mm. Evaluating first impressions, the originally estimated 100 mm
seemed to deep, an assumption which was later confirmed by static calculations.
Fins are significantly responsible for the stiffness of each cell and serve as adhesive
flange, connecting the cells (Figs. 6.16, 6.17 and 6.18).

Coating coating of the elements was done using a polyurethane-based varnish,
which is adjusted to result in a perfect exterior surface when used on both sides. The
varnish has a high light transfer capacity, leading to great translucence.

Lighting Specifically for the pavilion, a lighting system was developed and opti-
mized in cooperation with the manufacturer. The interior is illuminated using LED
technology, turning COCOON_FS into a luminescent object at night (Fig. 6.19).

Fig. 6.16 High translucent
cell. The 2-part form causes a
seam in the centre. (© Foto:
Goran Pohl)
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Fig. 6.17 First samples of
adhesive bonding, combin-
ing test cells (/eff). Different
staining of test cells is clearly
visible, based on different
material compositions.

(© Foto: Goran Pohl)

Fig. 6.18 Samples of
elements after lacquer testing:
the front element is fabricated
by a 3-part form (right), the
rear one by a 2-part form,
visible by the middle bar. (©
Foto: Goran Pohl)

Fig. 6.19 Interior view of
the translucent hull. (© Foto:
Roland Halbe)
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6.12 Conclusion

The project’s result is a free-form supporting structure in modular composites
design, based on a new combination of materials.. Regarding fibre composites
design, there have recently been further examinations of the choice and com-
bination of materials. Acquired knowledge is thereby pursued, relating to the
development of facade elements in fibre composites design. For economical im-
plementations of these constructive innovations, the connection between manu-
factured and technological processes during production will be significant.
Future research focus could be on the following projects:

* Modification of textile, prefabricated structures, considering the ability to drape,
fire and high-temperature behaviour

» Development of components’ composition for inorganic, non-metallic sandwich-
top layer-matrix and core layer.

» Implication of modified, prefabricated structures according to moulds’ specific
requirements

* Production of sandwich structures, based on textile reinforced sandwich top lay-
ers and non-flammable core layer.

* Development of a technology, supporting mass-production to fabricate non-
flammable free-form supporting structures

» Application of function specific elements and monitoring fibres

* Implementing a flexible, modular mould system
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Chapter 7
Biomimetic Engineering of Tailored,
Ultra-Lightweight Fibrous Composites

Markus Milwich

7.1 Lightweight Constructions Using Fiber Reinforced
Polymers

Fiber reinforced polymers (FRP’s) are now in use for several decades. In using high
strength fibers such as glass, carbon or aramid embedded in polymer, metal or ce-
ramic matrices, very strong and lightweight composite materials and structures can
be manufactured. Because of the strong interest of the automotive industry, research
regarding FRP’s is at full speed, mainly to reduce production cost with new materials
and processes. The growing knowledge about the special handling and behavior of the
materials in comparison to metals allows designing more complex and structural, i.e.
highly strained, parts. Besides high strength and stiffness adherent with low weight,
FRP’s have many more advantages compared to un-reinforced plastic or metals, e.g.
an excellent durability in different environments, very good fatigue behavior and low
thermal conductivity (Henning and Moeller 2011). Fiber reinforced composites show
an anisotropic behavior: fibers can carry loads very well in the direction of the fiber
axis, whereas perpendicular to the fiber axis only the much weaker matrix carries the
loads. This results in very different properties along or perpendicular to the fiber axis.
Bearing this fact in mind, a big advantage of FRP’s is, that the fibers can be laid in
the direction of the stress lines. In future, mechanical properties will increasingly be
tailored according to the stresses in the parts. On the other hand, in areas of the part
where stresses are low, material is reduced thus reducing weight (Schiirmann 2005).
Due to those manifold advantages, fibrous composites can be found increas-
ingly in modern airplanes, sports goods, and in the industrial sector (primarily for
wind turbines). The long term use and the wide experience made in racing cars are
now successfully transformed into the automotive sector, especially in the field of
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mobility. The FRP’s help to save material and energy during manufacturing, during
lifetime and also during recycling (Neitzel and Mitschang 2004).

7.2 Learning from Natural Role Models like Plankton,
Plants and Animals

Plankton organisms, such as diatoms, have highly structured shells made of com-
posite material. Although the shells are mechanically very strong, they have to be
also light weight because they must float in near-surface water for the photosynthe-
sis. In millions of years plankton developed a special ribbed shell structure to stay
lightweight but also to protect itself against predator crustacean with a growing
strength of the shell (Fig. 7.1).

Another natural basic principle is the composition of the tissue as a fibrous com-
posite. That means that load carrying fibers are arranged into a form-giving load
application matrix system. The high performance of natural composites results not
only from the high mechanical properties of fibers and matrices, but result mostly
from a smart anisotropic arrangement of bundled fibers on different hierarchical
levels. This anisotropic structure of the tissue results in anisotropic material proper-
ties, where strength and Young’s modulus of the tissues are adapted to size and di-
rection of the external loads. Living tissue, e.g. bones and wood have an additional
energy, material and weight saving property: overloaded zones react to the external
forces in building up new material thus reducing the load per square inch, in under-
loaded zones material is removed and recycled.

Nature makes light and stiff structures by applying anisotropy: the fiber lay-up
is according to the flux of the forces creating lowest weight and thus lowest
consumption of resources.

The properties of natural systems are more defined by composite structure and less
by the very few used materials: proteins, polysaccharides, Hydroxyapatite-ceramics

Fig. 7.1 Plankton Structures. (courtesy C. Hamm)
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(Bones), CaCO,-ceramics and silica-ceramics (Plants). Those basic materials form
only four different natural fibers: cellulose in Plants, collagen in animals, chitin in
insects/crustacean and spider silk. Natural fibers have a very high ability to carry
loads, having a lower density as glass-, carbon-, or aramid fibers.

Very small changes in the chemical texture of natural fibers or tissue can result
in very different mechanical properties. Thus, nearly identical collagen fibers (+
small amounts of hydroxyapatite) form highly loaded and very stiff bone struc-
tures, less stiff cruciate ligaments and highly dilative blood vessels. Most notably,
nature combines two properties which are rather antithetic in technique: stiffness
and ductility. Plankton shells and nacre are remarkable role models for bionic fiber
reinforced composites which have high stiffness/strength and high ductility. Nacre
is build up by a so called brick and mortar structure, where hard aragonite layers
alternate with thin organic layers. The organic interface layers are up to 40 nm thick
and consist of a mix of proteins and polysaccharides. They stand only for 5 % of the
whole mass of the nacre and act as a template for the buildup of the hard aragonite
layers. They act as crack arresters and distribute the external forces over a wider
area. Stress peaks are avoided by deflection of the cracks along the organic layers
resulting in high cracking resistance. This makes nacre double as hard and thousand
fold more ductile than pure aragonite. Research work on nacre aims on biomimeti-
cally transferring that principle into technique to create new ductile and vibration
damping materials.

The weight optimized properties are accompanied by environmental friendly
production processes using low temperatures and solvent based processes.

Technical fibrous composites are constructed similar to nature: main aim is to
reduce weight of a part in arranging fibers as good as possible (and with as low cost
as possible) along the tension lines in the composite part, combining high young’s
modulus and high tenacity with low weight.

In the beginning of the use of FRPs, fibers in form of cut woven fabrics were
draped and stacked into a mold. Due to the fixed 0°/90° fiber directions in the wo-
ven fabric, trade-offs had to be made regarding an optimal aligning of the fibers.
Yet, nowadays different textile techniques like stitch weaving or robot-tape-laying
are available, which effectively allow to lay the fibers in the path of the external
forces, creating ultra-light-weight composite parts.

Composites are nowadays widely accepted as a good means to reduce weight,
but more research work has to be done to develop faster production methods and
better ways to transfer the very high Young’s-Modulus and tenacity of the fibers
into finished parts. Fibrous composites allow to integrating additional functions
into the structures. Research work is done e.g. to actively damping of disturbing
or harmful vibration with piezo-ceramic fibers (Monner 2005), to design passive,
form-optimizing adaptive wings for maximum energy yield of airplane wings or
wind turbine blades (Breitbach and Sinapius 2004) or to integrate (fibrous) glass
sensors for damage control in bridges and airplanes.

Further weight savings in composites are anticipated by decoding multifunc-
tionality of natural tissues and implementing the principles in composite structures.
Biological multifunctionality is realized by the clever combination of fiber/matrix
materials and gradient structures on different hierarchical levels. As an example,
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mechanical properties like strength, stiffness and vibration damping are combined
with water and mass transport. Multifunctional Composites combine different func-
tions by either using new materials or by a clever combination of already existing
materials. Desirable Additional Functions for composites are:

» Energy harvesting: solar heat, photovoltaic, piezo-fibers, thermal electric gen-
erators

» Comfort: Noise reduction and passive/active vibration damping

e [llumination, communication

» System Health Monitoring

7.3 Increasing use of Textiles for Fiber Reinforced
Polymers

Not long ago, FRP’S were mostly laminated using short fibers or pre-impregnated
unidirectional fibers. Because textiles are easier to handle, faster to process and
have a better crash performance, textiles are increasingly used for composite parts
(Cherif 2011). The use of textile composites is prominently shown in the automo-
tive sector, mainly by the BMW’s new i3 e-car, which has many textile parts in the
car body (Fig. 7.2).

When composite structures are made with textiles, mainly non crimp fabrics
(based on the warp knitting technology) and woven fabrics are used.

Fig. 7.2 BMW i3 e-car body made from carbon-fiber textiles
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Like the construction of metallic car parts, the basic textiles are strengthened by
framework substructures which are fixed onto them by stitching or sewing. After-
wards the whole assembly is infused with resin and heated to harden the resin.

Because the batteries of the e-cars are heavy, the car body itself should be as
light as possible to save energy and to enhance the operating range of the e-car.
Therefore, research work focuses on decreasing the weight of composite parts even
further by inventing new technologies for an optimal fiber lay-up. In case of textile
technology, textile techniques are developed where fibers can be lain in the calcu-
lated directions, the fiber lay-up copying as far as possible the given path of the
forces in the part. Two newly developed textile technologies, the stitch weaving and
a new developed non-crimp multiaxial multiply technique make it possible to pro-
duce a basic fabric and strengthen it with additional fibers which can be orientated
according to the flux of the forces.

Figures 7.3 and 7.4 show the open-reed weaving machine principle and open-
reed woven fabric with inwrought rovings.

Fig. 7.3 Open reed weav-
ing machine principle.
(courtesy Dornier)

Fig. 7.4 Woven fabric with
inwrought rovings. (courtesy
Dornier)
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Fig. 7.5 Multiaxial non
crimp carbon fabric with
incorporated carbon strands.
(courtesy Cetex)

Fig. 7.6 Multiaxial non
crimp glass fiber fabric with
incorporated glass fiber
strands. (courtesy Cetex)

Figures 7.5 and 7.6 show multiaxial non-crimp multiply fabrics with additionally
incorporated fiber strands.

To reduce costly prepreg technology, research work is carried out to develop cost
effective textile techniques or developing robot lay-up techniques for handling and
draping the textiles into complex forms.

7.4 Biomimetic Transfer of Optimized Natural Fiber
Reinforced Composites into Technical Structures

In principle, fiber composites are not a human invention. Bones, plant stems, and
wood are fiber reinforced composites representing a highly optimized fiber lay up
where the fibers run in the exact directions of effective loads (Mattheck 1998).

The Dragonfly-Thorax is a very good example of a multi optimized composite
structure with a synergistic interaction of ribs from composite material. The ribs
themselves are weight-optimized structures and are macroscopically arranged as
weight-saving spacer structures connected by a thin layer of a belting outer skin
(Fig. 7.7).

If one looks deeper into the ribs itself—and likewise into all other animal
bones—an optimized fiber lay-up is to be seen, where the fibers are strictly aligned
to the flux of forces in the bone (Fig. 7.8).

A sophisticated transfer from biological composites into technical applications
dates back to the early 1980s and was accomplished by the group of R. Gordon, C.
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Fig. 7.7 Dragonfly thorax.
(courtesy Nachtigall)

Fig. 7.8 Femur-Bone and
extracted fiber-paths (cour-
tesy: wissenschaft-online.de)

R. Chaplin, and G. Jeronimidis at Reading University. They patented a bio-inspired
composite structural panel with high strength and toughness based on (ultra-)struc-
tural features in wood (Chaplin et al. 1983) (Gordon and Jeronimidis 1980). The
orientation of the fibers in this biomimetic composite is based on angles found in
micro fibrils of wood tracheids.

Design and production of these ultra-light-weight composites was supported by
the development of adequate “finite element” computing methods, which facilitate
the calculation of curved and irregular shapes. Claus Mattheck from KIT Karlsruhe
investigates biological design rules, triggering the development of an optimized
shape of naturally growing constructions. He developed computing methods to sim-
ulate force-controlled biological growth, which help to optimize technical construc-
tions by a similar “organic” growth (as in trees) or even help to remove unnecessary
volume and weight (as in bones or wood) and put the material into highly loaded
zones of a part. His propagation of using tension force loaded machine elements
instead of using pressure loaded elements propagates an even more extended use
of fibrous materials and will further advance the use of custom-made composites
(Mattheck et al. 2004). The results of those different optimizing programs are tech-
nical parts with high mechanical properties and low weight. A famous example for
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such a bionic optimized structure is the SKO computed Mercedes Benz Bionic Car,
where the weight optimized ribbed structure was topology optimized by Prof Mat-
theck (Fig. 7.9). The fibers are closely aligned along the flux of forces.

The Bionic car body work is 30 % lighter than conventional bodywork, but dis-
plays a comparatively complicated structure with many bifurcations. Whereas the
assembly of such a car body with welded metallic profiles would be very costly, an
assembly with the new fiber lay-up techniques in the composite sector would be
simpler and lighter, because the fibers could be easily laid into the flux of the forces.
Those fiber lay-up techniques are also so-called “gradient textile techniques.” Simi-
lar to natural fibrous composites, these techniques allow to lay every single fiber
strand exactly within the structure in the direction necessary to neutralize outer
forces so that no unnecessary fibers or weight are incorporated.

As an example for a gradient textile process, Fig. 7.10 shows an extreme light-
weight carbon fiber reinforced plastic Robot-arm of the German company Kuka
Roboter GmbH, produced by a process called tailored fiber placement. This is a
stitching process, where, on a slightly altered textile stitching machine, up to 10

Fig. 7.9 Bionic car. (courtesy
Mercedes/Nachtigall)

Fig. 7.10 Ultra-Lightweight
bicycle chain ring of Co. F
+S
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stitching heads place every single carbon fiber strand next to the preceding fiber
strand (Fig. 7.11).

Another example for a biomimtic transfer of several role models into technique
is the development of the “technical plant stem”. In close cooperation of Freiburg
biologists and ITV engineers several functional natural principles were abstracted
and incorporated into the fabrication of a “technical plant stem”. Role models are
giant reed (Arundo donax) (Spatz et al. 1997) and horsetail (Equisetum hyemale).
The stem of the horsetail consists of two cylinders connected by pillars (Fig. 7.12),
creating remarkably large vallecular canals, which significantly reduces further the
weight of the hollow stem. This sandwich structure represents an ultra-lightweight
construction with high bending stiffness and high buckling resistance combined

Fig. 7.11 Tailored fiber
Placement Technology (cour-
tesy ACC)

Fig. 7.12 Equisetum
hyemale. (courtesy Plant
Biomechanics Group
Freiburg)
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with a low material input, withstanding high wind loads and corresponding high
vibrations.

This new product combines the ultra-lightweight sandwich construction of the
horsetail with the superior vibration damping properties of the giant reed, disposing
of a gradient of stiffness between fibers and matrix created by nano-particles.

Nevertheless, the production costs for this new product must also be taken into
consideration. In case of composite beams like the technical plant stem, the pul-
trusion process is a cost-efficient production method for endless-fiber-reinforced
plastics. Compared to metals, the pultruded composite profiles are corrosion resis-
tant and maintenance free. The lower weight reduces installation costs, also lighter
foundations can be realized.

In thermo-set pultrusion, matrix impregnated high-performance fibers are pulled
through a form-shaping die and are consolidated by heat and pressure during the
transit through the die (Fig. 7.13).

To incorporate diagonal fiber bundles into the technical plant stem, a braiding
machine was installed into the pultrusion process. The braiding technique helically
winds two different counter-rotating sets of intertwining fiber strands around a core
system and an inner layer of unidirectional fibers. By varying the density, arrange-
ment, and angles of the fibers in the different layers of the technical plant stem,
technical structures can be produced which are optimally designed for a given load
situation. With braid pultrusion technology, different hollow profiles with glass fiber

Fig. 7.13 Pultrusion line at
ITV Denkendorf
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Fig. 7.14 Tubular profiles and “Technical plant stems” manufactured with pultrusion technique
at ITV Denkendorf

and carbon fiber reinforcement were produced. To mimic the porous, optimized
weight potential of the plant-matrix system, a polyurethane foam matrix was applied
between the fiber bundles, resulting in a very lightweight specimen (Fig. 7.14). By
combining this cost-efficient production method with the several advantages of the
technical plant stem, this unique material will rapidly spread into manifold applica-
tions in the composite world like aerospace, transportation, industrial and sports
(Milwich et al. 2006).

7.5 Nature’s Ultra-Lightweight Structures are the Result
of the Optimized Interaction of Different Hierarchical
Levels

Within the PlanktonTech project, ITV and its research partners are learning from
the role model Plankton to develop ultra-lightweight technical structures with op-
timized material, topology and fiber lay-up. The bio-mineralized shells of diatoms
and Radiolarian are ultra-lightweight structures. Over 100.000 different plankton
species with different geometries create a pool of role models for technical struc-
tures in different industries like transportation, machines or buildings. The most in-
teresting question is how nature creates an abundance of hierarchical ordered light-
weight structures by using only very few materials. ITV research work in Plank-
tonTech addresses this by developing materials and production methods to transfer
those principles of structural/topological optimization and hierarchical ordering to
build ultra-light-weight composite demonstrators. The pentagonal and hexagonal
structures and substructures shown by Plankton are already generally known to re-
sult in stiff and strong structures in technique. Well known is the aramid honeycomb
spacer in sandwich constructions, which is inserted between two strong outer layers
resulting in a very bending resistant composite part (Fig. 7.15).

The research work in the PlanktonTech project goes along with other research
projects at ITV and its research partners. One of the main topics is to understand



134 M. Milwich

Fig. 7.15 Aramid fiber Honeycomb-Spacer

how the properties of the substructures on the different hierarchical levels create
eventually the properties of the whole structure (Figs. 7.16, 7.17).
Well-investigated natural role models in the area of natural composites are plant
stems like wood, horsetail and giant reed. Common attributes of those plant com-
posite tissues are the combination of high mechanical or physical properties with
lowest material and energy consumption. Main features of trees and giant reed are
e.g. the outstanding damping of vibrations induced by wind and the tough, good
natured breaking behavior with several smaller cracks before the final rupture
takes place. In comparison to this, technical composite structures mostly show a

@ Plant Biomechanics Group Freiburg

Integral axes mikroscopiclevel Biochemistry of cell wall
(Cell structure)

Fig. 7.16 Optimization of overall mechanical properties through optimization of several hierar-
chical levels by material selection and special fiber lay-up. (courtesy Plant Biomechanics Group
Freiburg)
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Fig. 7.17 Giant reed: Demonstrative example for a optimization of mechanical properties on sev-
eral hierarchical levels. (courtesy Plant Biomechanics Group Freiburg)

catastrophic brittle breaking behavior without any pre-warning. The natural com-
posites generate those special properties mainly by an elaborated, gradual stiffness
transition between fibers and matrix tissue.

Research work on plants at MPI Potsdam and Freiburg University aim to get an
even deeper insight onto the micro or nano-scale composition of the tissues and to
extract the different mechanical properties e.g. by different Fiber lay-up i.e. micro-
fibril-angle in the plant cell walls. With this insight, even better technical composite
structures will be designed and manufactured.

7.6 Using Plankton-“Technology” to Develop
Ultra-Lightweight Structures

The pentagonal and hexagonal structures and substructures are already known to
result in stiff and strong structures (see Fig. 7.15). Yet to produce those special
structures and their substructures with a well defined fiber lay-up, tape laying tech-
nologies have to be adapted and farther developed. Tailored fiber placement and
tape laying processes are suited for flat structures. For three dimensional “Plankton-
Tech” structures, ITV Denkendorf developed the “freeze-tape-laying” process for
aligning the fibers to the 3D-load path in the composite part.

With the “freeze-tape-laying” process it is possible to place the fibers on 2D-and
3D-curved forms without breaking any of the brittle filaments of the high modulus
carbon yarns (Fig. 7.18). With this technique, PlanktonTech framework parts were
manufactured, among others a fiber lay-up which was inserted into a foam and con-
nected to a carbon outer skin (Fig. 7.19).
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Fig. 7.18 Freeze tape laying

Fig. 7.19 PlanktonTech
framework integrated in foam

Fig. 7.20 Flat 3D-FEM
model of PlanktonTech
structure

The development of PlanktonTech manufacturing technologies were accompa-
nied by a topology optimizing using Finite Element Analysis. The FEM calculation
of a first flat PlanktonTech structure (Fig. 7.20) was optimized by several optimiza-
tion steps regarding framework, wall thickness and strut height. This flat design was
transferred into a CAD model of a more “natural” lentil like 3D-form (Fig. 7.21).
With this form composite framework structures will be produced.

To manufacture the smaller substructures, another technology was developed,
the so called “ITV-Fiber placement robot technology”. In this case a carbon roving
is impregnated directly in the process and deposited with a robot onto an grooved
PlanktonTech form (Fig. 7.22).

With this technique several small and big PlanktonTech structures were pro-
duced and assembled (Fig. 7.23).
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Fig. 7.21 Lentil-like,
3D-domed PlanktonTech pa
composite framework (|

Fig. 7.22 Tape laying robot technology

Fig. 7.23 Manufacturing of hierarchical PlanktonTech structure: First Level (/eft), Second Level
(middle), assembled (right)

7.7 Using PlanktonTech “Technology” to Develop
an Ultra-Lightweight Robotic Arm

The optimized fiber arrangement in biological materials finds is utilized in tech-
nique for an optimal macroscopic arrangement of struts for load-carrying structures
e.g. robot arms. Figure 7.24 shows the cactus inspired DLR Rotex robotic arm, with
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Fig. 7.24 Robot arm of DLR
Stuttgart

0°, 90°-fiber bundles (tensile/compression/bending forces) and 45°-fiber bundles
(torsional loads).

At ITV Denkendorf research work is done to find out, whether Plankton offers
an even higher potential for lightweight framework structures. A PlanktonTech ro-
bot arm was designed, calculated and optimized with the Straus7 FEM-program and
compared to the simulated DLR robot arm (Fig. 7.25).

After FEM optimization several PlanktonTech robot arms were fabricated at ITV
(Fig. 7.26) and tested with the Universal testing machine on static mode (Figs. 7.27,
7.28).

Fig. 7.25 FEM optimized PlanktonTech robot arm (/eft), compared to simulated DLR robot arm
(right)

Fig. 7.26 PlanktonTech robot
arms manufactured at ITV
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Fig. 7.27 3-Point-
Bending test of
PlanktonTech-Robot arm
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Fig. 7.28 3-Point static bending test of PlanktonTech robot arm and comparison to FE-Simula-
tion. P/—P3 Test results Hexagon; FEI, FE2 FE-Simulation Hexagon; FE3 FE-Simulation Double
Hexagon

The test results showed a fairly good correspondence to the FEM calculation.
Also the FEM comparison between PlanktonTech robot arm and DLR robot arm
showed a significant better weight related stiffness of the PlanktonTech robot arm.
Although the structure has been developed based on plankton structures, it resem-
bles actually carbon nanotubes, which have been shown to have very advanced
material properties.
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7.8 Closing Remarks and Future Developments

The promising results of PlanktonTech structures regarding strength and stiffness
will be pursued by further research work at ITV Denkendorf and PlanktonTech part-
ners. Materials, fiber lay-up and Manufacturing methods will be further developed
to obtain even more lightweight structures with less material cost. In case of natu-
ral materials, new, strong, lightweight and waterproof fibers based on silk proteins
have been recently successfully produced.

Future will show whether fiber reinforced composites are made from silk fibers
or silica-glass fibers (like from sea cucumber), the fibers being embedded into a
biopolymer matrix similar to the high-strength and durable glue of rock barnacles.
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Chapter 8
Echinoderms: Hierarchically Organized Light
Weight Skeletons

James H. Nebelsick, Janina F. Dynowski, Jan Nils Grossmann
and Christian Totzke

8.1 Introduction

This overview of echinoderm skeletal structures is presented from a hierarchical point
of view ranging from: (1) the complete organisms including all skeletal elements and
soft part morphologies, to (2) coherent plate combinations including echinoid coronas
and crinoid stems and arms, (3) single skeletal elements, (4) the micro-architecture
of stereom types, and (5) ultrastructural aspects of biomineralization. This review
mostly pertains to the echinoids and in part to the crinoids to which most attention has
been directed in the literature. The consideration of skeletal hierarchies is accompa-
nied by examining a suite of symmetries represented by the echinoderms as a whole
or within the isolated elements. Usually beginning as free-swimming bilateral larvae,
they undergo metamorphism to an organism based on a pentamerous arrangement,
which as in the irregular echinoids and holothurians, can be overprinted by a return to
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bilateral symmetry. Isolated elements can show radial symmetry in echinoids spines,
pentamerous symmetry in the case of crinoid stalk elements, bilateral symmetry in
the case of ophiuroid arm elements or can lack symmetry completely.

Echinoderms are marine organisms which belong as adults to the benthic realm
on or within the substrate. They are important, and in some cases dominant, members
of diverse benthic habitats in all depths of the seas. All echinoderms are light weight
in that their skeletal elements are constructed of stereom, a variously arranged mesh-
work-like lattice made up of struts termed trabeculae. This stereom is highly variable
as far as density and structure is concentrated ranging from chaotic to strictly direc-
tionally oriented to highly dense. The possession of stereom in the skeleton is one of
the main diagnostic characters of echinoderms and allows even highly fragmented,
single ossicles to be identified in the sedimentary rock record. The skeleton has long
been an object of interest from a constructional design perspective and has been
approached from various angles including the manner in which single elements are
added to the skeleton and to how these elements, together with the whole skeleton,
increase in size while retaining their general shape and structural integrity.

Echinoderm skeletons are mesodermal, similar to that of the bones of vertebrates.
This means that the skeleton, with very few exceptions, is enveloped by soft tissue
at all size scales: (1) the corona of echinoids and the calyx of crinoids surround
and protect the major organs of the body, (2) muscle fibers and ligaments connect
single plates to one another, (3) organic material (stroma) is present between the
struts of the stereom and, at the lowest hierarchical level, (4) organic material is
present within the skeletal struts themselves. The skeleton itself is constructed of
high magnesium calcium carbonate which contains variable amounts of magnesium
within the crystal lattice. Finally, the possession of a more or less durable skeleton
has led to an impressive fossil record allowing the evolution of the echinoderms to
be followed. There are a number of extinct taxa with, in part, even more bewildering
and complex skeletal arrangements than among the five classes still present today.

8.2 Complete Skeletons and Basic Symmetry

The skeletons of echinoderms are highly variable and range from (1) loose ossicles
in the body wall as found in the holothurians, to (2) serial rows of highly articulated
skeletal elements connected by ligaments and muscle tissues as found in ophiuroids
and many asteroids, to (3) rigid rows of plates locked together as in the corona of
some, but not all, echinoids and the calyx of crinoids. There are many variations of
these skeleton types and in most cases a combination can be present. In echinoids,
the test consists of numerous plates that serve as an outer case of plates protect-
ing the internal organs while serving as a platform for various appendages such as
spines (Fig. 8.1) and pincher-like pedicellariae. Even the most compact and stable
tests are penetrated by various holes including, among others, the mouth, anus and
pore pairs of the ambulacral system. In crinoids, a clear tripartite organization can
be present with the stems (if present) and arms of crinoids consisting of articulated
elements attached to a rigid calyx.
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Fig. 8.1 Eucidaris metularia from the northern Bay of Safaga, Red Sea (see Nebelsick 1992). a
Complete individual with spines and apical disc. b Denuded test lacking spines, note large primary
tubercles which support the spines and sinuous ambulacral plate rows which harbor the tube feet.
¢ Disarticulated plates, mostly single large interambulacral plates with primary tubercles. Low-
ermost element is fragmented and includes attached minute ambulacral plates. d Single primary
spines showing banding patterning and surface protuberances. Scale bar=1 cm.

Echinoderms are well known in showing a general five-fold pattern of body parts
or plating pattern (Hotchkiss 1998; Smith et al. 2004; Morris 2007). Although most
recent echinoderms generally follow this, there are notable exceptions. Recent sea
stars often deviate from a fivefold pattern of arms and irregular echinoids show a
clear bilateral symmetrical overprint. All echinoderm larvae show bilateral sym-
metry and undergo a complex metamorphism into adults (e.g. Smith 1997). Even
those animals such as regular sea urchins in which clear pentamery can be readily
recognized in adults, distinct asymmetry occurs in the position of specific single
plates, such as the madreporite. Pentamery is not an apomorphic character for the
echinoderms as basal echinoderms such as carpoids found only in the fossil record
lack symmetry. The bilateral symmetry of crown group echinoderms was followed
by asymmetrical skeletons and then by the familiar pentamerous extant echino-
derms (see discussion in Smith 2005a; Zamora et al. 2012). The exact symmetry of
irregular echinoids has also been subject to analysis with deviations being attributed
to internal morphology or as a possible indicator of stress (Lawrence et al. 1988).
Symmetry relationships can also be found between rows of plates as in echinoids or
in the arms of ophiuroids and asteroids as well as in individual plates (see below).
There have also been attempts to correlate phenotypic size variations of echino-
derms to environmental parameters (Laurin et al. 1979; Laurin and David 1990;
Dynowski and Nebelsick 2011).

8.3 Structural Analysis and Modeling of Echinoids
and Crinoids

Echinoderm body shape can be highly mutable as in the holothurians with their
leathery body walls containing minute calcite inclusions or more or less rigid
skeletons as found in the corona of many echinoids and the calyx of crinoids. The
echinoids have attracted the most attention as far as skeletal architectures and func-
tional morphology is concerned. During their evolution, echinoids show a general



144 J. H. Nebelsick et al.

trend from having a uniform test shape, but variable test structure within Paleozoic
stem groups to having a variable test shape and uniform test structure in the still
extent crown group echinoids (Smith 2005b; Kroh and Smith 2010).

The echinoids shown in Fig. 8.2 thus show a variety of shapes and sizes among
the regular and irregular echinoids. The regular echinoids differ in the size of plates,

Fig. 8.2 Morphological comparison of tests of regular (a—e) and irregular (f~i) echinoids. a—c,
e—h: Northern Bay of Safaga red sea, Egypt (see Nebelsick 1992), d and i: Northern Adriatic Sea. a
The cidaroid Eucidaris metularia with large interambulacral tubercles and sinuous ambulacra. Test
width=1.4 cm. b Tripneustes gratilla with intact apical system and compound ambulacral plates.
Test width=4.5 cm. c¢) Oblong Echinometra mathaei with dense tubercles. Test length=4.3 cm.
d Paracentrotus lividus with a few attached primary spines. Test width=4.7 cm. e Microcyphus
roussoui with distinct naked area in the interambulacra. Apical disc is missing, predatory borehole
also present. Test width=5.3 cm. f Sand dollar Echinodiscus auritus showing petalodium and open
posterior lunules. Test length=9.2 cm. g Clypeaster humilis still covered by minute spines. Test
length=7.6 cm. h Jacksonaster depressum with distinct petalodium. Test length=2.6 cm. i Spa-
tangoid Schizaster canaliferous with deeply sunken anterior ambulacra and differentially curved
paired ambulacra. Test length=4.7 cm.
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ambulacral plate compounding, the number of ambulacral pore pairs per ambula-
cral plate, the size and number of primary tubercle per plate and so on. The bilat-
eral irregular echinoids show highly divergent morphologies among the flattened
clypeasteroid and the more globose spatangoids with respect to, among others, their
basic outline, the morphology of the ambulacralia and the size variations of plates.
Clypeasteroids show a special constructional principle (see Seilacher 1979) show-
ing not only interlocking plates but also internal supports connecting the upper and
lower surface of the test (Fig. 8.3). Despite all these variations, the body form of
echinoids is clearly recognizable and almost all extant taxa show double rows of
ambulacralia (bearing the tube feet) and interambulacralia.

Echinoids have been the subject of a number of studies analyzing growth and
test architectures (e.g. Moss and Mehan 1968; Raup 1968; Seilacher 1979; Johnson

Fig. 8.3 Different views of the irregular clypeasteroid echinoid Clypeaster rosaceus. a Apical
view showing petalodium with ambulacral pores. Apical disc at centre of test with 5 genital pores.
b Oral view showing central peristome (mouth) and periproct near the posterior edge. Test covered
by minute tubercles. ¢ Cross section showing internal supports connecting the oral and apical side
of the test. Double wall structure visible at the test anterior (/eff). Scale bars=1 cm.
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et al. 2002; Telford 1985; Phillipi and Nachtigall 1996; Zachos 2009; Chakra and
Stone 2011; Mihaljevi¢ et al. 2011). A combination of simple membrane theory and
static analysis was used by Telford (1985) to determine how stresses are carried in
the skeleton. Ellers et al. (1998) demonstrated the importance of structural strength-
ening of these urchin skeletons by collagenous sutural ligaments which connect the
plates. The interpretation of the echinoid skeleton as representing pressurized pneus
(Moss and Mehan 1968; Seilacher 1979; Dafni 1986; 1988) at least during growth
was convincingly challenged by Ellers and Telford (1992) who, upon measuring
actual coelomic pressures within sea urchins, did not find increased pressure pat-
terns or differences between growing (fed) and non-growing (starved) individuals.
Measured pressure differences are caused by extruding and retracting the lantern
during feeding which affected the displacement of internal fluids and the peristomal
membrane, an area of soft tissue which surrounds the mouth.

The functional morphology of the regular echinoid Echinus esculentus per-
formed by Philippi and Nachtigall (1996) using Finite Element Analysis (FEA) ana-
lyzed the reaction of the test to different types of loading and argue that test growth
and shape cannot be due to internal pressure. Furthermore, the general test shape of
regular echinoids is shown to be well adapted to the activity of tube feet. A three-
dimensional model of growth is presented by Zachos (2009) which includes both
plate addition and plate growth. Individual plate growth is considered along with
the insertion of new plates which is continuous until a distance threshold is reached
upon which a new plate is added.

Biomechanical considerations concerning crinoids have concentrated on the
stalks and the arms using both recent as well as fossil examples. The arm arrange-
ment of fossil crinoids is compared by Cowen (1981) to the distribution patterns
found in banana plantations. The dependency of both systems on optimal transport
efficiencies are shown in a cost-benefit analysis. A review of the morphology of
crinoids and how this pertains to ecology is given by Baumiller (2008). Functional
analyses of stalk morphologies comparing skeletal characteristics and the role of
mutable collagenous tissue have been used to reconstruct postures of fossil crinoids
by Baumiller and Ausich (1996). Baumiller and LaBarbera (1993) studied the struc-
tural characteristics of the stalk and the cirri of the crinoid Cenocrinus asterius.
The mechanics associated with the surprising discovery that stalked crinoids can
actually move over the substrate surface are presented in Baumiller and Messing
(2007). Further studies on the skeleton and collagenous arm ligaments on crinoids
have been made on the arms and their movement (Birenheide and Motokowa 1994,
1996, 1997; Motokawa et al. 2004).

8.4 Single Skeletal Elements

Single plates range in size from minute sclerites (such as in the body wall of holo-
thurians; pedicellariae and tube feet supports in echinoids) to the massive spines of
regular echinoids which can reach lengths of 10 cm or more. Individual plates are
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present distributed loosely within the body wall, connected to one another by mus-
cles and ligaments, or structurally locked by interconnecting trabecular extensions
(see Seilacher 1979; Hidaka and Takahashi 1983; Smith et al. 1990). The single
skeletal elements are highly variable in morphology and their detailed form can be
closely related to functional aspects (Smith 1978; 1980a, b). Growth of echinoderm
plates can occur in discrete increments leading to clear concentric banding which
may or may not represent annual events (Raup 1968; Ebert 1975, 1985; Pearse and
Pearse 1975). Resorption of skeletal material, though rare, has also been observed
(Mérkel and Roser 1983) becoming necessary in order to preserve the geometric
integrity of the growing animals.

Echinoderm elements themselves also show a wide range of symmetries
(Figs. 8.4, 8.5, 8.6, 8.7). Radial symmetry is present in the spines of echinoids.
Pentamerous symmetry can be found in the stalk elements of crinoids, but is gener-
ally rare. Bilateral symmetric elements are present in ophiuroids and crinoid arms.
Coronal plates of echinoids are flattened and show parallel surfaces while other
elements show no symmetry at all. Two single echinoderm elements which have
attracted special attention with respect to morphology and biomimetic potential are
echinoid spines and teeth. Echinoid spines as single elements have been studied due
to their relatively large size, growth characteristics and mechanical properties (e.g.

Fig. 8.4 CT-Scans of
primary spine of Echinome-
tra mathaei showing radial
symmetry. a Longitudinal
section showing consecu-
tive growth stages of the
spine. The base of the spine
shows attached muscle
fibers which attach the
spines to the tubercles of
the test plates. b As above
with additional cross
section at the level of

the milled ring showing
concentric layers. Length of P
spine=2.5 cm.
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Fig. 8.5 Single arm plate of the stalkless crinoid Antedon mediterranea from the Tyrrhenian Sea,
Giglio, Italy. Oblique muscular articulation is present with a central canal. Stereom differentiation
is clearly developed (see text). Pinnular articulation to the upper right. Scale bar=200 pm.

Strathmann 1981; Currey 1975; Burkhardt et al. 1983; Ebert 1986; Coppard and
Campbell 2004; Davide et al. 2009; Presser et al. 2009; Moureaux 2010; Tsafnat
et al. 2012; Grossmann and Nebelsick 2013a, b), Echinoid teeth are characterized
by their complex morphology, continuous growth and hardness (e.g. Mérkel and
Gorny 1973; Stock et al. 2003; Wang et al. 1997; Gilbert and Weiner 2009; Robach
et al. 2009; Killian et al. 2011; Veis et al. 2011; Ziegler et al. 2012).

8.5 Stereom Architecture

The presence of stereom within the skeletons is one of the features which character-
ize the echinoderms as a whole (Smith 2005a) and can be readily differentiated if un-
der the scanning electron microscope (Figs. 8.5, 8.6, 8.7). Defined types of stereom
include, for example, solid imperforate stereom, microperforate stereom containing
few small pores, galleried stereom consisting of galleries of parallel arrangement
of connected trabecular struts and chaotically arranged loose labyrinthic stereom
(Smith 1980c, 1990). Stereom differentiation has been shown to be specifically
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Fig. 8.6 Morphological and stereom variations among single ossicles (¢—e) and conjoined plates
of various echinoderms (f); a, ¢ and d from sediment samples from San Salvador, Bahamas (see
Dynowski 2012); b from the Tyrrhenian Sea, Giglio, Italy. a Bilateral symmetrical proximal face
of an arm vertebra of the ophiuroid Ophiocoma echinata. Scale bar=100 um. b Single asym-
metrical pinnular plate of Antedon mediterranea showing dense stereom and delicate spikes. Scale
bar=200 pm. ¢ Marginal plate of the sea star Astropecten duplicatus. Scale bar=400 pm. d Three
conjoined compound ambulacral plates of the regular sea urchin Tripneustes ventricosus. Each
compound plate is made of three elements resulting in 9 elements in all. Each compound plate
bears three pore pairs and several tubercles. Tubercles show very dense stereom which serve as
articulation surfaces. Scale bar=400 pm.

correlated to the function of the skeletal elements or areas of the elements involved.
Stereom can thus differ highly within single plates. In general, denser stereom is
present where mechanical demands are high such as in the tubercles of echinoid
plates on which the spine articulate. Highly structured stereom is needed where
muscle fibers attach to the plates; loose stereom is found as a volume filler preserv-
ing the integrity plate shapes intact during growth (Smith 1980c, 1990).

A specific example for stereom differentiation and functionality is shown in
Fig. 8.5 which shows a crinoid brachial with muscular articulation surfaces. Liga-
ment insertion areas show stereom with an open mesh for the ligaments to attach
deeply into the ossicles or even penetrate it. Muscle insertion areas have fine pores
where the muscles attach but do not need to penetrate deep into the ossicles. The
fulcral ridge consists of a robust dense calcite where adjoining ossicles form a kind
of hinge for movement and have to withstand friction pressure. Further examples of
stereom differentiation can be seen in Figs. 8.6 and 8.7.

The detailed structure of spines and their potential biomimetic applications has
recently gathered more attention (Presser et al. 2009; Moureaux et al. 2010; Tsafnat
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Fig. 8.7 Compiled SEM
image of sectioned longitu-
dinal oral primary spine of
Phyllacanthus imperialis
(to the left) and details of
the stereom structure (to the
right). a Medulla near the
spine tip. b Radiating layer.
¢ Spine base. Spine scale
bar=1 mm, detailed scale
bars=100 pm.

J. H. Nebelsick et al.

et al. 2012). Studies applied to the stereom of spines of cidaroid and camaradont
echinoids by Grossmann and Nebelsick (2013a, b) have shown that a number of
stereom types are present in the spines depending not only on the species involved,
but also on the location of stereom with respect to position along the spines. Ste-
reom types thus differ not only from the base to the tip (Figs. 8.4 and 8.7) but also
radially from the centre of the spine to the outside. These stereom differentiations
have structural implications as measured by three point bending tests (Grossmann

and Nebelsick 2013b).
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8.6 Calcification and Biomineralization

The mineralogy of the echinoderm skeleton as a high magnesium calcium car-
bonate material has attracted much attention (e.g. Raup 1966; Towe 1967; Weber
1969; Mirkel et al. 1971; Blake et al. 1984; Emlet 1982; Tsipursky and Buseck
1993; Gilbert and Weiner 2009; see compilation in Kroh and Nebelsick 2010).
Calcite forms in echinoderms after the transformation from amorphous calcite
(Politi et al. 2004, 2008; Killian et al. 2011). Although echinoderm skeletal ele-
ments behave as single crystals of calcite in polarized light especially after dia-
genesis in the rock record, they are constructed of a mosaic structure with slight
alterations in the orientation of sub-um sized crystallite. This polycrystalline ag-
gregate along with differential inclusion of magnesium even within single ele-
ments may be a factor in hindering crack propagation in the struts of the sterecom,
while also imparting the typical conchoidal fracturing found at the trabecular scale
(Berman et al. 1988).

Ultrastructural research has been conducted on early calcification sites and on
the mineralizing organic matrix (e.g. Markel et al. 1986; Ameye et al. 1998, 2000
see reviews in Killian and Wilt 2008; Gilbert and Wilt 2011). Biomineralization in
echinoderms has been studied in larval skeletons (Wilt 1999, 2002; Wilt et al. 2008),
teeth (Kniprath 1974; Mann et al. 2010a, b; Veis 2011) and in spine regeneration.
Although present in low levels, numerous proteins of the intracrystalline organic
matrix of the echinoderm skeleton and have been identified at the molecular level
(e.g. Albeck et al. 1996; MacKenzie et al. 2001; Peled-Kamar et al. 2002; Gilbert
and Wilt 2011; Matraga et al. 2011). The skeletons of echinoderms thus represent
composites of mineralized and organic materials.

8.7 Conclusions

The echinoderm skeleton has long attracted attention due to its highly unique mor-
phological, structural and chemical characteristics. The skeleton and its many dis-
crete elements can be observed at a number of hierarchical levels including: (1)
complete organisms, (2) plate aggregates, (3) isolated single plate elements, (4)
stercom architectures, and (5) the molecular level of biomineralization. These hi-
erarchical levels can be seen in all five extant classes and in extinct taxa. Various
types of symmetry are present within the different hierarchical levels ranging from
bilateral to pentamerous to asymmetrical. Constructional principles have been stud-
ied in detail in echinoid coronas and in the stalk and arms or crinoids. Light weight
architectures also become obvious at the level of single elements and in the different
types of stereom present in all echinoderms.
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Chapter 9
Review: The Functions of Phytoliths
in Land Plants

Inga C. Keutmann, Bjorn Melzer, Robin Seidel,
Ralf Thomann and Thomas Speck

9.1 Introduction

Phytoliths have interested scientists for more than one hundred years (Fig. 9.1;
Struve 1835; Ehrenberg 1846, 1854; Gregory 1855; Sachs 1862; Kohl 1889). Not
only botanists were drawn to these fascinating, multifunctional structures, but also
chemists, agronomists, geologists, palacontologists and archaeologists (Cooke et al.
2011). Though the expression phytolith is most commonly associated with silica
inclusions in plants, there are many different definitions of the term. Calcite inclu-
sions, whether calcium carbonate or calcium oxalate, also known as cystholiths,
and inclusions with combined silicate and calcite are described as phytoliths as
well. In 2006 Sommer et al. proposed a definition for phytoliths sensu stricto as
defined silicon precipitates of plant origin with a diameter >5 pum to separate them
from ‘undefined phytogenic silicon <5 um’. This criterion is used in several recent
publications as well as in this review.

Phytoliths are widely found in plants (Hodson et al. 2005), so it is not surprising
that they have been the subject of much research. Especially in agronomy the influ-
ence of higher silicon uptake and therefore increased inclusion of silica as phytoliths
and its importance as a nutrient in economic plants, like rice, sugar cane or wheat
were studied (Takahashi 1968; Savant et al. 1999). In palaeontology, phytoliths
were used for the determination of floral composition in fossil ecosystems and in
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Fig. 9.1 Historical images of
phytoliths from Kohl 1889.

a Masdevallia spec., phyto-
liths with elliptic base and
‘von Brod’—shape.

b Epidendrum nocturneum,
phytoliths as smooth caps.

¢ Phalaenopsis grandiflora,
phytoliths as warty balls

ethno-botany the composition of agricultural systems was analysed with the help
of phytoliths (Tubb et al. 1993; Sangster et al. 2001). Interestingly, there is a strik-
ing chronological relationship between the evolution of angiosperms, especially
grasses, and the radiation of diatoms found in the fossil record. This synchroneity
seems to be linked to continental orogeny and hence enhanced erosion occurring at
this time, which increased the supply of nutrients, and especially silica fluxes to the
oceans. Probably, the silica fluxes intensified the production and diversification of
diatoms. Later on, the expansion of grasslands pushed the diversification and mas-
sive increase of large herbivore abundances, especially ungulates (see Chap. 1c)
with their teeth designed to process silica rich plant material. The concomitant
marked rise of grasslands and large herbivore numbers biologically catalysed the
availability of silica fluxes to the oceans, resulting in a concordant evolution of
diatoms (Falkowski et al. 2004).

9.2 Amount and Appearance of Phytoliths in Land Plants
and Soil

Silicon, after oxygen, is the second most abundant element in the Earth’s crust. The
amount of silicon in soil varies between <1% and 45% (Epstein 1999, 2001; da
Cunha et al. 2008; da Cunha and do Nascimento 2009). Plants are an essential part
of the silicon cycle (Fig. 9.2). They accumulate silicon as silicic acid [Si(OH),], with
concentrations in soil ranging commonly between 0.1 and 0.6 mmol L' (Epstein
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Fig. 9.2 Schematic illustration of the silicon cycle. Plants absorb silicic acid through the roots and
transport it. Besides silica deposition in roots, it is also found in the shoot, where it is deposited in
different plant organs. Due to plant ageing and following decomposition, biogenic silica becomes
part of the soil again

1994, 1999), varying with soil types (Jones and Handreck 1965). Silicic acid occurs
in soil due to rock weathering and the slow dissolution of biologically deposited SiO,.
The transport takes place in both a passive way through the transpiration stream and
actively due to energy-dependent transporters (Ma et al. 2006; Ma and Yamaji 2006;
Mitani and Ma 2005; Currie and Perry 2007). Furthermore, transpiration has been
proven to be significantly correlated with silica content in plants (Euliss et al. 2005).
The silicic acid is absorbed by roots, transported to the shoots and finally stored in
different parts of the plant: in cell lumen, cell wall or outside of plant cells (Sangster
et al. 2001; da Cunha et al. 2008; da Cunha and do Nascimento 2009). The accumu-
lated silicon is stored as solid, amorphous, hydrated silica (SiO,*nH,0) forming phy-
toliths (Currie and Perry 2007) which is much more reactive than crystalline silica
(Epstein 1999, 2001). The amount of silica in land plants varies from 0.1 to 10% of
dry plant weight strongly depending on plant species and silicon content in the soil
(Epstein 1999, 2001; Hodson et al. 2005; Ma et al. 2006; Currie and Perry 2007).
This amount is comparable to or even exceeds the amount of various macronutrients
in plants (Epstein 1999). The plant groups best known for their silica inclusions are
Poales, Equisetales and Arecales, due to the fact that these orders have the highest
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and most frequent silica concentrations and accumulation (>4 % Si dry matter; Hod-
son et al. 2005; da Cunha et al. 2008; da Cunha and do Nascimento 2009).

Detailed analysis showed that not only the amount but also the form of phytoliths
in plants is species dependent (Piperno 1988; Epstein 1994; 1999; Hodson et al.
2005). Variations in form are very pronounced, including e.g. conical, spherical,
druse-like and dumbbell-shaped bodies to name just a few (Prychid et al. 2004). The
uniqueness of phytoliths in a taxon is used especially in archaeology and palaeon-
tology, e.g. for the determination of farming behaviour of earlier cultures or feeding
behaviour of extinct animals.

Besides the variation in form, there is also great variation in size from 100 nm
(Watteau and Villemin 2001) to over 1000 um in diameter (Piperno 1988; Sommer
et al. 2006) which partly defines the name of the specific phytolith structures, e.g.
silica sand for many tiny particles in a cell (Prychid et al. 2004). Phytoliths are
deposited in many different places and at all hierarchical levels in plants. However,
their most common location is in the epidermis.

9.3 Functions of Silicon in Plants

Silicon is said to have many different functions in plants, including mechanical
stability, growth promotion or defence against various biotic and abiotic stresses
(Epstein 1994, 1999; Ma et al. 2001; Ma 2004). Up until now, some functions are
proven and some are mere assumptions. Mostly, studies on the influence of silica
were carried out with agronomically relevant plants like rice, soybean, maize, grains
or sugar cane. Studies on plants without agronomic interest are scarce.

9.3.1 Mechanic Stability/Lodging

The term mechanical stability is used in many different contexts for plants. Some
aspects of silica-influence on mechanical plant stability have not yet been analysed,
such as the influence of silica inclusions on bending or torsion stiffness and on the
respective moduli. Influence of silica on mechanical properties was mostly studied
in relation to stem lodging of crop plants in agronomy. Different studies showed
the reduction of lodging through fertilizing with silicon (Welton 1928; Tisdale et al.
1985; Hong et al. 2009), due to increased culm wall thickness and increased size of
vascular bundles (Shimoyama 1958; da Cunha et al. 2008).

Leaf erectness which has pronounced influence on light interception is also in-
creased by elevating the amount of silica in the plant (Yoshida et al. 1969, Ma
2004) and decreases the sensitivity to stem lodging amongst other causes due to an
improved assimilation system (Takahashi 1968; Savant et al. 1999). Additionally, a
high amount of silica in the cuticula, which can be increased by silicon fertilizing,
gives enhanced mechanical stability against penetrators, such as stalk borers (Keep-
ing et al. 2009) or pathogenic fungi (Haysaka et al. 2008).
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9.3.2 Reduction of Climatic Stress

Climatic stresses are common for plants. They include water deficiency, cold tem-
peratures and freezing (Savant et al. 1999; Liang et al. 2008) as well as mechanical
(wind) loads and radiation.

Silicon in plants is able to reduce the extent of stress due to water deficiency.
This is caused by the reduction of transpiration which is accomplished by the for-
mation of a silica double layer in the cuticle leading to a reduced cuticular transpira-
tion (Savant et al. 1999; Ma et al. 2001; Ma 2004). Additionally, silicon is proved to
enhance water uptake in some plants due to an improvement in hydraulic conduc-
tance (Sonobe et al. 2009). However, there are many different factors involved and
the different effects are still not completely analysed and understood (Sonobe et al.
2009). Another mechanism which needs additional investigation is the reduction of
freezing stress in plant tissues due to increased silica content. Although it has been
proven that additional silicon enhances water content of leaf tissues and reduces the
amount of freezing injuries, the mechanism can only be guessed. Liang et al. (2008)
assume that reductions of freezing injuries probably depend on higher antioxidant
defence activity, lower lipid peroxidation, and membrane permeability.

9.3.3 Defence Against Chemical Stress

Lack or excess of nutrients and other elements might cause profound problems in
plants. Silicon may mitigate effects of nutrition problems or chemical stress, as
shown in many different studies. For example, silicon reduces excess toxicity of dif-
ferent elements, including manganese, iron, aluminium, cadmium, zinc (da Cunha
et al. 2008; da Cunha and do Nascimento 2009) and phosphate (Ma and Takahashi
1990a, b; Ma et al. 2001).

In case of manganese the mechanism of preventing toxicity seems to be differ-
ent depending on the plant species and has not been completely solved. Assump-
tions for this mechanism are a decreased uptake of manganese, but also binding of
manganese by silicon, as well as increased enzyme activities (Shi et al. 2005; Shi
et al. 2010) and two opposing assumptions: (a) a more distinct concentration of
manganese (Iwasaki and Matsamura 1999), or (b) a more homogenous distribution
of manganese in the leaves (Williams and Vlamis 1957; Horst and Marschner 1978;
Savant et al. 1999). Even though the exact mechanism of how silicon interacts with
manganese remains unclear, there is no doubt about the influence silicon has in al-
leviating excess toxicity of manganese.

Toxic A3 *is probably bound by silicon in the plant (Cocker et al. 1998) as well
as in the soil solution (Ma et al. 1997). The limiting effects of aluminium excess like
reduced root growth and nutrition uptake are neutralized.

Cadmium and zinc are both found to build metal-silicate complexes in soil and
in the plant, which decreases the availability of these two elements for the plant and
supports detoxification of cells (da Cunha et al. 2008; da Cunha and do Nascimento
2009).



162 I. C. Keutmann et al.

In case of phosphate, silicon has a great influence on both, phosphate deficiency
and excess. With a sufficient phosphate supply there is no effect of silicon on the
phosphate balance. However, with a lack of phosphate in soil, silicon has indirect
beneficial effects on plant growth, due to a silicon-induced decreased manganese
and iron uptake of the plants. Since phosphate binds manganese and iron, a de-
creased Mn and Fe uptake results in a higher availability of essential phosphate in
the plant (Ma and Takahashi 1990; Ma et al. 2001). If the content of phosphate in
soil is exceedingly high, silicon reduces the uptake of inorganic phosphate, which
otherwise would affect growth negatively due to an inhibition of enzyme activity
or inactivation of necessary metals like zinc (Ma and Takahashi 1990; Miyake and
Takahashi 1978, 1982, 1985, 1986).

9.3.4 Defence Against Herbivores

Increased resistance against herbivores due to a higher amount of phytoliths in
plants is the best known benefit of their occurrence in plants. Plants with high silica
content have a rough surface, causing an increased abrasion of the teeth of herbi-
vores and hence a reduced feeding on plants with higher silica content (Massey
et al. 2007; Hunt et al. 2008). Comparing studies of pastures with different grazing
intensity show that plants on heavily grazed land store much more silica than plants
on lesser grazed land (McNaughton et al. 1985). The result can also be generated
artificially by defoliation of the plants (McNaughton and Tarrants 1983), indicat-
ing higher silicon accumulation and therefore higher silica content in plants, as a
defence against herbivores. However, not only plants adapted their silica content
to grazing but also herbivores such as horses seem to have adapted their teeth to
higher silica content in grass. It is thought that co-evolution took place in which, for
example, North American Equidae evolved high-crowned molars due to the spread
of grasslands (Falkowski et al. 2004; Mihlbachler et al. 2011).

9.3.5 Resistance Against Pathogenic Fungi and Germ Infections

Plants are highly endangered by pathogenic fungi, bacteria, and insects. It is proven
that silica inclusions enhance the defence against the above mentioned organisms.
Especially in the field of agriculture, the influence of fertilizing with silicon and hence
the influence of a higher amount of silicates in plants is studied since the exact mecha-
nisms of the protective effects are not yet understood (Cai et al. 2009). There are three
different possible types of defence. Firstly, through a physical barrier due to the higher
amount of silica in outer plant tissues and the resulting stronger defence against patho-
genic penetration (Zhang et al. 2006; Hayasaka et al. 2008). Secondly, bio-chemically
by inducing higher production rates of protective enzymes under stress (Yang et al.
2003; Fauteaux et al. 2006; Cai et al. 2009; Reynolds et al. 2009). Thirdly on the
molecular level by up-regulation of genes known for their defence and pathogenic
function under stress conditions (Watanabe et al. 2004; Fauteaux et al. 2006). Never-
theless, the exact defence mechanisms remain an interesting field of research.
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9.3.6 Growth Promotion

Silica inclusions have great influence on plant growth. In addition to the reduction
of negative stress effects, which would lead to growth reduction, silicon promotes
several physiological processes in plants (Korndorfer et al. 2001). One example is
an up to 50 % higher activity of Rubisco in silica-rich plant leaves (Epstein 1999).
Additionally, silicon acts as a growth stimulant, e.g. for larger leaves (McNaughton
1985) with a bigger biomass (Epstein 1999), and increases the yield of crop plants
like sugar cane or rice (Savant et al. 1999; Korndorfer et al. 2001).

Because of multifunctional benefits in plants, the role of silicon in plant physi-
ology is much discussed. In classic understanding, silicon does not belong to the
necessary elements for most plants and as such is not considered to be one of the
essential nutrients (Epstein 1999, 2009; Cooke and Leishman 2011). However, sev-
eral researchers disagree with this position since the benefits of silicon for plants
can easily be seen in phenotype and have definitely been proven by comparing the
results of experiments on plants grown in soil with high and low silicon amounts
(Epstein 1999, 2009; Korndorfer et al. 2001; Euliss et al. 2005; Currie and Perry
2007; Cooke and Leishman 2011). Despite this conflict, silicon is dealt with like ev-
ery other nutrient element in plants with regards to the uptake mechanism (Epstein
2009).

9.3.7 Window Hypothesis

For a long time it had been speculated that silica bodies located in the leaf epidermis
work as ‘windows’ to increase the transmission of light in the photosynthetic tissue.
Agarie et al. (1996) however, could not support this hypothesis in their study. Even
though only plants supplied with extra silicon built ‘windows’ in their leaves, the
optical properties of leaf transmittance, reflectance, and absorbance spectrum were
nearly the same which led Agarie et al. (1996) to reject the ‘window hypothesis’.

9.4 Qualitative and Quantitative Detection of Phytoliths
in Land Plants

9.4.1 Qualitative Analysis

There are different methods to detect phytoliths in plants and a comparison of the
most commonly used methods is given in Blecher et al. (2012). The detection with
the secondary electron microscope (SEM) by electron-dispersive X-ray detection
(EDX; Fu et al. 2002; Sapei et al. 2007; Keeping et al. 2009) is most common,
sometimes in combination with backscattered electron imaging (BSE; Dietrich
et al. 2003; Laue et al. 2006). EDX is the classical method which is also element
specific. BSE provides a higher special resolution than EDX, but is not specific to
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silicon. Other possibilities are stains in light microscopy like methyl red and coun-
terstaining with fast green (FG-MR) or crystal violet lactone and counterstaining
with safranin (S-CVL) as proposed by Dayanandan (1983). These stains are not
yet silica specific, and in case of some other colorants difficult in terms of security
regulations. Raman analysis (Sapei et al. 2007; Gierlinger et al. 2008) is another
silica specific method which not only determines the positions of phytoliths in the
plant, but can also analyse the exact chemical composition of the phytoliths. De-
spite these advantages Raman is very complex in handling and interpretation and
several possibilities of interference exist (Blecher et al. 2012). A short comparison
of the listed methods is shown in Figs. 9.3 and 9.4.

In the end, the choice of method is tied to available equipment, even though only
EDX and Raman provide reliable results.

9.4.2 Quantitative Analysis

The methodologies for quantitative analysis of silica in plants are manifold. The
most frequent first step of quantitative silica analysis is isolation of the phytoliths,
if the plant material is not measured directly by EDX (Keeping et al. 2009) or
chromatographic methods (Fu et al. 2002). The isolation of phytoliths can generally
be achieved in two different ways, wet ashing and dry ashing. Wet ashing means

Fig. 9.3 Comparison of different silica-detecting methods using the dumbbell-shaped silica inclu-
sions of Miscanthus sinensis (Poaceae) as an example. a EDX, dumbbells visible in average reso-
lution. b BSE, dumbbells clearly visible. ¢ light microscopic staining FG-MR, dumbbells visible,
but surrounding tissue also stained (both red). d light microscopic staining S-CVL, dumbbells
visible, but surrounding tissue also stained (both violet). ¢ Raman imaging at wavelength 254—
570 cm™!, dumbbells clearly visible (orange)
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Fig. 9.4 Comparison of different silica detecting methods with essential characteristics

isolation by chemical treatment, dissolving organic material, using chemicals like
hydrogen peroxide, hydrochloric acid or nitric acid (Blackman and Parry 1968;
Saccone et al. 2006; Saccone et al. 2007; Sapei et al. 2007; Mali and Aery 2008).
Dry ashing means burning the plant material at high temperatures from 400 up to
600 °C (Jones and Milne 1963; Sapei et al. 2007; Keeping et al. 2009). A combina-
tion of both ashing procedures can also be done by applying the chemical treatment
to the sample either before or after the heat treatment. A common procedure during
the combination of both types of ashing is cooking the sample or the ash in hydro-
chloric acid (Euliss et al. 2005; Sapei et al. 2007). The ash, whether it is obtained
by wet or dry ashing, can be analysed in different ways. Often the ash is weighed
and compared to the dry weight of the used plant material or the ash content be-
fore the combined chemical treatment methods. Other possibilities include differ-
ent spectroscopic methods (Fu et al. 2002) and colorimetric estimation where the
ash is diluted, e.g. in sodium hydroxide solution. Then a reducing mix including a
colorant is added and finally the colouration of the solution is measured at a specific
wavelength (Blecker et al. 2007; Nwugo and Huerta 2008). A sole standard method
cannot be found.

9.5 Conclusion

Although research on phytoliths has considerably increased over the last ten to fif-
teen years, several functions, especially their influence on the mechanical proper-
ties of plants, are still poorly understood. Conversely, it is expected that the role of
silicon as an essential nutrient for plants will be revealed soon due to its manifold
functions.
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Chapter 10

The Influence of Silica on Bending Elastic
Modulus of the Stalks of Two large Grass
Species (Poaceae)

Inga C. Keutmann, Bjorn Melzer, Robin Seidel,
Ralf Thomann and Thomas Speck

10.1 Introduction

Mechanical properties are vital for plants and plant organs in many different ways.
Stiffness and strength, for example, influence stem and leaf erectness in cereals and
other Poaceae. They also enhance photosynthesis, and provide the stability of stems,
leaves and fructification organs against external mechanical loads and mechanical
failure (e.g. lodging). The most important structural materials contributing to a plant’s
stiffness are cellulose and lignin. However, these bio-macromolecules are energeti-
cally expensive to produce, requiring 6957 kcal kg™! for lignin or 4000 kcal kg™
for cellulose (Jung et al. 1999). In contrast, increased silica content is considered to
improve the mechanical stability as well, but at 10 to 20 times lower energy costs
(Raven 1983). Increased silicon uptake by plants with increasing silicon availability
in the soil has been demonstrated for different plant species (van der Vorm 1980;
Dietrich 2003; Nwugo and Huerta 2008; Keeping et al. 2009). Various analyses
were carried out to test the influence of silica content on the intensity of positive
traits, such as metal tolerance (da Cunha 2008; Nwugo and Huerta 2008; da Cunha
and do Nascimento 2009), penetration resistance (Keeping et al. 2009) or nodule
growths (Mali and Arey 2008). Evidence of a correlation between silica content and
mechanical stiffness and stability (see part 1 above), however, remains scarce. Con-
sequently, the influence of increased silica content on bending mechanical properties
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(bending stiffness and bending elastic modulus) was tested on stalks of Saccharum
officinarum grown with different levels of silicon availability in the soil.

Based on the findings of Schoelynck et al. (2010), who showed a correlation
between increasing silica concentration and decreasing lignin concentration, as well
as increasing cellulose concentration in wetland plants, the following hypothesis
was tested: Is additional silica deposited as an accessory supporting agent in stalk
regions of Miscanthus sinensis in situations of static mechanical bending stress
where the stresses are applied?

10.2 Materials and Methods

10.2.1 Plant Cultivation

Saccharum officinarium plants as well as Miscanthus sinensis plants (both Poa-
ceae) were cultivated at the University of Freiburg’s Botanical Garden. Saccharum
officinarium plants were cultivated in pots. Four types of soil were prepared by
adding 50, 100 and 200 mg*kg™! sodium metasilicate (Na,SiO, 9H,0) respectively,
according to concentrations given by Mali and Aery (2008). Sodium metasilicate
was chosen because sodium silicate is said to increase the silicon supply in soil for
plants (Tisdale et al. 1985). As a control, young plants were transferred to pots filled
with prepared soil and pots without additional silicate. After 3 months the plants
were harvested and used for 3-point bending analysis.

For Miscanthus sinensis, stalks were fixated to the ground so that they remained
in a bent position (Fig. 10.1e, 10.1.f). After 4 months, fixated (B) and erect (E) ref-
erence plants were harvested. The plants were sectioned from the stalk base towards
the tip in segments of 20 cm length (A1-A4, Fig. 10.1a). The number of test speci-
mens was =9 for erect plant stems and n=28 for pre-bent plant stems.

10.2.2 Microscopy

For low voltage high Contrast Detection (vCD), a scanning electron microscopes’
(SEM) detection mode that uses backscattered electrons, samples were cross sectioned
with a razorblade to a thickness of about | mm. Samples were mounted on a specimen
holder using a conductive plate and observed at low vacuum with a chamber pressure
of 100 Pa. These testing conditions allowed for a sample investigation without prior
sputtering of the sample. vCD allows detection of pure material contrast and displays
different materials with different brightness, e.g. a higher brightness corresponding to
a higher atomic number of the incorporated elements. The experiments were carried
out with a QUANTA FEG 250 (FEI, Eindhoven, The Netherlands). Samples for light
microscopy were embedded in Technovite 7100 (Heraeus Kulzer GmbH, Wehrheim/
Ts., Germany). The embedding procedure was conducted as described in the sup-
plier’s instructions for use but with double the time per step. After polymerization,
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the samples were cut with a microtome (custom made by the Technical Workshop of
the Biological Institute II/III of the University of Freiburg, Germany) to sections of
10 um thickness and transferred onto glass slides. They were stained with toluidine
blue for 1 min and after washing with water and alcohol embedded in Entellan®
(Merck, Darmstadt, Germany), then capped with a cover slip. The coloured samples
were investigated with an Olympus BX61 microscope (Olympus Europe GmbH,
Hamburg, Germany) and images were taken with an Olympus DP 71 (Olympus Eu-
rope GmbH, Hamburg, Germany) camera and processed with the software CellP 2.8.

10.2.3 Bending Tests

Saccharum plant stalks were tested by 3-point bending tests. Each sample was
placed on the setup as shown in Fig. 10.1c. The two supports were spaced at
approximately 15 times the average sample diameter to minimize shear influence.
Miscanthus segments were bent using 4-point bending in two directions: first in

@ @ bending direction + @ ,

bending direction - é)

75 cm

Fig. 10.1 a Schematic drawing of the experimental setup for pre-bent Miscanthus plants. The
plants were fixated to the ground in a bent position with strings. A1 to A4 are the cut plant seg-
ments. b Bending directions. ¢ Schematic drawing of the 3-point-bending apparatus with sample
(green), support and pannier used for weight application. 1 is the distance needed for the deter-
mination of the bending elastic modulus. d Schematic drawing of the 4-point-bending apparatus
with sample (green), support and two-armed pannier used for weight application. 1 and a are the
distances needed for determination of the bending elastic modulus. e picture of the experimental
setup of a stalk. The red line is positioned close above the pre-bent stalk. The yellow line indicates
the string with which the stalk was fixated. f Experimental setup with several Miscanthus stalks
bent to the ground
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the direction in which the plants were pre-bent for 4 months (subsequently named
+, Fig. 10.1b) and then opposite to the fixated pre-bending direction (subsequently
named - Fig. 10.1b). For the erect plants, the + bending direction was chosen
randomly and the - bending direction was 180° opposite to the + bending direc-
tion. For the bending procedure the sample was placed on the setup as shown in
Fig. 10.1d.

For both plants, the weight was constantly increased in steps of 100 g and dis-
placement was measured using a binocular with a dial gauge, 1 min after each
weight increment. Bending elastic moduli were determined with the following stan-
dard equations for 3-point bending for Saccharum (10.1) and 4-point bending for
Miscanthus (10.2):

13
E- (10.1)
48b* 1

E=bending elastic modulus, /=moment of inertia, /=Iength between sample hold-
ers, b=slope of force-displacement graph.

o *a (10.2)
16b* 1

E=bending elastic modulus, /=moment of inertia, /=Ilength between supports,
a=distance between support and respective arm of the two-armed pannier used for
weight application and b=slope of force-displacement graph.

10.2.4 Determination of Silica Content for Saccharum Samples

Dried samples were weighed and afterwards ashed with a rapid incinerator (SVD
95, Harry Gestigkeit GmbH, Diisseldorf, Germany) at 400 °C for 48 h and weighed
again. Then concentrated hydrochloric acid (HCI) was given to the ashes and boiled
until all hydrochloric acid had evaporated. HCI was added again and heated to boil-
ing point, then distilled water was added. The hot solution was filtered and washed
with hot distilled water. The residue was heated again, this time at 600 °C for 3 h.
After cooling, the residue was weighed again and the percent of silica per plant dry
weight determined by the following formula:

silica[%] = acid insoluble dried ash %100 (10.3)
initial plant mass

10.2.5 Statistics

Statistics were carried out using software R (version 2.13.2). Since the majority of
data was not normally distributed, as tested using the Shapiro test in combination
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with visualisations by histograms, the data was statistically analysed with a
Wilcoxon U-test for Saccharum and for independent data of Miscanthus (testing of
corresponding segments and bending directions of erect (E) against pre-bent plants
(B), e.g. E-Al+vs. B-Al+and testing of different segments of pre-bent plants in
the same direction, e.g. B-Al+vs. B-A2+vs. B-A3+vs. B-A4+). For dependent
data of Miscanthus a paired Wilcoxon U-test for dependent data (same segment
with different bending direction, e.g. B-A1+vs. B-A1-) with Sidak correction of the
significance level was carried out. The corresponding significance level is shown in
the upper right edge of the figures showing the boxplot images (Figs. 10.3 and 10.4).
For the tests with 4 groups (e.g. B-Al+vs. B-A2+vs. B-A3+vs. B-A4+) the sig-
nificance level was 0.0085, whereas for the other tests with two groups it was 0.05.

10.3 Results and Discussion

Silicon uptake in Saccharum was successful and the percentage of silica in plant dry
mass increased linearly (Fig. 10.2, R2=0.9996) with increasing silicon content in the
soil. Silica inclusions occur in sugar cane as dumbbells and in silica bands in the epi-
dermis, but barely in cortex, vascular bundles or parenchyma (Keeping et al. 2009).

R? = 0.9996
Slope = 0.2269
Intercept = 0.0711

14

1.2

1.0

0.8

Silica content in plant dry-weight [%]
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0.2

o 50 1ll)D ZII)D
n=7 n=8 n=8 n=10
Additional silicon content in soil [mg*kg™]

Fig. 10.2 Sugar cane: Silica content of plant dry-weight in percent plotted versus silicon addition
to the soil. The increase with rising additional silicon content in the soil is linear
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Fig. 10.3 Bending elastic moduli of stalks of sugar cane grown in substrates with different silicon
addition. No significant difference can be found

The bending elastic moduli of the different test groups show no significant differ-
ences between reference plants grown in untreated soil and the plants grown with
increased silicon content. The median values of the bending elastic moduli are very
similar for reference plants and plants grown in soil with a silicon addition of 50 and
200 mg*kg™!' respectively, and varies between 824 and 580 MPa. Only the median
for plants grown in soil with a silicon addition of 100 mg*kg ! is with 381 MPa
markedly lower but not significantly different due to the high variations (Fig. 10.3).
Our data shows no consistent pattern, and the increase in silica content per plant
dry-weight of 0.30% for the reference group to 1.21% for plants grown in soil
with a silicon addition of 50 to 200 mg*kg ™' does not influence the bending elastic
moduli significantly.

For Miscanthus stalks cross sections of pre-bent and erect stalks show that slight-
ly more silica is deposited in the epidermis at the convex side of pre-bent stalks
than in erect plants (Fig. 10.4a, 10.4¢). Additionally, as a reaction to growth under
static bending, the stem tissues at the convex side of the pre-bent plants show thick-
ened cell walls as can be seen especially in the sclerenchymatous fibres arranged in
the peripheral parenchymatous tissues (Fig. 10.4). The cell wall thickness is much
more increased on the convex side of the pre-bent stalks, being under tension strain
during growth compared to the concave side, which is under compressive strains.
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Fig. 10.4 Miscanthus sinensis: a vCD picture of the outer (convex) side of a pre-bent stalk. Silica
deposit is seen as a bright layer. b Light microscopy picture of the outer (convex) side of a pre-
bent stalk stained with toluidine blue. Lignin is stained furquoise (Li). The thickened cell walls
are markedly lignified. ¢ vCD picture of the inner (concave) side of a pre-bent plant stalk. Silica
deposits are seen as a bright layer with several mass deposits. d Light microscopy picture of the
inner (concave) side of a pre-bent plant stalk stained with foluidine blue. e vCD picture of an erect
plant stalk. Silica deposits are shown as a bright layer with several mass deposits. f Light micros-
copy picture of an erect plant stalk stained with toluidine blue. Lignin is stained turquoise. The
sample is partly lignified

Regarding cell wall thickness, the tissues of the concave side of pre-bent stems
equals that of erect stems (Fig. 10.4). Moreover, in the cell walls of the convex side
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Fig. 10.5 Bending elastic moduli of Miscanthus stalks, arranged according to growth condition
(erect (E) and pre-bent (B)) and tested stalk segment (A1-A4). The bending direction of pre-bent
stalks is indicated by +/—. Significant differences are shown by brackets connecting the signifi-
cantly different groups. The significance level which was tested for is shown in the upper right
edge. As the respective segments of erect stalks show no significant difference as to the direction
of 4-point bending (see Fig. 10.6), for statistical comparison with segments from pre-bent stalks,
the erect segment with bending in the arbitrarily chosen +direction was always used.

of the pre-bent stems a higher lignification occurs compared to the wall tissues of
the erect stems and the concave side of the pre-bent stems (Fig. 10.4b, 10.4d, 10.4f).
The lignification of the concave side’s stalk tissues of the pre-bent plants is compa-
rable to or even lower than in the erect plant stalks (Fig. 10.4d, 10.4f).

The results of the bending tests fit in well with the observed structural and bio-
chemical changes found in pre-bent and erect stalks. Due to the markedly increased
cell wall thickening and the augmented lignifications of the peripheral stem tissues
in the convex side of the pre-bent stalks, accompanied by a slightly higher silica
deposition in the epidermis, pre-bent segments (B) in 4-point bending tests in direc-
tion of the pre-bent stalks (+ direction) show significantly higher bending elastic
moduli than respective segments of erect stems (E) in the three basal segments
Al to A3 (Fig. 10.5): E A1+ (median: 1804 MPa) and B A1+ (median: 3887 MPa;
»=0.0111); EA2 +(median: 1541 MPa) and B A2 +(median: 3207 MPa; p=0.0152);
E A3+ (median: 1591 MPa) and B A3 +(median: 2439 MPa; p=0.0152). Only for
the uppermost segment A4, which is not strongly bent, no significant difference
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Fig. 10.6 Bending elastic moduli of erect (E) and pre-bent (B) Miscanthus stalks, sorted accord-
ing to segment (A1-A4) and bending direction (+/-). Significant differences are shown by brack-
ets connecting the significantly different groups. The significance level which was tested for is
shown in the upper right edge. Dashed lines represent regression lines, displayed with correspond-
ing R2-factor

could be found. For bending tests against the direction of the pre-bent stalks (—
direction) no significant differences to the respective segments of the erect stalks
could be found, although the medians of segments A1 and A2 are markedly higher
for pre-bent stalks (Fig. 10.5).

The bending elastic moduli for 4-point bending tests of the same segment with
directions of bending differing by 180 ° are very similar for erect stalks, proving no
anisotropy for this property in these stems. On the other hand, for pre-bent stalks
the bending elastic moduli show pronounced differences for tests in the + and —
direction for segments Al to A3, indicating a pronounced mechanical anisotropy.
For these segments the median of the moduli is always higher for bending in the
direction of the pre-bent stalk (+direction). However, only segment B A1 showed
statistically significant differences between the two bending directions (median+:
3887 MPa; median —: 2577 MPa; p=0.0156; Fig. 10.5).

As shown in Fig. 10.6, where the bending elastic moduli are plotted against
the tested segments for pre-bent and erect plants and both bending directions, a
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marked difference between pre-bent and erect plants could be found. For erect
plants the bending elastic modulus remains nearly constant along the stalks, and
for none of the two bending directions a tendency to increase or decrease could
be found (Fig. 10.6). For the pre-bent stalks on the other hand, pronounced varia-
tions along the stalks exist. For both bending tests, in + direction as well as against
the direction of the pre-bent stalks (—direction), a marked decrease of the bend-
ing elastic modulus from stalk base to stalk apex could be found with R? values
of R?=0.9993 for + direction and R*=0.8046 for — direction. Additionally, for
bending in + direction, segment Al (median: 3887 MPa) is significantly different
to segments A3 (median: 2439 MPa; p=0.007) and A4 (median: 1774 MPa;
p=0.0022).

Our results indicate that Miscanthus sinensis is able to adjust its stalk structure
and cell wall biochemistry to the mechanical loads applied during the pre-bending
experiments. This allows the plant to increase the bending elastic moduli in the
pre-bent stems basipetally towards the most basal segments, i.e. the regions where
the highest mechanical loads occurred due to pre-bending. This tendency could
be found in bending tests in the + direction, as well as in bending tests going
against the direction of the pre-bending (—direction). Besides, for the uppermost
segment the bending elastic moduli are (markedly) lower for bending against the
direction of the pre-bent stalks (—direction). This indicates that the predominant
part of the reaction of the plant antagonizing the pre-bending takes place on the
convex side. This reaction is vaguely reminiscent of the arrangement of tension
wood formation in angiosperm trees where the ‘mechanically reactive side’ is also
the convex side.

The observed results in Miscanthus lead to the conclusion that the assumed hy-
pothesis of an increased deposition of silica at locations of high stress and strain,
as replacement for the deposition of lignin, for energy-saving reasons could not be
proved with our test procedure for Miscanthus sinensis. Even though silica content
increases slightly in the epidermis of the convex side in pre-bent plants, lignin con-
tent increases as well (and probably more pronouncedly). Moreover, the main part
of the increased bending stiffness and bending elastic modulus is brought about by
a pronounced cell wall thickening in the stem tissues of the convex side. Assum-
ing on the convex side of the stalks of Miscanthus sinensis, where the main part of
the thickened cell wall consists of cellulose (despite the increased lignifications), a
biochemically similar formation process and mode of function of the ‘tension tis-
sue’ as described for tension wood in broad leaved trees (Scurfield 1973; Fournier
et al. 1994; Bamber 2001; Pilate et al. 2004), an increased silica deposition (on the
convex side) would not improve the mechanical performance of the pre-bent Mis-
canthus stalks.

Based on both the experiments presented, the general assumption of increased
mechanical stability due to increased silica content could not be demonstrated in
the case of bending elastic modulus (stiffness) for the two plant species tested
with the experimental protocol used. Several studies report the reduction of lodg-
ing due to silicon fertilizing (Takahashi 1968; Savant et al. 1999), indicating an
undefined higher mechanical stability. The improved lodging stability might be
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based on additional deposition of silica in the root-stalk connection or just an ad-
equate supply with silicon fertilizer for optimizing plant development. Mali and
Aery (2008) observed in cow pea (Vigna unguiculata) shoots that additional sili-
con in lower concentrations seems to benefit plants more than higher silicon sup-
ply. Even though they analysed nodule growth and not stalk bending mechanics,
their results indicate that additional silicon is only beneficial to a certain extent.
Consequently, Miscanthus may in the pre-bending experiments ‘rely’ on lignin
and cellulose as supporting agents, despite the costliness, and increases silica only
slightly in the regions of mechanical stress. To summarize, very little research has
been performed on exactly how additional silica may influence the mechanics of
plants and plant organs. Therefore a wide field of research remains open in terms
of improving our understanding of the influence of silica on plant mechanical
properties. In particular, the direct mechanical influence of silica or its influence
on mechanical properties via improved plant growth is of interest. In connection
with this, it would be of economic significance whether an optimal amount of
soil silicon for maximizing plant development and mechanical properties existed.
Furthermore, the influence of distinct or bands of silica bodies versus the influ-
ence of continuous silica layers on mechanical properties may be a fruitful avenue
to pursue.
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Chapter 11

ELISE—An Integrated, Holistic Bionic
Approach to Develop Optimized Lightweight
Solutions for Engineering, Architecture

and Design

Christian Hamm and Sebastian Moller

11.1 Introduction

Gravity is a dominating factor for life on earth. It influences all organisms, except
for the very smallest (sizes of 1 um and smaller, e.g. some bacteria and viruses) and
those, which have virtually the same density as their surrounding medium, such as
jellyfish. Reducing mass while maintaining mechanical strength provides many evo-
lutionary advantages. For example, it saves resources, allows faster movement, and
reduces sinking velocity which is crucial for the survival of planktonic organisms.
Especially the first two aspects have become very important in the modern world,
as efficient mobility is being regarded a basic necessity for mankind, but resources
become more and more limited. Throughout history, civilizations have optimized
factors that were decisive for their success, such as tools, weapons and buildings.
These objects often had to be light and strong. Although all this led to many intrigu-
ing solutions, there is still plenty of room for improvement. Many books and articles
describe methods to find and apply appropriate tools for optimization of lightweight
structures. But at the same time, almost any problem to develop a technical light-
weight component has so many potential solutions, that computing power and time
to design, vary, calculate and optimize such products and sufficiently consider all
valuable approaches using conventional methods would by far exceed reasonable
and economic values.

Within the biosphere, optimization processes occur simultaneously in inconceiv-
able numbers. Mutation, recombination, and natural selection cause adaptation to
many different environmental factors such as physical and chemical challenges
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originating from the inorganic world. These factors range from forces, temperatures,
nutrients and, to a considerable extent, to those originating from other organisms
Although there is no single goal (sensu Adams 1979) in these optimization efforts,
the processes are very efficient and have created millions of species with amazing
technical solutions, including some of the most amazing lightweight constructions.

Compared to products of the apparent “creativity” of nature, which result from
these processes, even the amazing developments of scientists, designers and engi-
neers can appear humble. The drive for improving these developments has led to the
forming of a community of scientists and engineers has evolved who dedicate their
efforts to the transfer of technical principles found in nature. They call it “Bionics”,
“Biomimetics” or “Biomimicry”, the choice of words depending on their cultural
background. Although the potential for technology transfer from nature is huge and
the discipline has received much public attention, the invested resources and conse-
quently the number of realized innovations are still moderate. The question remains
how the processes and principles present in nature can be used most efficiently to
create innovative solutions. Here we present several principles, which lead to the
evolution of stable lightweight constructions in nature and present a systematic ap-
proach which combines all these principles found in ecosystems within a single
product development process.

11.2 Lightweight Optimization in Nature
and Corresponding Bionic Approaches

11.2.1 Lightweight Principles

How Nature Does It

One might expect that lightweight solutions are ubiquitous in nature, because build-
ing structures always requires energy and time, and sometimes limited raw materi-
als. Moving organisms move faster if their stabilizing components are light, and
especially flying is easier if an organism is built lightly. But there are also conflict-
ing demands: organisms have to store water, nutrients, and energy, generate forces
using need muscles, or have to insulate their metabolism against low temperatures
with the help of fat storage and growing fur and feathers. Consequently, lightweight
solutions occur in many organisms, but are often masked because extra functions
are added to the properties of being mechanically strong and light. Typical examples
are found among higher plants and animals. Large plants, especially trees, are re-
stricted in their ability to grow a lightweight construction, because their growth
process is purely additive. As a result, tree trunks may well reduce (notch) stress,
but do not possess the complex framework of a true lightweight construction. Many
vertebrates, especially birds (Dumont 2010) or fast runners such as cheetahs or
antelopes, have bones, which are typical stable lightweight constructions. However,
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Fig. 11.1 Diatom, Radiolaria, Coccolithophorid (by courtesy of Gerald Langer, Cambridge Uni-
versity), Foraminifera (by courtesy of Jelle Bijma, Alfred Wegener Institute)

their overall structures are difficult to transfer to technical solutions, because these
bones are part of an endoskeletons, meaning they only work well together with
tendons, ligaments, and muscles (Fig. 11.1).

Transfer

A good approach is to identify lightweight principles with a high potential for
transfer and use them for buildings, constructions or products. Especially the shell
geometries of planktonic organisms mentioned above, such as diatoms, but also
radiolaria, tintinnids, acantharia, and foraminifera have been described together
with potential mechanical effects in many publications (Burkhard and Bach 1990;
Hamm and Smetacek 2005, Kooistra and Pohl 2014, this issue). Since these prin-
ciples follow the rules of physics, a transfer to technical solutions by people with
a background in mechanics will often considerably improve the state of the art. A
main problem, however, remains the fact that technical load cases and materials, but
also the possibility to produce complex structures economically, differ considerably
from those the organisms experience in nature. Therefore, a substantial adaptation
to the technical load cases, technical materials and production techniques is usu-
ally necessary. From a technical viewpoint, the results remain mostly suboptimal,
since subsequent optimization processes are very laborious and require very spe-
cial expertise, which is often not available. However, they are excellent for rapid
realization as prototypes or demonstrators and give crucial impulses as innovative
approaches for radically new construction concepts (Fig. 11.2).

au\

Fig. 11.2 Design object suspended lightweight railway (design Simon Szameitat 2013). Weight
reduction and functional details based on constructional principles of diatom shells
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11.2.2 Diversity

How Nature Does It

The presence of a high diversity of organisms within an ecosystem is typically
a significant advantage if a new challenge arises (McCann 2000; Elmgqvist et al.
2003). Usually, the presence of different solutions for all sorts of challenges bears a
high potential to include an appropriate answer to a newly aroused challenge. There
is no reason to believe that the optimization of stable lightweight constructions is
an exception to this mechanism. As mentioned above, optimization is a complex,
difficult task because the solutions for most problems cannot be described by one
simple optimum but by a multi-peak optimization landscape. In nature, adaptations
just occur as a function of selection pressure. Thus, if a new mechanical challenge
arises, for instance, caused by a new type of grazer, the corresponding selection
pressure will act on all organisms within the susceptible size range. Consequently,
optimization processes leading to better adapted lightweight solutions will occur
in several or even many organisms at the same time. Although this process has not
been observed yet in the highly fluctuating planktonic ecosystems, it is well known
from the beaks of different species of Darwin finches, which are directly influenced
by the mechanical properties of their food, i.e. an increase of the percentage of
hard seeds will lead to the simultancous adaptation of the beaks of different species
(Grant and Grant 2001) (Fig. 11.3).

Even if a certain design has an advantage over the others in the beginning, it is
extremely difficult to predict which design will end up as the best answer to the
mechanical challenge after the optimization process.

Fig. 11.3 Diversity among diatoms: Although all diatom frustules fulfill the criteria as stable light-
weight constructions, they have very different overall geometries as well as substructures. Their
respective potential to adapt to a new mechanical challenge, e.g. caused by a predator, is likely to
differ considerably. Here we show 7 of an estimated 100,000 species



11 ELiSE—An Integrated, Holistic Bionic Approach ... 187

Fig. 11.4 Two Variants of new developments for automotive lightweight wheels. The most impor-
tant loadcases were tested and revealed very good performances, but an adaptation using evolu-
tionary algorithms has not been executed yet. The left concept has been designed for a realization
in anisotropic materials, such as fiber reinforced plastics, the solution on the right is for isotropic
materials (e.g. metals)

Transfer

It is obvious that an engineer is more likely to get an excellent result for his light-
weight problem if he is able to start with different lightweight concepts for a techni-
cal solution. But unlike in nature, it matters whether few or hundreds of concepts
are tested, because the effort to create 3D (CAD) models, analyze them, adapt them
to restrictions of production processes, create an FE-Mesh and calculate is quite
considerable. It is, therefore, essential to select high-potential candidates for spe-
cific lightweight solutions. The main challenge is therefore: how can the potential
of a certain lightweight principle be rated? Usually, the criteria for a pre-selection
depend on the matching of general forms and the potential to manufacture light-
weight principles. Compared to the integration of just one principle, manufacturers
appreciate the possibility to choose between several concepts of technical solutions
for a specific component. However, the results are likely to remain far beneath their
optimal performance as stable lightweight construction, if a professional optimiza-
tion step is missing (Fig. 11.4).

11.2.3 Evolutionary Processes/Optimization

How Nature Does It

The elegance of evolutionary processes is based on simplicity and effectiveness.
Several parameters or traits can be altered by mutation at the same time; recombi-
nation by sexual reproduction strongly augments the difference between individual
offspring. The continuous creation of new, slightly altered generations and them
being tested by environmental factors which decide, in turn, their reproductive suc-
cess leads to an automatic adaptation of their properties to changing environmental
factors. Although these principles are very powerful, adaptations in nature under-
lie certain restrictions, which are not attractive for an engineering process. One
characteristic of natural evolution is that the alterations from one generation to the



188 C. Hamm and S. Moller

next are, in general, minute. Therefore, it takes a very long time until a new spe-
cies evolves. Even then, the differences between the old and the new species often
remain small (Theriot et al. 2006). A complication for evolutionary processes in
nature is that once a certain group of organisms has had time to adapt to and occupy
a certain ecological niche, it is difficult for other taxa to start a similar adaptation
based on other morphological/ physiological principles. In other words, had the di-
nosaurs not died out to a catastrophic event at the end of the Creatceous, mammals
would never have had the chance to evolve in such an enormous diversity of forms
and sizes.

Transfer

When transferring the evolutionary process to technology (i.e. using genetic al-
gorithms, Rechenberg 2000) it is most remarkable that it can work even more ef-
ficiently than it does in nature. The main advantage of the technical approach is
speed: several parameters of a lightweight structure can be varied, several variants
can be tested and the best offspring can be selected in a very short time. If the struc-
ture is not too complex and the number of parameters is not too big, several hun-
dreds of generations can be simulated in reasonable time. Another big advantage is
that changes in geometry are not restricted to small steps which are allowed by the
genetic setup as is the case in nature. Structural changes, which would, in nature,
mark the evolution of a new species can be simulated in only one generation. A
main technical challenge is the selection of adequate geometric models. The effec-
tiveness of evolutionary strategies is restricted in such a way that they ideally need
starting points which already possess certain properties that have a high potential
for a superior solution after the adaptation process.

11.2.4 Growth Processes

How Nature Does It

A powerful tool to optimize lightweight structures is growth and/or reduction of
structural components based on high low mechanical stress values within a liv-
ing organism. It is known that trees react with selective growth to high stress and
thus reduce notch stress and even create structures such as I-beams. However,
since they only add structure and do not remove it, their freedom to create diverse
efficient lightweight solutions is extremely restricted. Therefore, it is amazing
that trees still grow a large variety of interesting forms, which are interpreted as
a result from their “mechanical load history” (Mattheck 1991). In contrast, the
processes which lead to the inner structures of bones and their resulting structures
are more sophisticated: bone cells can add and remove material, depending on the
level of stress found in an area of the whole structure. This leads to very complex
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constructions, of which the most famous is probably the human femur, where the
stress trajectories are manifested as an intricate framework of an apatite compos-
ite. As in trees, orientation and dimensions of bone structures reflect their me-
chanical load history, but in contrast to them, unnecessary or over-dimensioned
structures can be reduced. This leads to considerable weakening of bones of as-
tronauts or immobile persons, but allows both reduction and reinforcement as a
function of mechanical loads.

A special case of growth processes are found among the cell covers of protists,
especially the silica frustules of diatoms, whose geometries are extremely complex.
Here, silica structures grow within hollow forms (silica deposition vesicles, SDVs),
which are manipulated by the cytoskeleton into fantastic geometries, which in turn
allow the production of very complex shells with a superior performance as stable
lightweight constructions. In contrast to bone, there is, to our knowledge, no change
of geometry possible once the structure is completed. This is consistent with current
technical manufacturing methods and most likely leads to a certain robustness of
the shell structures: although they are adapted to mechanical challenges posed by
their most numerous and effective predators, they cannot afford to be completely
unprepared (i.e. mechanically weak) with regards to diverging mechanical attacks
and other load cases, which they encounter less frequently.

Transfer

There are already several algorithms, which are based on growth processes and
are suited to generate 3D-Data for new stable lightweight constructions. Although
different mathematical and programming solutions have been developed for this
purpose, all of them use the available design space, apply the technical load cas-
es relevant for construction, and reduce material where FE-calculations display
small stress values, while conserving load-bearing, high stress structures. This
approach to reduce weight is completed by the reverse method: growth is allowed
wherever stress values become high. This method efficiently reduces notch stress.
These approaches are widely used and have successfully helped to reduce mate-
rial while maintaining mechanical strength, or improving strength while using
as much material as before. However, in cases where the geometries, the load
cases, the materials, or the production processes are complex, this approach tends
to have limitations to the extent that a realisation is not feasible. In addition, the
result of such an optimization is always a simple framework with no potential
for fundamentally different solutions, and the results in most cases have a low
robustness, because unexpected loads have few options to be compensated for by
alternative stress paths.

The growth processes of diatoms and radiolarians have not yet been transferred
to the technical loads, but two aspects appear to have a considerable potential for fu-
ture applications: (1) a mathematical simulation of their morphogenesis for the gen-
eration of high-quality, robust structures, and (2) a physical system of membranes
which can be manipulated to generate complex casts as do the SDV’s of diatoms.
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11.2.5 Beauty

How Nature Does It

Most natural structures, especially lightweight structures, are perceived as being
beautiful. This is not only the case where organisms have to be eye-catching be-
cause they have to attract mating partners. Beautiful structures can also be found
in higher and lower plants, for instance in their leaves, pollen grains, and, again
and most strikingly, among protist cell covers, such as those of diatoms and radio-
larians. According to Plato, beauty resides in proper measure and proper size, and
of parts that fit harmoniously into a seamless whole. To St. Augustine, geometric
form and balance create beauty, and Plotinus postulated that beauty must be pres-
ent in details as well as the whole, and that it cannot be constructed out of ugli-
ness, but its law must run throughout (Etcoff 2000). Although these authors could
not know it, these descriptions are consistent with mechanically well-designed
constructions.

Transfer

It is a common and long established practice to transfer beautiful natural forms to
products and buildings. These forms are usually selected according to personal taste
and combined with ideas and design preferences of individual designers, architects
and engineers. There are many examples where this has been done quite success-
fully. Where necessary, the resulting products are often embellished according to
their mechanical function. However, while well-designed stable lightweight con-
structions usually have a beauty in the sense mentioned above, beautiful structures
are not automatically optimized for the mechanical loads they experience—neither
in nature, if they meet a new challenge, nor in the technical world, where they al-
ways meet a new challenge. In both cases, it is necessary to test a number of differ-
ent designs in order to find an ideal solution, and both require a serious adaptation
process (that is, evolution in nature and genetic algorithms in the technical world).

11.2.6 Synthesis and the ELISE Lightweight Process

Organisms, which develop lightweight solutions within ecosystems, for instance
planktonic ecosystems, integrate all of the mentioned processes just by living, re-
producing and growing. They inherit powerful lightweight principles from their
predecessors, are usually present in a certain diversity, adapt without extra effort
using evolutionary processes, form their shells in a sophisticated growth processes,
and are beautiful just because their proportions are “right”. This means they are not
angular but possess smooth transitions, are (basically) symmetrical, harmonic and
often possess a self-similarity of forms at different size scales of their structures. In
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order to transfer the potential of the natural processes mentioned above effectively,
a corresponding combination of principles and mechanisms is necessary for the
product development process.

To combine the biomimetic potential of lightweight structures evolved in nature,
especially in diatoms and radiolarians, with the principles of evolution in a tech-
nical context, the holistic lightweight optimization process ELiSE (Evolutionary
Light Structure Engineering) was developed. As mentioned before, this process is
composed of five different steps, which base on each other in a systematic order.
These steps shall be described in detail and are shown in the figure at the end of
this chapter.

1. Technical specification
The success of an optimization is highly dependent on the technical setup de-
fined in this first step of the ELiSE lightweight process. The technical part
which has to be optimized can be characterized by different parameters such as
material, production process and load cases. All these parameters influence the
performance of an optimized part and have to be considered during the opti-
mization process. If a relevant load case is neglected an immense reduction of
the quality of the final optimization will be the consequence. At this point the
ELiSE lightweight process does not differ from other optimization methods or
engineering approaches to new product developments in general. As the use of
CAD and FEM is an integral part of ELiSE later on, the definition of a fully
assessed CAE setup is a key point in this step. At the same time the main opti-
mization goal is defined, as lightweight design can be introduced by reducing
weight or stress within the material or by increasing the overall stability of a
construction.

2. Screening and selection of powerful archetypes
Based on the previously defined optimization goals the systematic search for
valuable archetypes starts with this step. Approximately 100,000 different spe-
cies of diatoms and radiolarians are available. The Friedrich Hustedt Diatom
Study Centre located at the Alfred Wegener Institute, Helmholtz Centre for
Polar and Marine Research (AWI) offers direct access to a database storing
information on taxa, accessions and publications. In addition, a second data-
base is available providing engineering information on diatoms and radiolar-
ians and thus containing CAD models or FE results of calculations made so
far. Within this database a selection of powerful, biological archetypes can
be identified using similarity search algorithms. This procedure enables en-
gineers to find suitable archetypes in a semi-automated way. To summarize,
engineers have the possibility to find manifold data about the shells of diatoms
and radiolarians.

3. Abstraction to concept models
In most cases, the complexity of natural lightweight structures prevents a di-
rect transfer of design principles to technical applications. Restrictions of the
production process or costs in general make it necessary to reduce the high lev-
el of details. The lightweight principles have to be understood and evaluated
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by competent engineers or experts with a similar background. Still, specific
solutions found in the biological archetype and peculiar structures of the shells
are difficult to understand even by experts. In this step these structures have to
be investigated and it has to be decided how a natural structure can be simplified
without losing its functionality.

In a next sub step the simplified and abstracted structure is designed using
CAD: a parametric CAD model of a bio-inspired concept is the result. Now the
basic principles of evolution play an important role. It is not possible to guarantee
that a bio-inspired concept is better than the original reference model. Therefore,
several concepts are created based on different design principles found during
the screening of nature. All concepts are forced into competition and therefore, it
is pretty likely that the dominant concept will be superior when compared to the
performance of the reference model.

4. Finite element analyses and optimization
FEM is used to benchmark the design concepts created in the last step and to
compare the best concept with the reference model. With the numerical calcula-
tion of deformation and stress values within digital concept models under given
load cases, the performance of every concept can be estimated. One advantage of
natural shells is the fact that they are robust against several different load cases.
Using the similarity search algorithms in step 3, only those biological archetypes
were chosen that showed a high possibility of possessing structures suitable for
the given load cases. Nevertheless, the final concept has to be optimized pri-
marily for the load cases defined in step 1 and the bio-inspired concepts are not
necessarily optimized for these load conditions. Therefore, an optimization of
each concept changes the structure in order to increase the performance under
given loads. This optimization has to be regarded as a meta-level of implement-
ing the principles of evolution to the ELiSE lightweight process. In this specific
sub step each concept is optimized without comparing it to other principles. This
is an analogy to the change of species during the course of evolution. One main
optimization tool is the Evolutionary Strategic Optimization which is based on
the change of parameters within the parametric CAD model. In addition, further
optimization tools are used to improve the concept models, e.g. CAO and SKO
which were described previously.
5. Assessment of the final structure

The final step of the ELiSE lightweight process is the assessment of all calcu-
lated results. Every concept was designed using bio-inspired design principles
from shells of diatoms and radiolarians. All concepts were optimized to fit the
load conditions defined at the beginning. In this final step all concepts are com-
pared to each other and to the reference model. Due to the implementation of
principles of evolution and the use of pre-optimized biological structures for all
concepts the possibility is high that engineers were able to design at least one
concept which shows a better performance than the reference model.

Although several steps of the ELiSE process include semi-automated meth-
ods to reduce the amount of work for an engineer, e.g. the similarity search
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algorithms or the Evolutionary Strategic Optimization, the holistic process remains
an abstract strategy to transfer high potential lightweight structure from nature
to technical applications. For this reason, the quality of the final lightweight
design is strongly dependent on the expertise of the engineers. Consequently the
best way to use the ELiSE lightweight process is to combine the knowledge of
different experts (biologists, experts in Biomimetics and engineers) within an
interdisciplinary project team (Figs. 11.5, 11.6).

Fig. 11.5 The EIiSE process, consisting of a set of conventional and biomimetic tools arranged in
5 general steps which describe the full product development
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Fig. 11.6 The ELSE process, based on an example (b-pillar) from the automotive industries. It
shows the potential for weight reduction, if a combination of steel and FRP materials is allowed
and optimized according to the steps described above (Fig. 11.5)
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11.3 Conclusion

The optimization of lightweight structures is an extremely challenging and compli-
cated task. Currently we see that both mathematical and bionic methods to optimize
lightweight constructions have improved considerably over the last decade, and it
is very likely that they continue to do so. In nature, several principles which indi-
vidually already help in the development of new lightweight solutions in technol-
ogy work together. The ELiSE process combines these principles in a similar way
and thereby leads to solutions which are very efficient but differ significantly from
those created by standard methods such as topology optimization. In addition, it can
usually provide several solutions to the same problem, a phenomenon which is also
observed in the natural world.
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Chapter 12
Offshore Foundation Based
on the ELIiSE Method

Christian Hamm, Daniel Siegel, Nils Niebuhr, Piotr Jurkojc
and Rene von der Hellen

12.1 Introduction

According to the energy policy objectives of the German government, Germany
targets a phasing out of nuclear energy until 2022 (Knopf et al. 2011). Therefore the
demand for power plants using renewable energy will increase. The prognosis of
market research institutes show that between today and 2022, the power output of
offshore wind energy could increase to a value of approx. 10 GW. To meet this tar-
get, up to 2000 offshore wind turbines will have to be installed in German offshore
areas (Wab e. V. 2012). Due to political decisions and technical challenges, it is
possible that the process of installing this capacity will be considerably prolonged.
To install wind energy plants in the offshore field, a strong mechanical connec-
tion of the energy plant to the sea ground is required. This kind of connection is
called offshore foundation. The design of these foundations depends on diverse en-
vironmental factors such as water depth, currents, wave regime and sedimentology
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Fig. 12.1 Variation of different key foundation designs for offshore wind energy plants. a mono-
pile b tripod ¢ jacket d gravity base

(Byrne and Houlsby 2003). Therefore there are many different designs necessary
alone on the basis of differing technical requirements. In addition, it is still under
debate, which fundamental design is the most cost- effective and sustainable solu-
tion for any given offshore location. Today the most common foundation designs
are monopile, tripod, jacket, tripile, gravity base, and suction bucket (Zaaijer, 2003)
(see Fig. 12.1).

The different kinds of foundations also vary in the demand of material, in most
cases steel. The weight of the primary structure of a tripod for 30 m water-depth
is ca. 840 t. One of the lightest substructures available on the market today is the
jacket foundation. For the same water-depth the jacket has a weight of around 425 t
(Seidel 2007). Disadvantages are the fact that the four piles of the jacket require a
costlier piling process, and the complexity of the structure makes it expensive to
manufacture. Therefore the BIONA-research project “Offshore foundations based
on ELISE procedure” (OFE) focused on a structure with less than four piles. The
following were requirements for a new, bionic structure for offshore wind energy
plants for a water-depth of 30 m:

1. The structure must have, like the tripod, only three fastening structures for piles.

2. The geometry should be relatively simple to keep production costs low.

3. The new design should use standard steel pipes (such as those used for pipeline
construction with diameters of up to 1500 mm, offshore steel (S355 or S420)).

4. The structure should be at least 25 % lighter than the currently produced tripods.

5. The structure should represent the best solution from a selection of at least three
constructional principles.

The ELiSE method (see chap. 10) uses structural principles from nature for the de-
velopment of technical products. One of the main challenges for bionic lightweight
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developments is how to transform biological structures into useful technical struc-
tures. These are made of completely different materials, have a reduced complex-
ity but are often several times larger, and experience different load cases. ELiSE
systematically solves such technical problems with the help of a large variety of
pre-optimized planktonic lightweight structures in combination with an optimiza-
tion procedure.

Many planktonic organisms have elaborate, stable biomineralized exoskeletons
with an extremely low weight. The reason for this development in nature is the pro-
tection against predators in combination with the fact that they can only survive in
upper water levels, which provide sufficient nutrients (Hamm and Smetacek 2007).
The necessity to be light and mechanically strong is also the main characteristic of
modern lightweight developments.

Typical, planktonic shells are composed of many substructures, which are dif-
ficult to implement in the design of a technical product. Within the framework of
this project it was necessary to use planktonic structures with a comparable design
to an offshore tripod construction, and transform their structural principles into a
weight-minimized steel foundation for offshore wind energy plants.

12.2 Material and Methods

Our research in this project showed that using radiolarians as structural archetypes have
a high potential in optimizing the weight of foundations. Radiolarians are part of the
marine plankton. They take their name from the radial symmetry, often marked by radial
skeletal spines, characteristic of many forms (Boltovskoy 2002). The transformation
of the radiolarian into an offshore foundation was done with the ELiSE method. The
design of the new foundation is related to the Tripod Offshore foundation structure from
WeserWind. This structure was therefore taken as reference for all FE-calculations in
order to evaluate the potential of new constructional principles.

The structure of this section represents the use of the innovative lightweight
construction method “Evolutionary Light Structure Engineering” (compare Chapter
10—ELiSE). This method consists of five steps. Every step of this method will be
described in more detail in the following text, with the corresponding results to il-
lustrate the development.

12.3 Results

12.3.1 Screening

The new foundation structure should maintain an innovative structure design which
reflects a completely new approach to the construction of foundation structures. The
idea of the innovative structure design was found in the nature. Diverse lightweight
construction principles can be found in the protective skeletons of small plankton
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structures like diatoms and radiolarians. These structures consist of effective light-
weight designs with principles of nature that proved value during evolutionary pro-
cesses (Hamm 2005). The objective of the work step screening was the selection
of appropriate diatoms and radiolarians which have design principles that can be
applied to buildings such as foundation structures.

12.3.2 Search for the Biological Archetype

Selection criteria such as geometrical similarities have been set up to reduce the
huge amount of about 100,000 different species with diverse, high efficient light
weight geometries (Hamm 2005). Matches for the tripod foundation were primar-
ily found among radiolarians. The Alfred Wegener Institute owns samples of ra-
diolarians coming from the west coast of Africa. These samples were examined
with the light microscope. Radiolarians that match the geometrical criteria were
prepared for scanning electron microscope (compare Fig. 12.2). For future imple-
mentation, recordings were made of appropriate structures using scanning electron
microscopy, which served as a template for the subsequent design phase. Since the
structures of radiolaria have been described in detail in diverse publications, and
the Alfred Wegener Institute, we used literature data in addition to SEM-pictures
(Fig. 12.3).

1. Sereening

2. Structural analyses

3. Abstraction

™~ ,.,..’.! , 4. Optimization
i T

=
=T .

5. Manufacturing

Fig. 12.2 Development of an offshore foundation based on the five-step approach of the Evolu-
tionary Light Structure Engineering procedure
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Fig. 12.3 Examples of scanning electron microscope images of suitable radiolarians for a further
offshore development

12.3.3 Structural Analysis

The selected biological organisms had to be tested for their suitability for the foun-
dation structure because the technical load cases naturally did not correspond with
the loads they would experience in nature. For this reason the plankton structures
were analyzed with the technical load cases (forces, moments and supports) to lo-
calize imported design components which are necessary for the stability of an off-
shore foundation. Detailed CAD models (constructed in the CAD program Solid
Works) were built with the help of scanning electron microscope recordings and
literature data from the screening phase. The geometries of the selected radiolarians
tests were transferred exactly to the models in order to obtain an accurate under-
standing of the mechanical principles. After the construction process the models
were analyzed with FE-Software tools (MSC Marc/Mentat). For that purpose the
constructed organisms were scaled to the size of the foundation structure and loaded
with the technical load cases provided by the manufacturer. Evaluation criteria for
the selection of a suitable archetype were a homogeneous stress distribution, maxi-
mum comparative stresses according to v. Mises and low maximum deformation
values. In addition, the potential for structural simplification in order to meet the
manufacturing requirements were assessed. Important mechanisms of action were
found after the analysis of the calculated models. The work package “Structural
analysis” was completed with the comparison of all FE-results. Five biological or-
ganisms could be determined as potential archetypes for an innovative foundation.

12.3.4 Abstraction

The results of the structure analysis were the basis for the abstraction of the organ-
isms. The process of abstraction is necessary because the skeletons of radiolarians
have a complex design which cannot be realized with conventional production tech-
nologies. The biological organisms have to be reduced to the essential structural
elements to ensure the successful transfer of the biological lightweight principles
to a technical product. In the beginning of the abstraction process, the five best
results were selected from the structural analysis. With the information of the stress
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analysis, the structures were simplified with only essential components remaining.
Elements with no supporting functions were removed.

The Radiolarians illustrated in Fig. 12.4 are shown with v. Mises stresses. The
results of the FEM calculations on the best rated C. feuscheri show a homogeneous
stress distribution as a sign that most areas lie within the flow of forces. Higher stress-
es are only concentrated on the outer arc of the structure. This arc is strongly bent and
would therefore buckle easily as a function of typical load cases (moments originat-
ing from wind pressure on the rotor). However, since this buckling can only take
one direction, the arc can be stabilized by thin struts, which are only charged with
tensile stress and connected to the main inner beams of the structure. This principle
was transferred to an abstracted and simplified first draft of a foundation structure.
Analogous to the implementation described above, a further investigation of other or-
ganisms and their abstraction took place. After the abstraction of the biological arche-
types, all constructions were analyzed with the load cases of the reference foundation
structure. The benchmark of all abstracted constructions showed that the design of the
Radiolarian Clathrocorys teuscheri offered the best potential for further development.

12.3.5 Optimization

In phase four optimization tools were applied. An optimization loop, which con-
nected the necessary programs, has to be configured. In this case there were three
programs involved: SFE concept, MSC.Nastran and the optimization tool. The ab-
stracted Clathrocorys model was parameterized with five design parameters. These
parameters were able to change the location of the central node, the strut connection
and the radial food print. The wall thickness was also defined as a design parameter.
SFE Concept was responsible for the shape variation and the generation of new
models and input decks. These generated input decks were used from MSC.Nastran
to calculate results like mass, displacement and stresses. The third part, the optimi-
zation loop, was the brain of the loop. It decided how the new design variables had
to be changed for the next run (see Fig. 12.5) (Fig. 12.6).

The objective was to minimize mass by a maximal allowable displacement from
100 mm as a constraint. Two different algorithms were used for optimization, which
will later be compared in the results and discussion. First of all, a simple gradient
search based algorithm was applied. The optimization tool DAKOTA from Sandia
National Laboratories was used to handle this purpose. The design n parameters
were defined as x;,...,x, and concluded in the vector X. The following objective
function was applied:

f(xlo,...,xg)zF(fo)zoptimum (12.1)
The gradient is defined as an n-dimensional vector.

T
§=Vf(?c)=(1 i} (12.2)

A0 > A
(@29 ox,
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(1) Clathrocorys teuscheri:
e homogeneous stress distribution
simple principle in spite of complex geometry
buckling prevented by tensile structures
high potential for realisation in steel
first choice for the next steps within ELISE

(2) Chlathrocorys murrayi
e homogeneous stress distribution
e principle similar asin (1)
e higher complexity than in (1)
e potential for realization in steel: medium

(3) Pterocenium

e Outer shell and internal structure
average stress distribution
shell structure difficult to manufacture
effective, elegant abstraction required
interesting for future foundation developments

(4) Pterocanium trilobum
e poor stress distribution
transition to piles have a high potential
shell difficult to manufacture
poor potential for abstraction
potential use for other products possible

(5) Callimitra carolotae

e homogeneous stress distribution
extreme complexity
framework structure difficult to manufacture
high potential for innovative production methods
high potential for other products

Fig. 12.4 Radiolaria as biological archetypes with screening criteria. /eft: CAD construction
right: stress analysis with conventional FEM-Tools
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Fig. 12.5 Foundation models on the basis of simplified radiolarian geometries. Left: abstrac-
tion of Pterocenium, middle: Callimitra and right: Clathrocorys. This step contains an arbitrary
component

Script: Change
g try and generate
new mesh
FE-Mesh &
Boundaries
ASCII
Format [
A Output of the value of
Changed the design variables
design
variable

Define optimization loop
Optimization loop (automatic)

ASCIl Format
ASCIl Format

Fig. 12.6 Optimization loop (modified after a scheme drafted by SFE Concept GmbH, Berlin)

The vector shows in every point in the direction of the highest scope. The single
mode was selected as an optimization strategy and the optimization model was
single. The convergence criterion was 10° and the maximal number of interaction
was restricted to 300.

The evolution strategy was used as a second optimization algorithm. This al-
gorithm is part of the stochastic principle and was coded into VBA. It was applied
through the help of Microsoft Excel 2007. The evolutionary strategic optimization
(ES) consists of p parents which created A mutated offspring. The best offspring A
will survive and will be passed into the next generation. Within the optimization a
(1,5)-ES strategy was applied (Rechenberg, 1994) (Fig. 12.7).
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Fig. 12.7 Optimization progress of the used evolutionary strategy. The best parameter setting was
achieved in generation 297 with 361 t and 997 mm displacement

12.3.6 Manufacturing

Aspects concerning manufacturing take place during the last step. Based on the op-
timized results of the bio-inspired structure, a similar pipe design was created. The
offshore steel S355 and the product range of the company Europipe were consid-
ered to achieve the most cost effective production afterwards. The delivery program
consisted of pipes with an outer diameter between 508 and 1524 mm and a wall
thickness between 7 and 40 mm.

Another requirement was the connection to the sea belt (Fig. 12.8).

Fig. 12.8 Details showing the adaptation of the structure to the manufacturing process (composi-
tion of straight steel pipes, left, simplified angular bending instead of continuous curves, (middle)
and necessary addition of secondary steel (boat landings, platform, cranes))
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12.4 General Discussion

The development of lightweight structures, compared to that of new materials,
seems like an uncomplicated, well-established procedure. All structural lightweight
principles are based on classical mechanics and have been described in detail (Quote
Leichtbau-Katalog). However, even seemingly simple tasks, such as the construc-
tion of a bridge, can be solved by many different designs (Gordon 1978). Natural
structures, which are under selection pressure to be strong and light, must obviously
follow the same principles as do technical structures with the same profile. Even
more than technical lightweight solutions, they are realized in a wide variety of
forms. There are three reasons that their geometries can differ significantly from
those known in technical solutions or generated by topology optimization: (1) They
fulfill additional functions (e.g. permeability, vibration damping, robustness against
unexpected loadcases, (2) they present an alternative (potentially better) solution,
e.g. by applying a higher structural complexity, differentiated material properties, or
using purely tensile structural elements, and (3) the load cases of the natural struc-
tures differ fundamentally from those of the technical solutions.

In turn, natural lightweight solutions have a high potential for technical light-
weight developments, if they have (1) a clearly defined profile as stable lightweight
constructions, (2) a large spectrum of different geometries, and (3) not too many ad-
ditional functions. In the case of biomineralized plankton shells which serve mainly
as armor against predators, and which exist in many different forms, these condi-
tions are fulfilled.

Although the ELiSE process has a high potential to improve many different
lightweight structures, no guarantee can be given that it can improve a technical
solution before the first steps have been passed. It is crucial to find natural models,
whose construction principles are consistent with those of the technical specifica-
tions of the product which has to be optimized. The load cases lightweight struc-
tures experience in nature will never be exactly the same as those experienced in the
technical world. In addition, a considerable upscaling of the size of the structures is
necessary. The offshore foundation described here is a prime example for that. This
deficiency can be partly compensated by the optimization step within the ELiSE
procedure, which is based on the technical specifications. Still, the transfer is more
likely to be successful if the technical load cases bear some resemblance to those
which led to the evolution of natural solutions.

Plankton shells are subject to extremely diverse and complex load cases, which are
generated by the feeding tools of many different predators. Thereby, the most abun-
dant and active predators will have the strongest influence on the evolution of these
shells. Still, less abundant predators must also have an effect, thus we expect that
most plankton shells will be generalists, that is, they will have no explicit mechanical
weakness. Based on such a principal geometry of a plankton shell, adaptations to an
altered spectrum of predators are possible. Indeed, different geometric characteristics
based on the same structural design can be seen within a plankton genus.

The fact that plankton shells are adapted to a mixture of different mechanical
challenges also facilitates adaptations to technical load cases. In the case of the
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offshore foundations, a prerequisite was that the structure should have three anchor
points, which could be fixed with piles in the sediment. These had to somehow
converge into a single tube, representing the transition to the tower section. Such
a tetrahedral geometry is hard to find among diatoms, as they are basically box-
es (Round et al. 1990). Fortunately, there are many other planktonic groups with
biomineralized armor. Among them, the radiolarians are particularly interesting for
the challenges described here, as some of their taxa possess complex open frame-
works within a tetrahedral design space. In contrast to the photosynthetic diatoms,
which need only pores with a diameter in the nm range, radiolarians feed on small
organisms and particles and are therefore forced to use open skeletal structures.

Although all radiolarians selected for mechanical assessment complied with the
requested design, they had fundamentally different geometries. Chlathrocorys was
analyzed in two variants, and we chose the species which could be simplified more
easily. Callimitra displayed a very complex network of structural reinforcements,
which completely fills each sector. In addition, the rim is reinforced by a bent lattice
truss consisting of triangles. Both Callimitra and Chlathrocorys have a relatively
small central capsule. Pterocanium is much bigger and has a very large central cap-
sule, which is internally reinforced by thin structures.

All these structures displayed good stress distribution as a function of the techni-
cal load cases. Pterocenium, the heaviest structure, had large areas without stress,
thus much material was useless and we saw little potential to reduce it in the optimi-
zation step. We finally chose to use Clathrocorys teuscheri for further optimzation
because it had the highest potential for a transfer of its structural principles even in
a simplified format: Its outward bent structures trigger a controlled buckling as a
function of the typical load cases of an offshore construction, which was prevented
by thin purely tensile elements.

12.4.1 Outlook

The optimization of an offshore foundation with three piles using the EIiSE method
shows the high potential of the bionic approach even for very large, unusual struc-
tures. As a case study, using a simplified technical specification, the development
was extremely successful and met all requirements. In the next stages, it will be
necessary to include all crucial load cases and optimize for strength, low weight and
low cost at the same time. In addition, an effective way to adapt the foundations to
different offshore sites with specific ground mechanics, water depths, current and
wave regimes, respectively and produce them efficiently will be necessary to com-
pete on this dynamic but very cost-sensitive market.
This will require:

* Considerable input from different manufacturers

» Information on usefulness and prices of semi-finished products such as steel
pipes of different dimensions and quality

» Technical specifications for foundation depending on individual construction
sites with the highest potential
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The potential for technical constructions which allow more structural detail is, obvi-
ously, even higher. Examples are components that can be produced by casting pro-
cesses or by additive manufacturing. Such manufacturing methods are increasingly
applied in the aerospace and automotive industries.
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