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Preface

Over the last decade, the notion of ‘architectured materials’ has been steadily
making its way into the mainstream materials science and engineering. This
development came about due to the recognition that design of materials with new
properties and functionalities can no longer rely only on traditional approaches
based on manipulating a material’s composition and microstructure. Following the
pioneering views of M. F. Ashby, the inner architecture of the material at a length
scale intermediate between the microstructural scale and the specimen dimensions
is now considered as a new ‘degree of freedom’ in materials design. By using this
degree of freedom, especially in the context of hybrid materials where the geometry
and mutual arrangement of the constituents become the main elements of the inner
architecture, it becomes possible to ‘fill the holes’ in material property charts, thus
attaining new functionalities not possible with traditional materials design.

The workshop on Designing Non-Traditional Materials Based on Geometrical
Principles organised by Yuri Estrin, Mike Ashby, Yves Bréchet and Arcady Dyskin
in Hanover, Germany, in June 2005 has been inspired by the idea of architectured
materials. Hardly noticed by the broad materials community at the time, the
workshop nonetheless has defined the area and outlined possible directions of
research on architectured materials. It also helped forming a fraternity of scientists
and engineers who see the development of architectured materials (‘archimats') as
their mission. A workshop organised at Collége de France in 2012 as a closing
event for a year of courses by Yves Bréchet as the chair in 'Innovation and
Technology' funded by the Bettencourt Foundation provided an opportunity to
witness the major progress in this new field. A number of forthcoming symposia at
TMS, MRS, IUTAM, THERMEC and probably many other meetings are a testi-
mony to the growing acceptance of the concept of architectured materials by a
broader community. Its adoption as a solution to engineering design problems is
indeed entering the mainstream research activities. This research naturally involves
competences not only from materials science, but also from mechanics, chemistry,
mathematics and biology.
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Naturally grown materials, such as wood, bone, silk or seashells are generally
based on a small selection of base materials, proteins, polysaccharides and minerals.
From an engineering viewpoint, these base materials seem rather poor in terms
of their intrinsic physical properties. Their power, however, resides in their
self-assembly capacities, usually controlled and enhanced by living cells, into
architectured materials with remarkable properties. Nature generates a multitude of
functions not primarily by varying the chemical composition but rather by a
diversity of mesoscopic structures. For this reason, biological materials are ideal
sources of inspiration for the development of architectured engineering materials.

The area of architectured materials—both bioinspired and engineered ones—has
now reached a degree of maturity and popularity, and we feel it is timely to review
the progress made and provide an outlook to possible future developments. In this
book that comprises 14 chapters, the various aspects of architectured materials are
presented by authors who are active in the field. Important archetypes of archimats,
such as microtruss composites and topological interlocking materials, are presented
in the chapters written by Abu Samk and Hibbard (Chap. 1) and Dyskin, Estrin and
Pasternak (Chap. 2), respectively. Chapter 3 (by Pasternak and Dyskin) and Chap. 4
(by Dirrenberger, Forest and Jeulin) deal with auxetic materials. Archimat design
methodology is discussed by Kromm and Wargnier (Chap. 5), while Chap. 6
written by Vermaak et al. addresses topology optimisation, with an emphasis on the
interfaces in architectured materials and the role they play in property improvement.
A further group of chapters concern the methods by which archimats can be
manufactured. These include friction stir processing (Simar and Avettand-Fenoél,
Chap. 7), severe plastic deformation (Bygelzimer, Kulagin and Estrin, Chap. 8) and
additive manufacturing (Molotnikov, Simon and Estrin, Chap. 9). Architectured
materials and mechanisms occurring in living organisms, which may inspire
engineering design, are discussed by Politi, Bar-On and Fabritius (Chap. 10), Seidel
et al. (Chap. 11), and Krijnen, Steinmann, Jaganatharaja and Casas (Chap. 12).

While many chapters in this book touch upon possible applications of archimats,
two of them discuss practical applications quite specifically. These are the contribu-
tions by Yrieix (Chap. 13), devoted to building materials, and Fallacara, Barberio and
Colella (Chap. 14), which describes the use of topological interlocking in stereotomy-
based architectural design and construction. Analytical and computer-based tech-
niques enter several chapters, the one by Dirrenberger, Forest and Jeulin (Chap. 4)
being specifically devoted to homogenisation techniques as a means for mathematical
modelling of the mechanical behaviour of architectured materials.

Taken together, the contributions presented provide a rather full picture of the
history, current state and future prospects of research on architectured materials.
The book offers an instructive and entertaining reading both to a specialist in this
field and to a person who just enters it. It provides a useful compendium of the
results obtained to date owing to an intensive study conducted by several research
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groups. It is hoped that this book will promote the materials design principles
underlying engineering of architectured materials and boost efforts to implement
them in novel materials and structures, in a field which is now accepted as a
mainstream strategy yet is still very open to further developments and new ideas.

Clayton, Australia Yuri Estrin
Saint-Martin d’Héres, France Yves Bréchet
Salzburg, Austria John Dunlop

Potsdam, Germany Peter Fratzl
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Chapter 1 ®)
Microtruss Composites oo

Khaled Abu Samk and Glenn D. Hibbard

Abstract This chapter provides a framework for predicting buckling instabilities
(global and local) in composite struts using a discretizing approach to divide the
cross-section into finite regions or blocks (elements) with distinctive composition
and material properties. This framework is applied to two compositing approaches:
(1) an additive process, e.g. electrodeposition of nanocrystalline nickel (n-Ni) on
steel or aluminum substrates creating a discrete interface, and (2) mass transport
phenomena, e.g. gas carburization of steel microtrusses creating a continuous and
gradual change in composition. The individual composite struts are prone to failure
through inelastic/elastic global/local buckling instabilities due to their typically high
slenderness ratio (for lightweight requirements). An optimal architecture is defined as
the lightest architecture in the defined architectural space that can support a given load
before failing; mathematically equivalent to satisfying the Kuhn-Tucker condition.
For the electrodeposition example, the optimal trajectory was found to be dependent
on the substrate material as well as the level of adhesion of the sleeve to the substrate.
However, in the carburizing example, optimal architectures cannot be found using the
same optimization approach due to the negligible weight penalty associated with the
addition of carbon atoms (i.e. no trade-off between strength and mass). Other factors
such as ductility and fracture toughness need to be addressed to find the optimal
architectures.

1.1 Introduction

An underlying question in the development of hybrid materials is: to what extent
can the strategies of microstructural and architectural design be combined to tailor
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Fig. 1.1 Schematic representation of a repeat unit cell in a tetrahedral microtruss panel. The strut
cross-section can be any shape; solid cylinders are shown in the schematic

the intrinsic properties of a material? A hybrid composed of metal and open space
would result in a lightweight cellular architecture potentially creating new applica-
tions in the transportation and aerospace industries. Foams, entangled materials, and
microtrusses represent several types of cellular architectures. The deformation mech-
anism of most foams and entangled materials is bending-dominated, which means
that applied loads are resolved transversely through the internal ligaments [1-3].
On the other hand, the deformation mechanism of microtrusses is stretch-dominated
(because of the high degree of internal connectivity), which means that the applied
loads are resolved axially through the struts [1, 2]. As a result, the stiffness and
strength of metal microtrusses can be up to an order of magnitude higher than those
of metal foams, at a given relative density [1, 2]. Figure 1.1 shows an example of
the nodal connectivity in a tetrahedral microtruss. Deshpande et al. [1] showed that
for a lattice to be stretch-dominated, its connectivity needs to satisfy the generalized
Maxwell rule in three-dimensions [4], which is a modified version of the original
Maxwell’s criterion [5] to account for states of self-stress in the ligaments of the
lattice:

b—3j+6=s—m, (1.1)

where b and j are the number of struts and frictionless joints in the structure, respec-
tively, while s and m are the number of self-stress states and mechanisms, respectively.
For an isolated tetrahedron, b = 6 and j = 4, thus the left side of (1.1) reduces to
zero. This lattice framework provides the architectural backdrop and in the following
we will be examining the composite design question.
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The performance of a microtruss is dictated by the performance of the individual
struts making up the lattice. Ashby categorized the failure of these struts into yielding,
buckling, or fracture; whichever is reached first [2]. Since lightweight is a design
necessity, microtrusses with low relative density tend to be favoured, which results
in higher susceptibility to buckling failure mechanisms whether the applied load is
compressive or bending load, e.g. [6, 7]. The simplest scenario occurs when one of
the composite constituents is very much stronger and stiffer than the other, such that
the mechanical contribution of the softer material can be ignored. An example is the
electrodeposition of high strength nanocrystalline metal on a polymer template. Here
the electrodeposited material is more than two orders of magnitude higher in stiffness
and more than thirty times higher in tensile strength than the underlying polymeric
template [8]. As a result, it is convenient to take the conservative approach and
ignore the mechanical contribution from the polymer [8]. Optimization here would
mean determining which architecture (of the possible defined configurations) is able
to support a given load for the least possible mass. The trajectory of the optimal
architecture through the architectural space would satisfy the Kuhn-Tucker condition
(see [9] for more details about this classical optimization), VM = )\VF, which in
plain words means that the gradient of the mass index (]\A/I ) is parallel to the gradient
of the load index (Vﬁ), by some proportionality constant(s), the Lagrange multiplier
(X). Note that the polymer plays an interesting role in this type of composite. Its
function is really only to provide the desired three-dimensional architectural template
upon which the electrodeposition occurs. Once the first metal has been deposited, it
is no longer necessary and contributes only its mass to the overall performance. This
means that if one was to take an already optimally designed composite microtruss
(i.e. that most efficient arrangement of metal and polymer for a given load) and then
one changed the electrodeposition conditions to make the grain size smaller (and
accordingly the metal stronger), one would be, yes, increasing the performance of
the composite, but the hybrid would no longer be optimal. In other words, if one
wanted to change the grain size for this type of composite microtruss, one would
have needed to change the underlying architecture as well.

This chapter will focus on a different design scenario. We will start with a metal-
lic microtruss core, and then look at creating a composite structure by reinforcing
the struts within. Several strategies can be imagined, including: (1) additive pro-
cesses such as the addition of a sleeve material on a substrate giving a discrete
boundary between the substrate and the sleeve (e.g. electrodeposition of nanocrys-
talline nickel (n-Ni)), (2) mass transport phenomena such as the modification of the
substrate composition via diffusion giving a continuous and gradual change in com-
position (e.g. gas carburization of steel microtrusses), or (3) conversion processes
such as the conversion of the substrate surface resulting in a discrete boundary but
at the expense of substrate consumption (e.g. anodic alumina formation through the
anodization of aluminum microtrusses). Figure 1.2 shows a schematic cross-section
illustrating the ‘compositing’ that would occur through each of the three routes. Due
to the slenderness of the struts in the microtruss, we can assume negligible gradi-
ent or compositional variation along the length and around the longitudinal axis,
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Additive Process
e.g. Electrodeposition

Diffusion Process
e.g. Carburization

Conversion Process
e.g. Anodization

Fig. 1.2 Schematic diagram illustrating the ‘compositing’ changes in composition and dimension
for a cylindrical microtruss strut. The dashed line represents the starting strut surface and the
compositional grading occurs only in the radial direction. Gradients and compositional variations
along and around the cylinder axis are assumed to be negligible in sufficiently slender struts

with the compositional grading occurring only in the radial direction. In any of the
above strategies, we must know the mechanical response of the constituents of the
composite. For the first two design examples, the mechanical properties and failure
mechanisms are reasonably well known and understood. However, in the third case,
there is a completely different failure mechanism that results in the progressive frac-
ture and rubblization of the oxide along the full length of the strut [10]; the weight
specific mechanical performance of this composite type is quite promising (factor
of two to three strength increase at minimal weight penalty), but we do not yet have
reliable analytical models to predict the failure strength (more study is needed) and
so it will not be discussed further in this chapter.

In all of the above processes, the composite performance will be determined
by the properties of the phases or materials present. The first step is to determine
the composite material response using an appropriate rule of mixtures; after this
point is established, we can move towards translating the rule of mixtures onto the
microtruss lattice. Especially relevant here are methods that can be used to analyti-
cally estimate the mechanical response of the composite through the transition from
elastic to plastic deformation. There exist many approaches to predict the elastic and
thermophysical properties of composites, including the Hashin-Shtrikman approach
[11, 12] which assumes isotropic elastic behaviour. For plasticity, the approaches
available are usually either empirical or numerical. The upper and lower bounds
for the elastic modulus of the material are known as the Voigt [13] and Reuss [14]
bounds, respectively, and they can also be applied to the elastic and plastic composite
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response [15, 16]. The upper (Voigt) bound is obtained by assuming that the sub-
strate and reinforcement experience the same strain, i.e. isostrain, and consequently
the stress is the volume-average of the local stresses. The lower (Reuss) bound is
obtained by assuming that the substrate and reinforcement experience the same stress,
i.e. isostress, and consequently the strain is the volume-average of the local strains.
The maximum composite strength is achieved if both components reach failure at the
same time (i.e. at equal strain); if one fails before the other, the strength is determined
by the weaker component [15]. As a result, the upper limit for the strength of the
composite is simply:

ol = [0, + f,0, (1.2)

where f and o are the volume fraction and stress in the component, respectively, and
the subscripts ¢, s and r correspond to the composite, substrate, and reinforcement,
respectively. A lower limit for the strength is more difficult to obtain, and numerous
studies and special cases are presented and summarized in literature [ 15]. An example
is Kim et al. [16] who validated a lower limit rule of mixtures based on the Reuss
method,

—1
olover — (ﬁ + ﬁ) . (1.3)

oy O

The isostrain Voigt rule of mixtures is the most widely used one due to its simplicity
[17]. However, it becomes inaccurate when the constituents exhibit vastly different
strengths and ductility [17-19]. As a result, many efforts were made to improve
the accuracy of the isostrain rule of mixtures while maintaining its simplicity, such
as [17-20]. One example is Bouaziz and Buessler [17] who presented an isowork
rule of mixtures which assumes that for a disordered structure, the mechanical work
increment is equal in each constituent, i.e. oyde; = o,d¢,. The isowork model is
applicable to elasticity as well as monotonic plasticity.

For the purpose of this chapter, dividing the material into thin shells or blocks
that experience the same amount of deflection upon compression is a convenient and
simple approach that allows one to maintain compatibility at the interfaces between
the said shells or blocks. As a result, the isostrain assumption, (1.2) is used for
describing the composite material response in this chapter.

1.2 Example 1: Electrodeposition

The first composite microtruss design examples considered here are those where
a metallic microtruss has been reinforced by nanocrystalline electrodeposition. In
nanocrystalline electrodeposition, the bath chemistry and plating parameters are
adjusted in order to control the migration and mobility of the metal cations to favor
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nucleation of new grains over the growth of already nucleated ones, thus allowing an
ultra-fine and equiaxed nanostructure to be deposited [21]. In the case of Ni, grain size
reduction from the pum-scale to the nm-scale can result in an order of magnitude yield
strength increase (e.g. from 86 MPa [22] to 910 [23] when the grain size decreases
from 10 pm to 10 nm). Furthermore, nanocrystalline electrodeposition places the
high strength n-Ni sleeve away from the neutral bending axis of the individual strut,
thus enhancing the global buckling resistance [24]. As we will see, however, the thin
sleeve may be susceptible to local buckling depending on the quality of the adhesion
between coating and substrate.

In this section two example substrate materials are considered: AISI1006 plain car-
bon steel and AA3003 aluminum alloy. The Ramberg-Osgood relation was selected
for this part of the analysis because of its convenience in describing the elastic to
plastic transition of these materials (¢ = % + 0.002(%)", where ¢, o, and E are the
strain, stress, and Young’s modulus, respectively, while K and n are the Ramberg-
Osgood fitting parameters [25]). For the steel, Kyee = 155 MPa, nge = 4.31,
and Ege = 200 GPa, while for the aluminum, K4, = 49 MPa, n,;, = 4.88, and
E 4 = 69 GPa. The sleeve material being considered here is an electrodeposited
nickel having grain size of 21 nm, whose tensile stress-strain curve was fit to the
Voce constitutive relationship (it more accurately describes the knee of the stress-
strain curve for this material) [26], 0 = B — (B — A)exp(—Ce¢), giving An; = 61
MPa, By; = 1435 MPa, and Cy; = 120 [8]. The two example substrates were
selected because of their relative differences in strength, stiffness, and density when
compared to the electrodeposited nickel, as well as the varying levels of adhesion
that can be expected for the coating on each of these two substrates. In general, it is
much easier to obtain good adhesion for Ni coatings on steel than on aluminum. The
poorer adhesion when electrodepositing onto aluminum is related to the presence of
the native aluminum oxide layer at the interface [27, 28].

Figure 1.3 shows two possible strut geometries, solid square columns and hollow
circular tubes, with the labeled dimensions. For a square column, the dimensions of
interest are b (half of the square width), n (the electrodeposited sleeve thickness), and
[ (the column length). Similarly, for the hollow tube, the dimensions of interest are
r (the tube inner radius), ¢ (the tube wall thickness), n (the electrodeposited sleeve
thickness), and [ (the tube length). Note that at this point we are not considering how
this metallic template would have been initially fabricated, we are simply dealing
with the question of reinforcement by electrodeposition. It is convenient to transform
the strut dimensions to non-dimensional terms in order to reduce the number of free
variables, as well as to make the models and optimization results applicable to any
range of architecture space. The non-dimensional variables define a design space that
contains all possible strut geometries for a given set of materials. While it is possible
to non-dimensionalize the strut dimensions with respect to any length, some choices
may be favoured over others. For example, one may choose to non-dimensionalize
the strut cross-sectional dimensions by the length. For a square column, this results
inb = b/l and in; = n/l, while for a hollow tube, 7, = r/l, f; = t/l, and i; =
n/l. This definition does eliminate any interdependency between the dimensionless
parameters, but a more meaningful description of the coating thickness n would be
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(a) (b)
i B i

Substrate Substrate

Fig. 1.3 Nanocrystalline nickel coated a solid square column, and b round hollow tube. Labelled
are the dimensions of interest

in terms of the substrate thickness dimension b or ¢, i.e. n, = n/b or n, = n/t, for
a square column or a tube, respectively. The significance of the quantities 7, and
n, is that it is proportional to the area fraction of reinforcement. As a result, the
non-dimensional variables for the case of the column (a) and the tube (b) become
(with the subscripts eliminated to simplify the notation):

- b n
b=-; n=-—, 1.4
=3 (1.4a)
_ t
F=l. 7=l 7212 (1.4b)
r t

The b and 7 parameters are a representation of the slenderness of the column or
the tube, while the ¢ term is a representation of the substrate material to open area
ratio in the tube, and finally the n is a representation of the reinforcement to substrate
fraction.

A strutexperiencing uniaxial compression will eventually yield as the applied load
increases. However, depending on the strut geometry and material, global and/or local
buckling instabilities could short-circuit yielding. The following section will focus
on developing the relevant buckling equations and optimization procedure for the
simpler solid square columns example. This geometry has two free variables instead
of three (1.4a, b), making the visualizations of the design space much easier. At
the same time, the failure of composite struts having square or rectangular cross-
sections have been studied to date more completely, e.g. [24, 29, 30]. The critical
stress for global buckling, o&7, of a composite square column can be determined
by solving the following system of equations, the isostrain rule of mixtures and the
Shanley-Engesser buckling equation [31-33],

GB __ osAg+ocAc

Ruleof Mixture (RoM): o/p = 1T A , (1.5a)
s c
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kzﬂ'z(ET’SIS + ET,CIC)
(As+Ac)l?

Shanley Engesser Global Buckling (GB): occlf =
(1.5b)

The subscripts S and C, are for the sleeve (here n-Ni) and core (here steel or
aluminum), respectively. The material properties are represented by o and Er, which
are the stress and the tangent modulus in the material, respectively. The architecture
is represented by A, I, and /, which are the cross-sectional area, second moment of
area of one of the constituents, and the length of the strut, respectively. The constant
k defines the constraints at the ends of the strut, its value ranges from 1 for idealized
pin joints, up to 2 for idealized rigid joints [31, 32], In this chapter a conservative
assumption is taken assuming k = 1. When the tangent modulus is equal to Young’s
modulus, (1.5b) becomes the Euler buckling relation for very slender struts. The
development of (1.5a, b) is based on the following assumptions: (1) the deposited
sleeve has uniform thickness and it shares the same neutral bending axis with the core,
(2) the interfacial adhesion is sufficient to prevent delamination and achieve isostrain
conditions, i.e. both the sleeve and the substrate will fail simultaneously at the same
strain and by the same failure mechanism, and (3) the sleeve is ductile enough to
reach the buckling instability point before any fracture occurs. In addition, there is
also an implicit assumption that the material’s mechanical behaviour is symmetric
under tension and compression, which enables us to use a tensile stress-strain curve
to predict the buckling strength of a material under uniaxial compression.

Equations (1.5a, b) can be rewritten as follows in terms of the non-dimensionalized
parameters in (1.4a):

os[(1+7)* — 1] +oc
[(1+@)* — 1] +1

K*n? L Ers[A+@)* —1]+E
Column — Composite GB: occlf = ;T b T’S[[((l _))2 1]] 1 e
+n)* — 1]+

Column — RoM: aglf = (1.6a)

(1.6b)

Note that in the above, replacing n with zero reduces the equations to the case of a
monolithic column of core material. The above equations provide an upper limiting
case as it was assumed that the adhesion strength is sufficient to result in the sleeve
and the substrate failing together, i.e. the isostrain assumption is valid up until the
composite components fail simultaneously.

If the adhesion of the sleeve to the substrate is poor, debonding or delamination
of the sleeve could short circuit the composite failure predicted by (1.6a, b). This
provides a lower limiting case in which failure of the structure is decided by the
weaker constituent. We predict the critical stress that would cause the sleeve to
locally buckle, then we calculate the applied stress on the composite that is needed
to reach this value. The major assumptions involved here are no adhesion and no
interaction between the sleeve and the core (i.e. no shearing or frictional forces
considered, which provides the lowest threshold regarding adhesion). The critical
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stress in the sleeve can be found by solving the following equation [34] along with
the stress-strain curve of the sleeve:

o _ kprrzE,,S ( n )2_ kprrzE,,S < i )2 (17)
EIT R0 —v)\2b+20) T ag(1— ) \1+a /) '

where k), ~ 4 for sleeve width to length ratios greater than two, and this value was
used over the entire range of architectures considered. The stress in the composite
at the point of wrinkling can be found by modifying (1.6a) to substitute the stress in
the sleeve by the value obtained from (1.7), and the stress in the core is determined
at the value of critical strain for the sleeve.

To summarize the above equations; we are looking at two cases for solid square
columns: (1) the upper limiting case of perfect adhesion in which composite global
buckling occurs and can be predicted by solving (1.6a, b) simultaneously, and (2) the
lower limiting case of no adhesion with a buckling (1.6a, b) and sleeve local buckling
or wrinkling (1.7).

Figure 1.4 shows an SEM image of an AISI 1006 steel microtruss reinforced with
a 60 pm thick n-Ni coating (n-Ni/steel). The microtruss has been compressed to a
point just past the inelastic buckling stability limit of the strut members as can be seen
by the permanent deformation (curvature) of the struts. The coating remains intact,
with no signs of delamination, debonding, or fracture. Previous experimental studies
by Bouwhuis et al. [24] and Abu Samk et al. [29] showed that no delamination
or debonding between the nickel and the steel was observed until well past the
buckling instability and the good agreement between experimental, finite element,
and analytical models suggests that an example of the upper limiting case is achieved
in n-Ni/steel microtrusses the point of buckling instability An example of the upper
limiting case is achieved in n-Ni/steel microtrusses [24, 29, 30]. On the other hand,
an example of the lower limiting case is achieved in n-Ni/Al microtrusses. Previous
experiments and finite element studies showed that the assumption of simultaneous
nickel and aluminum failure breaks down, over predicting the buckling strength
[30]. When loaded experimentally, the thinnest electrodeposited coatings of n-Ni
on aluminum (10-30 wm) exhibit low residual stresses and remain intact with the
substrate (i.e. relatively good adhesion), while thicker coatings were more likely to
debond and delaminate (>40 wm) [30].

Figure 1.5 illustrates how the predictions are performed by simultaneously solving
the appropriate pair of equations (i.e. 1.6a, b) for the case of n-Ni/steel. Figure 1.5a
demonstrates the effect of changing b from 0.02 to 0.20 (equivalent to changing the
substrate slenderness ratio SR from ~90 to ~9) while fixing n at 0.20 (equivalent to
0.31 nickel to steel area ratio). More slender struts are more susceptible to global
buckling and therefore the critical stress, graphically illustrated by the intersection
of (1.6a, b), occurs at a lower stress as b decreases (or equivalently as the slenderness
ratio increases). Figure 1.5b demonstrates the effect of changing the fraction of
reinforcement from 7 of 0.02-0.2 (equivalent to nickel to steel area ratios of 0.04
and 0.89, respectively) while fixing b at 0.05 (equivalent to substrate slenderness
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Fig. 1.4 An SEM image showing n-Ni/steel composite microtruss that has been uniaxially com-
pressed to a strain beyond the point of inelastic global buckling. No debonding, delamination, or
cracks are observed in the coating. The sleeve and the core remain intact until beyond the buckling
instability, supporting the isostrain assumption used in the composite design

ratio of ~35). As the nickel area fraction increases (proportional to increasing n), the
composite stress-strain curve becomes more dominated by the nickel properties and
therefore the critical stress increases as 11 increases.

The predictions shown in Fig. 1.5 can be expanded over a defined architectural
space, and failure maps can be plotted to predict the failure mechanism and strength
for any architecture within that design space. Figure 1.6a, b show the strength predic-
tion for a nickel plated square column over the b x 71 space for steel and aluminum,
respectively. The highlighted yellow region indicates elastic global buckling of the
composite, while the red surface is inelastic global buckling. The dark blue surface
is inelastic local buckling (wrinkling) of the sleeve while the cyan blue region is the
elastic local-buckling of the sleeve. The boundary between the elastic and inelastic
regions is determined by the stress level. If the stress in the material(s) at the point
of buckling is below the proportional limit (defined as the point at which the tangent
modulus value is equal to 95% of the value of Young’s modulus), then the buck-
ling occurs elastically and the strut (or the sleeve) would fully recover if the load
is released immediately after the instability occurred. Elastic global buckling of the
composite occurs for very small values of b (very slender struts), while elastic local
buckling of the sleeve occurs for very small values of n (very thin coatings). On
the other hand, beyond the proportional limit, permanent deformation occurs upon
buckling. Two additional white lines are shown on the surface. The dashed white
line represents architectures where the substrate has just yielded according to the
0.2%-offset yield criterion. Similarly, the solid white line indicates that the sleeve
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Fig. 1.5 Global buckling of n-Ni/steel square columns. The dash-dot lines are the monolithic
material properties for the n-Ni sleeve and the steel substrate. The solid lines are the composite
stress-strain curves obtained by the rule of mixtures as shown in (1.6a). The dotted lines are the
Shanley-Engesser inelastic buckling curves as shown in (1.6b). The black filled circles represent
the intersection point and therefore the critical buckling stress. The effect of changing b while n is
fixed (i.e. fixed area fraction of n-Ni, A y) is shown in (a). Similarly, the effect of changing n while
fixing b (i.e. fixed substrate slenderness ratio, SR) is shown in (b)

has yielded. Any architecture with a buckling stress exceeding the white lines could
also be considered to have failed by yielding (region above white line). Figure 1.6¢, d
are the top views of Fig. 1.6a, b, respectively, as this view is convenient to determine
the failure mechanism zones over the design space.

In order to find the optimal trajectory, we seek the architecture with the lowest mass
(objective) that can support a series of incrementally increasing loads (constraints).
It is first convenient to define a dimensionless load index, ﬁ, and a dimensionless
mass index, M , as follows:

~ Agra

F— —"ZR ;‘2‘ 3 (1.8)
ref

M= ’Z”’;’;, (1.8b)
ref

where the reference stress, o.f, and reference density, oy, are the yield strength and
density of the substrate parent material, respectively. The critical stress, o¢g, is that
of the active failure mechanism. The mass of the strut is determined by summing
the mass of the substrate and the sleeve using the appropriate bulk density for each
constituent, pyee; = 7.87 Mg/m?, pa = 2.73 Mg/m?, and py; = 8.90 Mg/m>.

By applying the Kuhn-Tucker condition to the F and M surfaces as discussed in the
introduction, the optimal trajectory can be found. Figure 1.7a, b show zoomed areas
of interest in the architectural design space for n-Ni/steel and n-Ni/Al respectively.
Plotted are the contours of constant dimensionless load and mass indices. The Kuhn-
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Fig. 1.6 The failure surface for a n-Ni/steel (perfect adhesion) and b n-Ni/Al (no adhesion) square
columns. The red region is inelastic global buckling (IGB) and the yellow region is elastic global
buckling (EGB). The blue region is inelastic local buckling (ILB) of the sleeve (wrinkling) and the
cyanregion is the elastic local buckling (ELB). The white dashed and solid lines are the architectures
at which the substrate and nickel have just yielded, respectively. The maps in ¢ and d are the top-view
of a and b surfaces, respectively

Tucker condition is satisfied and an optimal architecture is found at regions where
the F and M contours are parallel. Optimal trajectories through the design space
depend on the particular material combinations (Fig. 1.7). For example, in n-Ni/steel
composites, Fig. 1.7a, for a given constraint, i.e. load index contour F=2x 1074,
the parallel mass index contouris M = 5 x 10~* and this occurs at a point (1, b) =
(0.042, 0.011), see (i) on Fig. 1.7a. As the constraint increases, F=5x10"*is
parallel to M =10 x 10~ at (1.141, 0.007), i.e. b decreased while 7 increased to
move in the design space to match the new load constraint, see (ii) on Fig. 1.7a. On
the other hand, in n-Ni/Al composites, for a given load index contour F =60x 1074,
the parallel mass index contour is M =35 x 10~* and this occurs at (0.214, 0.019)
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((1) on Fig. 1.7b). As the constraint increases, F = 2900 x 10~* is parallel to
M = 500 x 107+ at (0.823, 0.038), i.e. b increased while 7 increased ((ii) on
Fig. 1.7b). To explain this behaviour we have to understand that there are many
directions one can move through the design space and still end up on the new,
increased constraint load index. However, only one of these directions will end up at
a point that corresponds to an architecture with the least mass. In the n-Ni/steel case,
it is beneficial to use a more slender starting steel strut and add more n-Ni, i.e. lower
b and higher 7. This is because the weight penalty associated with adding n-Ni is
actually close to that incurred when adding steel (or using a stockier column). The
density of n-Ni is only 1.13 times that of steel, so it is more efficient to replace some
of the steel in the cross section with n-Ni, since the weight penalty of adding n-Ni is
at least associated with a significant increase in the buckling strength. In the n-Ni/Al
case, the optimal trajectory is very different as shown on Fig. 1.7b. Since the density
of aluminum is less than one third of that of nickel, there are scenarios where if the
required load to be supported increases, it is worthwhile using a stockier aluminum
column to distance the coating further away from the neutral bending axis combined
with an increased coating thickness to carry the required load. This is very different
than what was observed in the steel case in Fig. 1.7a where it was more efficient to
reduce the stockiness of the steel column and replace it with nickel. In both of these
scenarios however, if one was to simply add more coating in order to meet a greater
load requirement, one would be creating a stronger structure, but it would no longer
be optimal.

1.3 Example 2: Diffusion-Based Composites

Carburizing is a surface treatment process that induces the formation of ultra-fine
length scale martensite laths at the outer surfaces of the specimen after quenching—in
effect creating a composite structure having an ultra-high strength outer shell and
ductile inner core that eliminates the strain compatibility and adhesion issues that
arise when a different material is used as a coating. It could also be argued that a
single material graded composite is more favourable from the recycling and disposal
point of view at the end of the product’s life cycle. While carburizing will be used
as the example, the fundamentals discussed below could be equally well applied to
other treatments such as boriding, nitriding, carbonitriding, and carboboriding.

In this scenario, a compositional gradient, such as that illustrated in Fig. 1.2 is
created. The buckling composite is no longer a simple sleeve/core system with a
discrete interface; instead, the composite can be imagined as a series of infinitesimal
elements of varying composition (in compliance with the diffusion profile) to which
the mechanical properties can be tied. If one can analytically describe the composi-
tion as a function of position in the strut cross-section, and the mechanical properties
as a function of composition, one can develop an analytical prediction. Depending
on the geometry of the strut, it may or may not be possible to conveniently develop
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(a)

0.04

0.03

1o 0.02

Fig. 1.7 Contours of the dimensionless load (thin solid black lines) and mass (thin dashed black
lines) indices for composite square columns of a n-Ni/steel (perfect adhesion) and b n-Ni/Al (no
adhesion). The thick back lines are the optimal trajectories which depend on the material properties
of both the substrate and the sleeve. The labels * and ** refer to the optimal trajectory under the
assumption of perfect and no adhesion, respectively. Note that in case of perfect adhesion assumption
in both composites, the trajectory starts at the same point on the axis. Black circles labelled (i) and
(i) are discussed in the text

an analytical relation that relates the mechanical properties to position. The follow-
ing section introduces a manner to discretize the strut cross-section into a series
of elements to predict the buckling strength after a diffusion-based reinforcement
treatment. The optimization question for this type of composite will not be discussed
in this chapter because: (1) the weight penalty associated with carburizing is neg-
ligible, making it always beneficial to fully carburize the strut cross-sections to the
highest possible carbon content, and (2) the optimization has to take into account
other properties that change as the carbon content increases, such as ductility and
fracture toughness.

One of the key questions is: what would be the ideal distribution of added carbon
within the microtruss? For example, the carbon could be distributed uniformly over
the entire cross-section of the strut (useful perhaps if one had fabricated the microtruss
by mechanical means introducing work-hardening into the design question, e.g. [35]),
while another way is to create a high-carbon layer adjacent to the outer surface of the
strut. One could also combine decarburizing and carburizing in order to introduce a
soft layer on top of the carburized hard layer, which would be an interesting approach
from the mechanical property perspective because it could inhibit the propagation of
surface cracks and allow greater strains to be achieved before final fracture [36].

In the following, an analytical model is developed to predict the buckling resis-
tance of compositionally and microstructurally graded carbon steel solid square
columns. A finite system solution to Fick’s second law is used to predict the car-
bon content profile after carburizing. The cross-section is then divided into finite
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regions and a constitutive model is assigned to each region based on its average
carbon content. The buckling resistance of each region is then calculated using the
appropriate buckling equations and the results are combined to give a microstructure-
architecture-property map. If a carbon profile is known, and the material’s response
as a function of carbon content is available, this model can be used to predict the
buckling strength for cases ranging in complexity from simple carburization (current
example) to more complex combinations of carburization and decarburization. The
dimensions and non-dimensional variables remain unchanged from the first design
examples with the exception of eleminating 7 and introducing a dimensionless car-
burizing time as will be explained shortly.

It is first necessary to predict the carbon profile in the strut cross-section as this is
what determines the mechanical properties as a function of position. A finite system
solution to Fick’s second law is used by superimposing the carbon content profiles
in the x- and y-directions using a product solution, after [37]:

Cly)—C
T—X(X,t)‘Y(y,t) (193)
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where C(x, y, t) is the carbon content at any point in the strut cross-section with
the co-ordinates (x, y) after a carburizing time ¢. C; is the initial carbon content in
the strut before carburizing (0.06-0.08 wt%C for AISI1006 low carbon steel [38],
minimum of 0.06 wt%C is assumed) and C; is the carbon content at the surface of
the strut and is set by the composition of the carburizing atmosphere (0.40 wt%C is
chosen for the current example). X (x, t) is the 1-dimensional finite system solution to
Fick’s second law for a slab with finite width 2 x b, and infinite length and thickness.
Similarly, Y (y, t) is the solution for a slab with finite thickness 2 x b, and infinite
length and width. For a square cross-section, b, = b, = b. D¢, —F) is the diffusion
coefficient (in m?/s) of carbon in y-Fe given by the following relation [39]:

8,339.9
Dcy—re) = 4.53 x 107[1 +Yc(1—Ye) }

el (F=2.221x1074)-(17.767~ Y x26,436)] (1.10)
where T is the carburizing temperature in degrees Kelvin (assumed to be 1103 K
in the current example) and Y¢ is equal to X¢ /(1 — X¢), in which X¢ is the mole
fraction of carbon. For the carburizing conditions assumed in the current example,
Dc¢(y—re) ranges from 2.54 x 1072 to 3.78 x 10~'2 m?/s; however, a constant
average value of 3.16 x 1072 m?/s was used to reduce the complexity of the model.
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In order to generalize this model, it is convenient to non-dimensionalize the car-
burizing parameters following the method presented in [37]. A dimensionless car-
burizing time is defined as T = (D¢, —re)?)/b?, and a dimensionless position in the
strut, i.e. relative position, is defined as x = x/band y = y/b.

However, another level of complexity is introduced to the model since the diffusion
problem under consideration is that for a multiphase binary system, rather than a
simple single-phase case. At the selected carburizing temperature of 1103 K (830 °C),
the boundary between the single-phase (y-Fe) and the two-phase (a-Fe and y-Fe)
regions occurs at ~0.19 wt%C at the given temperature (1103 K), while the boundary
between the single-phase (a-Fe) and the two-phase (a-Fe and y-Fe) regions occurs
at ~0.014 wt%C. Therefore, the AISI1006 exists as a two phase mixture consisting
of ~26% austenite (y-Fe) and ~74% ferrite (a-Fe), determined by applying the lever
rule. The diffusion process will take place through the formation of austenite at the
surface of the strut which will advance into the depth of the strut consisting of a ferrite
and austenite mixture. In the single-phase part of the strut, (1.9a, b) and (1.10) can
be applied to predict the carbon profile in the austenite. In the two-phase mixture,
the compositions of the austenite and ferrite phases are constant and equal to the
equilibrium compositions of 0.19 and 0.014 wt%C, respectively. As a result, the
carbon activity is constant through the two-phase region and there is no driving force
for diffusion to take place; the phase fractions and compositions remain constant,
i.e. ~26% austenite (at 0.19 wt%C) and ~74% ferrite (at 0.014 wt%C) [40].

Upon quenching, fully austenitic regions are transformed into a fully martensitic
structure in the single-phase region, while a dual-phase microstructure of ferrite and
martensite remains in the mixed region. The strut becomes a compositionally and
microstructurally graded structure. Figure 1.8 shows the predicted carbon profiles
after carburizing for dimensionless times, t of 0.025, 0.05, 0.1, and 0.2, which
are equivalent to carburizing a 1 mm by 1 mm square strut for 33, 66, 132, and
264 min, respectively, at the given carburizing conditions. Note that only one quarter
is necessary to be shown due to the four-fold symmetry of the problem.

In order to predict the inelastic buckling strength, the stress-strain response of the
compositionally graded struts is required. The strut quarter is divided into N x N finite
blocks of equal areas. Each block is then assigned its own continuum level mechanical
properties depending on its composition and microstructure. The overall stress-strain
behaviour of the composite strut can then be determined by using isostrain mixing
to combine the properties of all the blocks, after [30]:

1 N N
a:mzza,,j. (1.11)
j=1i=1

where N? is the number of blocks in the strut quarter, and o; ; is the stress-strain
behaviour for a block at a position (i, j).

Blocks with carbon contents exceeding 0.19 wt%C are entirely martensitic and
the stress-strain behaviour follows the as-quenched martensite behaviour law [41]:
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Fig. 1.8 Carbon profiles in the strut cross-section after carburizing for 7 (dimensionless time units)
0f0.025,0.05, 0.1, and 0.2. The grayscale gradient indicates the carbon content within the martensite
phase, while the checkered pattern is the dual-phase core with the fixed carbon content 0.06 wt%C

om =a+b(l —exp(—c-¢)) (1.12a)

a = 682 + 33(%Mn) + 81(%Si) + 58(%Cr + %Mo)MPa
b = 2722(%C)""® MPa

7.52 x 10~*
A .

where the composition is in wt% and the law is valid for carbon contents in the
range of 0.15-0.40 wt%C. For the AISI1006 alloy used, the manganese content is
at a maximum of 0.45 wt%Mn, the carbon content before carburizing is at taken as
0.06 wt%C, while the silicon, chromium, and molybdenum contents are negligible
[38].

Blocks that fall within the dual-phase region of the strut are assigned the core
material properties prior to carburizing, i.e. the same material properties of the steel
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used in the previous section. The maximum stress that can be supported by the
compositionally graded strut before the onset of global buckling can be estimated

by the critical bifurcation stress (o cg), which is obtained by modifying (1.5b) as
follows:

o R Eio Xy Bri k2”252 XN: XN: E (1 +(2) 1)2>
CR = = LD\ 3 -
Astrul? NG o 3
(1.13)
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Fig. 1.9 The percent contribution of each finite block in the strut cross-section to the overall critical
buckling stress of the carburized strut, for b ~ 0.043 (i.e. a slenderness ratio of 40) after carburizing
for dimensionless time, t of a 0.025, b 0.05, ¢ 0.1, and d 0.2. Summing all the contributions from
the 50 x 50 blocks gives a total of 100%. The origin (0, 0) is the center of the strut. x and y are
relative positions in the strut, where x or y of 1 is equal to half the strut cross-sectional dimension,
b. Note that given the square cross-section, the neutral bending axis could have equally well been
placed along the y axis



1 Microtruss Composites 19

To graphically illustrate the effect of carbon content and distribution, Fig. 1.9
shows the strength contribution at each point in the cross-section for a specific exam-
ple in which a slenderness ratio of 40 or b ~ 0.043 is assumed after dimensionless
carburizing times and consequently composition profiles equal to those in Fig. 1.8.
A position of (0, 0) is located at the center of the strut. The highest strength con-
tribution is always associated with the outermost regions at any carburizing time or
slenderness ratio. This is due to the higher second moment of area (further from the
neutral bending axis) associated with outer regions compared to inner ones, as well
as the higher carbon content, resulting in higher buckling resistance. Upon fixing
the slenderness ratio and increasing the carburizing time, the transition from 100%
martensite to dual-phase takes place further inside the strut beneath the surface, as
represented by the transition from dark to light grey shading on the bars in Fig. 1.9.
The carbon is allowed to diffuse further into the strut during the carburizing treatment,
thus resulting in the growth of the austenite (and consequently martensite) region
into the dual-phase region. Note that a decrease in the contributing percentage of a
given outer block as t increases does not indicate that it carries less stress; the drop
is because other blocks start to contribute more to the overall strength as their carbon
content increases. Discretizing the strut cross-section by composition allows us to
determine the contribution each block provides towards the buckling strength of the
compositionally graded strut, and the total buckling strength can be determined by
summing the contributions from all the blocks. This approach enables us to predict
the critical buckling stress for compositionally graded strut cross-sections.

The overall buckling strength of the compositionally graded struts is plotted as
contours of equal strengths against 7 and b in Fig. 1.10. Carburizing for times

Fig. 1.10 Contour plots of

strut buckling strength (in

MPa) plotted against 0.2
dimensionless carburizing

time 7 and strut dimension b.

The axis on the top shows 0.16
the martensite fraction, f, in i
the strut corresponding to the

carburizing times below. The

0406 08 10

+ + T

dark grey shaded region on 0124
the right represents fully 1Q
martensitic struts, while the

light grey shaded region on 0.08

the left represents struts with
outer single-phase
martensitic case and inner
dual-phase mixed core 0.047}

0 0.1 02 0.3 04 0.5



20 K. Abu Samk and G. D. Hibbard

longer than T ~ 0.19 result in an entirely martensitic structure (as shown by the
top axis and the darker shaded region on the graph). Figure 1.10 is in effect a type
of microstructure-architecture-property map in which the dimensionless carburiz-
ing time 7 determines the martensite fraction and composition, while b (inversely
proportional to slenderness ratio) represents the internal structure of the lattice.

1.4 Summary

Composite microtrusses can be fabricated using a combination of different strategies.
Regardless of which strategy is selected, the overall performance of the microtruss
is dictated by the performance of the strut, and the question of strut design needs to
be addressed in terms of the architectural and material parameters which will affect
the resistance of the struts to the various potential failure mechanisms acting on
the lattice assembly, with the active failure mechanism being the one at the lowest
applied load. This chapter provided a framework for predicting buckling instabilities
in composite struts by discretizing the cross-section into finite regions or blocks with
assigned composition and material properties. This method was applied to examples
of n-Ni/steel, n-Ni/Al, and carburized steel microtrusses with square cross-section.
For n-Ni/steel and n-Ni/Al, the presence of the discrete interface between the two
constituents of the composite allowed us to divide the material into two regions, the
core (steel or Al substrate), and the shell (n-Ni), then the rule of mixture and buckling
relations are applied. On the other hand, in the carburized steel case, there was a gra-
dient in carbon content and no distinct interface, so the material was first discretized
into a series of finite compositionally homogeneous blocks before applying the rule
of mixture and buckling relations. The optimal architectures and trajectories were
determined by setting a mass minimization objective at a given load constraint. In the
sleeve/core cases, the optimal trajectories were strongly dependent on the properties
of the materials making up the composite. However, in the compositionally graded
(carburized steel) example, applying the same optimization procedure doesn’t result
in finding an optimal trajectory. The negligible weight penalty associated with the
addition of carbon atoms mean that there is no trade-off between strength and mass.
However, the overall design question is more complicated since one would need to
factor in other properties such as ductility and fracture toughness.
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Chapter 2 ®)
Topological Interlocking Materials i

A. V. Dyskin, Yuri Estrin and E. Pasternak

Abstract In this chapter, we present a materials design principle which is based on
the use of segmented, rather than monolithic, structures consisting of identical blocks
locked within the assembly by virtue of their special geometry and mutual arrange-
ment. First, a brief history of the concept of topological interlocking materials and
structures is presented and current trends in research are outlined. Recent work of the
authors and colleagues directed at the variation of the shape of interlockable build-
ing blocks and the mechanical performance of structures—either assembled from
them or 3D printed—are overviewed. Special emphasis is put on materials respon-
sive to external stimuli. Finally, an outlook to possible new designs of topological
interlocking materials and their engineering applications is given.

2.1 Introduction

In a book dedicated to architectured materials, a chapter on topological interlocking
should not be missing. Indeed, the design principle, dubbed topological interlock-
ing, that we introduced in 2001 [1] and developed over the years [2] has taken a
prominent place in the arsenal of material design tools [3, 4]. The underlying mathe-
matical concept is relatively simple: a material or structure is assembled from iden-
tical blocks whose geometrical shape and mutual arrangement provide kinematic
constraints that make it impossible to remove any block from the assembly (apart
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from those at its periphery, which need to be handled separately). No connectors or
binders are required, as interlocking of the blocks arresting them within the structure
is provided by sheer geometry and relative positions of the blocks. Starting with
an assembly of interlocked tetrahedron-shaped blocks assembled to a monolayer
[1] we later demonstrated that blocks with the outer geometry of any of the five
platonic bodies (tetrahedron, cube, octahedron, dodecahedron, and icosahedron) are
interlockable to a monolayer structure [5]. Furthermore, truncated platonic bodies
are also interlockable, including backyballs, which permit three different types of
topological interlocking [6]. Examples of such structures are shown in Fig. 2.1.

A whole range of block geometries can be derived from these basic ones by
transforming them, as demonstrated in [7] for the case of interlockable tetrahedra.
As interlocking is provided by the parts of the blocks close to the middle plane of
the assembly, truncation of the blocks by planes parallel to the middle plane does
not change their capacity of being interlockable, thus generating a continuum of
‘derivate’ interlocked assemblies. The pattern of cross-sections of the blocks in the
middle plane is a defining feature of the entire assembly. By considering possible
tessellations of the middle plane in a regular pattern and establishing rules for trans-

Fig. 2.1 Schematics of monolayers of topologically interlocked blocks with the shape of one of
the five platonic solids: a interlocking of tetrahedra; the reference block R movement upwards is
constrained by blocks 1 and 3; its movement downwards is constrained by blocks 2 and 4; b assembly
of interlocked cubes; ¢ assembly of interlocked octahedra; d assembly of interlocked dodecahedra
with the interlocking plane normal to the 3-rd order symmetry axis; e assembly of interlocked
dodecahedra with the interlocking plane normal to the 5-th order symmetry axis; f assembly of
interlocked isocahedra. (After [5])
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forming them in the planes parallel to the middle one (“‘method of moving sections’
[8]), a recipe for generating an assembly of interlocked convex polyhedra was pro-
posed [9].

Another family of topologically interlockable blocks is represented by osteomor-
phic blocks (called so because of their semblance with a bone) and their further
modification—Tetraloc bricks—whose ability to get interlocked within a structure
owes to their matching concavo-convex contact surfaces [10], Fig. 2.2.

The topological interlocking structures employing the two distinct types of an
elementary building block—shaped as a platonic body or an osteomorphic brick-
—enjoy considerable attention due to the remarkable properties they possess and
the potential to create new materials and structures they offer [11-15]. The benefits
of topological interlocking materials include their high resistance to crack propaga-
tion and tolerance to local failures, tuneable bending rigidity, ease of assembly and
disassembly, and thus nearly perfect recyclability. In addition, topological interlock-
ing can be used to combine different—even entirely dissimilar—materials within an
integral multi-material structure, as blocks of the same shape and size made from
different constituent materials can be blended together in virtually any proportion
and pattern.

Below we provide an overview of research on topological interlocking materials
from the conception of this notion to the most recent developments.

2.2 A Brief History of the Concept of Topological
Interlocking Materials

The idea of topological interlocking as a means to capitalise on improved mechan-
ical properties of a material enabled by its segmented structure was proposed in
our first publications [1, 7]. At that time, little did we know that the concept had
been introduced in the context of vault design in architecture more than three cen-
turies ago! In the year 1699 flat vaults formed by topological interlocking of both
truncated tetrahedra and blocks with concavo-convex surfaces similar to our osteo-
morphic design were proposed independently by Abeille and Truchet, respectively
[16-18], cf. Fig. 2.3. Closer to the modern-day engineering, pavements with inter-
locked osteomorphic-type blocks [19] and truncated tetrahedra [20] were proposed.
However, these concepts were not followed and did not find entry in the engineering
practice.

The rich palette of possible geometries of topologically interlockable blocks devel-
oped through our systematic work on the subject, cf. [2], gradually garnered recog-
nition by the architectural design community. Various groups of architects and civil
engineers, including Fallacara [16, 17], Tessmann [21], Grobman et al. [22], Mio-
dragovic and Kotnik [23], Alothman and Chavan [24] and others are now using
the topological interlocking principle in their creative work. Aspects of topologi-
cal interlocking design were also employed in or proposed for a variety of other
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Fig. 2.2 Osteomorphic blocks: a an individual block; b planar assembly of osteomorphic blocks
enabling interlocking; ¢ corner assembly; d wall-floor assembly; e Tetraloc block, https://tetraloc.
com
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Fig. 2.3 Similarities between the medieval vault designs and the topological interlocking structures
based on tetrahedra and osteomorphic blocks: a Abeille’s vault formed by truncated tetrahedra;
b interlocking tetrahedra; ¢ interlockable osteomorphic blocks

engineering applications [25-30], particularly protective tiles [31], extraterrestrial
construction [32, 33], coastal protection [34, 35], design of glass structures [36], and
toy manufacturing [37, 38].

In the realm of materials engineering, an important contribution to the mechanics
of topological interlocking was made by the research group of Thomas Siegmund
[39—43] who also discussed recipes for manufacturing of such materials [38, 39].
A recent paper published by that group [42] provides a comprehensive overview of
the area. Attempts at representing topological interlocking materials as an effective
continuum, which is a formidable task due to intrinsic anisotropy of such structures,
are emerging [44, 45].

In what follows, our aim is to highlight the potential of the topological interlocking
concept as applied to engineering materials. The extraordinary properties of such
materials will be discussed based on the outcomes of our own research and some
results reported in literature.
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2.3 Mechanics of Topological Interlocking Materials

The main attraction of the topological interlocking principle is its capacity to produce
segmented materials without considerable stress concentrations. It is the ability of
the segments to exhibit a small relatively independent motion that underlies the
useful properties of the material, such as elevated energy absorption and fracture
toughness, and provides its structural integrity. The following subsections consider
different aspects of mechanics of topological interlocking materials.

2.3.1 Inverse Scale Effect

The notion that a segmented solid may possess mechanical properties superior to
those of a monolithic body, especially a brittle one, comes from the known inverse
scale effect, which implies that the strength of a solid is reduced as its size increases.
Conversely, the reduction in size gives rise to a higher strength. This can be ratio-
nalised in terms of the Weibull statistics. According to it, the survival probability P,
of a solid depends on the stress o and, notably, its volume V:

V 0_ m
b =""P{‘vo<a—o> } @D

Here V, and o, are normalisation parameters, which are constant for a given
material. The Weibull exponent m characterises the brittleness of the material: the
lower the magnitude of m, the more brittle the material is. Based on (2.1), Ashby and
Bréchet [3] evaluated the benefits of segmenting a monolithic solid into interlocked
blocks quantitatively and showed that the gain in strength increases with 1/m expo-
nentially. In other words, the more brittle the material, the greater is the effect of its
segmentation.

Subdividing a monolithic plate in topologically interlocked blocks is arguably
the best way of segmentation. Indeed, it does not require the use of any glue or
binder. Neither are connectors, e.g. of the pin-and-hole (LEGO) type, required, so
that the attendant stress concentrations are avoided. The blocks are held in place
by kinematic constraints imposed by their neighbours due to their shape and mutual
arrangement, and only small relative displacements are allowed. These displacements
are important, as they provide the segmented plate with a degree of flexibility—a
desirable property that effectively makes rigid and brittle materials to compliant and
ductile ones.

As mentioned above, the blocks at the periphery of an assembly need to be dealt
with separately, as they do not have the neighbourhood necessary to arrest them.
Therefore, a lateral constraint is required. The force P to be exerted by the lateral
constraint to ensure that the removal of a block from the assembly by a normal force
F can be calculated using the following simple model, Fig. 2.4 [46, 47].
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Fig. 2.4 A simplified model of the effect of lateral constraining force of an assembly of topologi-
cally interlocked blocks [46, 47]. Here P is the constraining force, F is the (upward or downward)
normal force required to remove the block it is applied to, and « is the ‘angle of interlocking’

The force necessary to remove a block from the assembly is given by
F = nPtan(a + ¢) 2.2)

Here « is either the ‘angle of interlocking’ if it is constant (as for example in
platonic or truncated platonic solids) or the maximum angle of interlocking as, for
instance, in the case of osteomorphic blocks, ¢ is the friction angle (for the sake of
simplicity we neglect adhesion) and » is the number of surfaces of a block in contact
with its neighbours (for instance, in Fig. 2.4, n = 2).

It is seen that the effect of topological interlocking is similar to conventional
friction, only that the friction angle is now equal to @ + ¢ and the coefficient of
friction tan(g) is replaced with tan(o + ¢). Therefore even if the actual friction
between the contacting surfaces is zero, topological interlocking still provides a
friction-type resistance to sliding of a block with respect to its neighbours. One can
thus refer to the effect of topological interlocking as large-scale friction. In essence,
the interlocking assemblies can be treated in multiscale fashion (see [48] for the
application of multiscale modelling to interlocking structures): at “small” scale it
is an assembly of discrete elements, while at “large” scale it can be regarded as a
continuum with pressure-dependent yield stress obtained from (2.2) and, possibly,
with non-linear stiffness, as discussed in Sect. 3.3.

While the resistance to the block removal increases with the angle of interlocking,
there are limitations on the magnitude of @ posed by the build-up of stress concentra-
tions created by partial sliding over the contacting surfaces [48], as well as technical
difficulties of manufacturing and assembling of blocks with large interlocking angles.

To provide the necessary lateral constraint, a frame can be placed around a planar
array of topologically interlocked blocks (Fig. 2.5a). A benefit of such a solution
is that the bending stiffness of the structure can be tuned by applying a controlled
lateral load through the frame. A further advantage is that a bigger structure can be
assembled from ‘cassettes’ consisting of such framed groups of interlocked blocks
by joining them together. The resulting cellular architecture with a rigid skeleton
(frames) encasing flexible cell interiors can provide a range of tuneable mechanical
properties. However, as a heavy element of a structure, a rigid frame may be cum-
bersome and undesirable. A more elegant solution in such a case can be provided by
a set of tensioning cables threaded through an assembly of topologically interlocked
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(a) (b) Tension/holding device

/nternal tension cable

7 N

External External
tension tension
cable cable

Fig. 2.5 Types of peripheral constraint: a lateral constraint imposed by a specially built frame;
b constraint produced by internal tensioned cables [30, 36, 50]

blocks (Fig. 2.5b). By varying the magnitude of the load put on the structure through
the wires its bending rigidity can be controlled in a broad range, from that of a stiff
plate to that of a rollable compliant mat.

The holes made in the osteomorphic blocks to accommodate the cables can in
principle induce stress concentrations. It was shown that the smallest stress concen-
tration is achieved with the hole radius of about 16% of the block thickness [49].

2.3.2 Enhanced Fracture Toughness

Macroscopic fracture propagation in topologically interlocking materials involves
cracks growing over distances exceeding the block size and hence covering the
neighbouring blocks. As the blocks are not bonded to each other, boundaries between
them are able to hinder crack propagation thus increasing effective (macroscopic)
fracture toughness [7, 10]. Elevated fracture toughness owes to the fact that a Mode
I crack running into an interface also produces a concentration of tensile stress on
the areas normal to the crack, thus opening a secondary crack at the interface. This
prevents the stress component driving the primary crack from being transferred into
the neighbouring block across the interface [51, 52]. Indeed, consider a block with
a Mode I crack propagating along the x-axis normal to an interface. At a distance
r from the crack tip, it creates normal tensile stresses: 0, = o, = K; (an)’l/ 2,
where the stress component o, is the one that drives the crack propagation. As the
crack tip approaches the interface, the magnitude of o, increases and eventually
becomes sufficient to separate the blocks along part of the interface (see [53, 54] for
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details). This mechanism of crack arrest was experimentally demonstrated in [55]
by indentation and cracking of a concrete osteomorphic block when the interfaces
isolated it from the neighbouring blocks and prevented crack propagation. Therefore,
itis the lack of material continuity or bonding that isolates the crack-containing block
and preserves the macroscopic integrity of the assembly as a whole.

2.3.3 Tolerance to Missing Blocks

Direct experiments [56] showed that some assemblies, such as assemblies of inter-
locking tetrahedral and osteomorphic blocks, are tolerant to missing blocks. That is
to say, the assemblies would maintain their integrity even when some vacancies were
left deliberately or some of the blocks failed under load. (Thus, in the tests reported
in [56] up to 8 blocks were left out from an assembly of 400 tetrahedron-shaped
blocks without causing its collapse.) When more blocks are missing, the possibility
must be considered that, in the terminology of the percolation theory, an infinite or
bone cluster will be formed, ultimately causing a collapse of the structure. Numer-
ical simulations [57] showed that under random removal of elements of a planar
assembly of osteomorphic blocks such a percolation limit, giving rise to failure of
the assembly, is reached when nearly 25% of the blocks are removed.

2.3.4 Out-of-Plane Deformation of Topological Interlocking
Assemblies

Out-of-plane deformation of plate-like interlocking assemblies was investigated by
applying indentation to the centre of a plate held and constrained at the periphery
[10, 4648, 50-55]. The loading configuration is presented in Fig. 2.6. Figure 2.7
shows the force-deflection curve under indentation of an interlocking assembly of
cubes [50]. Two main features can be highlighted. The first one is that the force-
deflection dependence is highly non-linear from the very beginning of loading. This
indicates that bending rigidity of the assembly, which is typically very low [1, 10,
44, 50, 54, 55], drops off as the loading proceeds. The second prominent feature is
the occurrence of a peak in the curve followed by post-peak softening, as reflected
in a negative slope of the curve beyond the peak. Post-peak softening is a typical
feature of loading of brittle materials (rocks, concrete) using a sufficiently stiff or
servo-controlled loading frame. It is commonly related to damage accumulation or
fracturing. By contrast, in an assembly of interlocking blocks no damage is observed.
It is firstly evident from the unloading curve part of which also exhibits a negative
slope. Secondly, the negative slopes in both loading and unloading are also seen
in finite element modelling [44, 58] of an interlocking assembly where the cubes
are assumed to deform purely elastically, and no damage is included. Therefore, the
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Fig. 2.6 Experimental set-up for concentrated loading (indentation) of a planar assembly of topo-
logically interlocked cube-shaped blocks
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Fig. 2.7 Force-deflection dependence observed in indentation of a planar assembly of topologically
interlocked cubes

occurrence of a negative slope is to be considered as a purely structural phenomenon,
which can be referred to as a negative stiffness in strong bending of assemblies of
topologically interlocking blocks.

Low bending rigidity is associated with the fact that the blocks are not bonded to
each other and can rotate under bending, which continually diminishes the contact
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Fig. 2.8 Delamination between the blocks of a 1D segmented structure caused by the applied
bending moment M. The constraining force, P, is the only factor resisting delamination. (In this
sketch, bending and delamination are exaggerated.)

Fig. 2.9 Partially
delaminated rectangular
section of a segmented beam
of thickness 7: f is the
delamination length; o ,(y) is
the stress acting on the
contact surface

a}.y ny

area in the course of loading. This can loosely be referred to as ‘delamination’ at
block interfaces. The only moment that acts against delamination is that created by
the constraint force. This leads to a dependence of the bending rigidity upon the
bending moment, which can be modelled by representing the interlocking assembly
as a fragmented plate, where the role of topological interlocking is simply to provide
structural integrity of the plate. Consequently, the simplest model of bending rigidity
can be based on considering mutual rotations of blocks against the moment created
by externally applied constraint force P. A further simplification was to consider a
one-dimensional model, i.e. that of a segmented beam [47, 59, 60]. Figure 2.8 shows
a 1D model configuration.

Another simplification made in [47] is the assumption that the size of the contact
area is given by that of the beam cross-section, which makes the delamination zone
rectangular, Fig. 2.9. As follows from the elementary beam theory, the distribution
of contact stress is approximated by a piece-wise linear function whose linear part
ends at the beginning of the delamination zone, y = h: o(y) = s~!'(y — h) when
—b <y < h. Here s~ ! is the stress gradient. For the rest of the contact zone, y > A,
o(y)=0.

Both the stress gradient and the length of the delamination zone, f = b-h, are
determined from the equations of force and moment equilibrium, which gives [41]
s = t(2b — f)?/2P, f = 3|M/P| — b, where P is the constraining force and M
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is the applied bending moment. We note that condition f = 2b corresponds to full
delamination.
From here it follows for the bending stiffness, see Dyskin et al. [52]:

2E1b?, if f=0
EI =3 %Ei(b—|%|), ifo< f <2b. (2.3)
0, if £ > 2b

where ¢ is the beam thickness, cf. Fig. 2.9.

The above analysis is formally derived for the case of the interfaces between the
blocks normal to the neutral axis of the beam. If the interface is inclined, its projection
onto the plane normal to the neutral axis is considered. We note that the shear stresses
acting on the normal plane do not contribute to the bending moment. Therefore, only
normal stress distribution o ,(y) is relevant. Accordingly, (2.3) holds where y is the
co-ordinate axis along the normal plane and f is the length of the projection of the
delamination zone.

Thus, as follows from (2.3) the bending stiffness diminishes as the loading pro-
ceeds; when it drops to zero, the blocks are pushed out and move, until the interlocking
shape arrests their further movement.

2.3.5 Modelling of Vibrations in Topological Interlocking
Assemblies

The absence of bonding between the building blocks leads to a rather complex pattern
of possible oscillations in topological interlocking assemblies. For instance, plate-
like interlocking assemblies can undergo in-plane vibrations enforcing in-plane dis-
placements of the blocks, bending vibration, and vibrations associated with relative
rotational oscillations of the blocks. (The bending vibrations essentially correspond
to macroscopic rotational vibrations.) These types of vibrations are characterised
by strong non-linearity, which presents considerable challenge to modelling. So far,
only one type of non-linearity has been considered, viz. the bilinear character of
in-plane oscillations [61-66].

Figure 2.10a illustrates the nature of non-linearity of in-plane vibrations. As a
result of the ability of blocks to part by delamination, the stiffness in tension is
controlled by the effective stiffness of the constraint, k. It is much smaller than the
stiffness in compression determined by both the constraint stiffness kr and the high
stiffness kg of the material of the blocks. This suggests that the simplest model of
in-plane vibrations can be constructed by considering a bilinear oscillator, Fig. 2.10b,
or a system of bilinear oscillators, Fig. 2.10c.

A single (undamped) bilinear oscillator is described by the equation of motion
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Fig. 2.10 Modelling of in-plane oscillations of topological interlocking assemblies as bilinear
oscillators: a a pair of neighbouring blocks with low stiffness in tension (which represents the
constraint) and high stiffness in compression (which is controlled by the resistance of both the
constraint and the block material); b bilinear oscillator representing a pair of blocks with bilinear
stiffness given by (2.4); ¢ a chain of bilinear oscillators (n masses) with fixed ends
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where u is the displacement of the mass M of the oscillator. The discontinuity in
stiffness k(u) at u = 0 is eliminated since the stiffness enters (2.4) only through the
product uk(u). This equation is linear everywhere but at point u = 0.

By introducing angular frequencies for positive and negative displacements,
(a)i)2 = k¥ /M, one obtains the main resonance frequency of the bilinear oscil-
lator (cf., e.g. [65])

-
oo 20O 2.5)
ot + o~

When the bilinear oscillator is driven by a harmonic force, e.g. proportional to
sin wt, it will exhibit resonance with linear envelopes, which, is, however, different
for positive and negative displacements. It is remarkable that a bilinear oscillator
can be put in resonance by all multiple frequencies, 2w, 3w, .. ., although the rate
of amplitude increase will be reduced for higher harmonics. Also, there is a half
frequency resonance, thatis a resonance at the frequency of /2. The envelope is non-
linear in this case but rather increases as square root of time [60]. This suggests that
topological interlocking assemblies can exhibit resonances at multiple frequencies.

When bilinear oscillators form a finite chain with fixed ends, Fig. 2.10c, the
structure of resonances becomes even more interesting. Firstly, not all lengths support
resonances. They only occur if (1) the chain has an odd number of masses (n = 2m +
1); then it gets decomposed into a series of single mass bilinear chains with stationary
masses in between; (2) the chain has a number of masses given by n = 3m + 2, then
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it is decomposed into a series of two mass bilinear chains. If the length satisfies both
conditions (such as chains of 5, 11, 17, ... masses), both types of resonances are
accessible.

Hence, in a chain of bilinear oscillators modelling an interlocking structure, res-
onances may be absent, and if they are present they involve a number of blocks to
remain stationary. This reduces the possibility of resonances in interlocking struc-
tures and thus increases their stability against external vibrations.

Even more complex behaviour is observed when a topological interlocking assem-
bly is also subjected to a constant preload force. Specifically, there is a critical value of
preload above which the trajectory gets pushed into the high stiffness region turning
a bilinear oscillator into a conventional linear one [63].

The above considerations shed light on the mechanism of vibrational stability of
topological interlocking structures and, more generally, segmented structures (e.g.,
classical columns under harmonic and earthquake excitations [67]). Vibrational sta-
bility is further assisted by possible energy losses upon low restitution impacts of
contacting surfaces. (Initial modelling of this damping mechanism is presented in
[68].) Further, these mechanisms can shed light on the increased impact resistance
of topological interlocking structures observed in [69].

2.4 Responsive Materials Based on Topological
Interlocking

The sensitivity of the mechanical response of assemblies of topologically interlocked
blocks under normal load to lateral constraint conditions opens up an interesting
possibility of controlling their load bearing capability and bending stiffness through
varying the magnitude of the lateral constraint forces. Owing to this sensitivity,
a responsiveness of topological interlocking assemblies to external stimuli can be
achieved by embedding in them some actuating elements. For instance, inclusion
of shape memory or piezoelectric materials, which would change their volume as a
response to temperature changes or application of an electric field [70], can effectively
alter the lateral constraint forces, thus affecting mechanical response in the transverse
direction. In particular, tensioning wires from a shape memory alloy (SMA) threaded
through a planar assembly of topologically interlocked blocks [30] can be used to
actuate such response.

This idea was realised in [71] where a lateral constraint on a planar assembly
of ceramic GC Fujirock osteomorphic blocks was provided by tensioning wires
made from a NiTi-based SMA. A total of 67 full blocks and 26 half-blocks of 10 mm
thickness were assembled to a 160 mm x 150 mm rectangular plate armoured with 16
pre-tensioned NiTi wires and loaded vertically using a three-point bending support.

In the tests, the shape memory effect of the wires activated by heating was utilised.
Heating was provided by an electric current passed through the SMA wires. The load-
ing response was compared with that of an assembly in which the SMA wires were
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Fig. 2.11 Demonstration of responsiveness of an assembly of osteomorphic GC Fujirock blocks
armoured with SMA wires to heating by an electric current. a Indenter displacement as a function
of time; b Response of the assembly to activation of the shape memory effect by the electric current
[71]

used just as armour and a tensioning tool, without inducing the shape memory effect
by heating. As the wires were extended during bending of the assembly at ambient
temperature until the cross-head of the machine was stopped at a pre-set displace-
ment of the loading device. After a certain hold time during which stress relaxation
took place, the wires were heated above the martensite-to-austenite transformation
temperature by the electric current. In an unconstrained state this would force the
wires to shrink to their initial length, but in the experiment in question they devel-
oped a reaction stress, which acted as an increment of the constraint force on the
assembly. The resulting response in terms of the load versus displacement curve is
seen on Fig. 2.11.

Similar results, but with a much more pronounced effect, were also obtained for an
assembly of osteomorphic GC Fujirock blocks cladded on its periphery with platelets
made from ultra-high-molecular-weight polyethylene (UHMWPE) that exhibits a
shape memory effect, cf. Fig. 2.12 [72].

2.5 Assemblies of Modified Topologically Interlocked
Blocks: Shape Variations, Soft Interlayers, Secondary
Surface Profiles

Some ways in which the mechanical performance of ensembles of interlocked blocks
can be influenced will be considered here. An obvious one is variation of the geometry
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Fig. 2.12 Response of an
assembly of osteomorphic
blocks with inclusion of
UHMWPE elements to
heating [72]
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of the building blocks [73, 74]. To elucidate the effect of block geometry, 3D-printed
planar assemblies of hard polymer blocks with four different geometries, cf. Fig. 2.13,
were tested under concentrated load in the same way as in the experiments described
above. The tests have demonstrated the superior performance of an assembly of
osteomorphic blocks under concentrated load over all other geometries tested in
terms of the maximum load and deflection they sustained, as represented by the
peak stress and the strain at failure, Fig. 2.14. Both geometries involving topological
interlocking, viz. the ‘hourglass’ and the osteomorphic ones, are seen to exhibit
the highest peak stress. Further block geometries [74] shown in Fig. 2.15 were also
considered. The flexural performance of an assembly of modified, osteomorphic-like
concrete blocks, yet with interlocking at four, rather than two contact surfaces, was
studied in [75]. A substantial improvement over the performance of a monolithic plate
in terms of bending compliance and impact energy absorption was demonstrated.
A very attractive pathway to further improving the already outstanding mechan-
ical properties of topological interlocking materials is provided by a biomimetic
approach [76, 77]. It suggests that by combining hard interlocking blocks as a major-
ity phase with a small fraction of a soft phase in interlayers between the hard blocks
improved ductility and enhanced fracture toughness of a block assembly may be
attained. Interleaving hard blocks with a soft polymer was shown to provide the
assemblies with extra compliance [72]. A spectacular example of this effect is seen
in Fig. 2.16. It shows how segmenting of a monolithic ceramic plate into an assembly
of osteomorphic blocks provides the brittle plate with substantial bending ductility
under a concentrated load. What is particularly remarkable is that by interleaving the



2 Topological Interlocking Materials 39

(a)

Fig. 2.13 Prototype geometries of hard blocks as designated in [74]. a Reference rectangular block;
b ‘hourglass’ block, ¢ ‘smooth honeycomb’ block; d modified osteomorphic block
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Fig. 2.14 Stress-strain curves for planar assemblies of blocks with different geometry [74]
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Fig. 2.15 Various shapes of the contact surfaces explored in [74]
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Fig. 2.16 Effect of segmentation into osteomorphic blocks and interleaving of the blocks with a
soft rubber-like polymer on the response of a stiff and hard ceramic plate to concentrated load
applied to the middle of the specimen [72]

blocks with a soft rubber-like polymer, thus emulating a nacre structure, a favourable
combination of load bearing capability (peak load) and bending ductility is achieved.
With a block thickness of 12 mm, a displacement of about 24 mm of the central block
to which the load was applied is truly remarkable.

A further vehicle to enhance the load bearing capacity of systems of topologically
interlocked blocks is to provide their contact surfaces with a set of artificial asperities,
which effectively increases friction between neighbouring blocks. An example of the
surface morphology of this kind designed and 3D-printed in a recent work [74] is
shown in Fig. 2.17. The asperity height of 2 mm was an order of magnitude smaller
than the block dimensions. An increase in the peak load sustained by an assembly of
osteomorphic blocks whose contact surfaces were patterned in this way was found.
‘When only planar side surfaces were patterned, the effect was the smallest. Patterning
of the concavo-convex contact surfaces gave rise to a larger effect. The greatest
increment of the load bearing capacity (about 40%) occurred when all four contact



2 Topological Interlocking Materials 41

surfaces had the patterned morphology. Pronounced load drops near the peak load
were associated with precipitous slip of the block to which the load was applied [74].

The results presented in this section demonstrate that there are various possible
ways in which the mechanical performance of assemblies of topological interlocking
blocks can be improved, and one can draw from this wealth of designs to achieve the
desired mechanical properties of the assemblies in terms of stiffness, load bearing
capability, energy absorption, etc.

2.6 Sound Absorption

One of the most important practical advantages of sets of topologically interlocked
blocks is their high sound absorption capability. The great potential of topological
interlocking in this regard was demonstrated by testing sound absorption of plates
assembled from ceramic osteomorphic blocks produced by freeze gelation technique
[78,79]. Both monomodal porosity blocks (with pores stemming from the freeze gela-
tion process) and bimodal porosity ones were produced. In the latter case sacrificial
polystyrene spheres were added to the slurry used in the process shown schematically
in Fig. 2.18. The sound absorption coefficient was measured using a classical Kundt
tube set-up. The effect of segmenting of a monolithic plate into a planar assembly of
interlocked osteomorphic blocks is seen in Fig. 2.19a. Segmentation alone brought
about a rise of the absorption coefficient to a level of about 0.6 in a frequency range
of audible sound, just below 200 Hz. Combined with an additional intrinsic effect
caused by bimodal porosity, this produced an impressive level of sound absorption
above 95%. A shift of the absorption peak to higher frequencies and peak broadening
associated with bimodal porosity (Fig. 2.19b) should be noted. These experiments
give reasons to believe that by using topological interlocking design in conjunction
with block material design, sound absorption can be tuned to desirable levels in
the frequency ranges of interest for practical applications in sound insulations in
buildings and engineering structures. An example of such applications in a sound
absorbing ceramic lining of a cylindrical combustion chamber was reported in [80].

2.7 Manufacturing of Topological Interlocking Materials

Successful application of the material and structure design principle presented above
hinges on the feasibility of manufacturing processes by which the individual blocks
and assemblies thereof can be produced. In a recent publication [42], Siegmund
et al. gave a detailed overview of the possible techniques for manufacturing of topo-
logical interlocking materials. In a bottom-up approach, individual blocks whose
geometry permits topological interlocking are assembled to a final structure, which
may be both planar and non-planar. Assembly of such structures requires the use of
templates or scaffolds which keep the blocks in place until the necessary confine-



42 A. V. Dyskin et al.

16 —
 —Al
7 [N SRR OO N ... ——Non-Planar
' ool ~ —Planar.
i 12 —tnNbne ;.
u 4
T 101
(=]
-l
T 081
28 )
£ 05 -
[=] 4
=4
04 4
02 4
3 A e ——————

Ll Ll I I I
00 02 04 06 08 10 12 14 16 18 20 22 24
Normalised Displacement

Fig. 2.17 Variation of surface morphology (left picture) and its effect on the mechanical response
of an assembly of blocks to concentrated load (right picture). Block size: ~20 mm; asperity height:
~2 mm. The load F was normalised with respect to the peak load F*; the displacement of the
indenter was normalised with respect to the block thickness [73]
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Fig. 2.18 Manufacturing of osteomorphic ceramic blocks by freeze gelation for use in planar
assemblies. The processing chains includes sacrificial templating with polystyrene spheres aimed
at producing bimodal porosity [79]
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Fig. 2.19 Enhancement of sound absorption by a segmentation into interlocked osteomorphic
blocks and b segmentation combined with introduction of bimodal porosity [78, 79]

ment is established by an external frame or a set of tensioning cables [30, 42, 47,
81]. The feasibility of robotic assembly of topological interlocking materials and
structures in a pick-and-place process discussed in [42] was demonstrated in [30].
Obviously, directionality of a building block and the prescribed mutual orientation of
the blocks within a layer provides substantial challenges to robotic assembly. A top-
down approach, in which the contours of the blocks are carved within a monolithic
material, e.g. by a laser beam [82], provides an interesting alternative to the ‘bottom-
up’ piece-by-piece assembly. First attempts of self-assembly of tetrahedron-shaped
particles to a planar panel [42] are seen as an interesting avenue for future work.
Individual interlockable blocks can be produced by a multitude of techniques,
including CNC-machining [1] and casting [79], cf. Fig. 2.18. With the advent of
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Fig. 2.20 Planar assembly of interlocked twisted hollow tubes produced by selective laser sintering
[2, 83, 84]

additive manufacturing, 3D printing of innumerable variants of topological inter-
locking materials has become feasible. An early example of the use of selective laser
sintering of bronze particles to a set of interlocked twisted hollow tubes is shown in
Fig. 2.20 [2, 83, 84]. Nowadays, 3D printing is routinely used for producing com-
plex structures comprising topologically interlocked elements [42, 73, 74, 30], as
illustrated in Fig. 2.21.

2.8 Conclusion

Topological interlocking has firmly established itself as a powerful concept of design
of architectured materials. The advantageous properties of topological interlocking
materials and structures include high tolerance to local failure, tuneable bending stiff-
ness and load-bearing capability, high impact energy absorption, and exceptional
sound insulation properties. Some of these properties have been discussed in this
chapter. Due to ease of assembly and disassembly, topological interlocking mate-
rials offer themselves for construction in earthquake-prone areas, extra-terrestrial
construction, rapidly deployable anti-riot structures, protective wear for first respon-
dents, and many other engineering applications. A particular area of opportunity
for use of topological interlocking materials is in manufacturing of hybrid materials
combining constituents that may be entirely dissimilar and not otherwise compati-
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Fig. 2.21 Polymeric panels consisting of hard blocks interleaved with soft layers after testing in
Mode I fracture. Each panel was 3D printed in a single build [74]

ble. By blending blocks identical in shape but made from different materials, which
is possible in virtually any proportion, the mechanical and physical properties of
such a hybrid material can be varied in a broad range. Multifunctionality of the
hybrid can also be achieved in this way. Research in this area is ongoing and further
breakthroughs are to be expected.

References

1. A.V. Dyskin, Y. Estrin, A.J. Kanel-Belov, E. Pasternak, A new concept in design of materi-
als and structures: assemblies of interlocked tetrahedron-shaped elements. Scripta Mater. 44,
2689-2694 (2001)

2. Y. Estrin, A.V. Dyskin, E. Pasternak, Topological interlocking as a material design concept.
Mater. Sci. Eng. C, 31(6), 1189-1194 (2011)

3. M.E. Ashby, Y.J.M. Bréchet, Designing hybrid materials. Acta Mater. 51, 5801-5821 (2003)

4. ML.F. Ashby, Materials Selection for Mechanical Design, 4th edn. (Elsevier Ltd., 2011)

5. A.V. Dyskin, Y. Estrin, A.J. Kanel-Belov, E. Pasternak, Topological interlocking of platonic
solids: a way to new materials and structures. Philos. Mag. Lett. 83(3), 197-203 (2003)

6. A.V. Dyskin, Y. Estrin, A.J. Kanel-Belov, E. Pasternak, Interlocking properties of buckyballs.
Phys. Lett. A 319, 373-378 (2003)



46

10.

11.

12.

13.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

A. V. Dyskin et al.

. A.V. Dyskin, Y. Estrin, A.J. Kanel-Belov, E. Pasternak. Toughening by fragmentation—how
topology helps. Adv. Eng. Mater. 3(11), 885-888 (2001)

. A. Dyskin, E. Pasternak, Y. Estrin, Topological interlocking as a design principle for hybrid
materials in Proceedings of the 8th Pacific Rim International Congress on Advanced Materials
and Processing, ed. by F. Marquis (Springer, Cham, 2013), pp. 1525-1534

. AlJ. Kanel-Belov, A. Dyskin, Y. Estrin, E. Pasternak, I.A. Ivanov-Pogodaev, Interlocking of

convex polyhedra: towards a geometric theory of fragmented solids. Moscow Math. J. 10(2),

337-342 (2010)

A.V. Dyskin, Y. Estrin, E. Pasternak, H.C. Khor, A.J. Kanel-Belov, Fracture resistant structures

based on topological interlocking with non-planar contacts. Adv. Eng. Mater. 5, 116-119 (2003)

Y. Feng, T. Siegmund, E. Habtour, J. Riddick, Impact mechanics of topologically interlocked

material assemblies. Int. J. Impact Eng 75, 140-149 (2015)

S. Khandelwal, T. Siegmund, R.J. Cipra, J.S. Bolton, Adaptive mechanical properties of topo-

logically interlocking material systems. Smart Mater. Struct. 24, 045037 (2015)

S. Leo, C. Tallon, N. Stone, G.V. Franks, Near-net-shaping methods for ceramic elements of

(Body) Armor systems. J. Am. Ceram. Soc. 97(10), 3013-3033 (2014)

. H.-C. Ries, M.V. Carlesso, C. Eigenbrod, C. Kroll, K. Rezwan (2013). On the performance

of porous sound absorbent ceramic lining in a combustion chamber test rig, in Proceedings

of ASME turbo expo 2013: Turbine Technical Conference and Exposition (At San Antonio,

Texas, USA, 2013) GT2013-95492, Volume: GT2013-95492

W. Feng-chun, Y. Zhi-hong, Z. Na, Z. Heng, Design and experiment for topological interlocking

fragile composites structure. Acta Armamentarii 29(12), 1454-1457 (2008)

G. Fallacara, Digital stereotomy and topological transformations: reasoning about shape build-

ing, in Proceedings of the second international congress on construction history, vol 1.

pp. 1075-1092 (2006)

G. Fallacara, Toward a stereotomic design: experimental constructions and didactic experi-

ences, in Proceedings of the Third International Congress on Construction History (Cottbus,

May 2009), pp. 553-559

Y. Estrin, Topological interlocking and osteomorphic blocks, in Preface to Stereotomic

design—Catalogo della mostra omonima per Inside Marmomacc and Abitare il Tempo Veron-

afiere, ed. by G. Fallacara, V. Minenna (Verona, Edizioni Giofredda 2014)

D.A. Robson, German patent DE 2554516; British patent GB1533980 (1978)

M. Glickman, The G-block system of vertically interlocking paving, in 2nd International

Conference on Concrete Block Paving, Delft University of Technology, Apr. 10-12, American

Society for Testing and Materials (Delft, The Netherlands, 1984), pp. 345-348.

O. Tessmann, M. Becker, Extremely heavy and incredibly light: performative assemblies in

dynamic environments, in Proceedings of the 18th International Conference on Computer-

Aided Architectural Design Research in Asia (CAADRIA 2013) (Department of Architecture,

National University of Singapore, Singapore, May 15-18, 2013), pp. 469-478

M. Weizmann, O. Amir, Y.J. Grobman, Topological interlocking in buildings: a case for the

design and construction of floors. Autom. Constr. 72(Part 1), 18-25 (2016)

I. Miodragovic Vella, T. Kotnik, Geometric Versatility of abeille vault. A stereotomic, topolog-

ical interlocking assembly, in 34th Annual eCAADe Conference, Oulu School of Architecture,

Finland, Shape, Form and Geometry. Applications, Volume 2, eCAADe 34, 391-397 (2016).

S. Alothman, C. Chavan, Topological interlocking systems for the construction of seismic-

proof shell structures, in Proceedings of the IASS Symposium 2018: Creativity in Structural

Design, July 16-20, 2018 (MIT, Boston, USA, 2018)

F. Oikonomopoulou, T. Bristogianni, L. Barou, E. Jacobs, G. Frigo, F.A. Veer, R. Nijsse, A

novel, demountable structural glass system out of dry-assembly, in Interlocking Cast Glass

Components, Challenging Glass 6—Conference on Architectural and Structural Applications

of Glass Louter, ed. by B., Bos, N., Veer (Delft University of Technology, May 2018). https://

doi.org/10.7480/cgc.6.2118

A.R.Javan, H. Seifi, S. Xu, Y.M. Xie. Design of a new type of interlocking brick and evaluation

of its dynamic performance, in Proceedings of the IASS Annual Symposium 2016 ‘Spatial


https://doi.org/10.7480/cgc.6.2118

2 Topological Interlocking Materials 47

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Structures in the 21st Century, ed. by J.K. Kawaguchi, M. Ohsaki, T. Takeuchi (Tokyo, 26-30
September, 2016)

S. Weir, D. Moult, S. Fernando, Stereotomy of wave jointed blocks—toward a wave-jointed
stone construction using wire cutter toolpath generation robotic fabrication in architecture, Art
and Design 284-293 (2016)

Y. Totoev, A. Al Harthy, Semi interlocking masonry as infill wall system for earthquake resistant
buildings: a review. J. Eng. Res. (TJER) 13(1), 3341 (2016)

A.M. S4, K..R. Echavarria, M. Griffin, D. Covill, J. Kaminski, D. Arnold (2012) Parametric
3D-fitted frames for packaging heritage artefacts in The 13th International Symposium on
Virtual Reality, Archaeology and Cultural Heritage (VAST), ed. by D. Arnold, J. Kaminski, F.
Niccolucci, A. Stork (2012)

B. Zareiyan, B. Khoshnevis, Effects of interlocking on interlayer adhesion and strength of
structures in 3D printing of concrete. Autom. Constr. 83, 212-221 (2017)

Y. Estrin, A.V. Dyskin, E. Pasternak, H.C. Khor, A.J. Kanel-Belov, Topological interlocking
of protective tiles for space shuttle. Phil. Mag. Lett. 83, 351-355 (2003)

A. Dyskin, Y. Estrin, E. Pasternak, H.C. Khor, A.J. Kanel-Belov, The principle of topological
interlocking in extraterrestrial construction. Acta Astronaut. 57(1), 1-64 (2005)

A.V. Dyskin, H.C. Khor, D. Yong, E. Pasternak, Y. Estrin, A.J. Kanel-Belov, Deployable inter-
locking structures for Martian bases, in Proceedings of 7th Australian Mars Exploration Con-

ference, July 13—15, 2007, (Trinity College Perth, Western Australia (CD) 2007)

E. Pasternak, A.V. Dyskin, C. Pattiaratchi,, E. Pelinovsky, Coastal protection using topological
interlocking blocks. EGU General Assembly 2013, held 7-12 April, 2013 in Vienna, Austria,
Paper ID: EGU2013-8048, (2013)

V.Y. Piirainen, Y. Estrin, Topological interlocking as a principle of engineering design in con-
struction of marine and coastal structures. J. Min. Inst. 226, 480-486 (2017)

H.C. Dyskin, D. Khor, E. Yong, Y.E Pasternak, A.J. Kanel-Belov, Deployable interlocking
structures for Martian bases in Proeedings of 7th Australian Mars Exploration Conference,
(Trinity College Perth, Western Australia (CD-ROM), July 13-15, 2007)

P. Houlis, A.V. Dyskin, A. Kanel-Belov, E. Pasternak, Y. Estrin, Puzzle DESIGN Competition,
http://www.kastellorizo.org/puzzleuniversity/html/slickred/Puzzle_OneFourAll.html (2010)
P. Houlis, A.V. Dyskin, E. Pasternak, Y. Estrin, A. Kanel-Belov. Topological interlocking
puzzle. Australian Patent application 20109-2951 (2010)

S. Khandelwal, T. Siegmund, R.J. Cipra, J.S. Bolton, Transverse Loading of Cellular Topolog-
ically Interlocked Materials. Int. J. Solids Struct. 49(18), 2394-2403 (2012)

S. Khandelwal, R.J. Cipra, J.S. Bolton, T. Siegmund, Adaptive mechanical properties of topo-
logically interlocking material systems. Smart Mater. Struct. 24(4), 045037 (2015)

Y. Feng, T. Siegmund, E.E. Habtour, J, Riddick, (2015) Impact mechanics of topologically
interlocked material assemblies. Intl. J. Impact Eng. 75, 140-149

T. Siegmund, F. Barthelat, R.J. Cipra, E. Habtour, J. Riddick, Manufacture and mechanics of
topologically interlocked material assemblies. Appl. Mech. Rev. 68(4), 041401-12016 (2016)
A.Mather, R.J. Cipra, T. Siegmund, Structural integrity during remanufacture of a topologically
interlocked material. Int. J. Struct. Integr. 3(1), 61-78 (2012)

A.V. Dyskin, Y. Estrin, A.J. Kanel-Belov, E. Pasternak, A new principle in design of composite
materials: reinforcement by interlocked elements. Compos. Sci. Technol. 63(3—4), 483—491
(2003)

M. Brocato, A continuum model of interlocking structural systems. Rend. Lincei Mat. Appl.
29, 63-83 (2018). https://doi.org/10.4171/RLM/793

A.V. Dyskin, E. Pasternak, H.C. Khor, Y. Estrin, A.J. Kanel-Belov, Mortar-free construction
based on topological interlocking, in Developments in Mechanics of Structures and Materials,
ed. by A. Deeks, H. Hao (Taylor and Francis Group, London, 2005), pp. 665-670

A.V. Dyskin, E. Pasternak, Y. Estrin, Mortarless structures based on topological interlocking.
Front. Struct. Civil Eng. 6(2), 188-197 (2012)

A.V. Dyskin, D. Yong, E. Pasternak, Y. Estrin, Stresses in topologically interlocking structures:
two scale approach, in ICTAM 2008, XXII International Congress of Theoretical and Applied


http://www.kastellorizo.org/puzzleuniversity/html/slickred/Puzzle_OneFourAll.html
https://doi.org/10.4171/RLM/793

48

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

A. V. Dyskin et al.

Mechanics, ed. by Denier, J., Finn, M.D., Mattner T., Adelaide, August 24-29, 2008, CD-ROM
Proceedings ISBN 978-0-9805142-1-6, paper 10134 (2008)

M. Khudyakov, A.V. Dyskin, E. Pasternak, B. Lehane, Optimal through holes in osteomorphic
elements in Proceeding of the 10th International Conference on Structural Integrity and Failure
(SIF2016), ed. by A. Kotousov, ] Ma. Adelaide, Australia, 2016, Paper #36 (2016)

Y. Estrin, A.V. Dyskin, E. Pasternak, Topological interlocking in design of structures and
materials, in Architectured Multifunctional Materials, ed. by Y. Brechet, J.D. Embury, PR.
Onck (Mater. Res. Soc. Symp. Proc. Volume 1188, Warrendale, PA, 2009, 1188-LL05-06)
Paper T40.014

Y. Estrin, A.V. Dyskin, A.J. Kanel-Belov, E. Pasternak, Materials with novel architectonics:
Assemblies of interlocked elements, in IUTAM Symposium on Analytical and Computational
Fracture Mechanics of Non-homogeneous Materials, ed. by B. Karihaloo, Cardiff, UK, June
18-22, 2001 (Kluwer Academic Press, 2002), pp. 51-56

A.V. Dyskin, Y. Estrin, A.J. Kanel-Belov, E. Pasternak, A new class of composite materials
based on topological interlocking, in Applied mechanics—Progress and application. ACAM
2002 The Third Australasian Congress on Applied Mechanics Sydney, February 20-22, 2002,
ed. by L. Zhang, L. Tong, J. Gal (World Scientific, Singapore, New Jersey, London, Hong
Kong, 2002), pp.485-490

A.V. Dyskin, A. Caballero, Orthogonal crack approaching an interface. Eng. Fract. Mech.
76(16), 2476-2485 (2009)

H.C. Khor, A.V. Dyskin, Y. Estrin, E. Pasternak, Mechanisms of fracturing in structures built
from topologically interlocked blocks, in Structural Integrity and Fracture, SIF 2004 ed by A.
Atrens, J.N. Boland, R. Clegg, J.R. Griffiths, pp. 189-194

H.C. Khor, A.V. Dyskin, E. Pasternak, Y. Estrin, A.J. Kanel-Belov, Integrity and fracture of
plate-like assemblies of topologically interlocked elements, in Structural Integrity and Fracture,
ed. by A.V. Dyskin, X.Z. Hu, E. Sahouryeh (Swets & Zeitlinger, Lisse, 2002), pp. 449-456
A. Molotnikov, Y. Estrin, A.V. Dyskin, E. Pasternak, A.J. Kanel-Belov, Percolation mechanism
of failure of a planar assembly of interlocked osteomorphic elements. Eng. Fract. Mech. 74,
1222-1232 (2007)

Y. Estrin, A.V. Dyskin, E. Pasternak, S. Schaare, S. Stanchits, A.J. Kanel-Belov, Negative
stiffness of a layer with topologically interlocked elements. Scripta Mater. 50, 291-294 (2004)
S. Schaare, A.V. Dyskin, Y. Estrin, S. Arndt, E. Pasternak, A.J. Kanel-Belov, Point loading of
assemblies of interlocked cube-shaped elements. Int. J. Eng. Sciences 46, 1228-1238 (2008)
E. Pasternak, A.V. Dyskin, I. Shufrin, Homogenisation methods in mechanics of fragmented
solids and hybrid materials in 7th Australasian Congress on Applied Mechanics, ACAM 7,
9-12 December 2012, Adelaide, Australia. Paper 138, pp. 563-573 (2012)

I. Shufrin, E. Pasternak, A.V. Dyskin, Bending and stability of fragmented beams, in Sth
Australasian Congress of Applied Mechanics ACAM 8 Melbourne 23-26 November 2014 ed
by R. Das, S. John, 8 pp (2014)

A.V. Dyskin, E. Pasternak, E. Pelinovsky. Modelling resonances in topological interlocking
structures. ACAM2007 , in Proceeding 5th Australasian Congress on Applied Mechanics, 10—12
December 2007, Brisbane, Australia, vol. 2, ed by F. Albermani, B. Daniel, J. Griffiths, D.
Hargreaves, P. Meehan, A. Tan, M. Veidt, (2007), pp. 408413

A.V. Dyskin, E. Pasternak, E. Pelinovsky, Coupled bilinear oscillators, their resonances and
controlling parameters, in Proceedings. 6th Australasian Congress on Applied Mechanics,
ACAM 6, ed by K. Teh, 1. Davies I. Howard 12—15 December 2010, Perth, Paper 1170, 9 pp.
ISBN/ISSN 978-0-85825-941-6, 12/12/2010

A.V. Dyskin, E. Pasternak, E. Pelinovsky, Periodic motions and resonances of impact oscilla-
tors. J. Sound Vibr. 331(12) 2856-2873 (2012)

I. Shufrin, A.V. Dyskin, E. Pasternak, Stationary points created by resonances in a chain of bilin-
ear oscillators, in 7th Australasian Congress on Applied Mechanics, ACAM 7, 9—12 December
2012, Adelaide, Australia. Paper 131 (2012)

A.V. Dyskin, E. Pasternak, 1. Shufrin, Structure of resonances and formation of stationary
points in symmetrical chains of bilinear oscillators. J. Sound Vib. 333, 6590-6606 (2014)



2 Topological Interlocking Materials 49

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

A. Guzek, A.V. Dyskin, E. Pasternak, I. Shufrin, Asymptotic analysis of bilinear oscillators
with preload. Int. J. Eng. Sci. 106, 125-141 (2016)

LN. Psycharis, D.Y. Papastamatiou, A.P. Alexandris, Parametric investigation of the stability
of classical columns under harmonic and earthquake excitations. Earthquake Engng. Struct.
Dyn. 29, 1093-1109 (2000)

M. Khudyakov, A.V. Dyskin, E. Pasternak, Continuum model of wave propagation in frag-
mented media: linear damping approximation. Nonlinear Proc. Geophys. (NPG) 24, 461-466
(2017)

H.C. Khor, A.V. Dyskin, N. Nofal, E. Pasternak, Y. Estrin, Topological Interlocking—A New
Principle in Design of Concrete Structures, Futures in Mechanics of Structures and Materials,
in Proceedings 20th Australasian Conference on the Mechanics of Structures and Materials
(ACMSM?20), Toowoomba, Queensland, Australia, 2-5 December 2008, 5 pp (2008)

W. Quan, W. Nan, A review on structural enhancement and repair using piezoelectric materials
and shape memory alloys. Smart Mater. Struct. 21, 013001 (2012)

A. Molotnikov, R. Gerbrand, Y. Qi, G.P. Simon, Y. Estrin, Design of responsive materials using
topologically interlocked elements. Smart Mater. Struct. 24, 25034 (2015)

Y. Estrin, A. Molotnikov, G.P. Simon, S. Kaloshkin, F. Senatov, A. Maksimkin, Flexible ceram-
ics with self-stiffening capability, Presented at: European Symposium on Intelligent Materials
2015, 10-12 June 2015, Kiel, Germany (2015)

Djumas, L., Molotnikov, A., Simon, G.P., Estrin, Y., Enhanced mechanical performance of
bio-inspired hybrid structures utilising topological interlocking geometry, Scientific Reports
6, Article number: 26706 (2016)

L. Djumas, G.P. Simon, Y. Estrin, A. Molotnikov, Deformation mechanics of non-planar topo-
logically interlocked assemblies with structural hierarchy and varying geometry, Scientific
Reports, 7, Article number: 11844 (2017)

A. Rezaee Javan, H. Seifi, S. Xu, D. Ruan, Y.M. Xie, The impact behaviour of plate-like
assemblies made of newinterlocking bricks: an experimental study. Mater. Des. 134, 361-373
(2017)

H.D. Espinosa, J.E. Rim, F. Barthelat, M.J. Buehler, Merger of structure and material in nacre
and bone—Perspectives on de novo biomimetic materials. Prog. Mater Sci. 54, 1059-1100
(2009)

Y. Beygelzimer, Y. Estrin, R. Kulagin, Synthesis of hybrid materials by severe plastic defor-
mation: a new paradigm of SPD processing. Adv. Eng. Mater. 17(12), 1852-1861 (2015)

M. Carlesso, A. Molotnikov, T. Krause, K. Tushtev, S. Kroll, K. Rezwan, Y. Estrin, Enhance-
ment of sound absorption properties using topologically interlocked elements. Scripta Mater.
66, 483486 (2012)

M. Carlesso, R. Giacomelli, T. Krause, A. Molotnikov, D. Koch, K. Tushtev, S. Kroll, Y. Estrin,
K. Rezwan, Improvement of sound absorption and flexural compliance of porous alumina-
mullite ceramics by engineering the microstructure and segmentation into topologically inter-
locked blocks. J. Eur. Ceram. Soc. 33, 2549-2558 (2013)

H.-C. Ries, M. Carlesso, C. Eigenbrod, S. Kroll, K. Rezwan, On the performance of porous
sound absorbent ceramic lining in a combustion chamber test rig, in Proceedings of ASME
Turbo Expo 2013 GT2013 (San Antonio, Texas, USA, June 3-7, 2013)

Y. Estrin, A.V. Dyskin, E. Pasternak, S. Schaare, Topological interlocking in design of structures
and materials, in Architectured Multifunctional Materials, ed by Y. Brechet, J.D. Embury, P.R.
Onck Mater. Res. Soc. Symp. Proc. Volume 1188, Warrendale, PA, 2009, 1188-LL05-06. Paper
T40.014, 10 pp (2009)

M. Mirkhalaf, J. Tanguay, F. Barthelat, Carving 3D architectures within glass: exploring new
strategies to transform the mechanics and performance of materials, extreme mech. Lett. 7,
104-113 (2016)

D. Trenke, J. Estrin, Selbsttragende Strukturen und deren Fertigung durch Rapid Tooling IMW,
TU Clausthal—Institutsmitteilung Nr. 28 (2003)

Y. Estrin, N. Miiller, D. Trenke, A. Dyskin, E. Pasternak, Structure composed of elements and
method of its production, US Patent #6884486 (26.4.2005) (2005)



Chapter 3 ®)
Architectured Materials with Inclusions oo
Having Negative Poisson’s Ratio

or Negative Stiffness

E. Pasternak and A. V. Dyskin

Abstract Architectured materials with negative Poisson’s ratio (auxetic materials)
have been subject of interest for quite some time. The effect of negative Poisson’s
ratio is achieved macroscopically through various types of microstructure made of
conventional materials. There also exist (unstable) microstructures that, under cer-
tain boundary conditions, exhibit negative stiffness. In this chapter we review the
microstructures that which generate macroscopic negative Poisson’s ratio and nega-
tive stiffness, determine their effective moduli and discuss general properties of the
materials with such microstructures. We then consider hybrid materials consisting of
conventional (positive Poisson’s ratio and positive moduli) matrix and randomly posi-
tioned inclusions having either negative Poisson’s ratio or a negative stiffness (one
of the moduli being negative). We use the differential scheme of the self-consisting
method to derive the effective moduli of such hybrids keeping in the framework of
linear time-independent theory. We demonstrate that the inclusions of both types can,
depending on their properties, either increase or decrease the effective moduli.

3.1 Introduction

A prospective direction in designing of architectured materials is developing special
microstructures of such materials to achieve desired properties unachievable other-
wise. Such an approach created a class of metamaterials with special mechanical
and acoustic characteristics. Another way of designing materials with the desired
mechanical behaviour is to fill the matrix made of a conventional material with
inclusions possessing specific microstructure that turns them into microscopic mech-
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anisms or machines giving rise to so-called machine augmented composites (MACs).
This concept was first introduced by Hawkins et al. [114], McCutcheon [167, 233]
and then developed by Hawkes et al. [113] and Bafekrpour et al. [22]. In this paper
two special types of micro-mechanisms (or micromachines) are considered whose
mechanical behaviour exhibits either negative Poisson’s ratio or apparent negative
stiffness. In the second case, the matrix plays the role of stabiliser thus making the
total energy of the composite with negative stiffness inclusions positive definite. We
concentrate on the elastic or incremental elastic behaviour without dwelling into
non-elastic or rate effects.

The approach discussed will be viewed in the frame of the paradigm of hybrid
materials as outlined by Ashby and Bréchet [ 15]—instead of an expensive and uncer-
tain traditional process of developing new alloys, new polymer chemistries and new
compositions of glass and ceramics, a hybrid material as ‘a combination of two or
more materials in a predetermined geometry and scale, optimally serving a specific
engineering purpose’ is created. In what follows we firstly consider materials and
structures exhibiting negative Poisson’s ratio (auxetic materials) and the properties of
composites with auxetic inclusions. We will then proceed with more exotic structures
that exhibit negative stiffness or in continuum case the negative shear or Cosserat
shear modulus and the composites with negative stiffness inclusions. It should be
noted that so-called double-negative metamaterials have been proposed which pos-
sess both negative Poisson’s ratio and negative stiffness, e.g. Hewage et al. [115].

3.2 Negative Poisson’s Ratio

3.2.1 Structures Exhibiting the Effect of Negative Poisson’s
Ratio

Negative Poisson’s ratio (NPR), while thermodynamically permitted (in isotropic
materials the permitted range is —1 < v < 0.5) has only been observed in some
natural materials. For instance some crystals exhibit NPR in certain directions (his-
torically, negative principal Poisson’s ratio of —1/7 was observed in a cubic crystal of
Pyrites FeS,, [162]; other cases are described by Gunton and Saunders [108], Milstein
and Huang [173], Evans et al. [80], Keskar and Chelikowsky [132], Yeganeh-Haeri
et al. [5], Yeganeh-Haeri [273], Baughman et al. [27, 28], Alderson and Evans [5];
see also review by Greaves et al. [91]). Another class of auxetic materials is based on
polymers. Alderson and Evans [1] reported technology of producing small samples
of ultra high molecular weight polyethylene anisotropic auxetic material with high
values of NPR (see [2] for modelling the behaviour of this material). The method
was further developed by Alderson et al. [11] and Webber et al. [256]. Simkins et al.
[225] proposed a method of producing polymer auxetic fibres. Hirotsu [118] found
that the poly (N-isopropylacrylamide)/water gel (NIP A gel) exhibits NPR close to
—1 at phase transition. NPR polyester fibres were produced and tested by Ravirala
et al. [205], although values of NPR were small (up to —0.002). Small values of
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the NPR were predicted in carbon nitride by using ab initio calculations, Guo and
Goddard III [109].

Alderson et al. [10] experimentally found that the auxetic microporous polyethy-
lene was both more difficult to indent than the other materials at low loads (from
10-100 N) and was the least plastic with the most rapid viscoelastic creep recovery
of any residual deformation. Alderson et al. [12] designed a method for produc-
tion of thin flat and curved auxetic foam sheets. Bezazi and Scarpa [31] found that
auxetic foams have enhanced tensile fatigue properties. Coenen and Alderson [53]
considered auxetic carbon fibre laminates and the mechanisms of their failure under
indentation. It needs to be noted that in this case of non-elastic behavior, the NPR is
a structure identifier rather than the reason for the reported advantageous non-elastic
properties. Scarpa et al. [214] using Monte-Carlo simulation found the extreme aux-
etic behaviour of non-reconstructed defective single-walled carbon nanotubes.

Grima et al. [94] used molecular modelling to find NPR in zeolites (aluminosil-
icate structures). Grima et al. [104] used computer simulations to investigate the
auxetic character of NAT-type silicates and the effect of pressure. Using numerical
simulations with Monte-Carlo technique the NPR was detected in a number of 2D
and 3D auxetic crystal structures with different inter-molecular potentials (e.g., [35,
36,119,149,178,179,201,234,238-241,262-266]). Scarpa’s et al. [216] numerical
simulations suggested a possibility of NPR in single wall carbon nanotube (SWCNT)
heterojunctions. Grima et al. [101] showed by numerical simulations a possibility of
turning graphene auxetic by introducing vacancy defects thus making the graphene
sheets similar to crumpled paper.

Recently, some indication emerged of the existence of negative Poisson’s ratio in
certain soils, Essien et al. [74] and rocks, Zaitsev et al. [274, 275]. All other known
cases of negative Poisson’s ratio are the man-made structures exhibiting this prop-
erty macroscopically. The majority of such structures are anisotropic, however the
isotropic matrix filled with chaotically oriented anisotropic inclusions is isotropic and
can exhibit negative Poisson’s ratio. Therefore, hereafter the analysis of behaviour of
negative Poisson’s ratio materials and structures will mostly be based on the isotropic
case.

Baughman et al. [26] suggested that 69% of the cubic elemental metals have a
negative Poisson’s ratio when stretched along the [110] direction. Further Zhang
et al. [276] noted that if anisotropic (transverse isotropic in their case) materials are
axially loaded at an angle to the plane of isotropy, the values of elastic parameters
exist that make the ratio of lateral to axial strain positive. It needs to be noted here
that in isotropic materials the positive ratio of lateral to axial strain does indeed
mean NPR, however, in anisotropic materials this ratio depends upon the direction
of loading. For this reason the anisotropic materials showing positive ratios of lateral
to axial strain only in some directions are referred to as partially auxetics (e.g. [36])
since the Poisson’s ratios (the parameters of the Hooke’s law) of anisotropic material
do not depend upon the loading direction. Same remarks can be made with regard
to Yao’s et al. [270] modelling predicting NPR in single wall nanotubes, Chen’s
et al. [47] experiments with the CNT paper (buckypaper) where the ratio of lateral to
axial strain varied from positive to negative depending upon whether the nano-fibres



54 E. Pasternak and A. V. Dyskin

were aligned to the load direction or were directed at 45° to them, as well as Chen’s
et al. [48] auxetic skin. Dong et al. [60] reported the NPR in tetragonal BaTiO3 after
ageing under bending. Jayanty et al. [128] produced anisotropic auxetic stainless
steel fibre mats and obtained very high values of NPR (up to —18.6) in the out-of-
plane direction. Given that the mats are essentially thin plates one needs to consider
a possibility of buckling affecting the measurements. The composites made from
these mats and polymer also showed large NPR (up to —9.0).

An interesting method of creating a 2D structure with the out-of-plane negative
stiffness was proposed by Grima et al. [100]. The structure consists of a conventional
2D hexagonal mesh and a very sift material filling the cells. A uniaxial tensile in-plane
stress applied to the mesh makes the cells to contact in the lateral direction squeezing
out the soft filler thus creating tensile average strain in the out-of-plane direction.
Verma et al. [244] developed a heat-compression method of treating commercial
nonwoven fabrics that produces out-of-plane NPR.

Alderson et al. [7] produced composites made of matrix (Araldite LY 5052 resin
with HY 5084 hardener) filled with auxetic fibres and reported a two-fold increase in
peak load as compared to the same matrix with non-auxetic fibres. We note however
that the reported NPR of the fibres was only —0.156, which suggests that other factors
contributed to the reported strength increase. Alderson and Coenen [8] reported
increased energy absorption of auxetic composite carbon fibre laminates on low
velocity as compared to similar composited with positive Poisson’s ratio.

Babaee et al. [21] designed and manufactured prototype auxetic structure called
Bucklicrystal based on buckling of the structural elements. The NPR up to —0.5
were achieved. It should be noted that buckling is one of the mechanisms of negative
stiffness, BaZant and Cedolin [29], so one can expect that the Bucklicrystal would
show negative Young’s modulus as well.

Sigmund [224] and Larsen et al. [151] proposed a method of designing high
compliance structures, in particular auxetic structures by employing a special opti-
mization problem formulated as minimization of least-squares errors to obtain the
prescribed elastic behaviour; the optimisation problem is solved using a sequential
linear programming. Shokrieh and Assadi [218] proposed algorithm of designing
composites with maximum value of NPR. Further, the optimal design for achieving
NPR was proposed by Czarnecki and Wawruch [57]. Theocaris et al. [235] proposed
a method of designing structures with desired macroscopic values of NPRs using
reverse analysis based on numerical homogenisation.

We concentrate on mechanical nature of auxetic structures and propose a new
classification of the structures. Some previous classifications of auxetics are based
on the major classes of materials (polymers, composites, metals and ceramics) exist-
ing in auxetic form (e.g., [230]). Blumenfeld [33], Blumenfeld and Edwards [34]
proposed to single out so-called iso-auxetic structures, essentially mesh structures
where the stress and strain are defined by a sort of homogenisation (see e.g. Pasternak
and Miihlhaus [190] for a review of the methods of homogenisation) as opposite to
elasto-auxetic structures, where notionally the stress and strain are determinable. Liu
and Hu [161] reviewed geometric auxetic structures developed by the time. Further
review by Prawoto [202] considered mechanisms of NPR and possible applications.



3 Architectured Materials with Inclusions ... 55

Novak et al. [181] provided a classification of internal structures of cellular solids
leading to NPR. Here we classify the auxetic materials in general (beyond the cellular
structures) by the mechanisms of producing the NPR. The basic methods of design-
ing the NPR are: (1) structures based on high ratio of shear to Young’s moduli; (2)
structures shrinking/expanding in lateral directions under axial compressive/tensile
load; (3) structures based on rotating rigid units and; (4) materials with specially
arranged interacting defects.

3.2.1.1 Structures Based on High Ratios of Shear to Young’s Moduli

From a basic relation between moduli of isotropic material
E/G=2(1+v) (3.1)

one can see that negative Poisson’s ratio corresponds to the relation E/G < 2. This
suggests a general method of designing the NPR structures based on achieving high
G/E ratio; as G/E — oo,v — —1. The simplest method of achieving this is
to construct an NPR structure of particles connected by links with high ratios of
shear to normal stiffnesses as implemented in a number of works [185-187, 192].
Another way of using this method is to construct the NPR material as an assembly of
rigidly connected thin hollow spheres [221] whereby the effect of normal stiffness is
achieved by low bending rigidity of thin wall spheres. Similar effect can be reached
by using thin arches [220, 223] or various folded units (e.g., [192]) as links.
Another obvious but underappreciated consequence of relation (3.1) is that as
v — —1 only ratio E/G tends to zero. That means that reaching the extreme negative
Poisson’s ratio, v — —1, is equivalent to either very small E or very large G. (For
some reasons, Spadoni and Ruzzene [229] considered only one way of realising this
limiting transition: G — 00). Subsequently, the claims that materials with NPR
have high fracture toughness (e.g., [51, 141]), high energy absorption on impact
[144] or high hardness (infinite when v — —1, e.g., [3, 6, 9, 78]; see also the
review by Yang et al. [268], Prawoto [202]) can only be substantiated when the
limiting transition v — —1 corresponds to the situation when Young’s modulus E
is either constant or tends to zero slower than (1 — v2). Therefore, any increase in
fracture resistance, hardness or similar properties observed experimentally and in
numerical simulations, in particular the elevated fracture toughness experimentally
observed in auxetic materials (e.g., [61]) or numerically predicted increase buckling
load [71] should be regarded as a property of a particular microstructure that happens
to produce the effect of negative Poisson’s ratio as well; see Pasternak and Dyskin
[187] for details. For instance, if a material with a disc-like crack of radius R is
subjected to uniform tensile load, the critical stress that causes the crack growth can
be represented as 6> = w Ey[2(1 — v*)R]™". Then indeed, as v — —1, the critical
stress increases tending to infinity. On the other hand, if the critical stress is expressed
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through the shear modulus o> = 7 Gy[(1 +v)R] ™", the critical stress decreases as
v—> —1.

Separately stands the dependence of thermal stresses on the Poisson’s ratio. Paster-
nak and Dyskin [187] used a well known fact that the thermal stress is proportional
to e E(1 +v)~! = 2¢G(1 — v)(1 + v)~!, where « is coefficient of linear thermal
expansion. Then in both cases of constant E or constant G, tending the Poisson’s
ratio to —1 leads to reduction of thermal stresses. In this case the strongest effect is
achieved when G = const: the thermal stress tends to zero as v — —1. A similar
conclusion was reached by Lim [156] for auxetic thin plates. (It should be noted that
some structures such as foams can show strongly non-linear deformation and exhibit
for instance high damping and simultaneously negative Poisson’s ratio, e.g., [146,
164], however the NPR does not form a mechanism of such a behaviour.)

The above example shows the importance of separate values of E and G whose
combination gives the value of negative Poisson’s ratio. The relationship between
Young’s modulus E and shear modulus G of isotropic auxetics can, following Ashby
and Bréchet [15] be illustrated by a parametric space shown in Fig. 3.1. The com-
binations of E and G that correspond to the given values of v are represented by
radial lines. The auxetic materials that correspond to fixed G could be called the
G-auxetics, they are represented by the horizontal lines. Likewise, the vertical lines
represent materials with fixed E; they should be called the E-auxetics.

The direct implementation of the idea of high ratios of shear to Young’s moduli
in constructing auxetic structures leads to the development of granular materials in
which the grains are connected with the links with high ratios of shear to normal
stiffnesses. This is achieved by considering a set of grains/particles and applying a
homogenisation procedure based on differential expansions (see details in [185-187,
189, 190]). In this case
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Therefore designing structures whose NPR reaches —1 becomes possible as a
result of the limiting transition &, /k; — 0.

Some known auxetic structures are based on different implementations of low nor-
mal to shear stiffness ratios. Bathurst and Rothenburg [24] proposed auxetic materials
with interacting particles with low normal to shear stiffness ratios. Rothenburg et al.
[207] proposed an auxetic structure based on indirect implementation of low normal
to shear stiffness ratios. Evans and Alderson [77] proposed another version of this
design principle resulting in an auxetic isotropic microstructure consisting of nodules
and fibrils.

Another implementation of this idea is to connect the grains with a stiff rod
that can freely move into the grains; the movement being resisted by a soft spring,
Fig. 3.2a[186, 187, 192]; see also [115]. In this case the shear stiffness is controlled
by the (high) stiffness of the rod, while the normal stiffness corresponds to the spring
stiffness that can be made as low as necessary. The same principle underpins 2D
auxetic system based on interlocking hexagons, Ravirala et al. [204], where the male-
female interlock ensures large shear stiffness alongside with zero normal stiffness.
The idea of high shear to normal stiffness ratio explains the mechanics of NPR of
sheets with high concentrations of multiwall carbon nanotubes, Hall et al. [111]
where low normal stiffness is provided by sliding of walls in the multiwall nanotube.
Another example is the double-helix yarn double layer composite Miller et al. [171],
Wright et al. [267] where the elastomeric core ensures high shear stiffness, while the
stiffer wrap produces low normal stiffness.

An extreme case a ball-rod structure of multipods was proposed by Pikhitsa et al.
[198]. This consists of stiff balls freely sliding on long stiff rods leading to k,, = 0
and, hence v = —1. Pasternak and Dyskin [186, 187] produced a 3D prototype imple-
menting this design. Another variation of this principle consists of a matrix filled
with special cracks whose sliding is prevented by for instance small rods piercing
the crack in the normal direction, Fig. 3.2c, Pasternak and Dyskin [187]. Isotropic
materials with multiscale distribution of randomly situated and oriented disk-like
cracks of this type remain isotropic and permit very large crack concentrations. At
large concentration the Poisson’s ratio tends to —1/3. It is interesting that the crack
sliding can also be prevented if the crack surfaces are rough, which is typical for
geomaterials, Fig. 3.2d. This can form a mechanism of NPRs found in rocks by
Zaitsev et al. [274, 275].

Another design realising low normal to shear stiffness ratios leads to structures
consisting of thin wall spheres in direct contact with each other, Pasternak and Dyskin
[186]. In this case the ratio of stiffnesses &,/ k; ~ h/R, where R is the sphere radius
and £ it the thickness of its shell. Therefore thin enough spheres could potentially
produce NPRs close to —1. This conclusion was confirmed by Shufrin et al. [221] by
final element modelling (using ABAQUS). They obtained the NPRs close to —1. Yet,
a method of producing hollow sphere structures with random packing of the spheres
was earlier proposed by Andersen et al. [14]. In 2D probably the simplest auxetic
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Fig. 3.2 Basic auxetic structures ensuring low normal to shear stiffness ratios by different designs
of links connecting the particles (grains): a stiff rods sliding into the particles provide high shear
stiffness, while the soft spring ensures low shear stiffness; b flexible arms provide high shear
stiffness through their axial stiffness, while low normal stiffness is ensured by low bending stiffness;
c the same as (b) but with arches replacing the arms; d crack with pierced faces to exclude sliding;
e schematics of a possible realisation of a crack with sliding blocked by asperities in rocks; f fragment
of 2D hexagonal reinforced core structure; rigid cores in a shape of hexagon are connected by flexible
spring frames
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structure of this kind was proposed by Shufrin et al. [223] and named the reinforced
core structures. In this structure hexagonal rigid cores were placed in circular flexible
spring frames, Fig. 3.2f. The frames provide high shear to normal stiffness ratio.
The structure was modelled by the finite element method and calibrated against
laboratory experiments (the structure was made from polymers using selective laser
sintering and stereolithography; the displacements were measured using the close
range photogrammetry). The structures tested reached the NPR of about —0.5.

Hughes et al. [122] considered a cubic structures of nodes and introduced beams
of 3 types: type 1 connecting the immediate neighbours, type 2 connecting the second
neighbours and type 3 connecting the third neighbours. Then by playing with beam
stiffnesses the NPR of near —1 was obtained in finite element simulations. Gaspar
[85] suggested making the inter-grain links in the shape of asymmetric elastic arms
and produced a 2D prototype. In this design, the required low normal stiffness is
achieved by the arm bending; the shear stiffness is close to the axial stiffness of the
arms. If the arm length is L and its thickness 4 then the stiffness ratio can be estimated
as k,/ky ~ h?/L?. Again, the NPR close to —1 can be obtained using thin enough
arms. Here reaching the limiting value of NPR is faster than in the case of the thin
wall spheres, however the DEM simulations by Gaspar [85] could only reach the
NPR of —0.1.

Similar but symmetric design, Fig. 3.2¢c, was proposed by Shufrin et al. [219,
220]. Numerical simulations showed that for different shapes of grains the NPR of —
0.66 could be achieved. Further numerical simulation showed that replacing curved
arch with a couple of pinned beams allows approaching the value of NPR = —1.

3.2.1.2 Structures Based on the ‘Anchor’ Effect

The Poisson’s ratio can be expressed in isotropic material (and in a properly chosen
co-ordinate frame in anisotropic materials) as v = —e, /¢e,, where ¢, is the normal
strain component in the direction of loading (we will call it the axial strain), while ¢,
is a normal strain component in a perpendicular direction (we will call it the lateral
strain). Negative Poisson’s ratio corresponds to the same signs of both strains, which
is a movement characteristic of an anchor, Fig. 3.3a. Based on this, Phan-Thien and
Karihaloo [197] proposed an auxetic microstructure consisting of anchor-shaped
inclusions in a matrix. Baughman et al. [26] by considering the possibility of NPR
in the cubic elemental metals essentially refers to the crystals where some atoms are
arranged in the anchor-type configurations presuming that the atomic connections
can play the role of ridged links as in the anchor-type and re-entrant (see below)
structures.

Similar to the anchor structure is the inverted/re-entrant hexagonal/honeycomb
mesh, Fig. 3.3b, initially suggested by Kolpakov [137]. Almgren [13] used the idea
of re-entrant structure for 2D and 3D structures of hinges, springs and sliding collars
with negative Poisson’s ratio of — 1. Two years later it was re-invented by Lakes [139].
He manufactured an open cell polymer and metallic foams with negative Poisson’s
ratio of —0.7. Further methods for manufacturing 2D inverted honeycomb structures
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were proposed by Miller et al. [172]. Choi and Lakes [49, 50] and Chan and Evans
[46] proposed technology of producing auxetic foams with values of NPR reaching
—0.82 in some cases. Scarpa et al. [215] produced auxetic foam with NPR reaching
—0.3. A further production method was considered by Grima et al. [103]. Re-entrant
foams were also discussed by Bianchi et al. [32].

Some modifications of re-entrant structures were proposed by Scarpa and Tom-
lin [213], Attard and Grima [17], Mitschke et al. [176]. Re-entrant honeycombs on
molecular level produce auxetic microporous polymers and polymer laminates, Cad-
dock and Evans [42], Evans et al. [§0], Baughman and Galvao [25]. Alderson and
Evans [2] used what is essentially an anchor-type structure to model the manufac-
tured ultra high molecular weight auxetic polyethylene. Another type of inverted 2D
honeycomb structure was proposed by Lira et al. [159, 160]. The auxetic triangular
lattice core structure, Michelis and Spitas [169] and the triangular lattice structure,
Mitschke et al. [175], Cabras and Brun [40, 41] are other examples of structures of
this kind. Hou et al. [120, 121] proposed an auxetic material consisting of a matrix
filled with triangular thin wall inclusions. It should be noted that while 2D hexagonal
structures are elastically isotropic (see, e.g. [150]) the periodic re-entrant hexagonal
structure loses its hexagonal symmetry and therefore is no longer isotropic, even in
2D.

Fig. 3.3 Basic elements of
auxetic structures: (@)

3.2.1.3 Structures Based on Rotating Rigid Units

Another class of auxetic structures is formed by the structures whose units can rotate
under normal load. In this way, effectively, low shear stiffness is achieved. What
distinguish these structures are their asymmetry and the involvement of internal
rotations of either parts of the network (the chiral lattice) or rigid inclusions. Evans
and Caddock [79] proposed tensile networks, some based on rotating units. Lakes
[140] proposed a 2D chiral honeycomb structure that exhibits a negative Poisson’s
ratio by imposing (rigid) rotations on their units. This is somewhat similar to the 2D
structure proposed by Gaspar [85], Fig. 3.2b. Further structures based on rotating
unites were proposed by Baughman et al. [27]. Alderson and Evans [4, 5] reported
auxetic structures based on rotating tetrahedral framework that is analogous to the
molecular structure of «-cristobalite. Nazare and Alderson [180] and Gatt et al. [87]
proposed models for analysing its Poisson’s ratio. Smith et al. [227] considered
2D networks with asymmetric units whose rotation creates NPR. Gaspar et al. [83]
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Fig. 3.4 Auxetic hexagonal periodic structure based on rotating elements of the mesh [192]

proposed 2D auxetic networks based on regular (periodic) meshes with partially
removed links, which leads to rotations of fragments of the mesh effectively as rigid
inclusions, and manufactured some prototypes. Grima et al. [95, 106] considered
NPR produced by rotation of non-regular polyhedral inclusions. Grima and Evans
[92] considered auxetic behaviour caused by rotating rigid triangles. Similar 2D
structures were analysed by Williams et al. [260]. The rotational mechanism of NPR
was further considered by Pasternak et al. [192] leading to design of a 2D hexagonal
periodic auxetic structure, Fig. 3.4. Attard et al. [18, 19] and Grima et al. [107]
considered structures made of connected and rotating rectangular stiff units. Rotating
mesh elements are also realised in Triangle-Square-Wheels structures, Mitschke
etal. [175, 176]. Mizzi et al. [177] presented finite element modelling of structures
with rotating units. The rotating units can be equipped with magnets; this opens up
interesting avenue of controlling the material behavior with external magnetic fields,
Grima et al. [98].

Gaspar et al. [86] presented theoretical foundations for the NPR created by rotat-
ing units. Spadoni and Ruzzene [229] proposed a micropolar (Cosserat) theory for
modelling the NPR-produced rotations. Further, Milton [174] presented a general
theory of (non-linear) macroscopic deformations of periodic affine unimode meta-
materials constructed from rigid bars and pivots. Kochmann and Venturini [135]
proposed a homogenisation scheme applicable for finite deformations.

Grima et al. [96] used the concept of rotating rigid units to explain the NPR in
the auxetic foams, which are manufactured from conventional foams by hydrostatic
compression and subsequent thermal treatment [ 139]. Grima and Gatt [93] attributed
considered auxetic behaviour of plates with diamond or star-shaped perforations to
rotation of solid parts of the plate between the perforations. Azzopardi et al. [20] used
this mechanism to explain the deformation in stishovite The following subsection
will offer another explanation of auxetic behaviour of perforated plates.
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3.2.1.4 NPR Produced by Crack/Void Interaction

An interesting class of auxetic materials is based on special distributions of cracks
(slits) and holes made in a conventional (continuous) material rather than on pur-
posely designed structures. A basic element in such an auxetic is formed by cracks
oriented perpendicularly to each other, Fig. 3.5. In this picture crack (1) opens under
tensile stress p and produces tensile stress Ao, > 0, which is proportional to p.
This additional stress opens cracks (2) and (3) resulting in additional tensile strain
A€, > 0 also proportional to p. Grima et al. [102] verified the auxeticity of such per-
forated sheets with 2D numerical simulations and experiments and demonstrated that
NPRs close to —1 can be achieved. Slan et al. [226] confirmed this experimentally.
Grima et al. [102] also showed that the NPR survives randomisation of locations
and orientation of the cracks, although the value of NPR decreases with the increase
of the randomness. The latter conclusion is not surprising given that the plates with
randomly oriented and randomly situated cracks will have the Poisson’s ratio tend-
ing to zero as the crack concentration increases (e.g. [210]). Bertoldi et al. [30] used
similar mechanism and observed NPR in a 2D perforated plate, but attributed this
effect to elastic instability owing to low stiffness of and hence large deformation in
the produced system.

Gaspar et al. [84] used Kroner’s homogenization solution and showed that it is
sufficient to add random anisotropic fluctuations to originally isotropic material to
make the Poisson’s ratio negative. It is not clear though what was the influence of
the fact that the Kroner’s method is approximate.
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3.2.2 Properties of Composites with Negative Poisson’s Ratio
Inclusions

This section deals with composite materials consisting of a conventional (positive
Poisson’s ratio) matrix filled with auxetic inclusions. The importance of such com-
posites is that macroscopically matrix filled with negative Poisson’s fibre networks
[128] or auxetic inclusions [257-259] can become auxetic as well. Furthermore, it
was demonstrated that placing the auxetic inclusions of various shapes in a positive
Poisson’s ratio elastic isotropic matrix increases the effective Young’s modulus even
when the Young’s moduli of the matrix and inclusions are the same [185, 186, 192,
257].

3.2.2.1 Effective Moduli

Central for analysing such composites is the determination of their effective moduli,
that is the coefficients of the Hooke’s law relating stress and strain averaged over the
volume elements large enough to encompass a significant number of inclusions, ele-
ments of fibre network or layers (so-called representative volume elements, RVEs).
According to Hill’s lemma [117], the average stress within the RVE is solely deter-
mined by the tractions applied to the boundary and hence in order to find the effective
moduli it is sufficient to load the RVE by uniform tractions and determine the average
strain. (Some papers use the term effective moduli in a different sense; for instance
[165] used this term for frequency-dependent moduli in forced vibration of auxetic
thermoelastic plate.) In general, such a problem does not have an analytical solution
except for a simple case of layered materials [90, 153] and thus requires numerical
modelling.

A number of approximate methods were used to compute effective moduli of
composites with auxetic inclusions. The simplest one is the rule of mixtures. It is
however well known that the rule of mixtures is not applicable for determining
effective moduli of highly heterogeneous materials. Lim [154], Lim and Acharya
[158] used the rule of mixtures for considering effective moduli of layered materials
with alternating auxetic and non-auxetic layers. (We note in passing that the problem
of effective moduli of layered material with general anisotropy has been solved in
closed form by [153] and later by [90].) Wei and Edwards [257] used the mean
field theory based on the assumption that each inclusion can be considered as being
immersed in a certain effective stress or strain field. Shufrin et al. [222] compared
the mean field theory with the results of finite element simulations and found that in
the case of large contrast between the inclusions and matrix the mean field theory
can suffer from significant errors; see discussion below.)

An important method of estimating the effective characteristics is based on the
determination of lower and upper bounds. The most popular are the Hashin-Strikman
bounds, Hashin and Shtrikman [112]. The bounds are widely used for composites
with inclusions. For instance Scarpa et al. [214] used the Hashin-Strikman bounds
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to estimate effective moduli of composites whose matrix contains unidirectional
non-reconstructed defective single-walled carbon nanotubes and found the in-plane
NPR reaching —0.2. However, the bounds may not work in some cases such as the
materials with cracks or composites with negative stiffness inclusions (considered
later in this chapter).

Often the finite element analysis is used to determine the effective moduli, e.g.,
Wang and Pan [246], Kanouté et al. [131], Strek and Jopek [231]. Shufrin et al. [222]
used the finite element method to find the effective moduli of a composite consisting
of isotropic matrix and cubic inclusions. The isotropic matrix with cubic inclusions
become orthotropic and its effective shear modulus becomes different from that of
isotropic material, however the difference becomes appreciable only when the NPR
of inclusions becomes close to — 1. Furthermore, Shufrin et al. [222] compared their
computations with the Hashin-Strikman bounds and found that the bounds are quite
narrow even in the case of auxetic inclusions.

We concentrate here on analytical (and often approximate) methods of deter-
mining the effective moduli, which make it simpler to perform parametric analysis
and consider the extreme cases. (Limitations of analytical models were discussed in
[246].) In order to explain difference between various analytical methods of calcu-
lating effective moduli of a matrix filled with inclusions we consider a simple model
example of an isotropic matrix containing parallel isotropic cylindrical inclusions in
the anti-plane strain approximation. This example will also be used later to analyse
the matrix with negative stiffness inclusions.

In anti-plane strain the only modulus that controls the elastic behaviour of an
isotropic material is the shear modulus G. For a matrix of shear modulus G( with
low concentration of cylindrical inclusions of shear modulus G the expression for the
effective shear modulus accurate to the linear term with respect to the concentration
(area fraction of inclusions) ¢ reads (e.g., [88, 89]):

(3.3)

G -G
G:%P+21 0}

——FC
G+ Gy

Equation (3.3) is based on a solution of a problem for the inclusion in an infinite
elastic space (plane in this case) under uniform tractions applied at infinity. It pro-
vides the constant and linear terms of what is known as virial series. Here the linear
term is obtained by considering each inclusion as being under the original uniform
stress field equal to the stress filed that would be produced in pure matrix by uniform
traction applied to the surface of the RVE. The next, quadratic in concentration term
is responsible for pairwise interaction between the inclusions, that is each inclusion
is considered as being under the additional stress field induced by all other inclu-
sions which are themselves acted upon by the original stress field. The cubic term
represents interactions between triplets of inclusions and so on. Germanovich and
Dyskin [89] calculated the quadratic terms for two extreme cases: equal cylinders
and the multiscale distribution of cylinders. In the latter case it is assumed that the
cylinders of close diameters do not interact directly, that is their concentration is
infinitesimal, while the interaction is important only between cylinders of markedly
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different sizes. Such a distribution was termed ‘wide distribution of sizes’, Salganik
[210]. In a way this case is a double asymptotics of large ratios of inclusions’ radii
and small centration of inclusions of equal radii. The results are:

For equal inclusions

G -G 4(Gy — Go*Q2G1+G
G =Go|1+281 =60, 361 =G0y @Gi+Go) » (3.4)
G] + Go 3 (G] + G())3
For wide distribution of radii
G -G G, —Go)’*3G,+G
G:G0|:1+2 1= Go ., (61 =G 3 0)62] (3.5)
G1+G0 (G1+G0)

The determination of higher terms usually meets with considerable technical dif-
ficulties. That is why for practical usage simple approximate methods are used based
on the solution of single inclusion in uniform stress field, which is the approximation
of non-interacting inclusions, given for the example of parallel cylinders in anti-
plane strain by (3.3). Interaction between the inclusions is accounted for by either a
uniform effective stress different from the applied one (the mean field theories) or by
changing the moduli of the medium in which the inclusion is considered (effective
medium theories). In the latter case the most popular are the so-called self-consistent
methods.

There are two main self-consistent methods: the symmetric (algebraic) scheme
and asymmetric (differential) scheme. The symmetric scheme (e.g., [38]) considers
the inclusion as being in an equivalent medium with the yet unknown effective
moduli. Essentially, this scheme treats each inclusion equally and is seem to be
suitable for every size distribution, in particular equal inclusions. This approach
leads to a system of algebraic equations (hence the name for the scheme), which for
the example considered reduces to the following equation:

G -G
G=Go|l+2——c]|. (3.6)
G +G
Solution of this equations keeping only quadratic term reads
G -G Gi — Go)*G
G:Go|:1+2 i PG O)S‘cz} (3.7)
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One can see that the difference from the independently computed quadratic term
in (3.4) can reach as much as 100%. Furthermore, the implementation of this scheme
for equal spherical particles (e.g., [38]) and randomly oriented equal disc-like cracks
(e.g., [39, 183]) for large inclusion/crack concentrations gives negative values for
the effective moduli; see also Bruner [37]. In other words for large concentrations of
inclusions or cracks the symmetric scheme predicts the NPR where it should not be
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present. A reason for this is that the scheme overestimates the interaction between
the inclusions/cracks.

The differential scheme is best understood for the case of multiscale or wide
distribution of inclusion sizes [210, 242, 243]. For this distribution the effective
moduli are calculated step-by-step. Firstly, the smallest inclusions are inserted in
the original material. Since, by assumption the concentration of such inclusions is
infinitesimal, dc, and hence the effect of interaction between them is negligible, the
effective moduli are computed using the approximation of non-interacting inclusions.
Then the group of inclusions of the next size also of concentration dc is immersed
in an equivalent medium with the effective moduli determined at the previous step.
This step is repeated by induction until all inclusions are immersed.

The introduction of new inclusions into the equivalent material corresponds to the
removal of a portion dc of the equivalent material and replacing it with the material
of inclusions. Together with the equivalent material some previously introduced
inclusions get removed as well. Therefore, at each step the concentration previously
immersed inclusions gets reduced by a factor (1 — dc). Thus for the example at hand
this procedure leads to the following differential equation (hence the name of the
scheme):

dG  2G G -G
de  1—-¢G;+G

(3.8)

with initial conditions G = Gy at ¢ = 0.
Solution of this equation reads

G G -G
22T e (3.9)
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Expanding G in power series in ¢ and keeping only the quadratic term one obtains
expression (3.5). Thus the differential scheme gives exact quadratic term obtained
for the wide distribution of sizes. It is not surprising that the quadratic term obtained
by the differential scheme is different from the one computed for equal inclusions.
What is interesting though is that the difference is at most 25% that is 4 times smaller
than the symmetric scheme gives. Furthermore, other methods, like the mean field
methods still give errors higher than the differential scheme [89].

The differential scheme has another interesting feature: a solution like solution
(3.9) can be used all the way through up to extreme concentration of inclusions ¢ =
1. (In the paradigm of wide distributions of sizes such concentration is theoretically
possible since small inclusions get fitted between the large ones.) For this concen-
tration (3.9) gives G = G, which corresponds to the case when the material of the
whole matrix is replaced with the material of inclusions.

Given the above reasons we only use the differential scheme in the analysis. Using
this scheme Pasternak and Dyskin [187] determined the effective moduli of isotropic
material of shear modulus G and bulk modulus «y with multiscale distribution of
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Fig. 3.6 Dependence of effective Young’s modulus of isotropic composites with spherical inclu-
sions made of the same material with Young’s modulus equal that of the matrix, Pasternak and
Dyskin [187]: a extreme NPR = —1 inclusions in a matrix with different positive Poisson’s ratios;
b extreme NPR = —1 matrix with different positive Poisson’s ratio inclusions

spherical auxetic inclusions of concentration (volumetric fraction) ¢ whose shear and
bulk moduli are denoted G and «;. The analysis was based on differential equations
derived by McLaughlin [168] for spherical inclusions using the differential scheme;
in notations adopted here they read:

dik _ k+k* K1—K * _ 4

06 _ 66t o 3GG9 8G

aG _ G+ 1— * _ G 9%+

de = l—c G1+G*’ G* = 6 k+2G (3.10)
ch:() = K0, G|c:() = GO

Numerical solution of this system is shown in Fig. 3.6, Pasternak et al. [192],
Pasternak and Dyskin [187]. Figure 3.6a shows the extreme case of inclusions with
Poisson’s ratio of —1 for different positive Poisson’s ratios of the matrix. The Young’s
moduli of matrix and inclusions are assumed to be equal. It is seen that that extreme
NPR inclusions reduce the effective Poisson’s ratio of the composite that becomes
—1 at the maximum concentration of inclusions. It is interesting that the effective
Young’s modulus has a peak at certain concentration of inclusions; when the matrix
is nearly incompressible the effective Young’s modulus exceeds that of the matrix
more than 3 times.

The observed increase of effective Young’s modulus is not surprising as the
Young’s modulus of inclusions and the matrix are assumed to coincide. Therefore, as
the Poisson’s ratio of inclusions tends to —1, the ratio between the shear and Young’s
moduli of inclusions tends to infinity. This situation can be further clarified by return-
ing to the above example of anti-plane strain problem of composite with cylindrical
inclusions. Extreme NPR corresponds to infinite shear modulus; performing limiting
transition G| — oo in (3.8) one obtains
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dG 2G
— = (3.11
dc 1—c
Its solution with the said initial conditions reads
G = ! (3.12)
Go (1—cp '

It is seen that this simple case has a singularity at ¢ = 1, which elucidates the
existence of the peak in the effective Young’s modulus.

An increase of Young’s modulus in composites with auxetic inclusions was seen in
simulations performed by Assidi and Ganghoffer [16]. Shufrin et al. [222] considered
composites with cubic inclusions and used the finite element method for computing
the effective moduli. They obtained results similar to shown in Fig. 3.6a and showed
that cubic inclusions produce significantly stronger increase in the effective Young’s
modulus than the spherical ones, while the difference in effective Poisson’s ratios is
minor. This was further confirmed by Pasternak et al. [194].

Interesting is also the opposite case when the extreme auxetic matrix is filled
with positive Poisson’s ratio inclusions, Fig. 3.6b. In this case a strong increase in
the effective Young’s modulus is observed as the inclusions tends to incompressible.
Pasternak and Dyskin [187] demonstrated the existence of singularity as v; — 0.5.

3.2.2.2 Effective Coefficient of Thermal Expansion

Pasternak and Dyskin [187] put forward general arguments as to why the auxetic
materials have reduced thermal stress as compared with simular positive Poisson’s
ratio material. Pasternak et al. [194] conducted finite element numerical simulations
of an isotropic positive Poisson’s ratio matrix with randomly distributed auxetic
inclusions of cubic shape with positive or negative coefficient of thermal expansion
(CTE) and determined the effective CTE and the thermal stress (see e.g., [23, 76,
97,99, 105, 138, 157, 166, 170, 232] for structures producing negative CTE). It was
assumed that the Young’s moduli of inclusions and the matrix coincide. The model
was calibrated against experimental results found in the literature. Also the results
were compared with the Rosen-Hashin bounds, Rosen and Hashin [206] and found to
be well within the bounds. It was found that the auxetic inclusions with positive CTE
in the conventional matrix with positive Poisson’s ratio are capable of reducing the
thermal stress. Lim [155] investigated layered materials with alternating auxetic and
positive Poisson’s ratio isotropic layers with positive and negative CTE and showed
that the combination of auxetic, positive CTE layers and positive Poisson’s ratio,
negative CTE layers lead to stronger negative effective CTE than the combination of
auxetic, negative CTE layers and positive Poisson’s ratio, positive CTE layers. Ha
et al. [110] proposed to use chiral structures to ensure large thermal expansion.
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3.2.3 Discussion

The above review shows that it is important to distinguish between the effects of
microstructure producing the NPR, including non-elastic effects; energy absorption
and various strength properties form the elastic effect of NPR per se. The latter is
not profound and in isotropic case is tight to relationship (3.1). When the NPR is
specified, the corresponding pairs of Young’s and shear moduli can be found from
the two-parametric space, Fig. 3.1. When the extreme NPR = —1 is considered, the
effect strongly depends upon how limiting transition G/ E — oo is performed. If for
instance G is fixed and E tends to zero the claimed improvements in e.g., fracture
toughness and indentation resistance disappear. Only the reduction in thermal stresses
survives, but the extent of the reduction does depend on the way the above limiting
transition is performed. These considerations somewhat limit the applicability of
auxetic elastic materials.

From this point of view it is advantageous to consider auxetic-inspired structures
in their own right and the ensuing applications. In particular, in space engineering and
construction engineering such structures belong to a class of deployable structures,
as contraction in lateral directions induced by axial compression can be used to fold
the structure into a compact configuration (e.g., [82, 196, 212, 228, 261]). Figure 3.7
shows an example of a deployable structure copied from Gantes et al. [82].

Another perspective application is in making composites (or hybrid materials)
with auxetic phase (or phases). The presence of auxetic phase can modify various
mechanical properties of the material, subsequently it is important to devise meth-
ods ensuring the optimal choice of the concentrations and properties of the auxetic
phases needed to achieve the desired effective material characteristics in the spirit of
Ashby and Bréchet [15]. In this respect, vital are the efficient methods of computing
the effective characteristics (e.g. moduli, CTE). The above analysis shows that the
differential scheme can provide a simple and sufficiently accurate method, which
makes it a method of choice for in initial investigations with subsequent refinement
using numerical simulations.

3.3 Negative Stiffness

3.3.1 Structures Exhibiting the Effect of Negative Stiffness

Term “negative stiffness” is used here to indicate the elastic materials with one or
several moduli negative such that formally the elastic energy is no longer positive
definite. The absence of positive definiteness means that a material with such a
property cannot be in equilibrium on its own and is rather a mechanism that requires
the presence of a special external system capable of providing stabilisation. In other
words, the external system plays a role of energy reservoir, Dyskin and Pasternak [65],
which makes the energy of the whole system (the material + the energy reservoir)
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positive definite. The first obvious example of such a combination is the post-peak
stress-strain curve observed in uniaxial and some types of triaxial compression of
heterogeneous materials such as rocks, soils and concretes. The descending character
of the stress-strain curve, that is decrease of the stress with increase in the strain
provides an example of incremental negative stiffness. It is well known (e.g., [54,
209]) that obtaining the post-peak softening branch requires a stiff loading frame
otherwise the tested sample will be broken at the peak (in soils this failure is usually
not observed owing to the considerable softness of the soil).

Further examples of structures exhibiting negative stiffness are given by various
mechanisms made of levers and arches and contain preloaded elastic springs (e.g.,
[44,45,123, 145, 184,211,236, 248]) or arches [ 115, 200] needed to store the energy
that gets released in loading thus exhibiting apparent negative stiffness. Indeed, if an
equivalent spring modelling the negative stiffness system has stiffness —k < 0, then
if the loading device increases force from F' to F + AF it will cause displacement
increment Au = —AF/k < 0. Then work performed by the loading device on the
displacement increment Au is A = FAu = —FAF/k < 0. This means that the
energy pumped to the loading device should come from somewhere; that is why
preloaded springs are necessary. (In the case of post-peak softening of a heteroge-
neous material in compression the energy gets released by damage accumulation,
i.e. the fracture growth.)

A different type of negative stiffness structures is based on pre-buckled tubes and
columns (e.g., [29, 81, 143]) and nanotubes [237, 271, 272], see also [58, 59, 129,
130]. In this case reaching the buckled state is accompanied by energy accumulation,
whose release manifests itself as apparent negative stiffness. Similarly, elastomeric
cellular solids, Lakes et al. [147], exhibit the negative stiffness due to buckling. It
can be said that the appearance of negative stiffness is an indicator of the state of
instability, buckling being one of them. For the same reason, the unstable regions
in deformation of non-linear springs with non-convex energy (e.g. [43, 203]) show
negative stiffness.

Another type of structures exhibiting negative stiffness is plate-like interlocking
structures of cubic elements constrained by a frame under indentation as demon-
strated experimentally and in numerical simulations [75, 217]. The role of energy
storage here is played by the elasticity of stiff frame.

Dyskin and Pasternak [64-66, 69], Pasternak and Dyskin [188] suggested that
apparent negative stiffness could be produced in rotating non-spherical grains in rocks
(or blocks in rock mass [67, 68]) in the presence of compression. This mechanism
is schematically explained in Fig. 3.8. It consists of a lever subjected to a horizontal
displacement in the presence of a vertical compressive force. (The lever can be
thought of as a suitable grain diameter drawn from a point of contact, point O in
Fig. 3.8a.) The force-displacement curve is shown in Fig. 3.8b. The descending
branch clearly indicates the presence of incremental negative stiffness (the slope of
the tangent line is proportional to magnitude of compressive force P). Furthermore
the dependence is reversible and, in this set-up, time-independent, which makes it
elastic (even nearly linear elastic). The energy balance is ensured by the work of the
second loading device that provides compressive force P.
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Fig. 3.8 A mechanism exhibiting negative stiffness relating the shear force and displacement:
a lever rotating about point O, subjected to normal (compressive) force P and sear displacement u;
b shear force-displacement diagram and a tangent line at u = 0

In living nature negative stiffness is hypothesised to characterise the deformation
of hair-bundle in the ear providing an amplification mechanism in hearing [163, 255]
and, in some cases, of joints [52, 152]. At microlevel, apparent negative stiffness at
certain parts of the stress-strain curve can be exhibited during phase transforma-
tions accompanied by transitional deformation (e.g., [126, 208]). Here the energy
is balanced by the energy of phase transformation. Lakes et al. [148] and Jaglinski
et al. [125] suggested that ferromagnetic crystals that change volume due to phase
transformation at certain temperatures could also exhibit negative stiffness.

3.4 Matrix with Negative Stiffness Inclusions

Using a stiff loading frame is not the only way to stabilise negative stiffness elements.
Another method is to create a composite consisting of conventional positive stiffness
matrix filled with negative stiffness elements (e.g., [44, 62, 65, 66, 133, 142, 143,
145, 148, 248, 254]). The stabilisation effect of the matrix obviously depends upon
the concentration (volumetric fraction) of the negative stiffness elements. On top
of that Kochmann and Drugan [136] proposed to increase the range of stability by
rotating the whole composite. Jaglinski and Lakes [124] associated instability with
the composite reaching negative stiffness. The implementation of this principle was
based on Hashin-Strikman bounds.

The notion that matrix filled with negative stiffness inclusions can possess unusual
mechanical and physical properties was widely discussed in the literature involving
theoretical reasoning, numerical simulations and experimentation (e.g., [60, 125,
127, 148, 184,251, 269]). Such materials were anticipated to have elevated stiffness,
thermal expansion and damping [55, 56, 125, 142, 145, 245,247,249, 250, 252, 253,
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272] and can provide sound attenuation (e.g., [269] and vibration isolation (e.g., [ 184,
199]).

Lakes [142, 143] and Lakes et al. [148] using lower and upper bounds to esti-
mate the effective Young’s modulus came to a conclusion that the negative stiffness
inclusions could increase the effective stiffness of the composite as compared to the
initial stiffness of the matrix. It should be noted however that the derivation of the
bounds relies on positive definiteness of elastic energy (e.g., [116]), which can be
violated within the material of negative stiffness inclusions. Kochmann and Milton
[134] showed that the bounds are valid as long as the composite with negative stiff-
ness inclusions is stable). Lakes and Drugan [145] obtained the effect of increase
in effective stiffness in a matrix with spheres of negative stiffness using the approx-
imation of non-interacting inclusions and found a critical concentration when the
effective Young’s modulus becomes infinite and then abruptly becomes negative. A
similar behaviour (without involving the infinite modulus) was predicted by Wang
and Lakes [248] by numerically simulating a system consisting of one positive and
one negative stiffness element. Wang [245] considered a double hexagonal struc-
ture with positive stiffness external hexagon and negative stiffness internal hexagon
and showed that depending on the value of the negative stiffness there exist zones
of increased effective stiffness followed by abrupt transition to negative effective
stiffness.

Dyskin and Pasternak [63, 65] analysed the effect of negative stiffness inclusions
on the effective elastic properties of such composites using a simple model of anti-
plane strain of the composite consisting of a conventional isotropic matrix of shear
modulus G with cylindrical inclusions of negative shear modulus. It was shown that
despite possible non-uniqueness of the corresponding elastic solution, the average
stress and strain and hence the effective modulus can be determined uniquely. The
computation of the effective shear modulus was based on the differential scheme,
(3.8) with G; = —mG( < 0. Figure 3.9 reproduces the results. It is seen that there
exists critical concentration representing the transition from positive to negative
effective shear modulus, however opposite to the previously believed the effective
shear modulus can either increase, when the inclusions have high value of negative
shear modulus or decrease, when the value of negative shear modulus of inclusions is
low compared to the modulus of the matrix. Also, no unphysical infinite modulus is
observed; the singularity is probably an artefact of approximation of non-interacting
inclusions used by Lakes and Drugan [145]. It can be concluded that the interac-
tion between the inclusions is always important and should not be neglected. After
passing the critical concentration the effective shear modulus abruptly becomes neg-
ative; its value depends on parameter B controlled by the loading device that ensures
the stability of the negative stiffness composite (see [65] for details). Also it was
found that when m = 1 the effective shear modulus is negative for all concentrations
of inclusions. Dyskin and Pasternak [65, 66], following Jaglinski and Lakes [124]
associated this state with instability.

Dyskin and Pasternak [66] considered conventional isotropic matrix with spherical
inclusions of negative shear modulus whose bulk modulus equal to that of the matrix
and found qualitatively similar behaviour. They also found the same type of behaviour
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Fig. 3.9 Normalised effective shear modulus of an isotropic matrix of shear modulus G with
different negative shear modulus cylindrical inclusions versus volumetric fraction (concentration)
c of inclusions: a low negative stiffness inclusions, m = —G1/Go = 0.1; b high negative stiffness
inclusions, m = —G1/Goy = 10

of matrix with disc-like shear cracks with negative factor relating the applied shear
load and average displacement of the crack faces.

The stability of composites with negative stiffness inclusions was further investi-
gated by Pasternak et al. [193], Dyskin and Pasternak [70] and Pasternak and Dyskin
[191]. This was accomplished by using a simple model of a chain of springs with
fixed ends. It was shown that in a stable chain no more than one spring could be
negative with the value of negative stiffness not exceeding a certain critical value
determined by the stiffnesses of all other springs. Furthermore, when the negative
stiffness reaches its critical value one of the eigenfrequencies becomes zero. In sys-
tems with light viscous damping vanishing of an eigenfrequency does not yet lead
to instability. Further increase in the value of negative stiffness leads to the appear-
ance of aperiodic eigenmodes with light and high damping. At the critical negative
stiffness the low dissipative mode becomes non-dissipative, while in the high dis-
sipative mode the damping coefficient becomes as twice as high as the damping
coefficient of the system. Therefore, negative stiffness inclusions can both increase
and decrease damping, opposite to some claims in the literature that stiffness inclu-
sions just increase damping and energy absorption (e.g., [125, 142, 145, 245, 247,
249, 250, 252, 272]). Esin et al. [72, 73] extended this analysis to some 1D systems
with longitudinal, shear and rotational springs and 2D systems.

Pasternak et al. [195] by analysing the model of rotating non-spherical particles
(see Fig. 3.8a, where the lever corresponds to a diameter of the particle) noticed that
the dependence on Fig. 3.8b could be interpreted as negative factor between the shear
force and rotation angle instead of displacement. When the material particles are able
to rotate then its continuum model, is the Cosserat or micropolar continuum (e.g.,
[182]) in the case of isotropic matrix an randomly situated particles the Cosserat
continuum is isotropic. However when the particles are not spherical, their rotation
in the presence of compression will lead to a Cosserat continuum with negative
Cosserat shear modulus that relates the non-symmetrical parts of Cosserat strain
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and shear stress. Based on that notion Pasternak et al. [195] investigated the wave
propagation in such a continuum and found that the material is stable and the waves
can propagate as long as the value of the negative shear modulus does not exceed the
shear modulus. Furthermore, all 4 types of Cosserat waves (p-wave, two s-waves and
atwist wave) can propagate at any frequencies (in the conventional positive modulus
isotropic Cosserat continuum the second s-wave and the twist wave only exist at
frequencies exceeding a certain threshold).

3.5 Discussion

The structures exhibiting negative stiffness (apparent negative stiffness) are unstable
but can be stabilised by an external system stiff enough to make the total energy
positive definite. Yet, within the negative stiffness material or structure the energy
is not positive definite which can induce some form of internal instability like strain
localisation observed in stiff compressive loading of rocks, soils or concrete. The
role of the stabilising system can also be played by the matrix, if its stiffness is high
enough and the concentration of inclusions is not very high.

The negative stiffness structures can be classified into two types: (1) structures
that have pre-loaded energy elements (e.g. structures with pre-loaded springs or
pre-buckled tubes, materials with phase transformation) and (2) structures that use
an externally applied (compressive) load such that the energy is balanced by the
work of an additional loading device; e.g. the lever system, Fig. 3.8 and rotation of
non-spherical particles. In type (2) systems the value of negative stiffness depends
upon the compressive force applied. Therefore the compressive force can be used
to control negative stiffness. This opens up an avenue of designing hybrid materials
with controllable properties based on type (2) negative stiffness systems, Pasternak
et al. [195]. In particular, controllable are the effective stiffness, eigenmodes and
damping; especially interesting effects can be expected when the value of negative
stiffness is such that an eigenmodes is near zero. Furthermore this control can be
flexible and operate in real time.

3.6 Conclusions

Auxetic materials — materials with negative Poisson’s ratio(s) are elastic materials
with moduli within admissible ranges. The effect of negative Poisson’s ratio(s) on
the mechanical behaviour strongly depends upon the combination of the other elastic
moduli (e.g. Young’s and shear moduli in isotropic case). For instance the fracture
toughness or indentation resistance can both increase or stay the same depending
upon the path in the parametric space, Fig. 3.1, that leads to the specified negative
Poisson’s ratio. The same is valid for composites containing negative Poisson’s ratio
inclusions. The experimental and numerical results suggesting extreme effects mostly
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concern non-elastic regimes and relate to the behaviour of particular structures that
within the elastic regime exhibit negative Poisson’s ratio(s). Such structures, includ-
ing deployable structures have a great importance per se and numerous interesting
applications, which however cannot be reduced to negative Poisson’s ratio(s).

Negative stiffness on the other hand is a convenient measure characterising vari-
ous structures (rather mechanisms or being brought to the stage when they become
mechanisms). These structures being immersed in a matrix (made of a conventional
material) can provide markedly different stiffnesses, eigenmodes and energy absorp-
tion characteristics. Most important is that some of the structures rely on additional
external load, which can be used to control the properties of the composite (or rather
hybrid) even in real time. Such structures can of course be modelled in full without
resorting to the negative stiffness concept, but the notion of negative stiffness may
simplify the analysis.

An efficient approximate method for the determination of effective moduli of
matrix with negative Poisson’s ratio or negative stiffness inclusions is the differential
scheme based on consecutive immersing small portions of inclusions in the equivalent
medium with effective moduli determined on the previous step.

Further development in mathematical modelling of composites and hybrids with
negative stiffness elements can provide tools for designing materials with unusual
and controllable properties.
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Chapter 4 ®
Computational Homogenization e
of Architectured Materials

Justin Dirrenberger, Samuel Forest and Dominique Jeulin

Abstract Architectured materials involve geometrically engineered distributions of
microstructural phases at a scale comparable to the scale of the component, thus call-
ing for new models in order to determine the effective properties of materials. The
present chapter aims at providing such models, in the case of mechanical properties.
As a matter of fact, one engineering challenge is to predict the effective properties
of such materials; computational homogenization using finite element analysis is a
powerful tool to do so. Homogenized behavior of architectured materials can thus
be used in large structural computations, hence enabling the dissemination of archi-
tectured materials in the industry. Furthermore, computational homogenization is
the basis for computational topology optimization which will give rise to the next
generation of architectured materials. This chapter covers the computational homog-
enization of periodic architectured materials in elasticity and plasticity, as well as
the homogenization and representativity of random architectured materials.

4.1 Introduction

Architectured materials are a rising class of materials that bring new possibilities
in terms of functional properties, filling the gaps and pushing the limits of Ashby’s
materials performance maps [11]. The term architectured materials encompasses
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any microstructure designed in a thoughtful fashion, such that some of its materials
properties, e.g.yield strength/density, have been improved in comparison to those
of its constituents, due to both structure and composite effects, which depend on
the multiphase morphology, i.e. the relative topological arrangement between each
phase [11, 33, 35].

There are many examples: particulate and fibrous composites, foams, sandwich
structures, woven materials, lattice structures, etc. with different objectives. For
instance, developing architectured porous materials for structural, acoustic and insu-
lation properties [40, 70], entangled monofilament of pearlitic steel [47, 173], sand-
wich composite structures [118, 163—165], segmented interlocking structures [59,
60, 62, 65, 66, 72, 117, 123, 136, 145-147, 189], asymmetric frictional materials
[18, 19], woven and non-woven textile composites [57, 130, 141], porous metallic
glasses [187], hierarchical composites [92], crumpled metallic foils [34]. Much more
examples can be found in the present book.

One can play on many parameters in order to obtain architectured materials, but all
of them are related either to the microstructure or the geometry. Parameters related to
the microstructure can be optimised for specific needs using a materials-by-design
approach, which has been thoroughly developed by chemists, materials scientists
and metallurgists. Properties improvements related to microstructural design are
intrinsically linked to the synthesis and processing of materials and are therefore due
to micro and nanoscale phenomena, taking place at a scale ranging from 1 nm to
10 wm. This scale is below the scope of the present chapter, but has been extensively
studied in the literature [63, 78, 148].

From a macroscopic viewpoint, parameters related to the geometry have mainly
been the responsibility of structural and civil engineers for centuries: to efficiently
distribute materials within structures. An obvious example would be the many differ-
ent strategies available for building bridges. At the millimetre scale, materials can be
considered as structures, i.e. one can enhance the bending stiffness of a component by
modifying its geometry while keeping the lineic mass (for beams) or surfacic mass
(for plates) unchanged [209]. On the other hand, one might need a lower flexural
strength for specific applications, with the same lineic and/or surfacic masses. This
can be achieved with strand structures, i.e. by creating topological interfaces in the
material. Processing remains the key technological issue for further development of
architectured materials as the microstructure, the shape, and the scale of the material
depend on it. Progress is made every day in terms of material processing at the lab
scale, as it was done in [191] by using a bottom-up approach of sequential processing
techniques in order to fabricate ultralight metallic microlattice materials [190]. There
is still a long way to go for the industry to actually apply architectured materials in
product manufacturing.

Architectured materials lie between the microscale and the macroscale. This
class of materials involves geometrically engineered distributions of microstruc-
tural phases at a scale comparable to the scale of the component [11, 33, 35],
thus calling for enriched models of continuum mechanics in order to determine the
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effective properties of materials [81, 140], e.g. generalised continua theories, in order
to describe the behaviour of architectured materials, such as strain-gradient elasticity
[13], and strain-gradient plasticity. This topic has been especially fruitful these last
few years in the mechanics of materials community [9, 13, 45, 51, 129, 166, 167,
174, 203]; this results in the availability of versatile models able to describe the var-
ious situations encountered with architectured materials. Given mature processing
techniques, architectured materials are promised to a bright future in industrial appli-
cations due to their enticing customisable specific properties and the opportunity for
multifunctionality.

When considering actual applications, one engineering challenge is to predict the
effective properties of such materials; computational homogenisation using finite
element analysis is a powerful tool to do so. Homogenised behaviour of architec-
tured materials can thus be used in large structural computations, hence enabling the
dissemination of architectured materials in the industry. Furthermore, computational
homogenisation is the basis for computational topology optimisation [3, 10, 24, 41,
86, 116, 184, 205, 208, 210, 211] which will give rise to the next generation of
architectured materials as it can already be seen in the works of [8, 48, 71, 83, 96,
119, 120, 128, 132, 149, 171, 204, 207].

Therefore, the development of architectured materials is related to the availabil-
ity of appropriate computational tools for both design and modelling, but also for
computerised manufacturing as for the various additive manufacturing techniques
considered for producing architectured materials. In order to foster the development
of architectured materials within an industrial framework, the availability of mod-
elling bricks describing the underlying behaviour of such materials, is a necessity in
order for these to be used in structural simulation codes. We are aiming at developing
product design methodologies taking into account the specificities of architectured
materials. To do so, we focused on computational approaches to modelling and opti-
mising architectured materials, as well as novel processing techniques.

Materials science comes from the following fact: microstructural heterogeneities
play a critical role in the macroscopic behaviour of a material [29, 32, 77, 112,
151, 202]. Constitutive modelling, thanks to an interaction between experiments and
simulation, is usually able to describe the response of most materials in use. Such
phenomenological models, including little to no information about the microstruc-
ture, cannot necessarily account for local fluctuation of properties. In this case, the
material is considered as a homogeneous medium. Studying the behaviour of het-
erogeneous materials involves developing enriched models including morphological
information about the microstructure [22, 49, 64, 105, 108, 115, 159, 195, 197, 201,
213]. These models should be robust enough to predict effective properties depending
on statistical data (volume fraction, n-point correlation function, etc.) and the physi-
cal nature of each phase or constituent. As a matter of fact, advanced models are often
restricted to a limited variety of materials. Although isotropic and anisotropic poly-
crystalline metals, for instance, have been extensively studied by the means of both
analytical and computational tools [25, 27, 38, 79, 97, 114, 121, 133, 157], some
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material configurations (architectured materials, materials with infinite contrast of
properties, nanocomposites, materials exhibiting nonlinear behaviour, etc.) call for
further development of models and tools for describing their effective behaviour. The
purpose of this chapter is to present existing homogenization methods applicable to
architectured materials.

The chapter was conceived as a basis for the enquiring reader to find out the
main concepts related to computational homogenization of architectured materials,
as well as the bibliographical references necessary to further his/her understanding
of the present topic. It is based on the Ph.D. dissertation of the first author [54]. The
chapter is organized as follows: firstly, classical homogenization for linear elasticity is
presented in Sect. 4.2 and applied to the case of periodic architectured materials with
negative Poisson’s ratio, or auxetics. For a similar case of application, computational
homogenization for elastoplasticity is introduced in Sect. 4.3. Since architectured
materials are not always periodic, considerations regarding the of random media
based on computational homogenization are presented in Sect. 4.4. Conclusions and
perspectives are postponed to Sect. 4.5.

In this chapter, zeroth, first, and second order tensors are denoted by a, a , a respec-
tively. The simple and double contractions are written . and : respectively. In index
form with respect to an orthonormal Cartesian basis, these notations correspond to

QQ =Clibj, a . IZ =al-jb,»j (41)

where repeated indices are summed up. The tensor product is denoted by &®. For
example, the component (@ ® b);jx; is a;iby. The small strain assumption is made in
this chapter. The nabla operator is denoted by Vy (resp. V) when partial derivation is
computed with respect to macroscopic (resp. microscopic) coordinates. For example
0.V is the divergence of the second order tensor o. The index form of .V is o ;.
Similarly, # ® V means u; ;. The sign := defines the quantity on the left-hand side.

4.2 Computational Homogenization for Linear Elasticity

4.2.1 Constitutive Equations

When heterogeneous materials are assumed to respond linearly to mechanical load-
ing, constitutive relations are expressed locally for each phase in a linear elasticity
framework using the generalized Hooke law:

1€ “4.2)

(Z‘:

Iy

with o second-order symmetric Cauchy stress tensor, € second-order symmetric
engineering strain tensor and ¢, fourth-order positive definite tensor of elastic moduli,
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also known as the elastic stiffness tensor. It is possible to express strain as a function
of stress using the Compliance tensor s, which is defined as the inverse of tensor c:

e=s:0g with, §:= g’l 4.3)

such that,
s-e=1 (4.4)

with I, fourth-order identity tensor operating on symmetric second-order tensors
such that:

g = (5ik5jl + 5[15jk) e, €; Ve, Ve, 4.5)

1
2

The 81 components of ¢;;; can be thinned-down to 21 for the most anisotropic
case (triclinic elasticity) due to symmetries of o and €. By isomorphism, these 21
components can be written as a symmetric second-order tensor (matrix) ¢;; with 21
independent components using Voigt’s notation:

o11 C11 C12 C13 C14 C15 Ci6 €11
022 ® (2 (23 C24 C25 C26 €2
033 | _ | ® ® (33C340C35C36 €33 (4.6)
023 ® O O (44 C45Ch6 V23
031 ® o o o (550(5 V31
012 e o o o o (i Y12

Engineering shear strain is used in the strain column-vector:

Y23 = 223
Y31 = 2€31
Y2 = 2€12

The matrix form of the compliance tensor is obtained by inverting (4.6):

€11 S11 812 $13 S14 S15 S16 o1
€22 ® 527 823 $24 825 826 022
€33 | _ | ® ® 533534 835 536 033 (4.7)
V23 ® O O 5448545 S46 023
Y31 ® o o o 55555 03]
Y12 e O o o o Sy ag12
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The finite element code used in the applications is actually making use of the Mandel
notation presented in (4.8) and (4.9):

011 c11 c12 13 V2¢14 N 2¢15 v/2¢16 €1l

022 o 2 023 V2¢24 V2¢25 V2056 )
033 | _ | e e c33 V2¢34 V235 v 2¢36 £33 (4.8)
V2023 . o 2cu  2css  2cus V2en

«/5031
\/2012

The matrix form of the compliance tensor is obtained by inverting (4.8):

€1l S11 812 813 V2514 /2515 /2516 11

°
o o ° 2cs5  2csg \/5531
o o ° ° 2ce6 V2e 12

€22 o 52 523 V2524 /2525 /2526 022
€33 _ | ® ® s33 V2534 V2535 /2536 933 (4.9)
ﬁEZB ° o 254 2545 2846 \/5(723 ’

V2e3
V2enn

°
o o ° 2555 2856 \/50'3]
e o o ° 2566 V201,

In the isotropic case, ¢ can be rewritten as follows:
¢ =3kJ +2uK (4.10)

with k bulk modulus, 1 shear modulus, J and K respectively spherical and deviatoric

fourth-order tensorial projectors such that,
1
{zgélj(sklgi@gj@gk ®e, (4.11)

and
(4.12)

PN
I
2~
|
-

4.2.2 The Representative Volume Element

The question of representativity has been a topic of interest in scientific communi-
ties for half a century, especially in the field of materials science, micromechanics
and microscopy. Indeed, microstructural heterogeneities play a critical role on the
macroscopic physical properties of materials. One common way to account for this
underlying complexity is resorting to homogenisation techniques. Most homogeni-
sation approaches, including analytical and computational, require the existence of
a representative volume element (RVE). Several definitions have been given for the
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RVE over the past 50 years. A review of this topic can be found in [84]. The classical
definition of RVE is attributed to [94], who stated that for a given material the RVE is
a sample that is structurally typical of the whole microstructure, i.e. containing a suf-
ficient number of heterogeneities for the macroscopic properties to be independent of
the boundary values of traction and displacement. Later, [26] emphasised the role of
statistical homogeneity, especially in a volume-averaged sense. This also means that
the RVE size considered should be larger than a certain microstructural length for
which moduli fluctuate. Hashin [88] made a review on analysis of composite materi-
als in which he referred to statistical homogeneity as a practical necessity. Sab [179]
considered that the classical RVE definition for a heterogeneous medium holds only
if the homogenised properties tend towards those of a similar periodic medium. This
entails that the response over an RVE should be independent of boundary conditions
(BC). From numerical simulations on VEs of various sizes, [200] concluded that from
a practical viewpoint RVE should be as large as possible. Ostoja-Starzewski [150]
considers the RVE to be only defined over a periodic unit-cell or a non-periodic cell
containing an infinite number of heterogeneities. Drugan and Willis [61] introduced
explicitly the idea of minimising the RVE size, meaning that the RVE would be the
smallest material volume for which the apparent and effective properties coincide.
Besides, it is worth noticing that for a given material the RVE size for physical prop-
erty A, e.g.thermal conductivity, is a priori different from the RVE size for physical
property B, e.g.elastic moduli. Thus, one has to consider an RVE that depends on
the specific investigated property.

Many definitions refer to the separation of scales as a necessary condition for the
existence of a RVE. This condition is not always met, i.e. with percolating media
or materials with microstructural gradient of properties. This separation of scale
involves a comparison between different characteristic lengths:

— d, size of microstructural heterogeneities;
— 1, size of the RVE considered;
— L, characteristic length of the applied load.

Previous considerations regarding characteristic lengths can be summarized as fol-
low:
d<IKL (4.13)

Nevertheless, Inequality (4.13) is anecessary but not sufficient condition for the appli-
cability of homogenisation. As a matter of fact, quasi-uniform loading, i.e.! < L,
has to be enforced. Let us consider a measurable property, such as a mechanical strain
field. The spatial average of its measured value over a finite volume V converges
towards the mathematical expectation of its measured value over a series of samples
smaller than V (ensemble average). It is the ergodicity hypothesis. Moreover, ergod-
icity implies that one sample (or realisation) of volume V contains the statistical
information necessary for the description of its microstructure. Also, this entails that
heterogeneities are small enough in comparison to the RVE size, i.e. d <« [. If and
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only if these two conditions are met (d < [ and [ < L), the existence and unique-
ness of an equivalent homogeneous medium for both cases of random and periodic
materials can be rigorously proven [179]. Homogenisation is therefore possible.

Taking into account these definitions, and assuming ergodicity for the heteroge-
neous media considered, [114] proposed a method based on a statistical analysis for
computing the minimal RVE size for a given physical property Z(x), Vx € V and
precision in the estimate of effective properties. The computed RVE size was found
to be proportional to the integral range [137], which corresponds to a volume of
statistical correlation. This statistical approach is presented in Sect. 4.4.

4.2.3 Averaging Relations

Let us consider a given volume element (VE) of volume V without voids or rigid
inclusions, for the sake of simplicity. For the spatial average over V of a kinematically
compatible strain field &’ which is defined as the symmetric part of the gradient of a
kinematically admissible displacement field u ':

/ 1 / 1 /
<§)=7/V§dV=vauu,j)dV€i®€j

1
= — /['dS . .
V/avu(nj) €:i®e

1 s
=— [ u' ®ndS (4.14)
V Jov

s
withu’ ® n and u;; ; denoting the symmetric part of the resulting tensor. If one con-
siders now the spatial average of a statically admissible stress field o *,i.e. ¢*.V =0
in V, it yields:

(U*):lv/a*dV=l/ai*»dVei®e4
ST v ), it S

1 *
= vaff @wOdV e, ®e;

1 *
= V/va @XpkdV e ®e;

1

= — * vdSe Qe

Vv /OVU (ik TXj) =1 =J
1 s

=— | (¢"-n)®=xds (4.15)
V Jov
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From these averaging relations, we can define the elastic strain energy density £¢!
such that,

28 = (g* : &)

1

=— [ g*:€dV
vVJv
1 E

= V y O’iju (,-J)dV
1 * /

=V V(O’ iju,-)’jdV
1 * /

= V 0 jnju ldS

ov

1 * /

=— | (¢"-n)-u'ds (4.16)
V- Jov

4.2.4 Boundary Conditions

It is necessary to set boundary conditions to the volume V considered in order to

solve the constitutive equations in the case of statics. Let us consider three types of

boundary conditions.

4.2.4.1 Kinematic Uniform Boundary Conditions—KUBC

Displacement u is prescribed for any material pointx on the boundary 9V such that,
u=FE-x Vx €0V (4.17)

with E second-order macroscopic strain tensor, which is symmetric and independent
of x . It follows from (4.17) and (4.14):

1
(e) = Vﬁéd" =E (4.18)

The macroscopic stress tensor is then defined as the spatial average of the local stress
field:

Y :=(o)= %/ odV (4.19)
\4
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4.2.4.2 Static Uniform Boundary Conditions—SUBC
Traction ¢ is prescribed for any material point x on JV such that,

t=X-n Vx €9V (4.20)

with X' second-order macroscopic stress tensor, which is symmetric and independent
of x . It follows from (4.20) and (4.15):

1
@) =+ /V gdV =% @.21)

The macroscopic strain tensor is then defined as the spatial average of the local strain
field:

E:=(g) = %f edV (4.22)
v

4.2.4.3 Periodic Boundary Conditions—PBC

For PBC, the displacement field u can be dissociated into a part given by the macro-
scopic strain tensor E and a periodic fluctuation field for any material pointx of V,
such that:

u=E-x+v VxeV (4.23)

with v the periodic fluctuations vector, i.e. taking the same value on two homologous
points x 7 and x ~ of V. Furthermore, the traction vector ¢ = o - n fulfills anti-
periodic conditions such that,

gt -nt+g-n" =0 (4.24)

vT—v =0 (4.25)

Periodicity is denoted by # while anti-periodicity is denoted by —#. A dual approach
exists; it consists in prescribing a macroscopic stress to the cell. However we do not
develop this approach here, cf. [142] for details.

4.2.5 Hill-Mandel Condition

Let us consider a volume V with two independent local fields € and g* such that
¢’ is kinematically compatible and g* is statically admissible. If g* verifies SUBC,
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or ¢’ verifies KUBC, or if ¢* and &’ verify simultaneously the periodic boundary
conditions, then:
(0" : €)=

") (e (4.26)

Q

Thus, one obtains the following equivalence for the three types of boundary condi-
tions:
(g:€)=(g):(e) (4.27)

which corresponds to the Hill macrohomogeneity condition [95]. This ensures that
the mechanical work density at the microscale is preserved while scaling up to the
macroscopic level.

4.2.6 Effective Properties Versus Apparent Properties

When determining the properties of the volume V smaller than the RVE, apparent
properties are considered. The apparent properties converge towards the effective
properties once V > ViyE.

The micromechanical linear elastic problem admits a unique solution, up to arigid
body displacement for SUBC and a periodic translation for PBC. Let us consider
two fourth-order tensors A and B accounting respectively for strain localization and

stress concentration:

elx) = é(’ﬁ) :E  Vx e VandVE (4.28)
and
ox)=Bx):¥ VreVadVy (4.29)
such that,
(A)=(B) =1 (4.30)

Let us consider the elastic moduli ¢(x ) and the compliances s (x ), then:
ox)=cx):ex) VxeV (4.31)

and
ex)=sx):okx) VxeV (4.32)

Thus,
T=(o)=(C:e)=(c:A:E)=(c:A):E (4.33)
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and
E=()=(S:0)=(:B:X)=(s:B): ¥ (4.34)

We can define C*PP and $P, fourth-order symmetric tensors, accounting respectively
~ ~x

E
for the apparent elastic moduli and compliances of the volume V considered such
that,

C = (c : A) (435)
. A,

and
S%P = (s : B) (4.36)
~ 5 22

These equations show that homogenized properties are not usually obtained by a
simple rule of mixtures.

Also, one can define the apparent properties from the elastic strain energy density
&

&l = ce)=-E: (AT :¢c:A)E 4.37)

(og:e)= er=5kraea

—
®
43Y

and

(q:g:q):%@':(ET:g:lj):Zj (4.38)

This way, we obtain a new definition of the apparent elastic moduli and compliances:

C™®=(A":c:4) (4.39)
5o 24

and
$*P = (B" : 5 : B) (4.40)
2. b s D

This new definition justifies the symmetric nature of the apparent elastic moduli and
compliance tensors. By applying the Hill-Mandel lemma (cf. Sect. 4.2.5) one can
prove the equivalence between direct and energetic definitions [185].

According to [179], for an elementary volume V large enough (V > Vryg), the
apparent properties do not depend on the boundary conditions and match with the
effective properties of the considered material, then:

e e (@40

For volumes (V > Vrvg), based on energetic considerations and the subadditivity
property of the effective elastic moduli tensor, [98] proposed the so-called partition
theorem. The effective properties can be bounded by the following inequalities:
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g;ﬁ’ < geff < gzpp (4.42)
§;PP < §eff < 52313 (4.43)

These inequalities have to be considered in the sense of quadratic forms. For elemen-
tary volumes smaller than the RVE, using the same arguments but for partitions of
different sizes, [98] derived hierarchical inequalities regarding apparent and effective
properties. Coarse and fine partitions are considered and their respective statistical
apparent properties are denoted by indices . and s:

CReuss < C?Pp < CPP < Ceff < CPP < CPP < CVoigt (4.44)
~ ~ 5y ~ 5 ~ ~ Ee ~ g ~

SVoigt < §app < §app < Seff < §app < §app < SReuss (445)
~ ~Er ~Ee ~ ~ 5 ~ 5y ~

gv"ig‘, §V"igt, QRE““ and §R°”SS refer to the classical Voigt and Reuss bounds [172,

206]. The inequalities presented above can be used for verification of computational
homogenisation results, as it was done for instance in [114, 115] for elastic and
thermal properties. Moreover, the bounds C*? and C* are usually far apart when

z
the contrast of properties between phases is large. If the microstructure features
a matrix phase, tighter bounds can be obtained by choosing elementary volumes
including only the matrix at the boundary, as shown in [182, 183].

4.2.7 Computational Homogenization Using the Finite
Element Method

In order to determine homogenized mechanical properties for a given microstructure,
one has to solve boundary value problems in statics. The finite element (FE) method
has proved to be quite an efficient technique to solve this kind of problems even in
the case of highly nonlinear phenomena [29, 38, 81].

4.2.7.1 FE Formulation of the Principle of Virtual Work

Galerkin’s approach for continuum mechanics is implemented and used with the
principle of virtual work. In each of the n elements e, knowing the nodal displace-
ments {uj }, one can compute the virtual displacement field u * and the strain tensor
e as follows:

u* = [N]{u}} (4.46)

and,
e = [Bl{u}} (4.47)
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with [N ], the shape function matrix and [B], the matrix of shape function derivatives.
Then, for all {u;‘} with prescribed body forces f and surface forces F :

n

Z(fqu({ o} B {u} ) (ff [N {u dV+/ E[N]{uj}ds>

e=1
(4.48)
Thus,

n

Yo ({FEm - {F ) furh =0 (4.49)

e=1

with {]—" eim} and {]—"ee"t} respectively internal and external forces, in each element e,
such that for the global problem:

{7 = /Q [B) o ({u}})dV (4.50)

and,

(7 = / INTTFaV + / INT'F dS (@51
2 - 902

Balance between internal and external forces is achieved with a Newton iterative
algorithm using the stiffness matrix [K]:

0 {p’m}
)

/[ 7 r0{o} 8{6}
d{e} 0 {u }

f (B]" a{{"}} [B1dV 4.52)

(K] =

which yields, for linear elastic problems:

[K]= / [B]"[c][B]dV (4.53)
2

4.2.7.2 Application to Linear Elasticity

In the case of linear elasticity within a volume V fulfilling RVE requirements, one can
compute the effective elastic moduli C or compliances S using (4.6) by prescribing

either the macroscopic strain E or macroscopic stress X'
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(4.54)

(4.55)

Linear relations thus appear between macroscopic stress and strain, and can read-
ily be used to build up effective compliance and elastic moduli tensors for a given
microstructure. The formalism is similar for any linear property, e.g. thermal con-
ductivity. Such an approach has been successfully implemented for architectured
materials in [31, 54, 56, 58, 87, 101, 104].

4.2.7.3 The Element DOF Method for Periodic Problems

In the case of periodic boundary conditions (cf. Sect. 4.2.4.3), there is an alternative
to the FE formulation presented in Sect. 4.2.7.1. It consists in adding global DOFs
shared by all elements. These DOFs correspond to the macroscopic strain components
Ej; for displacements v;, in addition to classical nodal DOFs. The balance equations
can thus be written as follows:

f ouidV = / 0 (B + i) jdV
v v

:/‘O'UEUdV—i‘/O'[jU,',jdV

O',JE,]dV—i-/ (U,vjvi),jdV

\\

oiEydV + / ojvin;ds
av
=0

a,,d VE;

\

= RE,-jEij

(4.56)
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The FE problem left to solve concerns the homogeneous strain tensor Ej; and its dual
RE;, which corresponds to the macroscopic reaction stress. Prescribing Ej; corre-
sponds to the macroscopic strain approach, while prescribing REj; leads to the macro-
scopic stress approach. In that way, mixed macroscopic problems, e.g. tension, can
be solved with periodic boundary conditions. Implementation of additional degrees
of freedom in the FE framework is done as follows:

{e} = [Bl{u} + {E} (4.57)

Also,
{e} = [B'Nu} (4.58)

with

(B] = | (4.59)

and

Ell
E22
E33
E23
{u} = { E31 (4.60)
E12

4.2.8 Case of Application: Periodic Auxetics

4.2.8.1 Auxetics

Auxetic materials are a type of architectured materials exhibiting a negative Pois-
son’s ratio. They present interesting advantages for both functional and structural
applications. In the case of isotropic elasticity, mechanical behavior is described
by any couple of parameters among these: Young’s modulus E, Poisson’s ratio v,
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the bulk modulus k& and Lamé’s coefficients A and y (also referred to as the shear
modulus). Poisson’s ratio is defined as the ratio of the contraction in the transverse
direction to the extension in the longitudinal direction. Material stability requires
the tensor of elastic moduli to be positive definite, resulting in a positive Young’s
modulus E and a Poisson’s ratio v ranging from — 1, for unshearable materials, and
0.5 for incompressible or rubber-like materials. Most materials naturally present a
positive Poisson’s ratio, although negative Poisson’s ratio materials, or auxetics [69],
have been engineered since the mid-1980s with the pioneering works of [4, 93] and
[124]. This new class of materials has been drawing more and more attention since
then [2, 7, 23, 37, 55, 56, 58, 68, 80, 100, 113, 119, 122, 125, 144, 155, 169, 178,
193, 194, 212], as well as their potential applications [15, 28, 46, 67, 135]. Aux-
etic materials have also been expected to present enhanced acoustic damping [131];
this was shown experimentally in [43, 44]. The use of auxetics as building blocks
for wave-guiding metamaterials has also been investigated in [13, 198]. Moreover,
experiments on auxetic foams seem to provide evidence of better resistance to crash
compared to conventional cellular materials [188].

Poisson’s ratio is defined only for isotropic elastic materials. In the anisotropic
case, negative apparent Poisson’s ratio can be defined as the opposite of the ratio
between transverse and longitudinal strains for a given specific direction. There is no
restriction anymore on the values of the apparent Poisson ratio *. We call anisotropic
auxetics, materials for which negative apparent Poisson’s ratio is observed for a
sufficiently large range of tensile directions.

4.2.8.2 Computational Strategy

The computational framework used for homogenization has been presented in
Sect. 4.2.7. For this application, effective mechanical properties are computed over
a unit-cell (defined by its periodicity vectors v; ) with periodic boundary conditions
(PBC) using FE. Homogenization requires separation between micro and macro
scales. In the case of periodic homogenization, the computed effective properties
correspond to those of an infinite continuum made of periodic tiles.

Let us consider an elementary volume V including a solid phase V; and porous
one V),. In the latter, the stress field is extended by setting o = 0 in V),. Practically,
the macroscopic strain E and stress X are computed by averaging the local fields
€ and o. Within the porous phase, stresses are assumed to be equal to zero. Using
periodic boundary conditions, and applying a homogeneous macroscopic strain field
E (cf.Sect. 4.2.7.3), it yields:
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1
r=te)= [ oav
\%4
1 1

=—/adV+—/adV

Vv~ VV,,N
—_— ——

=0

Vi 1
= —— odV
VVily,~

= Vi(a), 4.61)

with V;, volume fraction of the solid phase. Let us now consider the case of a
prescribed homogeneous macroscopic stress X'

1 1
=—/€dV—|——f edV
v /]y v/,
Vi 1
=—— [ edv+-L_— [ edv
V Vsl v Jv,
= Vi(e)s + Ve, (4.62)

with V{7, volume fraction of the porous phase. (€), can be computed from the values
at the boundary of the porous phase.

4.2.8.3 Periodic Unit-Cell: Hexachiral Lattice

This chiral microstructure was first proposed by Lakes [125], then studied in [2, 55,
56, 58, 169]. Based on the parameters defined in [2], cell geometry can be described
in this way: the circular nodes have radius r, the ligaments have length L, and both
have in common wall thickness t (cf. Fig. 4.1a) as well as depth d, which in our case
is considered infinite due to periodicity conditions along direction 3. Hence, three
dimensionless parameters can be derived as shown in (4.63).

a=L/r p=t/r ~y=d/r (4.63)

On Fig. 4.1b, =5, f = 0.25 and v — +o0. These parameters correspond to a
volume fraction of 15%. The 6-fold symmetry provides transverse isotropy.
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(a) Hexachiral unit-cell (b) Hexachiral lattice

Fig. 4.1 a Periodic cell with geometric parameters. b Hexachiral lattice with unit-cell (blue) and
periodicity vectors v1 and v (red)

4.2.8.4 Effective Elastic Properties

Elastic moduli tensor C is computed over a periodic unit-cell using Z-Set FE soft-

ware.! Meshes are composed of volumic fully-integrated quadratic elements, such as
10-node tetrahedra and 20-node hexahedra, taking into account the finite thickness
of the microstructure components. Using the Euler-Bunge [36] angles ¢, 6 and 1) as
shown on Fig. 4.2, let us define 3 orthogonal vectors [, m and n, such as:

cos(¢@) cos(y) — sin(¢) sin(y)) cos(h)

[1] = | sin(¢) cos(1)) 4 cos(¢) sin(z)) cos(d) (4.64)
sin(v)) sin(6)
— cos(¢) sin(y)) — sin(¢) cos()) cos()
[m] = | —sin(¢) sin(¥) + cos(¢) cos(y) cos(d) (4.65)
cos(?)) sin(0)
sin(¢) sin(6)
[m] = | —cos(¢) sin() (4.66)
cos(6)

Using macroscopic strain and stress tensors E (¢, 8, ¢) and X (¢, 8, 1), one can
now define the Young modulus E(I ) and effective Poisson ratio v* (I , m ) for tension
along direction I :

E—l'g'l 4.67)
T 1El ‘
. mEm 4.68)

YT TRl ‘

Uhttp://www.zset-software.com/.


http://www.zset-software.com/

108 J. Dirrenberger et al.

Fig. 4.2 Euler-Bunge angles

If we now consider simple shear in the
can be defined as follows:

lane (I, m ), the shear modulus p(l, m)

I~
M 2
IS

o= (4.69)

1~
IS

For 6 = 1) = 0, elastic moduli and Poisson’s ratio are obtained in the plane (1,2)
of the microstructure as functions of ¢, we will refer to those as in-plane elastic
properties. On the other hand, when ¢ = 0 and 0 = %, one obtains moduli and Pois-
son’s ratio within plane (1,3) as functions of ). These values will be considered as
out-of-plane elastic properties.

For comparison purposes, normalized elastic moduli are defined using fy, volume
fraction of material, local constitutive isotropic elastic material parameters such as
Ey (Young’s modulus) and py. Shear modulus g is defined from E and Poisson’s

ratio v as follows:

E
o = ——>—. (4.70)
2(1 + )
Thus, normalized Young’s modulus E* is obtained as follows:
1
E*= —FE 4.71)
Eqofv
Normalized shear modulus p* is defined in this way:
* ! 4.72)
o= —pu .
pofv

In-plane elastic properties are shown in Table 4.1. The use of auxetic lattices in
engineering applications might involve out-of-plane loading. Hence, v*, E* and p*
were plotted against ¢ in Fig. 4.3a (polar plot). For this work, £y = 210,000 MPa and
vy = 0.3 are the isotropic elastic properties of the constitutive material. Resulting
elastic moduli tensors are presented hereafter as (4.73). Components are expressed
in MPa.
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Table 4.1 In-plane Poisson’s ratio and normalized elastic moduli

Hexachiral
v —0.74
E* 2.3 x 1072
u* 2.3 x 107!

Z [.. Normalized shear modulus ;:* E |— Effective Poisson’s ratio v
= — Normalized Young's modulus £ —

t'[l:’ad)
(a) ", E" = f (1)

Fig. 4.3 Results for hexachiral lattice (0 = % ¢ =0)

4.2.8.5 Results

Elastic moduli tensor was computed for the hexachiral lattice as shown in (4.73).

Transverse isotropy is verified since C”;C” = Cep.

1650 —1218 130 O
—1218 1650 130 O
130 130 31968 O
0 0 0 5075
0 0 0 0 50
0 0 0 0 0 1434

4.73)

S O OO

[C]=

~
)}

Components were used to obtain the in-plane properties gathered in Table 4.1. v*
is underestimated compared to the value from [2], while our estimation of the nor-
malized Young modulus E* is higher. This is discussed later. Figure 4.3a shows an
increase of E* when the material is streched out-of-plane, while reaching its maxi-
mum value along direction 3 (¢ = 7 or ¢ = 37”). Figure 4.3b shows that Poisson’s
ratio v* is always negative, except for v = 0 or ¥ = 7™ where v* is close to 0, and
Y =7For = 37“ where it takes the constitutive material value 0.3. Normalized shear
modulus y* fluctuates in a decade around the in-plane value depending on angle .
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4.2.8.6 Discussion

Values obtained for E* (cf. Table 4.1) exceed those from [2]. This is due to the
boundary conditions of the FEM problem. With periodicity over displacements and
nodal force loading, the prescribed loading in [2] corresponds to a static uniform
boundary conditions (SUBC) micromechanical problem, which is known to lead to
an underestimation of the elastic moduli [114]. On the other hand, the PBC problem
gives exact results for an infinite medium. Both the hexachiral lattice presents a
strong anisotropy when loaded out-of-plane (cf. Fig. 4.3a). The hexachiral cell has
also been studied in the case of second-gradient elasticity, as this model accounts for
chirality, hence opening the way for acoustic cloaking applications [13, 16].

4.3 Computational Homogenization for Elastoplasticity

The computational homogenization method developed in Sect. 4.2 for elasticity can
be extended for elastoplaticity by considering the elastic moduli tensor, as well as
an equivalent plasticity model to account for nonlinearities.

A case of application is made from the study of elastoplasticity [55] in the hex-
achiral auxetic lattice introduced in Sect. 4.2.8.3.

Let us consider the following yield function f (o):

flo)=0—r (4.74)

with the von Mises equivalent stress,

3
g% = Eq.deu . qdev (475)

where a¢¢? is the deviatoric part of the stress tensor. Linear isotropic hardening rule
is adopted:
r=r,+hp 4.76)

where r, is the yield stress, & the hardening modulus and p is the cumulative plastic
strain variable.

4.3.1 Plastic Anisotropy

Local material is now considered isotropic von Mises-elastoplastic. Plastic material
parameters are shown in Table 4.2.



4 Computational Homogenization of Architectured Materials 111

Table 4.2 Local constitutive plastic parameters

Yield stress (MPa) 100
Hardening modulus (MPa) 1000
Fig. 4.4 Stress (plain 3.5 —0.60

curves) and apparent 3.0
Poisson’s ratio (dashed

—0.65
—0.70

100 MPa

-t =

curves) versus strain = . — k= 1000 MPa N

response for 3 different o 20 — h = 10000 MPa| | —0.75 .

hardening moduli = 15 szt () 8() 3
,T . —0.85

=090
095

0 0.01 0.02 0.03 0.04
ELI

First, the auxetic behavior is investigated. Although the parameters given in
Table 4.2 will be used in the following sections, a short parametric study has been
performed in order to assess the effect of the hardening modulus on the Poisson
ratio. Uniaxial strain-controlled tensile test is performed along direction 1 until 4%
of total macroscopic strain. The homogenized cell exhibits a nonlinear elastoplastic
behavior (cf. Fig. 4.4). Now, if one considers the ratio of transverse over longitudinal
macroscopic strains, an apparent Poisson ratio can be defined in the nonlinear regime
as defined in (4.77) and plotted on Fig. 4.4. From these curves we observe that the
auxetic nature of the lattice is kept with plasticity.

The effect is even stronger than in elasticity when the hardening modulus is in
the range (h = 100 MPa and & = 1000 MPa). The auxetic effect is dependent on
the size of the plastic zone in the unit cell. If the plastic zone is confined in a small
domain around the junction between the rotating nodes and the connecting beams, as
shown on Fig. 4.5 for low values of the hardening modulus, the auxetic deformation
mechanism is strengthened. For 4 = 10,000 MPa, the plastic zone spreads almost
over the entire cell, thus fading the effect of plasticity on the auxetic behavior. The
hardening modulus value, 4 = 1000 MPa, is kept for the rest of this work since it is
of the same order of magnitude of several common alloys.

_E»
E

AP

(4.77)

Now, anisotropy in the plastic regime is investigated. As a matter of fact, there is
no guarantee for the 6-fold symmetric material to behave isotropically in the plastic
regime. Polar plots shown on Fig. 4.6a—c are obtained from uniaxial tensile and
shear tests in every direction of the plane (1,2). Each point corresponds to a test for a
different direction with angle ¢ from the principal direction 1 of the structure defined
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0 10 20 30 40 50 60 70 80 90 100 110
Von Mises equivalent stress (MPa)  Min:1.65 Max:124.81

Fig. 4.5 Deformed shape of a periodic unit-cell after 4% of total strain, with von Mises equivalent
stress map (h = 1000 MPa)

(a) Tensile stress (MPa) (b) Poisson’s ratio (c) Shear stress (MPa)

Fig. 4.6 a Tensile stress, b apparent Poisson’s ratio, and ¢ shear stress for 0.2% (green), 1% (red)
and 4% (blue) total strain

on Fig. 4.5. Figure 4.6a, c shows stress level versus angle ¢ for three given strain
states: respectively 0.2% (green), 1% (red) and 4% (blue) total strain for tension, and
0.1, 0.5 and 2% for shear. Figure 4.6b uses the same color code but for the apparent
Poisson ratio versus angle ¢ for the same given tension states. The three plots show
a quasi-transversely isotropic response for the hexachiral lattice with plasticity.

4.3.2 Macroscopic Modeling

An additional upscaling can be performed. The mesoscopic elastoplastic behavior is
now modelled as a constitutive behavior for further use in large structural computa-
tions. First, let us consider an isotropic compressible plasticity model such as those
developed by Abouaf et al. [1] and Green [85] for porous metals, and by Deshpande
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and Fleck [52] and Miller [143] for cellular materials. An extension to the anisotropic
case was proposed by Badiche et al. [17] and Forest et al. [76].
Let us now consider a yield function f (X') such as,

f(Z)=%Xy—R (4.78)

where R is the macroscopic yield stress. Moreover, let us adopt the following equiv-
alent yield stress:

3 ev ev 2
Sy = \/ 5€ pdev . pdev 4 F(Tr %) 4.79)

where Tr X is the trace of the stress tensor. C and F are coefficients accounting for
the relative influence of deviatoric and hydrostatic stress, they are usually expressed
as functions of the porosity p for isotropic materials.

Associated plasticity is assumed, such as the macroscopic plastic strain rate is:

E’ = g_f; — Up (%c X4 + F (Tr X) 1) (4.80)
P~ eq

In the case of uniaxial tension, we define the in-plane plastic Poisson ratio:

Y = 4.81)

When F = 0, incompressible plasticity is recovered. If C = 1, then v” < 0 for

F > % and Flim vP = —1. v? as a function of F is plotted on Fig. 4.7.
—+00

Such a plasticity model is not fully capable of describing the anisotropic behavior
of our microstructure along direction 3, especially transverse contraction when ten-
sion is applied in plane (1,2). In order to simplify the model, instead of using a fully
anisotropic Hill tensor applied to the deviatoric stress tensor and a separate contri-

Fig. 4.7 Plastic Poisson’s 0.5
ratio for an isotropic material
as a function of parameter F,
with C =1 0

1

—0.5

0 10 20 30 40 50
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bution of the hydrostatic stress, we consider here a generalized Hill tensor applied
to the Cauchy stress tensor.
We consider the same yield function f (X) as in (4.78) with the following equiv-
alent yield stress:
Y4= |[¥:H:X% (4.82)

where H is the applied generalized Hill fourth-rank tensor.

For the hardening rule, we consider an isotropic hardening function with a non-
linear potential and a linear part:

R =Rop+Hp+Q( —e™™). (4.83)

4.3.3 Simulation and Identification

In order to determine parameters for the model, some of them are determined from
reference curves obtained by periodic simulations of the unit-cell. Then comparison
between reference data with results computed on a RVE is made and optimization of
macroscopic material parameters is run using a simplex algorithm. The experimental
database includes tensile, shear and Poisson’s ratio curves. While loading in tension,
we consider out-of-plane contraction. However, direction 3 and out-of-plane shear
are not taken into account. Tensorial components of H (cf. 4.85) and parameters for

the hardening rule (4.83) are thus identified:
R=129+8.6lp+0.1(1—e ") (4.84)

Comparison between curves from full-field simulations and the identified macro-
scopic model provides a good correlation as shown on the tensile stress and apparent
Poisson’s ratio versus strain curve (cf. Fig. 4.8), the shear stress versus strain curve
(cf. Fig. 4.9) and the transverse strain vs. longitudinal strain curve (cf. Fig. 4.10).

1.00 0.9294 —0.00031 0.0006 0 0

0.9294 0.99 —0.00027 —0.00067 0 0
—0.00031 —0.00027 X 0 00

[H] = 0.0006 —0.00067 0 0.11554 0 O (4.85)
0 0 0 0 x 0
0 0 0 0 0 x
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Fig. 4.8 Stress and apparent
Poisson’s ratio versus strain
for full-field simulation and
macroscopic model for an
uniaxial tensile test along
direction 1

Fig. 4.9 Stress versus strain
for full-field simulation and
macroscopic model for an
pure shear test in plane (1,2)

Fig. 4.10 Transverse strain
versus longitudinal strain for
full-field simulation and
macroscopic model for an
uniaxial tensile test along
direction 1

4.3.4 Conclusions
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Full-field simulations and macroscopic modelling using an anisotropic compress-
ible plasticity framework have been performed for an auxetic microstructure: the
hexachiral lattice. Plasticity of auxetics has been explored, showing that the auxetic
effect persists and becomes even stronger with plastic yielding. It was also shown
that the effect of plasticity on auxeticity fades with the expansion of the plastic zone.
The plastic anisotropy for this 6-fold symmetric lattice is becoming weaker with
plastic saturation. The proposed fully anisotropic Hill criterion seems to be suitable
for modeling periodic architectured cellular materials as it was able to catch negative
Poisson’s ratio, transverse contraction, and volume change.
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4.4 Statistical Representative Volume Element Size
for Computational Homogenization

For non-periodic architectured materials, the problem of representativity of samples
can be addressed by means of a probabilistic approach giving size-dependent inter-
vals of confidence, which is a well-known approach used in geostatistics [137]. The
approach presented [114] is based on the scaling effect on the variance of effective
properties in simulations of random media. Several assumptions have to be consid-
ered regarding the statistics of the microstructures considered.

Ergodicity hypothesis

The ergodicity hypothesis is fulfilled for a property or a random function Z when the
statistical properties of its measured value (mathematical expectation, variance, etc.)
over a finite volume V (spatial average) converge to those estimated over series of
independent samples smaller than V (ensemble average), when the volume V goes
to infinity. Ergodicity implies that one realization of a volume V > Vryg contains
all the statistical information necessary to the description of its microstructure.

Stationarity hypothesis

The stationarity hypothesis is assumed for a property or a random function Z when
its mathematical expectation is constant with respect to time and space.

Statistical homogeneity hypothesis

A random structure is considered statistically homogeneous, when it is stationary,
which means that its probabilistic properties are invariant by translation.

4.4.1 RVE Size Determination for Media with Finite
Integral Range

Let us consider a microstructure that fulfills the ergodicity and stationarity condi-
tions for a given physical quantity Z(x) regarded as a random function with average
E {Z(x)} and point variance D%. The ensemble variance D%(V) of its average value
Z(V) over the domain £2 with volume V can be obtained using the centered second-
order correlation function W5, in this way:

D%(V) = %//9 Wz(x — y)dxdy (4.86)

with

Wah) =E{(Z(x) - Z) (Zx + h) — Z)} (4.87)
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For determining the RVE size for the physical property Z one can rely on the
geostatistical notion of integral range [39, 109, 112, 126, 127, 138]. The integral
range A, is homogeneous to a volume of dimension n in R". For n = 3, the integral
range is given by:

1 [ —
Ay = — 4.
1= D2 /R Wl (4.88)

The physical interpretation of the integral range is such that for a given volume V,
one can define n = A% volume elements for which the i average values Z;(V’) over

the n sub-volumes V' = % are uncorrelated random variables. Hence, for a large
specimen, i.e. V 3> As, (4.86) can be rewritten introducing the point variance of Z,
D2 as follows:
DZ(V) = Dg/ﬁ (4.89)
14
Letus analyze this asymptotic relation. First, in general one has no guarantee on the
finiteness of point variance D% [137]: let us consider a large domain §2 and a smaller
domain V C §2 that is attainable by means of experimentation or computation, one
can then compute an experimental variance which is in fact a function of £2 supported
by V, that will increase with £2. If the variance over V is finite, it should be regarded
as a limit of the experimental variance for 2 — +o0. D2 can be computed over V
as follows:

D% = %fv (Z(x) —Z)’dV

1 _
- —/Zz(x)—szV
Vi

1, 1 :
= /V Z*(x)dV — <V /V Z(x)dV) (4.90)

On the other hand, the ensemble variance D% (V') is computed from the average
values Z; over n sub-volumes:

1 n
D3V =~ 3 (V) = 7))

i=1

1 _
Mz -Z
n i=1

2
S S PSRN L P
_ni;zi(\/) (n;Z,(V)> 4.91)
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(4.91) uses the average value of the average values Z: over n sub-volumes V', which
is expected to converge towards the effective property Z.sr when V. — 4-o00. If Zgg¢
is already known, it might be of interest to use it instead of Z; in order to obtain a
better estimate.

If Z(x) is the indicator function of the stationary random set A, then one can
obtain analytically the variance of the local volume fraction as a function of the point
variance as follows:

D} =p—p*=p—p) (4.92)

with p, probability for a point x to belong to the random set A, which is equivalent
to the volume fraction of A in V.

The asymptotic scaling law given in (4.89) can be used for any additive variable
Z over the domain £2. In the case of elastic properties for instance, average stress
(o) or strain (e) fields have to be computed. For determining the RVE size for a
given property Z, one thus has to know its integral range A;. There is no theoretical
covariance for mechanical fields. However, there are two ways to estimate it; first by
assuming that Z is equal to the arithmetic average of properties (rule of mixtures)
for a biphasic medium, hence (4.90) yields:

D} =p(l —p) (Z1 — Z»)* (4.93)

with Z; and Z,, respectively property Z of phase 1 and 2. D2 can also be estimated
computationally on the largest virtual sample available, in order to minimize bound-
ary layer effects and obtain a converged value. The approach proposed by di Paola
[53] consists in taking only into account the inner part of the simulation volume.
This could present an advantage for determining the point variance.

Once the point variance has been estimated for a given property, the integral
range can be obtained using the procedure proposed by Matheron [139] for any
random function: consider realizations of domains §2 with an increasing volume V
(or non-overlapping sub-domains of large simulations, with a wide range of sizes),
the parameter A3 can be estimated by fitting the obtained variance according to (4.89):

log D%(V) = log D% +logAs —logV (4.94)

Following the method proposed in [114], itself based on the approach developed
in [39], considering a large number n of realisations (or sub-volumes), the following
sampling error in the estimation of the effective properties arises:

2Dz (V)
€abs =
NG

From which the relative error ¢, can be defined:

(4.95)

s 2Dz(V 4DZA
e = s = 202(V) €)= —Z— (4.96)

z ZJn Znv
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Hence a volume size that we will consider statistically representative can be defined
for a prescribed property Z, number of realizations n and relative error (e.g.5%):

4D2As

=2
2
€l n

VRvE = (4.97)

This RVE size then depends on the point variance D2, integral range A3 and mean
value Z, 3 parameters that are estimated from simulations.

4.4.2 Generalization of the Statistical Approach to
Microstructures with Non-finite Integral Range

The method presented above is now adapted and generalized to the case of media
with non-finite integral range, especially Poisson linear varieties and Boolean random
models made of Poisson linear varieties, e.g.Poisson fibers, which will be used
hereafter for modeling non-woven architectured materials. Since the integral range
of linear Poisson varieties is not finite [107], (4.89) does not apply anymore. It was
proposed in [126] to use a modified scaling law with exponent v # 1. The variance
can thus be rewritten as follows [110]:

A* v
DZ(V) = D§<73> (4.98)
which yields by linearization,
logD%(V) = log D2 + ~vlogA; — vlogV (4.99)

A3 is not the integral of the centered second-order correlation function W (h)
anymore, as defined before in (4.88). Nonetheless, it is homogeneous to a volume of
material and can readily be used to determine RVE sizes which can then be obtained
by updating the previous definition for relative error:

s 2Dz (V AD2AXY
= b _z( ) 5 2, = 202
Z Z\n Z nvo

Hence yielding an updated definition of the RVE size:

(4.100)

(4.101)
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The generalized integral range A% and scaling-law exponent ~y can be estimated
from simulations as it was done in [6, 57, 114]. When considering statistical RVE
sizes of microstructures with non-finite integral range for other properties than mor-
phological ones, for which there is no information about the theoretical value of the
point variance D2, it may be useful to reformulate (4.98) as follows:

D2 (V)=KV™? (4.102)

with K = DA%, leaving only 2 parameters to identify from the statistical data
obtained by simulation. We will adopt this formulation when studying Poisson fibers
in Sect. 4.4.3. The method for determining statistical RVE sizes has been studied
and used for media with finite integral range in the [6, 31, 105, 106, 114, 115, 133,
134, 152, 156, 199]. This approach is implemented for media with infinite integral
range in [57], for the case of Poisson fibers.

In most papers, the authors resorted to periodic boundary conditions (PBC)
since [114] showed from computational experiments that mean apparent proper-
ties obtained with PBC converge faster towards the effective properties than with
the Dirichlet and Neumann-type BC. Nevertheless, KUBC and SUBC can be useful
since they correspond to the Voigt and Reuss bounds in elasticity. They can thus be
used for bounding the effective properties of random architectured materials. If the
microstructure features a matrix phase, tighter bounds can be obtained by choosing
elementary volumes including only the matrix at the boundary, as shown in [182].

4.4.3 Non-woven Architectured Materials

A challenging candidate material was imagined for assessing the applicability of
such methods to architectured materials: stochastic random networks made of infi-
nite fibers, more specifically Poissonian fibrous networks. The determination of the
effective properties of Poisson fibers is not trivial as it is a porous medium with infi-
nite integral range. This pathological morphology could give rise to gigantic RVE
sizes, maybe even no RVE at all, i.e. yield non-homogenizability in the sense of
[14]. Although infinite fibers do not exist in nature, they can be considered a limit
case representative of sintered long-fiber non-woven materials, such as those studied
by Mezeix et al. [141]. This random fibrous architectured material can be modeled
computationally. The generation of such virtual specimens relies on a tridimensional
Poisson point implantation process. Due to the long-range correlation induced by the
model of random structures chosen, the size of the representative volume element
is a priori unknown. Moreover, periodization of these microstructures is generally
impossible, making the periodic homogenization tools ineffective. Very large virtual
samples computations have to be performed in order to compute their representative
volume element sizes a posteriori based on statistical arguments [114] and finally
predict their effective mechanical properties.
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Many studies are available regarding finite-length fibrous media and strongly
oriented infinite-fiber media. For instance, [50, 158] dealt with the morphology of
3D long-fiber media randomly oriented in-plane, [192] used a 3D random model
of randomly oriented long-fibers for the design of an acoustic absorber, and [20,
21] generated virtual samples of long but finite fibers for modeling the mechanics
of entangled materials. None of these studies accounted for the representativity of
samples. Oumarou et al. [153] computed RVE sizes for 2D random arrays of fibers,
using the statistical method of [114]. The works of [89, 161, 162, 196] on 2D fibrous
fractal networks also deal with the representativity and homogenization of such, yet
self-similar, fibrous media.

The non-woven material model used hereafter corresponds to a 3D stochastic
network composed by randomly oriented and distributed infinitely-long interpene-
trating rectilinear fibers. It exhibits an infinite integral range [107], i.e. an infinite
morphological correlation length; this medium is non-periodizable without modify-
ing its morphology, thus falling beyond the spectrum of periodic homogenization
and the definition of RVE proposed by Sab and Nedjar [181].

4.4.4 Case of Application: RVE Size of Random
Fibrous Media

The example is taken from [57] where the enquiring reader can find details and a
full analysis of the problem of representativity in fibrous random media. The results
presented hereafter are based on the equations introduced in Sect. 4.2.8.2 for the
homogenization of porous media.

As shown on Fig. 4.11, the elementary volume considered in the computation is
the volume V that is composed of two complementary phases V; and V,, respectively
accounting for the Poisson fibers and the porous phase.

4.4.4.1 Mixed Mechanical Boundary Conditions—MBC

A type of mixed BC, appropriate for porous random media, is presented here, instead
of SUBC, in order to compute values that we can compare with those obtained using
KUBC. Since only a minimal number of DOFs are prescribed on the boundary 0V,
mixed mechanical boundary conditions (MBC) are less constraining, or “softer”,
than KUBC. They differ from the mixed uniform boundary conditions (MUBC)
proposed in [90, 91] which are restricted, in general, to tensile loading of a volume
element. They also differ from the normal mixed BC (NMBC) proposed by Gelebart
et al. [82], since those are applied on the whole boundary 0V, similarly to MUBC.
The periodicity compatible mixed uniform boundary conditions (PMUBC) were
proposed by Pahr and Zysset [154] as a generalization of MUBC, and implemented
by Chateau et al. [42]. The BC proposed here are similar to PMUBC, but simpler
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Fig. 4.11 Example of an
elementary volume of
Poisson fibers used in the
simulation

because only 2 loading configurations are considered. MBC are considered with a
view to estimating the overall bulk and shear moduli of isotropic random porous
media, thus being less general than PMUBC; the 2 loading cases are presented
hereafter.

Mixed triaxial loading
Displacement u is prescribed along normals on 0V, such that:
up =E11X1 V.E € Fl

U = Eszz V.E S Fz
us = E33)C3 V.E S F3 (4103)

The traction vector g - r is prescribed in this way:

onny =o3n; =0 Vx € Fy
opny =opnp =0 Vx € F,
01313 = 0p3N3 = 0 V.E € F3 (4104)

From (4.62), it yields:
(e11) = E1; (en) = Exn; (ex3) = E33 (4.105)

The macroscopic stress is computed using (4.61).
Mixed shear loading

Displacement u is prescribed along direction 1 on F, and direction 2 on F, such
that:
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U =E12x| V.E S F]
uy = E12)C2 V.E € F2 (4106)

Two components of the traction vector g - n are prescribed in this way:

onny =o3n; =0 Vx € Fy
0Ny = 03N = 0 V.E e Fs. (4107)

The traction vector is fully prescribed on F:
03313 = O 13N3 = O3N3 = 0 V.E (S] F3 (4108)

(4.62) gives:
(e12) = En2 (4.109)

Details of the calculation can be found in [57]. The boundary value problems for
estimating the overall bulk and shear moduli are explicited hereafter for both KUBC
and MBC.

4.4.4.2 Overall Properties
The fibers are considered linear elastic following the generalized Hooke law:

g=c:e Vx €V (4.110)

with ¢, fourth-order positive definite tensor of elastic moduli of the isotropic elastic

fibers, and V; volume of the fibers.
Overall bulk modulus

For the case of linear elasticity, (g : €) is used as an estimate of <C°ff :E ) . E, with

C*", the tensor of effective elastic moduli of the homogenized medium, that can be

rewritten in this way:
geff=3k6ff~l+2ueff1§ (4111)

with K and J respectively deviatoric and spherical projector on 2nd-order tensors.

Hence, for a hydrostatic macroscopic strain tensor,

100
E=|010 4.112)
001
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it yields:
269=(c:e)=X%:E= (geff:15> tE=3k"E:J:E=9%" (4.113)

when computed on a given volume element, k% = (g : ) is an estimate of k°f.

1
9
Overall shear modulus

For a deviatoric macroscopic strain tensor,

010
E= %oo (4.114)
000

it yields:

2= (c:e)=X%:E= (geff:@‘) tE=2u"E:K:E=p" (4115

When computed on a given volume element, P = (o : €) is an estimate of .

4.4.4.3 Results

The estimation of elastic properties is now performed on hundreds of realizations.
Fibers were attributed the constitutive material properties listed in Table 4.3. The
variability of each realization gives rise to different results for apparent elastic prop-
erties. Mean values over n realizations of the same size are considered in this section.
The number of realizations n fluctuates, depending on the size and BC. Ideally, n
should be different for each volume size in order to achieve a similar sampling error
for all sizes considered. The fluctuation observed here is due to errors during the
meshing step; the larger the virtual sample, the more defects in the geometry are
likely to happen. Nevertheless, the values gathered in Table 4.4 are large enough for
achieving statistical representativity.

Table 4.3 Constitutive

_ Young’s modulus (GPa) 210
material parameters for - ; -
Poisson fibers Poisson’s ratio 0.3
Shear modulus (GPa) 81
Bulk modulus (GPa) 175
Volume fraction 0.16
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Table 4.4 Number of realizations n considered depending on boundary conditions and simulation
size

BC Volume
10° [20° [30% |40° |50° |60 |70° |80° |90° |100°
n—KUBC — karP 63 63 61 60 56 54 44 51 32 13
n—KUBC - 2P |63 63 61 60 54 54 47 50 27 14
n—MBC — k3PP 40 60 53 55 45 48 37 46 28 13
n—MBC — p2pP 41 62 58 59 48 49 45 41 11 12

Results for the elastic properties are obtained over a large number of realizations
(between 11 and 63, depending on their size). For the hydrostatic loading defined in
(4.112), the ensemble averaged apparent bulk modulus k?PP is computed in this way:

NI 1 (1
kapp = - ; (k*P), = - Z <§(T1‘Q')f>i (4.116)

i=1

On the other hand, the ensemble averaged apparent shear modulus 3PP is obtained
as follows for the shear loading defined in (4.114):

n

1< 1
aPpp — _ appy _ _
[P = . Ei:l: (1PP), - 2 :(<012>f),- 4.117)

i=1

Results for the bulk modulus k2P and shear modulus z2P are shown respectively
on Figs. 4.12 and 4.13 for the different volumes of simulation and corresponding
number of fibers (NV) considered. The mean values obtained for the largest system
size considered (N ~~ 800) are given with the corresponding intervals of confidence
[Z 4+ 2D;] in Table 4.5 and compared with analytical bounds. Boundary layer effects
are significant for small elementary volume sizes, for both types of BC. Similarly

Fig. 4.12 Mean values for Volume of simulation (L7)
the bulk modulus depending 20007 40* 50°  60° TOP s0° 90° 100°

on the number of fibers 12000 I

| «+ HS+ bound
i - KUBC

| .. MBC

10000
000

6000 |
|

—_— ‘:
|
|

bulk modulus (MPa)

1000 |

l d
T r T 1

=T

2000 |

1] . . - N
100 200 300 100 500 GO0 700 500

Number of fibers



126

Fig. 4.13 Mean values for
the shear modulus depending
on the number of fibers
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F 2000 { |
£ 1000 ll foreneene} - +
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Table 4.5 Bounds and mean kaPp (MPa) 7P (MPa)
values for apparent thermal -
and elastic properties FE-Uniform 4763 + 624 3270 + 394
FE-Mixed 2527 £413 1097 £272
Hashin—Shtrikman | 11,839 7328
upper bound
Voigt bound 28,000 12,923

to the results observed for the thermal properties, mean apparent values for KUBC
are decreasing with increasing volume size, whereas mean estimates obtained with
MBC are slightly increasing with V. There are very strong discrepancies for mean
values obtained with KUBC and MBC for both bulk and shear moduli, even for
the largest volume considered: A (W) = 88% and A (u®P) = 198%. Apparent

properties obtained for KUBC are constantly above those computed with MBC; this
is in accordance with the bounds stated in [91] for mixed boundary conditions, as
well as the hierarchies of estimates given by Huet [99].

4.4.4.4 Mechanical Fields

In order to explain the discrepancies observed on the mean apparent properties, let
us analyze the mechanical fields coming out of the simulation done on a realization
with V = 50. For the triaxial loading, mapping of the normalized elastic energy

density 7 ZQEE is presented on Fig. 4.14 for KUBC and MBC. From this figure,
25

it can be seen that KUBC induce a higher elastic energy density level than with
MBC. Also, the strain localization is affecting every fiber for KUBC, while only the
favorably oriented fibers are deforming with MBC, resulting in a more homogeneous
elastic strain energy density field with KUBC than with MBC. On Fig. 4.15, mapping
only = f” , for MBC the localization is clearly confined to both ends of preferentially
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. ge .
Fig. 4.14 vTe, mapping

for a V = 50 realization i

under hydrostatic load using KUBC

KUBC (top) and MBC

(bottom) ‘ 1
MBC I

Fig. 4.15 % mapping for a
V = 503 realization under

hydrostatic load using
KUBC (top) and MBC 2 KUBC
(bottom) |

1

MBC

oriented fibers, here along the vertical direction. On the other hand, for KUBC most
of the deformation takes place all over the boundary OV, including fibers that are
not preferentially oriented.

4.4.4.5 Integral Range, Variance and RVE Size

The theory introduced in Sect. 4.4.2 is now applied. Using (4.101) and (4.102), it

yields:
1
4K '\’
VrvE = = (4.118)
erelZ n

Based on (4.100), the relative error associated with the number of realizations
considered (cf. Table 4.4) is computed and presented in Table 4.6. As stated earlier,
ideally, the error should be the same for all sample series by adapting the number of
realizations. Although the relative error fluctuates, most values are very low, except
for the smallest sample sizes.

Variance for the apparent bulk and shear moduli as functions of the volume are
shown on Figs. 4.16 and 4.17.

The v exponents of the scaling-law for both moduli were estimated from the
results of simulations, by fitting the slope of the variance curves. Only the data
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Table 4.6 Relative error for the samples considered €, depending on boundary conditions and

simulation size

BC 'Volume
103 [20%%)| 303|403 |50° 603 |70 [80% |903  |1003
(%) (%) [(®) | [(B) | () |[(B) |(%) |(%)
erel ~ KUBC - k3PP 99 |49 |37 |29 |25 |21 |20 |17 |19 |26
erel — KUBC — 20D 19 | 62 | 47 (37 (33 |27 |26 |22 |27 (33
erel ~ MBC — kPP 256|117 | 88 |60 |53 |41 |39 (30 |33 |42
€rel ~ MBC — i2PP 516|218 [147 |98 |88 |68 |56 |54 |89 |71

Fig. 4.16 Variance for the
bulk modulus depending on
the volume of simulation

Fig. 4.17 Variance for the

shear modulus depending on

the volume of simulation

" —KUBC
10 .. MBC
_ =2 (KUBC)

107 10 10 10 10"
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107 1

. [—= KUBC
10° .. MBC
_v=2(KUBQ)
_7=2(MBC)

10° 107 10! 10° 10"

Volume

points for volumes V > 403 have been considered, in order to mitigate any bias due
to boundary layer effects with small volumes. The values obtained in this way are
gathered in Table 4.7. For the case of Poisson fibers, [110, 111] gave the theoretical
value of % for v1in (4.98) and (4.102). This value holds only for the indicator function
of the Poisson fibers and its mean value, the volume fraction. The value estimated
here (y = 0.67) verifies the theoretical result of [110]. Results from [6], for 3D
randomly distributed long-fibers, show a convergence of the variance on the volume
fraction of fibers following a scaling law with exponent v = 0.8; this value is in-
between the values for infinite fibers (y = %) and short-fibers (v = 1), which could
be compared to a random distribution of spheres in the extreme case of a shape factor
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Table 4.7 Values for y exponent estimated from the simulation

o
kaPP-KUBC 0.51
k2PP-MBC 0.77
1@P-KUBC 0.64
1@P-MBC 0.66
v 0.67

Table 4.8 RVE sizes estimated from computations with v = % €re]l = S5% and n = 1

Z BC K VRVE N

Vy - 4.4 x 107! 1643 2.1x 103
k2P KUBC 5.0 x 108 1883 2.8 x 10°
kPP MBC 3.5 x 108 2963 6.9 x 103
PP KUBC 4.0 x 108 2453 4.8 x 10°
LEPP MBC 1.8 x 108 4893 1.9 x 10*

equal to 1, similarly to the simulations in [105]. For the apparent shear modulus,
fluctuates between 0.64 and 0.66. Hence, as a 1st-order approximation, these physical
properties may depend on the indicator function of the fibers. The same conclusion
can be drawn for the apparent bulk modulus, but with further variation since - varies
between 0.51 and 0.77 depending on the BC.

Values for RVE size and relative error in Table 4.8 can be compared to the volume
considered and associated relative error in Table 4.6: for instance, if one considers the
experimental error associated with the estimate of k4P using KUBC for V = 1003,
with n = 13 realizations, €, = 2.6%. For the same relative error and number of
realizations, the asymptotic model, on which values in Table 4.8 are based, yields an
RVE size of V = 100.13, which corresponds to an error of 0.1%. The model is thus
appropriate for every data point considered, except in the case of volumes for which
boundary layer effects are not negligible.

4.4.4.6 Conclusions

This section questions the applicability of the concept of RVE for pathological cases
such as Poisson fibers. The microstructural model was developed and implemented
numerically. Hundreds of realizations were computed using FE, generating a large
amount of data to be analyzed statistically. Overall, the method proposed in [114]
and generalized in [57] for determining RVE sizes can be considered robust and
effective, even for pathological microstructures. This is method is thus very useful
for the homogenization of random architectured materials.
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4.5 Conclusions and Outlook

The use of architectured materials in industrial applications is conditional upon the
development of appropriate models for such materials. The present chapter covered
the most critical aspects of computational homogenization for architectured materi-
als. First, an introduction to classical computational homogenization was made and a
description of a computational approach using the finite element method was given.
This approach was applied for the specific case of periodic auxetic microstructures.
Periodic homogenization elastoplastic constitutive materials was then explored. A
systematic statistical approach for the computational homogenization of random
architectured materials was presented. The problem of representativity is also critical
when considering architectured materials in which the scale separation assumption
becomes invalid, i.e. for finite structures made of architectured materials. Recent ana-
lytical results show that effective properties can indeed be determined independently
of the number of unit cells [30, 160]. The polynomial approach was developed fur-
ther in the works of [12, 102, 103]. This approach was applied for modeling the
homogenized behavior of auxetics [16] and 3D woven textiles based on experiments
[170]. However the dependence on the choice of the representative unit cell remains
without solution. Approaches like multifield methods [186] and computational con-
tinua [73, 74] may be appropriate alternatives to the polynomial approach. For more
details about the mechanics of generalized continua, see [5, 75, 180]. The study of
structures made of architectured materials has been the object of intensive research in
the last few years [168], and has resulted in promising results concerning the devel-
opment of architectured metamaterials for acoustic [175, 177] and elastodynamic
applications [174, 176].
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Chapter 5 ®)
Design Methods for Architectured e
Materials

F. X. Kromm and H. Wargnier

Abstract Architectured materials offer a great potential of performance for various
applications, but they have to be tailored to fulfil each set of requirements. Designing
an architectured material implies determining all its attributes: components, archi-
tecture, volume fractions, interfaces...Numerous methods have been developed for
product design or for single material selection, but few deal with architectured materi-
als. Because of the difficulty to determine all the parameters at the same time, studies
have been carried out about specific tasks in architecture materials design. In this
chapter, after having presented material selection methods and design or creativity
methods that can be useful in this context, some results are detailed about methods
for analysing the set of requirements, identify some incompatibilities between the
functions, and select the components in the case where the architecture is defined.

5.1 Materials Selection and Architectured Materials

5.1.1 Definition of an Architectured Material

In order to define clearly the domain of this study, it is necessary to give a pre-
cise determination of the notion of architectured material. Indeed, various works
on this topic sometimes use different vocabularies, although some of the terms are
synonymous.

The term “architectured material” refers to both notions of materials combination
and structure, and as a consequence, it focuses the attention on observation scale.

An architectured material can be defined as the association of several non-miscible
materials (or the association of one material and air), disposed following a predefined
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morphology such that a representative elementary volume has at least one dimension
that is very small in comparison with the dimensions of the part it composes [1].

This definition includes a great number of materials of very different types like
composites, sandwich, foams... It must be mentioned that other terms are proposed
in the literature to name these materials (hybrid materials [2], multi-materials [3],
tailored materials [4] ...).

The notion of scale is fundamental for this type of design because it outlines the
limits of the definition. Indeed, applying a thermal treatment to a metal or polymer
to obtain a wanted microstructure resulting in specific properties is a classical task in
material science, but concern a too small scale to be considered in this study. On the
other hand, the term architectured material doesn’t include assemblies whose parts
would be made of various materials, so the domain of the developed methods will
be limited to an intermediate scale.

5.1.2 Materials Selection

5.1.2.1 Selection Methods

One of the steps of the design process is the choice of the constitutive material of the
product. Theoretically, the choice of the material, the geometry and the manufacturing
process of a part are strongly interconnected, but no method allow the designer a
simultaneous definition of all these characteristics.

The selection of a suitable material for an application implies a rigorous definition
of the requirements, separating clearly:

— the constraints: criteria presenting a fixed required value the material has to reach;

— the objectives: design characteristics that the material has to optimise (searching
for a maximum or minimum value);

— the free design variables (generally geometric parameters).

Several kinds of methods have been developed for materials selection as shown
in Fig. 5.1. Each one defines an approach for elimination of unsuitable materials and
ranking of potential solutions, using a systematic screening of the material database
[5, 8], aresearch in a specific domain knowledge database [7], or questionnaire based
method [8-10] for example.

Whatever the chosen approach, the selection procedure is sequenced in three steps:

(1) filtration to limit the number of candidate materials,
(2) ranking of the remaining candidates,
(3) expertise and documentation to ensure the validity of the solution.

Concerning the second step, an example of possible evaluation of the performance
of the materials for an application is given in the next paragraph. Although the
filtration step has been less developed, it can be interesting to add some remarks in
a further paragraph.



5 Design Methods for Architectured Materials 143
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Fig. 5.1 Selection strategies [11]

5.1.2.2 Performance Index

The materials selection methods developed by Ashby [5] are generally employed in
the design process after the definition of the geometry of the product. These methods
give the opportunity to rank materials of a database in order to choose the most
suitable for an application.

Before selecting materials, it is necessary to define a criteria for their evaluation,
and to determine the material properties influencing the product performance. This
performance can be written as a function of the fixed parameters of the geometry
(G), the constitutive material (M) the loading (F), and the free design variable (e), as
it is shown in the following equation:

P=1f(M,G,F,e) (5.1
The comparison of the materials can be made only if the expression of the per-

formance doesn’t depend on the free design variable (e). In order to obtain that, a
constraint (C) depending on (G), (M), (F), and (e) has to be used:

C=hM,G,F,e) (5.2)
This equation can give the expression of (e) allowing to reach the threshold value

Cy of the constraint, so that the expression of P doesn’t depend any more on (e) and
can be shared in terms depending on M and other terms:

P =fi(M)f,(G, F) (5.3)

Finally, the function f; is considered as a performance index of the material M,
and that method can be applied for each triplet composed of an objective, a constraint
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and a free design variable. This approach, firstly defined for one function, has been
generalised to multicriteria selections which represent most of the case studies [12].

5.1.2.3 Filtration Step

Before ranking the materials, it can be interesting to narrow the field of solutions.
This can be done thanks to the constraints of the set of requirements but in their
application, two types of filtration criteria have to be separated [13].

The first kind of constraints concern criteria that don’t depend on the free design
variable. They are directly expressed as a function of a property of the material,
and deal generally with the interaction between the material and its environment
(maximum service temperature, resistance to chemical environment, wear condi-
tions...) or with some of its attributes (possibility to obtain a particular shape, to use
a manufacturing process...).

The second type of constraints, depending on the free variable, is also called soft
requirements because they don’t result in a binary choice on a material property, but
in the definition of an allowable interval of the free geometric parameter to fulfil the
requirement.

The approach developed for the problems with only one free design variable
can be extended to the cases with several free parameters. Mathematical expression
deduced from the constraints results in an inequation system where the number of
inequations is the number of constraints and the number of unknown is the number
of free parameters.

If the number of variables is equal to the number of inequations, the associated
system of equations has a unique solution reaching exactly all the limit levels fixed
by the selection criteria. If the system gives several solutions (for example when
there are more free design variables than equations), the pertinence of the choice
of the variables has to be verified because some of them may be linked, and so, the
number of unknown may be decreased.

The following approach concerns the problems with a number of constraints
bigger than the number of free parameters. It is supposed that for every problem, a
linear system of equations can be obtained, which is a realistic assumption because
the models employed in preliminary design are often simple.

Then, a classical method for system resolution gives the filtration criteria. A more
complete description of the method is presented in the following example.

This example deals with the materials selection for a beam that mustn’t be too
expensive, and must have fixed minimum flexural stiffnesses in two different planes
(x1, x3) and (x7, x3). The cross section of the beam is rectangular, and its dimensions
a and b are free.

The requirements can be expressed as follows:

— constraint 1: stiffness in the (x;, x3) plane

> Sio 5.4)
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— constraint 2: stiffness in the (x;, x3) plane

Eab?
=5 (5.5)
— constraint 3: cost
1 - 1 (5.6)
oCnabL — Cy ’

A linear system of equations associated to this system can be written as follows
using the logarithms:
31 o
10g(a))
1 3 ( =\|g (5.7)
1 log(b) v

where o = log(SmL ) B = 10g(SzoL ) andy = log(pCmL

Using for instance the first two equations, the values ag and b of the free variables
allowing the first two conditions are calculated. The level y* of the third constraint
reached with the values ay and by can be calculated by:

3 1 «
13 plo0 & p=_th (5.8)

-1 -1y 4

*

If y* > y, all the constraints are fulfilled with the values a; and by, so the
considered material can answer the set of requirements. On the contrary, if y* < y,
all the constraints aren’t fulfilled with the values ag and by, so the considered material
can’t answer the set of requirements. Thus, the filtration can be expressed by the
condition —@ > y, that is to say:

G ) (3.9)
V/S10820L3 '

This condition can be represented graphically as shown in Fig. 5.2 on a property
chart.

This example shows that with a complex set of requirements presenting several
soft constraints, a filtration criterion can be applied to the material database to reduce
the number of candidates before ranking them.

log(E) < 2log(ppm) + 10g<
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logE

[ Materials passing the filtration

Fig. 5.2 Property chart for filtration

5.1.3 Why an Architectured Material?

There can be several reasons for using an architectured material rather than a mono-
lithic material. The first distinction that can be made is to note that in some cases,
architectured materials are used to replace monolithic materials which until then have
been satisfactory, whereas in other cases architectured materials are used as no mono-
lithic material fulfils their specifications. We therefore differentiate between cases
where the material selection process carried out beforehand provides improved solu-
tions thanks to architectured material, and cases where the filtration stage is sufficient
to show that no monolithic material can solve the problem.

There are several reasons that can be put forward for replacing a monolithic
material by an architectured material:

ey

@

3

“

Improvement in the performances of a part: when the monolithic material used is
the optimal material for the selection, any further improvement in performance
can only come from new materials, hence from architectured materials.
Reduction in implementation or operating costs: the main gain in terms of cost
can be achieved by replacing a very expensive material by a combination of
less costly materials, each of which fulfils part of the function required (e.g.
differentiating surface and volume functions). A reduction in operating costs
can mean a decrease in mass, resulting in easier and less energy-consuming
transport.

Easier manufacturing: redesigning a part using an architectured material can
often result in a simplified assembly with a reduced number of parts. Even if
some of the complexity is transferred to the material, long assembly operations
can be avoided, along with any additional mass which in certain areas can be
detrimental.

Avoid oversizing: if several constraints are stipulated, when the number of free
variables is small, using a monolithic material may lead to oversizing of the part
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in relation to certain requirements. An architectured material, as highlighted
in Sect. 5.1.1, intrinsically has more free morphological parameters, and thus
the properties can be adapted as well as possible to match the requirements. By
designing a custom-made material, additions of surplus material can be avoided.

The second type of case where an architectured material is appropriate is in appli-
cations with specifications that are so demanding that no monolithic material can
meet all the requirements:

(1) integration of new functions: in order to reduce the number of parts in a system,
designers sometimes want certain functions to be attributed to the material.
An accumulation of such requirements may sometimes result in the monolithic
materials no longer being able to meet these demands.

(2) Incompatibility of requirements: it can happen that failure to select a traditional
material is not due to the number of constraints but to their nature. This is the
case when despite being few in number, constraints are incompatible, for exam-
ple, searching simultaneously for high thermal conductivity and high electrical
resistivity.

This non-exhaustive list of situations justifying the use of architectured materials
helps to identify the key design issues: number and nature of constraints, and adjust-
ing properties to match. In what follows, we give an overview of the design of an
architectured material.

5.2 Methodological Study of Product Design

The choice of material and the design of an architectured material must be looked
at in the context of a general approach to design. In fact, the tools used will differ,
depending on the stage the project has reached. In addition, it may be interesting to
consider whether some existing general tools could be adapted for use with archi-
tectured materials.

5.2.1 Product Design Methods

To start up the design process for an industrial product of any kind (material, software,
organisation, service, etc.), it is first essential to consider market need. The definition
and specific expression of this need constitutes a fundamental step that determines
the success of the design. A crucial step is where the designer translates the needs
of the user into precise technical terms to which the design methods can be applied.
This work, called functional analysis, should result in the drafting of the functional
specifications of the product.
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Fig. 5.3 Materials selection and engineering science in design process [5]

Design is then divided into several phases in which a product is gradually
described, by refining its attributes at each stage, and gradually reducing the scope
of possible solutions.

The different phases described here can be represented in the form of an organi-
sational chart [5] as shown in Fig. 5.3.

To try to systematise the way in which concepts of solutions are determined,
various tools have been developed in an attempt to rationalise the design process. It
will be interesting to examine these methods and pinpoint the principles that can be
exploited when designing an architectured material.

5.2.2 Design and Creativity Methods

The approach described in the previous section gives only a very global notion of
design work, since it does not cover the way in which concepts and solutions are
found. Yet this is a crucial aspect of design, even though it may perhaps be the one
that is handled least well, since the mechanisms of creativity are so complex.

To systematise this operation, the designer has design tools at his disposal. These
methods attempt to rationalise the design process, with each one having its own
original approach. The aim here is not to produce an exhaustive list of these meth-
ods, but rather to give a brief description of those that are most commonly used,
their advantages and disadvantages, especially regarding the design of architectured
material.
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5.2.2.1 Concurrent Engineering

Concurrent engineering is a method based on the principle that all aspects associated
with the life-cycle of a product can be taken into consideration during the design
process. The result obtained with this method should ensure a balance between the
requirements of each phase and will produce the most satisfactory compromise.

The advantage of this method is that it incorporates the multi-disciplinary nature
of design which previously moved forward in successive and clearly distinct phases.
However, it is difficult to determine whether concurrent engineering should be con-
sidered as a set of design techniques, a new approach, or indeed a philosophy to be
applied at company level [14].

This approach is more and more appropriate for the choice of material or the
design of architectured materials since in addition to the functions that are routinely
requested, further criteria are often added concerning the supply of materials, imple-
mentation, dismantling, re-use or recycling [15]. For example, part of the work may
consist in creating recyclability criteria or assessment of environmental impact [16].

5.2.2.2 Decomposition into Functional Modules

A methodological approach consists in dividing the whole problem into several sub-
problems, known as functional modules, which have minimum interaction between
them [9, 17]. In fact, a product is often a fairly complex system that can be divided
into several components with the result that functions are often better focused. A
unique and complex problem is therefore transformed into a sum of small studies
each with much simpler specifications.

The design of architectured materials can be approached in the same way. When
confronted with specifications with many requirements, it is possible to search for a
material that meets each one. The next step consists of either simplifying to see if the
same material can effectively fulfil several functions, or assembling these materials
in the hope that all their advantages will then be combined.

In practice, although this approach may guide the design process towards possible
components, it is by no means certain that combining them will produce a satisfactory
result. In fact, some requirements may concern all the components of the material
(e.g. mass criterion) and can therefore not be processed in a simple fashion using
this kind of deconstruction. In addition, considering the architectured material in
this way gives only part of the answer because if we refer to the definition given in
Sect. 5.1.1, clearly this work will only result in constituents being proposed, with no
information on the morphology they are to have or the interface properties that will
link them together.

Lastly, we see that although the design phase has indeed been made less restrictive,
the proliferation of independent functional modules increases the complexity of the
result.
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5.2.2.3 TRIZ Method

When a complex set of functions and constraints is induced by an application, these
methods often give no solution, showing that “incompatible” required properties
force the designer to use multimaterials. In front of this problem, it seems neces-
sary to define a methodological approach to design multimaterials for that class of
applications.

This notion of incompatibility between two functions already appeared in product
design, particularly when TRIZ (TIPS) method was developed [18]. Indeed, this
design method is based on the principle that insoluble design problems come from
contradictory requirements. Pointing out various types of contradictory requirements
from numerous examples, several general problems could be identified and listed.
Besides, considering all the solutions operating in the examples, a solution has been
proposed for each general problem. However, this method is hardly adaptable to
multimaterials because the related given answers have been formulated in a very
general way which leaves the engineer’s creativity a great part in the result.

5.2.3 Strategy for a Toolbox

The steps in the overall process of designing an architectured material can be sum-
marised as shown in Fig. 5.4. In this process, design aid tools can be applied at
different stages.

After drawing up the functional set of requirements and the material set of require-
ments, the design of the architectured material can be guided via a questionnaire to
discover the reasons why a multi-material is necessary. This analysis of the specifi-
cations will either be used to identify the traditional problems for which solutions
can be proposed, or to carry out preliminary work using a free solution search tool.

The other tools relate to the subsequent steps in the process: search for morpholo-
gies, for components, for interface properties, and simulation to assess the solutions.
In this work, the large number of parameters that define the architectured material
give rise to a huge number of combinations. To get around this problem, the proposed
tools take into account only a small number of these parameters, with the others being
determined by hypotheses, thus reducing the scope of the study. This can result in
several scenarios, as shown in Fig. 5.5.

The presentation of the tools begins with this preliminary analysis of the specifi-
cations, then continues with the solution search methods developed for the possible
scenarios, with the exception of the selection of adapted interface properties for
which no tool has yet been studied.
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5.3 Analysis of the Specifications

As has already been explained, the advantage of architectured materials is to offer
new combinations of material properties. The fact that not all combinations exist in
the field of monolithic materials stems from the fact that either the properties space
is not filled continuously, or that there are correlations between material properties.

While some of these correlations are known or are easily predictable as they
result directly from the physics of the materials, others are more difficult to detect,
especially when they are combinations of properties such as performance indices.

The correlation between two properties can be observed and estimated empirically
using Ashby’s property charts. A chart of two correlated properties shows a scatterplot
that deviates little from a diagonal, whereas in the case of non-correlated properties
the points are scattered more widely.

As this is still too empirical a tool to assess the level of correlation between
properties, a tool using principal component analysis (PCA) has been developed.

5.3.1 Principal Component Analysis

PCA is a data analysis method used mainly to reduce the number of variables required
to describe a scatterplot. By applying this method, a space with many dimensions
(such as the material properties space) can be correctly represented by a smaller
number of parameters, making it easier to compare different individuals.

The general principles of PCA will be given here, starting with formatting the
data, which must be centred and reduced.

5.3.1.1 Centring and Reducing Data

To analyse the structure of the scatterplot, the variables must be made comparable,
so the data must be transformed:

— as in the case of material charts, the variables used are logarithms of the material
characteristics or combinations of characteristics;
— we perform a centring and reduction transformation.

After transformation, a column vector x of matrix A is denoted x*: the mean of
x* is therefore 0 and standard deviation is 1. The transformed matrix is denoted A*

«  Xi —m(x)
X =T (5.10)

where m(x) = Y, & is the mean of n elements of x, v(x) = Y, “=20L jg the

in

standard deviation of x, and »n the number of materials.
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5.3.1.2 Correlation Coefficients

The study of links between variables or criteria is based on determining correlation
coefficients between the column vectors of matrix A*. Generally, the correlation
coefficient r(x, y) between vectors x and y is defined on the basis of the covariance
of the centred variables and the standard deviations of the variables.

c(x.y) = Z (x; — m(x))n(yi —m(y)) 5.11)
cx, y) (5.12)

rex,y) = NOIEINSIE)

A correlation coefficient varies between —1 and 1. In the case of centred and
reduced variables, the covariance between two vectors is also the correlation coeffi-
cient:

xFy*
oty =Y Ty (5.13)

i

r(x*, y*) = c(x*, y*) (5.14)

As we saw earlier, it is possible either to look at individuals, i.e. the materials, and
consider a scatterplot in the variable space, or to look at the variables. In the latter
case, a variable is represented by a vector in a vector space where each dimension
corresponds to a material: the ith component of this vector is the value of the variable
for the ith material. As the data are centred and reduced, the ends of the vectors
representing the variables are on a sphere of radius 1, if we limit the numbers to
three individuals, and this is shown in graph form in Fig. 5.6: in practice, it is more
common to talk about a hypersphere since the space being considered has more than
3 dimensions.

Note here that the correlation coefficient between two variables is also the cosine
of the angle between the vectors representing these variables.

If the angle is close to 0°, the cosine of the angle is close to 1, the two vectors are
almost equal, and the two variables are very positively correlated.

If the angle is close to 180°, the cosine is close to —1, the two vectors are almost
opposite, and the two variables are very negatively correlated.

If the angle between two variables is close to 90°, the cosine of the angle is 0, hence
the correlation coefficient is zero, and the variables represented by these vectors are
not correlated
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Fig. 5.6 Set of variables represented in a 3 individuals space

5.3.1.3 Factorial Axes

If we consider the scatterplot of the materials (or individuals) in the variable space,
then we can construct a sequence of favoured directions, also called factorial axes.
This sequence can be defined as follows:

— the first factorial axis minimises the inertia of the scatterplot in relation to the axis

— the second factorial axis is perpendicular to the first and such that the factorial
design

— constructed from these two axes minimises the inertia of the scatterplot in relation
to the design

— the other factorial axes are constructed using the same procedure.

There are several interpretations that can give a better appreciation of the notion
of factorial axes:

— the factorial axes minimise the gap, in the sense of least squares, between the
scatterplot of individuals and its projection on the axis.

— the factorial axes are the directions of maximal lengthening of the scatterplot. This
lengthening is linked to the variability of the projection of the scatter.

— the directions of the factorial axes are such that the distance between the projections
of individuals is the closest real distance between individuals.

The projected inertia of an axis is defined as the ratio of inertia to the origin of
an axis of the projection of the scatterplot on the axis, and relative inertia is the ratio
of projected inertia to total inertia. If we consider variable scatter, it is also possible



5 Design Methods for Architectured Materials 155
to construct principal axes. The way they are constructed based on the inertia of the
scatter is identical to the scatter of individuals but interpretation is different:

— the variable associated with the first factorial axis, also called the principal com-
ponent, is the variable that best summarises all of the initial variables.

By denoting as X * the matrix representing the centred and reduced data, i.e. a line
represents an individual and a column represents a variable, in order to carry out a
PCA, we must calculate the correlation matrix C:

1
C=—X*X* (5.15)
n

The eigenvectors (u;) of the correlation matrix define the factorial axes of the
analysis of the individuals. The relative inertia (projected inertia/total inertia) of the
scatterplot projected on this axis is proportional to the associated eigenvalue (A;).

The factorial axes of the analysis of variables are defined from these eigenvectors
and eigenvalues. The principal component F;, which is a new variable, is defined as:

Fi = X*u; (5.16)

It is usual to classify eigenvalues in decreasing order, where the first factorial axis
corresponds to the eigenvalue with the highest value.

5.3.1.4 Reconstruction of the Scatterplot Using Factorial Axes

The scatterplot can be reconstructed from the factorial axes:

X* =

M-

(X*”i)uii

(5.17)

i=1

where p is the number of initial variables
It is also possible to perform a partial reconstruction of the scatterplot without
using all the factorial axes

q
Xy =) (X*u;)ul, (5.18)
i=1

where g < p
We then show that the distance between the two matrices is directly linked to the
sum of the relative inertias of the axes not used in the reconstruction

dZ(X*, f(,,) = Xq:)\ii (5.19)
i=l
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A measurement of the quality of the representation of a plot on an axis can then be
proposed from the relative inertia. This relative inertia is cumulative, in other words
the relative inertia of a factorial design is the sum of the inertias of the design axes.
The relative inertia of axis i is determined by:

A

Y

(5.20)

5.3.2 Study of Correlations Between Material Properties

The principal component analysis tool that has been described can be applied to a
space made up of material properties or combinations of these properties. In fact, by
applying variable centring and reduction to two given properties, then calculating the
factorial axes, all the materials in a database can be reconstructed along a factorial
axis.

This procedure can be illustrated using a simple example stipulating that the
density of a material must not exceed value pg, and the Young’s modulus must remain
higher than E. Both of these criteria can be formulated in a new way, according to
the position of the materials on factorial axis F';. Thus each interval defined for the
density and the Young’s modulus is translated into an interval of validity of F; (see
Fig. 5.7).

Two possible scenarios may then arise:

(1) if the intersection of these intervals is non-empty, the amplitude of this valid-
ity interval with respect to the total amplitude of the given database gives a
measurement for the compatibility of the “studied” functions;

(2) if the intersection is empty, the “distance” separating the two intervals can be
used to assess the degree of incompatibility of the functions, and also possibly to
see if a small change in the level of these requirements could generate solutions.

5.3.3 Study of the Density of a Materials Chart

In the case where the requirements aren’t correlated, the previous analysis becomes
unsuitable because the first factorial axis isn’t representative of the scatter plot.
However, even if this scatter plot is very spread out and covers a bigger part of the
space, the repartition of the materials may be non-uniform, so it can be interesting
to study the plot density, particularly in the zones concerned by the requirements.

To evaluate this density, the variable space has to be discretised, and the number
of materials in each elementary domain has to be calculated. Then, the density can
be calculated with respect to the domain size or to the average density of the scatter
plot. It is worthy of note that this method can be easily automatized.
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Fig. 5.7 Relation between (a)
material properties and
factorial axis: a density
(centred and normed) versus
first factorial axis, b Young’s
modulus (centred and
normed) versus first factorial
axis
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5.3.4 Application: Machine Tool Frame

An improvement of the performance of a machine tool implies higher production
rates while keeping precisions around 1-10 wm. As a consequence, the machining
speed, the power of the drivers and the frame stiffness have to be increased.

The machining quality is partially related to the capability of the machine to
maintain the relative position between the tool and the part to be machined, but the
evaluation of this parameter is very complex because it is influenced by the machine
tool architecture, the assembly of the different parts, the drivers, the frame... As these
information are generally unkown in a preliminary design stage, general requirements
for the frame are formulated to allow a material selection for this application:

— static and dynamic stiffness,
— vibration damping capability,
— thermal stability.

In order to select a material, performance indices are built for a plate under each
solicitation:

— Static stiffness: the objective is to minimize the material cost with a fixed static

stiffness. In the case of a bending plate the performance index is: I} = %
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Table 5.1 Correlation matrix I I ; I
between the centred and ! 2 3 4
normed indices of the I 1
machine tool frame I 0.156 1
I3 0.139 0.41 1
14 —0.138 —0.233 -0.794 1
Table 5.2 Grey cast iron . 3
main characteristics Density (p) (Mg/m”) 72
Young’s modulus (E) (GPa) 150
Thermal conductivity (1) (W/m K) 53.5
Thermal dilatation coefficient (a) (106 K=1) |12
Loss factor () 0.013

— Dynamic stiffness: the objective is to maximize the transverse eigenvalues of the
plate. The performance index is: I, = E2

— Vibrations damping: the objective is to minimize the transversal dynamic excitation
of a plate under a constant vibration source. The performance index is: I3 = %

— Thermal stability: the objective is to minimize the thermal distortion of a part
under the action of a constant thermal flux. The performance index is: Iy = %

The correlation matrix is calculated for these indices (Table 5.1).

The only significant correlation in Table 5.1 is the negative correlation between
the index I (vibration damping) and /4 (thermal stability) with a coefficient of —
0.794. This means that minimizing simultaneously the transverse excitation of a plate
under a constant vibration source and its thermal distortion caused by a heat flow are
intrinsically conflicting requirements.

In order to apply the ACP method, these performance indices have to be turned
into constraints, defining available intervals for each combination of properties. In
this case study, the new material has to result in better performances than the currently
used cast iron.

The improvement comparing to the cast iron should be of 5% of the variation
of the index for all the materials database. From the cast iron properties (Table 5.2)
the improved performance index /3 = 0.018 and /4 = 10.2 (in the same unities of
Table 5.2). After centring and normalising, /5 = 0.93 and /; = 0.86.

Figure 5.6a shows the evolution of the index I3 as a function of the first main
component, as well as the best linear correlation and the band representing the set
of points (95% of materials inside). The result of the compatibility study depends
on the selection made to fix the band: the minimum value for F{, that here is 0.32,
is related to this selection. The width of the band will be as little as the inertia of the
set of points, from the factorial axis is little. Then the associated eigenvalue will be
high.

We can say the same from Fig. 5.8b, that represents the evolution of the per-
formance index related to the thermal distortion /4 as a function of the first main
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Fig. 5.8 Compatibility analysis: a performance index /3 versus first factorial axis; b performance
index /4 versus first factorial axis

Table 5.3 Compatibility between indices /3 and /4

F| min F1{ max Interval on Fy Allowable Distance of Incompatibility
interval incompatibility | index
-3 3.8 I3 (vibration): No interval 0.32 — (—0.15) |0.47/6.8 =
[0.32, 3.8] =0.47 8.1%
14 (thermal):
[-3, —0.15]

component. After the PCA application on the /3 and /4 indices and after the graphs

Fig. 5.8a, b, Table 5.3 can be built.

The intersection of the allowable intervals is empty, and the distance of incom-
patibility is evaluated at 0.47, which corresponds to about 8% of the total range of
value of F; on the database. This value seems too high to consider that solutions
can be found near the requirements, so the incompatible functions have been studied
specifically, and a multi-material solution has to be searched.
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As some studies showed the interest of civil engineering materials for this kind of
applications [19, 20], the usual hydraulic concrete properties are evaluated regard-
ing the I3 and /4 performance indices. It appears that this material increases the
performance on both dynamic and thermal criteria. However, problems due to resid-
ual stresses, interaction with hydrocarbons or the very long time to obtain de final
properties make this solution irrelevant for this application. As these drawbacks only
come from the cement properties, the general architecture of the material has been
conserved, and the use of coarse granulate material (like sand, gravel or crushed
stone) is validated. The last step of the design which consists in the selection of the
new matrix results in the choice of an epoxy resin to make a polymer concrete.

5.3.5 Conclusions

The PCA provides the designer with an analysis tool that can show incompatible
requirements early in the design process. The exploitation of the results indicates
then if a small change in one constraint can allow solutions to be found or if they
should be considered separately.

The next step in the procedure is to choose all the characteristics that define a
multi-material. The studies presented forward aim at limiting the number of potential
solutions or guide the designer in the architecture selection.

5.4 Component Selection—Materials Database Filtration

The number of parameters in multi-material design increases greatly in comparison
with a single material selection. Indeed, it has been noted previously that it implies
the determination of:

the components,

the volume fractions of the component,

— the architecture, or morphology of the multi-material,
the coupling mode, the nature of the interface.

In order to reduce the study domain and the number of candidates, a concept of
solution (i.e. the functional mechanism) and some parameters have to be predeter-
mined. For example, we firstly consider that the architecture of the multi-material
and the nature of the interface are fixed. In this case, the only parameters remaining
free are the constitutive materials and their volume fraction. It appears that the num-
ber of possible combinations is still very important, even if the material database is
reduced, so it seems necessary to operate a filtration on the database to determine the
materials that can be a component of the multi-material before ranking the solutions.
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This filtration method for a multi-materials can be divided in three steps:

elimination of materials that can’t be a component,
searching possible combinations of materials,
searching possible volume fractions or design parameters.

5.4.1 Elementary Example

This study aims at selecting the components of a material with two layers to answer
a set of requirements concerning a tie with a fixed length L and whose cross section
area A is free. The tie is submitted to constraints C; on mass (lower than my), C,
mechanical (tensile stiffness greater than Sy) and C3 electrical behaviour (electrical
resistance greater than Ry).

These three constraints can be treated separately, or can be used to define two
filters. Each filter results from the compatibility between two constraints because, as
seen previously for a single material selection (at Sect. 5.1.2.3), itis important to focus
on the intersection of the intervals of possible values of the free variable imposed by
each constraint. Using these filters allows a filtration on materials property chart.

In the example of the tie, the method can be applied as follows:

— Mass constraint Cy:

mo
pLA>my soA < — (5.21)
pL
— Mechanical constraint C»:
EA SoL
— >8) S0A > — (5.22)
L E
— Electrical constraint C3:
rL rL
— >Ry S0A < — (5.23)
A Ry

where p, r and E are respectively the density, the electrical resistivity and the Young’s
modulus of the material.

The first filter F';, defined by the compatibility of C| and C», leads to the following
in (5.24) and can be graphically represented by Fig. 5.9:

AoL?
0
mg

E>

(5.24)

The second filter F, defined by the compatibility of C, and Cs;, leads to the
following in (5.25) and can be graphically represented by Fig. 5.10:
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These graphical representations show the realised filtration by defining different
domains on property charts, but another illustration can be given considering this
filtration for one material—Fig. 5.11). Indeed, this material passes the first filter F',
(resp. F) if the I} (resp. I,) interval is not void.

This kind of filtration can be applied to any material, showing the possible intervals
for the free variable imposed by each constraint. This method, available for single
material selection, has to be adapted to work on multi-materials, taking into account
the different steps presented previously.

e First and second steps: component selection

If the set of materials passing all the filters (that is to say if the intersection of the
two intervals) is void, the only solution to fill the set of requirements is to design a
multi-material.

The set of materials passing the filter F'; (respectively F,) is noted M| (respectively
M>). A combination of materials to satisfy the three constraints should be constituted
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of one component from each set (M; and M;), so couples of materials have to be
selected by this way in the two sets.

Two types of constraints can be added to those ones. First, possible incompatibil-
ities between the components must be taken into account. Then, the two components
are not concerned by the same constraints because of their position (for example
environment resistance or surface treatment). These supplementary constraints have
to be considered at this stage.

e Third step: searching for acceptable combinations and multi-materials

As the morphology of the multi-materials is already determined (two layers), its
behaviour can be modelled easily thanks to the equations:

m = LA(pVi+ p2(1 —Vp)) (5.26)
A
So=T(E1Vi+ Ex(1 = V1) (5.27)
1 A(V, 1-V
— = —<—1 + 1) (5.28)
RQ L r r

where p;, E;, r;, V; are the density, the Young’s modulus, the electrical resistivity
and the volume fraction of the ith component.

Then, the variations of the values of these properties as a function of the volume
fractions of the materials can be represented on property charts by lines joining two
components.

The application of the filters /| and F, defines limits on property charts that
enhance limit values of the volume fraction V of material 1 as shown in Fig. 5.12.
The fulfilment of the set of requirements can be done only if V, < V;, because if this
condition is not verified, no volume fraction can allow both filter to be passed.

An approach of the filtration for the selection of components of an architecture
material has been exposed on an example consisting in a problem with two materials
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Fig. 5.12 Properties of an
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and three constraints depending on the free variables. This approach can be gener-
alised to problems with two materials and more constraints first, and problems with
more than two materials then.

5.4.2 Design of an Architectured Material with Two
Components and n Constraints

In the previous paragraph, each filter was defined thanks to two constraints, one
constraint imposing a minimum value to the free variable, the other one imposing
a maximum value. If there are p~ constraints imposing a maximum value and p*
constraints imposing a minimum value, the number of filters for this problem is p =
p pr

The application of each filter (noted F';) determines a set of materials M; passing
the filter. If the intersection of all the sets M, is void, there is no monolithic material
that can be a solution for the problem.

For a material my, it is possible to represent the filtering results by a p-uplet gy,
axz,. .., ag, where ay; = 1if the material my;, passes the filter F';, and az; = 0 otherwise.

Thanks to this coding, the condition for a couple of materials (my, m;) to be a
solution is expressed as: Vi € [1, p], ax +a;; # 0. Then, two cases have to be
considered:

ay; + a; = 2, both materials belong to the M; set, so this filter will be passed
whatever the volume fractions of the components,

ay + a; = 1, one of the materials doesn’t pass the filter F;, so an interval of
acceptable volume fractions will be defined in the form [Vy;, 1] if the material my
passes the filter or [0, V,] if the material m; doesn’t pass the filter.

As a result, a multi-materials whose components are my, and m; is a solution if a
volume fraction allows to pass all the filters, that is to say if the intersection of the
available volume fraction intervals is not void.
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It is important to note that the couples of materials are ordered. Indeed, a couple
(my, my) differs from a couple (m;, m;) because each component plays a different
role in most multi-materials (matrix/reinforcement, core/skin ...).

5.4.3 Design of an Architectured Material with m
Components and n Constraints

The proposed coding for the selection of components of a bi-materials can be gen-
eralised to a greater number m of components, so the p-uplet representing the m
materials is the sum of the m p-uplets of the components. As it was done in the
previous paragraph, two cases have been considered:

Y i, ax; = m, all the components pass the ith filter, so the multi-materials will
pass it too whatever the volume fractions of the components,
i ki {m, so the intervals of acceptable volume fractions have to be determined.
In a last part, a case study concerning a pipeline has been carried out to illustrate

the approaches developed in this section.

5.4.4 Application

The case study concerns the development of new materials for oil extraction pipes
lying on the marine ground at great depths. The pipe is supposed to be multi-layered
and axisymmetric, with two or three layers (either inner and outer layers, or inner,
medium and outer layers), so the free variables are the layer’s thicknesses.

The functional analysis of such a pipe during its installation and its exploitation
results in a set of requirements of the materials whose constraints can be divided in
four groups detailed in Table 5.4: three groups don’t depend on the free variable and
concern either inner or outer or medium layer; the fourth one depends on the free
variable.

The first step of the filtration consists in the elimination of the materials that don’t
fill the constraints of the first or the second group because they can’t be used as an
internal or external layer of the multi-materials. In order to be more easily treated,
the database has been restricted to 62 monolithic materials. After the filtration, there
are only 18 materials left for the internal layer and 14 for the external one.

The second step consists in applying the criteria fixed by the fourth group of con-
straints. There are four constraints imposing a minimum thickness and two imposing
a maximum thickness, so eight filters can be defined. Each material is represented
by a vector (whose terms are 0 or 1), and the sum of two vectors represents the
properties of a two layer materials, that can be easily evaluated with respect to the
requirements. After this step, there are only 8 couples of materials left.
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Table 5.4 Set of requirements by layers and types of constraints
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Group Implied layer

Relation with the free
variable

Description of the
functions

1 Inner

No

— Resistance to service
temperature

— Resistance to
corrosion due to the
effluent (hydrocarbon)

2 Outer

— Resistance to service
temperature

— Resistance to
corrosion due to sea
water

— Wear resistance

3 Medium

— Resistance to service
temperature

4 Inner/outer or
inner/medium/outer

Yes

— Resistance to
mechanical loads
during installation

— Maximum force on the
installation ship

— Resistance to local
buckling due to
external pressure
during exploitation

— Limited thermal losses
to ensure the effluent
flow

— Buoyancy: the pipe
mustn’t float

— External diameter
must be adapted to
installation system

Finally, for each couple of materials, the interval of acceptable volume fractions
to satisfy the requirements has been calculated, leading to a set of only 5 possible bi-
materials for this application. However, all these solutions must be rejected because
it appears that polymer foams should be used in every case, but the contact with sea
water or extracted fluid will probably result in a decrease of the foam properties.

In order to avoid this problem, a three layers solution was searched. The groups
of constraints include the three groups presented in the two-layer pipe, and the group
concerning the medium layer (see Table 5.4).

The first filtration step determines the materials which can be a component of the
multi-materials: the constraints of the groups 1, 2 and 3 are applied, leading to a
supplementary set of 45 materials left for the medium layer.
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Table 5.5 Results of the
selection for a three layer
material

Type of combination (inner Number of solutions
layer/medium layer/outer layer)

Metal/polymer foam/metal

Metal/polymer foam/composite

Composite/polymer foam/metal

Metal/polymer foam/polymer 10

Polymer/polymer foam/metal 24

The previous procedure is applied to this multi-materials, and results in 48 possible
combinations which are summarised in Table 5.5.

It is important to note that currently used structures of materials can be found
with these combinations (metal/polymer foam/metal), but in this case, the classical
carbon steel is replaced by stainless steels or other metal alloys.

The combinations including composite materials as a component would require
further developments, because several parameters (number of plies, orientations,
volume fractions...) have to be determined.

The filtration method allowed the determination of a set of solutions, near of
the existing ones but employing new materials. The important number of solutions
can be reduced by focusing on the manufacturability of each multi-materials, which
should be the next step of this design case study.

5.5 Architecture Selection

5.5.1 First Approach

The selection of the best material for an application consists in determining the
optimal value of a combination of material properties called performance index. This
indicator is derived from the expression of the performance of the product (mass or
cost for example) in which all the parameters except the materials properties and one
free design variable (i.e. one geometrical or functional parameter) are fixed.

There could be several ways to define the performance of an architecture. For
example, the improvement on a property (or combination of properties) could be
calculated comparing it with a law of mixture with the same components and volume
fraction. This principle is close to the shape factor [21, 22] that is used to select the
shape of the cross section of a beam. However, the calculation of these shape factors
always rests on the separation of geometric parameters and material properties in
the expression of the performance, which is generally impossible to manage when
several materials are involved. So, it seems that this technique is suitable when trying
to add an architecture to a single material, but becomes inapplicable for multi-material
design.
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Another method consists in using shape optimisation algorithms like level set
for example [23]. With this method, the architecture isn’t picked in a database, but
evolves at each step of the calculation. The drawbacks of this method are that the
final morphology depends greatly on the initial one, and that the calculation times
are very important.

5.5.2 Simultaneous Selection of Components
and Architecture

Trying to develop a free search method for the design of an architectured material,
the simultaneous selection of the architecture and the components can follow the
principle shown in Fig. 5.13. In order to calculate the properties of the multi-material,
the architecture database must include homogenisation models, and must be linked
to a materials database for the components properties.

The selection in a database allows a quick comparison of very different mor-
phologies. Then, when a first ranking of the candidates is made, the parameters of
the chosen architecture can be optimised thanks to classical topology optimisation
methods in a final step.

The database has to be representative of the various possibilities of the multi-
materials, but doesn’t have to be exhaustive because it mustn’t lead to important
calculation times.

Trying to make a collection of the most classical architectured materials, it appears
fundamental to create a hierarchy in the database. Indeed, multi-material morpholo-
gies can sometimes appear quite complex, but they can be considered as a combina-
tion of elementary patterns [24, 25], so, the database has to be organized as a function
of the length scale.

For example, at macroscopic scale, all the multi-materials can be supposed to be
multi-layered, so the only morphology that is considered in this category is a division
of the material through the thickness.

Then, each layer can be filled with a predefined morphology. The possible ele-
mentary patterns can be separated in different types as:

Fig. 5.13 General method

for architecture selection Architecture

database

Architecture selection and
comparison

Multi-material
components
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monolithic material,
— composite material: matrix reinforced by particles, short or continuous fibers,
cellular material like foams or honeycombs.

This combinatorial problem gives rise to a huge number of potential solutions,
even if material and architecture databases contain rather small numbers of items.
Indeed, each architecture is characterised by several specific parameters describing
the morphology. As a consequence, the numerical method for the selection of the
architecture and components has to deal with a lot of different parameters to eval-
uate the homogenized properties and the performance. Some of these parameters
are quantitative (volume fractions, particle dimensions...), but others are qualitative
(type of architecture, constitutive materials...) so different kinds of variable have
to be manipulated. As a complete screening of the solution space is impossible,
the numerical method has to be chosen to give solutions in a reasonable time (for
example genetic algorithms are already frequently used for the definition of stacking
sequence or the choice of the components of composites [26]).

5.5.3 Architecture and Interface

In addition to the coupling between architecture and components, the interest can be
focused on the role of the interface between the components. Indeed, in the previ-
ous case, the properties of the architecture materials depended only on geometrical
parameters or material properties because the interface between components was
supposed to be perfectly adhesive.

Among the approaches of the definition of the attributes of the architecture materi-
als, interface can be considered separately from the others, but often revealed coupled
with architecture. For example, requiring a high tensile stiffness and a low flexural
one for a beam can result in the design of a cable. This solution can be consid-
ered as an architectured material because even if it is made of only one material,
it is characterised by a segmented morphology and a sliding interface between the
monofilaments. Some parameters of this cable are clearly related to the architecture
(number and diameter of filaments, twisted or not...) but the requirements can be
fulfilled only thanks to this specific interface.

To illustrate this, the importance of the interface properties and its coupling with
the architecture has been studied on a structure with two components [27]. A level set
method was used to optimise the arrangement of the materials. The different types
of interfaces that were tried resulted in very different architectures, showing that the
efficiency of an architecture can’t be separated from the interface properties.
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5.6 Conclusions

Designing architectured materials fulfilling a set of requirements is a very complex
task, and methods allowing a rational design are often still to develop. The first
difficulty comes from the number and diversity of factors the designer has to deal with.
In this chapter, some tools have been presented, showing that taking assumptions
narrowing the field of solutions, some specific methods can be applied.

A statistical approach allows to answer the questions “why designing an architec-
tured material?”. The result of this study provides the designer with the possibility
to separate incompatible requirements, and split the set of requirements in several
more consistent ones.

Then, trying to extend selection methods already available for a single material,
some approaches can be defined for the component selection, making an important
filtration eliminating the biggest part of the possible materials combination.

Other approaches could consist in searching a solution to the set of requirements
in terms of coupling mechanisms directly, which would involve the components,
architecture, and interface. This method can be based on an analogy research, but
implies that a database of standard solutions answering standard problems. Although
this kind of approach is less innovative than free search, it can be interesting to give
robust solutions.

Finally, all these methods have been illustrated with industrial cases, but didn’t
deal with one of the most stringent requirements for the future that is recycling.
Indeed, the final step of the life cycle of the products has to be taken into account in
the design process, and becomes even more complicated when several components
are involved like in most of the architectured materials.
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N. Vermaak, G. Michailidis, A. Faure, G. Parry,
R. Estevez, F. Jouve, G. Allaire and Y. Bréchet

Abstract Design of architectured materials and structures, whether in nature or in
engineering, often relies on forms of optimization. In nature, controlling architec-
ture or spatial heterogeneity is usually adaptive and incremental. Naturally occur-
ing architectured materials exploit heterogeneity with typically graded interfaces,
smoothly transitioning across properties and scales in the pursuit of performance
and longevity. This chapter explores an engineering tool, topology optimization, that
is at the frontier of designing architectured materials and structures. Topology opti-
mization offers a mathematical framework to determine the most efficient material
layout for prescribed constraints and loading conditions. In engineering, topology
optimization is identifying designs with interfaces, materials, manufacturing meth-
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ods, and functionalities unavailable to the natural world. The particular focus is on
the variety of roles that interfaces may play in advancing architectured materials and
structures with topology optimization.

6.1 Introduction

Designing architectured materials and structures introduces a scale for materials or-
ganization: this is the “architecture” between the microstructure and macroscopic
shape [1-3]. In this approach, “spatial heterogeneity” is controlled such that combi-
nations of materials or of materials and space are arranged in configurations and with
connectivities that offer enhanced performance. In this way, interfaces are integral to
architectured materials/structures. Interfaces are dynamic, diverse, sometimes dan-
gerous frontiers. The idea of an interface implies the presence of some kind of tran-
sition, difference, change, discontinuity, and/or heterogeneity. Within the context of
engineering applications, the interfaces of present interest may be mathematical and
numerical tools or physically-based constructs. Physically, interfaces occur within
and between the primary physical states of matter (solid, liquid, and gas).! Math-
ematically and numerically, interfaces are surfaces, infinitely sharp, that define the
boundaries of regions.

Design of architectured materials/structures, whether in nature or in engineering,
often relies on forms of optimization. In nature, controlling spatial heterogeneity
is usually adaptive and incremental. Naturally occuring architectured materials ex-
ploit heterogeneity with typically graded interfaces, smoothly transitioning across
properties and scales in the pursuit of performance and longevity. In engineering,
topology optimization is identifying architectured designs with interfaces, materials,
manufacturing methods, and functionalities unavailable to the natural world. Topol-
ogy optimization provides a mathematical framework to determine the most efficient
material layout for prescribed constraints and loading conditions [4].

This chapter focuses on engineering applications within structural topology opti-
mization and explores the roles that interfaces can play. Within the classification of
physical solid or bulk interfaces, several types of interfaces can occur. These include
bi-material or hybrid, dissimilar interfaces, heterophase boundaries, localization of
defects, grain boundaries, interphases, complexions, interlayers, coatings, and joints.
In many of these cases, lattice-parameter changes in the interfacial region, induced
by interfacial stresses, may have a pronounced effect on the physical properties and
chemical composition at or near the interface [5]. Note that liquid, gas, or mixed,
solid/liquid, and liquid/gas interfaces are also of engineering interest but beyond
the scope of this chapter. In many structural applications, it is critical to design
these material or solid/solid interfaces for system performance. For example, mate-
rial interfaces often dictate tolerances and processing choices, lifetime and failure
characteristics. Recently, the tool of topology optimization has begun to consider

IPlasma and other states of matter that occur under extreme conditions are not considered.
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more and more numerical and physical roles for interfaces in design. This chapter
explores some of these trends and provides perspectives and suggestions for future
developments in the context of architectured materials and structures.

6.2 Structural Optimization

The phrase “structural optimization” is frequently used in engineering fields to de-
scribe processes and methodologies which aim to improve some characteristics of a
structural part related to its mechanical performance. Historically, mechanical design
has been primarily based either on the experience and intuition of designers, or on very
simplistic analytical mechanical models. Extensive progress in computation over the
last decades has enabled engineers to capitalize on mathematical optimization meth-
ods and algorithms to solve increasingly complex structural design problems in an
automated manner.

Several categories of structural optimization exist; they depend on the kind of
objectives or optimization variables of interest [6—8]. These differences in optimiza-
tion methods can have dramatic effects on the types of design problems that can be
considered and the way that interfaces can be accounted for in the design of archi-
tectured materials/structures. The following sections give an overview of the main
methods of structural optimization. The focus is on problems of “Topology Opti-
mization” (T.O.), i.e. problems where the design variables define the shape and the
connectivity of a structure. A general mathematical formulation of a T.O. problem
reads:

inf J(2), 6.1)

QEOZ/t,d

where 2 is the domain occupied by the structure, J is the objective function to be
minimized and %, is a set of admissible shapes constraining the problem and to
which Q shall belong. In general, this problem (6.1) lacks a solution, unless the
admissible set, %4, is adequately constrained.

6.2.1 Categories of Topology Optimization

A Topology Optimization method can be characterized by two choices: (i) how the
structural shape is described and (ii) how the shape evolves during the optimization
process. How the shape evolves during the optimization process is directly related to
the way a descent direction is calculated, i.e. how a direction that causes a decrease in
the objective function to be optimized is found. The majority of T.O. applications use
gradient-based methods. Using the calculus of variations, and depending on the nature
of the optimization parameters, a descent direction is identified that guarantees the
decrease of the objective function, at least for a small change of the design variables.
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Despite the fact that calculating such a descent direction can be quite cumbersome,
very efficient methods have been developed (MMA, CONLIN, MFD, SQP, etc.) that
allow one to quickly identify an optimal solution, even for problems with a large
number of optimization variables.

In terms of how the structural shape is described, the majority of numerical ap-
plications of topology optimization in the literature, as well as commercial software
codes, are based on what is called a “density approach” to topology optimization.
In these density approaches, the T.O. problem, (6.1), is translated into a problem of
finding an optimal density distribution in a design domain, i.e.

inf J(0). (6.2)

OEU qa

The first density approaches to appear in the topology optimization literature used
homogenization theory [9—15]. The goal of these approaches was to overcome the
difficulty of the non-existence of solutions for the general T.O. problem (6.1) by
including “composite” materials as admissible solutions. That is, within a design
domain, every point in the domain has an assigned density: O for material “A”, 1 for
material “B”, and any value between 0 and 1 represents a kind of “composite” or
mixture of “A” and “B” at that point. Note that material “A” or “B” may be physical
materials or void (empty space).

Following the early work based on homogenization theory, several simplified
methods have been proposed in order to force classical “0—-1" shapes (shapes that in-
clude only solid or void) as solutions to the T.O. problem (6.2). The most well-known
among the density approaches is the “Solid Isotropic Material with Penalization” or
SIMP method [4]. SIMP uses a simple penalization scheme to suppress the forma-
tion of intermediate densities (density values between 0 and 1 with little physical
meaning). With the advance of additive manufacturing, the motivation for penalizing
these intermediate densities is being reevaluated. Multi-material printers continue to
be developed with advanced capabilities. For example, one goal is to mix materials
like painters mix red and yellow to achieve any desired orange at any point of in-
terest. A great benefit of these density methods is the simplicity of the description
and the ease of computing derivatives with respect to the density field. On the other
hand, when the exact position of boundaries of or within the structural shape plays
an important role in the mechanics or physics of the problem, density methods are
not, in general, well-suited.

Alternatively, geometric methods, as the name implies, use a geometric descrip-
tion of the shape, €2, and constrain the admissible domain, %, to ensure the existence
of optimal solutions. In the past, geometric methods have mostly been based on mesh
deformation. They were often considered inadequate for performing T.O. due to the
difficulty of enacting topological changes while moving the mesh. Recently, the use
of level-set methods [16] for T.O. [17—-19] made it possible to preserve a geometric
description of the shape while performing topological changes in a simplified way.
In addition to level-set approaches, advanced mesh deformation methods have also
been developed [20] that handle topological changes with mesh evolution. Level-
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set methods for T.O. will be described in greater detail in Sect. 6.2.2.1. Geometric
methods are usually more complicated than density methods, but they also offer two
major benefits. First, they do not inherently introduce intermediate densities into de-
signs. Intermediate densities have limited physical interpretation and 0—1 designs are
usually preferred. Thus, geometric methods do not require further post-processing
penalizations and re-interpretations of the design results like most density methods
apply for 01 designs. Second, geometric methods can be applied in any mechanical
framework without the need to modify the mechanics of the problem to accommodate
intermediate densities.

Other approaches to T.O. include phase-field, evolutionary, and stochastic meth-
ods. The phase-field approach combines characteristics from both density and geo-
metric methods [21, 22]. These methods are particularly suitable for multi-material
problems, however optimized solutions depend strongly on the penalization param-
eters used to obtain 0—1 solutions (without intermediate densities). In the so-called
“evolutionary methods,” the update of optimization parameters is based on a heuris-
tic criterion. For structural problems, the heuristic criterion is usually a stress-based
criterion. This criterion is used to decide whether to add material, to remove material,
or to advect a geometric shape [23, 24]. This process is similar to the way that a tree
branch will adapt to changing mechanical loads, slowly adding or removing material
[25]. Evolutionary methods are very simple to develop, however they are also only
effective for a limited range of problems where a heuristic criterion is relevant and
readily formulated. Lastly, stochastic methods are well-known for solving general
structural optimization problems, mainly involving integer values. However, they are
limited to a small number of optimization parameters and their use in Topology Opti-
mization problems that are representative for engineering applications is impractical
[26].

6.2.2 Topology Optimization for Interface Problems

The choice of the T.O. method to be used for structural design depends strongly
on the complexity and the nature of the problem. For example, simplified density
methods perform very well for two-dimensional compliance minimization problems
and there is no reason to develop an elaborate geometric method in order to obtain
similar results. However, for problems where the position of the structural boundary
or the precise definition of shape is important, classical density methods may not be
sufficient due to the lack of geometric information. There is no explicit definition of
an interface for a shape described via a density field varying continuously between
0 and 1. Instead, for T.O. implementations that penalize intermediate density values,
the interface is recognized as a region of rapid density variation from O to 1. Despite
the recent combination of density methods with projection filters [27, 28] in T.O.,
the position of the interface cannot be described as accurately as when a geometric
method is used. In addition, although geometric methods are more difficult to im-
plement numerically and require more complexity to allow topological changes to
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occur than density approaches, they also present an inherent benefit when it comes
to problems where interfaces are important. Namely, the positions of interfaces or
shape boundaries are always explicitly defined. This makes all operations related to
the interface or shape boundary significantly easier.

6.2.2.1 Level-Set Method for T.O.

Since the first publications on the topic of level-set-based T.O. [17-19], there has
been rapid growth in this field that is reflected in the numbers of related publica-
tions and industrial projects [29]. The combination of the level-set method with the
shape sensitivity approach [18, 30, 31] allows one to obtain a gradient-based geo-
metric method that easily and elegantly performs topological changes. The following
provides a brief description of the main elements of a level-set based T.O. algorithm.

Shape description

Using the level-set method for shape description, the boundary of a domain €2,
denoted 02, is defined as the zero level-set of an auxiliary function ¢ (see Fig. 6.1).
Thus, discretizing the level-set function, ¢, which is part of a larger working domain,
D, and defining ¢ as:

p(x) =0« x€dQND,
P(x) <0 xeQ, (6.3)
¢p(x) >0« x¢€ (D\ﬁ),

one ensures an immediate and precise knowledge of the interface or shape boundary.
It should be noted that, based on the definition in (6.3), a domain, €2, can be equiv-
alently described by an infinity of level-set functions. A “good” choice of level-set

Fig. 6.1 Level-set based o(x)
definition of a domain 2 A
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Fig. 6.2 Multiphase
representation in the level-set
framework

function is one that is smooth enough to guarantee sufficient accuracy for all of the
necessary numerical approximations: finding the exterior normal vector, the mean
curvature, etc. Such a “good” choice is the signed-distance function to the domain,
defined as:
—d(x,0Q) ifx € Q,
do(x)=130 ifx € 092, 6.4)
d(x, Q) ifx ecQ,

where d(x, d€2) denotes the standard Euclidean distance from a point, x € €2, to the
boundary. Beyond the smoothness of the signed-distance function, its use allows one
to obtain valuable geometric information about the shape in order to define geometric
characteristics, like a zone of prescribed thickness.

Another benefit of the level-set framework for T.O. is the ability to capture and
describe multiple phases or materials in a natural way [32-34]. By defining n level-
set functions in the same design domain and combining their values, one can describe
up to m = 2" different materials (see Fig.6.2).

Shape derivative

To employ a gradient-based optimization method, one needs to compute a deriva-
tive for the functionals contained in the optimization problem with respect to the
design variables considered. Using the level-set framework for the description of the
shape requires no parameterization of the shape, i.e. the shape is implicitly defined
through the values of the discretized level-set function, ¢, and no design variables
need "to" be considered? Instead, the notion of a shape derivative, i.e. a derivative
of a functional with respect to variations of the shape in a direction 8 (x), which dates
back to Hadamard, can be defined as follows [31, 35, 36].

Starting from a domain €2, one considers perturbations by a smooth enough vector
field 6 (x), such that the new domain, €24, is described by (see Fig.6.3):

Qy = (Id +6)Q.
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Fig. 6.3 Perturbation of the D
domain 2 via a vector field R

6(x) a(Q(d + 8))}

.......

Then, the shape derivative J'(£2)(0) of the functional J(£2) in a direction 0 (x) is
obtained through an asymptotic expansion formula of the type:

J(1d+0)Q) = J(€) + I/ (DO +0(0) with lim '(l’l(:”)' _

Once calculated, a descent direction can be found by advecting the shape in the
direction 6 = —¢J'(2) for a small enough descent step ¢ > 0. For the new shape
Q, = (Id + 1) Q, if J'(2), one can formally write:

J (@) =T (@) —1(J' () +0¢°) <J(Q),
which guarantees a descent direction for small positive 7.
Shape evolution

During the optimization process the shape is advected with a velocity V (x) ob-
tained from shape differentiation, as presented above. The advection is described
in the level-set framework by introducing a pseudo-time, t € R™, and solving the
well-known Hamilton-Jacobi transport equation:

a
L vIvel =0, (6.5)

using an explicit second order upwind scheme [37, 38].

With this general description of the components of the level-set T.O. method, the
following sections focus on how level-set T.O. can account for interfaces from numer-
ical and physical perspectives. In both perspectives, this chapter considers interfaces
as either sharp or smooth. Sharp interfaces represent discontinuous jumps. Smooth
interfaces represent regions of gradation between distinct regions. Physically and in
real materials, examples of both sharp and smooth interfaces can be found. Smooth or
graded interfaces are commonly found in naturally occuring architectured materials.
Sharp interfaces are representative of the atomically sharp boundaries that can be
engineered in modern devices. If one looks at metals at the atomic scale, one can see
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a physical motivation for both kinds of interface models (sharp or smooth/graded).
At an atomic scale it is possible to get a nearly perfectly sharp boundary; this is typ-
ically achieved in the semiconductor industry by molecular beam epitaxy. However,
in many cases one gets (by design or not) smooth or graded interface zones that are
a result of interdiffusion and surface reactions. These graded interface zones can be
controlled and tuned by parameters like temperature. All of these types of interfaces
serve functions but it is commonly thought that sharp interfaces sacrifice lifetime
for performance. Thus, accounting for engineering interfaces in material/structural
design is of great interest.

6.3 Interfaces as Numerical Tools in Topology Optimization

In T.O. one needs to handle criteria that depend on the solution of partial differential
equations (PDEs) that represent the physics and mechanics of the problem of interest.
These PDEs are defined with respect to a domain, €2, which is populated by one or
more materials and that is a part of a larger working domain, D. The complemen-
tary of D, i.e. D\ £, is filled with a weak material (“ersatz material”’) representing
void or the absence of material. When an interface region between two phases or
two materials is present, then the PDE must contain boundary conditions describing
compatibility conditions across the interface. In linear elasticity, compatibility con-
ditions typically refer to the displacement fields and the normal component of the
stress tensor.

InT.O., treating a sharp interface between different materials or phases is a delicate
issue, due to discontinuities in the material properties. This is because discontinu-
ities are not differentiable and the calculation of a shape derivative becomes more
tedious. As such, historically, smooth interfaces were initially introduced and used
in T.O. as numerical tools to circumvent difficulties related to the differentiation of
functionals rather than as models of real interface properties. More specifically, the
principal goal of introducing smooth interfaces was to avoid difficulties related to
shape differentiation or to avoid limitations of the numerical methods, rather than to
represent material realities.

To the best of the authors’ knowledge, smooth interfaces in T.O. first appeared in
[19] and were followed by a long series of publications that follow this strictly numer-
ical interpretation. In this legacy treatment: (i) mechanical properties are smoothly
interpolated across the whole design domain using the level-set function, ¢, (ii) all of
the criteria in the optimization problem are expressed in terms of ¢, and (iii) classical
variational calculus is used to calculate a descent direction, i.e. the derivative of a
functional, J(¢), in a direction, &, reads:

J(p +688) - J(9)

(7/9).£) = lim :
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Adq, E(dq,)

Fig. 6.4 Interpolation between two phases ®| and ®4 using the signed-distance function dg,

which usually includes much simpler calculations compared to computing a classical
shape derivative.

Similar interface modeling was proposed by Allaire et al. in [34] using the signed-
distance function (see Fig. 6.4), coupled with a shape derivative. As it is explained
in [34], the shape derivative in the multi-material setting contains the jumps of dis-
continuous stress and strain components across the interface. However, these jumps
cannot be computed using Lagrange finite elements on a fixed mesh. Instead of em-
ploying techniques that accurately discretize the material interface [20, 39, 40], a
remedy to this numerical limitation consists in smoothing the problem using a shape
differentiable function (the signed-distance function) and constructing an interpola-
tion scheme that converges to the sharp interface framework when the interpolation
width tends to zero.

Beyond smoothing discontinuities or facilitating the derivation, interfaces can
also be used numerically to ensure the existence of a minimizer. A minimizer refers
to the case where a sequence of shapes during the optimization process (minimizing
sequence) converges to a shape (the minimizer) in %,4. As previously mentioned, the
general T.O. problem (6.1) lacks a solution unless the admissible set is adequately
constrained. For example, the minimizing sequence may converge to a “‘composite”
design that does not belong to the %, that is composed of 0—1 shapes. Controlling the
complexity of the shapes in the sequence can be achieved by penalizing the perimeter
of the shape [41], choosing smooth vector fields to advect smooth domains [6], or
imposing manufacturing constraints like minimum thicknesses [42, 43].

Another approach to stop a minimizing sequence is to add a fictitous interface of
constant width. This interface is a numerical tool to control the complexity of design
features using a projection scheme [44, 45]. Figure 6.5 presents a typical example
of a bi-material minimizing sequence obtained using a level-set based topology op-
timization algorithm that imposes an equality volume constraint at each iteration
[44, 45]. From left to right, the microstructural features increase in complexity and a
highly-interconnected distribution of materials (white and black) is observed. These
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o

A

Fig. 6.5 A minimizing sequence of a bi-material distribution converging weakly to a constant that
respects a resource constraint ratio of 50% of each material at each iteration

kinds of minimizing sequences are converging to the theoretical limit in which ev-
ery point in the domain is occupied by the prescribed volume fraction of materials.
For example, if a resource constraint with a volume fraction of 50% of one material
(white) and 50% of another material (black) was specified, the optimal solution would
be a domain in which every material point is comprised of 50% of each material (the
domain would look completely grey). Numerically, the minimizing sequences ex-
hibit features that become vanishingly small while still respecting the required fixed
volume fractions of materials at every point in the domain.

Figure 6.6 illustrates schematically how introducing a fictitous interface of con-
stant width (in grey) can stop a minimizing sequence for the bi-material problem
(black and white) with a 50-50 resource constraint. Figure 6.6 presents, from left to
right, an initial design, three intermediate profiles, and the optimal design obtained
at convergence with the fictitious interface removed. In this case, the interface is
understood as a minimal distance constraint for the members of the projected phase
(in black) [43]. As a result, significant oscillations of the boundary are prevented
and the optimization process converges smoothly. The role of the interface here is
purely geometric and it is assumed to have the same properties as the weaker ma-
terial (in white). In this way, an extremely simple, although indirect, way to control
manufacturing complexity is achieved.

6.4 Considering Material Interfaces in Topology
Optimization

Beyond numerical reasons, interfaces can be considered in T.O. to represent real
material observations. As depicted in Fig. 6.7, the interaction of atoms close to the
interface of two phases or materials can result in a region that exhibits properties
that are vastly different from the bulk phases or materials. The transition from one
phase to another can be monotonic or not, also having a great impact on the optimal
configuration.

In order to account for interface effects in T.O., one has to find an appropriate
mathematical formulation. The mathematical background presented in [34] for han-
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dling smooth interpolation profiles provided the formalism to efficiently treat any
kind of regular interpolation scheme. The two key ingredients in this formalism are:

e the use of the signed-distance function in the interface interpolation scheme and
e the use of the co-area formula to obtain a shape derivative.

Using the signed-distance function to interpolate a physical quantity like the Young’s
modulus, E(x), follows the general form:

0 if do < —¢
E(x) = Eog + he(do)(E1 — Ep), where h(dq) = | h(de) if —e <dq <e¢
1 if dq > ¢,

(6.6)

where h(dg) is a smooth and differentiable function. This formulation requires that
the interpolation width (width of the interface zone) remains constant during the
optimization process (equal to 2¢). More specifically, if the level-set function, ¢, is
used instead of dg, in (6.6), the algorithm could try to enlarge or shrink the interface
zone during the shape evolution (see Fig.6.8) and optimization process in order
to improve the objective. This is undesirable for two reasons. First, a great part
of the final shape may contain intermediate values for the mechanical properties,
eliminating the benefit of using a geometric method. Second, re-initializing the level-
set function, ¢, to the signed-distance function to the domain changes the values of
the functionals. As a result, a descent direction is not guaranteed. For more detailed
information about this issue, see Allaire et al. [34] and Sect. 6.3.

The choice of dq, in (6.6) comes at the cost of complexity in the shape derivation
[34]. This key point has been neglected in previous publications using similar in-
terpolations [19], leading to erroneous formulations. Intuitively, the interface profile
considered should have an impact on the advection velocity, and therefore also on
the shape derivative. This intuition is substantiated and guaranteed when the correct
shape derivation is applied. As explained in [34], using the co-area formula, one can
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Fig. 6.8 Interpolation of physical properties using: the signed-distance function dg (left); the
level-set function ¢ (right)
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Fig. 6.9 Rays emerging
from the internal
intermediate interface, 02

%
Cartesian integration

split a volume integral defined in a domain, D, into a surface integral on the internal
interface, 0€2, and two one-dimensional integrals along the normal lines emerging
from every point y € 92 (the so-called rays, see Fig.6.9). Thus, all of the informa-
tion associated with the interface zone is taken into consideration in the final shape
derivative.

6.4.1 Some Applications

The influence of incorporating internal material interface zones with distinct material
properties in T.O. was first examined in [46] for macroscopic structures. The authors
presented the impact of various interface zone interpolation profiles with elastic
and thermoelastic example problems. The tendency to augment the total interface
perimeter, whenever it is beneficial for the optimization problem, was highlighted
and directions for further work to resolve manufacturing issues were proposed.

A similar work in the framework of the SIMP method has also recently appeared
in [28] for the design of coated structures. In order to define a notion like an interface
using a density approach, the authors deployed a double-projection scheme coupled
with aregularization equation. The first projection serves to create a nearly O—1 shape.
Then, the regularization equation smoothes the density field and the coefficients of
the equation are chosen so as to control the regularization width (coating thickness).
Lastly, a second projection scheme is applied to obtain the final density distribution.

In this way, two different and powerful approaches for T.O. have recently evolved
to address new materials-based design issues. They are now equipped to advance
the field of architectured materials and structures by incorporating more interface
effects.

In fact, following the work in [46], there is an ongoing effort to understand inter-
face effects in optimal materials design using inverse homogenization [47, 48] (see
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Fig. 6.10 Inverse homogenization concept: design of a microstructure for target effective properties

/

Fig. 6.11 Optimal microstructure for target elastic and thermoelastic coefficients using a monotone
(left) and a non-monotone (right) interpolation scheme

Fig. 6.10). The research focuses on how interfacial interactions between different
phases may affect optimal shapes and material distributions (see Fig.6.11) in the
design of bio-inspired architectured materials.

In concert with the advance of T.O. methods, recent progress in additive manu-
facturing (AM) is expected to significantly broaden the range of T.O. applications.
This is due to the extreme design flexibility that additive manufacturing methods
afford. The capability to realize increasingly complex geometries allows designers
to take full advantage of T.O. and impose fewer manufacturing constraints. As more
research is focused on AM techniques and understanding the control of processing
features, it is becoming increasingly necessary to tailor T.O. methods to specific AM
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Fig. 6.12 Schematic of anisotropic perimeter (crust) properties in Fused Deposition Modelling
(FDM)

techniques [49, 50]. For example, several additive manufacturing technologies are
known to produce anisotropic properties, or parts with unintended property grada-
tions that are related to the build orientation, build speed, thermal history, and to the
in-fill pattern followed during the build process.

One example is that, due to the presence of carbon fibers in some of the printing
inks for Fused Deposition Modeling (FDM) printers, the outer structural perimeter
or solid/void interfacial layer at the part boundary is characterized by a physical
and finite zone where material properties may vary greatly from the interior infill
regions. These perimeter zones may have anisotropic properties that result in the
stiffness being much greater in one direction relative to the perimeter than another
(see Fig.6.12). The properties of the perimeter zone may play an important role in
the overall performance of a printed part, and the anisotropy should be modeled and
considered in the optimal design process. This topic is also related to coatings in
materials and structures and is the subject of ongoing research.
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6.5 Discussion

The above examples illustrate some of the rich opportunities for including interface
effects in topology optimization. In addition to offering a better model of many
physical or actual multi-material problems, including interface effects also offers new
functionality by leading optimal designs in new directions. Including interface effects
may allow optimizers to identify configurations that differ from those identified
with classical sharp or monotonic interface modeling. Certainly, for a fixed design
domain, these differences become more significant as the presence of the interface
zone increases.

One could argue that the area occupied by the interface zone could also be modeled
as athird material. The main difference between the interface zone and a third material
is that the interface zone, by definition, is always surrounded or in contact with both
of the other two materials. Simply introducing a third material does not guarantee
or adequately represent this physical feature of interface zones. Nevertheless, this
concern is valid and especially relevant when the existence of the interface zone is
beneficial for the problem at hand. In this beneficial case, the tendency to promote
and create tortuous paths for interface zones puts into question the notion of calling
this an interface or interface zone at all. Interfaces, by definition, should also have
an associated length scale that is much smaller than the dominant structural feature
of the design domain of interest. For example, in Fig. 6.13, one can see how a region
of fictitiously high Young’s modulus can be assembled by small material islands
that approach each other. These islands effectively create an interface network. This
artifact is shown in more detail in Fig. 6.14. A non-monotonic interface transition of
fixed width is considered between the phase in blue and the one in the grey color.
However, since the size of the feature in grey is smaller than the interface width, one
can argue that there is no longer an interface between the two phases, but instead a
third material with elastic properties defined via the interpolation function.

However, since the position of the interface zone depends on the intermediate
interface between the two bulk phases or materials, it is not correct to claim that the
interface is simply a third material. Of course, in order to be physically meaningful,

0|

Fig. 6.13 Interface network resulting in a fictitous overestimation of stiffness
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Fig. 6.14 Another interface network resulting in a fictitous overestimation of stiffness

do+dy ,E(do+ dg)
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Fig. 6.15 Imposing a minimal distance dp between structural features via a projection method
(offsetting the interpolation scheme)

geometric constraints are required. Geometric constraint could be applied through
a minimum feature size [43] or by using a fictitous interface approach [45]. For
example, a projection scheme could be used in order to ensure a minimal distance
between structural members and avoid the artifact shown in Fig. 6.13. This could be
achieved by offsetting the interpolation scheme (6.6) by a desired distance, dy (see
Fig.6.15).

Finally, another topic of interest that is introduced by including interface effects
in T.O. is the optimization of the interface property profile itself. There may also be
new interface phenomena of interest for T.O. in considering other phases of matter
(liquid/gas and solid/liquid interfaces). In all of these cases, instead of imposing
prescribed property profiles across interface zone transitions, let the optimization
protocol determine optimal property profiles. In theory, it is not difficult to glob-
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ally parametrize the interface profile and to proceed with a parametric optimization
derivation. One could also consider the interface thickness, as well as the intermedi-
ate property value at the center of the interface zone as optimization variables while
employing a combined shape and parametric optimization. However, implementa-
tion becomes far more complicated when one is interested in locally optimizing the
interface profile and a detailed explanation is out of the scope of this chapter.

6.6 Conclusions

By accounting for interfaces, topology optimization is poised to advance the de-
sign and aid the understanding of architectured materials and structures. Whether in
nature or in engineering, architecture is allowing designs to capitalize on property
differences to extract new or improved performance. Capturing these interface fron-
tiers and transitions across boundaries offers many opportunities and challenges for
materials scientists, mathematicians, designers, and engineers. It is suggested that
all of these issues are best understood in a holistic context that takes inspiration from
nature, manufacturing processes, and performance targets into account.
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Chapter 7 ®)
Friction Stir Processing oo
for Architectured Materials

Aude Simar and Marie-Noélle Avettand-Fenoél

Abstract Friction Stir Processing (FSP) is a solid-state process derived from Fric-
tion Stir Welding (FSW). FSP may be applied for the efficient manufacturing of
metallic alloys based architectured materials. Indeed, the FSP tools allow locally
modifying the microstructure of alloys or assembling dissimilar materials. The ar-
chitectured materials that were or may be manufactured by friction stir processing
will be discussed in this chapter. FSP may improve the mechanical performances of
cast alloys, process metal matrix composites (MMC), make sandwiches, foams or
additively manufactured structures. The aim is to process materials with improved
lightweight performances, static or fatigue properties, crack resistance, toughness or
wear resistance.

7.1 Friction Stir Processing for Architectured Materials

Friction stir processing (FSP) is a solid-state process derived from an innovative
welding process patented by TWI in 1991 called Friction stir welding (FSW) [1-3].
It uses a non-consumable tool with complex features favoring the mixing of material
in the solid state. A rotating tool is mounted on a machine similar to a milling machine.
This tool is composed of a pin and a shoulder (Fig. 7.1). It is introduced into the
material along the joint axis until the shoulder gets in contact with the upper surface
of the workpiece to process. The tool is then travelling forward with the shoulder
remaining in contact with the upper surface of the workpiece. The side where the
rotational tool movement is in the same direction as the advancing movement is
called the advancing side (AS) and the opposite side is called the retreating side

A. Simar (<)

Institute of Mechanics, Materials and Civil Engineering (iMMC),
Université catholique de Louvain, Louvain-la-Neuve, Belgium
e-mail: aude.simar@uclouvain.be

M.-N. Avettand-Fenogl

Université de Lille, Unité Matériaux Et Transformations, UMR CNRS 8207,

59655 Villeneuve d’Ascq, France

e-mail: Marie-Noelle.Avettand-Fenoel @univ-lille.fr

© Springer Nature Switzerland AG 2019 195
Y. Estrin et al. (eds.), Architectured Materials in Nature

and Engineering, Springer Series in Materials Science 282,
https://doi.org/10.1007/978-3-030-11942-3_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11942-3_7&domain=pdf
mailto:aude.simar@uclouvain.be
mailto:Marie-Noelle.Avettand-Fenoel@univ-lille.fr
https://doi.org/10.1007/978-3-030-11942-3_7

196 A. Simar and M.-N. Avettand-Fenoél

: FSP tool :

=

Stir zone

Fig. 7.1 Principle of Friction Stir Processing (FSP). RS = Retreating Side, AS = Advancing Side
(Schematic by N. Jimenez-Mena)

Fig. 7.2 Multipass surface modification of an Al15083-H111 by FSP. a Surface finish. b Multiple
adjacent stir zones (or nugget zone). From Gandra et al. [6]

(RS) (Fig. 7.1). Heat generated by friction and deformation brings the material into
a malleable state that promotes the material flow from the front to the back of the
tool and around the pin where it cools down. The temperatures reached are typically
of 0.6-0.9 times the melting temperature for aluminum alloys [4]. This process may
be applied on large surfaces by shifting the tool over a distance that is a fraction
(called the overlapping ratio) of the modified region in the material [5, 6]. Figure 7.2
presents the surface finish and stir zone (or nugget zone) shape of a 5083 aluminum
alloy surface processed by FSP.

FSP is particularly well suited for low melting point metals, such as Al, Mg or
even Cu alloys, since the tool can then easily be machined from hard steel. However,
FSW, and thus possibly FSP, has also been applied to higher melting point metallic
alloys such as steel and titanium making use of much harder at high temperature and
wear resistant tools such as PCBN or W-Re [3].

FSP may be applied for the efficient manufacturing of metallic alloys based archi-
tectured materials. Indeed, the FSP tools allow locally modifying the microstructure
of metal based alloys or assembling dissimilar materials. As largely discussed in the
other chapters of this book, architectured materials often involve dissimilar material



7 Friction Stir Processing for Architectured Materials 197

assemblies or gradients of properties that could be reached by the local modification
of a bulk material. In addition, improving the mechanical performances of an en-
tire structural component is usually not necessary. In practice, plasticity, damage and
cracking is only initiated in regions presenting high stress concentration. A FSP treat-
ment can thus be locally applied to these regions to make overall higher performance
structural parts.

The present chapter will discuss the possible architectured materials that may be
manufactured by friction stir processing. Most of the work that is presented here
did not specifically aim at making architectured materials but some of the ideas can
be exploited to make such new structural materials and definitely aim at improved
overall performances by the smart combination of materials and processing. FSP
may locally modify the microstructure of cast or wrought materials, process metal
matrix composites (MMC), make sandwiches, foams or additively manufactured
structures. The ability of making these modifications at the local scale make the
nature of the material architectured. The aim is to process materials with improved
lightweight performances, static or fatigue properties, crack resistance, toughness or
wear resistance.

7.2 Local Microstructure Modifications
and Graded Materials

7.2.1 Grain Refinement

Friction stir processing is commonly known to produce a significant refinement of
the grain size in the stir zone. This is due to the dynamic recrystallization process
that takes place in the zone mixed by the tool shoulder and pin. The type of recrystal-
lization mechanism likely depends on the processing parameters and material nature
[7]. FSP may cause discontinuous [8] or continuous [9] dynamic recrystallization.
Figure 7.3 shows the grain refinement observed in a twin-roll cast FSPed Al-Mg-
Sc alloy [10]. In that particular case, the grain size is reduced by a factor close to
40. The effect of the rotational speed on the grain size is also evidenced in Fig. 7.3.
A clear decrease of the grain size is observed as the rotational speed decreases [10,
11]. This is associated to a decrease of the maximum temperature as the rotational
speed decreases due to less frictional and deformation heat generated by the process.
Thus, grain growth is less activated after recrystallization. Other research teams have
managed to further reduce the grain size in A17075 [8, 12, 13] by hindering the grain
growth by fast cooling using dry ice on the surface with an additionally cooled
support anvil (100-400 nm [8], 25-40 nm [12]) or by liquid nitrogen circulating in
the support anvil [13] (210-380 nm). Liquid nitrogen cooling of the FSP anvil may
also refine grains in magnesium alloys, e.g. 300 nm in AZ61 [14] and 500 nm in
AZ91 [15]. Dry ice surface cooling also allowed to refine the microstructure to a
50 nm mean grain size in pure Cu [16] near the exit hole. These grains then grew to a
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Fig. 7.3 Grain size and texture evolution due to FSP at various rotational speeds in a twin-roll
cast Al-4Mg-0.8S¢-0.08Zr alloy (EBSD map). The advancing speed is kept constant at 3.4 mm/s.
a Base cast material (mean size = 19 pm), b FSP at 800 rpm (mean size = 0.89 pm), ¢ FSP at 400
rpm (mean size = 0.73 pm) and d FSP at 325 rpm (mean size = 0.49 pm). From Kumar et al. [10]

mean size of 300 nm in the final FSP stir zone, emphasizing the effect of the cooling
stage on grain growth.

The grain refinement is not always homogeneous in the processed zone. Indeed,
the grain size is generally larger on the top surface of the processed zone [8, 17,
18]. This is associated to the extra heating due to the tool shoulder favoring grain
growth after recrystallization. In the high entropy alloy Al0.1CoCrFeNi a graded
increase of grain size is observed in the processed zone from the advancing (AS) to
the retreating side (RS) [19]. This is due to both a difference of strain accumulation
and a sluggish diffusion which controls and retards grain growth during cooling,
entailing a hardness increase in the processed zone from the AS to the RS.

The importance of the pinning action of second phase particles on hindering grain
growth and favoring particle stimulated nucleation during recrystallization has been
particularly evidenced by Morishige et al. [20]. They have compared the grain size
after FSP for pure aluminum presenting various degrees of impurities. They clearly
show that smaller grains after FSP can only be maintained if second phase particles
are present, i.e. in 99% purity Al compared to 99.999% purity Al. The alloying
elements may also impact on the formation of extra barriers to the movement of
dislocations like twins. Xue et al. [21] have evidenced more twin formation during
FSP in copper containing 15%Al than in Cu-5%Al due to the lower stacking fault
energy associated with the extra Al in solid solution. The grain size was similar in both
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alloys, i.e. 500-600 nm. The Cu-15%Al material presented significantly enhanced
strength and ductility associated to the formation of these extra twin boundaries.

Thus, reaching ultra-fine grains or extra twin boundaries by FSP requires low
maximum temperatures, fast cooling rates, second phase particles or alloying ele-
ments. During the FSP process, the strains are expected to be in the 5-10 range
and the strain rates in the order of 10400 s~! [22]. FSP allows reaching locally,
where needed, grain sizes that are typical of severe plastic deformation processes.
Su et al. [8] reached a grain size and misorientation distribution typical of 10 ECAP
(Equal Channel Angular Pressing) passes with a single pass FSP. Kulitskiy et al. [23]
showed that FSPed Al-Mg-Sc presented only slightly larger grain size after 1 pass
of FSP than after 12 ECAP passes (2.1 wm after FSP vs. 1.2 wm after ECAP). More
than 80% of high angle grain boundaries are found in an AlI-Mg-Sc FSPed alloy [23,
24]. FSP can be easily performed locally contrarily to ECAP.

An issue related to the fine grains generated by FSP is that they are generally not
very stable during a solution treatment above typically 450 °C in A17010 [25] or above
490°C in A15083 [26]. Indeed, abnormal grain growth is likely to occur because the
grains are free of dislocations or free of pinning phases at high temperature [25, 27].
Grains typically of a few millimeters have been reported [25, 27, 28]. Abnormal
grain growth will inevitably lead to a loss in strength and ductility [29]. This may be
problematic as sometimes a solution heat treatment' is necessary to fully dissolve the
large precipitates prior to an aging treatment aiming at restoring the fine strengthening
precipitation in aluminum alloys.

Many authors have evidenced increases in hardness and strength associated to the
grain refinement by FSP in Al and Mg alloys [11, 14, 30-32]. The local modification
of the mechanical properties is thus possible by the FSP process and associated grain
refinement. However, not many authors have attempted to only partially process
materials to take advantage of the possibility to make a multilayer. Mansoor et al.
[33] have processed a ZK60 magnesium alloy on the top and bottom surface and
report grains of 800 nm in the processed zone and a higher strength “multilayer”
with only limited loss in ductility. Figure 7.4 shows the multilayered structure they
processed.

7.2.2 Cast Materials: Porosity Elimination
and Microstructure Homogenization

Cast materials have the particularity to contain porosities due to gas entrapping or
gas dissolution in the molten state. Volume shrinkage associated to solidification is
also a source of large porosities [34]. In addition, often the microstructure is inhomo-
geneous due to dendritic growth [34]. This may lead to low strength and premature
failure. However, casting is an interesting process to manufacture geometrically com-
plex parts. Thus, it may be interesting to be able to locally modify the microstructure

IThe solution heat treatment is typically performed at temperatures larger than 500 °C in Al alloys.
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Fig. 7.4 Multilayered
microstructure obtained by
FSP a ZK60 magnesium
alloy on top and bottom
surface. From Mansoor et al.
[33]

of cast materials in order to improve the mechanical performances in regions of
high stress concentrations where fatigue cracks are likely to initiate and propagate.
Friction stir processing has largely proven to eliminate casting porosities and refine
the microstructure [35—42]. This process may be applied locally and is thus an al-
ternative to the hot isostatic pressing of the entire part [35]. Eutectic modifications
are possible, e.g. by adding Sr in cast Al alloys [43] but are not likely to have a
positive effect on casting porosities. The volume fraction of porosities might even be
increased due to longer time spent at high temperature needed to ensure the eutectic
modification [44].
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Friction stir processing allows the elimination of casting porosities both in alu-
minum [35, 39, 41] and magnesium [39, 45] alloys. Maet al. [36] have reported 0.1%
of porosities in as-cast A356 and 0.02% when FSPed in the best conditions. Han-
nard et al. [28] have even reported the full elimination of porosities in wrought alloy
6056 after 3 passes of FSP. This is due to the large pressure under high temperature
applied by the tool shoulder on the surface of the material. Prior porosities signifi-
cantly decrease the ductility of cast materials [34] while many authors have reported
a significant increase in ductility by FSP [36, 41, 46].

The cast microstructure is also homogenized and refined by FSP. Figure 7.5 shows
the breakage and homogenization by FSP of the inhomogeneous acicular distribution
of Si rich particles in an Al-7Si-0.6Mg alloy [41]. The large plastic deformations of
the FSP process cause the redistribution, fracture and erosion of coarse particles [3,
36] as will be further discussed for metal matrix composites (Sect. 7.3). The aspect
ratio of particles can be significantly reduced [36]. The homogenization is observed at
a macroscopic scale through hardness measurements [35]. If performing overlapping
passes, Ma et al. showed that the homogeneity of the hardness is maintained [37].
However, banded structure with coarse Si particles segregation have been reported for
low rotational speeds [38]. A more homogenous and finer second phase distribution is
generally observed at higher rotational speed [38, 41]. Chen et al. [42] have reported
the alignment of the particles in the transition deformed region close to the stir zone
(called the thermomechanically affected zone, TMAZ) in partially overlapping FSP
leading to preferential failure at that location. In magnesium alloys, Feng et al. [40]
show bands of higher content in Mg;7Al;, particles in AZ80 alloy single pass FSPed
material. In the double pass material this problem was solved. Hannard et al. [28]
have quantified the microstructure homogenization due to FSP in A16056. After one
pass of FSP, the fragments of large particles are not yet homogeneously distributed,
three passes are needed to ensure homogeneity.

In what concerns the mechanical properties, as already mentioned, the ductility
of FSPed material is generally much higher than the ductility as cast [36, 41, 46].

Fig. 7.5 Interface between
the cast and FSP region in an
Al-7Si-0.5Mg alloy (F357)
showing extended
microstructure refinement
and homogenization in the
stir zone. From Jana et al.
[41]
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In addition to porosity elimination, the redistribution and refinement of the second
phases also significantly improves the strength and the ductility [41, 47]. Jana et al.
[41] have compared the fracture surface of as cast Al-7Si-0.6Mg (1.1% elongation at
fracture) with the samples FSPed (20% elongation at fracture). The fracture surface
presents a more ductile character with fine dimples in the FSPed samples while
cleavage along the acicular second phases is observed on the fracture surface of the
as-cast material.

The fatigue performances of FSPed cast materials are also impressively improved
compared to their as-cast counterpart [45, 48—52]. This is mainly attributed to the
elimination of porosities and to the particle refinement avoiding easy path for fatigue
crack growth [48, 49, 52]. The fine second phase particles distribution favors crack
tip blunting by the ductile matrix [50]. Figure 7.6 shows the increase by 80% of the
fatigue stress threshold by FSP of an A356 cast Al alloy.

In what concerns fracture toughness, very limited results are available. Aktarer et
al. [53] have measured the Charpy impact energy in as-cast and FSPed Al-12Si. It
increased by a factor 7 from 1.2 to 8.3 J/cm?. Here again, acicular Si particles where
found to be preferential path for fracture in as-cast Al-12Si leading to a facetted
fracture surface, while a large amount of small dimples were found on the fracture
surface of FSPed Charpy tested samples.

The wear resistance of FSPed cast materials may also be improved compared
to their as-cast counterpart thanks to the finely distributed second-phase particles.
A lower wear rate (typically divided by a factor 2) is found for FSPed A356 Al
alloy compared to the as-cast A356 [54, 55]. The wear rate was found to decrease
if the rotational speed is very large (1250 rpm) [54]. This is consistent with a better
distribution and refinement of the second-phase particles at higher rotational speeds
[38, 41].

Fig. 7.6 Improved fatigue 200 ———T—rrry ———rrrry
life of a A356 Al alloy by R=0.1
FSP under a stress ratio of Frequency 80 Hz (sinusoidal)
R =0.1. Two tool pin 0
geometries (standard and ¥ d° *Q
triflute) were tested showing s
no impact on fatigue life. E\ jc.
Adapted from Sharma et al. =
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Fig. 7.7 Comparison of the superplastic behavior of as-cast and FSPed AZ91 magnesium alloy at
various strain rates for a temperature of 573 K. From Zhang et al. [72]

7.2.3 Superplasticity

The superplastic potential at relatively low temperatures and high strain rates com-
pared to other processing methods has been largely reported for both aluminum [2,
56-70] and magnesium [71-75] friction stir processed alloys. Figure 7.7 shows the
exceptional improvement of the plastic behavior of the FSPed AZ91 magnesium al-
loy compared to the as-cast material. High strain rate superplasticity allows to form
sheets in a reasonable amount of time compared to materials presenting low strain
rate superplasticity. Low strain rate superplasticity is rather classical for other severe
plastic deformation processes but high strain rate superplasticity is exceptional. The
main deformation mechanism leading to superplastic forming in FSPed materials is
grain boundary sliding which is thus greatly enhanced in ultra-fine grain materials
[56, 57, 61, 62, 70, 73] and in the presence of high angle grain boundaries [69] as
typically found in FSPed materials. The appearance of the abnormal grain growth
phenomenon is the upper temperature limit for superplastic forming [62, 65, 67, 68].
In the aim to process an architectured material with local ability for superplasticity,
FSP could be applied locally. Mishra [59] reports the interest of making local FSP
modifications to a part to ensure superplastic forming where needed, see Fig. 7.8.

7.2.4 Precipitation State and Phase Modifications

The high temperature reached during FSW and FSP generally affect the precipitation
and phase distribution in metallic materials. Dissolution is enhanced in FSPed sam-
ples compared to just heated samples due to the shear driven effect [76]. Precipitate
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Fig. 7.8 Local modification by FSP of an Al7xxx alloy for superior superplastic formability. From
[59], courtesy of M. Mahoney

evolution may lead to gradients in mechanical properties that might be much more
significant than what is resulting from grain refinement [77].

In aluminum alloys, the strengthening precipitates tend to dissolve in the stir
zone leading to substantial softening [77-82]. Natural ageing may lead to the re-
precipitation of GP zones that will slightly increase the hardness compared to a
supersaturated state [82, 83]. The softening associated to the heating in the stir zone
is also extended to the heat affected zones (HAZ). The HAZ generally present a
lower strength than the stir zone due to the lack of dissolution of alloying elements
in this zone that is rather subjected to precipitate coarsening [77, 82]. Figure 7.9
shows the gradient in hardness between the various zones of an A16005A FSW in
cold (advancing speed equal to 1000 mm/min) and hot (advancing speed equal to
200 mm/min) conditions. The hardness ranges from 65 to 105 HV. Figure 7.9 also
shows that a post-welding heat treatment may modify the hardness gradient enhanc-
ing the strength in the stir zone due to formation of fine strengthening precipitates
(here B” precipitates). In thick FSPed Al alloys, the precipitate state may vary from
the top to the bottom of the stir zone due to gradients in peak temperature [84,
85]. This will lead to hardness gradient as shown in Fig. 7.10 for an AI2050 al-
loy. In cast Al-Si-Mg alloys, Mg, Si precipitate dissolution in the stir zone has also
been reported, and re-precipitation is possible during a post-welding aging treatment
[36, 37].

In magnesium alloys, precipitate dissolution also occurs in the stir zone. For
example, Xiao et al. [86] observed the dissolution of 8-Mg(Gd,Y) in a FSP Mg-Gd-
Y-Zr alloy. Jamili et al. [87] concluded that the Mgy, YsNd lamellar eutectic phase
dissolves during FSP of WE43 alloy.

For details about the microstructure evolutions and resulting mechanical proper-
ties in high melting temperature materials, the reader is referred to [3]. The main
limitation in processing these high melting point materials is the need for very hard
tools, which might render FSP uneconomical for these materials. But, when cost is
not part of the optimization criteria, FSP may also be considered for these materials.
Seraj et al. [88] performed FSP on a AISI 52100 steel where the ferritic-pearlitic mi-
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Fig.7.9 Hardness gradient in the stir zone and heat affected zone of A16005A-T6 friction stir weld
performed in cold conditions at 1000 mm/min and 1000 rpm and in hot conditions at 200 mm/min
and 1000 rpm. PWHT = Post-Welding Heat Treatment at 185 °C for 6h. From Simar et al. [81]

Fig. 7.10 Hardness gradient in the stir zone of thick A12050 FS weld. From Avettand-Fenoél et al.
[84]



206 A. Simar and M.-N. Avettand-Fenoél

Fig. 7.11 Transition zone in
a FSPed zone of a Ti6A14V
titanium alloy. From Pilchak
et al. [89]

Base material AN sehim!

crostructure was transformed to a martensitic microstructure with retained austenite.
This leads to a significant increase in hardness (by a factor 2) and a reduction of the
wear rate (by a factor 15).

In Ti6Al4V titanium alloy, phase transformations are observed during FSP. Fig-
ure 7.11 shows the modification of the microstructure between the base material and
the stir zone in a cast Ti6Al4V alloy [89]. The base material presents « lamellae in
prior B grains typically 1.5 mm in size while the recrystallized stir zone presents
1-2 pm size equiaxed « grains. Pilchak et al. [89] suggest that a FSP structure on the
part surface could delay fatigue crack initiation while the core base material structure
favors a lower fatigue crack growth. Thus, a multilayer material would present better
fatigue performances [90]. Pilchak et al. [90] have shown an increase in fatigue life
from 58,000 cycles in as-cast conditions to 300,000 cycles for some FSPed samples.
In the work by Pilchak et al. [89], FSP was performed above the g transus. The FSP
parameters were modified to perform FSP on a biphased « + B microstructure below
the B transus [91] with a lower rotational speed and/or a larger advancing speed. In
that case, regions of transformed f phase may be observed in-between equiaxed «
grains [91]. Li et al. [92] have shown that faster cooling rates generated by higher
advancing speeds lead to the formation of an « martensitic structure that is more
wear resistant and may thus be interesting to generate on the surface of Ti6Al4V
parts.

7.2.5 Texture Modifications

In Al alloys the texture after FSP is usually close to random (see Fig. 7.3). The texture
after FSP is not affected by the initial texture even when FSP severely deformed Al
alloys [93].
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In magnesium alloys, FSP clearly affects the texture [94—100]. Generally a strong
basal texture is observed with an alignment of (0001) basal plane with the tool
shoulder surface in the upper stir zone [95, 96, 99, 100]. Vargas et al. [100] have
shown that this crystallographic texture is enhanced by a second pass of FSP in
a ZKX50 alloy. Xin et al. [96] have shown that this basal texture evolves from
the processing direction to the transverse direction respectively from the center of
the stir zone to its periphery. Yuan et al. [97] have shown that the tilt of the basal
plane depends on the depth. The angle between the basal plane and the normal
direction of the plate surface varies from 37 at 0.5 mm depth to 86 at 1.5 mm depth,
see Fig. 7.12. The strong texture impacts the anisotropy of plasticity in the FSPed
samples with significantly higher ductility in the transverse direction compared to the
processing direction and harder (respectively softer) material than the base material
in the transverse direction (respectively in the processing direction) [97].
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Fig. 7.12 Basal 0001 texture in a FSPed AZ31 magnesium alloy. The position in the stir zone
significantly affects the texture orientation. From Yuan et al. [97]
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7.3 Metal Matrix Composites (MMC) and Graded
Materials

Friction stir processing is also used to process metal matrix composites (MMCs) and
graded materials. The reader interested by the FSW of metal matrix composites can
also refer to the review by Avettand-Fenoél and Simar [101]. Indeed, FSW of MMC
presents some common features with the use of FSP to make these materials.

The architectured materials presented in Sect. 7.2 generally refer to an evolution of
the microstructure in the bulk or at the surface of the materials, affecting in particular
the grain size. In the case of MMCs, and as previously mentioned in Sect. 7.2.1, the
grain boundaries pinning by second phases can enhance the grain refinement effect
of dynamic recrystallization. This is for instance shown in a FSPed Al,O; reinforced
ferritic stainless steel [102], in a FSPed TiC reinforced ferritic steel [103] or in a
FSPed Al,O; reinforced pure titanium, particularly if the latter reinforcements are
very small, i.e. 20 versus 80 nm [104].

7.3.1 Practical Concerns for the Elaboration of MMCs
and Graded Materials

Various possibilities as well as disposals of reinforcements are reported in literature
to develop MMCs or graded materials by FSP (Fig. 7.13). Reinforcements may be
powders, fibers or even nanotubes.

Disposals with powders or nanotubes—Grooves can be machined at the surface
of the workpiece and then filled with powder particles or nanotubes (Fig. 7.13a). The
assembly is then sealed either with a pinless tool [102, 105-107] or covered with a
thin sheet [5, 108] to avoid powder ejection and loss during FSP. Other authors drilled
some periodic holes (powder reservoir) at the surface of the workpiece along its depth
and subsequently filled them with powder particles (Fig. 7.13b) [109, 110]. Other
methods consist in machining blind-grooves or blind-holes under the workpiece
surface (Fig. 7.13c) [109]. As schematized in Fig. 7.13d, powder particles can also
be mixed in a volatile medium, such as ethanol, methanol, lacquer or glue in spray,
and deposited on the surface of the workpiece [106]. A pinless tool is then used to
incorporate the powders near the workpiece surface. FSP is performed subsequently
with a classical tool [106]. Alternatively, a coating can be deposited on the surface
of the workpiece by a surface treatment such as plasma spraying. The coated plate is
then friction stir processed for incorporation near the surface (Fig. 7.13e) [111]. A
consumable composite FSP tool can also be used to directly insert powder particles
in the substrate (Fig. 7.13f) [105, 106, 112].

Disposals with fibers—Concerning the setting to introduce short fibers in a metal-
lic matrix, a fabric can be stacked between two metallic plates. FSP on the lap assem-
bly will break the fibers of the fabric and distribute short fibers in the processed zone
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Fig. 7.13 Schematic of various reinforcement disposal methods: a powder placed in grooves ma-
chined near the surface; b powder placed in holes drilled near the surface; ¢ powder placed in blind
holes; d powder dispersed in ethanol and sprayed on the surface; e coating prior to FSP; f consumable
composite pinless tool; g fabric stacked between two plates (Schematic by N. Jimenez-Mena)

(Fig. 7.13g). Mertens et al. [113] have applied this process to reinforce Mg alloys
with carbon fibers.

Disposals with strips—Liu et al. [114] directly placed a strip of an amorphous
alloy in a groove machined at the surface of the Al alloy workpiece.

Disposal with gas—1In this method, the first FSP pass is performed under reactive
nitrogen blown in front of the advancing tool in order to introduce nitrogen gas into
the stir zone of a workpiece machined with a groove. This was, for example, applied
to develop in-situ TiN reinforced Ti. A TiN quasi uniform distribution was obtained
after three subsequent FSP passes under argon [115].
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The disposal methods relying on the insertion of powder in grooves or holes
(Fig. 7.13a—c) are limited to very specific applications and are difficult to extend
to large series. Placing ethanol mixed with powder on the surface is certainly an
interesting method but it sounds difficult to ensure the homogenous distribution
of the particles in the MMC (Fig. 7.13d). The use of a consumable pinless tool
(Fig. 7.13f), which is in some points of view similar to additive manufacturing, leads
to a multilayered MMC coating which is quite rough. Furthermore, the manufacture
of the consumable pinless tool seems ticklish to transpose at the industrial scale. The
use of coatings mixed by FSP (Fig. 7.13e) or the fiber fabric method (Fig. 7.13g) are
more industrially efficient methods that have the potential to lead to a homogenous
distribution of the fibers.

7.3.2 Potentiality and Flexibility of the Process

FSP is particularly interesting to develop architectured materials involving MMC:s.
Indeed, FSP leads to a better bonding between the matrix and the reinforcements com-
pared to other processes involving casting [116—118]. Besides, this environmentally-
friendly surface treatment process is flexible and offers many possibilities related to
the volume of the treated zone, the nature of the systems of materials and the forma-
tion of in-situ MMCs.

Volume and extension of the processed zone

FSP is attractive as it offers the possibility to develop surface composites as well
as functionally graded composites [6]. It is indeed flexible since a pinless tool may
treat only the extreme surface of the workpiece, or a tool with variable pin lengths
or retractable pins may architecture the microstructure with differences from the
top to the bottom of the plate [6]. In addition, the width of the processed zone can
be adapted in order to tailor the volume fraction of reinforcement in the MMC.
This is done by using a suitable setting of process parameters. For instance, the
volume of the processed zone can be increased using a low advancing speed [113]
or a large rotational speed [106]. Indeed, such processing conditions contribute to
an enhancement of the malleability of the base material workpiece due to a higher
processing temperature. An increase of both the pin and the shoulder diameters as
well as a reduction of the rotational speed with increasing number of overlapping
passes can also enable to adjust the size of the processed zone. This method was
tested during FSP of Al15059 with 50 vol.% carbon nanotubes [119]. The use of a
tool design with three pins under the shoulder [120] and of successive passes partially
overlapping [5] are other ways to extend the width of the processed zone. FSP assisted
by a supplementary electrical heat input was further shown to enlarge the processed
zone size [106].

The powder disposal method (grooves, holes, etc.) also affects the local volume
fraction of reinforcements [109]. For instance, according to the size (width or depth)
of the machined grooves [104, 121] or according to the number and the size of the



7 Friction Stir Processing for Architectured Materials 211

holes drilled in the workpiece [109], the volume fraction of reinforcements packed
into them and finally dispersed in the MMC changes. In order to increase the vol-
ume fraction of reinforcements in the composite, it is also possible to machine new
grooves at the surface of the workpiece following a first FSP treatment. These new
grooves are then filled with powders before new FSP passes [122]. However, this last
technique sounds labor intensive but is effective in increasing the volume fraction of
reinforcements.

Variety of systems

On the point of view of the nature of matrix/reinforcement couples, various systems
have been tested by FSP as detailed in Table 7.1. In the case of in-situ MMCs
elaborated during FSP by the introduction of elementary components, intermetallic
compounds were formed during the process and play the role of reinforcements. As
mentioned previously, the initial reinforcements can further present various shapes
namely particles [5], which can be coated to improve their bonding with the matrix
[132], strips [114], coatings [144], fiber fabrics [113] or nanotubes [107, 119, 131,
151]. As one may see, the variety of couple reinforcement/metallic matrix is very
large and allows considering any system that may lead to enhanced performances
that may be mechanical or functional as will be discussed in Sect. 7.3.4.

The initial reinforcement can have micrometric or nanometric sizes. However,
getting a uniform distribution of nanosized particles is difficult. Asadi et al. [118]
noted an agglomeration of nanometric Al,O3 in Mg based composite because of
the bad wetting between the reinforcements and the matrix, but obtained a uniform
distribution of the micrometric Al,O3. Similarly, nanoparticles of TiC in mild steel
were heterogeneously distributed after one pass of FSP because of their high cohesive
energy [103]. By comparison, in the case of Mg based composite reinforced with mi-
crometric SiC, although SiC particles do not agglomerate, the good wetting between
Mg and SiC reinforcement leads to a heterogeneous distribution of SiC particles
[118]. Moreover, at another size scale, Bauri et al. [128] proved that with an initial
powder particle size of 70 wm of Ni, FSP does not lead to a uniform distribution of Ni
reinforcements in the Al matrix whereas their distribution becomes uniform during
FSP of 10 wm sized particles. In the same way, during FSP of AA5083 Al alloy with
SiC particles of 119 or 37 or 12 pm mean size, the smallest sized reinforcements
lead to higher concentration along the bead surface and to a smooth gradient in vol-
ume fraction both in depth and along the transverse direction [6]. Some examples
of different MMCs obtained from various reinforcements shapes are displayed in
Fig. 7.14.

Ex-situ or in-situ MMCs and graded materials

Ex-situ or in-situ MMCs may be processed by FSP. Ex-situ composites contain
reinforcements produced separately and then introduced in the matrix. In-situ com-
posites contain reinforcements produced during the process. In-situ composites may
be formed via:
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Table 7.1 Nature of matrix and reinforcements of MMC systems processed by FSP. IMC = Inter-

metallic compounds

Systems Relevant references
Base materials Al based [6, 105, 108, 110-112, 114, 116,
119, 123-141]
Cu based [5, 121, 122, 145-149]
Mg based [107, 113, 117, 118, 150-157]
Ti based [104, 109, 115, 156, 158]
Steel based [102, 103]
Bronze [159]
Amorphous reinforcements SiOy [133, 150, 153]
Algg o NijgLay | [114]
Metallic reinforcements Ni [128, 130, 154]
Mo [127]
Fe [134]
Cu [144]
Stainless steel [136]
w [139, 160]
Ceramic reinforcements AIN [148]
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AZ31 alloy

Fig. 7.14 a Cureinforced with Y,O3 particles (from Avettand-Fenoél et al. [5]). b AZ31 Mg alloy
reinforced with C fibers (for research project, see Mertens et al. [113]). ¢ Al 5059 reinforced with
C nanotubes (indicated by white arrows) after 2 FSP passes (from Izadi et al. [119])

e a phase transformation like crystallization of an amorphous reinforcement [114];

e a chemical reaction between the matrix and initial solid elements inserted within
it [111, 126, 127, 130, 133, 134, 137, 144, 154, 162], e.g. Al + SiO;, —
Al/Al, 03+Si0, [133];

e a reaction between the matrix and the reactive gas, such as nitrogen, flowing in
the zone treated by the FSP tool [115].

The reinforcements produced in situ via chemical reactions are very fine (for instance
about 100nm [111]), thermodynamically stable and generally uniformly distributed
in the matrix [126]. Besides, they present a good interface with the matrix.

Some undesirable or unexpected chemical reactions or phase transformations can
also occur during FSP due to the presence of the reinforcements. This may have
the positive effect of further increasing the reinforcement effect. During FSP of
Mg with SiO, particles [153], the good affinity between Mg and Si leads to the
formation of additional Mg,Si reinforcements in the Mg composite. These Mg,Si
are in complement to the amorphous initial SiO, particles still maintained after FSP.
In the case of FSP of a ferritic stainless steel with SiC particles [102], SiC reacted
with the matrix to form Cr;Si and (Cr,Fe);C; precipitates and further induces the
matrix phase transformation into Fe;Si IMC and solid solutions of Si and C in
a ferritic matrix. During FSP of CP-Ti under nitrogen, the formation of in-situ TiN
precipitates (see Fig. 7.15) occurs together with the martensitic phase transformation
of «-Ti matrix because of the formation of an N interstitial solid solution in Ti [115].

7.3.3 Effect of Process Parameters on the Architectured
Microstructure of the MMCs and Graded Materials

Various process parameters, which directly govern the material flow during the pro-
cess, can have an effect on the architecture of the MMCs and the graded materials.
The homogeneity of reinforcement distribution and their structural stability may be
affected. Both will directly govern the properties of MMCs. The following will dis-
cuss the effect of the groove location on the workpiece, the number of passes, the
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Fig. 7.15 TiN/Ti MMC processed in situ by FSP (from Shamsipur et al. [115])

rotational and advancing speeds, the change of the tool direction sense at each new
pass, the heat input and the tool geometry.

Groove location and size—Gandra et al. [6] showed that a good dispersion of
reinforcements is ensured provided the groove machined at the surface of the work-
piece is located in the pin flow zone, i.e. in the core of the stir zone, and not in the
shoulder flow zone, i.e. near the top surface. In addition, a reduction of the groove
width leads to a better distribution of reinforcements [147].

Number of passes—Several passes are generally required to disperse the rein-
forcements, in particular if they are nanometric [155]. An increase of the number of
passes was indeed shown to reduce the clustering of powdered reinforcements [155,
158] and to improve their fineness and homogenize their distribution [103, 116, 118,
129, 130, 146, 152-155, 158, 162]. X-ray tomography analyses showed that fiber
reinforcements follow the material flow induced during each pass [113]. One may
thus question the uniform and random distribution of such reinforcements which
present directionality by opposition to the particle reinforcements.

Besides, by increasing the number of passes, the porosity at the matrix-reinforce-
ment interface is reduced and the interfacial bonding is enhanced. For example, after
one FSP pass, some porosities are observed at the SiC/Cu interfaces of the MMC
but are not observed after 2 passes [145, 149]. Thus FSP improves the densification
of the MMC as shown by Khayyamin [155] and already presented in Sect. 7.2.2 for
cast alloys.

The multiplication of passes may however also entail a structural instability of
reinforcements and a change of their morphology by fracture and blunting. For
instance, Bauri et al. [128] evidenced a fracture of initial Ni 70 pm sized powder
particles during FSP of Albased MMC. Lietal. [109] also noticed arefinement during
FSP of initial 5 wm sized TiC introduced in Ti-6Al-4V alloy reaching the nanometric
scale. A refinement of hydroxyapatite particles introduced in Mg was also observed
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during FSP due to their breaking. Their morphology changed from flaked to spherical
[156]. Izadi et al. [119] observed the fracture of some carbon nanotubes, then their
disappearance which leads to spherical shelled carbon structures and formation of
Al4C5. Three passes were required to homogenize the dispersion of reinforcements at
the expense of the maintenance of the nanotubes shape. Mertens et al. [113] detected
an erosion of carbon fibers in Mg based MMC obtained by FSP. Abdollahi et al. [154]
showed an evolution of the nature of the reinforcements produced in situ according to
the FSP passes number, namely a transformation of Al3Ni, + Mg,;Ni formed in situ
after the first FSP pass of AZ31 with Ni powder, into AINi + MgNi, after subsequent
passes.

Change of the direction of the tool advance at each new pass—The asymmetric
feature of the FSP process due to a difference of material flow on advancing (AS)
and retreating (RS) sides leads to the agglomeration of reinforcements on the AS
[146]. Some authors changed the direction of the tool advance at each new overlap
pass to get an homogeneous distribution and a similar density of reinforcements on
AS and RS [108, 152, 153].

Rotational and advancing speeds—Like the increase of the number of passes, a
greater rotational speed [116, 147, 152, 162] or a reduction of the advancing speed
[116, 145, 147, 151] leads to a refined distribution of reinforcements. Indeed, they
contribute to an enhancement of the malleability of the base material workpiece and
thus improve the stirring effect [106]. As a consequence, since the processed zone
is expected to be larger, the volume fraction of reinforcements is reduced [113].
Nevertheless, a significant increase of the rotational speed may lead to the tool
fracture [158].

Friction stir vibration processing—1In friction stir vibration processing, a normal
vibration is applied to the processed line during the process while SiO, particles are
incorporated in an Al alloy [137]. Vibrations decrease the grain size in the processed
zone, improve the homogeneity of the distribution of reinforcements by contributing
to the breaking up of agglomerated particles. This finally leads to enhanced hardness,
strength and ductility [137].

Supplementary heat input—The use of an electrical current which passes through
the shoulder into the substrate can thermally assist the FSP by improving the sub-
strate viscoplasticity [106, 140]. This increases the volume of the processed zone
although it reduces the volume fraction of reinforcements within it. It then promotes
the homogeneousness of the reinforcements dispersion and avoids the formation of
clusters. This alternative which may easily be industrialized could avoid to increase
the number of passes to get a suitable, uniform and fine distribution of reinforcements
in the MMCs [106].

Tool wear—FSP tools are generally made of hard steels like H13 steel for light
alloys (with eventually surface nitriding and oxidizing treatments [106]). WC/Co,
PCBN, InRe, WRe, Co alloys and WC are preferred for processing MMCs and graded
materials [144]. These tools are however expensive and their major concern is their
wear which increases with both the abrasive feature and the volume fraction of the
reinforcements [105]. The dimensions of a WC tool are for instance reduced by more
than 20% during FSP of a mild steel with nanosized TiC reinforcements after four
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passes, which leads to the insertion of WC tool debris in the MMC processed zone
[103]. It is worth noting that similar concerns, occur during friction stir welding
of MMC:s [101]. Various solutions were consequently proposed to reduce the tool
wear during FSW. The process could be assisted by an electrical current in order
to improve the stirring and to favor the viscoplasticity of the base material surface
[106]. Besides, although some authors improved the reinforcement distribution with
a threaded pin [152], an unthreaded pin is generally recommended to reduce tool
wear otherwise the threads are abraded by the reinforcements during the process
[163-165].

Tool geometry—The pin shape is an important factor since it governs the material
flow and thus the quality of the reinforcements distribution [ 122]. The ideal pin would
be square shaped, which entails a pulsating action leading to a uniform distribution of
the reinforcements [166, 167] or a smooth frustum like tool shape which promotes a
uniform material flow [163]. The use of three-fluted tool shape during FSP of Al,O3
reinforced Mg MMC:s indeed led to cavities and microvoids [152]. Another study
concerned by FSP of Cu with graphite particles showed that a triangular pin leads to
a larger processed zone, to a better dispersion of the reinforcements than other tool
shapes [122].

7.3.4 Mechanical and Functional Properties of FSP MMCs
and Graded Materials

The use of several passes and of a judicious and suitable setting of process parameters
was shown to improve the dispersion of the reinforcements (Fig. 7.13) and thus are
expected to enhance the surface and bulk properties.

Surface composites

Hardness—Like in most MMCs, the hardness of the MMC is generally larger than its
matrix [111, 112, 115]. Shamsipur et al. [115] processed a TiN/Ti surface composite
by FSP. Particles were embedded 6 mm deep? in a commercially pure Ti workpiece
machined with a 3 mm deep groove subjected to reactive nitrogen. The surface
composite reinforced with only 2.3 vol.% TiN (Fig. 7.15) presents a promising 972
HV hardness which is about 6 times larger than that of the commercially pure Ti
(Fig. 7.16). Comparing reinforcement size effects, the hardness of the processed
zone of Al,O3 reinforced Ti based MMC with a 20 nm size of reinforcements is
larger than when they are 80 nm in size [104].

2The latter surface composite is significantly deeper than those obtained by classical diffusion or
remelting nitriding methods.
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Fig. 7.16 Hardness of the 1200 = Ti/TiN four passes
TiN/Ti MMC processed
in-situ by FSP (from 1000 Ti/TiN one pass
Shamsipur et al. [115]) E ﬂ,\ — FSPed
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Ductility—Compared to the TiC reinforcements, the stainless steel reinforcements
in Al lead to a better ductility of the metal matrix composite due to the deformable
nature of stainless steel and low Al work hardening around the reinforcements [136].
Besides, an increase of the number of passes from 1 to 5 was shown to increase the
elongation from 12.5 to 24.5% for the W reinforced Al based composite [160].

Wear resistance—Many surface composites processed by FSP aim at improving
wear resistance [103, 112, 118, 122, 129, 149]. Barmouz et al. [149] obtained
a better wear resistance (Table 7.2), mechanical resistance and lower ductility by
reinforcing Cu with 30 nm than with 5 wm sized SiC particles by FSP. Sarmadi et
al. [122] showed that a 22 vol.% graphite reinforced Cu based MMC developed by 4
passes of FSP presents a friction coefficient 79% lower and a resistance to wear 65%
greater than the pure annealed Cu because of the lubricating property of graphite. The
TiC reinforced mild steel FSPed surface nanocomposite presents a wear resistance
against steel disk two to three times greater than that of the steel substrate [103]. This
behavior is attributed to a lower coefficient of friction and a greater hardness value
of the surface composite. These are favored by a fine distribution of nanosized TiC
and the refinement of the grain size.

Table 7.2 Dry wear rate in pure Cu and in FSPed samples (data from Barmouz et al. [149])

Sample Wear rate (mm?>/Nm)
Pure Cu 9.366 x 107>
FSPed Cu—6vol%SiC (5 pm) 8.107 x 1075
FSPed Cu—18v0l%SiC (5 pwm) 7.293 x 1073
FSPed Cu—6vol%SiC (30 nm) 5.950 x 1073
FSPed Cu—18vol%SiC (30 nm) 3.931 x 1073
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The surface MMCs with both a hard and a soft kind of reinforcements are generally
known to improve the wear resistance compared to their counterpart with a single
kind of reinforcement [144]. The self-lubricating property and the wear resistance of
surface of hybrid SiC + MoS, / A15083 MMC was for instance higher than for SiC
(or MoS,)/ A15083 MMC [125]. Another example deals with the 0.1% Al,O3 +0.2%
carbon nanotubes AZ31 MMC which presents a better wear resistance and a lower
friction coefficient compared to the MMCs with one single kind of reinforcement
or compared to the base material [107]. Concerning the wear resistance of a FSPed
SiC-Al,03/1050-H24 Al based MMC, the volume wear loss depends of course on
the applied load during the test but also on the SiC/Al,O; ratio. For a 5 N applied
load, the hybrid MMC with 80% SiC and 20% Al,O3 presents a wear resistance
greater than their counterparts with a single kind of reinforcement. For 10 N applied
load, the wear resistance does not depend on the kind of reinforcement and is very
close to that of the FSPed base material [108].

Corrosion—An addition of hydroxyapatite (HA) to Mg by FSP would weaken the
basal texture of Mg thereby deteriorating the corrosion resistance to less than 20%
of that in FSPed Mg. In the composite, the protective mixed layer was more easily
generated on the surface since HA particles can act as nucleation sites. Although the
accumulation of corrosion products is high, these products are porous and cannot
prevent corrosion efficiently [156]. The SA06 Al alloy based MMC with initial
amorphous AI84.2Nil0La2.1 reinforcement was shown to present a lower corrosion
density, a higher passivation current than the base material and a passivation zone
[114].

Optical properties—Gudla et al. [142, 143] studied the optical properties of an
aluminum alloy containing finely distributed TiO; particles after surface anodization.
The color of the TiO, containing sample was much lighter. The reflectance of the
surface is decreased as the anodizing time increases due to TiO, degradation.

Graded bulk MMCs

Thermal properties—The shape memory of the NiTi reinforcements decrease the
coefficient of thermal expansion of the Al alloy in the 10 vol.% NiTi 6061 Al MMC
which leads to a good combination of adjustable damping and thermal physical
properties through a proper heat-treatment process [124].

Electrical properties—The FSP of a billet of carbon nanotubes (CNT) reinforced
AA6061 MMC previously obtained by powder metallurgy leads to a slight increase
of its electrical conductivity because of the Mg and Si segregation at the CNT/Al
interface after heat treatment which led to the formation of precipitates free zones
near the CNTs. This increase in electrical conductivity to a lower extent may also
be attributed to the random distribution of the nanotubes in the matrix due to FSP
[131]. Oppositely, the addition of SiC particles to Cu by FSP led to an enhancement
of the electrical resistivity of pure Cu. But the electrical resistivity of the MMC
did not evolve significantly with an increase of the number of passes [168]. The
same observation was reported in the case of Al based composite reinforced with W
particles [160].
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7.4 Lap Welding Metallic Sandwiches

Friction stir welding and processing allow assembling dissimilar materials in an easy
way in butt or lap welding configurations [3]. In the present chapter, the main issues
related to the dissimilar metal lap welding by FSW will be discussed. Indeed, if
one wishes to process architectured metal sandwiches, FSP might be an interesting
option, see Fig. 7.17. FSP will ensure reconstitution of the metallic continuity at the
interface between the two metals.

Sandwich-like architectured materials may be processed using friction stir lap
welding. The interested reader is referred to the review on FSW of dissimilar metals
by Simar and Avettand-Fenogl [169]. These structures could be processed in order to
improve surface properties or combine efficiently properties of different materials.
For example, the wear resistance of soft and ductile materials could be improved by
placing a hard material sheet on top. The corrosion resistance may also be improved
with a cover sheet, e.g. steel plates covered with Al or stainless steel sheets, or
magnesium plates covered with Al. Li et al. [170] have processed an Al/Ti-6Al-4V
bi-layer by friction stir lap welding, see Fig. 7.18. They claim that these assemblies
may present interest for the good combination of high specific strength titanium alloy
with high thermal conductivity aluminum alloy. Liu et al. [171] processed an Al-Si
laser cladded coating by FSP and reached better corrosion resistance compared to
the non-FSPed samples due to the suppression of coating cracks and pores. Finally,
another interest of this type of assembly might be the processing of complex and
brittle intermetallic phases already in the right shape and composition. The formation
of the final material is ensured by a diffusion thermal treatment [172].

Dissimilar metal FS welding leads to the formation of intermetallic compounds
at the interface. For example, Fe,Als, Fe4Al;3, FeAl; and FeAl intermetallic com-
pounds have been reported in aluminum to steel lap welds [173—176]. TiAl; is system-
atically reported in aluminum to titanium welds [177] as well as magnesium alloys
containing aluminum to titanium welds [178]. In the Al-Cu dissimilar FS welds many
intermetallic compounds can be formed but Al,Cu and Al4Cuy are systematically
reported [179]. These intermetallics are generally brittle leading to premature failure
compared to the base materials [176].

— Tool plunges or not
FSP tool in lower plate

A

Fig.7.17 Schematic of the lap FSP on a sandwich of metal plates (Schematic by N. Jimenez-Mena)
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Fig. 7.18 Multipass friction stir lap welding to process an Al/Ti-6A1-4V bi-layer (from Li et al.
[170D)

In dissimilar metal friction stir lap welding, the softest material is generally placed
on top and is in contact with the tool shoulder. For example, in a stack of aluminum
and steel plates, aluminum will be placed on top of the steel plate [174]. Indeed, this
configuration leads to lower tool wear. It is even possible to avoid plunging the tool
pin inside the lower harder plate and ensure the welding by heat conduction near the
interface [180], see Fig. 7.17. However, this does not always lead to sufficiently good
mechanical properties [180]. Therefore, Haghshenas et al. [176] have proposed to
place a low melting point interlayer to promote reactivity, e.g. Zn or Al-Si coating
between an aluminum and a steel plate. Zn coated steel has also been used in this
perspective [174, 181]. Zhang et al. [182] have even fully suppressed the tool pin
and placed a Zn sheet between an Al and steel plate. The melting of the Zn sheet
leads to an excellent planar joint presenting a good strength at medium advancing
speeds. Another option is to place the steel plate on top and use a WC tool to heat
the steel plate and ensure the local melting of the bottom aluminum plate at the
interface [183, 184], see Fig. 7.19a. The process is called Friction Melt Bonding
(FMB). Figure 7.19b presents the resulting interfacial microstructure of this new
process. The advantage of these solutions in what concerns architectured materials
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(a) -.. FMB tool
(b)

Steel

Melt pool

Fig. 7.19 a Principle of the friction melt bonding (FMB) process. b Planar interface between ULC
steel and 1050 Al alloy in a friction stir melting joint (Courtesy of N. Jimenez-Mena)

is that the interface is then much more planar than when the FSP tool pin penetrates
the bottom material (Fig. 7.18b). Indeed, the penetration of the tool inside the lower
plate leads to material flowing upwards and thus a hooking effect [185, 186] some-
times degrading the mechanical properties due to local stress concentration [185] or,
oppositely, improving the mechanical properties thanks to interlocking [186]. The
assembly of large panels by classical friction stir lap welding is expected to lead to
inhomogeneous microstructures, however this could be acceptable.

Constitutional liquation has been reported at the interface between two dissimilar
metals when they present a low temperature eutectic among themselves. This is
particularly the case for the Al-Mg system [187, 188] and has also been reported for
Al-Cu butt welds [189]. The Al-Mg phase diagram presents a eutectic phase at 450 °C
while the FS temperatures can be much larger in particular for high rotational speeds
[188]. This constitutional liquation may lead to the formation of solidification cracks
that are evidently detrimental to the mechanical properties of the structure [188].

7.5 Porous Architectured Materials

7.5.1 Foam Based Structures

Hangai and co-workers [190-196] have extensively studied the possibility to make
porous aluminum alloy based foam architectured structures by FSP. They have used
FSP to finely distribute blowing agent (TiH;) and pore stabilizing agent powder
(Al,03) inside an aluminum plate [190, 191]. The distribution of the foaming agent
is ensured by passing over the stack with a FSP tool, see Fig. 7.20. The porosities
are formed by a heat treatment after FSP. The foaming agent (here TiH,) presents
explosion hazards. Thus, foam was manufactured in cast Al alloys with no foaming
agent, only the pore stabilizing agent was inserted by FSP in the Al plates [192,
194]. The foaming effect during the subsequent heat treatment is ensured by the gas
pores and dissolved gas blown during casting. More finely distributed porosities were
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TiH, + Al,O,

Fig.7.20 Manufacturing process to make a foam by FSP (Schematic by N. Jimenez-Mena, inspired

from [190])
>ADCB plates

(a)

(b) _ﬁ;‘l :
TiH, 1% T
TiH, 0% vlr
10 mm ADC12 foam

Fig. 7.21 Architectured structures based on aluminum foam made by FSP. a Graded porosities
structure (from Hangai et al. [193]) and b sandwich structure fully assembled by FSP (no adhesive)
(from Hangai et al. [194])

resulting from this modification of the process. In all cases the porosity content can
be controlled by changing the holding time of the heat treatment after FSP [194].
The FSP step is needed to distribute homogenously the pore stabilizing agent.

Many graded or architectured structures have been processed using this technol-
ogy. Figure 7.21 shows some examples of these structures. Figure 7.21a shows an
architectured material presenting a graded proportion of porosities [193]. This archi-
tectured material shows a good combination of compressive strength due to the low
porosity part and compressive strain due to the high porosity part. Figure 7.21b shows
a sandwich panel made of ADC12 foam in between two dense ADC6 cast sheets
[194]. Once more, the assembly is performed by FSP without the use of adhesive.
This sandwich can thus be used for higher temperature applications. The formation of
the sandwich rather than the foam alone provides higher tensile and bending strength.
Hangai et al. [196] also developed by FSP graded foams composed of Al1050 and
Al6061 foams produced by FSP separately and then assembled together by FSP.
They showed that this assembly presents better compression and impact strain than
the individual foams exploiting the prior deformation of the A11050 foam followed
by the deformation of the Al6061 foam.
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Fig. 7.22 Curvilinear channel processed by friction stir channeling. From Balasubramanian et al.
[197]

7.5.2 Friction Stir Channeling

Balasubramanian et al. [197, 198] have invented a process derived from FSP called
Friction Stir Channeling (FSC). FSC uses the large defect called wormhole formed
for specific friction stir processing parameters to create channels with a path dic-
tated by the FSC tool. This may, for example, be used to manufacture compact heat
exchangers. Figure 7.22 shows the typical shape of the channel that can be manu-
factured with a curvilinear path. The tool geometry, the process parameters and the
applied force have to be correctly tailored in order for the channel to present a given
shape and be continuous [197, 198].

7.6 Friction Stir Additive Manufacturing

The additive manufacturing technology to process architectured materials is largely
discussed in Chap.9. Here, we will just shortly discuss the possibility of using the
friction stir technology to perform additive manufacturing.

Friction Stir Additive Manufacturing (FSAM) is a very simple process using
friction stir welding to assemble parts to build a 3D structure [199-201]. Figure 7.23
presents the principle of this process. Small plates are lap jointed by FSW and may
thus create a structure presenting the properties of the stir zone. Similarly to the laser
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Fig. 7.23 Principle of
friction stir additive
manufacturing (Schematic
by N. Jimenez-Mena,
inspired from [201])

=
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cladding additive manufacturing process, this may help manufacture any structure
with however limitations due to the need of a backing plate to support the load applied
by the tool on the workpiece. Palanivel et al. [200] have shown that this technology
may be applied to process stringers for the skin panel of an airplane fuselage. The
stringer is thus presenting the specific microstructure of an FSP material, contrarily
to the skin panel.

Palanivel et al. [199, 200] have made FSAM on a Mg-4Y-3Nd magnesium alloy.
They found a high strength equal to 400 MPa with an excellent elongation of 17%
due to the fine precipitates (2—7 nm) formed during a post-processing heat treat-
ment. Yuqing et al. [201] show that the built microstructure presents some strong
heterogeneities in an 7075 aluminum alloy.
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Chapter 8 ®
Severe Plastic Deformation as a Way oo
to Produce Architectured Materials

Yan Beygelzimer, Roman Kulagin and Yuri Estrin

Abstract In this chapter, a group of processing techniques leading to desired
materials architectures is discussed. They are based on severe plastic deformation
(SPD) by shear combined with high hydrostatic pressure. Originally, these techniques
were developed for imparting to the material an ultrafine grained (UFG) microstruc-
ture thus improving its mechanical performance characteristics. An added benefit of
SPD processing in the context of architectured materials is its ability to tune the inner
makeup of a hybrid material at a macroscopic scale. After a brief introduction to the
available SPD processing techniques, we provide an analysis of architectured multi-
scale structures with UFG constituents they can produce. A target of this research is
development of materials with a high specific strength and low overload sensitivity.
Specific designs enabling a favourable combination of these properties are consid-
ered. An emphasis is put on structures that include soft layers whose presence delays
strain localisation and failure of the hybrid material.

Y. Beygelzimer (<)

Donetsk Institute for Physics and Engineering named after A.A. Galkin,
National Academy of Sciences of Ukraine, Nauki av. 46, Kiev 03680, Ukraine
e-mail: yanbeygel @ gmail.com

R. Kulagin

Institute of Nanotechnology (INT), Karlsruhe Institute of Technology (KIT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
e-mail: rkulagin@gmail.com

Y. Estrin

Department of Materials Science and Engineering, Monash University,
Clayton 3800, Australia

e-mail: yuri.estrin@monash.edu

Department of Mechanical Engineering, The University of Western Australia,
Crawley 6009, Australia

© Springer Nature Switzerland AG 2019 231
Y. Estrin et al. (eds.), Architectured Materials in Nature

and Engineering, Springer Series in Materials Science 282,
https://doi.org/10.1007/978-3-030-11942-3_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-11942-3_8&domain=pdf
mailto:yanbeygel@gmail.com
mailto:rkulagin@gmail.com
mailto:yuri.estrin@monash.edu
https://doi.org/10.1007/978-3-030-11942-3_8

232 Y. Beygelzimer et al.

8.1 Introduction

In a quest for improving the mechanical performance of solids, primarily metallic
ones, a range of techniques based on severe plastic deformation (SPD) have been
developed by materials scientists over the recent decades. A defining feature these
techniques have in common is the use of giant shear deformation in conjunction
with a very high, gigapascal-range, hydrostatic pressure. Despite the extreme cumu-
lative equivalent strains imparted to the workpiece in these processes, its dimensions
remain practically unchanged, which distinguishes the SPD techniques from tradi-
tional metal forming operations [1, 2].

The consequences for materials processed by SPD in terms of their mechanical
properties are remarkable, as their initial grain structure is reduced in a spectacular
way—down to deep submicron scale, and in some cases to nanoscale [3, 4]. Not
only are such techniques suitable for providing bulk materials with an ultrafine-
grained (UFG) structure, but they can also be efficient for consolidation and ‘cold
sintering’ of metal powders [5], solid-state modification of polymers [6, 7], recycling
of machining chips [8, 9], and other engineering applications.

This chapter aims at highlighting the possibilities of obtaining architectured mate-
rials offered by various SPD methods. The attractiveness of this approach is its ability
to impart to the material a desired inner architecture while at the same time providing
it with an UFG structure, thus improving the mechanical properties at both macro-
and microstructural levels. We have been promoting this approach from its inception
[8, 10—12] and feel that it has a great future. Indeed, the available experience with
producing nanostructured gradient materials [13—15], nanostructured lattices [16], as
well as layered [17] and spiral-shaped [10, 11] structures is encouraging. This chapter
builds upon these developments. It comprises two sections. In the first one, various
approaches to producing multiscale structures by SPD methods are considered. The
second one provides an analysis of architectured multiscale structures with UFG
constituents, which do not suffer from plastic instability under tensile loading—the
Achilles verse of uniform UFG materials produced by SPD methods.

8.2 Producing Multiscale UFG Structures by SPD
Techniques

8.2.1 Major SPD Techniques

To date, more than 30 SPD techniques have been proposed. Among those, five prin-
cipal methods are most prominent. These include equal-channel angular pressing
(ECAP), high pressure torsion (HPT), accumulative roll-bonding (ARB), multi-
directional forging (MDF), and twist extrusion (TE) [4]. Surface treatment tech-
niques, such as surface mechanical attrition treatment (SMAT) [18], the cone-cone
method (CCM) [19], and high pressure tube twisting (HPTT) suggested by Toth et al.
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(2009) and further developed by Lapovok et al. [20], are becoming more and more
popular for applications where there is no need for grain refinement throughout the
thickness of a workpiece. These techniques are well suited for producing gradient
structures across the workpiece.

There exists a rich literature on SPD, which is summarised in several review
articles and monographs devoted to individual SPD processes [8, 21-23] and their
comparative analysis [4, 24, 25]. Therefore, instead of going into the detail of SPD
processing, we shall only dwell on the methods which in our view are most inter-
esting with regard to architecturing the bulk or the surface of solids. The concepts
underlying these methods are presented schematically in Fig. 8.1. The HPT, ECAP,
ARB, TE, and SMAT processes mentioned above are complemented here with high
pressure torsion-extrusion (HPTE), a recently developed technique permitting con-
tinuous HPT [26].

Most of these methods, viz. HPT, ECAP, ARB, TE, and HPTE, aim at uniform
grain refinement throughout the bulk of a workpiece. SMAT is included to represent
arange of techniques for plastic deformation of a near-surface region of the material,
which also include surface mechanical grinding [29], broaching [30], burnishing
[31], CCM, HPTT, etc.

8.2.2 Characteristic Strain Distributions Produced by SPD
Processes

The specific strain distributions associated with the deformation in each of the pro-
cesses illustrated in Fig. 8.1 are shown in Fig. 8.2. It is seen that under HPT, TE,
HPTE, and SMAT strain is non-uniform within a specimen cross-section, as distinct
from the ECAP and ARB processes, for which, to a first approximation, the strain
distribution is uniform. The non-uniformity of strain is not necessarily a negative,
as it can be utilised to create various tailor-made gradient structures. Indeed, strain
non-uniformity translates to non-uniformity in the grain structure, the smallest grain
size occurring in the regions with the greatest cumulative strain [3, 4]. Thus, plates
and rods with a nanostructured surface layer were obtained by SMAT [18, 32]. They
were found to possess remarkably good strength and ductility characteristics.

Another example of the formation of a gradient structure are cylindrical copper or
magnesium rods processed by repetitive three-roll planetary milling, also known as
screw rolling, to large overall strain [33, 34]. An axisymmetric gradient microstruc-
ture obtained by this technique is characterised by a gradual decrease of the grain
size with the radial distance from the billet axis to its periphery, where it attains a
submicron level. It was shown that such a gradient structure gives rise to increased
tensile elongation of the processed material.

By sharpening strain non-uniformity deliberately, e.g. by TE, one can manufacture
rods of arbitrary cross-sectional shape and dimensions that possess a UFG structure
in a near-surface layer and a coarse-grained structure near the billet axis [8]. The TE
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Fig. 8.1 Schematics of selected SPD processes: HPT (a) [1], TE (b) [27], ECAP (c¢) [2], HPTE
(d) [26], ARB (e) [28], SMAT (f) [18]
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Fig. 8.2 Schematic pictures of the distribution of the von Mises equivalent strain in a cross-section
normal to the die axis for HPT (a), TE (b), ECAP (c¢), HPTE (d), and to the workpiece surface for
ARB (e) and SMAT (f)

parameters for producing a gradient microstructure within copper rods with a hexag-
onal profile were determined in [35]. The mechanical properties of such gradient
materials under uniaxial tensile deformation studied by computational simulations
are presented in the following section.

Rods made from light alloys based on magnesium, aluminium, and titanium,
which have a UFG structure at the surface and a coarse-grained crystalline structure
near the axis are akin to various structural members used in the engineering practice,
such as I-bars, tubes with various cross-sections, channel beams, L-angles, etc., cf.
Fig. 8.3.

In addition to bulk materials with gradient structure, the SMAT technique can
also be used to produce various nanostructured lattices on the surfaces of light alloys
[16]. Such architectured materials are analogous to steel mesh structures.

8.2.3 Bulk Materials with Spiral-Shaped and Layered
Armour

Prior to SPD, various kinds of inclusions (in form of solid particles or powders)
can be introduced in a workpiece. Controlled material fluxes during the SPD pro-
cess will transform them to produce a desired inner structure of the workpiece. The
initial distribution of the introduced particles that generates the desired final archi-
tecture can be found computationally, by solving an inverse problem. Under certain
SPD conditions, large strains under high pressure will lead to the occurrence of a
strong metallic bond between the constituents of the workpiece similar to the one
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(a)

(b)

Fig. 8.3 Rods made from light alloys with a gradient structure (a) and their structural member
analogues (b)

that occurs during pressure welding. In this way, architectured materials with good
mechanical characteristics can be produced. Some examples of creating a desired
inner architecture in a bulk material by virtue of material fluxes generated by SPD
are presented. A particular type of an architectured material is a spiral hybrid mate-
rial with a disc-shaped geometry of the constituents produced by HPT [10]. UFG
bars with embedded spiral fibres (helical armour) can be obtained by means of TE
[11], free end torsion [36], and HPTE [26]. An interest in spiral-shaped architecture
of reinforcing elements of a hybrid material goes back to the work of Bouaziz [37]
who suggested that such a geometry may improve the tensile ductility of the matrix
material due to artificial strain hardening associated with a ‘spring’ embedded in
the matrix. It acts to postpone the onset of the Considere instability thus enhancing
tensile ductility, while the way in which the spiral armour was produced by SPD
provides the material with increased strength.

Another SPD process, HPTE, makes it possible to fabricate a UFG material with
embedded spiral-shaped coarse-grained layers. The schematics of this process are
seen in Fig. 8.4a.

The embedded fibres are to be made from a metal whose melting temperature is
substantially lower than that of the billet, such as in the considered case of Al fibres in
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(a) (b)

Fig. 8.4 Formation of a spiral-shaped layered architecture by means of HPTE: initial arrangement
of embedded fibres and schematics of the HPTE process (a); an example of a spiral layer structure in
acopper/aluminium system (b). Here the Cu matrix is represented by yellow material and aluminium
fibres (transformed to spiral Al sheets in the process of HPTE) are shown in blue

the Cu matrix. After HPTE, the hybrid material produced (the right picture in Fig. 8.4)
needs to be subjected to a heat treatment that would preserve the UFG structure of
the matrix, while causing recrystallisation of the spiral sheets to which the initial
fibres have been transformed. A high strength of the resulting architectured material
is ensured by that of the UFG matrix. The coarse-grained spiral sheets enable the
necessary toughness by acting as traps for microcracks under monotonic or cyclic
loading.

HPT of layered specimens can give rise to a plethora of architectured materials
with interesting inner structures. Such structures can be formed as a result of a loss
of stability of a non-homogenous layered material under shear and compression.
Structures of this kind are also known in geology [38], Fig. 8.5.

In [39] the formation of vortices in a material deforming plastically under simple
shear was associated with local blocking of shear deformation. It was shown by
computational modelling [40] that in a sample undergoing HPT such blocking leads
to twists and turns of the obstacles. We regard this as the physical cause for the
turbulent flow during HPT.

The results of finite element (FE) calculations for a layer of a plastic material
placed between two plates moving in the opposite directions are seen in Fig. 8.6.
Obstacles to plastic flow within the layer are seen to block shear deformation locally.
In the simulations a cylindrical obstacle normal to the plane of the figure was asso-
ciated with a material with the yield stress ten times higher than that of the layer
itself.
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Fig. 8.5 Geological structures stemming from instability of non-homogenous layered formations
under shear and compression: geological fold (a), spiral (b), 3-type (c), shear bands structure (d) [38]

e IMPOsed Tangential Velocity, mm-s”

Fig. 8.6 Simple shear blocked locally by cylindrical obstacles from a material that is ten times
stronger than the layer undergoing shear deformation (FE simulation)

Figure 8.6 demonstrates that local blocking of shear does cause rotation of the
obstacles, which leads to the formation of vortices at sufficiently large shear strain.
In layered materials, the stronger layers play the role of such obstacles. As a result
of twists, rotations and fracturing they undergo during the HPT process, these layers
get transformed to a chain of vortices [41, 42]. This is illustrated schematically in
Fig. 8.7a, c. Figure 8.7b, d show the transformation of the structure of a layered
Al/Cu composite by HPT, which confirms the above scenario.
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Fig. 8.7 Transformation of a layered composite as a result of the occurrence of a chain of vortices
under simple shear: a, ¢ schematic pictures; b, d transformation of the structure of a real layered
Al/Cu composite under HPT

A possible application of an architectured material in the form of a layered disc
with inner vortices is as follows. Consider a shaft to be designed to operate in torsion
under a large torque, which consists of two different materials (Fig. 8.8a). For many
material couples, especially dissimilar ones, joining poses a great challenge. HPT
makes it possible to join materials, which are normally not weldable, by high pressure
and large shear strain [1]. This can be used to fabricate a layered disc whose surfaces
are formed by two different materials (Fig. 8.7c). The disc can then be employed
as a connector between the two parts of the shaft welded to their respective sides
(Fig. 8.8b). This welding can be done in a conventional way, as the pieces to be
welded on would face the same metal. The SPD-induced vortex structure of the
disc reinforces the connection through mechanical locking of the dissimilar contact
surfaces that comes on top of diffusion welding.

SPD processing of layered polymer specimens can lead to interesting new effects.
As shown in a recent work [43], processing of a multi-layer billet with alternating
amorphous and partially crystalline layers by a variant of ECAP, referred to as mul-
tiple angle ECAP, results in a controlled change of the inclination of the layers to
the billet axis, densification of the polymers, an increase of their hardness and elastic
moduli, as well as a better cohesion between the layers. This can be used to create
architectured materials whose modulus of elasticity can be varied in a broad range.
Figure 8.9a shows a representative volume of such a material: a plate from a rigid
polymer (r) with a large modulus of elasticity with embedded layers of a compliant
flexible polymer (f) whose modulus of elasticity is low.

Using the common methods of the elasticity theory [44], one obtains the following
expression for the effective modulus of elasticity E¢ of the composite plate:

! 1,2k ((L+v)(1 —2vp) cos®a +2(1 +vpsin®er) (8.1
= — — — COS & V — ZVr) COS™ & Vr) SINT & .
Ewr  Er EfL ' ' '
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Fig. 8.8 Layered disc with a vortex structure that can be used as a connector between two pieces
of a shaft designed to operate in torsion: a schematics of a shaft comprising two pieces made
from different materials; b connection of the two pieces provided by a layered disc produced by
high-pressure torsion
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Fig. 8.9 A representative volume of an architectured material with a variable effective modulus
of elasticity depending on the inclination angle of compliant flexible layers to the vertical axis:
schematics of the material architecture (a), effective modulus of elasticity as a function of the
inclination angle « (b). The solid lines correspond to the calculated dependence according to the
analytical formula (8.1); the symbols represent the results of finite element calculations in DEFORM
2D; the numbers above the curves indicate the magnitude of the ratio E/E;
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where E, and Ey are, respectively, the elasticity moduli of the rigid and the flexible
materials and vt is the Poisson’s ratio of the flexible (compliant) material. The results
of computer simulations using the finite element package DEFORM 2D support the
validity of (8.1), cf. Fig. 8.9b. The diagrams presented in this figure indicate the range
within which the effective modulus of elasticity can be varied by the choice of the
material of the flexible layer and its inclination angle.

8.2.4 Mechanochemical Synthesis

In an earlier publication [12], general principles of fabricating architectured materials
by SPD-enabled mechanochemical synthesis were established. The factors that make
SPD processing to a promising tool for mechanochemical synthesis include (i) the
possibility to control the mutual positions of material points within a deforming solid
during SPD processing, (ii) extremely fast mass transfer in the bulk of a deforming
solid, and (iii) absorption of substances through the surface of a billet.

An interplay of these factors promotes efficient delivery of external substances
to the sites within the workpiece where they can participate in a chemical reaction
leading to the intended formation of a compound. In this way, a pattern of regions
chemically different from the matrix material or a conceived geometry of new struc-
tural features can be produced within the bulk of the workpiece.

Chemically different ingredients can be introduced into a workpiece either prior
to SPD (by embedding them in the bulk) or during the process (by infiltration of the
bulk though the outer surface). The latter strategy can be realised by conducting SPD
processing in a liquid or gaseous medium, thus enabling the absorption of atoms
of the medium through the surface, with subsequent diffusive or, more importantly,
convective transport within the bulk. Infiltration of the bulk through the surface during
SPD operations can also be achieved if the workpiece or the tool is provided with
an appropriate coating. Delivery of atoms to the bulk through the outer surface is
promoted by SPD processes in which the surface area is cyclically varied, such as
HPT, TE, and ARB. For example, in the case of twist extrusion, the surface of the
material in contact with the die or the medium is 50% larger than before or after
the billet passes through the die. Production of multiscale architectured materials
with composition and grain size gradients presented in [13] provides an example of
mechanochemical synthesis by means of HPT. A further example of architecturing of
a material by HPT is the application of this technique to a layered Al/Mg specimen.
In this case, vortices were formed at interfaces and cold fusion of the constituents
occurred [45].

A promising route to producing materials with engineered inner structure is
offered by SPD combined with powder metallurgy [12]. A particular example are
the so called ‘harmonic’ materials produced by ball milling of spherical particles
followed by spark plasma sintering (SPS) proposed in [46—48]. In the course of ball
milling, a UFG shell is formed on the surface of powder particles, the shell thickness
depending on the duration of ball milling. Through subsequent sintering, an inter-
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esting type of architectured material is produced. It is comprised by a hard cellular
skeleton formed by the UFG shells and a softer coarse-grained material ‘filling’. The
skeleton structure of harmonic materials can be controlled by varying the SPS param-
eters, the thickness of the UFG shells of powders, and also through mixing of ball
milled powders with unprocessed ones before SPS, pre-straining, etc. In this way,
both monolithic and porous materials can be produced, with various applications
being envisaged for them.

8.2.5 Combining SPD with Additive Manufacturing
to Produce Architectured Materials

The great potential of SPD techniques for producing high-strength architectured
materials discussed in the foregoing sections can be extended immensely by com-
bining them with nascent additive technologies [49]. A review of the current state of
such technologies focusing on 3D printing with polymers and metals can be found
in Chap. 9 of this monograph.

For metallic materials, 3D printing by direct metal laser sintering (MLS) is the
technology of choice. MLS with two or more alloys permits fabrication of mono-
lithic parts with any inner architecture, including that shown, by way of example,
in Fig. 8.10a. For a number of reasons, structural parts produced by additive man-
ufacturing do not show good mechanical properties [49-51]. This drawback of the
otherwise attractive additive manufacturing technologies can be overcome by means
of post-processing by SPD, which can enable high mechanical characteristics to an
MLS-produced material by inducing an UFG structure.

As discussed above, SPD processing causes a distortion of the inner architecture of
aworkpiece. In Fig. 8.10 this is illustrated by comparing the initial 3D printed pattern
with the one transformed by TE (Fig. 8.10b) or ECAP (Fig. 8.10c). The distortions
can be calculated using the simple shear model [21] in the case of ECAP and the
experiment-based computed velocity field [8] in the case of TE. If the goal of the
processing chain (printing + SPD) is to obtain the geometry depicted in Fig. 8.10a,
the distorted pattern needs to be printed in the first place. Thus, in the case of post-
processing by ECAP, the initial printed structure should be that of Fig. 8.10c. Then,
ECAP in the direction opposite to that transforming Fig. 8.10a to Fig. 8.10c would
restore the desired pattern. In the case of post-processing by TE, the initial printed
structure should be that of Fig. 8.10b, while the screw geometry of the twist die should
have the chirality opposite to the one used in the calculation of the transformation of
Fig. 8.10a to Fig. 8.10b.
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Fig. 8.10 Producing an architectured material by combining SPD with 3D printing: desired pattern
(a), pattern transformed by TE (b), pattern transformed by ECAP (c)

8.3 Multiscale UFG Structures with Low Sensitivity
to Tensile Overloads

8.3.1 Definition of Overload Sensitivity

UFG materials produced by means of SPD possess high strength characteristics,
which is their unquestionable advantage [3, 4]. Unfortunately, they commonly lose
their load bearing capacity once the yield stress is reached in tension. This is asso-
ciated with necking or localised shear banding terminating in failure of the tensile
specimen [52]. This is referred to as loss of stability of the material against tensile
loading [53]. The loss of stability of a critical structural member, such as steering
gear of an aircraft or an automobile, can be catastrophic. To avoid this, a large safety
margin needs to be considered in the design with materials unstable against overloads.

In terms of their mechanical performance in critical structures, UFG materials
can be categorised as high-strength, yet brittle, materials, for which a safety factor in
excess of 3—4 is used. For materials with lower strength stable against tensile loading,
a safety factor of 1.4-1.5 is sufficient [54]. As a result, the admissible design stress
for structural members made from UFG materials may turn out to be lower than for
conventional materials. This makes UFG materials less competitive.
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In this section we consider architectured materials comprising as their constituents
both UFG and coarse-grained (CG) materials. Owing to their engineered inner struc-
ture, such architectured materials are more stable against overloads than UFG alloys,
while possessing high strength. Commonly, a measure of stability of a material to
tensile overloads is its uniform elongation, §. In our view, this quantity does not
reflect the local material behaviour in the early stages of plastic flow. In an earlier
publication [12], we introduced a characteristic that, in our opinion, is a more ade-
quate measure of stability of a material to overloads, which is referred to as the
sensitivity to overloads. The notion of sensitivity of structures to a change in their
parameters or external actions is broadly used in design optimisation, cf., e.g. [55].
A low sensitivity of a structure to possible overloads above the design load is at a
premium. The overload sensitivity of a structural member is primarily determined by
the material it is made from. An obnoxious effect of overloads is often the limiting
factor in design of lighter and stronger structures. Development of materials with a
high specific strength and low overload sensitivity is thus on the agenda of materials
scientists.

Consider a bar under a tensile load F. We define the overload sensitivity of the
bar as the quantity % at the commencement of the plastic flow of the bar. Here L is
the variable length of the bar.

Neglecting the elastic volume change and using the relation F = oS (where oy is
the flow stress of the material (close to the yields strength) and S is the cross-sectional
area of the bar) one can easily show that

aL L
e . (8.2)
oF F 1-n
holds. Here 7 is defined as
9o\ !
n= O’S< : ) (8.3)
BeM

em denoting the von Mises plastic strain of the bar.
As seen from (8.2), the overload sensitivity of the bar is determined by the quantity
n, which depends solely on the intrinsic properties of the material. It is therefore
reasonable to refer to this parameter as the material’s sensitivity to overloads under
uniaxial tension. It further follows from (8.2) that in the limit of n approaching unity
L

from below the derivative diverges: 7= — oo. That is to say, small overloads give rise

to a dramatic irreversible elongation of the bar. For n > 1, the derivative is negative,
% < 0, which means that the bar keeps elongating even when the load is dropping.
This is tantamount to loss of stability of the bar. Finally, for n < 0 softening of the
material in the course of deformation occurs, which gives rise to strain localisation
in deformation bands culminating in loss of stability [56]. It follows from this brief

analysis that only materials satisfying the condition

0<n<l (8.4)
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are suitable for structural applications.

It is easily recognised that at the point n = 1 the Considére condition, geL; = 05,
is fulfilled. The above considerations provide a physical interpretation for condition
(8.4) as a requirement that only those materials can be employed in structural mem-
bers subjected to tensile deformation that do not lose stability by either necking or
shear banding.

It should be noted that in [57] the quantity n was regarded as an order parameter
that governs changes of the mechanisms of plastic deformation of a material. The
parameter 7 is related to the strain hardening rate ® = % via a simple formula

[58]:
n=o0,0" (8.5)

In annealed materials n << 1 ( ~ 0.01) [57] holds for early stages of plastic
deformation. UFG materials have large values of o5 and small ® values, which is
tantamount to a large overload sensitivity (n >> 1, [57]). That is why it is dangerous
to employ UFG materials in engineering structures that may be prone to overloads.

As foreshadowed above, this drawback can be combated by designing architec-
tured materials combining high strength with low overload sensitivity. Two kinds of
UFG structures whose high strength is achieved without sacrificing overload sensi-
tivity are proposed in the following section.

8.3.2 ‘Artificial Crystals’—A Particular Kind
of Architectured Materials

One of the promising designs of an architectured material is suggested by the
biomimetics-driven idea that embedding soft layers in an otherwise strong mate-
rial enables a good balance of strength and ductility [59]. In an earlier publication,
we discussed a simple implementation of this idea [12], which is as follows. Thin
planar layers of CG material are embedded in a UFG matrix. Upon a slight overload
over the design load, these soft layers deform by shear and experience strain harden-
ing, while the UFG matrix remains elastic. This picture suggests an analogy with a
crystal, which also deforms on specific shear planes, and the term ‘artificial crystal’.
The coarse-grained layers within the artificial crystal are responsible for its strain
hardening, thus reducing its sensitivity to possible tensile overloads.

A material architectured to contain CG layers embedded in a UFG plate thus
forming an ‘artificial crystal’ can be fabricated by employing the following two-
stage technology. First, a UFG strip is produced by SPD. Then, in a next stage, the
strip is locally heated (e.g. by laser beam) according to a prescribed line pattern. The
heat input is chosen in such a way as to cause local recrystallisation.

As demonstrated below, a specific feature of the thin layers is their high load
bearing capacity under tension in the normal direction and the ease of shear along
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Fig. 8.11 Tension of a plate with an embedded thin layer normal to the direction of tensile load

the layers. We start by considering a plate with a single thin layer, Fig. 8.11. For
simplicity, plane strain condition is assumed. Outside of the thin layer (assumed to
be ductile), the material is considered to be rigid. Its flow stress is denoted by o5.
For the thin layer the condition % « 11is used, where b is the width of the plate. The
flow stress o of the composite (matrix + soft thin layer) was calculated in [12]. For
the case when the thin layer is normal to the tensile direction along axis 2, it is given
by

oy 2 ! 1b 8.6
Os - \/g ( ¥ 2 h) 50
Obviously, it exceeds by far the flow stress o of the base material of the matrix.
An interesting corollary following from this result is that a softer layer produced,
for example, by welding that softens the material locally is not detrimental to the
tensile strength of the structure.
The flow stress for an ‘artificial crystal’ with a thin layer inclined to axis 2 at
non-zero angle « (see Fig. 8.12) was calculated to be [12]:

o2 % 8.7)
o, = —= .
S J/3sin2a

For the ‘artificial crystal’ to be able to deform exclusively by shear along the
layers, the condition o < %UUFG needs to be fulfilled. Here oygg is the flow stress
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Fig. 8.12 An architectured material of the ‘artificial crystal’ type: schematic drawing (a), engi-

neering stress-strain dependence under uniaxial tension for several values of the inclination angle
of the CG layers (b)

of the UFG matrix; the coefficient 13 accounts for the system to be a planar one (cf.,
e.g. [60]). Equation (8.7) then reduces to

(e

- < OUFG (8.8)
sin 2o

To calculate the overload sensitivity parameter n* for the ‘artificial crystal’, the
relative extension of the composite, ¢*, can be expressed in terms of the shear strain
y in an individual layer. As the plastic elongation of the ‘artificial crystal’ is fur-

nished solely by shear in the embedded layers, it follows, purely from geometry
considerations:

—
e* = HV - cosa, (8.9)

where the geometry parameter H is defined in Fig. 8.12 and 4 is the thickness of the
coarse-grained layer.

To characterise the deformation of the “artificial crystal’, we define the quantity ey
analogous to the von Mises equivalent strain by relating it to the relative elongation
of the material in the plane strain condition [60]:

i ln(l + 8*) (8.10)
7 .

* o __
em —
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Fig. 8.13 Architectured material of the ‘soft core/hard sheath’ type: a a cross-section showing a

coarse grained (CG) core and an ultra-fine grained (UFG) sheath, b stress-strain curves for various
values of the volume fraction of the core material

For ¢* « 1, this equation reduces to

* 2 *
ey N —¢
M ﬁ

Substitution of (8.11) into (8.9) yields

8.11)

h
ey = ZEeM - cosa (8.12)

(Here the well-known relation ey = L3 (cf, e.g. [60], was used.)
The overload sensitivity parameter for the ‘artificial crystal’ is defined as

3o\ !
n* = os*( S ) (8.13)

*
dey

It can be expressed in terms of the similar quantity for the base material, 1, by
combining (8.7), (8.12), and (8.3):

nt = 277£ cos o (8.14)
H

The deformation behaviour of the ‘artificial crystal’ can be discussed by way
of the following example. The soft layer material is considered to be coarse grained
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copper with known mechanical properties [61]. As the matrix material UFG copper is
taken. We assume that it was produced by simple shear deformation, e.g. by means of
ECAP. The flow stress oygg is set at 421 MPa—a value that corresponds to saturation
flow stress for copper pre-deformed by simple shear to very high strain [61].

Under uniaxial tensile loading of the ‘artificial crystal’ the embedded soft layers
deform by simple shear. Under this loading mode, at least up to the equivalent von
Mises strain of 3, the stress-strain curve for the layer material is well represented by
the power law

o, = AeK/I, (8.15)

with the parameters A = 269 MPa, n = 0.21 [61].

The engineering stress-strain curves for the ‘artificial crystal’ considered as
obtained from (8.7), (8.11), (8.12) and (8.15) for % = 0.1 are shown in Fig. 8.12b.
For comparison, the same figure contains the stress-strain curve for CG copper and
marks the level of oyrg [61].

For the matrix material with the power-law strain dependence of stress, it follows
from substitution of (8.15) in (8.3):

n=—, (8.16)
n
Using (8.14), (8.12), and (8.16) it is easy to show that in this case the same relation
applies for the ‘artificial crystal’ as well:

=M (8.17)

That is to say, the ‘artificial crystal’ exhibits the same sensitivity to tensile over-
loads as the coarse-grained matrix material. At the same time, according to (8.7),
the yield strength of the ‘artificial crystal’ can by far exceed that of the soft layer
material and in a limit case approach the flow stress of the UFG matrix. A more
detailed discussion of this result will be given in Sect. 8.3.4.

8.3.3 Architectured Materials with ‘Soft Core/Hard Sheath’
Design

A further recipe for enhancing the tensile overload stability of a UFG material is to
create a structure in which a soft core is encased in a hard sheath, for example in a
cylindrical geometry shown in Fig. 8.13a.

This kind of structure mimics that of a bone, with a soft trabecular tissue ‘encased’
in a hard cortical bone. It can be produced by severe plastic deformation through a
number of processes, including ECAP of a bimetallic rod [62]. A gradient structure
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with a soft CG core and a hard UFG outer skin can be produced by such processes as
direct torsion, high pressure tube twisting, tree-roll milling, etc. Figure 8.13b shows
that this architecture is capable of delivering a high strength and a reasonably high
tensile stability.

The tensile overload sensitivity of this kind of architectured material, which can
be regarded as a hybrid material, can be assessed in the following way. We assume
that the connection between both constituents of the structure is fully cohesive and
that the strains they develop during tensile deformation of the hybrid structure are
the same. Its flow stress can then be expressed by a rule of mixtures:

O'S* = Aog + (1 — XM)ourg, (8.18)

where A denotes the volume fraction of the core material. The subscripts 1 and 2
refer to the soft core and the hard skin, respectively.

Engineering tensile deformation curves for materials with different values of A
calculated using (8.18) are presented in Fig. 8.13b. The experimental stress-strain
curve for tensile deformation of copper [61] was employed as a basis for these
calculations. The experimental curve was approximated by a power-law, (8.15), with
the parameters A = 320MPa, n = 0.39. As in Fig. 8.12b, the engineering stress-
strain curve for CG copper and the level of the flow stress for the UFG matrix, oygg,
are shown in Fig. 8.13b.

From (8.3) and (8.18) the overload sensitivity of the hybrid is easily obtained:

B e+ (1= 1)
el 4+ (1= Mngpg

(8.19)

where k = ;’;G denotes the ratio of the flow stresses in the two constituents.
Making use of the condition nyrg >> 1, one obtains from (8.19) the following
relation:
1—A
=1+ n (8.20)
AK

Equations (8.18) and (8.20) show that the ‘soft core/hard sheath’ type architecture
makes it possible to tune the material properties to a desired property profile. In the
following section we propose a material map in the ‘overload sensitivity versus flow
stress’ space as a convenient tool for comparing such architectured materials with
other materials.
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Fig. 8.14 A material map in the ‘overload sensitivity versus flow stress’ coordinates. The range
of parameters admissible for engineering structures corresponds to the vertical band 0 < n* < 1.
The red-coloured area corresponds to ‘trained’ artificial crystals with various #/H and various
layer inclination angles. The best performing material of this kind is represented by a diamond
(point 1). The term ‘training’ implies that the material has been pre-strained before uniaxial tensile
testing. The degree of pre-straining ey is indicated by the blue squares at the lower envelope of the
diagram, which corresponds to the stress-strain curve of the CG matrix. The area coloured in green
corresponds to the ‘trained’ soft core/hard sheath type materials with various volume fractions A of
the CG constituent. The best performing soft core/hard sheath material is represented by a circle
(point 2). In each region, the calculated point closest to that representing the ideal material (point 3
in the upper left corner of the diagram) is shown. The highest yield strength achieved is indicated
by the red horizontal line corresponding to strength of UFG copper (point 4)
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8.3.4 A Material Map in the ‘Overload Sensitivity Versus
Flow Stress’ Coordinates

Figure 8.14 shows a diagram on which the overload sensitivity and the yield stress of
materials are presented on a (1%, o) plane. According to (8.4), only those materials
are admissible for use in engineering structures whose representative points in the
(n*, o) plane are located within a vertical band specified by the condition 0 < n* <
1. According to this criterion, the farther away from the abscissa and the closer to
the ordinate axis the representative point for a material lies, the better the material is.
The best hybrid material made by combining CG and UFG copper should possess
the yield strength of the UFG and the overload sensitivity of the CG copper. This
ideal material is represented by a point in the upper left corner of the map.

In the caption to Fig. 8.14, the term ‘training’ is used. It stands for tensile pre-
straining of the material (of the order of several percent) aimed at strain hardening of
the material, which naturally raises its sensitivity to tensile overloads. This broadens
the range of attainable properties of the materials. Figure 8.14 provides an over-
load sensitivity versus flow stress map for the materials considered in Sects. 8.3.2
and 8.3.3, which were ‘trained’ by pre-straining to various tensile strains. The map
demonstrates that the architectures considered enable design of hybrid materials
whose properties are substantially closer to the ideal ones (point 3) than the proper-
ties of uniform UFG or CG constituents.

8.4 Conclusion

In a rich arsenal of methods by which architectured materials can be produced, the
techniques of severe plastic deformation take a special role. Not only do they make it
possible to create a desired inner architecture of a material at a meso- or macroscale,
but they also lead to microstructure refinement and the ensuing enhancement of the
mechanical properties. SPD is a mature technology that appears to be at a threshold
of achieving breakthroughs in a range of engineering applications. However, it has
its limitations and is in search for new fields where its unique potential can best be
capitalised on. We believe that fabrication of architectured materials and structures
is a very promising field where the strengths of the SPD technology can be exploited
in a most efficient way. We hope that through the examples shown in this chapter, we
were able to convince the readers that the SPD technology may be entering a new
period in its development, with a very promising outlook.
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Chapter 9 )
Architectured Polymeric Materials oo
Produced by Additive Manufacturing

Andrey Molotnikov, George P. Simon and Yuri Estrin

Abstract Polymers play an important role in our everyday life. With the advent
of additive manufacturing (AM) technologies, the design and manufacture of new
polymer-based composite materials has experienced a significant boost. AM enables
precise deposition of printable material(s) with micro scale accuracy to build up a
desired structure in three dimensions in a layer-by-layer fashion. In this chapter,
recent advances in the use of additive manufacturing for the design of architectured
polymer-based materials is discussed. A compendium of the existing AM methods is
presented, followed by an overview of applications of AM technology to fabrication
of polymer-based materials with engineered inner architecture.

9.1 Introduction

Design of engineering materials is traditionally focused on attaining a certain func-
tionality of a material by selecting and manipulating its constituents at composi-
tional and/or microstructural levels. Nature teaches us that superior performance of
a material can be obtained even if only a small number of constituents are involved.
The secret behind this improved performance is the highly optimised architecture
at multiple length scales. Among prominent examples studied extensively are bone
[1-3], wood [4], nacre [5, 6], and glass sponge spicules [7], just to name a few.
These structures possess hierarchical features spanning different length scales [8]
and are generally found to have a highly heterogeneous microstructure. Some of
these Nature-inspired designs, along with smart engineering designs, motivated the
seminal work of Ashby and Bréchet [9] that introduced the notion of hybrid mate-
rials as “materials which are designed to fulfil multi-objective design requirements
and represent a combination of two or more materials”. These materials are config-
ured in such a way as to have attributes not offered by any one material alone. This
new paradigm, in which shape and mutual arrangement of the constituent materials
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become additional ‘degrees of freedom’, thereby extending the design parameter
space, and has attracted much interest from researchers [10].

Fabrication of architectured materials remains a challenging task. Combining
multiple materials, locally tuning the properties of the resulting material, and build-
ing it to the size of a structural member or an entire product go beyond traditional
processing routes such as casting. In the last decade, additive manufacturing (AM)
has emerged as a viable tool to overcome the limitations of conventional processing
of polymeric materials. Additive manufacturing was conceived in early 70s and was
aimed at supporting a variety of industries with rapid prototyping. The method is
based on discretising a 3D model into layers and reconstructing the model in a real
object by successive deposition and joining of layers. Numerous techniques using
synthetic and natural polymers have been developed and commercialised including
stereolithography, selective laser sintering (SLS) and Fused Deposition Modelling
(FDM) [11]. Each of the AM techniques, often referred to as 3D printing, are linked
to a specific class of polymeric materials such as thermoplastics, thermosets or elas-
tomers. The particular deposition method and the details of the solidification process
determine the minimum attainable feature size, which can range from a few nanome-
tres to several millimetres. The same factors govern the ability of multiple materials
to be integrated in a single printed part. Additive manufacturing is currently transi-
tioning from the traditional rapid prototyping to serial manufacturing of functional

(b)

(c) (d)

Fig. 9.1 Examples of 3D printed objects used in different industries. a Strati Local Motors 3D
printed car produced by FDM, b earshell and earmould and ¢ orthodontic clear aligner fabricated
by SLA (https://www.asiga.com), d 3D printed Bionic Longboard (BigRep, https://bigrep.com/
sample-prints/)
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parts on demand for a wide range of industries including aerospace, automotive,
orthopaedics, orthodontics and many others, Fig. 9.1. For instance, the U.S. hearing
aid industry converted to full additive manufacturing in less than two years [12] and
is now able to produce personalised products such as earshells and earmoulds, see
Fig. 9.1b. The uptake of additive manufacturing by industry hinges on the expansion
of the palette of the available printable materials, and the broadening of the accessible
range of manufacturing speed, precision and overall build volume.

In the context of this book, additive manufacturing is considered as an emerging
and enabling processing method which allows the control of the deposition of
constituent materials in a desired spatial pattern thus enabling the fabrication of
architectured materials. While the use of AM for engineering the inner architecture of
materials is still in its infancy, the potential it promises is huge. In this chapter, several
additive manufacturing techniques are presented and some emerging applications to
design and manufacturing of polymeric architectured materials are discussed.

9.2 Common Additive Manufacturing Processes
for Polymers

The polymeric additive manufacturing processes can be classified depending on the
deposition method used to create a layer, and the energy source used to solidify the
material upon the deposition. Figure 9.2 presents established additive manufactur-
ing methods including Stereolithography (SLA), selective laser sintering (SLS) of
powders, Fused Deposition Modelling (FDM), inkjet printing, and direct ink writing.
This section of the chapter will give an overview of the existing AM methods appli-
cable to polymeric materials and outline their advantages and drawbacks in creating
polymeric architectured materials, and provide some examples of their application.

9.2.1 Stereolithography

Stereolithography was the first additive manufacturing technology which was com-
mercialised by 3D Systems in 1986 [14]. The process is based on a selective curing of
a photosensitive liquid resin using a light-based source such as ultraviolet (UV) laser
[15-17], Fig. 9.2a. Typical polymers used in SLA include acrylate, methacrylate,
epoxy system and their combinations [11]. A photopolymer solidifies upon reaction
due to irradiation from a single-photon source. This source scans across the resin
surface and chemically converts a line of monomer to become a polymer to a certain
depth and width. The shape of the cured line depends on the resin characteristics and
the processing parameters, such as laser energy, laser scan speed, and laser spot size
[11]. Figure 9.2a depicts a unit employing a bottom up approach where the build
platform is immersed in the resin bath and once the first layer is printed, the platform
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moves up by a defined height, typically in a range of 50-200 wm. The resin bath is
then refilled with additional resin and the process repeated for each successive layer,
until the part is complete.

Stereolithography enables the fabrication of complex 3D structures ranging from
a few microns (Fig. 9.3a) to several metres (Fig. 9.3b) with a high resolution
(50-200 pwm) and surface finish comparable to traditional manufacturing techniques.
Due to the fine resolution of the SLA process, the fabrication of larger components
such as that shown in Fig. 9.3b can be time consuming. This shortcoming of the SLA
process was addressed by the introduction of digital light projection (DLP) [17] and
continuous liquid interface production (CLIP) processes [18]. Instead of using a sin-
gle point exposure technique, DLP and CLIP project and cure the entire layer using
digital mirror devices or dynamic liquid crystal masks.

However, the increase in speed and build volume for these techniques results in
a reduction of the printing resolution. Other techniques based on photopolymerisa-
tion have also been proposed. For instance, the two-photon [21] and three—photon
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(b)

Fig. 9.3 a SEM image of SLA-produced scatfold [19] and b a large automotive part presented by
Materialise at Euromold 2000 [20]

stereolithography [22] approaches have been demonstrated to produce parts with
submicron resolution.

The application of the stereolithography based techniques for design and fab-
rication of polymeric architectured materials focuses on studying nanocomposites,
3D metamaterials and hierarchical structures such as nanolattices. In particular, the
effect of the size of the hierarchically arranged constituents can be assessed and
linked to the mechanical properties and damage tolerance of the materials produced.
For instance, Meza et al. [23] utilised two-photon stereolithography to fabricate hier-
archical nanolattices and perform in situ nanomechanical deformation experiments.
Figure 9.4a shows the design principle of a hierarchical nanolattice, which is based on
patterning of self-similar unit cells in a fractal-like geometry. In the example shown
(Fig. 9.4b), the edges of an octahedron are subdivided into smaller-size octahedra,
which, in turn, are subdivided into still smaller octahedra. Using two-photon stere-
olithography, the authors were able to fabricate samples with the density of less than
1 kg/m?. By studying the different levels of hierarchy, it was shown that strength and
the elastic modulus of the hierarchical nanolattices scale with the relative density,
approaching the theoretical linear relation. Cyclic compression testing, Fig. 9.4c—e,
also revealed that hierarchical nanolattices can have improved recoverability and
damage tolerance compared to simple periodic lattices.

Bulk manufacturing of such hierarchical structures is desirable for many engineer-
ing applications, including energy absorbing panels and biomedical devices. Zheng
etal. [24] reported a modification of the traditional two-photon stereolithography and
incorporated a spatial light modulator with a coordinated optical scanning system. By
combining this method with the electroless nickel deposition technique, bulk meta-
materials were produced. These hierarchical metamaterials possess critical features
across seven orders of magnitude, over the length scale ranging from 10 nm thick
walls of the struts as the smallest building block to the size of a printed bulk sample
approaching several centimetres. The specific tensile strength of such samples rela-
tive to the density of the lattices was found to be two orders of magnitude higher than
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that of aluminium foams and lattices [24]. It is believed that this result is achieved
due to the activation of different deformation mechanisms (viz. bending-stretching-
dominated) at different length scales. This development paves the way to mimicking
architectural features found at different length scales in biomaterials, such as bone
or wood, and can help tailoring and utilising different deformation mechanisms at
different length scales.

Another example of the use of the stereolithography technology is the fabrication
of polymeric nanocomposites. In a recent study by Kotz et al. [25], a nanocom-
posite consisting of amorphous silica nanoparticles and hydroxyethylmethacrylate
monomer was used to print a polymerised composite. Debinding and sintering of
this composite resulted in the formation of silica glass, see Fig. 9.4. This work
demonstrates that stereolithography can be used as an enabling tool for processing
and fabrication of complex architectures and can widen the materials palette for 3D
printing.

Further examples involve the use of nanoparticles such a carbon nanotubes [26],
graphene oxides [27] or titanium dioxides [28]. The addition of nanoparticles to
polymers enables the creation of functional polymers with enhanced mechanical,
electrical or thermal properties. This helps overcome the inherently weak mechanical
properties (particularly ductility) of photocurable polymers due to their crosslinked
nature and resultant chain mobility. Sandavol et al. [26] reported that the addition of
10 wt% of multi-walled carbon nanotubes to an epoxy resin resulted in an increase
in the ultimate tensile strength and fracture stress by 7.5 and 33%, respectively, com-
pared to unfilled printed parts. However, it was found that a uniform dispersion of
the multi-walled carbon nanotubes by mechanical mixing or ultrasonic dispersion
was difficult to achieve, and the formation of agglomerates remains an issue. Fur-
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thermore, it was observed that the improvements in strength were accompanied by a
deterioration in elongation to failure and thus a more brittle behaviour. Additionally,
different volume fractions of reinforcing particles required new sets of SLA pro-
cessing parameters because of changes in chemistry, surface tension and viscosity.
Lin et al. [27] reported that a small addition of graphene oxide (0.2%) to Envision-
TEC proprietary SLA resin could simultaneously increase the tensile strength and
elongation to failure by 62.2 and 12.8%, respectively. These improvements in the
mechanical properties were explained by the random alignment of graphene oxide
particles and an increase in crystallinity of reinforced polymer [27]. A study by
Duan et al. [28] demonstrated that not only does the addition of TiO, nanoparticles
improve the mechanical properties such as tensile and flexural strength, but it also
has a positive effect on the thermal stability of the nanocomposite.

It should be noted that none of the stereolithography based methods allow mul-
timaterial printing in a single build process. A manual procedure of swapping resin
tank and washing off the unpolymerised resin [29], as well as some automated sys-
tems, have been reported [30]. Several examples of the fabricated parts are shown in
Fig. 9.5.

Despite promising results offered by multi-material stereolithography, issues asso-
ciated with laser shadowing, surface tension and interface formation require further
research [30] (Fig. 6).

9.2.2 Selective Laser Sintering (SLS)

Figure 9.2b shows a schematic of the selective laser sintering process. In this pro-
cess, fine polymeric powder particles are spread on a build platform and sintered
by the application of a high-power CO, laser beam. Once the printing of a layer
is completed, the build platform moves down by about 100 pm and the next layer
of powder is spread on top of it using a roller or blade. As distinct from SLA,
semi-crystalline thermoplastic polymers are used. The feedstock material for SLS
processing are a spherical powders with a particle size distribution of 30-100 pwm.
The size distribution of the powder controls the minimum thickness of a layer, and a
minimum printed feature size of 100 pwm has been reported [32]. The regular shape
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Fig. 9.5 Stereolithography printing and post processing of photocurable silica nanocomposite,
after [25]
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(b)

Fig. 9.6 a Multi-material chess rook with embedded fluorescent microspheres in a staircase
arrangement fabricated using stereolithography system [31]. The scale bar is 5 mm. b Multi-material
rooks fabricated using three different resins, after [30]

of the powder particles assists with the flow and spread characteristics, which is
important for achieving the highest possible packing density [11]. The SLS process
also makes use of preheating of the powder at a temperature close to melting point
to facilitate the sintering process and minimises the required energy. Furthermore,
preheating reduces accumulation of residual stresses due to thermal gradients and
inhibits distortion of a printed part. When the printing is completed, the part is cooled
in a controlled manner to reduce the formation of residual stresses and prolong the
crystallisation time, thus improving the mechanical properties of the printed part.
The unsintered powder which acts as a support structure during the printing process
can be removed and recycled for subsequent printing jobs. Fabrication of fully dense
parts by SLS processing depends on the careful selection of the thermoplastic poly-
mer and control of the processing parameters, including the laser power, speed and
scan pattern, as well as the heating and cooling cycles during the printing process.
The most common materials used in SLS are various polyamides (PA12, PA6, PA10).
Their printed strengths approach those of injection moulded thermoplastics, but their
ductility is significantly lower [33]. An example of a printed functional part is shown
in Fig. 9.7a. Other thermoplastic materials such as acrylonitrile-butadiene—styrene
(ABS), polycarbonate (PC), polystyrene (PS), and polyether ether ketone (PEEK)
have also been used in SLS printing [33]. However, their processing window is very
narrow, which makes it very difficult to avoid sintering of neighbouring particles
outside of the melt pool [16].

Similar to the SLA process, a range of nanofillers can be incorporated into the
feedstock powder to enhance the properties of the printed parts. The study by Athreya
et al. [35] demonstrated that by coating PA12 powder with 4 wt% of carbon black the
electrical conductivity of the printed nanocomposite was five orders of magnitude
higher than that of pure PA12. It was also noted that even after tuning the process
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Fig. 9.7 a Example of a functional part printed by SLS using PA12 powder [33]. b Example of a
functionally graded part printed by SLS using PA11 and silica particles [34]

parameters, a density of around 97 and 96% for pure PA12 and the nanocomposite
was attained. The lower density of the nanocomposite was attributed to the forma-
tion of weak polymer/filler interfaces and changes in crystallisation behaviour. Other
examples of the use of fillers to produce 3D printed nanocomposites include the util-
isation of glass beads [36], graphite nanoplatelets [37], TiO, [37] or Al,O3 particles
[38] and result in improved mechanical properties.

SLS printing was also employed for the fabrication of functionally graded poly-
mer nanocomposites. This is a challenging technical task, since powders with various
content of fillers need to be produced and optimisation of the SLS processing param-
eters is required for each composition. In addition, manual swapping of the powders
is required. Despite these difficulties, a proof of concept study by Chung et al. [34]
demonstrated the feasibility of this technique. Composites of PA11 with up to 10%
volume fraction of silica nanoparticles were produced and components with gradu-
ally changing composition were fabricated, see Fig. 9.7b. Due to the limitations of
the SLS process, a gradient can only be produced in the vertical building direction. In
order to explore the whole potential of the SLS process for manufacture of architec-
tured polymeric materials, further research into alternative powder delivery systems
is needed.

9.2.3 Extrusion-Based Systems

All extrusion-based AM systems have in common that the material required to build
an object in layer-by-layer fashion is deposited through a nozzle, Fig. 9.2d. This
process is controlled by a computer which prescribes a predefined trajectory of the
nozzle that continuously deposits the material in liquid form. The feedstock can
either be liquefied in the extruder at a set temperature or be supplied as a viscoelastic
fluid that needs to undergo a chemical reaction to trigger solidification.
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9.2.3.1 Fused Deposition Modelling

Fused Deposition Modelling (FDM) is among the most popular processes of additive
manufacturing in the consumer market due to the relatively low cost of equipment
and material. The schematics of FDM is shown in Fig. 9.2d. A thermoplastic material,
typically in a filamentary form, is delivered to a vertically mounted extruder. The
material is melted and extruded through a nozzle with a chosen diameter. Many
thermoplastics have been successfully used in FDM printing. It includes ABS, PLA,
PC, and polyamides, which are processed at lower melting temperature (<240 °C), as
well as some high performance thermoplastics such as PEEK and Polyetherinmide
(ULTEM®), which require extruding temperatures above 350 °C [39]. The diameter
of the nozzle determines the speed of the deposition and controls the precision [40].
Typical nozzle diameters range from 100 to 500 pm. Larger nozzle diameters can
easily be integrated into FDM provided the gantry system can support the additional
weight of the extruder without sacrificing its accuracy of movement. FDM is capable
of producing features in the order of 50 wm. The processing parameters affecting the
print quality and the mechanical properties, including the layer thickness, fill pattern,
printing orientation, and air gap, have been extensively discussed in the literature [41,
42].

One inherent limitation of FDM is the use of feedstock in filament form, although
some commercial printers which use pellets have been proposed. The filaments are
produced using a twin-screw extruder, which requires a careful control to obtain a
filament with the uniform diameter. Dimensional variations in the diameter of the
filament would result in pressure drops in the FDM extruder and lead to an interrupted
flow of the material and loss of accuracy. Despite this limitation, FDM printing is
widely used for fabrication of fibre reinforced composites. Its practical applications
include printing of large structures such as automotive panels or even the whole
automotive body, see Fig. 9.1a.

Two strategies are commonly investigated with the aim to improve the mechanical
properties of fibre reinforced 3D printed composites: the inclusion of short fibres
such as glass fibres [43], carbon fibres [44, 45] or the use of co-extrusion technique
and the incorporation of continuous fibres [46]. For instance, Tekinalp et al. [44],
studied reinforcement of ABS with short (0.2-0.4 mm) carbon fibres by varying
their volume fraction from 0 to 40%. The upper limit of 40% is due to clogging of
the printer nozzle and disruption of the polymer flow for higher content of fibres. It
was shown that 3D printing promotes alignment of fibres in the printing direction,
Fig. 9.8a. Increasing fibre content raises the tensile strength and the elastic modulus
of 3D-printed samples, see Fig. 9.8b. The highest values were obtained for an ABS
carbon fibre composite with 40% fibre loading. It should be noted that despite void
(air gap) formation inherent in FDM printing, the properties of the FDM printed
composites are comparable with those of the compression moulded ones with the
same volume fraction of the fibres, see Fig. 9.8b. This behaviour is attributed to the
ability of the FDM process to preferentially align short fibres, which highlights some
of the benefits of 3D printing. In addition, reinforcing particles improve the thermal
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stability of the printed materials [47], reduce warping, and allow printing of large
scale parts.

Another study conducted by Ning et al. [45] used shorter length carbon fibre
reinforcement of ABS (average fibre length of 100 and 150 wm) and varied the fibre
volume fraction from O to 15 wt%. It was concluded that for specimens with 150 pm
long fibres, the best tensile properties were obtained for specimens with carbon fibre
content of 5 wt%. Any further increase of the fibre content resulted in a deterioration
of the mechanical properties due to the increase of porosity. It was also shown that
by increasing the average length of the fibres, the mechanical properties of the 3D
printed composite structure improve. Hence, the studies [44, 45] demonstrated the
possibility of optimisation of the mechanical properties of fibre reinforced 3D printed
composites with regard to the length, volume fraction, and orientation of the fibres.

An extreme case of the fibre reinforced 3D printed composites includes the inte-
gration of continuous fibres [46, 48-50]. Several mechanisms for the delivery of
continuous fibres were proposed, including co-extrusion, Fig. 9.9a, and deposition
through additional nozzles, Fig. 9.9b. In both cases, improvements in the mechan-
ical properties over those of short fibre reinforced composites were reported, see
Fig. 9.10. For instance, Tian et al. [46] and Matsuzaki et al. [50] produced a con-
tinuous fibre-reinforced PLA composite with 27 and 6.6% fibre volume fraction.
The obtained composite samples with 27% fibre volume fraction exhibited a five-
fold increase of the flexural modulus—from 6.26 to 30 GPa—and an increase in the
tensile elastic modulus and strength to 19.5 GPa and 185.2 MPa, respectively [46].

Similarly, Melenka et al. [49] fabricated a continuous fibre-reinforced nylon com-
posite with 10% fibre volume fraction using a dual extrusion process and also reported
an increase in the Young’s modulus from 0.35 to 9 GPa. Figure 9.10 shows a compar-
ison of the elastic properties and strength of 3D printed materials obtained by FDM,
SLA, and SLS [50]. Continuous carbon fibre-reinforced thermoplastics obtained by
FDM exhibit a combination of strength and Young’s modulus superior to other 3D
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printed samples. However, these values are still below those of continuous carbon
fibre-reinforced polymers produced by traditional methods, e.g. autoclave process-
ing. These differences are associated with the formation of weaker interfaces between
the matrix and the reinforcing agent, as well as the inherent porosity of the FDM
samples. Furthermore, due to the discrete layering nature of the FDM printing, the
placement of the continuous carbon fibres is limited to the x-y plane for dual extrusion
process and discontinues when the printing of the next layer commences.

Further examples of adopting FDM for architectured polymeric materials include
integration of metallic particles such as iron or copper [S1]. The presence of these
metallic particles can improve the thermal properties of the composite materials and
permits their use in functional parts, e.g. in injection moulding dies [51].
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Owing to the relative ease of use, FDM printing offers a viable manufacturing
technique for intricate and complex geometries such as lattice structures [52], auxetic
materials, or 3D printed shape memory polymers. For instance, Senatov et al. [53]
fabricated PLA based porous scaffolds for bone replacement with the addition of
15 wt% of hydroxyapatite (HA) and studied their mechanical properties and the shape
memory effect they exhibit. HA particles were incorporated in the PLA matrix to
promote the osseointegration properties, while at the same time enhancing the crack
resistance of the material. FDM printing was used as an effective tool to fabricate
scaffolds with a designed architecture and control the shape memory effect of the
polymer [54]. It was shown that porous scaffolds can tolerate several compression-
heating-compression cycles and recover up to 98% of the shape after the deformation
cycles. The ability of the shape memory polymers to switch between different shapes
upon an application of the external stimuli such as heat opens up the possibility of
creating functional materials for a broad range of applications including biomedical
devices and soft robotics [55]. Recently, van Manen et al. [56] demonstrated that FDM
printing is capable of programming and controlling the shape shifting mechanisms.
The principle is based on utilising the printing temperature and layer thickness to
control the expansion and shrinkage of the deposited rods, see Fig. 9.11. Printing
multiple layers with a predefined pattern can then dictate the shape shifting upon
application of an external stimulus. Examples of transition from a flat printed pane
to a self-folding dodecahedron and cube are shown in Fig. 9.11b, c, respectively.

FDM printing is also suitable for integrating multi-materials in the same build.
Most of the printers have two extrusion nozzles and therefore can deposit two distinct
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Fig. 9.11 a Deposition process during FDM printing showing the extrusion of the material above
its glass transition temperature (Ty), solidification and subsequent reheating above Ty to induce the
shape memory effect, after [56]. b and ¢ Self-folding dodecahedron and cube, respectively
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(a) (b)

Fig. 9.12 a Thermoplastic polyurethane (TPU—brown colour) block reinforced with two com-
pressive springs made from PLA (blue colour). The inset shows the spring geometry. b PLA/TPU
layered composite and ¢ PLA block with an integrated ABS reinforcement (black colour), after
[58]. The sample dimensions are 30 x 30 x 60 mm?

thermoplastic materials [57]. Examples of printed multi-material objects are shown
in Fig. 9.12.

The macroscopic composites shown were obtained by printing with combina-
tions of different thermoplastics such as polyurethane (TPU), PLA, and ABS while
integrating reinforcements with bespoke geometries. For instance, Fig. 9.12a shows
a TPU block with an integrated compressive spring made from PLA, see inset in
Fig. 9.12a. A structure of alternating soft TPU (brown colour) and hard PLA (blue
colour) layers is shown in Fig. 9.12b. The performance of these composites was
assessed using compression and cyclic tension-compression loading. It was found
that the energy absorption and elastic response of these composites can be tuned by
controlling macrostructural design parameters and varying the volume fraction and
the geometry of the reinforcement [58]. Although improvements in the mechani-
cal properties could be achieved by combining a compliant material (TPU) with a
rigid reinforcement (ABS or PLA), the composites ultimately failed at the interfaces
between the constituent materials. This study highlighted the inherent limitations
on the resolution of FDM printing. A further drawback is the formation of weak
interfaces due to shrinkage and thermal warping, as well as the occurrence of poros-
ity. These phenomena limit the use of this technique in multi-material printing and
design of architectured materials.

9.2.3.2 Direct Ink Writing (DIW)

Another attractive extrusion-based printing technique is Direct Ink Writing (DIW).
This process is based on the deposition of viscoelastic inks through a nozzle using a
precision pump (Fig. 9.2e), which can accommodate a broader range of polymeric
materials in comparison to FDM. The extension of the pallet of usable materials is
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one of the key advantages of this printing technique, which makes it a promising
technology for manufacturing architectured materials

These printable inks need to be able to flow upon the application of a shear stress
and then rapidly consolidate after the deposition on the build platform or a previous
layer. This behaviour is governed by the rheological properties of the inks, which
can be influenced in various ways. For instance, using shear-thinning inks, which
are characterised by a decrease of viscosity with shear rate, allows the material to be
pushed through a syringe nozzle. However, most of the existing polymers exhibiting
such behaviour do not possess an elastic shear modulus sufficiently large to retain
their shape upon the deposition, especially when the design of the printed structures
involves self-supporting features. This shortcoming can be overcome by chemically
modifying the polymer (e.g. with methacrylate groups) and the use of photopoly-
merisation process [11]. Other possibilities include thermal curing, gelation or liquid
evaporation, phase transition and incorporation of reinforcement particles [59]. It was
shown that such rheological requirements can be fulfilled for a number of natural
and synthetic hydrogels [60], epoxy resins, silicon resins [61] and others. It has been
found that features down to 1 jum can be achieved using DIW [59]. Figure 9.13 shows
several examples of architectured materials fabricated using DIW technique.

Direct Ink Writing opened up a possibility of fabricating structures with intricate
features which can exhibit a negative Poisson’s ratio. While common engineering
materials have a positive Poisson’s ratio, materials with a negative Poisson’s ratio
(or auxetic materials) expand transversally when the material is subjected to tensile
loading, see Chaps. 3 and 4. Clausen et al. [62] utilised topology optimisation and
created a variety of auxetic materials with Poisson’s ratio values varying from —0.8
to 0.8. Samples based on these designs were fabricated using poly(dimethylsiloxane)
(PDMS) silicone material, see Fig. 9.13a. They could perform their function over a
larger range of strain compared to existing auxetic materials [62].

Another example of computationally-driven design to improve a particular prop-
erty is the work on architected materials for trapping elastic strain energy, Fig. 9.13b
[63]. When elastic beams shown in Fig. 9.13b are deformed under compression,
they can buckle and store the deformed energy. Once the applied force is removed
the beams can return to their original arrangement. Remarkably, the mechanism of
energy absorption only depends on the geometry of the designed beam structures
and is independent of the material used [63].

Direct Ink Writing is also an attractive fabrication technique to create lightweight
cellular composites. Like the FDM, SLA and SLS techniques, Direct Ink Writing can
be applied for 3D printing of fibre reinforced polymers. One of the main benefits of
DIW over other 3D printing techniques is its ability to align the reinforced particles
or fibres in the printing direction. Compton et al. [65] used epoxy-based inks loaded
with nano-clay platelets (1 nm thick, 100 nm in length). The addition of these small
platelets assisted in modifying the rheology of the base ink and obtaining the desired
shear thinning behaviour. Furthermore, silicon carbide whiskers (0.65 pm in diame-
ter, 12 wm mean length) and carbon fibres (10 wm in diameter, 220 pwm mean length)
were added to the inks to improve the mechanical properties of the composite, see
Fig. 9.14a.
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Fig. 9.13 a 3D printing of a structures with programmable Poisson’s ratio, after [62]. b Elastic
beam structures designed for trapping elastic energy (after [63]). ¢ An example of a printed periodic
lattice structure with 1 wm rod diameter, after [59]. d A cross-sectional view of a 3D rectangular
lattice structure under UV radiation showing a continuously varying compositional gradient. The
structure was printed by mixing two inks, clear und fluorescent, in a specially designed active mixing
nozzle, after [64]

When these reinforcement particles are pushed through the nozzle of a printer,
their high aspect ratio helps to preferentially arrange them into the printing direction.
This approach can be used to obtain synthetic materials with anisotropic mechanical
properties, as is often found in natural materials such as balsa wood [65]. Figure 9.14b
shows an example of printing of triangular honeycomb composite. A comparison of
the mechanical properties of the printed honeycomb composites with other 3D printed
materials and balsa wood confirms that preferential alignment of the reinforcement
particles is a viable strategy to control the microstructure of the architectured cellular
composites. Gladman et al. [60] used the same principle to mimic the dynamic
behaviour of plants which are able to respond to environmental changes such as
humidity and open or close their leaves. A hydrogel composite ink was loaded with
stiff cellulose fibrils and printed using the DIW process resulting in anisotropic
material. After subsequent swelling, this material could be programmed to assume
a desired shape.

While several studies demonstrated the benefits of DIW in aligning filler particles
in the printing direction, the control of placement of such particles in other directions
is also desired so that architectures found in some other biological materials could be
replicated. One possibility to achieve this goal is to use printing techniques such as 3D
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Fig. 9.14 a Illustration of printing of inks with high aspect ratio reinforcement particles and their
alignment in the printing direction, after [65]. b Example of printed honeycomb composites using
DIW. ¢ and d Comparison of mechanical properties of 3D printed materials and balsa wood

magnetic printing [66] where a magnetic field can be used to control the orientation
of anisotropic particles. However, this method also has some limitations, e.g. with
regards to the volume fraction of the reinforcement particles, which is restricted to
about 15% [67]. Recently, 3D printing with integrated rotational nozzle has been
proposed as a way to address these issues [68].

9.2.4 Inkjet Printing Technology

Another versatile printing technique which relies on inks is inkjet printing. Con-
ventional two-dimensional inkjet printing has been around since the early 1960s. It
has found application in text and graphics printing and is useful in many consumer
products, including packaging, food labelling, construction goods, etc. [11, 69]. The
main advantage of this technique is the precise placement of small droplets of fluid
(typically below 100 picolitres). The printing process is based on the generation of
small droplets in the printhead, their deposition on the substrate and subsequent solid-
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ification. In recent years, inkjet printing has progressed to a 3D printing fabrication
method which allows the manufacture of 3D objects. 3D printing using inkjet tech-
nology relies on careful control of the liquid jetted material and its properties such as
density p, viscosity 7, surface tension y, velocity of the ejected droplets and charac-
teristic droplet length a [69]. Several physical constants, namely the Reynolds (Re),
Weber (We), and Ohnesorge (Oh) numbers linking the aforementioned parameters
have been proposed. In particular, the Oh number,

1
Jypa’

provides a useful tool for characterisation of the droplet formation [69]. It has been
shown that a stable droplet generation can be achieved if the reciprocal value of Oh
ranges between one and ten [69]. Based on this established theoretical framework and
the existing know-how of conventional printhead development, several commercial
3D inkjet printing machines have been developed. Most of these machines decouple
the material deposition and utilise UV-curable printing materials such as mixtures of
high-molecular weight monomers and oligomers (urethane acrylate or methacrylate
resins, urethane waxes) [11].

Among these manufacturing processes, the PolyJet technology developed by
Objet (now Stratasys) is widely used for research into architectured materials. These
machines enable printing with different acrylic-based photopolymer materials in
16 pm-thick layers with printing heads containing more than 1000 individual noz-
zles. The deposition technique using small droplets of photocurable resin led to the
development of multi-material printing. Figure 9.15 shows an example of Strata-
sys Connex500 printer which allows printing with 140 different materials. The
multi-material capabilities and voxel precision deposition offered by this technol-
ogy sparked a great interest of the architectured materials community, as it allows
mimicking nature-inspired structures/materials (bone, nacre, etc.) and fabrication of
compositionally graded and heterogeneous materials.

Examples of the use of this 3D printing technique include the design of damage
tolerant structures with a brick-and-mortar architecture adopted from nacre or bone
[70-76], morphing or active materials inspired by plants [77-79], control of aero-
dynamic and hydrodynamic properties of the surfaces [80, 81], and many others. In
these examples a soft and a hard phase are combined within a structure. Through
controlled local placement of these constituents the mechanical properties (stiffness,
strength, and toughness) of the composite structure can be tuned. Furthermore, addi-
tional functionalities such as shape memory (morphing) ability [79, 82, 83] can be
achieved.

The soft phase can be simulated using the commercially-available, acrylic-based
photopolymer TangoBlackPlus shown in black in Fig. 9.15b, while the hard phase
can be printed using VeroWhitePlus (shown in white). These polymers possess a stiff-
ness ratio of about 1500 and have been utilised in a number of studies. For instance,
Dimas et al. [70] explored the behaviour of hard platelets coated with a thin layer of
soft polymer (around 250 pm in thickness) arranged in bone-like, biocalcite-like, and

Oh = ©.1)



9 Architectured Polymeric Materials Produced ... 275

(a) (b)

w
i
e

Fig. 9.15 Stratasys Connex500 3D printer at Monash University (a) and a set of materials obtained
by mixing a soft rubber-like photopolymer (black) with a rigid polymer (white) (b)
(a) ( With mineral bridges

bone-like
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ma"
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Suff Phase H M 4H

Fig. 9.16 a Bio-inspired composite structures obtained using bone-like, biocalcite-like, and rotated
bone-like assembly of hard platelets and 250 wm thin layers of soft polymer. b Fracture paths in the
3D printed bone-like and rotated bone-like samples, after [70]. ¢ Introduction of different levels of
structural hierarchy into bone-like composite and the visualisation of the strain field during a mode
I tensile test (d), after [70]. It is seen that samples with the third and fourth level of hierarchy are
capable of delocalising the strain, thus increasing the toughness of the composite structure

rotated bone-like manner, as shown in Fig. 9.16a. These 3D printed assemblies were
tested under mode I loading conditions and it was shown that the nature-inspired
designs create a favourable fracture propagation path and therefore possess a higher
fracture toughness compared to their monolithic counterparts. Notably, the experi-
mentally obtained fracture toughness of these bio-inspired composites exceeded the
theoretical predictions based on the rule of mixtures [70].
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However, it was observed that even small concentration (3—4%) mixes between
the two constituent materials at the interfaces reduced their effective stiffness ratio
from 1500 to about 50, which represents a disadvantage of the current acrylic-based
photopolymer. This study was further extended by incorporating hierarchical features
of the ‘building blocks’ of the structure [75], Fig. 9.16¢, d. The experimental studies
complemented with simulations revealed that adding several levels of structural hier-
archy can further improve the fracture toughness due to the increased delocalisation
of strain, see Fig. 9.16d.

Other important features which contribute to the improved mechanical properties
of nature’s materials, such as mollusc shells, include mineral bridges connecting the
platelets. Gu et al. [84] performed a systematic study of the effects caused by the
introduction of stiff bridges into the bone-like composite structure and varying the
volume fraction of the hard phase. It was revealed that introduction of stiff bridges
alters the stress and strain fields and leads to a change in the load transfer. The stiff
bridges carry additional load and change the crack path from a zig-zag one, shown
in Fig. 9.16b, to a block-wise pattern. This behaviour results in a further increase of
toughness and strength. It was also noted that the design of the samples (number and
location of the stiff bridges) played a more important role than the volume fraction
of the soft and hard phase.

While the implemented geometrical features showed promising results in tuning
the mechanical properties of printed composites, many other hierarchical features of
nacre or bone, such as nano-asperities and surface waviness of the building blocks
cannot be reproduced using existing 3D printing techniques. A possible way to alter
the behaviour of the composite structures is to vary the shape of the individual
platelets. Djumas et al. [85] proposed to combine the basic architecture of nacre
with the concept of topological interlocking described in Chap. 2. Specifically, the
matching concavo-convex contact surfaces of the osteomorphic blocks presented
there were used to mimic the natural surface waviness of the aragonite platelets in
nacre, see Fig. 9.17. The 3D nature of the platelet geometry promoted failure of the
composite through the soft phase, which resulted in doubling of toughness compared
to that of the traditional brick geometry of the block.

Bio-inspired composite structures mimicking bone or nacre architecture are also
attractive materials for applications requiring high impact resistance [86] and energy
dissipation [73]. Gu et al. [86] studied the impact behaviour of printed nacre-like
composite consisting of eight plies of stacked up alternating brick and mortar assem-
blies, see Fig. 9.18a. A drop tower experiment combined with finite element mod-
elling revealed that impacting the stiff bulk material with a projectile travelling at a
speed of 2.3 m/s leads to a catastrophic failure and projectile penetration. By contrast,
the bio-inspired composite structure was able to defuse the deformation and stopped
the projectile, Fig. 9.18b. The observed superior impact performance is attributed to
the complex crack path which propagates through the stiff and soft materials. The
same group of researchers [87] also investigated the impact performance of conch
shell inspired composite, Fig. 9.18c. Conch shells have a ten times higher toughness
compared to nacre due to their sophisticated hierarchical cross-lamellar architecture
[88]. Mimicking this lamellar architecture and fabricating specimens with two orders
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Fig. 9.18 a Bio-inspired composite structures mimicking nacre architecture showing alternating
layers. The stiff and soft phases are shown in magenta and green, after [86]. b Failure mode and
stress distribution in the composite structure (left) and bulk sample (right). ¢ Hierarchical features
of a conch shell (top) and additive manufactured specimen for impact testing, after [87]

of hierarchy, it was found that the impact performance could be improved up to 85%
compared to the stiff constituent.

Another major benefit of the PolyJet technology is the fine resolution of deposited
layers, down to 12 wm. This opens up the possibility to mimic some of the func-
tional surface features found on the skin of the animals, thus allowing tuning of
hydrodynamic [80], aerodynamic [81] and frictional behaviour of the architectured
structure [89]. For instance, Wen et al. [80] fabricated a flexible biomimetic shark
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Fig. 9.19 a Biomimetic flexible shark skin with integrated rigid denticles each measuring 1.5 mm
in length, after [80]. b Example of an array of pillars mimicking a fine structure of a gecko’s toe
with a diameter and height of pillars equal to 0.5 and 2 mm, respectively. ¢ 3D printed spatula tips
with diameters decreasing from 2 to 0.5 mm

skin with rigid denticles, Fig. 9.19a. While the existing printing methods are not able
to accurately reproduce the size of the denticles found on the shark skin (typically
around 150 wm), reproducing the features of denticles at a larger scale resulted in an
improved hydrodynamic performance over a smooth surface.

Splitting of a large area into smaller sub-contact areas seen on shark skin is also
found in other animals such as geckos. Geckos are capable of climbing on vertical
and horizontal surfaces due to the unique architecture of the pad of their toes which
consists of a large number of sub-micron fibrils [40, 90, 91]. Zheng [89], studied
the ability of PolyJet technology to 3D print such geometries of pillars. The printing
test demonstrated that features smaller than 500 pm in diameter could not be printed
reliably and it was also noted that pillars with overhang features such as mushroom-
shaped tip or a spatula tip, shown in Fig. 9.19¢, require support material whose
removal is difficult and can damage the intricate features of the printed structure.
Zheng [89], studied the effect of pillar size on the frictional properties of the structured
samples shown in Fig. 9.19b. The total contact was kept constant and the diameter
of the pillars was decreased from 2 mm (128 pillars) to 0.5 mm (2048 pillars). It
was shown that the static coefficient of friction increases with a decrease in the pillar
size. Overall, the limitations of PolyJet technology in producing features in the sub-
micron range were highlighted [89]. The study also established that the requirement
for placement of support material for overhang features limits the applicability of the
PolyJet technology to replicate many of the features found in natural composites.

Another application of multi-material 3D printing using PolyJet technology is
in morphing or responsive materials inspired by plants [77-79] or 4D printing [79,
82, 83]. Guiducci et al. [77-79] exploited the difference in swellability of two base
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materials shown in Fig. 9.15b. The rigid and stiff material based on polyurethane
(VeroWhite) is not-swellable, while the soft and rubbery material (TangoBlack) can
swell. The printer allows the user to mix them in different proportions and obtain
digital materials with tunable properties, notably the degree of swellabiity. Inspired
by unfolding action of the ice plant seeds, Guiducci et al. [77] fabricated swelling-
honeycomb actuators, Fig. 9.20a, which are able to expand in a specific direction upon
swelling and produce different types of movements. Studying the design parameters,
such as wall thickness of the honeycombs and placement of the soft inclusions, by
analytical and finite element models allowed the researchers [77] to demonstrate
that various aspects of actuated movement can be tailored through the geometry of
an assembly. The swelling of a multi-material printed part has also been used to
create origami-like shape changes, for instance a self-assembly of various 3D shapes
including cubes [83], pyramids [92], truncated octahedra [82] and so on.

Other examples of applications of PolyJet technology include the use of shape
memory polymers (SMP) in the form of fibres incorporated into an elastomeric matrix
[93], see Fig. 9.20b. The precise placement of SMP fibres, control of their size and
orientation, and subsequent thermomechanical training permit printing of composite
structures able to follow complex folding patterns, see Fig. 9.20c. For example, Ge
et al. [92] developed a theoretical model which takes the aforementioned parameters
into account, and provides design guidelines for fabrication of active composite
materials. These composite materials target applications in soft robotics where such
tasks as actuation or locomotion can be performed using the elastomeric materials.

Multi-material 3D printing has also been used to create compliant mechanisms
[94-96] and auxetic materials [97]. For example, Bafekrpour et al. [96] designed
machine-augmented composites (MACs, [97]) able to convert compression displace-
ment into shear displacement. Guided by FEM simulations, the shape of the struts
of MACs resembling the letter “J” was proposed. The performance of these MACs
was linked to the selection of the materials (with suitable elastic moduli) of the
embedded ‘machines’ and the matrix. Applications of such MACs in impact energy
absorbers, mechanical sensors and actuators are envisaged. An interesting spin-off of
this research is the development of devices exhibiting strongly direction-dependent
friction was also reported [95].

Overall, multi-material ink-jet technology has many advantages for fabrication
of architectured materials. It enables precise jetting of small droplets of a liquid
polymer which allows local control of the composition of the material. However, the
required rheology of the material dictated by the design of the printheads limits the
use of reinforcing particles (which have to be smaller than 100 nm in size) or other
functional additions to the ink. Furthermore, the existing commercial printers utilise
proprietary inks, which hinders the development of the next generation of materials
with improved mechanical and functional properties.
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Fig. 9.20 a Unfolding of a honeycomb structure after four days due to swelling of the soft phase
placed in the centre of the honeycomb, after [77]. b Design of printed active composites with
elastomeric matrix and rigid fibres exhibiting a shape-memory effect and a schematic of the ther-
momechanical training, after [92]. ¢ 3D printed flat box with active hinges exhibiting folding upon
heating, after [93]

9.3 Conclusions and Future Outlook

In the last decade, additive manufacturing emerged as an enabling fabrication method
to design, study and produce the next generation of polymeric architectured materials.
AM allows the control of the deposition of constituent materials in a desired spatial
pattern and can combine multiple materials and locally tune the properties of the
resulting material. These attributes have led to an increased use of AM for engineering
the architecture of materials. In this chapter, recent advances in the use of additive
manufacturing for the design of architectured materials have been presented.

A variety of the existing additive manufacturing techniques, including fused depo-
sition modelling, selective laser sintering, stereolithography, inkjet printing and some
emerging techniques such as 3D magnetic printing [66] or direct ink writing with
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integrated rotational nozzle [68] have been successfully used to produce architec-
tured materials. Among those, functionally graded polymer nanocomposites, multi-
material compliant mechanisms, auxetic materials and bio-inspired composite struc-
tures mimicking nacre architecture are of much current interest. A small selection
of these research successes has been reviewed in this chapter. Each of the 3D print-
ing techniques presented has its own advantages and drawbacks and to take a full
advantage of these techniques, the existing hardware, software and materials need
to be improved. Most of the commercially-available printers have a limited closed-
loop feedback control and their resolution is below a critical level of 100 nm. This
resolution is required to tap into the plethora of structures found in Nature where
the hierarchical features span many length scales—from nano to macroscale—and
control of 3D printing over this range is needed [98—102]. Techniques for translating
a CAD file to a 3D printing file format also require additional research efforts; some
promising concepts of voxel-based fabrication have recently been reported [103].

The use of multiple materials in the design of architectured polymeric structures
is desired to produce heterogeneous structures replicating some of the sophisticated
inner architectures and hierarchical features found in natural materials. However,
most of the existing 3D printing platforms can only accommodate a limited number
of proprietary materials, which limits their application. Further improvement of the
mechanical and functional properties of printable materials and development of more
flexible 3D printing hardware are necessary for the progress in this area.

Multi-materials design also poses a challenge for computational modelling which
is needed to guide and inform future development of archimats. Specifically, current
optimisation techniques are only capable of optimising functional properties of a
material by using only two or three input materials [104, 105], while voxel-based
fabrication will produce truly heterogeneous structures. New methods of topology
optimisation emphasising the role of interfaces in the design of heterogeneous archi-
mats are discussed in Chap. 6. Nascent methods of machine learning [106] offer a
potent tool for the search for architectured materials engineered over several length
scales and employing multiple input materials.
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Chapter 10 )
Mechanics of Arthropod oo
Cuticle-Versatility by Structural

and Compositional Variation

Yael Politi, Benny Bar-On and Helge-Otto Fabritius

Abstract The arthropod cuticle may be seen as a multifunctional material displaying
awide range of physical properties. The materials properties of the cuticle are brought
about by compositional and structural gradients at multiple hierarchical levels. In the
following chapter we first discuss the main components of the cuticle, namely, chitin,
proteins, water, mineral and tanning agents and their relevance in determining the
mechanical properties of the cuticle. We then describe the hierarchical organization of
the cuticle and how it contributes to tuning the mechanical properties of the material.
Finally we show several examples of cuticular structures with increasing structural
complexity to exemplify the discussed principles.

10.1 Arthropod Cuticle as a Material: An Introduction

The cuticle of the Arthropoda is an intrinsically multifunctional tissue serving both
as an integument and a skeleton. It must provide a barrier to the environment and
a shell that supports the body and a diverse set of “tools” in the form of functional
appendages for locomotion, foraging and defense such as legs, wings, mandibles, and
claws. In addition, the cuticle plays an important role in environmental perception
and inter- and intraspecific communication with a variety of embedded sensors and
by generating color and sound [1-3]. The diverse material properties required to
fulfill all of these various functions call for special adaptations and compromises
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Fig. 10.1 a Schematic depiction of the structural organization of the organic phase in arthropod
cuticle. N-Acetylglucosamine molecules (I) polymerize to form anti-parallel chains of a-chitin (II).
Chitin crystallites coated with a protein layer form nanofibrils (III) that organize in parallel to form
single fibril layers (V*). Alternatively, the nanofibrils can assemble to larger chitin-protein fibres
(IV) that form horizontal fibre planes. (V). The fibril or fibre planes are horizontally stacked and
form lamellae (VI) that can either be helicoidally stacked forming twisted plywood structures (VI
1, 2, 3) or unidirectionally stacked (VI, 4). Different variants of level (VI) constitute the procuticle
layers. Together with the outermost epicuticle, the exo- and endocuticle form the basic material of
the exoskeleton (VII). b The pore canal system is generated by deposition of fibrils/fibres around
cellular protrusions during cuticle formation and it pervades the procuticle in normal direction

making the cuticle one of the most versatile biological materials. The adaptability
of the cuticle’s material is indeed thought central to the evolution of the more than
a million species that render the Arthropoda the largest and probably most diverse,
animal group [1]. It is also what makes the cuticle a particularly attractive archetype
for bio-inspired multifunctional materials design.

From a materials perspective, the arthropod cuticle is a hierarchical structure com-
posite in which a-chitin crystallites draped by proteins form nanofibrils that organize
into higher micro-structural motifs [4] (Fig. 10.1). The physical properties of the cuti-
cle material are consequently determined by the chitin content and the composition
of the associated proteins as well as the higher-level structural arrangement. Post-
deposition hardening by dehydration and chemical cross-linking or mineralization
renders the cuticle its final qualities.

In its role as integument, the cuticle functions as a barrier to the external envi-
ronment, protecting against desiccation, osmotic pressures and infection by fungi
and bacteria. It forms the interface with the external world and many sensors such
as mechano-sensors, chemo-sensors and heat (Infrared, IR) sensors are embedded
within it. The cuticle’s external layer, the epicuticle, also carries contact-pheromones
for intra-species communication. As an exoskeleton, the main task of the cuticle is
to shape the body and provide muscle attachment sites. Being segmented animals,
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arthropods have a varying number of body tagmata whose originally uniform mor-
phologies have diversified into a large number of specialized body plans over the
course of evolution [5-7]. Consequently, the cuticle forms rigid elements (sclerites)
connected by joint structures and flexible arthrodial membranes that enable locomo-
tion. The sclerites hold the muscle attachment sites. Besides providing protection
and stability, stiff tubular sclerites are also advantageous for flight as they can sus-
tain high loads at a largely reduced weight. Arthrodial membranes can also support
locomotion by storing elastic energy.

Not only the outer surface of Arthropoda is covered by the cuticle. Since the
epidermal cells that secrete the cuticle are of ectodermal origin all the internal organs
that are ontogenetically descendent of the ectoderm are lined by the cuticle. This
includes parts of the digestive system and specialized ectodermal invaginations such
as the respiratory system of the insects, the tracheae. Where it covers the lining of
the gut, gland tracts, and respiratory structures the cuticle is involved in controlling
the diffusion, uptake and secretion of material to and from the environment.

The consequence of having an exoskeleton is that it hinders continuous growth in
size. The cuticle has therefore to be shed and replaced by a larger one several times in
the animal’s lifetime. In this process, called ecdysis, part of the old cuticle is digested
for reuse and the rest of the cuticle is shed as an exuvia. Before molting, the new
cuticle is deposited by the underlying epidermal cells as an initially undifferentiated
layer. It is accepted that the apical end of the epidermal cells forms microvilli at the
top of which chitin is secreted into the extracellular space where the interaction with
cuticular proteins, secreted from the grooves between microvilli, takes place (for
more details see latest review by Moussian [8, 9]). The process of chitin secretion,
crystallization and deposition is, however, still poorly understood. It is also still
unknown how fiber orientation is controlled, although self-assembly of the fibers into
helicoids resembling cholesteric liquid crystals guided by the physical conditions of
the extra-cellular space [10] or by specific chitin-binding proteins has been proposed
[11, 12]. The newly formed cuticle is highly hydrated and compliant to facilitate
leaving the old exoskeleton and the size increase after ecdysis. It will only harden and
dehydrate a few hours after molting during the sclerotization and/or mineralization
processes. All specialized cuticular “tools” and, importantly, sensors are also replaced
and newly formed during molting.

The cuticle that forms the exoskeleton is built of two main anatomical layers:
the chitin-devoid epicuticle, and the fibrous procuticle, made primarily of chitin and
proteins. The epicuticle is protein-rich and usually a few micrometers thick. It is
deposited first by the secretion of cuticulin, a lipo-protein complex that dominates
the epicuticle composition in most arthropod groups [13, 14]. This layer is cov-
ered by a waxy layer, the envelope, containing multiple fatty acids and long chain
hydrocarbons. In some cases it becomes additionally covered by a so-called cement
layer of tanned proteins. The envelope and cement layers are deposited after ecdysis,
meaning that their components are transported through the already formed exo- and
epicuticle by pore- and wax canals, respectively [15].

The chitin-rich procuticle exhibits two and in some cases three anatomical layers:
the exo-, the meso- (occurs in arachnids and some parts of insects cuticles), and
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the endocuticle. The main biochemical difference between the three is the degree of
sclerotization, which is the process of cuticle hardening by the enzymatic addition of
a wide range of catechol derivatives. Sclerotization also occurs in crustaceans [16].
However, their main mechanism of cuticle hardening is mineralization, most com-
monly by calcium carbonate and phosphate mineral phases that can occur in either
crystalline or amorphous states. Both processes, sclerotization and mineralization,
are accompanied by changes in the cuticle water content. Structurally, the procuticle
consists of stacked planar layers of protein coated chitin fibers, where a large vari-
ability in terms of fiber orientation has been described, as detailed (Chap. 3). The
exocuticle is most often built exclusively from helicoidally arranged fiber planes, the
so-called twisted plywood or Bouligand structure [17]. The fiber organization in the
endocuticle may vary significantly from stacks of parallel fibers to twisted plywood
with varying rotation angles between layers.

In the following we outline important aspects of the cuticle biochemical composi-
tion (Sect. 10.2) and describe key features in its structural hierarchy and organization
(Sect. 10.3). Finally we summarize the current understanding on how composition
and structure govern the basic mechanical properties of the cuticle (Sect. 10.4). We
finalize with the description of several systems where the relationships between
structure, mechanical properties and function are well exemplified (Sect. 10.5).

10.2 Cuticle Composition

10.2.1 Chitin

The main component of arthropod cuticle is crystalline chitin, a water insolu-
ble polysaccharide composed of p-1,4-linked N-acetyl-D-glucosamine (GlcNAc)
residues. Chitin crystallizes mainly into one of two polymorphs: o and §. They differ
in the polymer chain orientation within the crystal. This is parallel in $-chitin, and
antiparallel in a-chitin [18, 19]. The polymer chain orientation dictates the density
of available inter-chain hydrogen bonds, which in turn determines the stability of
the crystal. For this reason a-chitin is the most stable form with multiple inter-chain
hydrogen bonding in both the @ and b crystallographic directions [20]. In -chitin, on
the other hand, there is no hydrogen bonding between chains along its b axis leading
to decreased stability and significant swelling of the crystal in aqueous (and other)
solutions [21]. Both polymorphs are found in the animal kingdom, but a-chitin is the
most abundant.

Chitin in arthropods is partly deacetylated. In crab-shell, one every 6 amino sugars
has been found to be deacetylated [1], and deacetylation degree ranges of 5-25% are
found in different species [22]. Deacetylation leaves the polymer chain charged and
increases its solubility. This is likely important for the interaction of chitin with the
matrix proteins (see below). Chitin is synthesized and translocated across the cell
membrane by the trans-membrane enzyme complex chitin synthase. However, the
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mechanistic details of this process are still unknown [22, 23]. Chitin crystallization
and the attachment of chitin-binding proteins occur in the extracellular space, leading
to the assembly of the cuticle. However, not much is known about these processes
and their control. A recent study has shown that chitin deposition in Drosophila
melanogaster not only requires chitin synthase but also the activity of two other
genes [expansion (exp), and rebuf (reb)]. The products of these genes are localized
to the apical cell membrane of the epithelium and are essential for fibril formation in
yet an unknown mechanism. Interestingly, the expression of these genes in addition
to chitin synthase is sufficient to promote chitin deposition in tissues that normally
do not form chitin [24]. Whatever the mechanisms involved, within the cuticle, the
chitin crystallites in most arthropods are about 3 nm thick and at least 300 nm in
length. Draped by chitin-binding proteins together they form the main structural unit
of the cuticle—the nanofibrils.

10.2.2 Cuticular Proteins

The versatility and adaptability of the cuticle’s properties originate to a large extent
from the variability in cuticular protein (CP) composition [25]. However, the molecu-
lar relations between the proteins’ amino-acid composition and the cuticle’s mechani-
cal properties are not yet fully understood [9]. Tens of different proteins may be found
in each cuticle type. Some are structural, others are enzymatic and some have both
structural and enzymatic domains. Enzymatic functions include deacetylation [12,
26], post-translation modification such as glycosylation [27, 28], oxidation, isomer-
ization and cross-linking of sclerotization agents [29-31]. These enzymes are most
likely active during cuticle formation and sclerotization.

Structural CPs were shown to play various roles in cuticle formation and in defin-
ing its properties. For example, CPs have been shown to be important for cuticle
morphology and for chitin organization into the rotated plywood [11, 26, 27, 32,
33], or vertical fiber arrangement [34] in several model organisms. The disruption of
chitin organization then leads to deformed body shape, as the resulting random fiber
orientation is unable to provide the anisotropic mechanical properties of the cuti-
cle required for morphogenesis. Such mutations are often lethal, emphasizing the
importance of cuticle organization for animal survival. The molecular mechanisms
leading to the structural organization of the cuticle by CPs are however yet unclear.

10.2.2.1 Chitin Binding Proteins

A few hundreds of arthropods CPs have been identified and classified into about a
dozen families based on their amino-acid sequences [35]. Some of these families are
found throughout the Arthropoda and others are restricted to particular taxonomic
groups. Most of these protein families seem to be restricted to arthropods [35]. It
seems to date that all the structural CP contain one of two types of chitin-binding
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domains (CBD), the R&R domain or the more universal CBD type 2 [9]. The latter is
found in enzymatic proteins across many phyla and was also identified in structural
proteins from the squid beak [36]. Chitin-binding CPs exhibit at least one CBD, but
most families have two or three CBDs [35]. This could, in principle, allow them to
bind several chitin crystals.

The most prominent arthropod-specific chitin-binding protein family is the CPR
family, named for the presence of the R&R consensus sequence discovered by Rebers
and Riddiford in 1988 [37]. The R&R motif has been shown to bind chitin in vitro
and to be sufficient to render chitin-binding activity to proteins otherwise unable
to bind to the polysaccharide [38]. Several modifications of the consensus sequence
have been identified, some of which display a preferential distribution within soft and
extensible cuticle (RR-1) whereas others (RR-2) are more frequently found in hard,
rigid cuticles [11, 39]. It is suggested that the type of chitin-biding interactions are
permanent in RR-2 domains and reversible in RR-1 domains, allowing the proteins
to slide along the chitin fiber when the cuticle is extended [40]. The division of R&R
motifs into two subgroups and their association with soft and hard cuticles is however
not valid for all arthropod cuticles studied [41] and a comprehensive understanding
of the origin and significance of the observed variability in CBDs is still lacking.

One of the most intensively studied CPR variant is resilin, a highly elastic protein
found in specialized cuticular structures of some insects such as locusts, fleas and
beetles [42, 43]. These animals use temporary deformations of specific exoskeletal
parts to store elastic energy for sudden release, allowing for very fast movements,
such as jumping or flapping of wings [42, 44, 45].

Despite their abundance, it is still unclear how these proteins bind chitin and what
are the intermolecular interactions involved. As mentioned above, it is postulated that
deacetylation facilitates the interaction of chitin with the proteins, possibly allowing
covalent linkage [46]. However, recent proteomic analysis argues that chitin-binding
by covalent linkage is unlikely [41]. Other possibilities have also been suggested
including hydrophobic interactions and hydrogen bonding [25, 47]. Although the
nature of the molecular binding between chitin and the CBP is still unknown, it
seems that many CBD’s adopt beta sheet conformations that form the interface with
the chitin crystal [11, 48, 49]. This was earlier suggested by Fraenkel and Rudall [50]
and by Atkins [51], who demonstrated the stereo-chemical complementarity between
the chitin crystal structure and repeats within the beta strand structure. Evidence for
the abundance of beta-sheet motifs in cuticular protein matrices are numerous (for
example [48]), including co-ordering of a beta-sheet motif along the (010) chitin
surface and its alignment with respect to the fiber’s long axis [52].

Not all cuticular proteins bind chitin, and many are introduced into the cuticle
sometime after the chitin-protein fibers are deposited. These proteins are even less
well characterized. However, it is postulated that unstructured domains within them
are associated with inter-protein interactions [40].
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10.2.2.2 Composition of CPs and Protein-Protein Interactions

Characteristic amino acids of CPs are mainly glycine and alanine but also proline,
valine and tyrosine [25, 29, 40, 53]. It has been frequently suggested that the balance
between hydrophobic and hydrophilic groups in the proteins should have important
consequences for the mechanical properties of the cuticle since a high degree of
hydrophobicity increases protein-protein interactions and decreases hydration level
while the opposite is true for increased hydrophilicity [29, 54]. Indeed there are sev-
eral indications supporting that soft cuticles tend to be richer in polar and charged
amino acid residues as compared to stiff cuticles, which are enriched with hydropho-
bic amino acids [55]. This view might be however too simplified and ignores the pos-
sible increase in hydrophobicity caused by sclerotization [47, 56] and the increased
hydrophilicity caused by glycosylation [29].

The molecular interactions within the cuticle and the resulting mechanical prop-
erties may be manipulated by hormonally controlled pH-changes. Such an example
is the abdomen cuticle of the fifth instar nymphs of the blood-sucking bug Rhodnius
prolixus that changes its properties from stiff to highly stretchable after a blood-meal
in a fully reversible process [57]. Cuticle plasticization in this case was originally
related to increased water content, however, it was later suggested that the rapid
change in properties results from the weakening of the bonds between proteins fol-
lowing the change in pH [58]. Prior to acidification, the cuticle’s pH is maintained
close to the isoelectric point of the major proteins present, leading to the strongest
inter-molecular binding. Thus, a pH change is a fast and reversible way to alter the
strength of inter-protein interactions and thereby to easily manipulate the cuticle’s
mechanical properties.

A special case of cuticular amino-acid composition is found in the fangs of the
spider Cuppiennius salei. Although no single protein has yet been sequenced from
the fangs, the amino-acid composition was shown to vary gradually from tip to
base. While glycine is dominant along the whole length of the fang, the relative
proportion of alanine increases from tip to base. Histidine shows the opposite trend
and reaches 25% of the total amino acid composition at the fang tip [59]. The rise
in His levels is accompanied by increased levels of Zn and Cl. Spectroscopic data
shows that Zn coordinates with His residues to cross link the protein matrix [60].
In accordance, increased hardness and stiffness were measured in the Zn rich tip of
the fang. The mechanical properties of metal-ion enriched cuticle are comparable
to those of mineralized skeletal tissues, such as the lobster carapace, but have lower
material density [61]. Other arthropods are also known to incorporate Zn and other
metal ions in specialized cuticular tools, such as claws, ovipositors, stingers etc. [54,
61-67]. The most frequent metal ions present in the cuticle are Ca, Mn and Zn, and
the concomitant increase in mechanical properties (in the order of 1.5 to threefold in
stiffness and hardness compared to similar, but metal-devoid structures) was often
demonstrated. How these metal ions are bound within the protein matrix and to which
amino acids, is however still unknown.

In grasshoppers, the presence of Zn ions in the mandibles was demonstrated to
protect against wear [68]. In this context it is interesting that metal incorporation
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is often localized to the distal layers (epi- and exocuticle) of the cuticular tool [69,
70]. Metal ion incorporation is often accompanied by halogens such as Br and Cl,
however it is still unclear if and how these incorporations are related.

Metal-ion coordination cross-link bonds are stronger relative to hydrogen bond-
ing, hydrophobic or electrostatic interactions. They are weaker though than covalent
bonds, but have the advantage that they can easily reform after perturbation [71].
Stable covalent bonding between proteins in the matrix could have a large effect on
the matrix properties. Disulfide bonds are likely not common as cysteine is rare in
arthropod cuticle [29]. Direct covalent bonds occur in resilin rich cuticles, which
form di- and tertyrosine bridges [43, 45, 56]. Other covalent bonding occurs via
sclerotization agents, usually via Tyr or Hys residues [72, 73]. The long standing
hypothesis of covalent cross-linking of the protein matrix by sclerotization agents
has recently been substantiated by Mun et al. [39], who identified a specific CP in
the rigid cuticle of the red flour beetle Tribolium castaneum. This particular CP lacks
CBDs and is cross-linked via catechol derivatives to two CPRs (CPs containing the
R&R CBD). Thus, although direct covalent bonds between proteins are not common
in the cuticle, the protein matrix can be highly cross-linked via sclerotization (see
below).

10.2.2.3 Structure of CPs

CBD have been proposed to fold into various beta-sheets motifs, and large proportion
of beta-sheet has been demonstrated in cuticles by FTIR and XRD [48, 52]. Beta
sheet motifs are known in many structural proteins with mechanical functionality, the
most common example is spider silk in which the presence of beta sheet crystalline
domains endow the material with exceptional strength [74]. Nonetheless, many CPs
contain various sizes of low-complexity sequence regions predicted as intrinsically
disordered and suggested to have functional importance [40]. In contrast to beta
sheets, which are highly stabilized by intra-molecular hydrogen bonding of the pep-
tide backbone, disordered regions are highly flexible and allow extensibility and
deformability of the proteins enabling the cuticle to store elastic energy. Andersen
suggested that under load, stiff sclerotized cuticles would store elastic energy as small
deformations of the individual protein molecules, as the protein molecules cannot
move relative to each other due to cross-linking. In contrast, proteins in soft, flexible
cuticles can be both deformed and they can move relative to each other. The extreme
case in which disorder in cuticular proteins is of high importance is the rubber-like
protein resilin. Resilin can be extended to 300% of its resting length due to exten-
sion of disordered domains. Here, minimal intramolecular interactions occur, but the
protein chains are connected by stable di- and trityrosine covalent bonds [43].
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10.2.3 Sclerotization

In the process of sclerotization, low-molecular-weight compounds impregnate the
cuticle drastically changing its properties. This process leads to covalent cross-linking
of proteins and chitin [72, 73, 75, 76] via a wide variety of adduct products as well
as a significant reduction in the cuticle’s water content [77]. Sclerotization usually
occurs shortly after ecdysis, although specialized cuticle parts can be sclerotized
before ecdysis in a process called pre-ecdysal sclerotization. Sclerotization is often,
but not always, accompanied by color change and darkening, hence often referred to
as tanning.

Sclerotization is most extensively studied in insects and not much is known about
the process in other arthropods. Several reviews on sclerotization describe the vari-
ability in sclerotization agents and their formation pathways [31, 78, 79]. In short,
the process involves enzymatic addition of quinones produced by the oxidation
of N-acylcatechols. The cathecholic precursors Dihydroxyphenylalanine (DOPA),
dopamine and a variety of dopamine derivatives are synthesized within the epithelial
cells and released to the cuticle at the time of sclerotization. The amino acids that
often participate in sclerotization are histidine, lysine and tyrosine linked via their
functional groups and glycine and alanine linked by their amino groups. A wide vari-
ety of quinones and catechol adducts have been extracted from cuticles of various
groups. The type of adducts and their relative abundance vary significantly between
cuticular regions within one species, different insect species and between insects and
other arthropod taxa. In melanization, a process related to sclerotization, melanin is
formed from dopamine precursors resulting in black cuticles. Melanin may be con-
tained in granules or distributed diffusively [80-82]. Melanin polymerization may
also result in hardening of the cuticle.

The molecular basis for cuticle hardening by sclerotization is thought to stem
from the covalent cross-links between the macromolecular building blocks. It is
however well acknowledged that sclerotization is accompanied by a high degree of
dehydration, which by itself can account for the observed increase in mechanical
properties [83]. It was therefore suggested that the incorporation of phenols into the
cuticle drives the dehydration process, allowing the formation of a large number of
weak interactions between the proteins [83]. The two mechanisms are, nonetheless,
not mutually exclusive.

10.2.4 Halogenation

Halogens, mainly Br and Cl, are sometimes found in arthropod cuticle. Andersen
has shown that various types of sclerotized cuticle contain halogen-substituted amino
acids [29] and in some cases halogens are co-localized with metal ions [59, 69, 70].
The function of halogenation is yet unclear. The participation of halogens in metal
ions coordination has been demonstrated in Polychaeta worm cuticles [84], but not
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yet in arthropods. It has also been suggested that halogenated amino acids may
be functionally important during the sclerotization process [30, 78]. Alternatively,
Schofield et al. [85] suggested that halogenated cuticles are more resistant to fracture
by impact due to reduction in molecular resonant frequencies. They have also shown
that unmineralized brominated cuticle in crustaceans has a higher elastic modulus
and hardness compared to unmineralized cuticle that does not contain bromine.

10.2.5 Mineralization

Within the Arthropoda, the Crustacea and some groups within the polyphyletic Myr-
iapoda harden the rigid parts of their exoskeletons by incorporating biominerals into
their cuticle. In Crustacea, a large variety of mineral phases have been described.
The type and phase of minerals found in the cuticle differ not only between species,
but also between and within the different procuticle layers. Thus, organic-inorganic
composite materials can be formed with properties tailored for specific functions
of different exoskeleton parts. The most widespread and commonly found mineral
is calcium carbonate. Mostly, it occurs in the form of Mg-calcite and amorphous
calcium carbonate (ACC). Calcium phosphates are less abundant and occur mostly
in functionally specialized skeletal elements, but also co-localized with calcium car-
bonates. In crustacean cuticles, amorphous calcium phosphate (ACP), hydroxyapatite
and even fluoroapatite have been identified so far [86-91]. In general, Crustacea not
only precisely control the type of mineral deposited, but also the localization and
amount of mineral incorporated into their skeletal elements. This control is exerted
not only on the level of entire skeletal elements or specific layers of the cuticle, but
can be very finely used to tailor properties within specialized skeletal elements. Here,
different mineral phases and/or morphologies can be co-localized in the same cuticle
layer. Also, gradual changes in mineral type and amount are possible both vertically,
i.e. within and across the layers as well as horizontally, i.e. at transitions between
mineralized and unmineralized parts of cuticle such as articulations between seg-
ments [92]. The mineralization process generally starts after ecdysis. Mineral ions
are then transported over the epithelium and the pore canal system to the distal
regions of the cuticle, where mineralization is initiated. Over the course of time the
cuticle mineralizes from the outside to the inside until the process is complete [93].
In many cases, the final mineral phase is formed by a precursor phase, usually ACC
[93]. How the animals control the localization and phase of the mineral they form is
largely unknown. Morphologically, the mineral in cuticle is either present as crystals
of varying sizes or in the form of small spherical particles which are aligned along the
organic fibres. Mineral structure thus mostly follows the hierarchical organization
of the organic matrix [94, 95]. Mineral morphology can greatly vary between layers
and/or species and seems rather determined by the function of the skeletal element.
So far, four prominent mineral morphologies have been described that occur on dif-
ferent levels of the structural hierarchy: small, 20—50 nm thick spherical particles
loosely distributed around the nanofibrils (Fig. 10.2a) [94] or solid tubes enclosing
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Fig. 10.2 Schemes and STEM micrographs illustrating different morphologies of the mineral phase
observed in various Crustacea species and skeletal elements. a Spherical ACC particles (dark)
decorating individual nanofibrils (bright) in the endocuticle of the lobster Homarus americanus.
b Individual nanofibrils (dark) enclosed by mineral tubes (bright) as found in the endocuticle of
the isopod Tylos europaeus (altered from [97]). ¢ Larger chitin-protein fibers (bright) surrounded
by fused mineral tubes (dark) from the endocuticle of the crab Cancer pagurus. d Irregularly
shaped chitin-protein fiber bundles (dark) embedded in the mineral phase (bright) forming the
distal exocuticle of T. europaeus (altered from [92])

the nanofibrils (Fig. 10.2b) [96, 97] on the nanofibril level; solid tubes enclosing
larger fibres (Fig. 10.2c) [95, 98] or large mineral blocks surrounding irregularly
shaped clusters of nanofibrils (Fig. 10.2d) [96, 97] on the chitin-protein fiber level.
In the latter two cases, the mineral is fused to a compact block after the completion
of the mineralization process. Interestingly, Crustacea are able not only to control the
crystalline phase, but also local crystallographic properties of their minerals, such
as the orientation and texture. This has been shown for calcite in the exocuticle of
decapods and isopods [87, 97, 99]. In all cases the preferred orientation of the min-
eral is such that the mechanical properties of the layer are enhanced for a specific
function, such as increased mechanical strength. Overall, in Crustacea cuticle the
mineral phase is governing the final mechanical properties of the cuticle, as has been
shown in a number of examples. However, there is an elaborate balance between the
contributions of minerals and organic constituents as the chitin-protein-fibers play
an important role in rendering the cuticle mechanically anisotropic and providing
interfaces for inhibition of crack propagation as discussed below.

10.2.6 Hydration

Water content is a key factor determining the cuticle’s mechanical properties. In
fact, Vincent and coworkers pointed out that dehydration alone can account for
the observed increased stiffening of arthropod cuticles during sclerotization without
the need to form covalent cross links between the matrix components [83]. They
suggested the view of sclerotization as a process of controlled dehydration. The



298 Y. Politi et al.

hydration level of the cuticle ranges from 12 to 50% [50, 83], with similar amounts
of ‘non freezable water’ in all examined cuticles, whether tanned or not [83]. This
water fraction likely corresponds to water bound by the peptide backbone. Above
this value, water is likely clustered in micro-pores within the cuticle. These pore
structures, including pore canals, allow the cuticle to swell under increased hydration
conditions.

The mechanical properties of fresh, dried and rehydrated cuticles from various taxa
have been so far investigated, showing large modulations of properties as a function
of hydration level. For example after drying, the endocuticle of locust sternal cuticle
hardened by a factor of up to 9 and stiffened by a factor of up to 7.4 [100]. The
increase in mechanical properties was less significant in the exocuticle, resulting in
the elimination of the gradual decrease in hardness and Young’s modulus from the
exo- to the endocuticle, which is characteristic of native cuticle [100]. Dirks and
Taylor [101] analyzed the fracture toughness of locust tibiae. They showed that the
stiffness and strength increase of cuticle upon water loss compromises its fracture
toughness, making the legs more brittle with reduced strain to fracture [101, 102].
In addition, the cuticle’s defect tolerance was highly sensitive to water content; the
critical length of a crack was significantly larger in fresh vs. dried leg cuticle. Similar
effects have been observed in mineralized cuticle from a number of crustaceans,
notably the lobster Homarus americanus. Here, water also acts as a plasticizer that
provides the cuticle the ability to plastically deform to delay brittle fracture as it
occurs in dried material [103—105] and this phenomenon is even more pronounced
in unmineralized arthrodial membranes [98].

In summary, variations in the cuticle composition may lead to a large variation in
the materials local mechanical properties, for example around six orders of magnitude
in Young’s modulus [47]. Modulation of the composition across the cuticle forming
an anatomical structure is a path to tailor and fine-tune the mechanical performance
of that part. However, the overall properties of the functional element are further
governed by its local fiber arrangement and its morphology as discussed next.

10.3 Structural Organization

10.3.1 Structural Hierarchy

After discussing the different constituents present in the cuticle, this section shall
illustrate how they structurally organize to form the complex architectures observed
in nature. Acetylglucosamine and its polymer chitin represent the two lowest levels
of the structural hierarchy in arthropod cuticle on the molecular scale (Fig. 10.1, I, I).
The first real composite structure appears with the protein-coated chitin nanofibrils
(Fig. 10.1 III). They consist of 18-25 chitin molecules arranged in antiparallel a-
conformation resulting polygonal section contour with a typical diameter of 2—5 nm
at lengths of about 300 nm [106]. Molecular dynamics simulations of chitin fibrils



10 Mechanics of Arthropod Cuticle-Versatility by Structural ... 299

with different chain numbers have shown that the thickness observed in arthropod
chitin nanofibrils corresponds to the lowest molecule numbers required to form stable
a-chitin [107]. Within their assembly zone, an approximately 1.5 nm thick sheath
of protein forms around the presumably self-organizing chitin fibrils. The chitin-
protein nanofibrils are the smallest building blocks in the arthropod cuticle and all
higher order structural motifs found in the organic phase, with the exception of the
epicuticle, are based on them regardless of group or species, skeletal element or
function. In the majority of cases, the nanofibrils form the next level of structural
hierarchy, the fibril planes (Fig. 10.1, V*). However, in some species the nanofibrils
cluster to form larger, clearly defined fibers (Fig. 10.1, V) with diameters between 50
and 250 nm. These have mostly been observed in mineralized crustacean cuticle such
as various crab species [93, 95]. How the number of fibrils and thus the size of the
larger fibers are determined is not yet understood. Where present, the chitin-protein
fibers organize analogous to the fibrils and form planar arrays where the long axes
of the fibers are parallel (Fig. 10.1, V).

The lamellar appearance of the procuticle layers is formed by stacking of fibril or
fiber layers (Fig. 10.1, VI). Thereby, a large number of configurations are possible,
the most common and characteristic one being the twisted plywood or Bouligand
structure [7, 17, 108]. It is characterized by the fact that the long axes of the fibrils
gradually rotate around the normal axis of the cuticle from one sheet to the next. The
distance in which the superimposed fiber sheets complete a 180° rotation is defined
as the stacking height or the lamellar thickness of the twisted plywood. The helicity
defined by the interplanar rotation angle of the plywood structure can vary anywhere
between 90° down to a few degrees (Fig. 10.1, VI 1-3). More rarely, the fibril layers
become stacked with the long axes of their fibrils in parallel, forming unidirectional
arrangements. Such a cuticular architecture is mostly found in the endocuticle of
structures that have to sustain unidirectional loading such as mouth parts [59, 99] leg
joints [96], tendons [52] and occasionally also in parts of the body shell [109]. In
exocuticle, unidirectionally arranged fibres have so far only been found in the tip of
the incisive edge of mandibles from the isopod Porcellio scaber [99]. In some cases,
combinations of unidirectional and rotating architectures have been observed such as
in the cuticle forming the elytra of many beetle species. Here, several unidirectionally
organized stacks alternate at an angle of approximately 90° (Fig. 10.1, VI, 3).

The second-to last level of structural organization is the bulk cuticle (Fig. 10.1,
VII) that forms the material of which the arthropod exoskeleton in its enormous
variety of body plans consists [6]. Classically, the cuticle is subdivided into three
main layers from the outside to the inside: epicuticle, exocuticle, and endocuticle [7].
However, more subdivisions have been introduced based on specific morphologies
found in certain arthropod groups such as the mesocuticle in chelicerates or the
membraneous layer in crustaceans. A concise definition, e.g. based on ontogenetic
sequences, is still lacking. It is safe to assume that the usually very thin epicuticle
does not contribute significantly to the mechanical properties of the bulk cuticle, but
it has many other vital functions for the animals as detailed above. Twisted plywood
and unidirectional lamellae can occur in both the exo- and endocuticle. Generally,
plywood found in the exocuticle has a smaller stacking height than that forming the
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endocuticle, but this is merely a rule of thumb and exceptions have been observed
[110]. Cuticle is usually horizontally layered, meaning the lamellae are oriented
parallel to the cuticle surface, following the curvatures present in skeletal elements.
However, there are exceptions from this rule, such as in the pigmented dorsal carapace
of the crab Cancer pagurus, where the exocuticle is partially substituted by parts
of the endocuticle bulging out in distal direction [95]. In these bulges, the twisted
plywood lamellae change their orientation from horizontal to vertical.

10.3.2 Pore Canals

The already complex architecture of the cuticle’s organic matrix is further altered
by the pore canal system (Fig. 10.1b). Pore canals are tubular ducts that penetrate
the cuticle in vertical direction and form a connection to the underlying epithelium.
They function as a transport system through which the epithelial cells can provide
components for post-ecdysial hardening such as tanning and mineralization and
enable the animals to control the hydration state of the tissue. They are further
important for the secretion of wax layers [46] and are thought to play a role for
cuticular repair mechanisms [111]. The pore canals originate from cellular extensions
present during secretion of the cuticle. During successive deposition of chitin layers,
the fibrils are deposited around these extensions, leaving canals with an ellipsoid cross
section and a thin inner lining of organic material. If the deposited cuticle has a twisted
plywood structure, the pore canals consequently have the shape of twisted ribbons
[46]. In different cuticles and even in different layers of the same cuticle the canals
can vary in number, spatial distribution patterns, dimensions and shape. In Crustacea,
the pore canal system is often particularly well developed, because large amounts of
mineral precursors have to be transported to the cuticle during mineralization. Species
like the lobster Homarus americanus have pore canals that take up almost 40% of
the entire cuticle volume in the endocuticle, generating a honeycomb-like structure
[112]. This design leads to remarkable mechanical properties and an anisotropic
deformation behavior [94, 105]. It is of interest that despite having a higher volume
fraction of mineral than H. americanus [113], the pore canal system of the crab
Cancer pagurus takes up less space than that of the lobster. It is therefore possible that
in lobster the pore canals also help to reduce weight and thus energy consumption for
the animals. In C. pagurus, ithas been found that the pore canal margins are reinforced
by internal mineralized fibrils [95], which can also be interpreted as an adaptation
serving mechanical purposes. In some cases, pore canals can also be completely
closed by minerals when the post-ecdysial hardening process is completed [97].
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10.3.3 Structural Colors

In addition to its structural functions, the cuticle also plays an important role for the
ecophysiology of the organisms by generating colors used for signaling, camouflage
or warning. Arthropods do this by two general principles, the first being incorporation
of pigments into the cuticle and the second being modifications of the cuticular archi-
tecture on the same length scale as the wavelength range of visible light, resulting
in photonic crystal structures [114]. Common pigments found in arthropod cuticle
are carotenoids and melanins, which are generating most dark and reddish colours
observed. The brilliant green, blue and often also vividly iridescent coloration dis-
played by many insects are structural colors generated by constructive interference
of light reflected by cuticular photonic structures. These are either modifications in
structure and chemical composition of the outermost layers of the cuticle, mostly
the epi- and exocuticle, or specialized structural elements like scales formed on the
cuticle’s surface. The colors of many beetle species originate from thin multilayer
structures formed by the epicuticle that act like a simple Bragg reflector. Other beetle
families use their plywood lamellae as pseudo-Bragg reflectors, exploiting the opti-
cal anisotropy of the chitin fibres and their rotation within the tissue to generate a
periodic refractive index contrast leading to selective wavelength reflection. By con-
trolling the thickness of the helical lamellae in their outer exocuticle, they can control
the reflected color. Uniform thickness of the lamellae leads to pure colors, while vari-
ations in thickness, so called “chirped layers”, lead to mixed reflection resulting in
metallic silver or gold tones [115]. The by far most elaborate photonic crystals occur
in cuticular scales such as those present on the exoskeletons of many curculionid
beetles and the wings of butterflies. Butterfly scales often combine diffraction grat-
ings with three-dimensional photonic crystals of the gyroid type [116, 117], while
the beetles form diamond-type photonic crystals within their scales [116, 118]. The
processes involved in the formation of these highly complex nanostructures are still
not fully investigated [119].

10.4 Consequences of Architecture and Composition
for the Mechanical Properties of Cuticle

As introduced above, the cuticle is a complex, hierarchically built bio-composite
structure with a number of different architectural motifs spanning from the nanome-
ter to the millimeter length scale. This section draws some of the basic relationships
between structural and mechanical characteristics of the cuticle, so as to gain funda-
mental physical insights to its functionalities from a mechanical point of view.
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Fig. 10.3 Schematic illustration of the basic mechanical characteristics of the chitin crystals and
the protein matrix that comprise an individual nano-composite chitin—protein fibril. Indicated are
the Young’s and shear moduli and the volumetric fraction of the chitin crystals (E., G, ¢.), those of
the protein matrix (£, G p, ¢p), and the anisotropic axial and shear moduli of the nano-composite
(EH, EJ_, and G#)

10.4.1 Resistance to Deformation

10.4.1.1 The Nano-Composite Level: An Individual Chitin—Protein
Nanofibril

The basic structural unit of the cuticle is the individual nanofibril, which is a chit-
in—protein nano-composite (level III, Fig. 10.1). Thus, by approximation, the elastic
behavior of the cuticle at this material level is essentially dominated by the stiffness of
the individual phases and their relative content in the composite (Fig. 10.3), namely
(a) the resistance to axial tension, i.e., the Young’s moduli of the chitin crystallite and
the protein matrix (E. and E,, respectively); (b) their resistance to shape change,
i.e., their shear moduli, G. and G, respectively; and (c¢) the volumetric fraction of
each phase, ¢. and ¢, respectively, such that, ¢. + ¢, = 1. The alignment of the
chitin crystals within the nano-composite gives rise to a clear structural—and thus
mechanical—anisotropy, exhibited by substantial differences in stiffness along, and
perpendicular to the direction of the chitin fiber long axis. Following the fundamental
micro-mechanical models of composite materials (Voigt and Reuss models [120]),
the axial moduli of the nano-composite fibril along, and perpendicular to, the chitin
fiber direction (E| and E ) and its shear modulus (G4), as illustrated in Fig. 10.3,
can be evaluated with the following direct and inverse rules of mixtures:

Ey=¢.-E.+(1—¢.)-E, (10.1)
_ ¢C 1 _d)c !

E, = [E+ E, } (10.2)
_ ¢C l_¢c !

Gy = [G_c + - } (10.3)
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The Young’s modulus of the crystalline a-chitin is commonly evaluated by means
of ab initio calculations and molecular dynamics simulations, and it can be estimated
to be E. ~ 100 GPa (range: E. =~ 88-120 GPa [121-123]). In contrast to the chitin,
there is no typical value for the Young’s modulus of the proteinaceous matrix, and
its magnitude may span the range of £, ~ 10 MPa—1 GPa [47]. This high variabil-
ity is attributed to several bio-chemical and bio-mechanical factors, including: (a)
variations in the composition and organization of the protein at different parts of
the cuticle [47, 124]; (b) the unknown effects of chitin—protein interactions on the
protein itself; (c) the local presence of mineral particles in the protein (e.g., in crus-
taceans such as lobsters and crabs), which effectively makes the proteinaceous matrix
anano-composite material in itself [109, 125, 126]; (d) the local presence of ion met-
als (e.g., in mandibles, claws and fangs), which promotes additional cross-linking
between the protein chains [127]; and (e) the effect of conditions such as the hydra-
tion state or pH level which change both the protein—protein and the protein—chitin
molecular bonds [52, 128]. Moreover, even for a specific bio-composite system in
well-controlled environmental conditions, determining the exact E, value through
in situ experiments is often impossible. While advanced testing procedures (such as
AFM or nanoDMA [129-131]) do enable measuring the nano-mechanical properties
of materials, probing only the matrix phases within the bio-composite complex is an
extremely challenging task, due to their extreme softness and sub-micron dimensions
[132]. The most difficult challenge that has to be overcome is to preserve the natural
state of the samples during the experiments in order to obtain experimental results
that reflect as much as possible the in vivo conditions. Cutting-edge experimental
techniques, based on nanoDMA of micro-beams, promote new capabilities to resolve
some of the technical limitations in evaluating the matrix phases of composites [133,
134], but they have yet to be applied to the chitin-based bio-composites of cuticles in
biologically relevant conditions. In fact, the suggested range of E, ~ 10 MPa—1 GPa
was identified by indirect methods, such as mechanical testing of chitin-free tissues
(e.g., the epicuticle [135]), and by theoretical fittings of bio-composite experiments
(e.g., [126, 136]). Clearly, due to the various bio-chemical and mechanical factors
described above and the lack of direct experimental evidence, any attempt to select
a “representative” modulus value from the £, range mentioned above must be taken
with a pinch of salt. Despite the immense uncertainty in the absolute modulus value
of the proteinaceous matrix, it can be said with confidence that E. > E,. Note that
while the chitin fibril is in fact anisotropic in its elastic properties, E, in all crys-
tallographic directions likely exhibit E. > E,. As detailed below, this key insight
provides a significant relaxation to most mechanical treatments of the chitin—protein
bio-composite complex; in fact, the specific magnitude of E, is not essential for
understanding the essence of the cuticle mechanics.

In order to complete the mechanical characterization of an individual chitin—pro-
tein fibril, the shear modulus of the chitin and of the protein (G. and G ,, respectively),
and the volume fraction of chitin in the nano-composite (¢.) need to be character-
ized. By employing the relation G = E/[2(1 + v)] with typical Poisson’s ratios of
0.3-0.45 for bio-polymers, the shear moduli of the chitin and protein can be esti-
mated as G, ~ E /2.8 and G, ~ E,/2.8; similarly, the relation G, > G, also
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applies. For the chitin content, a range of values of ¢. =~ 0.1—0.4 is commonly con-
sidered (e.g. [47, 126]). As evident from (10.1-10.3), and as further discussed below,
¢. plays a significant role in determining the mechanical properties of the cuticle.
Thus, the variability range mentioned above should be narrowed down by using des-
ignated experiments. By employing X-ray diffraction measurements, the diameter of
the chitin (d) and the spacing between adjacent chitin crystals (x) of a specific cuticle
material of interest can be characterized. Then, by considering hexagonal packing
of the nano-composite [61] and using elementary trigonometry, the chitin content ¢,

can be calculated by:
fe=— <d>2 (10.4)
83 \x '

As shown in Fig. 10.4, an increase in fiber spacing monotonically decreases their
volume fraction in the bio-composite. Considering typical values of d = 3-5 nm
for the chitin diameter, the customary range of ¢. &~ 0.1—0.4 emerges for a chitin
spacing of x = 3.5-7.5 nm. This corresponds well to fibril dimensions observed by
transmission electron microscopy (TEM) (e.g. [137]). As is also shown in (10.4)
and in Fig. 10.4, the diameter (d) and spacing (x) of the chitin crystals exert a
complementary effect, such that ¢, varies only when the ratio d/x changes.

10.4.1.2 The Micro-Composite Level: Lamellar Arrays

On the micro-structural level, the cuticle is composed of several distinct layers,
each of which is structured as a stack of sheets of parallel nano-composite fibrils.
As discussed above, the layup configuration may vary from one cuticle layer to
another [138, 139], and we focus here on two common types of architecture: the
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twisted plywood architecture and the unidirectional architecture (level VI 3 and
4, Fig. 10.1). As detailed above, the twisted plywood architecture is perhaps the
most common architectural motif in arthropod cuticles [137]. In this configuration,
the in-plane orientation of the nano-composite layout gradually varies between two
successive sheets, resulting in a helical periodic architecture (level VI, 1 and 2,
Fig. 10.1). The somewhat less common unidirectional architecture may appear either
as a part of the exocuticle (the proximal exocuticle) or a part of the endocuticle [59,
92]. In the unidirectional architecture, all nano-composite sheets are aligned in the
same direction, which is often closely related to the specific loading conditions the
respective cuticle part has to face.

After obtaining the fundamental characteristics of an individual chitin-protein fib-
rili.e., E¢, E,, G, G, and ¢, we turn to estimate the mechanical properties of the
micro-composite architectures of the cuticle. As introduced above, the anisotropic
moduli of an individual nano-composite fibril are evaluated by the direct and inverse
rule-of-mixtures in (10.1-10.3). By further considering the typical moduli character-
istics of the chitin and protein phases, E. > E, and G, > G, and the typical chitin
content in the cuticle, ¢. ~ 0.1—0.4, the moduli of an individual chitin-protein fibril
(Fig. 10.3) can be approximated via:

Ey~ ¢ E., (10.52)
EP
E, ~ , (10.5b)
1 - ¢c
G
Gy ~ 5 P¢ (Ef.Gy>> En,Gp) (10.5¢)

From these simplified relations, it is evident that the chitin crystals and the pro-
teinaceous matrix dominate different mechanical properties of the fibril; the chitin
dominates the axial stiffness of the fibril along the chitin direction, while the protein
dominates the perpendicular and shear stiffness of the fibril. Next, the expressions in
(10.5a, b, c) are used to evaluate the moduli of the twisted plywood and unidirectional
architectures.

Clearly, the twisted plywood architecture is structurally—and, thus, mechanical-
ly—in plane isotropic, and its resistance to axial and shear deformations is character-
ized by Young’s and shear moduli, £ ,;, and G ,;,, respectively (Fig. 10.5). Following
benchmark composite mechanical tools, E ,;, and G ,;, are obtained by averaging the
moduli of the nano-composite over the entire in-plane rotation angles, thus providing
the following analytical expressions [120, 140]:
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The unidirectional architecture can be considered as a direct up-scaling of the
individual fibril, and it is characterized by a Young’s modulus in the alignment
direction E,,; and its shear modulus G ,,; (Fig. 10.5):

Eni=E = ¢ E. (10.7a)
G
Guni = Gy ~ —2 (10.7b)
1- ¢c

As can be seen from (10.6a, 10.6b and 10.7a, 10.7b), the characteristics of the
chitin (£, and ¢.) dominate both the twisted plywood moduli (E ;, and G ;) and the
unidirectional axial modulus (E,,;), where the mechanical effects of the proteina-
ceous matrix are negligible—and thus disregarded. The shear modulus of the unidi-
rectional architecture (G ,; ), on the other hand, is dominated by the characteristics of
the protein (E, and ¢, = 1 — ¢.), and the mechanical significance of the crystalline
chitin is negligible. Figure 10.6a, b plots the Young’s modulus and shear modulus
of the twisted plywood and unidirectional architectures of the micro-composite, as
calculated from (10.6a, 10.6b and 10.7a, 10.7b), employing typical chitin and pro-
tein characteristics. Representative experimental ranges for the Young’s modulus of
the twisted plywood [100, 126, 141] and unidirectional [59, 61, 136] architectures
of the micro-composite are indicated in Fig. 10.6. The experimental range for the
twisted plywood architecture incorporates the results of exocuticular layers (thinner
lamellae with higher densities and higher moduli) and endocuticular layers (thicker
lamellae with lower densities and lower moduli), which are indicated separately. The
axial modulus of the unidirectional architecture is approximately twice that of the
twisted plywood architecture (E,,; ~ 2 - E,;y), while its shear modulus is much
smaller than that of the twisted plywood architecture (G ,,; < G p1y). These simple
observations suggest that the twisted plywood and unidirectional architectures are
complementary mechanical configurations; their selective integration into the lay-
ered structure of the cuticle gives rise to possible functional adaptations of the cuticle
for addressing various bio-mechanical states as exemplified in Sect. 10.5.
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Fig. 10.6 The elastic moduli of the twisted plywood and unidirectional lamellar architectures:
a Young modulus, and b shear modulus, calculated for £, = 100 GPa. The shear modulus of the
unidirectional configurations is calculated for £}, = 1 GPa, and thus represents the upper boundary
of the possible range of G,,; values. The typical range of experimental results for £, (exo- and
endocuticle) and for E,,; are indicated by the dashed rectangles

10.4.1.3 The Macro-Structural Level: The Layered Cuticle

From a bio-mechanical viewpoint, the load-bearing parts of the cuticle are required to
sustain various loading conditions, such as axial tension and compression, bending,
and torsion (Fig. 10.7a, b). These functionalities are essentially provided by the
macro-mechanical characteristics of the cuticle, including its axial stiffness (Kyiar,
force vs. displacement), bending stiffness (Kpenq, moment vs. flexural curvature),
and twisting stiffness (K5, torsion vs. twist angle gradient) [120]. These stiffness
parameters are all tightly related to the internal architecture of the cuticle. From a
simplified structural perspective, the cuticle can be viewed as a layered (laminate)
material, which comprises a varying number of lamellar subunits. When the cuticle
includes both twisted plywood and unidirectional micro-composite layers, the axial,
bending, and twisting stiffness of the cuticle (K yia1, Kpena, and K, respectively)
are obtained by:

Kaxial = Eply . Aply + Euni . Auni (1083)
Kbend = Eply ' Iply + Euni ' Iuni (108b)
Kiwisi = Gply ' Jply + Guni  Juni (1080)

where the axial stiffness is provided by the axial moduli of the twisted plywood and
unidirectional layers (E ,;, and E,,;, respectively), multiplied by the corresponding
cross-sectional area of each layer (A,;, and A,,;). The bending stiffness is also
provided by the axial moduli E ,;, and E,,,;, multiplied by the corresponding moments
of inertia of the layers (,;, and I,,;). The twisting stiffness is provided by the shear
moduli of the plywood and unidirectional layers, G, and G,;, multiplied the
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Fig. 10.7 a Schematic illustration of possible mechanical loads on the cuticle: axial ten-
sion/compression (left), bending (middle), and twisting (right). b Schematic illustration of the
moduli and cross section geometry that determine the axial, bending and twisting stiffness of the
cuticle

corresponding polar moment of each layer (J,;, and J,,;). Explicitly, the moments
of inertia are calculated via I, = [, . y?-dAand I, = [, y*-dA, and the

polar moments via Jpy = [, v/x*+y>-dAand Jyi = [, v/x*+y*-dA. Note
that while K,,;,; incorporates merely the area of the cuticular layers (regardless of
their location), Kpeng and K5 incorporate both the area and the square distance
of the layers from the cuticle centerline. Thus, external layers will provide a greater
effect on the bending stiffness and twisting stiffness of the cuticle than internal layers
of the same area. In a slightly more elegant manner, the expressions for K,x;ai, Kpend,
and K, can be uniformly rephrased as a weighted average of the twisted plywood

and unidirectional moduli, as follows:

Koxiat = A - [Eply XA+ Eyp; - (1 - XA)] (10.9a)
Kpena =1 - [Epiy - X + Eyni - (1 — xp)] (10.9b)
Kiwise = J - [Gply X7+ Gupi - (1 = -xj)] (1090)

where A, I, and J indicate the total cross-sectional area, the moment of inertia, and
the polar moment of the cuticle as a whole, respectively. The weighting parameters
xXa = Apy/A, x; = Ipy /1, and x; = Jp,/J represent the relative contribution
of the twisted plywood layers to the laminate architecture of the cuticle. Note that
in cases where the cuticle possesses only the twisted plywood architecture and is
devoid of the unidirectional architecture x4, = 1, x; = 1, and x; = 1, and the
stiffness parameters simplify into:

Kaxial =A- Eply (1010&)
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Kpena =1 - Eppy (10.10b)
Kiwiss = J - Eppy (10.10c)

To gain a deeper insight in the stiffness of the cuticle, the moduli of the twisted
plywood and unidirectional micro-composites (10.6a, b and 10.7a, b) can be incorpo-
rated into (10.9a—c); the results, normalized by the maximal stiffness, are plotted in
Fig. 10.8. As evident from Figs. 10.6 and 10.8, the unidirectional architecture, which
includes a high axial modulus, is well suited to sustain axial and bending loadings
along the fibers direction; however, its low Young’s modulus and low shear modulus
perpendicular to the fibers create poor-performance for sustaining bi-axial (tension
and bending) and twisting loads. The twisted plywood architecture, by contrast, has
a lower axial modulus than the unidirectional architecture, and it is, therefore, of
poor-performance for sustaining unidirectional axial and bending loads—but it can
provide both bi-axial and twisting resistance, which are absent in the unidirectional
architecture. While the individual twisted plywood and unidirectional layers have cer-
tain limitations to specific loading conditions, the integration of both architectures
in the cuticle appears to be an adequate evolutionary outcome toward an efficient
bio-mechanical element. In fact, as shown in Fig. 10.8, the cuticle is, in principle, a
highly versatile structure, and changes in its laminate architecture (i.e., in x4, x;, and
xs) may significantly change its mechanical characteristics. For example, a proper
combination of the twisted plywood and unidirectional layers in the cuticle may
produce Kpeng = Kiyisi, which would make the cuticle mechanically robust, i.e.,
equally stiff under different all states of flexural loading. In a broader perspective, the
content of the twisted plywood and unidirectional layers may, in fact, vary between
different locations of the cuticle, enabling local architectural and mechanical adap-
tations to address various bio-mechanical functionalities. The fang of the spider is a
good example for such graded cuticle architectures, as further discussed below.

10.4.2 The Resistance to Damage

10.4.2.1 Resistance to Penetration Damage: Hardness

The hardness (H) of a material represents its resistance to a permanent penetration
damage (impression), which is generated by a penetration force (F') applied to the
surface by an indenting element (Fig. 10.9) [142-144]. After force unloading, the
residual penetration depth (%,) at the surface is related to the material hardness via:

hy x+/F/H, (10.11)

where the proportion of the penetration depth is a function of the geometry of the
indenter. Clearly, a harder material will experience a shallower residual penetration
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Fig. 10.8 Variations in the 1
axial, bending and twisting
stiffness of the cuticle (red,
green, and blue lines,
respectively), normalized by
their maximal value, shown
as a function of the
corresponding geometric
portion of the plywood in the
cuticle (x4, x7, and xy,
respectively)
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Fig. 10.9 Schematic illustration of the penetration damage of a cuticle surface of hardness H. An
indenting element is pressed into the surface by a force F (left), producing a residual impression
of depth &, to the surface after unloading and pulling out the indenter from the surface (right)

and, therefore, lesser surface damage than a softer material under the same load. In
classical engineering and metallurgy, the penetration damage arises from irreversible
plastic deformations and the hardness is thus related to the yield stress of the material
(o)) via H ~ 0,/1.5 — 0,,/3 [143, 145, 146]. In brittle materials, the penetration
damage arises from material crushing [147] and crack propagation [143, 148], and the
hardness is therefore related to the modulus of rupture (o, ) and to the work-of-fracture
(toughness; G ) of the material. In biological materials, which are mostly composites,
the mode of the penetration damage (plasticity or brittle) cannot be identified a
priori, and it may vary with the mechanical characteristics of the bio-composite, the
content and microstructure of the individual phases. In many biological materials,
and in cuticles, in particular, plastic damage occurs at much lower forces than brittle
damage, and the hardness can mostly be treated in the classical manner of surface
yielding [141, 149].



10 Mechanics of Arthropod Cuticle-Versatility by Structural ... 311

In a simplistic micro-mechanical perspective, upon cuticle penetration, the stiff
and hard chitin crystals sustain part of the load via reversible elastic deformations,
while the softer proteinaceous phase bears the remaining load and experiences irre-
versible plastic deformations. Qualitatively, the hardness of the cuticle will typically
increase with its chitin content (¢.) and with the hardness of its proteins (H,). In
addition, the hardness of the cuticle will typically change with the local orientation
of the chitin in the tissue (6.), due to variations in the relative load-sharing between
the chitin and the proteins:

H = f(¢c, 0., Hp) (10.12)

The effect of the protein hardness (H,) can be observed by manipulating the
hydration state of the cuticle, which changes the protein interactions and effectively
makes the proteinaceous phase harder (and stiffer) upon dehydration. This effect
cascades across the multi-scale mechanical behavior of cuticles; consequently, at the
nano-, micro-, and macro-structural levels, the hardness (and elastic moduli) of dry
cuticles are higher than those of wet cuticles [68, 100, 150], including mineralized
crustacean cuticles [ 103—105]. The effect of chitin orientation (6, ) is nicely elucidated
by local nano-indentation measurements across the lamellar structure of exo- and
endocuticular layers. In these experiments, gradual and periodic variations in the
local hardness (and modulus) of the cuticle are observed, and are well synchronized
with the periodicity of the twisted plywood architecture of these cuticular layers
[126, 131].

Interestingly, the resistance to penetration damage of biological materials—and of
cuticles in particular—can be further improved by employing hardness and modulus
modification to the near-surface region of the material, which may significantly
affect the resulting damage profile [151, 152]. In non-mineralized cuticles, these
near-surface mechanical adaptations are mostly generated by local compositional
modifications, mainly in the form of sclerotization or metal ion based cross-linking
of the proteinaceous matrix (e.g., in the spider fangs [60]), as is further discussed,
in the context of contact resistance, below. In mineralized cuticles, local differences
in the mineral phases incorporated into the exocuticle as observed in a number of
Crustacea may serve the same purpose [95, 153]. This can go as far as to local
changes in the arrangement of the plywood layers from horizontal to vertical as has
been shown for the carapace of the large crab Cancer pagurus [95].

10.4.2.2 Resistance to Contact Damage

The resistance of the cuticle to penetration protects the animal against surface dam-
age, such as against a predator’s attack; however, in other cases, the cuticle needs
to function as a bio-mechanical tool for penetrating other materials—such as when
mandibles cut food or when a stinger or a fang inject venom. In such cases, the tip of
the cuticular penetrating tool is subjected to extreme, localized contact loads, which
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Fig. 10.10 Schematic illustration of the contact loading of a cuticle tip with a Young’s modulus
E, a hardness H, and a tip curvature x = 1/R (where R is the radius of the tip). For low-contact
forces below the critical force for onset of tip yielding (F < F*, middle), the tip deforms elastically
and increases the tip-surface contact area of radius r (in blue). For higher contact forces (F > F*,
right), plastic damage is initiated and propagates throughout the tip (red circle)

may damage the tip (e.g., tip blunting or even breakage). The contact resistance of
the tip is the key feature that prevents such damages, and it is, therefore, critical to
the survival of the organism.

To illustrate the idea of contact resistance, consider a convex element with cur-
vature k (k = 1/R, where R is the radius of the tip), Young’s modulus E, and
hardness H, which represents the tip of a cuticular penetrating tool. This convex ele-
ment approaches the target surface with an increasing contact force (F'), as shown in
Fig. 10.10. At the initial state of a low-force contact, the tip of the cuticle undergoes
reversible elastic deformations, which generate a certain tip-surface contact area that
progressively increases with the contact force. According to the Hertz theory [154,
155], the radius of the contact area scales with the contact force and the Young’s
modulus of the tip, as » o« v/ F/(«k - E). Thus, sharper and stiffer tips (i.e., tips with
higher moduli) will produce smaller tip-surface contact areas for a given contact
force. When the applied contact force reaches a critical value (F*), plastic damage
is initiated at a depth of ~ r/2 below the contact area and propagates throughout the
tip upon increasing force, F > F*. The resistance of the penetrating tip to contact
damage is defined, in a somewhat conservative manner, as the force that initiates the
damage to the tip (F*). Note that this threshold force merely represents the onset
of the contact damage—and should not be referred to as the “abrasion resistance”
of the material (as is often done), since it cannot grasp wear effects that involve
material removal and the propagation of the damaged zone with time. Following the
Hertz model, the threshold force (F*) scales with the Young’s modulus, hardness,
and curvature of the tip (E, H, and «, respectively) as [144, 155]:

1 H?

ES
Fros 5

(10.13)

As seen from (10.13), sharper tips (i.e., tips with a higher «) will reach contact
damage at lower forces than blunter tips, which may explain why ultra-sharp cuticle
tips are scarce. In addition, and quite intuitively, harder tips (higher H) can resist
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contact damage better than softer tips. However, somewhat less intuitive is the notion
that more compliant tips (lower E) resist contact damage better than rigid tips; this
effect is attributed to the increase in the radius of the contact area (r) with increasing
compliance, which effectively decreases the contact pressure (force per unit area)
that generates the contact damage. In conclusion, to better resist contact damage, the
cutting-edge of penetrating cuticle tools must not only be of greater hardness (H ),
but they also need to possess a high hardness-to-modulus ratio (H/E).

From a bio-mechanical point of view, it is interesting to note that in many insects
and chelicerates, the near-tip region of penetrating cuticular tools is typically enriched
with metal ions, such as Ca, Zn and Mn; these local material adaptations increase
the H?3/E? ratio of the tip material, which in turn increases the critical force F* and
thus the resistance of the tip to contact damage. The tips of the jaws of the annelid
Nereis sp., for example, are enriched with zinc, which increases their hardness by
a factor of 2 and the modulus by only ~ 5/4, and thus increases the H3/E? ratio
by a factor of almost 5 [84, 156]. A similar increase in the hardness and modulus of
the cuticle is also evident in the fangs of spiders [59] and in the jaws of the annelid
Glycera sp. [150].

10.4.2.3 Resistance to Fracture: The Twisted Plywood Architecture

Cuticles are highly resistant to fracture damage, both under static and impact-
loading conditions [47, 90]. As cuticles are multi-scale bio-composites, their frac-
ture mechanics is rather intricate and incorporates various toughening mechanisms
across the nano-, micro-, and macro-structural scales [157] including the many inter-
faces inherent to the hierarchical structural organization such as fibril/fibril, fiber
layer/fiber layer, exo-/endocuticle but also between different chemical components
such as chitin/protein, organic/inorganic and also additional structures such as pore
canals that help in stopping or deviating cracks. These complexities make the frac-
ture analysis of the cuticle especially challenging, and the understanding of many
of its mechanical characteristics is still vague. The twisted plywood architecture of
the cuticle is considered to play a major role in the fracture resistance capabilities of
the cuticle. Nevertheless, even today, little is known about the specific relationship
between the structural and the mechanical characteristics of the twisted plywood
architecture and how it promotes fracture resistance, many parameters of this rela-
tionship such as the lamellar thickness (stacking height), twisting angle, and material
composition, are currently under extensive investigation.

Figure 10.11 provides several examples of fractured surfaces of the twisted ply-
wood in exo- and endocuticles. Qualitatively, the twisted plywood fracture appears to
be dominated by two competing mechanisms promoting the propagating crack nor-
mal to the surface in two possible paths—direct and spiral—as shown in Fig. 10.12.
In the direct path mode (Fig. 10.12a), the crack orientation is preserved upon prop-
agation, breaking successive layers with gradual variations in the orientation of the
in-plane fibers orientations, accompanied by changes in the effective modulus at the
tip of the crack [158]. During a direct path crack growth, the strain energy at the tip of
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Fig. 10.11 SEM micrographs of a cross-fractured cuticle, showing the fracture mechanisms of
different mineralized and unmineralized twisted plywood structures. a The mineralized endocuticle
of the lobster Homarus americanus, in which the fibrils that are mineralized with ACC (modified
from [94]). b The mineralized exocuticle of the crab Cancer pagurus, in which the organic fibres
are embedded in a solid calcite matrix (modified from [95]). ¢ The non-mineralized exocuticle of
the chelicerate Limulus polyphemus, in which the rotation angle between superimposed planes is
large, resulting in thin “lamellae” (Fabritius, unpublished)

the crack varies with the direction of the local fibers, resulting in periodic variations
in the fracture driving-force, which are correlated with the twisted plywood lamellar
architecture. In the spiral-path mode (Fig. 10.12b), the crack propagation occurs by
breaking the interface between adjacent fibers (i.e., fiber-splitting), but with no fiber
breakage, resulting in alteration of the tip of the crack propagation direction. Such
spiral-like crack propagation significantly increases the crack path and changes its
opening plane compared to the external loading — and by that potentially increases
the energy required for fracture [159-161]. According to the fundamentals of frac-
ture mechanics, the propagation mode for an incremental crack growth will be on
the path of the maximal crack-tip deriving force (cx modulus) and minimal resisting
force (o< toughness) [162]. As shown in Fig. 10.11, both crack paths are essentially
present in twisted plywood fractured surfaces; the spiral path emerges where the local
lamellar orientation is approximately aligned with the crack direction, and the direct
path emerges where the crack path is approximately perpendicular to the lamellar
orientation. For intermediate cases, in which the local twisted plywood direction at
the tip of the crack is neither aligned nor perpendicular to the crack plane, no con-
clusive statement can be made, and the crack propagation path may be either direct
or spiral, depending on the specific characteristics of the twisted plywood structure.

10.5 Structural-Mechanical Aspects of Selected
Bio-mechanical Cuticular Elements

10.5.1 Uni-Axial Loads—Tendons and Ovipositors

Tendons or apodemes of spiders [52], insects (e.g. locusts) [163] and crustaceans [20]
are made of parallel arrangement of chitin-protein fibers. Indeed, these structures are
only loaded uniaxially by the muscles. Similarly, the ovipositors of several insects
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(a) Direct crack path (b) Spiral erack path

Fig. 10.12 Schematic illustrations of possible crack propagation paths in the twisted plywood
architecture of the cuticle: a a direct crack path; b a spiral crack path

have been studied by either TEM or x-ray diffraction and showed high alignment
of fiber orientation with no structural heterogeneity [4, 164]. These structures are
used by female insects (flies, wasps and others) for boring to lay eggs within different
substrates. The substrate maybe soft like fruit flesh, caterpillars etc. or stiff like wood,
in the latter case metal ions are often found hardening the tip of the structure [64].
These elements are structurally simple consistent with their biomechanical function
and their predominantly uniaxial loading manner.

10.5.2 Moving on Ground—Leg Elements

Specialized segmented appendages made of the cuticle form legs that enable locomo-
tion in arthropods [165]. From a mechanical viewpoint, the leg segments are elements
that are mostly loaded by reaction forces that arise from the walking surface dur-
ing muscle operation, which may range between low-frequency and low-magnitude
forces during walking, through high-frequency and medium forces during running
and up to temporary but extreme forces during jumping. The cuticular leg elements
typically possess high stiffness, strength, toughness, and resistance to fatigue dam-
age, which enable the legs to sustain the various loading modes [102, 166]. From a
structural-mechanical perspective, the leg elements are viewed as long, thin-walled
tubes, which are effectively characterized by anisotropic elastic moduli (E; and E7)
and an anisotropic stress-to-failure (o, and or) in their longitudinal and transverse
(circumferential) directions, respectively. During locomotion, compressive forces
and bending moments are generated within the cross-section of the leg, which may
lead to its mechanical failure in a number of possible ways: axial failures via (1)
Euler’s buckling (x Ep), and (2) local buckling (o< E}), and bending failures via
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Fig. 10.13 a Schematic illustration of the reaction forces (red arrows) on the cuticular leg elements
(blue arrows) during arthropod locomotion (adapted from [165]). b, ¢ Schematic illustrations of
compression failures via local buckling (b) and Euler’s bucking (¢) modes. d—f Schematic illustra-
tions of bending failures via axial fracture (d), ovalization instability (e), and transverse splitting
(f) (adapted from [101])

(3) axial fracture (x o), (4) cross-sectional ovalization instability (x «/Ey - ET),
and (5) transverse (circumferential) splitting (< /E; - o7) (Fig. 10.13, adapted
from [101]). Clearly, no single “design” solution can address all these failure modes,
and, therefore, proper mechanical adaptations in the anisotropic elastic moduli and
strength of the cuticle are required to achieve “optimal” efficiency for each spe-
cific geometrical configuration under a specific loading state. Arthropods typically
achieve this by selectively increasing or decreasing the thickness of the cuticle in
defined areas of the tubular segments and by adopting the local shape of the ele-
ments to withstand the load distributions they have to face. The locust tibia, for
example, is loaded almost exclusively by bending moments and its structural-me-
chanical characteristics appear to provide a close-to-optimal bending stiffness and a
high resistance against ovalization failure. The structural-mechanical characteristics
of the crab merus, on the other hand, appear to give rise to both compressive and
bending stiffness, where the bending stiffness is, again, close to its optimal value
[101].

10.5.3 Moving Through Air—Wing Elements

Wing elements formed by the cuticle efficiently exploit relatively weak thrust forces,
such as high-lift forces, thus providing specialized maneuvering capabilities and
unusual aerodynamic functionalities. To promote their aeronautical capabilities,
wings must be stiff, strong and tough, but they also need to be light-weight. The
internal wing architecture typically includes thin veins embedded in a membrane
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Membrane

Fig. 10.14 The architecture of various insect wings. a Pictures of a dragonfly (left) and the archi-
tecture of its hind wing (right) (adapted from [168]). b Picture of the Allomyrina dichotoma beetle
(left) and the architecture of its hind wing (adapted from [169]). ¢ Picture of the fractured hind wing
of Schistocerca gregaria, indicating the vein and the membrane (adapted from [167])

material (see, for example, Fig. 10.14) [164—169], resembling the structure of kites.
The veins function as reinforcing elements that provide stiffness and stability to the
wing, while the inter-vein membrane provides the aerodynamic functionality. On
the material level, insect wings are multi-scale chitin-based composites, such as the
rest of the cuticle, made of stiff chitin nanofibrils and a much softer proteinaceous
matrix material. The ratio of chitin to proteins varies significantly between the stiff
veins, which are chitin rich, and the more compliant inter-vein membrane, which
in some cases may be devoid of chitin [170]. The highly anisotropic and inhomo-
geneous multi-scale architecture of the cuticular wing elements provides irregular
mechanical functionalities to the wing, such as coupled flexural-torsional deforma-
tions, localized stiffening effects, and improved damage resilience [167, 168—173],
which play an important role in the aeronautical efficiency the wing [171-178].

10.5.4 Venom-Injection—Fangs and Stingers

Many arachnids and some insects are equipped with designated cuticular elements
that are used to penetrate the integument of their target upon biting or stinging, i.e.
to inject venom or suck blood. Bees and mosquitos, for example, possess a syringe
needle-like injection structure with a specialized near-tip architecture (e.g., multi-
tip or jigsaw), which promotes their smooth penetration into relatively soft target
surfaces (e.g., the skin of vertebrates) [176—182]. Other examples include the fangs
of the spider and the stinger of the scorpion, which are functionally more chal-
lenging because they must puncture prey with an exoskeleton, that can be as hard
and rigid as their own injection elements [183—186]. To fulfill their bio-mechanical
function, these elements are usually architectured in a graded manner, both at the
macro-structural level and at the material level, which makes them mechanically
superior compared to the target surface [59, 187, 188]. The spider fang (Fig. 10.15),
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Fig. 10.15 The architecture of the fang of the Cupiennius salei spider (adapted from [59, 136]).
a Macroscopic view of the two fangs in the chelicera (red arrows). b Cross-sectional view of a single
fang, indicating the unidirectional and plywood architectures of the endocuticle. ¢ Sagittal view of
the fang, showing its curved conical structure; the gradients in the architecture of the endocuticle
(unidirectional close to the tip and twisted plywood close to the base) are schematically illustrated

for example, is curved and conical in shape, tapered from the sharp tip toward the
wider base of the fang—a structure that gives rise to high (close-to-optimal) mechan-
ical rigidity per unit mass [136]. At the material level, the spider fang has a hybrid
endo(meso)-cuticular architecture that combines both unidirectional and twisted ply-
wood structures. The relative fractions of both architectures vary gradually—from
plywood at the base of the fang resisting multi-directional loadings, to unidirectional
at the tip, supporting the localized penetration forces. The near-tip region of the fang
is enriched with metal ions, which give rise to a material that is almost twice as hard
and stiff as that of the exoskeleton of its typical target.

10.5.5 Mechano-Sensory—Setae

Mechanosensors in arthropods are extremely widespread. Insects, crustaceans, and
arachnids sense touch, medium flow, and substrate vibration to detect the presence
of prey or predators, as well as for intra-species communication [182-192]. For
instance, the spider’s cuticle is densely covered by cuticular hairs (setae) (around
400 hairs, or setae, per mm?, Fig. 10.16a, b). These hairs include trichobothria,
which are air-flow sensors (comparable to filiform hairs in insects), and tactile hairs,
which react to mechanical touch stimuli [192, 193]. The hair shaft varies in length
and in structure and may consist of various micro-trichs with differing shapes. The
hair is connected to the cuticle by a socket delineated by a compliant membrane.
A conspicuous difference between the trichobothria and the tactile hairs in spiders
is that the former do not bend during deflection, while the latter are both deflected
and bent by the applied force, which is usually in the order of a few micro-newtons.
This distinction stems mainly from the differences in the spring stiffness values of
the hair articulation, which is four orders of magnitude higher in tactile hairs than
in trichobothria. At the micro-structural level, many spider hairs are feather-like or
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(a) (b)

Fig. 10.16 Spider mechanosensors. a Light microscopy of the last two segments of the leg of the
spider Cupiennius salei, showing the multitude of sensory setae. b Higher magnification of the
metatarsus hairs including air-flow and touch receptors. ¢ Scanning electron microscopy of one
air-flow sensor showing the rough surface with multiple micro-trichs. Images courtesy of Maryam
Tadayon, Max Planck Institute of Colloids and Interfaces, Germany

contain micro-trichs. It has been suggested that these two structures serve different
functions: In air-flow, they largely reduce the hair mass, thus lowering its inertia, but
still increase the hair friction with air. Micro-trichs in tactile hairs that are used for
propriosensing have been shown to slightly interlock with micro-trichs of adjacent
hairs, thus coupling the deflection of both types of hair (Fig. 10.16d).

10.6 Conclusion

The enormous diversity of body plans and evolutionary adaptations of Arthropoda
and the wide variety of functions the cuticle has to fulfil in its role as exoskeleton
make it without doubt one of the most versatile natural materials. The wide range
of mechanical properties covered by different cuticle types are brought about by
the high structural and compositional complexity that is generated in a large num-
ber of mostly not fully understood metabolic processes controlled by the epithelial
cells forming the integument. Thus, the cuticle is equally interesting for scientists
from biology and materials science as a rewarding subject both for basic research
and as inspiration for the development of new bioinspired synthetic materials that
incorporate its fascinating design principles.
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Chapter 11 ®)
The Multiscale Architectures of Fish St
Bone and Tessellated Cartilage and Their
Relation to Function

Ronald Seidel, Aravind K. Jayasankar, Ron Shahar and Mason N. Dean

Abstract When describing the architecture and ultrastructure of animal skeletons,
introductory biology, anatomy and histology textbooks typically focus on the few
bone and cartilage types prevalent in humans. In reality, cartilage and bone are far
more diverse in the animal kingdom, particularly within fishes, where cartilage and
bone types exist that are characterized by features that are anomalous or even patho-
logical in human skeletons. Here, we discuss the curious and complex architectures
of fish bone and shark and ray cartilage, highlighting similarities and differences
with their mammalian skeletal tissue counterparts. By synthesizing older anatomical
literature with recent high-resolution structural and materials characterization work,
we frame emerging pictures of form-function relationships in these tissues and of
the evolution and true diversity of cartilage and bone.

11.1 Introduction

A major innovation in vertebrate evolution was the emergence of calcium phosphate-
based mineralized tissues, which enabled the evolution of a diversity of protective
armors, teeth and an internal skeleton [1-3]. Mineralized skeletons first appeared in
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fishes, some 500 million years ago, as dermal exoskeletons covering the bodies of
basal jawless fishes. This outer bony armor was lost in evolution and later supplanted
by the internal skeletons we know from modern species that, for the most part, are
either entirely bony (as in the vast majority of vertebrates) or consist of a cartilaginous
core stiffened by a mineralized collar (as in sharks and rays, the “cartilaginous fishes™)
[1, 4, 5].

Regardless of whether the primary skeletal tissue type is mineralized cartilage
or bone, all vertebrate mineralized tissues are comprised of water, non-collagenous
proteins, and collagen fibrils mineralized with carbonated apatite (e.g. [6]). The
range of material properties observed in vertebrate skeletal tissues are therefore not
determined by changes in chemistry (e.g. by introducing heavy metals, as in some
invertebrate tissues) (e.g. [7]), but rather through variation in the proportions of the
building blocks—proteins, mineral and water—and in the architectures of the tissues
[6, 8]. The bulk mineral content of mammalian bone, for example, ranges from ~50%
to nearly 100% ash content (from antler to beaked whale rostrum, respectively),
resulting in large variations in stiffness and toughness [9].

The natural diversity of mammalian bone has made it a particularly useful system
for studying the effects of composition and structure on mineralized tissue material
properties. There are bone tissues with extremely high or low bulk mineral densities
(e.g. otic vs. antler bone); bone tissue with similar bulk mineral density, but drastically
different ultrastructure or mesostructure (e.g. osteonal vs. fibrolamellar and cortical
vs. cancellous bone, respectively); and bone tissue with local variation of both com-
position and structure (e.g. cortical bone with fiber-lamellar and osteonal regions)
(see review in [10]). Studies of these tissues have informed our understanding of
structural and compositional complexity in bony skeletons, however, have focused
predominantly on a small fraction of mammalian species, thereby largely ignoring
the wide range of habitat, bone, and skeletal tissue types of the rest of vertebrates.

To understand the true scope of variation of vertebrate skeletal tissues, with regard
to structure, composition, and mechanics, it is important to look beyond the limited
number of the often-used model species and sample vertebrates as broadly as pos-
sible. By examining evolutionary alternatives to mammalian bone, we can expand
and reframe our understanding of form-function relationships in vertebrate skeletal
tissues and the factors that drove their evolution. Here, we discuss the two major min-
eralized tissue types of fishes: the bone of bony fishes and the tessellated cartilage
of sharks and rays (Fig. 11.1). These tissues are comprised of the same basic com-
ponents as the bone in mammalian skeletons, but exhibit distinct ‘mesostructural’
tissue arrangements that result in distinctive mechanical properties. Furthermore,
as fishes occupy a huge range of habitats and ecological niches, exhibit extensive
morphological diversity, and represent at least 55% of all vertebrate species, they
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Fig. 11.1 General organization of the two primary mineralized skeletal tissues in fish.
(a—c Bony fish bone; d—f Shark and ray tessellated cartilage) Detailed descriptions of the two
tissue types are provided later in text. a Cleared and stained bony fish skeleton (lumpsucker, Eumi-
crotremus orbis). b—c Fish bone, depending on the species, is either osteocytic or anosteocytic,
with perforating tubules, and exhibiting a laminated tissue organization. Each layer is patterned on
fibers, smoothly and gradationally spiraled from layer to layer (plywood-like structure) until a turn
of 180° is reached, and a layer of anisotropically oriented fibers (AF) is incorporated. d Cleared
and stained butterfly ray skeleton (Gymnura sp.). Specimen is young and not yet fully mineralized:
blue color shows the cartilage of the skeleton, which will form a mineralized layer later in life.
e, f Structure of tessellated cartilage of sharks and rays, comprising mineralized tiles (tesserae)
covering the skeletal cartilage. Abbr.: DL = disordered layer; coll = collagen; LB = layered bone;
P = Perichondrium; T = Tesserae; TU = Tubules; UC = uncalcified cartilage. Images in a and
d courtesy of A. Summers

offer unparalleled opportunity for defining and understanding the parameter space
of form-function relationships in vertebrate skeletal tissues. The study of structure-
function relationships in fish skeletal tissues is still incipient: this chapter aims to
describe the current understanding of fish skeletal tissue architecture, drawing on
recent high-resolution ultrastructural data, and discussing potential links between
these features and available mechanics data.
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11.2 Fish Osteocytic and Anosteocytic Bone

Both cartilaginous fishes (Chondrichthyes) and bony fishes (Osteichthyes) evolved
from jawless fish ancestors, the earliest vertebrates appearing some 500 million years
ago. The superclass Osteichthyes, which is the largest group of vertebrates in terms
of species numbers, evolved in two parallel lines, namely the lobe-finned fishes (Sar-
copterygii, to which mammals also belong), and the ray-finned fishes (Actinoptery-
gii). Fishes from both of these groups possess mineralized internal skeletons con-
sisting of an exceptionally large number of articulating bones in comparison with
mammals, particularly in the cranium.

From a material perspective, the bones of all bony vertebrates consist of the same
four basic building blocks: type-I collagen fibrils, carbonated calcium apatite, water
and a small amount of non-collagenous proteins (NCPs). These building blocks are
extremely similar among the different phyla, both in terms of their chemistry and
geometric size. For example, small angle x-ray scattering studies performed on bone
samples obtained from several fish and mammalian species revealed that the mineral
platelets of fish and mammalian bone are comparable in terms of thickness, degree
of orientation and length ([11, 12]; personal observations). The organic phase of fish
bone (mostly type-I collagen) was shown to be identical to that of mammals as well
[13].

Across vertebrates, bone is a dynamic living tissue, which typically contains three
types of cells: osteoblasts (bone forming cells), osteoclasts (bone resorbing cells)
and osteocytes (osteoblasts trapped within the matrix they produced). These cells
provide bones with their active metabolism and the ability to adapt their structure
and composition to changing loading circumstances (a process called modeling). In
addition, bone cells allow for continual renewal of the tissue, by replacing packets
of old bone with new and flawless material (remodeling). Modeling and remodeling
are carried out by the coordinated activity of osteoclasts and osteoblasts, and are
believed to be regulated by the osteocytes, perhaps by responding to changes in fluid
flow in the lacuna-canalicular network and/or local bone strains [10, 14, 15].

Although the cellular and matrix components of the bones of the fish skeleton are
largely similar to those of other vertebrates (Fig. 11.2a—f), two remarkable observa-
tions, made already 150 years ago, delineated drastic differences. Firstly, it was found
that the bones of a substantial number of fish species—more than half of the several
tens of thousands of fish species [16]—do not contain osteocytes (i.e. are anosteo-
cytic), although they do contain osteoblasts and osteoclasts (Fig. 11.2g—i). Secondly,
it was observed that anosteocytic bone occurs predominantly in the advanced teleosts,
whereas the bones of the basal teleosts are typically osteocytic [17]. This observation
suggests that osteocytes were effectively lost during the evolution of the bony fish
lineage and therefore that the anosteocytic state represents a functional advantage of
some sort to the fish skeleton, although the nature of this advantage is still unclear.
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Fig. 11.2 Ultrastructural differences of vertebrate bone types. (a—c mammalian bone; d—f fish
osteocytic bone; g—i: fish anosteocytic bone). a Cross-section of a mammalian tibia exhibiting a
lamellar appearance with multiple primary osteons. b Secondary osteons under polarized light, their
overlapping indicating bone remodeling. ¢ Light microscopy image of secondary osteons, showing
their central Haversian canals, which contain blood vessels and nerves, and are surrounded by con-
centric lamellae. Osteocytic lacunae can be seen within the lamellae, with small canaliculi connect-
ing each lacuna to its neighbors, together forming the lacuna-canalicular network. d—f Osteocytic
bone from carp (Cyprinus carpio) and g—i anosteocytic bone from tilapia (Oreochromis aureus)
have a similar lamellar appearance, but the latter bone type lacks the osteocytes present in the
osteocytic carp bone (shown in f). Tubules (h) perforate the lamellae of both fish bone types. Abbr.:
CP = cell processes; HC = Haversian canal; LA = Laminae/Layers; LS = Lacunar spaces; OC =
Osteocytes; OS = Osteon; TU = Tubules. Image in ¢ courtesy of A. Roschger

Of particular interest is how advanced fish can maintain the health of their bones
and avoid failure without having osteocytes. The belief that osteocytes are vital to
bone health and mutability is a central paradigm in bone biology [10, 18] and argues
that bone without osteocytes will be unable to model and remodel, and will therefore
frequently fail disastrously. This is supported by studies showing that the removal of
osteocytes has a detrimental effect on bone health and material properties (reviewed
in [10]). And yet, the anosteocytic bone of neoteleost fish is not only an extremely
common bone type—there are likely 16,000 species of anosteocytic fishes—but also
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the skeletons of neoteleost fishes perform their mechanical function for very long
times without failure (some fish have life expectancies of more than 100 years [19]).

The predominant lack of osteocytes among fishes can have several possible expla-
nations. One possibility is that osteocytes do not perform the functions we have
assigned to them, at least not exclusively, and the regulation of modeling and remod-
eling can be accomplished without the need for osteocytes. Another (even more
intriguing) possibility is that the structural features of anosteocytic bone material
are such that modeling and remodeling are not required for the tissue’s health. This
could mean, for example, that anosteocytic bone material is inherently highly resis-
tant to crack initiation and/or crack propagation. We discuss below several recently
characterized structural features that appear to be unique to fish bone and that may
play some role in mediating interesting material properties of the tissue.

Although many fish species lack a fundamental cellular component of bone (osteo-
cytes), the bone matrices of both anosteocytic and osteocytic fish species typically
exhibit a lamellar structure, a basic meso-scale structural motif shared with the bone
of all other vertebrates. In both mammals and fishes, lamellae are typically <7 pm
thick, consist of mineralized collagen fibrils (~100 nm in diameter) and ground sub-
stance (water and non-collagenous proteins), and form strata in the bone tissue that are
visible in various forms of microscopy. In cross sections of mammalian long bones,
for example, lamellae may form concentric rings surrounding the entire interior mar-
row cavity (Fig. 11.2a), or form smaller structural units (osteons) surrounding blood
vessels [10]. Osteons are structural results of remodeling of the bone matrix (reno-
vation of small regions) and can be packed in high densities (20-70 osteons/mm?,
[20]), especially in heavily remodeled tissues, and as a result can impart a striking
structural patterning to mammalian bone (Fig. 11.2b, c) [10]. In contrast, fish bone
was long described as being largely featureless in appearance, due to its often sim-
ple layered structure and comparative rarity of vasculature (Fig. 11.2d, g) [21]. The
layered appearance of most fish bone (both osteocytic and anosteocytic) results from
its formation process, where new lamellae are deposited upon older ones throughout
the fish’s life [21].

The recent use of modern structural and material analysis techniques, however, has
shown that fish bone is in fact characterized by a wide array of rather complex archi-
tectural features, some of which are not seen in mammalian bone. These include
hyperostoses (non-pathological, spherical bone growths attached to fin elements),
acellular osteon-like structures, and porous feather- or honeycomb-like bone tissue
morphologies (Fig. 11.3) (reviewed in [10, 21]). Modern characterization advances
have also revealed nanostructural aspects distinct to fish bone lamellae. A recent study
used serial surface view, focused ion beam milling—SSV FIB-SEM, a technique
combining ablation of thin layers (5—15 nm thickness) and serial, high resolution
imaging—to characterize the 3D arrangement of collagen fibrils at the nanometer
scale in the anosteocytic opercular (gill cover) bone of tilapia (Oreochromis aureus),
and compare it to the collagenous architecture of several types of mammalian corti-
cal bone [21]. In mammals, bone lamellae are comprised of sub-lamellar layers that
vary in their spatial arrangement, degree of order (co-alignment of fibers) and fiber
directionality according to species and taxon [22]. The analysis of the anosteocytic
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fish bone lamellae revealed some similarity to mammalian bone in being comprised
of planar sub-lamellar layers of mineralized collagen fibrils [21]. However, whereas
mammalian bone seems to involve complicated interweavings of ordered and dis-
ordered sub-lamellar layers (the latter containing the cells and their processes), the
lamellae of the anosteocytic fish bone exhibited a conceptually simpler arrangement.
Fibrils in the sub-lamellar layers smoothly and gradationally spiraled from layer to
layer, resulting in a layered plywood-like structure (Figs. 11.1a—c and 11.4a). When
the sequence of fibril orientations completed a rotation of 180°, a thin layer of poorly-
oriented fibrils intervened before the next spiral of sub-lamellar layers. As the bones
of only a tiny fraction of existing fish species have been examined at this level of
detail to date, it remains unclear how universal this ‘lamellated bone’ motif is among
fishes and whether it is linked to the distinct mechanical properties of fish bone (see
below).

In addition to the basic layered structure of fish bone, over the last 150 years
several authors have noted the presence of micron-sized tubules within the bulk
of the bone, in some cases present in very high densities [17, 23—-28]. The nature
of these tubules (e.g. their content and function) were not clear, and led to several
contradictory speculations, positing that the tubules either contained unmineralized
collagen fibrils, or sensory extensions of surface osteoblasts, or even osteocytes (i.e.
contradicting the axiom that advanced teleost bone lacks osteocytes). The FIB-SEM
study by Atkins and colleagues [21] confirmed the presence of these tubules, but also
enabled the characterization of their contents and structure at high resolution and in
three dimensions. The tubules were shown to form an intricate 3D array, with each
1-4 pwm diameter tubule containing a bundle of tightly-packed hypo-mineralized
collagen fibrils. The tubules were oriented mostly orthogonal to the lamellar plane
(Fig. 11.4b—d), suggesting that they, and the internal fibers, are linking bone lamellae,
in a manner analogous to Coptic bookbinding where pages are sewn together with
thread. It is reasonable to assume that they serve a mechanical purpose, such as
pinning together the bone layers and resisting shear failure, although this remains to
be shown. They may also perhaps be associated with a sensory function, given that
the tubules extend so deeply into the bone tissue and could somehow monitor the
strains experienced within the bulk of the bone material.

The unique structural features of fish bone and the possibility that these affect an
inherent failure resistance offer a strong motivation for the study of fish bone mate-
rial, in particular its mechanical properties and behavior. Nevertheless, the mechan-
ical properties of fish bone (and particularly anosteocytic bone) have received far
less attention than those of the bones of tetrapods, especially mammals. Limited
available data suggest that fish bone is much more compliant than tetrapod bone,
having an elastic modulus of 5-8 GPa [17]. This is less than half of typical mam-
malian cortical bone stiffness in the principal direction (axial orientation of the long
bones ~15-25 GPa [8]). In contrast, in post-yield mechanical testing, fish bone was
observed to be considerably tougher than mammalian bone (can absorb much more
energy before failure), with strains at failure often exceeding 5%, approximately
two times the failure strains commonly seen in mammalian bone (Fig. 11.5a). Since
fish bone consists of the same basic building blocks as tetrapod bone (mineralized
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Fig. 11.3 Variation in fish bone ultrastructure. CT scan, light microscopy and backscatter SEM
images of non-lamellar fish bone: a hyperostotic bone in longfin spadefish (Platax teira), b acellular
osteons in the rostrum of blue marlin (Makaira nigricans), c feather-like bone in the rostrum of
shortbill spearfish (Tetrapturus angustirostris) and d honeycomb-like organization of bone in the
pharyngeal jaw of black drum (Pogonias cromis). Modified with permission from [64], copyright
John Wiley Sons, Inc.

collagen fibrils and water), the mechanical data suggest that some features of the
3D structural arrangement of fish bone and its mineral density are responsible for its
unusual mechanical behavior. We hypothesize that the mineral density of anosteo-
cytic fish bone and its unique tubules-linking-lamellae (‘bookbinding’) structure are
responsible for these unusual mechanical properties (e.g. that post-yield deformation
is controlled and fracture is arrested by the hypo-mineralized tubular fiber bundles).
Deeper investigation of the mechanical properties of fish bone, particularly post-
yield behaviors and fracture toughness according to different load axes, will help to
establish the structural roots of this tissue’s impressive resistance to failure.

An additional and particularly intriguing observation about fish bones concerns
the effect of wetting dry samples, or vice versa. All biological tissues are affected



11 The Multiscale Architectures of Fish Bone and Tessellated ... 337

@ FB SEM |

500 nm

Fig. 11.4 Fibrous organization and tubules in acellular fish bone (Oreochromis aureus oper-
culum). a In successive tissue lamellae of fish bone, the predominant fiber orientation is rotated,
with a layer of random fiber orientation intervening after the fiber orientation has rotated 180°.
b—d Tubules run perpendicular to and perforate the lamellae; in FIB-SEM images hypomineralized
fiber bundles are visible within the tubules (¢ Tubule cross-section; d Tubule longitudinal section).
Abbr.: F = Collagenous fibers; LA = Laminae/Layers; TU = Tubules
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Fig. 11.5 Variation in structure-function relationships in vertebrate bones. a Stress-strain
curves of bone beams from mammal and fish species tested in three-point bending; the initial slope
is the stiffness, regions after the initial peak represent post-yield deformation, and stars indicate the
average fracture strain for those samples fractured during testing. Lines lacking stars bent without
failure until the displacement limit of the testing machine was reached. Note the high toughness
(large post-yield region) of fish bone and combination of high stiffness and high toughness of billfish
bones, relative to human and horse bone. Modified from [18], copyright 2014 National Academy of
Sciences. b Comparison of the behavior of hydrated tilapia and horse bone beams (t = 0) following
dehydration (t = 10 min); the large deflection of tilapia bone is reversible with rehydration
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structurally and mechanically when they change from a wet to a dry state. This
change is usually quite subtle in mineralized materials, involving only a slight defor-
mation of tissue samples. However, we have observed, using samples from a variety
of species, that this change can be quite dramatic in fish bone. For example, results
of a test comparing beams of identical dimensions made of equine cortical bone and
Oreochromis aureus (tilapia) opercular bone illustrate this difference: when hydrated
equine beams were dried they deformed only slightly, whereas when hydrated beams
of anosteocytic fish bone were dried they exhibited pronounced bending and some tor-
sion (Fig. 11.5b). This transformation was completely reversible upon re-hydration
in beams from both species. We postulate that the cause for the pronounced effect
of wetting and drying on fish bone samples results from their unique 3D architec-
ture and structural arrangements of the tubular hypo-mineralized and tightly-packed
collagen bundles linking adjacent bone laminae (Fig. 11.4b—d), and we are currently
investigating the phenomenon and its mechanics further.

11.3 Shark and Ray Tessellated Cartilage

11.3.1 Structure

Sharks and rays are often referred to as the ‘cartilaginous fishes’, indicating what sets
the skeletons of these fishes apart from the bony skeletons of the vast majority of other
vertebrates. Like most vertebrates, sharks and rays develop an embryonic unmineral-
ized cartilage skeleton; however, this is never replaced by bone during ontogeny, and
instead remains mostly cartilaginous throughout their lifetime (Fig. 11.1d—f). Bone
and unmineralized cartilage are clearly quite different materials for building skele-
tons, exhibiting major differences in: (1) tissue organization (bone and cartilage are
patterned on type-I and type-2 collagen, respectively); (2) material properties (bone
is about 10,000 times stiffer than cartilage in most physiological loading regimes);
and (3) response to tissue damage (unlike bone, cartilage has a limited vascular and
neural supply and can’t heal) [8, 29, 30].

We believe the distinct structural patterning of shark and ray skeletons allows the
cartilage to perform many of the same mechanical roles that bone performs in the
other 98% of vertebrates: each piece of the cartilaginous endoskeleton is covered
in a thin layer of thousands of mineralized, polygonal tiles called tesserae, typically
hundreds of microns wide and deep [4, 31, 32] (Fig. 11.6). This tessellated crust of
mineralized tissue is sandwiched between the unmineralized cartilage core of the
skeleton and an outer fibrous perichondrium wrapping each skeletal element, result-
ing in a layered fibro-mineral composite. This unique endoskeletal tiling typically
occupies only 30% or less of each skeletal element by volume [33], yet appears
to be an important evolutionary innovation of elasmobranch fishes. Tesserae have
characterized elasmobranch skeletons for more than 400 million years [34] and are
vital to shark and ray skeletal biology. Tesserae not only permit interstitial growth



11 The Multiscale Architectures of Fish Bone and Tessellated ... 339

of the mineralized layer—via deposition of new mineral at the margins of tesserae
[4, 31, 35], a growth mechanism impossible with a continuously mineralized crust
that cannot remodel—but also afford stiffness to skeletal elements (see Sect. 11.3.2
below).
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«Fig. 11.6 Tessellated cartilage of elasmobranch fish (sharks and rays). Note icons showing
section orientation, introduced in Fig. 11.1. a Cryo-electron microscopy image of an elasmobranch
skeletal piece in cross-section showing the unmineralized cartilage core (UC) sheathed in a thin
layer of mineralized tiles, called tesserae (7'). b, ¢ Planar and d vertical views of the tesseral layer,
showing abutting tesserae from an adult specimen (b SEM; ¢, d backscatter SEM imaging, showing
only mineralized tissue), revealing the variation in the shapes of tesserae and their intertesseral
joints (comprised of regions of direct contact and gaps of fibrous connection between tesserae;
see Fig. 11.7). Note the regional variation in cell lacunae shape and in gray value within tesserae
in b, reflecting local differences in mineral density and showing regions of high mineralization
associated with zones of intertesseral contact. The most prominent, diagnostic features of tesserae
are magnified in e—i using backscatter and transmission electron microscopy, showing e filigree
mineralization pattern surrounding a lacuna, f, g Liesegang lines of accretive growth and h, i the
laminated, hypermineralized ‘spokes’ reinforcing intertesseral contact zones. All samples from the
round stingray, Urobatis halleri. Abbr.: ICZ = intertesseral contact zone; IFZ = intertesseral fibrous
zones; ITJ = intertesseral joint; LIL = Liesegang lines; LS = lacunar space; SP = spokes

The dogfish Scyliorhynus canicula and round stingray Urobatis halleri are the
best-studied elasmobranch species as far as the general development and ultrastruc-
ture of the tessellated endoskeleton are concerned (e.g. [4, 31, 33, 36-38]). During
development, tesserae first appear in the embryonic skeleton as isolated platelets
of cartilage calcification, embedded in and separated by unmineralized cartilage.
The individual tiles grow by mineral accretion on their existing surfaces, a process
reflected in periodic, concentric layers of varying mineral density (Liesegang lines) in
the mineralized tissue [4, 32, 33] (Fig. 11.6d—g). This accretionary growth eventually
brings young tesserae into contact with one another at their lateral edges. Once this
occurs, pronounced high mineral density features, known as ‘spokes’, develop at the
regions of direct contact of two adjacent tesserae (Fig. 11.6d, h, i). Spokes are lami-
nated structures, comprised of densely packed layers of oscillating mineral density,
stacked parallel to intertesseral contact surfaces. As the animal and its skeleton grow,
tesserae continue to enlarge by accretion, spokes lengthen, radiating outward from
tesseral centers like spokes on a wheel (Fig. 11.6¢). The growth mechanisms behind
the striking repeated structural pattern in spokes are unknown, but the association of
spokes with zones of intertesseral contact argues that the mechanical interaction of
tesserac may be a guiding factor.

Both Liesegang lines and spokes illustrate that tesserae are more than simply
homogeneous mineralized blocks, instead having local mineral density variation as
heterogeneous as that seen in bone [4, 10]. Unlike mammalian bone, however, there
is no evidence of remodeling or repair in tesserae [4, 29, 33]. If tessellated carti-
lage—which apparently performs many of the same functional roles as bone—truly
is a deposition-only tissue with no healing capacity, it may also possess in-built
strategies for avoiding catastrophic damage, similar to the neoteleost bone described
in the previous section. This is an enticing suggestion of the potential for tessellated
cartilage as an inspiration for manmade design, since the mechanical performance
of the tissue might be reproducible by mimicking structural and material properties,
rather than biological action (e.g. cellular involvement, tissue remodeling).
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Fig. 11.7 Flexible linkage of tesserae—collagen fibers at the intertesseral joints. a—d Backscat-
ter SEM, environmental SEM and TEM images showing the structural complexity of a joint of two
abutting tesserae in planar section: a, b joints are comprised of regions where tesserae are in direct
contact (/CZ) and gaps (IFZ) filled with cells and densely aligned fiber bundles (fb) linking adjacent
tesserae. e—g High-resolution synchrotron wCT scans show no macroscopic tesseral overlapping
or interdigitation, but fibrous and contact zones interact in complex ways as illustrated in g viewed
from the perspective of the neighboring tessera. See abbreviations in previous figure

Our understanding of the features driving tessellated cartilage mechanical prop-
erties are in their infancy, but the tissue’s performance appears to hinge to a large
degree on the interactions and spatial arrangements of softer and harder materials
(Fig. 11.7). There is some evidence, for example, that the serial laminae in spokes,
by possessing differing mineral densities, introduce interfaces to redirect cracks and
dissipate their energy [4]. At a larger scale, the interactions between tesserae are also
characterized by material heterogeneities: the sides of tesserae exhibit smooth patches
where they come in direct contact with their neighbors, but these are surrounded by
regions of densely aligned collagenous fibers, tethering the tesserae together [4, 33]
(Fig. 11.7a—d). The bipartite nature of intertesseral joints is thought to impart an
interesting mechanical anisotropy to the skeleton as a whole, providing stiffness or
flexibility to the tessellated composite layer, depending on the loading conditions.
However, these interactions have never been expressly visualized, largely due to
technical challenges of visualizing movements of small features in 3D, at adequate
resolution and in hydrated conditions. Recent high-resolution synchrotron micro-CT
(Fig. 11.7e—g) and modeling studies of tessellated cartilage (see below) are making
headway overcoming these difficulties.

The general structural features and tissue arrangements of tessellated cartilage
described above appear to be largely universal for sharks and rays [4]. Our high-
resolution electron microscopy and synchrotron tomography data, however, indicate
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Fig. 11.8 Local variation in tesserae form and suggested relationship to function. a Micro-
computed tomography of a stingray hyomandibula (Hyo; skeletal piece connecting the jaws with
the skull), virtually sectioned in 4 different anatomical positions, showing thicker tesserae (T)
in convex regions. Abbr: UC = unmineralized cartilage. b Cross-sections of pelvic propterygia
(skeletal piece supporting the pelvic fins) from different species, showing cross-sectional shape
variation according to the species’ reliance on ‘punting’ behavior (use of pelvic fins to move along
the sea floor). Modified with permission from [35], copyright Company of Biologists Ltd.

that the shape and structure of tesserae can vary, both within individuals (e.g. between
different regions of the skeleton) and among species, in ways that further suggest
that the interactions between tesserae are functionally important. For example, the
tesserae of different shark and ray species have been shown to vary enormously in
size (from <100 wm to nearly 1 mm in width and thickness) and shape, ranging from
disc-like plates to cuboid blocks [4, 34, 39]. The shapes of tesserae also appear to vary
according to their location on a skeletal element (e.g. depending on the skeleton’s
local surface curvature; [4, 40]) and according to the skeletal element they cover (e.g.
consistently cuboid in the rostral cartilages of some sharks and specific regions of the
jaws of some rays; [34, 39]) (Fig. 11.8a). These observations are strongly suggestive
of a form-function relationship between the shape of tesserae, their joints and the
effective mechanical behavior of the tesseral mat and whole skeletal elements, but
these links are only beginning to be established.

11.3.2 Mechanics

In general, the study of tessellated cartilage mechanics lags far behind the study of
skeletal anatomy and tesseral ultrastructure. However, the results of several works,
taken together, begin to paint a picture of how the structural and mechanical prop-
erties of elasmobranch cartilage interrelate and how tesserae play an important role
in tailoring skeletal properties to specific ecological roles and high load-bearing
activities.
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An understanding of the global mechanical properties of tessellated cartilage—a
composite with relatively discrete material phases—demands characterization of the
properties of the primary tissue constituents: uncalcified cartilage, unmineralized
joint fibers and mineralized tissue. Capturing in vivo properties, however, is com-
plicated by the fine scale 3D structural arrangements of tessellated cartilage and the
need for testing conditions that mimic physiological conditions (e.g. hydration and
load rates). Available evidence indicates that elasmobranch uncalcified cartilage has
aproteoglycan and collagen content similar to mammalian hyaline cartilage and sug-
gests that it can be at least as stiff, if not several orders of magnitude stiffer for similar
loading rates (mammalian: 0.45-19 MPa vs. elasmobranch: 2—775 MPa—{[41-43].
These properties depend apparently on the species and the skeletal element tested;
more rigorous studies are required to understand the relationships between mechan-
ical properties and composition, loading rate and phylogeny.

Whereas covering a cartilage-like gel with a hard, continuous shell is expected
to increase the stiffness but decrease the flexibility of a composite, there is some
indication—from tessellated cartilage, but also fabricated arrays (e.g. [44])—that a
tessellated shell with interacting tiles can be a ‘best of both worlds’ configuration,
maximizing desirable properties of both tissue phases. Fahle and Thomason [45]
showed that compared with embryonic (non-tessellated) small-spotted catsharks (S.
canicula), adult individuals have jaw cartilage that has a higher ability to damp
mechanical energy, but is also stiffer. A large portion of the stiffness is surely due to
the tessellated layer in adult animals [4, 31, 37, 46]. From the biological perspective,
this change in properties permits adults to consume harder prey than newborns [45],
but is also particularly intriguing for engineering considerations since stiffness and
damping are typically negatively correlated in manmade materials.

The arrangement of the tessellated layer relative to the direction of loading plays
a considerable role in elasmobranch skeletal tissue mechanics. Tessellated cartilage
cubes from blue sharks (Prionace glauca) loaded normal to the tesseral mat (in stress
relaxation experiments) behaved similarly to non-tessellated cubes, being ~45 times
softer than tessellated cubes with the load applied in-plane with the tesseral mat [42]
(Fig. 11.9). These results are supported by indentation experiments performed on
hydrated jaw samples from two large sharks (Carcharodon carcharias, Carcharias
leucas) [47]. Nanoindentation experiments typically involve pushing a very small,
hard tip (e.g. with a tip radius of hundreds of nanometers) into a material to examine
hardness and elastic modulus at very small scales. However, as the indenter used
by Ferrara et al. was very large (100 wm) and approached the dimensions of some
tesserae [4, 31, 48], we believe their data are more representative of the properties
of the composite material (e.g. tesserae and their surrounding soft tissues), in that
they report values considerably softer than either the tesserae themselves [42, 49] or
whole skeletal elements [35]. Deeper investigation into the relationship between local
properties and emergent skeletal properties is required to untangle the contradictions
in available data.

Variations around the generalized tessellated cartilage anatomy described above,
when interpreted in the context of animal ecology, also provide perspectives on
in vivo skeletal performance, as well as the functional limits of the tissues. For
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Fig. 11.9 Contribution of the tesseral layer and its orientation to mechanical properties. Stress
relaxation behavior of blue shark (Prionace glauca) cartilage was tested either with tesserae (T)
oriented normal (7C-NL) or parallel (TC-PL) to the loading direction, or without tesserae (NTC).
Stress relaxation behavior of non-tessellated cartilage (NTC) and tessellated cartilage under normal
loading (TC-NL) were similar, but the behavior of tessellated cartilage samples under parallel
loading (TC-PL) was far stiffer, indicating that the performance of tessellated cartilage is strongly
dependent on the orientation of loads relative to the tesseral layer. Modified with permission from
[42], copyright 2014 Elsevier

example, in addition to the outer tessellated layer, the jaws of many batoid fishes
(rays and relatives) contain hollow tessellated struts (trabeculae), typically hundreds
of microns in diameter, spanning the uncalcified cartilage-filled lumen of the jaws
[50-52] (Fig. 11.10a). These appear to be arranged along lines of principal loading,
often in narrow regions of the jaws or jaw joints (e.g. [51, 53]), and are therefore
structurally and functionally convergent with the trabecular bone found in tetrapods.
The importance of trabeculae to the reinforcement of tessellated cartilage is under-
lined by the high density of trabeculae in the jaws of species that experience high
skeletal loads during feeding, such as the lesser electric ray which uses explosive jaw
protrusion to retrieve buried prey [50] or myliobatid stingrays which employ high
bite forces to crush hard shelled mollusks ([51, 52, 54]; see also Fig. 1 in [55]).
Additional mechanisms described for reinforcing tessellated cartilage against
bending involve either thickening of the skeleton’s hard, outer cortex (i.e. the tesseral
layer) or modifications to the cross-sectional shape of skeletal elements. In the former,
the tesseral layer is often locally thickened (e.g. the tesserae in skeletal cross-sections
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Fig. 11.10 Methods of reinforcement of tessellated cartilage. All images are volume render-
ings or virtual cross-sections of micro-CT scans. a Cross-section of the jaws of the cownose
ray (Rhinoptera bonasus), a hard prey specialist, showing mineralized trabeculae (struts) running
through the jaw, reinforcing the primary biting direction. Alternatively, tessellated cartilage can be
reinforced by multiple tesseral layers, as in a the outer layers of the cownose ray jaw, b the jaws of
a wedgefish (Rhynchobatus sp.) and in c the rostral ‘saw’ of a sawfish (Pristis microdon). Abbr: JA
= jaws; RO = rostrum; T = tesserae; Tra = Trabeculae; To = Tooth

in Fig. 2 of [4] vary up to 4 x in thickness), particularly in regions in line with prin-
cipal loading or in areas of high curvature [4, 40, 53, 56-58]. The cortex can also
be thickened via introduction of additional tesseral layers, particularly in the jaws of
large carnivorous sharks [59], the “saws” of sawfish [33, 51], or the jaws of species
with diets containing large proportions of hard shelled prey (Fig. 11.10b, c) [52,
55]. Up to 10 supernumerary tesseral layers have been recorded in the jaws of some
extant species [57]. High flexural stiffness in whole skeletal elements appears to
result from either high mineral content (a proxy for the proportion of tesserae in an
element or cross-section), skeletal cross-sectional shapes with high second moment
of area or combinations of the two [35, 56, 58, 60]. Skeletal element flexural stiff-
ness has also been shown to be correlated with differences in ecology—for example,
supporting specific locomotion [35, 60] or feeding modes [56]—but mineral content
and cross-sectional shape/size do not always vary predictably (e.g. animals with large
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skeletal cross-sections can have either very high or very low mineral content [35, 56,
58]) (Fig. 11.8b). This indicates that tessellated cartilage has evolved to be ‘mod-
ular’, where functionally and ecologically relevant skeletal mechanical properties
can be achieved through a variety of structural mechanisms (e.g. cortical thickening,
increased second moment of area, introduction of trabeculae), rather than composi-
tional alterations to the apatite mineral in the tessellated layer (e.g. the introduction
of heavier elements as can occur in invertebrate tissues [7].

The mechanical influence of the fessellation itself—the tiling of the cortex and
the varying patterns formed by tesserae—has yet to be investigated in situ, likely
due to the experimental difficulties posed by the size of tesserae and their complex
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Fig. 11.11 Proposed compression-tension asymmetry in tessellated cartilage. a—¢ Micro-CT
scans of the skeleton and hyomandibula (Hyo) of a stingray (Urobatis halleri) illustrating the
composite nature of tessellated cartilage, formed by stiff mineralized tiles (T) separated by softer
unmineralized joints. Abbr: UC = unmineralized cartilage. d Schematic of alternating soft and hard
constituents in a tessellated system. e Schematic section of tessellated skeletal element in bending,
with the top and bottom tessellated layers experiencing tension and compression, respectively.
f Hypothetical stress-strain curves illustrating the proposed tension-compression asymmetry of
a tessellation. In tension, the deformation will be dominated by the stretching of the soft joint
interlayer (yellow line), whereas in compression, the behavior is stiffer (green line), dominated by
the stiff tiles colliding once the thickness of the soft interlayer is exhausted [at a compressive strain
of approximately d/(D + d)]. Modified from [61]
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tissue connections. Several studies, however, have incorporated existing materials
and/or structural data from the biological tissue in computational simulations and
mathematical models of tessellated cartilage, helping to shape informed and testable
hypotheses relating to tissue growth and mechanics. Empirical models of tessellated
cartilage cross sections, for example, based on biological material and ultrastruc-
tural data, suggest that the tessellation plays a role in controlling the stress distri-
bution within the skeletal tissue during bending [61, 62]. This is a function of the
narrow joints between tesserae, the structure of which is hypothesized to result in
strikingly different properties in tension than compression (Fig. 11.11). In a hypo-
thetical laminated tessellated cartilage beam—a monolithic core of unmineralized
cartilage sandwiched between two thin tessellated layers—subjected to bending, the
tesserae on the side of the beam loaded in tension should pull apart from one another,
whereas tesserae on the compressive side of the beam should readily collide. Such a
compression-tension asymmetry would impart a constrained flexibility in tessellated
cartilage that could also play a role in the tissue’s ability to resist damage. In general,
the combination of a stiff outer cortex and a soft inner core will tend to ensure that
higher stresses are concentrated more safely in the stiffer cortical/mineralized tissue
rather than the softer core/unmineralized tissue [41, 61, 62]. This is true, even if
the cortex is continuous rather than tessellated, as was simulated in Finite Element
models of the jaws of two large shark species subjected to biologically-relevant bite
forces [41].

Tessellating the cortex, however, serves additional functions, such as protecting
the mineralized tissue from fracture on the tension side of the skeleton by localizing
tensile stresses in the intertesseral joint fibers rather than in tesserae. At the same
time, the compressive stiffness of tesserae should shift the skeleton’s neutral axis
of bending closer to the compressive side of the skeleton, concentrating potentially
damaging compressive stresses in the tessellated layer rather than the unmineralized
cartilage [61, 62]. In this way, the tessellation can manage bending loads and increase
resistance to damage by distributing the highest stresses to the tissues and loading
regimes best able to bear them. Stresses may also be mitigated by the properties
of the unmineralized cartilage itself, which Wroe et al. [49] showed would tend to
result in considerably lower stresses and higher strains than simulated shark jaws
made of bone and subjected to the same bite forces (Fig. 11.12). The hypothesized
stress-management behavior of tessellated cartilage may therefore serve a protective
function, in a skeletal tissue that apparently cannot heal [4, 29, 38, 57], although it is
surely cyclically loaded a massive number of times over an animal’s lifetime during
swimming and feeding behaviors.

Most models of tessellated cartilage have focused largely on the mechanical result
of combining soft and hard tissues; the geometry of the tessellation—the distribution
of shapes and sizes of tesserae—surely also plays an important role in the mechanics
of the skeleton, yet this has hardly been investigated. Tesserae are typically polygonal
in shape and apparently predominantly hexagonal, but have been observed to vary in
the regularity of their form and range from squares to twelve sided polygons ([4, 39,
40, 63]; Dean, pers. obs.). Analytical models of 2D tiled arrays with joint and tile
geometries and material properties varied in a range around those of tesserae, indicate
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Fig. 11.12 Simulation of feeding mechanics in white shark jaws with varying material prop-
erties. a, ¢ Von Mises stress and b, d strain distributions for maximal bilateral bites in Finite Element
simulations of jaws with tessellated cartilage properties (a, b) and cortical bone properties (¢, d).
Note that stress is much lower, but strain is much higher in the cartilaginous model. Modified with
permission from [49], copyright John Wiley Sons, Inc.

that the stiffness of the tessellation will increase the narrower joint spaces are and
the stiffer tiles are relative to their joint fibers [39] (Fig. 11.13: modified from [39]).
This holds true for triangular, square and hexagonal tiles, with hexagons being most
sensitive to changes in model parameters and therefore allowing for a tessellation that
can be more subtly ‘tuned’ to specific material properties. These results demonstrate
that the shape of tesserae should affect the properties of the tissue composite, yet the
performance of more complicated, bio-realistic tessellations (e.g. three-dimensional
and/or less uniform tilings) remains to be investigated.
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Fig. 11.13 The relative effective modulus (REM) of tessellated cartilage-inspired hexagonal
tilings as a function of morphology and material properties. a—c Variables varied in analytical
simulations of hexagonal tessellations with intervening joint material under in-plane loading. d, e
Simulations show that a decrease in joint thickness (decreasing y-axis value) and an increase in the
stiffness of tiles relative to joints (increasing x-axis value) results in a stiffer composite material. e
Zoomed in view of the range of biologically relevant x- and y-axis values from d; structural and
material properties for round stingray (U. halleri) tesserae are marked with red lines in the bottom
right. Modified with permission from [39], copyright 2017 Elsevier

11.4 Conclusions

Although mammalian bone is commonly considered the paradigmatic vertebrate
skeletal tissue, there are ‘many other fish in the sea’: anosteocytic and osteocytic fish
bone and elasmobranch tessellated cartilage are two of Nature’s skeletal design alter-
natives, offering valuable fodder for wider investigations on the interplay of form
and function in mineralized biological materials. These tissues also present largely
untapped opportunities for exploring the mechanical effects of alternate structuring
in tissues with otherwise similar composition. Clearly, the distinct geometric arrange-
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ments of soft and hard tissues in fish bone and tessellated cartilage have profound
mechanical effects, resulting in impressive combinations of toughness and stiffness
(fish bone) or stiffness and damping/flexibility (tessellated cartilage) (Fig. 11.1). Fur-
thermore, some structural aspects of these tissues can be approximated by simple
geometries (e.g. tesserae as polygonal tiles; [39]), making them particularly amenable
for modeling explorations of the parameter space of biological designs (e.g. why
some morphologies have evolved and not others). Although fish bone and tessellated
cartilage are far less studied than mammalian skeletal tissues, they are well suited
to a variety of investigations, particularly the links between ecology and biological
materials (fishes occupy a massive diversity of aquatic habitats), the biological and
mechanical effects of structural modifications (e.g. the loss of osteocytes, the tessel-
lation of a skeletal cortex), and the design and behavior of hierarchically-organized
composites.
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Insect-Inspired Distributed oo
Flow-Sensing: Fluid-Mediated

Coupling Between Sensors

Gijs J. M. Krijnen, Thomas Steinmann, Ram K. Jaganatharaja
and Jérome Casas

Abstract Crickets and other arthropods are evolved with numerous flow-sensitive
hairs on their body. These sensory hairs have garnered interest among scientists
resulting in the development of bio-inspired artificial hair-shaped flow sensors. Flow-
sensitive hairs are arranged in dense arrays, both in natural and bio-inspired cases.
Do the hair-sensors which occur in closely-packed settings affect each other’s perfor-
mance by so-called viscous coupling? Answering this question is key to the optimal
arrangement of hair-sensors for future applications. In this work viscous coupling
is investigated from two angles. First, what does the existence of many hairs at
close mutual distance mean for the flow profiles? How is the air-flow around a hair
changed by it’s neighbours proximity? Secondly, in what way do the incurred dif-
ferences in air-flow profile alter the drag-torque on the hairs and their subsequent
rotations? The first question is attacked both from a theoretical approach as well as
by experimental investigations using particle image velocimetry to observe air flow
profiles around regular arrays of millimeter sized micro-machined pillar structures.
Both approaches confirm significant reductions in flow-velocity for high density
hair arrays in dependence of air-flow frequency. For the second set of questions we
used dedicated micro-fabricated chips consisting of artificial hair-sensors to con-
trollably and reliably investigate viscous coupling effects between hair-sensors. The
experimental results confirm the presence of coupling effects (including secondary)
between hair-sensors when placed at inter-hair distances of less than 10 hair diame-
ters (d). Moreover, these results give a thorough insight into viscous coupling effects.
Insight which can be used equally well to further our understanding of the biological
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implications of high density arrays as well as have a better base for the design of
biomimetic artificial hair-sensor arrays where spatial resolution needs to be balanced
by sufficiently mutually decoupled hair-sensor responses.

12.1 Introduction

Insects are fabulous templates for bio-inspired design of miniature sensors because
they harbour a multiplicity of sensors, often placed at the outer surface of their rela-
tively hard-shell bodies to increase the sensing of environmental stimuli. This makes
insects particularly amenable to comparative architectural and hierarchical studies
and bio-inspiration. The neural and physiological mechanisms of single sensors or
entire sensor systems have been well studied over a century [2]. The study of and
inspiration from the integration of sensors is also well advanced regarding identical
sensory units, epitomized by the production of insect-inspired artificial eyes [3].
These considerations are also partially valid for one of the best studied systems of
mechanosensors in insects, the hair flow sensing escape system of crickets and their
bio-inspired micro-mechanical systems. The recent decade has indeed seen a major
increase in our understanding of the neural and biomechanical functioning of single
hairs and implementation as single micro-electromechanical systems (MEMS) based
hairs [4].

These filiform hairs, present on a pair of special sensory appendages called cerci
on the abdomen of crickets, are considered to be one of the most sensitive (down to
30pwm/s oscillating flows) and energy efficient sensors found in nature, operating
at energy levels comparable to the thermal-mechanical noise floor [4—18]. Recently,
these filiform hairs have inspired scientists to successfully realize artificial hair-
sensor arrays using advanced MEMS technologies (Fig. 12.1) [4, 19, 20]. Arrays
of high-density artificial hair-sensors are required for high spatial resolution in flow
signature detection applications. Despite successful sensor-array developments, sev-
eral characteristics of sensory hairs in arrays (both in natural and bio-inspired cases)
still remain unknown or less understood. One unexplained and interesting aspect of
cricket’s cerci is related to the occurrence of its sensory hairs in high-densities [5—7]
and the associated effects on single hair-sensor performance [5, 6]. The impact of
one hair-sensor on its neighbors is mediated by viscous coupling [5]. This effect
has been debated in literature, both from theoretical and experimental viewpoints [5,
8-10, 12, 13], but poses many practical difficulties for experimental studies on living
animals [6]. For example, hairs have preferential planes of movement [17], and it is
nearly impossible to find a cricket hair arrangement that ensures a common plane of
movement for two hairs [8]. Misalignments of these preferential planes, therefore,
lead to biased estimates.

The presence of viscous coupling impacts the sensitivity of the artificial hair-
sensors. Hence, investigation of viscous coupling between artificial hair-sensors can
make a significant contribution to the design of optimally arranged sensor arrays.
Simultaneously it helps biologists to further their understanding of the functioning
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Fig. 12.1 Filiform hairs on a cercus of a cricket (left) (SEM image courtesy: G. Jeronimides,
University of Reading, UK) and an example of a bio-inspired artificial hair-sensor array (right)

and bauplan of such high density sensory arrays as found on crickets, appreciating
the difficulties to investigate viscous coupling effects on the actual cerci. With the
major advantage of exerting control over the operation and geometry of the artificial
sensory hairs, a wide range of experimental characterisations is now possible.

12.1.1 Hair-Sensor Arrays: Natural and Bio-inspired Cases

Flow-sensitive hairs on the cerci of crickets occur in varying length and diameters
and are arranged at certain specific spatial positions on the circumferential surface
of the cercus [14—16]. The length of the hairs on the cerci is observed to have a
bimodal distribution, with a group of short hairs and a group of long hairs [6, 7].
Moreover, short hairs are abundant (more than 75%) and long hairs are relatively
scarce on a cercal surface [7]. The hair diameters, as measured near the socket, range
between ~1 and 9 pum, depending allometrically on their length, which ranges
between ~100 to 1500 wm [5-7]. Based on careful experimental observations of
the crickets of various growth stages, hair densities of ~400 (first instar) to ~100
(adults) hairs (of different lengths) per mm? were found at average nearest neighbour
distances between 30 and 60 um [7]. Also, it is to be noted that the adjacent hairs
are of different orientation of mechanical movements and thereby sensitive to flows
of specific directions [5—7]. It has also been studied that there exists an ‘identifiable’
pattern with respect to a hair’s preferred directionality and its occurrence on the
cercal surface, observed on individuals of the same species [17]. Miller et al. [21]
have quantitatively characterised the hair patterns on cercus of different crickets
Acheta domesticus, determining their lengths, positions and orientations, recalling
that the inter-individual variation of the patterns of structural organisation was very
low. Heys et al. [11] have also recently proposed a predictive model of distribution
of the preferential orientations of the hairs. These authors also quantified the spatial
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distribution of hairs for various sizes of circular search windows. They determined
that for a small search area less than 750 wm, the pattern of hairs corresponded to
what would be expected for a random Poisson process of positioning.

On the other hand, our artificial hair-sensor arrays feature, geometrically speak-
ing, thicker hairs (=50 to 60 wm) and have a uniform length (=700 to 800 wm).
Comparing the density of the artificial hair-sensor arrays to the actual situations in
cricket hair-sensor arrays, the latter are relatively denser, but upon taking into account
the differences in hair geometries, the normalised spacing between the hairs, i.e. the
ratio of the distance s over hair-diameter d, are more or less in a comparable range.
These normalised spacings range approximately between 5 and ~100 for crickets
while in our artificial case, it ranges between 5 and 68.

12.1.2 Viscosity-Mediated Coupling Effects

When two hairs (of length L and diameter d) are present close to each other (inter-
hair distance, s) in the direction of flow, it is intuitive to consider that each hair could
cast a hydrodynamical shadow on the other. The coupling effect depends on several
factors related to the hairs and the character of the flow. While such coupling could
negatively affect the individual hair performances, the paradoxical occurrence of
hairs in highly dense arrangements raises an unexplained and less understood natural
phenomenon. The possible existence of viscosity-mediated coupling between the
filiform hairs was first suggested by Humphrey et al. [18] in their studies involving
the mechano-sensory hairs found in crickets and arachnids. This term, viscosity-
mediated coupling, suggestively denotes the dominance of viscous forces in low-
Reynolds’ number flow regimes. The coupling is denoted negative when the hairs
are submitted to flows of lower velocities due to the presence of nearby hairs, and
positive in the reverse case.

Bathellier et al. made an extensive investigation, both theoretically and experi-
mentally, on negative viscous coupling between hairs found in the trichobothria of
Cupiennes salei spiders [9]. In this work, they defined a dimensionless coefficient to
define the viscous coupling and conducted several experiments on spider hairs. For
the experimental tests, pairs of hairs with varying normalised distances were cho-
sen. The angular deflection of a reference hair was optically measured, in presence
of a perturbing hair and measured again in the absence of the perturbing hair (after
removal). The role of the perturbing hair was investigated in three different scenarios:
(i) free moving, (ii) immobilised at its base and (iii) mechanically actuated. They
measured the coupling effect for the second and third cases, and determined the effect
was negligible for the first case. Bathellier et al. also proposed a theoretical model
as a framework for their experimental results. Significant insights provided by their
model can be summarized as: (i) the coupling coefficient is dependent on the flow
frequency, (ii) the coupling effect drops with increasing distance between the hairs,
(iii) a fixed or mechanically driven hair perturbs the flow more than a free-moving



12 Insect-Inspired Distributed Flow-Sensing: Fluid-Mediated ... 359
hair,' and (iv) the coupling effect depends on the length of the hairs (longer hairs
have more prominent effects on the reference hair than shorter ones). This paper
turned out to be a seminal study for later experimental and computational works.

These results were in part substantiated by our PIV studies on MEMS hairs [8].
Indeed, working with cricket hairs is very difficult. The motivation to use MEMS
hairs for studying the viscosity-mediated coupling has its prominent advantage in
providing us a far more reliable control over the hair geometry and hair arrange-
ments. Any approach to perform similar measurements on the actual cricket hairs
poses many practical difficulties starting from finding the appropriate hairs for inves-
tigation. With MEMS technologies, it is relatively simple to place hairs in specific
arrangements, at different distances and also, to some extent, alter the hair lengths
and hair diameter. Our work on MEMS hairs thus filled in a, up to then, remaining
void in this research by actually measuring the flow field around the hairs, instead of
focusing on the hair response itself. Flow field perturbations were measured using
Particle Image Velocimetry (PIV) between the fixed hairs, arranged in wide range
of inter-hair distances (9 < s/d < 56). Significant coupling and larger phase shifts
between the far-field flow and inter-hair flow, at smaller inter-hair distance and at
low flow frequencies, were reported.

Computational studies of viscous coupling also complemented analytical and
experimental ones, starting with Cummins et al. [10] and Heys et al. [11]. Cummins
et al. provided results that suggested significant coupling effects to be present for a
wide range of normalised inter-hair distances. Lewin et al. [13] developed a finite
element model to study the viscosity-mediated coupling between filiform hairs and
extended it to a pair of MEMS-based hair-sensors, providing an approximate theo-
retical prediction for the presented work. Their models used the actual values of the
MEMS hair-sensors and suggested significant coupling when s/d < 10. Their work
also considered the perpendicular configuration, i.e. hairs placed next to each other,
both facing the flow at the same time (contrary to the cases discussed until now).
For such configuration, they observed positive coupling, suggesting an increased
sensitivity of the reference hair to the flow.

12.2 Theoretical Backgrounds

12.2.1 General

Viscosity-mediated coupling effects between mechano-receptive hairs in arthropod
have been studied experimentally [9] and modeled in literature [9-11, 13]. The work
of Bathellier et al. [9] is dedicated both to experimental observation of viscous cou-
pling as well as to deriving analytical expressions for the effects in the approximation
of a flat surface, making for a coherent analysis of the effects between two hairs.

'With respect to a free-moving reference hair (of same length). The reason for this negligible
coupling between free-moving hairs is due to the cancellation of driving and damping torques [9].
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The work of Cummins et al. [10] is based on a cylindrically approximation of the
conical cercal geometry with discretisation of the conical hairs in many slices along
the length of the hair, each exposed to the subsequent flow at the discretised distances
above the substrate. Due to the discretised nature the method is highly numerical,
making it both time-consuming as well as powerful. E.g. with the method arbitrary
collections of hairs with varying hair-length and inter-hair distances may be sim-
ulated. The method has produced very dependable results for single hairs. It also
largely reproduces the results of Bathellier et al. for the case of two hairs, both for
the situation of a free moving and fixed hairs, only deviating at large normalised
spacing.

Since a comparable size-match exists between the actual cricket hairs and our
artificial hairs and hair-arrays, these models on viscosity-mediated coupling can be
applied to our experimental systems using the actual parameters.

Our approach unfolds in two steps. First, we develop a generic model dedicated to
the flow in complex geometries of a finite array of hairs where the air-flow direction is
arbitrarily chosen relative to the array orientation and where the hairs are equidistantly
spaced along both x and y directions of the array. With this general model we set out
to predict the flow profiles in given arrays of hairs which we then test with PIV. We
then apply in a second step the model to a specific arrangement of three hairs sitting
next to each other in one row, parallel to the air-flow direction. We expand the model
to also address the torque acting on the hairs and their subsequent rotation. Again,
we test our predictions with dedicated experiments.

12.2.2 Harmonic Flow in Arrays of Stationary Hairs

To interpret our PIV measurements on harmonic air-flow profiles in arrays of immov-
able hairs we develop the theory by extending the model earlier developed by Bathel-
lier et al. [9]. We extend this model to an array of N x M hairs with arbitrary angle
between flow direction and array orientation. Then in the experimental Sect. 12.3.1
we will show that the total perturbation produced by two hairs in tandem can be val-
idated for the transversal flow, and that the prediction of an increase of the velocity
component perpendicular to a hair (Vy) is validated by measurements. Subsequently
we compare the results of our model with PIV measurements on larger arrays. These
measurements confirm that the increase of spacing in the array translates into an
increase of expected and measured velocities between the hairs. Further we use the
model in the discussion Sect. 12.4.1 to model the arrangement of 3 x 3 hairs in arrays
of different spacings and show that the velocity in the center of this array is increased
compared to the one expected in a simple row of axially arranged hairs. By varying
the length we prove that we may expect very strong perturbation in small spacing
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arrays of 250 pm and very low perturbation in large spacing arrays of 1700 pm. We
finally use the N x M model to predict the perturbations caused by arrays of hairs
of various spacing at various frequencies.

12.2.2.1 Perturbation by a Single, Immobile Hair

When a harmonic flow V,, with far field amplitude V,, impinges on an infinite
immobile cylinder which is perpendicular to the flow it will cause the flow to be
perturbed in a certain area around the cylinder. At the position of the cylinder the
flow will be zero and forced to move around it, thereby locally also causing flow
in the direction perpendicular (V) to the initial flow. The distance at which the
presence of the cylinder is noticeable depends on various parameters involved: the
diameter of the cylinder d, the dynamic viscosity p and mass-density p, combined
in the kinematic viscosity v = p/p, of the medium.

Obviously, when the cylinder is not infinite but rather a hair of finite length sitting
on a substrate things become far more complicated and complex to solve analytically.
Bathellier et al. [9] have given a first analysis of this situation. In their seminal paper
they start from the Navier-Stokes equations, but to come to a practical description
they assume the boundary layers on the substrate and around the hairs to be separately
solvable, the complete viscous effects becoming a superposition of the two effects.
Hence, in this approach the effects of viscosity mediated effects in hair-sensor arrays
can be largely appreciated by studying the effects in the plane parallel to the substrate
and perpendicular to the hairs. In this work we will not re-establish the conditions
nor iterate the assumptions that Bathellier have made. In fact we do not develop new
theory but rather extend their results to include air flow from an arbitrary chosen
direction and impinging on an array of regularly spaced hairs. To do so we will first
look at the perturbation caused by one hair, then look at the boundary conditions
for multiple hairs and subsequently derive the expressions for the flow velocity
components parallel and perpendicular to the velocity far away from the perturbing
array.

Following Bathellier et al. [9], the perturbation to a harmonic flow at a point
P(r, 1) relative to an immobile hair, is given by:

Vy(r, 1,
Dy(ro) =1 //‘,(’75)1)
I N0 IO IR ) <{e2 Y R e <K2<A> s _Kl(zAm) 2
- (Ko()\) a7 " Ko )Sm Yy ar T ke )Y
Vi(r,y,z
DJ_(rs,‘/))ZM

Voo (2)

_ o JKe® 1 K@i
=-N Xo) <4772 00 )sm(Zw)} (12.1)




362 G. J. M. Krijnen et al.

Fig. 12.2 Single hair
perturbing a harmonic
airflow directed under an
angle ¢y;; relative to the
x-direction. In a point at

(r, 1)) the hair will cause the
flow to be changed in
magnitude along the parallel
direction (V,,) and cause
some flow in perpendicular
direction (V). The
background image was
derived using (12.1)

where
_r
=4
A= +i>§J2_<
14
¢= 7 (12.2)

i = +/—1, Vs (z) is the far-field flow amplitude at height z and % denotes the real
part of the expression in brackets. The K; are the modified Bessel functions of the
second kind. The various geometrical definitions are illustrated in Fig. 12.2. Note
that all quantities in the above expressions are amplitudes where the harmonic time-
dependence has been suppressed.

12.2.2.2 Arrays of Immobile Hairs

In order to compare the theoretical flow velocity and perturbation in arrays of hairs to
those measured in the hair arrays we extend the previous model using superposition
of perturbations to a N x M hair array model. We assume the array to be rectangular
with N columns and M rows of hairs, spaced in x-direction by sy and in the y-direction
by sy. The point of interest is P = (x,, yp), see Fig. 12.3.

In the same spirit as Bathellier et al. have analysed the situation for the perturbation
of two hairs in tandem we analyse the situation for multiple hairs. Equation (12.1)
describes the perturbation of only a single hair. Inspection of D, shows that it
is 1 at the position of the hair whereas D is 0. So for a single hair the no-slip
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Fig. 12.3 Illustration of the geometry and definitions used for the analysis of the combined pertur-
bation of multiple hairs. The origin (0, 0) is chosen at the position of hair (1, 1)

boundary condition of zero radial flow at the hair perimeter is fulfilled. However,
when multiple hairs are perturbing the flow the combined perturbation still needs to
obey the boundary condition of zero radial flow on all the hair perimeters. Hence the
task is to determine a linear combination of the perturbation of all the hairs that obeys
zero radial velocity at the hair sites. For an arbitrary point in the plane of analysis
we can write the linear combination of perturbations as:

N—1M-1

Do (Xp: ) = > Y Ay iDyy(H; ;P)
i=0 j=0
N—1M-1

Dy, yp) = Y > Ai iDL (H; ;P) (12.3)
i=0 j=0

where (i, j) are the column and row numbers respectively, A; ; determines the
strength of the perturbation by hair (i, j) and where the vectors H; ; P are expressed
in cylindrical coordinates by:
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H, P = [\/ (isx = 2p)2 + (jsy — yp)?, tan”" {M} - %] (12.4)
isSx — Xp

The contribution of each hair (7, j) to the total perturbation, i.e. A; ;, can be derived
from the boundary conditions, giving us N x M equations with N x M unknowns:

N—-1M-1

Z ZAi,jD//(Hi,ij,l) =1 (12.5)

i=0 j=0

N i—1
H, jHq = [/ (i =253 + (j — D2}, tan”! {%} - qsair] (12.6)

Equation (12.5) leads toa (N - M x N - M) vector-matrix equation:

1 ... Dy(Hi 1 Hy -1 m-1) Ao,o 1
. = .| a2
D,/(Hy_1m-1Hy 1) - .. 1 AN_1m—1 1

This equation can simply be solved by matrix inversion routines found in modern
computational software. Subsequently the derived A; ;’s are substituted in (12.3) to
calculate the flow profile for arbitrary points P = (x,, yp), both inside and outside
the array.

It should be remarked that the method outlined above is not necessarily limited to
regular arrays of fixed diameter hairs. It is relatively straight forward to have arbitrary
positions of the hairs, thereby changing (12.4) and (12.6) requiring slight changes in
the numerical code without changing the actual method.

Computationally the method is practically doable: for an array of 20 x 20 (400!)
hairs the coefficients A; ; can be calculated in about 3.4 s on a machine with 2 quad
core Xeon processors at 2.3 GHz. Calculation of the entire flow field for the same
array in a window of 500 x 500 points [requiring at least 50 x 10° evaluations of
(12.1)] takes about 4'32” on the same computer.

12.2.2.3 3D Prediction of Harmonic Flows in Hair Arrays

In order to compare our models with experimental findings we need to extend our
2D perturbation model to 3D since our measurements are in the (x, z) plane. It is
important to note that the effect of the finite length of the hair is not described in the
model though it will influence the flow velocity near the tip of the hair. To extend
our 2D model we use the expressions for the boundary effect in the (x, z) plane [6]
and add those to the 2D perturbation in the (x, y) plane. Figure 12.4 illustrates the
two different planes as used in the measurements and the model. The comparison
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\Mea.mrement Plan = F-

Fig. 12.4 Geometry as used in the model and measurements. The oscillatory velocity in the far
field is directed along x

between both measurement and model will only be done for the amplitude of the V,
component of the flow.

The change of the flow velocity with respect to the distance from the substrate
can be determined using the theory of Stokes’s second problem describing the flow
produced by an oscillatory flat and infinitely large plate [22]. This boundary layer is
only dependant on the distance z and its influence on the instantaneous velocity Vo,
is expressed as follows:

Voo (2) = vo\/ {1—eFe cos(ﬁz)}2 + {e=7= sin(ﬁz)}2 (12.8)

where 3 = /27 f/2v, v is the kinematic viscosity (m/s?) and V; is the velocity
amplitude far from the substrate. The velocity at a point P (xp, yp, Zp) at a distance z
from the substrate is determined as:

V) (r,1,2) = Voo (@) (1 = Dyytor(xp, ¥p))
VJ_(r’ w7 Z) = VOO(Z)DJ_,tOt(xp7 yp) (129)

with D) 1ot (Xp, ¥p) and D o1 (X, yp) as in (12.3).

In the comparisons between model and measurements, we will only constrain
our analysis to the first 750 wm over the substrate, where the length of the hairs is
approximately 850 um. Figure 12.5 illustrates the effect of the boundary layer over
the substrate and the expected velocities between the hairs. As expected, the flow
in the vicinity of the hairs is further perturbed by the boundary layer effect over the
substrate and largely decreased at the bottom of the hair as represented in Fig. 12.5.
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Fig. 12.5 Expected velocities between and around three hairs in line (s = 500 wm) in a 60 Hz
oscillatory flow depicted in the (x, z) and (x, y) planes

12.2.3 Viscous Coupling Acting on Sets of Two
and Three Hairs

In the previous section we have analysed how the harmonic flow-fields in arrays of
immovable hairs are perturbed by viscous effects. However, in the end, the impor-
tance lies in the hair-rotations evoked by these flows which ultimately transmit the
flow information to the hair-sensor array. Here we develop a model to calculate the
response of a single hair (reference), for given oscillatory flow conditions and then
re-calculate the response of the same hair, in presence of one or two flow perturbing
hairs. A coefficient for the coupling, based on unperturbed and perturbed responses
of the reference hair, is defined. An existing model was used for the case of a pair
of tandem hairs (one reference and one perturbing hairs) [9] and is reiterated in
Appendix 1 for completeness. As a special case, for the interest of our experiments,
we extend this theoretical model to study the viscosity-mediated coupling between
three hairs in tandem.

12.2.3.1 Viscosity-Mediated Coupling Between Three Hairs in Tandem

‘We will consider the case where three hairs are arranged in line parallel to the direction
of a harmonic oscillating flow (see Fig. 12.6). The hair in the middle is treated as our
reference, which is perturbed by the presence of two hairs, one on either side. We
chose the direction of the flow in the x-direction (i.e. D;; = Dx and D = Dy).
From the symmetry of the flow perturbing function (12.1), visualised in Fig. 12.2
we can easily see that the mutual perturbation by each of the two identical hairs
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Fig. 12.6 Simple model for viscous coupling between three hairs showing: (i) D;, between a
reference hair and two flow-perturbing hairs (of same length), one on both side and (ii) Dy, between
two flow-perturbing hairs

on the other hair is equal. For hairs separated by a distance s along the x-axis this
perturbation is given by D; = Dx(s).

Since the hairs are not immobile in this analysis the perturbation is not only a
function of V. (z) but depends on the flow velocity difference relative to the hair
velocity. This means that we have to adjust (12.1) to become:

_ Ve(2) = Vi(s,2)
C Veo®) = Vi, ()
W (s,2)

Voo (@) = Vi (2)

Dy (s)

Dy(s) = (12.10)

where V¢ (2) is the velocity of the reference (r) or one of the perturbing (p) hairs
in x-direction at height z above the substrate.

The analysis of two hairs is readily extended to the case of three hairs, see Fig. 12.6.
In this case the reference hair is subjected to the flow perturbations from both hairs
H, and H, on either side, i.e. a perturbation of strength 2D, in total. Furthermore,
both perturbing hairs mutually influence each other, at a distance 2s leading to a total
perturbation of Dy (s) + Dx(2s) = Dy + D,. Applying the no-slip condition on the
surface of the hairs leads to the modified form of (12.3) for the x-component of the
velocity and at the positions of the hair only:
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Vo) = Voo — 24y (Vo = Vp(@) Dy — Ay (Vo — Vi@)) (12.11)
V(@) =V —A (Voo - Vp(Z)) —A; (Voo = Vi(2)) D1 — 4 (Voo - Vp(Z)) D;
(12.12)

Here we have dropped the x subscript since we restrict ourselves to flow in x direction
only. The perturbation amplitudes of the hairs H; and H3 are assumed Ay = Az = A,
and the perturbation amplitude of the reference hair H; is A;. The velocity of the hairs
is indicated by V,(z) for the perturbing hairs and V;(z) for the reference hair.

Using (12.12) to express A in terms of the velocities and A;, and subsequently
inserting this expression into (12.11) we can derive the following expression for A,:

14+ Dy — 2D, 2D, 14+ D,
DA Vi@ ——
1+ Dy — 2D 1+ Dy — 2D 1+ Dy — 2D3
(12.13)

Ar (Voo = V2(2)) = Vo

The drag-torque Ty p acting on the reference hair in presence of two perturbing
hairs can then be determined as:

~

Tgop =« Arz dz

2 2 P
1+ Dy —2D? 1+Dy —2D? 1+ Dy —2D?
(12.14)

L
1+D 2D 2D 1+D
a/{ L VO ———— — V() 2

0

where « is a constant depending on flow - hair interaction and is given following
an analysis based on Stokes’ theory (see [9] and Appendix 1). This drag torque will
cause the reference hair to rotate. Conservation of angular momentum requires:

00 00
J—+R—+S0=T 12.15

7 T d,2p ( )
with J, R and S parameters of the hair representing the moment of inertia, torsional
damping constant and torsional stiffness respectively.

Subsequently, the resulting complex rotational angle of the doubly-perturbed ref-

erence hair (in response to induced flow perturbations by two perturbing hairs) is
given as:

VooR,, 3e4 + 2e67
LT (w§ —w?) +i(2) (R+esR,)

Oap(w) = (12.16)

where 7, is a complex quantity of which the magnitude represents the tip velocity
of the perturbing hair, normalised by the far-field velocity V. It is to be noted that
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Table 12.1 Viscous coupling terms for the three-hair model

£4 g5 £6
14+Dy—2D; 1+Dy 2Dy
1+D,—2D} 1+D,—2D7 1+D,—2D7

this ratio is not known a priori. However, our artificial hairs have relatively large
rotational stiffness and +, is rather small; consequently 7, is taken in the limit to
zero. The various €’s stem from the terms following the velocity terms in (12.14).
Note that at long distance between the hairs both D; and D, will become very small
and consequently (12.14) reduces to the drag-torque expression for a single hair
(12.32). Table 12.1 shows the values of €4, €5 and ¢, for the case that all the hairs
(reference and perturbing) are of equal length.

From (12.33) and (12.35) (see Appendix 1) and (12.16), we have rotation
responses of a hair for three different cases respectively as: (i) fr corresponding
to the unperturbed response, (ii) #p corresponding to the response while being per-
turbed by one of the hairs and (iii) é,p corresponding to the response while being
doubly perturbed by the hairs on either side. From these three responses, three cou-
pling coefficients can be defined for the case of three hairs: The coefficient for the
viscosity-mediated coupling of only one perturbing hair on the reference hair is
defined as [same as (12.36)]:

G —bp
==

K1 (12.17)

The coefficient for the viscosity-mediated coupling of a second perturbing hair on
the reference hair (when already one perturbing hair is present) is defined as:

_ Oip— 0O

= 12.18
%) Oip ( )

On the other hand, the coefficient for viscosity-mediated coupling of two perturbing
hairs, relative to an unperturbed hair, is defined as:

_ Or —Oop

12.1
o (12.19)

K3

The presented analysis of the viscous interaction of three hairs (and that of the
two-hair model presented in Appendix 1) provides interesting insights which can
be applied to our hair-sensors. The novelty in the model is the presence of the sec-
ondary coupling effects between three hairs. The effect of viscosity-mediated cou-
pling between the hair-sensors can be experimentally determined and the results can
be compared with this model.
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This work features specially modified hair-sensors (cylindrical hairs, shorter mem-
branes, varying hair lengths etc.) and measurements of the coupling effect based on
the hair response itself. References are made to the paper of Lewin et al. [13] for
comparisons.

12.3 Experimental

After the introduction of the theory in the previous section, in this section we describe
the experiments and compare the results with the predictions of the models. This
experimental section is divided in two parts, one related to flow-field observations
in arrays of hairs and one to drag-torques experienced by a set of three hairs in line.

12.3.1 Flow Field Observations in Arrays of Hairs

12.3.1.1 Methods and Experimental

MEMS hairs were made of SU-8, an epoxy that can be structured by photolithog-
raphy. To obtain sufficiently long hairs, two deposition/exposure cycles of about
450 wm each are used. Design values for the hair diameters of the first and second
layers were 50 and 25 pum, respectively. Owing to technical limitations in alignment
(because of the large thickness of the layers) as well as curing-induced deformations,
the second part of the hair can be slightly eccentric over the first part. The diameter
of the second part of the hairs was tapered from top to bottom. The total length of
the MEMS hairs was ~825 wm. Only fixed hairs were used in this study. Details of
the fabrication of fully functional hair sensors are described in [23]. The hair-to-hair
distance varied between 450 and 2800 um, corresponding to A9 to 56 hair diameters>
(s/d).

MEMS hairs, fixed on plates of dimensions 10 mm x 10 mm, were placed in a
glass container (dimensions: 10cm x 10cm x 10cm). A loudspeaker (40 W) was
connected at one side of the glass container and driven by a sinusoidal signal gen-
erator. The air inside the sealed glass box was seeded with 0.2 pm oil particles (di-
ethylhexyl-sebacat, DEHS) using an aerosol generator. A pulsed laser (NewWave
Research Solo PIV 2, 532nm, 30mJ, Nd: YAG, dual pulsed; Dantec Dynamics A/S)
illuminated the flow through the glass from the top and produced a light sheet (width
=17 mm, thickness at focus point = 50jum). A target area was imaged onto a CCD
array of a digital camera (696 x 512 pixels) using a stereomicroscope. The field of
view was 2700 pum x 2000 pm. Particle velocities were extracted from the images
by cross correlation. Owing to the information contained in the grey-level values

2Due to fabrication tolerances the diameter of the hairs may deviate from the design values, thus
also impacting the ratio of s/d.
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as captured by CCD as well as the relative large number of particles used in the
cross-correlation calculations, a particle displacement precision of 0.1 pixels can be
obtained. Given the entire set-up this translates into a measurable displacement of
0.4 pm. We set the time between two pairs of images at 500 s to provide a sufficient
dynamic range of velocities, giving a velocity precision of 0.8 mm/s. We chose a
precision level larger than 1% (1% of the velocity amplitude), setting the far-field
flow amplitude to between 50 and 80 mm/s. We used the stroboscopic principle to
measure different phases of sinusoidal flow with a PIV system limited to 20Hz. As
explained in [24], it consists of sampling a signal of high frequency at a frequency
slightly lower than a sub-multiple of the signal frequency. This technique allows us
to estimate the flow phase by interference. In the following figures, we only represent
the amplitude of the oscillatory flows.

12.3.1.2 Results

Figure 12.7 illustrates the comparison between theory and measurements of the
velocity amplitude® in the cross section plane of a tandem of hairs with 50 wm
diameter, separated by 1200 wm, in an oscillatory flow of 80Hz. As expected and
already shown in [8], the result obtained by the addition of the perturbation of two
tandem hairs is correctly estimated by (12.3) for the axial velocity profile in between
the two hairs. The novel result is that (12.3) describes as well and with good accuracy
the velocity perturbation caused by tandem hairs at a transversal distance from the
hairs. Figure 12.7 also clearly illustrates that V,,, which is the amplitude of the
longitudinal component of the velocity, is not only decreased in the axial direction
of the flow but also increased at certain distance away from the hair in the transversal
(L) direction. The essential point is that we may expect that this increase of velocity
translates into a positive viscous coupling for hairs spaced transversally and therefore
will play a role in 2D arrays of hairs.

Measurements in arrays at s =250 pm (s/d =~ 5). We have also performed measure-
ments on an array of 7 x 7 hairs with a spacing of 250 wm and applied the model to
this geometry as well. Figure 12.8 shows the result of model and measurements. In the
PIV measurements we estimate that the velocity between the hairs was insignificant,
whereas in the model we determine that the average normalised velocity (Vy/ V)
inside the array was equal to 0.12.

Measurements in arrays at s = 500pm (s/d =~ 10). PIV measurements were per-
formed in the (x, z) plane between hairs in a line with a spacing of s = 500 pm
(Fig. 12.9). Figure 12.9a (left) is the result of the modeled velocities in the (x, y)
plane and in the (x, z) plane. The present model is unable to correctly predict the
flow near the tip of the hairs as hairs are modeled as infinitely long cylinders. How-
ever, if we limit the prediction of the models to distances over the substrate smaller
than three quarters of the length of the hairs, the comparison of modeled velocities

3In the figures where velocity amplitudes are displayed these will be the values normalised to the
far field velocity amplitudes V.
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Fig. 12.7 Comparison of PIV measurement and model for the normalised transversal flow velocity
(Vx/ Vo) perturbation caused by a tandem of hairs (s = 1200 um) on a 80 Hz oscillatory flow

(b)

Fig. 12.8 a Results of the model of the Vx component of the 60 Hz oscillatory flow velocity field
in the transversal horizontal (x, y) plane and in the vertical plane (x, z) of an array of 7 x 7 hairs
with a spacing of 250 wm. b PIV measurement of the Vx component in the vertical (x, z) plane of
the same array. The PIV Measurement is performed in the axial orientation of the first line of hairs.
The far field velocity Vi is oriented along x
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Fig. 12.9 a Left: Calculated Vi component of the 60Hz oscillatory flow velocity field in the
transversal horizontal (x, y) plane of an array of a line of 7 hairs with a spacing of 500 um and in
the vertical (x, z) plane. Right: PIV measurements of the flow between hairs in a line. b Left: Vy
component of the 60 Hz oscillatory flow velocity field in the transversal horizontal (x, y) plane of an
array of 7 x 7 hairs with a spacing of 500 wm and in the vertical (x, z) plane of the first line. Right:
corresponding PIV measurement. The PIV Measurement is performed in the axial orientation of
the first line of hairs. The far field velocity V is oriented along x (¢) Left: same as (b) left, but
the vertical (x, z) plane is represented for the second line. Right: PIV measurement of the velocity
along the second line of hairs in the array

and PIV measurements are satisfying as both model and PIV measurements show
a large, and comparable, decrease of velocity between the hairs. This decrease is
highly pronounced near the substrate. Figure 12.9b, ¢ show the comparison between
model and PIV for the flow in the (x, z) plane of the first and second line of the 7 x 7
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Fig. 12.10 a Calculated Vx component of a 60 Hz oscillatory flow along the transversal horizontal
(x,y) and vertical (x,z) planes of an array of 5 x 5 hairs with s = 1700pm. b Measured Vy
component in the vertical (x, z) plane of the same array. The PIV measurement is performed in the
axial orientation of the first line of hairs. The far field velocity V is oriented along x. ¢ Comparison
of Vx along the x-oriented profiles as seen in (a) and (b). Solid line: model. Dots: PIV measurements

hairs array. Here again, it seems that the model accurately predicts the expected
velocity. It appears that the velocity experienced by hairs in the second line of the
array (Fig. 12.9¢) is higher than experienced by the first line of hairs (Fig. 12.9b).

Measurements at s = 1700 pm for lines and arrays (s/d ~ 34). We have modeled and
measured the flow velocity in an array of 5 x 5 hairs in a 60 Hz oscillatory flow with
a spacing s =1700 um and the results are shown in Fig. 12.10. We have extracted
the Vi velocity along the x-axis between two hairs to compare the prediction of the
model and the PIV measurements (Fig. 12.10c).

12.3.2 Drag-Torque Experiments on Three Hairs in Line

12.3.2.1 Design and Fabrication

A dedicated microfabricated chip is designed for characterizing the viscosity-
mediated coupling effects. Basically three hair-sensors were placed in rows on the
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chip surface and inter-hair distances between the hairs were varied in each of these
rows. Furthermore, each such row is placed at ~500 um (i.e. s/d ~ 10) away from
the next row. The effect of viscous coupling between SU-8 hairs arranged in perpen-
dicular configuration has been modeled by [13]. While there exist some coupling
effect it was reported that at distances (s/d > 5), the coupling is less than 0.1 at
160 Hz. Hence, this large spatial gap between the rows is expected to yield minimal
mutual impact of neighboring-rows. The design of the hair-sensors is slightly mod-
ified from their original dimensions [4]. Each hair-sensor comprises of a 0.7 mm
long polymer hair centrally placed on a suspended membrane which allows the hair
to rotate under air flows. In selected rows on the chip, one of the perturbing hairs is
fixed to the surface (i.e. without membranes) to facilitate us to analyse the influence
of fixed- and free-moving hairs on viscosity-mediated coupling.

A schematic representation of the hair-sensors is shown in Fig. 12.11 (top-right).
A brief overview of the fabrication of the hair-sensors [23] is presented here. First,
a protective layer of silicon-rich nitride is deposited using LPCVD, followed by
the deposition of a ~800nm thick poly-silicon layer. This poly-silicon layer acts
as a sacrificial layer for the final release of the structures. A &1 pwm thick silicon-

SU-8 hair (~700 pm)

Al thin layer (100 nm)

Silicon rich nitride (membranes - 1 pm)
Poly-silicon layer (sacrificial layer - 800 nm)
Silicon rich nitride (etch-stoplisolation - 200 nm)
Si bulk

~Back-side

Front-side
. perturbing

Fig. 12.11 SEM images showing the chip for characterisation of viscosity-mediated coupling.
Top-left: free-moving reference hair-sensor placed near a fixed perturbing hair of same length, Top-
right: schematic of a hair-sensor [23]. Bottom-left: hair-sensors are arranged at various inter-hair
distances. Bottom-right: close-up of the membrane and hair base
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rich nitride layer is deposited and patterned to form the sensor membranes and
springs. The membrane is covered by a thin layer of Aluminum (which functionally
serves as the top electrode of the sensor capacitors, but in the current studies, only
serves as a reflecting surface during optical characterization). Long hairs are made by
spinning and patterning two subsequent layers (each of ~350 p.m thick) of negative-
tone polymer resist (SU-8) using standard lithography techniques. Finally the sensor
membrane is released by selective-etching of the sacrificial poly-silicon layer using
a XeF, etcher. Figure 12.11 also shows SEM images from different portions of a
successfully realised chip.

12.3.2.2 Experimental Setup

The hair-sensors are exposed to the near-field of a small loudspeaker (diameter, 4
cm) and their mechanical responses are optically characterised by a laser vibrome-
ter (Polytec, MSA400) [25]. Figure 12.12 shows a schematic representation of the
measurement setup. In order to calibrate the generated flow field, the loudspeaker
is first placed under the laser vibrometer to characterise the movement of its mem-
brane under given actuating voltages and frequencies. The sensor chip is then placed
on a steady platform under the laser vibrometer. The loudspeaker is mounted on a
separate stand to avoid any unwanted coupling of mechanical vibrations to the mea-
surement system. The sensors were always placed in such a way that the hairs were
exposed to the flow from the center of the loudspeaker membrane (where the flow is
assumed to have high uniformity [14]) and at the nearest possible position from the
loudspeaker to ensure all the measurements were performed in the near-field [26] of
the loudspeaker.

Using the laser vibrometer the dynamics of the hair-sensor under given flow fields
were accurately measured. Scan points were placed (using software) on both edges
of the suspended membranes (on top of the Aluminum layers, for better reflectivity)

Fig. 12.12 Experimental
setup comprising of a flow Perturbing
source (loudspeaker), the hair
chip with artificial

hair-sensors and the laser

vibrometer. The rotational ﬁ-

angle of the sensor
membrane is measured in
presence and absence of a
flow perturbing hair

Laser
Vibrometer

optical head

'_—-‘&)) _‘}_‘_#é‘
1
Flow source s

Reference
hair sensor
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and maximum displacements were measured. From these displacements and the
distance between the scan points, the rotational angles of membranes were calculated.
In order to characterize the viscosity-mediated coupling between the hair-sensors
measurements were performed on a reference hair-sensor, with the presence of one
or two hair-sensors nearby and repeated in their absence (after manual removal of the
perturbing hair(s)). For both measurements the corresponding rotational angle of the
reference sensor was determined and hence, the coupling coefficient was obtained.
However, the manual removal of the perturbing hair is tedious and care was taken
to ensure that both measurements took place in near-identical conditions. The hair
was removed using a micro-probe and the chip was precisely placed back into the
system aided by the scan points of the laser vibrometer software.

12.3.2.3 Results

The hair-sensor in the middle is our reference and optical measurements were made
on it for the following three different cases: (i) when two perturbing hair-sensors
were present, (ii) when one of the hair-sensors (at the back-side) was removed and
(iii) when both perturbing hairs were removed. The measurements were repeated
for three normalised distances (s/d ~2.1, 2.9 and 8.6). Figure 12.13 shows the
normalised frequency response of the reference hair-sensor (62, 6, and 6;), for the
three different cases of flow perturbation at three different normalised distances. The
error margins in the measurement values account for the possible variations in the
flow source and variations in positioning of the sensors (manually done with the aid
of the laser vibrometer software, as described before). All the measured responses
are compared with the model. The response of the reference hair was observed to
be distinct for each case of normalised distance and shows clear influence of the
normalised distance between the hair-sensors.

Figure 12.14 shows the coefficients of viscous coupling (x, x; and x3) calculated
from the above measurement results, for the three above-said normalised distances.
The figure shows model predictions as well for ease of comparison.

Figure 12.15 shows the coefficient of coupling for fixed and free-moving front-
side perturbing hair measured at 200 Hz. A back-side perturbing hair-sensor was
present in all the measurements and only the front-side perturbing hair-sensor (fixed
or free) was removed. The measured coefficients of viscous coupling (k;, in this
case) at different normalised distances (s/d) are shown.
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Fig. 12.13 Normalised angular responses of the reference hair-sensor: (i) when both perturbing
hair-sensors were present (6p), (ii) when the back-side perturbing hair was removed (6}) and (iii)
when both perturbing hair-sensors were removed (). The measurements were made for three
normalised distances (s/d =~ 2.1, 2.9 and 8.6)

12.4 Discussion

12.4.1 Flow Fields

Given the overall satisfying agreement between our measurements and model we
us the latter to investigate some of the effects of fluid mediated coupling. As an
example of the predictions of our model, Fig. 12.16 illustrates the comparison of the
flow velocity profile between an axial alignment of 3 hairs (s = 500 wm) and a array
of 3 x 3 hairs (s = 500 um) in a 60 Hz oscillatory flow. The curves represent the
velocity as a function of the axial position between hair 1 and hair 2, for the case of
3 hairs, and hair 2 and hair 5, for the array of 9 hairs.

The reduction of the axial velocity in the axial alignment is significant with veloc-
ity reductions at mid-points between two hairs of over 60% relative to the far field
velocity. Contrarily, the axial velocity amplitude reduction in the array configuration
halfway two hairs is limited to 40% of the far field velocity. It is a counter intu-
itive aspect of adding hairs, where one would expect that adding more hairs will
reduce the velocity inside an array, whereas from this simulation it seems that for
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Fig. 12.15 Comparison of viscous coupling coefficient (x2) at 200 Hz, for a free-moving or fixed
front-side perturbing hair on the reference hair-sensor (while in presence of free back-side hair, for
both cases)
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Fig. 12.16 Comparison of flow velocity in a transversal cross section of an axial alignment of 3
hairs and a matrix of 3 x 3 hairs in a 60 Hz oscillatory flow. The spacing between hairs is constant
and equal to 500 pm (s/d = 10)
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Fig. 12.17 Comparison of velocity perturbation inside an array of hairs for s/d =5 (left) 10
(center) and 34 (right). The 3 upper panels do not have the same length scale as indicated in the
bottom panel which compares the 3 array spacing using the same length scale

some conditions the overall perturbation produced inside the array is decreased. In
our understanding this effect is related to the competing effects of air-flow passing
through the array and air flowing around the array, which depends not only on fre-
quency of the flow and the normalised hair-distance to hair-diameter ratio (s/d) but
also on the size of the array, see e.g. Fig. 12.21.

The spacing between hairs will have a large influence on the flow-velocity inside
the array. Figure 12.17 compares the velocity fields inside 3 arrays of 9 hairs with
different spacings: 250, 500 and 1700 pwm. For small spacing of 250 pm, the pertur-
bation in the center of the array is large. Increasing spacing tends to decrease the
perturbation. For spacing of 1700 wm the perturbation is weak and approaches the
perturbation of isolated single hairs.

In Fig. 12.18, we present a panel of 20 velocity fields simulated for 5 different
arrays with spacing ranging from 250 to 2000 um (s/d = 5 — 40) and at 5 different
frequencies ranging from 30 to 480 Hz. At low frequency and for dense arrays, hairs
experience only a small proportion of the far field velocities due to the large perturba-
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Fig. 12.18 Predicted velocity fields as simulated for 4 different 7 x 7 arrays of 50 wm diameter
hairs with spacing ranging from 250 to 2000 wm at 5 different frequencies ranging from 30 to
480Hz

tions. Even peripheral hairs are affected by the formation of a global boundary layer
over the whole array of hairs which act as a highly coupled system. As expected the
increase of hair-spacing leads to a reduction of the perturbation by viscous coupling
and leads to increased exposure of the hairs to the flow. This gives insight for the
design of flow cameras and it surely highlights the trade-off between spatial and
temporal accuracy. A small spaced array will be able to monitor small scale and fast
events, whereas large spaced arrays should be capable of following slower events
but with a lower spatial resolution.

12.4.2 Drag-Torque Experiments

As for the fabricated hairs for the drag-torque experiments it should be remarked
that they were larger in diameter than designed. This has caused some of he rela-
tive distances (s/d) to be smaller than designed, which is only beneficially for the
experiments discussed here.
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Figure 12.14 compares the calculated and measured coefficient of viscous cou-
pling at three different cases of perturbations (i.e. (i) when two perturbing hairs are
present, (ii) when one perturbing hair is present and (iii) when no perturbing hairs
are present). The model presented before has been used taking the actual hair-sensor
dimensions into account and shows reasonable agreement with the measurements
while predicting the overall trends very well. Significant coupling is observed at
smaller normalised distances (s/d ~ 2.1 and 2.9) but the coupling effect strongly
reduces at larger distance (s/d ~ 8.6). The coupling coefficients were observed to be
substantial at low frequencies and gradually decrease with frequency. For the case
of s/d ~ 2.1, an interesting observation is made where the coefficients (x; and x;)
show significant difference in their values over the various frequencies (i.e. k1 < K2).
While it is observed that k| = k; at other normalised distances (s/d & 2.9 and 8.6),
this is a clear evidence of (asin s/d ~ 2.1) secondary perturbation effects of the hairs.
At closer distances, the back-side perturbing hair affects the front-side perturbing
hair and vice versa.

Figure 12.15 compares the coupling effect of a free-moving and a fixed perturbing
hair on the reference hair (in presence of a free-moving back-side perturbing hair).
Interestingly, the measurements reveal that both free-moving and fixed perturbing
hair-sensors do not have much different coupling with the reference hair-sensor. It is
very interesting to compare the results with the similar cases discussed in literature.
For the actual spider hairs, a fixed hair has a stronger coupling impact than free-
moving hairs. This is also shown in the model predictions for both cases. But this is
contrary to the measurement observations on the actual filiform hairs by Bathellier
etal. [9], where a fixed hair contributes to significant coupling and free-moving hairs
contribute very little. But as a stark contrast, our results show more or less similar
coupling effects for both cases (see Fig. 12.15). Not surprisingly, we think this has
to do with the large stiffness of our sensor springs, compared to those of actual
trichobothria [27]. Due to the large torsional stiffness, the motion of the free-moving
hairs under the flow conditions, does not make a large difference relative to fixed
hairs. This is also evident from the model predictions shown for both cases, which
take the actual torsional stiffness values into account.

In the introduction to this work, it was mentioned that Lewin et al. [13] developed
an FEM model for viscous coupling. The model was designed to incorporate our arti-
ficial sensor’s geometrical parameters, i.e. hair length of 1000 and 50 pm diameter.
Figure 12.19 shows the results of our measurements compared with both Bathel-
lier’s [9] and Lewin’s [13] models. Only the coefficient of viscous coupling (x)
between two hair-sensors (one reference hair and one perturbing hair, as described in
Appendix 1) is considered in the comparison, as both models were established for two
hairs. While the measurements show reasonable agreement with the models, it has to
be noted that some of the differences between the model values and the measurements
may be attributed to the fact that our measurements were done at 200 Hz as opposed
to Lewin’s published model results which were evaluated at 160 Hz. Hence, Lewin’s
results are expected to show a higher estimate than Bathellier’s model. Nevertheless,
comparing the models with the measured coupling coefficients it seems both models
are over-estimating the viscous coupling effects as found for our artificial sensors.
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The obtained results give a solid critical remark to previous array designs. As
per our design of functional artificial sensor arrays, the hairs (=700 pm long) were
separated by 300 um (i.e. for a hair diameter of 70 wm, the normalised distance,
s/d ~ 4.2) and the results clearly show the coupling effect is high (x > 0.1) for
such a distance. It can be assumed that these sensor arrays do suffer from significant
viscous coupling effects. Hence, the most important insight that can be derived from
the presented results will be the crucial design rule for minimum distance between
the hairs of sensor arrays.

12.4.3 Impact of Viscous Coupling on Spatio-Temporal
Flow Sensing

In the previous sections we have argued that our modelling, both of the air-flow
distribution in arrays of MEMS hairs, as well as for the rotation of MEMS hairs,
has an encouraging predictive quality; the studies on viscous coupling presented
in this chapter have reproduced previous analyses [9, 10, 13, 21] with respect to
frequency dependence and the influence of the normalised distance on the fluid
mediated coupling between flow-sensitive hairs. However, these previous studies
have not touched on the influence of the direction of the flow relative to the orientation
of the hairs, nor on the influence of the size of the arrays. Here we take the liberty to
use our hair-array model to investigate some of the effects that may occur in arrays of
fixed hairs. Especially since observations on insects are extremely difficult, models
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Fig. 12.19 Comparison of coefficient of viscous coupling (x1) at 200 Hz, between a perturbing
hair-sensor and a reference hair-sensor with model results from Bathellier [9] and Lewin [13]
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may help to coarsely explore the various effects. The analysis and model we have
introduced seem helpful in this respect.

Figure 12.20 shows an array of 5 x 5 hairs with harmonic airflow at SO0Hz at 4
different angles. The color-scale indicates the magnitude of the amplitude of the flow,
whereas the arrows indicate its direction. Due to viscous coupling air-flow finds it
way partly circumventing the arrays resulting in reduced velocities inside the arrays.
Hairs in a row or column are asymmetrically exposed to the air-flow, as also clearly
indicated by the normalised velocity profiles (parallel component) in the lower part
of Figure 12.20.

In Fig. 12.21 we show three arrays of increasing size, having 5 x 5,9 x 9 and
17 x 17 hairs. From these simulations we see that the effect of displacing the flow
along the outside of the arrays increases with array-size, the 17 x 17 arrays showing
the largest normalised flow-velocities at the upper-left and lower-right corners of the
array, with values of up to 1.77. The lower graph of Fig. 12.21 shows the normalised
velocity-profile for the center column of the three arrays. Center values seem rather
comparable, but velocities seem to drop somewhat getting more to the outside of the
larger arrays.

Figures 12.20 and 12.21 clearly indicate that, next to normalised distance s/d and
frequency, the direction of the flow and the size of the array also determine the flow-
values as experienced by the individual hairs. This actually implies that the effect of
hairs occurring in larger numbers adds an ‘additional layer of mechanical filtering’
to the frequency and direction dependent flow-responses of the individual hairs,
complicating the prediction of what actual arthropod hairs, with hair-canopies with
rather more variability in hair length, diameter and inter-hair distance [21], seated
on a rounded shape rather than a flat surface, and airflows with strongly changing
properties (frequency content, direction, etc.), may be exposed to. So, although we
can (and will) not claim that our simulations are representative for the situation of
actual arthropod hair-sensor arrays, we believe that they do show the existence of
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additional filtering effects that occur due to viscous coupling in hair-sensors existing
in high density canopies.

The most important insight that can be derived from the presented results is the
crucial role played by the minimum distance between the hairs, i.e. the density of
the hairs. Recent work also clarified the need to have a variety of hair lengths to
optimally measure a transient air flow in its full complexity [28]. This implies the
need to understand viscous coupling in detail among a canopy of hairs of different
sizes, for which we know much less.
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12.5 Conclusions

In this work we have modelled and experimentally investigated the effects of fluid
mediated coupling in arrays of MEMS based hair-sensors. We have done so by
experimentally looking at the perturbed flow in MEMS based hair-arrays by means
of PIV as well as by observing hair rotations of triple hair structures with subsequent
removal of one or two hairs. In doing so we were the first to produce measurements on
fluid-mediated coupling by means of these relatively highly controllable hair-sensor
systems

With respect to the perturbed flows in arrays we have extended existing theory [9]
to solve boundary conditions for an arbitrary number of hairs and flow-direction and
have subsequently shown that predictions of this model compare well to the PIV
results. For the situation of triple hair sensors we have extended the same existing
2D theory to predict the rotation angle amplitude. The trends predicted by this model
are found in the measurements as well, though the model seems to over-estimate
the experimentally determined coupling coefficient. This work, for the first time, has
shown strong evidence on the presence of secondary viscosity-mediated coupling
effects, at smaller inter-hair distances.

The results of all our experiments and all our models show significant coupling
effects between hairs, when placed close to each other and especially at lower flow
frequencies. Furthermore the models predict significant dependence on the angle
between the main axes of the arrays and the direction of the flows. These effects
establish themselves as a second level mechanical filtering, affecting the spatio-
temporal information in the air-flows.

Our experimental and theoretical results provide important insights and possi-
ble guidelines towards optimal sensor array designs while simultaneously possibly
shedding some light on biophysical effects in closely-packed hair-sensor arrays.
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Appendix 1: Theoretical Analysis of Viscosity-Mediated
Coupling

The following is a reiteration of the model derived by Bathellier et al. [9] and rewritten
to our case of interest. For the purpose of simplification, all the hairs considered here
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Fig. 12.22 Simple model to derive the dominant parameters of viscous coupling between a refer-
ence hair and a flow-perturbing one [9]

are assumed to be of identical cylindrical geometric shape (however the model of
Bathellier et al. is also applicable for hairs of unequal lengths).

Figure 12.22a shows the schematic of the model consisting of two hairs-Per’ and
‘Ref’ (standing for ‘Perturbing’ and ‘Reference’ hairs) of diameter d, placed along
the x-direction and separated by a distance s. Oscillatory air flow is assumed only
along x-direction for simplicity and hence, the cylinders move in the direction of the
flow. The far-field harmonic air flow velocity for the x-direction is given as*:

VE () = Vaoe™'e, (12.20)

4Note: In the following analysis, quantities with a * superscript represent the time-dependent for-
mulations whereas quantities without * are (complex) amplitudes.
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The cylinders oscillate about their bases with a torsional deflection angle, 87 (¢).
The velocity of the cylinder (‘Ref” or ‘Per’) parallel to the flow-direction depends
on the z-coordinate and is given by [9]:

Vi@, 1) = Vey(R)e™ = 26 (1) (12.21)
where,
Vey (@) = Vg max ()€™ (12.22)

Equation (12.22) represents the maximum amplitude and phase shift of the veloc-
ity of the oscillating hair (‘Ref’ or ‘Per’). Such movement introduces a distortion
in the air flow in the vicinity of a moving hair and this flow perturbation depends
on the spatial position. Figure 12.22 shows the cross-section of the flow field around
the hairs at a height z, from the base and thus presents a simplified two-dimensional
view of the conditions. It is convenient to use cylindrical coordinates with r, 1) and z
for describing the near-field flow velocity distribution around the hairs. The instan-
taneous x- and y-components of the air flow velocity, at a height z from the base are
given as [9]:

VE(r 0, 2) = Vi = Dy(r, ) (VE — VE@) (12.23)
Vi(r 1, 2) = =Dy(r, ) (VZ — Vi (@) (12.24)

where Dy and D, represent the x- and y-components of the perturbations introduced
in the flow-field due to the hair.

The no-slip conditions for this scenario are such that V,*(d /2, v, z) = V} (z) and
Vid)/2, 1) = 0,implying Dy = 1 and Dy = 0 at the hair surface. The near-field flow
distribution around the cylinders is derived by the theory of Stokes” applied to solve
the simplified Navier-Stoke’s equations [9]. From (12.23) and (12.24), the x— and
y—components of the perturbation D can be derived in terms of two dimensionless
expressions: 7 = r/d and A = d /2./iwp/p and the modified Bessel functions of the
second order Ky, K and K,. They are derived as:

Voo — Vx(2)
Voo — Vex (2)

. [(Kz()\) RN 2K1(2>\n)>sin2 - (Kz()\) 1 m(zm))cosz w}

D, =

Ko 42 Ko\ KoV 472 MjKo(\)
(12.25)
PR G
r ch(Z) — Vo

w1 K@Y
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In the above expressions, Dy is not significant in determining x- or y-components
of the near-field distribution as it is O for ¢ = 0 or integer multiples of 90°. For our
case, where hairs are in a parallel configuration along the direction of flow (hence,
1 = 0 and 1y = s/d i.e. the position of the reference hair from the perturbing hair
or vice versa), the normalised perturbation (Dy) is simplified and given as [9]:

Dy = D(s,0) = Dx(s, m) =R {LKZO\) — iKI(ZM)}

12.27
IEKN) 1 KoV (12:27)

Figure 12.22¢ shows the schematic representation of Dy from both of the hairs.

The flow at any vector position 7 (Fig. 12.22) can be derived by summing up
the unperturbed far-field flow velocity and velocity perturbations caused by both the
hairs. At any position 7 the flow perturbations along the x-direction by the hairs will
be denoted as D, (¥) and D (7 — 5). The flow at any position r along the x-direction
is given as [9]:

Vi(@) = Voo — Ay {Voo - Vp(Z)}Dx(r) — At (Voo = Vi (D)} Dx(r — 9) (12.28)

where V,, and V; are the velocities of the hairs defined by (12.22) and A, and A,
are two unknown complex terms. The values of these terms can be determined by
applying the no-slip condition at the surface of the hairs (i.e. Vi = V,, or V;), which
yields two equations. The equations are solved and the values of the complex terms
are given as [9]:

Ve V@D %0
A (Voo = %p@) = 735 + 5 ol (12.29)

\% Vo, (2)D Vi(2)
Ar (Voo — Vi(2)) = 1+°°D1 + 1"_ D%‘ - liD% (12.30)

where D, [defined in (12.27)] represents the perturbation due to a hair at the position
of another.

The hairs respond to the driving flows by angular deflection # and the conservation
of angular momentum equation is given as [5]:

0 90
+R— +S6 =T, (12.31)

T oz TR,

where J, R and S are the intrinsic mechanical parameters of the hair representing the
moment of inertia, torsional damping constant and torsional stiffness respectively.
The flow-induced drag torque T4 exerted on the hair can be calculated by integrating
the drag-force along the length of the hair. In order to calculate the viscosity-mediated
coupling, we need to solve (12.31) for two cases: (i) when the reference hair is isolated
and doesn’t have any contribution from a perturbing hair and (ii) when the reference
hair has a perturbing hair placed next to it, in the direction of the flow. The drag-torque
acting on an isolated reference hair is given as:
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L
Tyr = @ /(Voo — Vi(2))zdz (12.32)
0

where o = 47uG — in*uG/g, G = g/(g* + 7*/16) and g = In(\) [9]. By solving
(12.28) using (12.29) and filling in the contributing parameters, the complex rota-
tional angle of the reference hair (isolated, without any flow perturbations) can be
written as [9]:

3VoR, 1
2L) (Wi —wh) +i (%) (R+Ry)

Or(w) = (12.33)

where wy = +/S/J is the resonance frequency of the hair system, w is the driving
oscillatory flow frequency and R, represents the damping coefficient due to the
surrounding medium, which is air [9]. Now, if a perturbing hair is placed in a parallel
configuration, i.e. placed along the direction of the flow ahead of the reference hair
(Fig. 12.22), the drag-torque acting on the reference hair (‘ref”’) in the presence of
perturbing hair (‘per’) is given by [9]:

L
Tore = a / AV — Vi(2))2dz

0

fv V.@oD Vi)

) pZ) r(Z

—a + - d 12.34
/{1+D1 1—D? 1—D%}“ (1239
0

where V;(z) and V,,(z) denote the velocity of the hairs at a height z from their base.
Using (12.31) in (12.28), the complex rotational angle of the perturbed reference hair
(in response to the flow including the perturbations) is given as [9]:

3VeoR, e1+ ey,
L) (W —w?) +i(%) R+ 2Ry

Op(w) = (12.35)

where 7, is a complex quantity of which the magnitude represents the tip velocity of
the perturbing hair, normalised by the far-field velocity V. For the case where the
perturbing hair is immobile or fixed, this means v, = 0 and (12.35) is simplified [5].
In (12.35), the term ¢, stands for the perturbed flow at the position of the reference
(Note that when the distance between the hairs increases, D becomes progressively
small and €, goes to 1, representing the unperturbed flow). The term &, represents
the additional damping of the reference hair due to the presence of the perturbing
hair. The term e3 represents the dynamic perturbation due to the movement of air
medium by the movement of the perturbing hair. These three terms, ¢, €2 and &3
represent the viscous coupling between the hairs and depend on the lengths of both
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Table 12.2 Viscous coupling terms for the perturbing and reference hairs. Here D is the normalised
perturbation coefficient of a perturbing hair at the position of the reference hair [9]

€1 e €3

)
_ _Dy Dy D,
1 1+D; I+ 1-D? 1-D?

hairs [9]. For the case of equal hair length (both reference and perturbing hairs), the
values of these constants are given in Table 12.2.

By making use of the above equations, the response of the reference hair in the
presence of a perturbing hair and in its absence can be derived and a coefficient for
the viscosity-mediated coupling can be defined as:

_Or—0p

12.
o (12.36)

|

By measuring the response of the reference, in presence and absence of a perturb-
ing hair, the effect of viscosity-mediated coupling can be experimentally investigated.
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Chapter 13 ®)
Architectured Materials in Building Guca i
Energy Efficiency

Bernard Yrieix

Abstract The term “architecture” included in the “architectured material” approach
receives a particular echo in the building sector. It inevitably evokes the technical and
artistic discipline of adapting the building to its use. In a similar way the architectura-
tion of materials approach in response to complex and antagonistic expectations for
energy efficiency in building is promising although it is less developed in this sector
than in others. However the engines for its development are indeed more present than
ever: reduce the total emissions of greenhouse gases, demands for multifunctionality,
and requests for inaccessible properties by a single bulk material. If mechanics has
long been the central concern, the end of the 20th century marked a turning point
towards energy and that is the reason why this chapter deals to this aspect and espe-
cially with the building envelope. Many properties come to complicate the game of
simple thermic and mix the cards: mechanical (compression, tensile, creep), hydric
(water sealing and absorption), hygric (water sorption and permeation), acoustics,
aesthetics, cost, optical (visible and infrared), embodied energy and environmental
impact, etc. Examples are given in this chapter. This approach started very late, only
sixty-seventy years ago with the foaming of polymers and with the manufacturing of
mineral wool. In parallel other material where designed at a scale closer to the prod-
uct scale like hollow bricks, lightweight concretes. It is only very recently that a final
improvement is done on traditional insulation materials polymeric foams and glass
wool by achieving a very efficient infrared opacification. It is also in the same time
that the breakthrough of the super insulation comes based on a specific architecture
of the material involving more matter but dealing with the nanometer scale in order
to confine the molecules of the gas in pores smaller than their mean free path. Two
families of material/products are exemplified: the vacuum insulation panels and the
super insulation at atmospheric pressure. For each, several optimisation problems
are ongoing or on the table and the architecture of the material and product is the
key for success in reaching antagonist attempts. The strongly moving context around
the renewables energies is also bringing new playground for architectured materials.
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One first theme is the heat storage where the difficulty for reaching the wanted power
could be addressed by this approach. The very wide and new second theme is the
field of active walls and specific collectors where the aimed properties ask for filling
some gaps in the materials spaces. Finally the approach of architectured materials is
slowly irrigating the developments for energy efficiency in building with the knowl-
edge diffusion and thanks to the education students are more and more aware of the
possibilities of this approach especially to solve difficulties and then to innovate.

13.1 Introduction

The term “architecture” included in the “architectured material” approach receives
a particular echo in the building sector. It inevitably evokes the technic and artistic
discipline of adapting the building to its use. The general function of a building is
to house people, their property and their activities from climate, pests and predators,
or natural and human risks. This results in functional and technical specifications
which have conflicting expectations and whose satisfaction appealed to both the
architecture (of the building) and special materials.

For the Architectured Materials community which adapts the material to its use
the antagonist expectations evoke the famous empty spaces of Ashby maps where
the perfect material remains to be invented or designed. Research in the field is
the key to push the edges of the possible. From this point of view research in the
building sector suffers somewhat from the comparison with that of other areas. If it is
excellent in narrow areas including some materials, it is mainly industrial type made
by industrials and champions of techno-economic process optimization. The result
is often that the overall aspects of the expectations and interactions between systems
stay beyond their control. This is why the architecturation of materials approach in
response to complex and antagonistic expectations is less developed in the building
sector than in others such as transport. There is therefore more a slow appropriation
of the methods and tools developed elsewhere.

However the engines for its development are indeed present. The first is the very
current need for energy efficiency where the building holds a decisive role in the
fight against global warming as responsible for 20% of total emissions of greenhouse
gases [1]. The second is a very strong need for multifunctionality, very old as we shall
see Sect. 2 but also very modern (Sects. 3-5) or futuristic Sect. 6. The third motor
is, as elsewhere, the inaccessible properties by a single bulk material, in particular
motivated by the evolution of the set of functions requested through the ages. If
mechanics has long been the central concern, the end of the 20th century marked a
turning point towards energy and that is the reason I will limit this chapter to this
aspect of the energy in the building. Specifically the building sector will be that of
the envelope, decisive in terms of efficiency, but also that of building equipment’s.
The building envelope is made of opaque and transparent walls where we distinguish
the walls, floors, roofs and openings, which for thermal purposes it is added thermal
bridges.
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Many properties come to complicate the game of simple thermic and mix the
cards justifying that “filling the gaps in materials spaces” remains more relevant than
ever! To the main properties I deliberately fixed to be thermal insulation and heat
storage, it is necessary to list the following secondary characteristics: mechanical
(compression, tensile, creep), hydric (water sealing and absorption), hygric (water
sorption and permeation), acoustics, aesthetics, cost, optical (visible and infrared),
embodied energy and environmental impact; the list is not exhaustive. Examples are
given in the following paragraphs.

13.2 Historical Elements and Generalities

13.2.1 Traditional Housing

Let’s start with some historical examples of the building envelope. The old traditional
habitat has many examples, some of which are listed in Table 13.1. These examples
show that the optimization is not as thorough as some explain. The thermal man-
agement is ultimately somewhat based on the use of local materials and of course
the only ones available. However, the optimization was carried to a high level at the
system level and at the architecture of buildings with a generalized concern for bio-
climatic design and components durability. Some current developments clearly turn
those backs. An example of this that I love is that of the traditional roof in tropical
Asia that provides excellent comfort and uses resources wisely. Its structure (trusses
and purlins) consists of fine wood whose lifespan exceeds 50 years while the less
durable cinnamon wood is used for the cover (rafters and battens supporting palms)
whose set is replaced every ten years. Today palms are replaced by steel sheets with
two disadvantages: (1) a sustainability inconsistency because wood rafters remained
the same lasts much shorter than the sheet metal and (2) a blatant discomfort due to
heat radiation from the sheet metal.

In conclusion, the general tendency to revisit history with current knowledge and
to assign current approaches to past designers does not stand up to close examination
of the facts. Optima achieved are often locally very relevant especially in the com-
promise between resources and bio-climatic adaptation for older or more traditional
habitats. As for the bio-mimicry in materials, it is appropriate not to copy but to
inspire.

13.2.2 The Post 1973 Period

The year 1973 saw the first oil crisis hit the Western world recalling that energy is a
precious commodity that can become expensive. The forty years that followed saw
a succession of energy crises and crystallize environmental awareness around the
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Table 13.1 Building envelope of a few traditional habitats
Climate Location Materials used Useful material | Unwanted
or structure material
properties properties
Dry tropical Near and middle | Raw earth, clay | Low solar
mediterranean east Sub-Sahara | or dung absorptivity
Africa reinforced with | High IR
wood or straw emissivity
Wood and High water
bamboo adsorption &
desorption
Wet tropical South and Exotic wood or | High ventilation
south-east Asia | palm rate (including
Palms for floor)
roofing Water and bio
Bamboo stamina
Various Troglodytes Rocks Air tightness
High heat
capacity
(sensible heat)
Stable source
and well of heat
Cold Northern Wood Low
countries Peat conductivity
Air tightness
Water vapour
buffer
Raw stones Durability High
conductivity
Air tightness
Cold Northern Snow Low High solar
countries: igloo conductivity reflectance
Air tightness High IR
Phase change absorbance and
material emissivity

management of resources and of global warming. The search for energy efficiency,
especially for buildings, was initiated in Europe in 1974 and has continued to grow
since at different speed depending on the country. It was first served by the emergence
or spread of thermal insulation materials. Figure 13.1 and Table 13.2 set a few dates
and shows that modern insulation is recent with the appearance of foams after 1945.

Somehow there was the implementation of a particular material architecture, only
able to achieve the very low thermal conductivity as shown in the two maps of
materials properties Fig. 13.1. Only a few natural materials have approaching thermal
conductivities: they are themselves very porous, fibrous or cellular.
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Fig. 13.1 The appearance of foams date after 1945
Table 13.2 Modern insulation is very new
Raw material Insulate
Mineral wool | 1890 — Industrial wool 1938 Owens
— In building 1960 Corning
Polystyrene 1930 Expanded 1951 BASF
Polyurethane | 1953
Vacuum insulation panel 1970
Silica aerogel | 1931 — Xerogel 1990 Nanopore
— Blanket 2000 Aspen
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More recently in the 21st century, to the problem of reducing building energy
loss is added the challenge of better capture, manage, and use of the free renewable
energy (light, heat, cold, sun) or the others (photovoltaic, thermal solar, heat pumps,
wind). Issues of heat storage and of active collectors are therefore raised by the
intermittence of these energies.

Aspects related to the loss are discussed in Sects. 2.3—4.2.3. Those related to the
heat storage are illustrated by an example Sect. 5. The Sect. 6 on the perspectives is
common.

13.2.3 Generalities About Thermal Conductivity

Porosity

The low conductivity of insulation materials (<65 mW/(m K) according to the stan-
dards) is the result of the mixture of solid and gaseous phases intimately mixed.
Indeed, as shown Fig. 13.2 the use of large amount of gaseous phase is the only
way at ambient pressure to obtain materials with thermal conductivities in the range
0.1-0.01 W/(m K).

13.2.3.1 Cellular Materials

In the no nanostructured continuous framework materials the thermal conductivity is
well described by the parallel flow model [2] which distinguishes the contributions

Fig. 13.2 Conductivity of 1000 Y
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of the internal infrared radiation, the solid phase conduction and the gas phase con-
duction!:

A=A+ A+ Ay (13.1)
with:

A, the radiativity given by Rosseland approximation:

_ 16112(773
"3 K

(13.2)

refractive index (=1 for low density materials),

extinction coefficient (m™!),

Stefan-Boltzmann constant (5.67 10~8 W m—2 K~%)

is an average temperature within the insulant; T = (T + o) - (TE+T5) /4.
T and T, are the temperatures of the surfaces

N a ) B

A% the solid conduction?

Aos = (1 = 0)" Aes (13.3)
6 the porosity

0=1—-p/ps (13.4)

p and p the densities of the material and the skeleton

Aes the conductivity of the solid material.
a ~ 1 for foams and a ~ 1.5 ... 2 for materials such as aerogels or fumed silica.
A¢ the gaseous conduction

Ay = 0.heg0 (13.5)

hego  the conductivity of unconfined gas

Finally as the extinction coefficient is proportional to the density K = Oex.0
(0ex: is the mass extinction coefficient in m?/kg), the conductivity of highly porous
materials with continuous skeleton is of the form: A = C + B.p + % wherein A, B,
and C are constants, C corresponding to the conductivity of the stationary air.

1Considering that the pore size of these materials prevents natural convection which is the main
aim of their solid phase.

2For a single-phase solid. For a multiphase solid, a simple mixture of law suits if one remains in
high porosities; if not one can use a homogenization rule adapted to the configuration.
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the conductivity at 10 °C of
an expanded polystyrene as a
function of its density

Fig. 13.3 Contributions to 60 \
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This first level of microstructure or of the architecture of cellular medium shows
that an optimum separates the region of low densities dominated by the thermal
radiation from those of higher densities dominated by solid conduction; An example
about the expanded polystyrene is given Fig. 13.3.

Morphology

The influence of the morphology is also of importance because it could influence
both the solid conduction and the radiativity. The simplest way to consider the first
is to take into account the tortuosity of the solid phase in the parallel model:

A
Mg+ M = 0.he0 + (1 —9)? (13.6)

with Z the tortuosity as the ratio of the effective distance into the solid phase by the
chord distance between two representative points.

The effect of anisotropy could be consider with Z depending on the direction. Of
course finite elements calculations are a more precise way to evaluate the conduction
contribution but they suffer of the same limitation than homogenization models: the
lack of coupling between conduction and radiation.

For the radiativity, the influence of the morphology of the polymer foam has been
particularly studied by Glicksman [3] which shows the importance of having the
material in the pillars optically thick, rather than in the windows of cells transparent
to infrared radiation, but with the limitation of keeping closed the cells of foamed
materials with heavy insulating gas. Extensive work was conducted by Coquard and
Baillis on the modelling of heat transfer in low density medium [4] by the resolution
of the radiation-conduction coupling which leads to the predictive quantification
of the conductivity of polymer foam, fibrous mat and later on of nanostructured
materials.
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13.2.3.2 Fibrous and Granular Materials

Another type of architecture is that of fibrous or granular materials which adds to
previous behaviours the influence of contact resistance between fibers or grains.

The solid conduction then takes the form of a sum of conduction along the fibers
and conduction at the contacts. The ratio Ry R. (Fig. 13.4) of the thermal resistance
of the fiber between two contacts and the contact resistance is the marker of the type
of behaviour from weak contacts to perfect contacts where we find again the case of
continuous skeleton.

Thus the topology of the material becomes essential: fiber section S, length
between contacts /. or number of contacts per unit length, contact section S, contact
pressure, and of course fiber orientation with respect to heat flow. All these variables
are used by the manufacturers of fibrous insulation; in the literature one found empir-
ical models for some families of materials such as glass wool. The same principle
applies to granular materials where one considers parallel flows (Fig. 13.5) [5].

The commercial products are like the polymer foams very porous: respectively
from 0.93 to 0.98 and from 0.96 to 0.99 for mineral and organic wools.

Fig. 13.4 Principle of solid conduction contribution to the conductivity of fibrous media (Courtesy
3SR)

Fig. 13.5 Principle of parallel flux in granular media
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13.3 Traditional Insulation

13.3.1 The Thermal/Mechanical Compromise

Optimizations made over the years bear alternately on materials, products and sys-
tems. They target conductivity while the mechanical strength is a constraint to satisfy.

For the building envelope the iconic materials of these approaches are the insu-
lating load-bearing materials used in distributed insulation systems (i.e. in the wall
thickness, as opposed to insulation systems from outside or from inside). One find
mainly said honeycomb brick “monolithic”, light concretes and the frame structures.

13.3.1.1 Bricks

The solid brick earthenware is 7000 years old and always used. The current product
has two pores scales: micrometric pores evenly distributed to decrease the conduc-
tivity of the ceramic material (and conferring resistance to frost) and centimetric
anisotropic cells to decrease the conductivity in one direction while maximizing
load-bearing in compression and buckling in the other direction.

It is interesting to see the changes. On the French market we have moved from a
thickness of 25 cm (resistance 1 m? K/W) in 1980 to 42 cm (resistance 3.8 m> K/W)
in 2012 and now the increase of the requirements currently leads to return to a partial
separation of functions for example by combining a brick 20 cm thick to a 12 cm
thick traditional insulation.

13.3.1.2 Lightweight Concrete

The case of the lightweight concrete is a little bit different with three kinds of prod-
ucts: lightweight aggregates, foamed, and autoclaved aerated. Both are based on the
strategy of the cellularisation of the structure by the use either of very lightweight
aggregate (e.g. expanded polystyrene beads), or of the physical foaming (foam con-
crete or mortar) or of the chemical foaming (autoclaved aerated concrete). Pore sizes
or lightweight aggregates range from 0.1 to 5 mm but unlike bricks, they do not show
centimetric alveoli.

The thermo-mechanical optimization proceeds as follows. The conductivity is
dominated by the solid conduction so its decrease requires that in density, which
is possible only with respect of mechanical properties (a typical value is a required
compressive strength of 3 MPa). These follow the Gibson-Ashby relations:

- 0 1.5
-2 = C(,(—) (13.7)

Oys Ps
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2
£ _c, <ﬁ> (13.8)

where oy, 0y, E, Egs, are respectively the plastic collapse stress of the foam, the yield
stress of the solid material, the elastic modulus of the foam, and the elastic modulus
of the solid material of which the foam is made.

C, and Cg the constants dependent on the microstructure; for example C,
decreases with the size heterogeneity of cells or lightweight aggregates.

There are therefore three main levers to optimize: the density to select the pair of
mechanical/thermal properties, the yield strength of the matrix, and the heterogeneity
of cells to change compromise.

Again, the increased thermal requirements of the building envelope did not allow
these materials to meet major market except for autoclaved cellular concrete that have
reached conductivities of 90 mW/(m K) for supporting structures and 45 mW/(m K)
for purely insulating supplements.

13.3.2 Traditional Insulation on the Asymptote

The efficient traditional insulation materials tend to have relatively low density which
places them in the domain where the radiativity dominates the solid conduction.
Therefore any reduction in density, for example for cost reasons, results in a signifi-
cant increase in conductivity. This is the case of the two heavyweights markets: glass
wool and expanded polystyrene.

The recent development (after 2000) of these materials can be expressed by the
question “how to approach the limit constituted of the conductivity of still air without
changing the gas as in the polyurethane?”. The answer is in (1): we must reduce both
conduction and solid radiativity. But these properties being antagonistic to each
other and incidentally with the mechanical properties, it is necessary to resort to new
architectures dedicated to cellular materials and fibrous materials.

13.3.2.1 Opacification of Expanded Polystyrene

The conductivity of the reference expanded polystyrene EPS is 38 mW/(m K). Con-
tributions to this conductivity of still air, of the solid skeleton and of the radiativity
are respectively of 25, 5 and 8 mW/(m K). Decrease the latter almost without adding
solid conduction was the challenge. It was to disperse on the walls of cells micro-
metric filler called infrared opacifier (Fig. 13.6) which considerably increase the
extinction coefficient of the material by a combination of absorption and scattering
of the radiation. Fillers must comply with specific dimensions in proportion to the
emission spectrum of the grey body at these temperatures, a maximum of extinction
is obtained at a diameter of 3 ywm. The nature of fillers can be varied but in order
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Fig. 13.6 Schematic microstructure and SEM observation of an opacified EPS

to facilitate the manufacturing, graphite and carbon black dominate and explain the
black to grey colour taken by the EPS panels.

Atthe end a synergistic effect is achieved because the sharp decline of the IR semi-
transparency of the material allows decreasing in return its density and therefore the
solid contribution. Finally opacified EPS are marketed with a certified conductivity
of 29 and 30 mW/(m K) for a density of only 25 and 18 kg/m>. We can consider that
the asymptote is reached.

13.3.2.2 Improvement of Fibrous

The case of fibrous is close but there are differences. The available area to disperse
fillers without contact between them is restricted, the only way to play really is
through the diameters of the fibers themselves. In fact the decrease in diameter is
accompanied by a diffusion interaction of the radiation more effective and therefore
an increase in the extinction coefficient of the material which results in a downward
shift of the curves conductivity as a function of density with a clearly marked effect
at low densities (Fig. 13.7).

This reduction in the fiber diameter is accompanied by a decrease in the mechani-
cal characteristics of these nonwoven mats which require in turn changing the archi-
tecture of the material. So depending on the manufacturing process we will look at
a compromise between thermal properties [Density, “Thermal” fiber concentration
(small diameter), Fiber orientation, Fiber diameter (low for IR opacification)] and
the mechanical properties [Density, “Mechanical” fiber concentration (large diame-
ter), Fiber orientation (Mechanical bonding), Locking structure (thermal bounding
or sizing)].
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Fig. 13.7 Evolution of the characteristic curve of conductivity of PET non-woven with the fiber
diameter. Conductivity of comparable nonwovens according to equivalent diameter of the fibers

The same approach applies to mineral fibers able more easily to smaller diameter
than organic. As for EPS their progress place them also on the asymptote with
products marketed with a certified conductivity of 30 mW/(m K).

13.4 The Super-Insulation

Do even less conductive than the best conventional insulation materials [go slightly
below the conductivity of 25 mW/(m K)] requires replacing the air by a heavier gas
and therefore less conductive that should be prevented of diffusion outwardly of the
product. Polyurethane, polyisocyanurate and phenolic foams reach and such products
are marketed with a certified conductivity which include ageing of 23-25 mW/(m K).
New foaming gas will soon make it possible to reach 18-20 mW/(m K).

Do even better means to further reduce the largely predominant gas conduction
contribution. To do this two ways exist and are physically equivalent: reduce pressure
or confine the gas in pores of a size less than or equal to the mean free path of the
molecules. Thus the gas conduction in (1) becomes:

)‘:g = Blarge pores-Acg0 + Osmall pores-Acg (13.9)

with:
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hego  the conductivity of unconfined gas corresponding to large pore size (typically
> 300 nm under ambient conditions)

)\ch
heg = ————, (13.10)
1+ Cﬁ
the conductivity of the gas confined in the small pore size (typically <300 nm at
ambient conditions)

C constant depending on the gas (here air) and characteristic of the mean
free path of molecules

T temperature

P pressure

0} pores size

elarge pores the large pOfOSity
Osmall pores  the small porosity.

It follows from (10), called Knudsen relationship, that there is equivalence
between the pressure and the pore size, the decrease in either leading to decrease
the conduction of the gas. In other words, the decrease in conduction with the gas
pressure decrease is more pronounced as the pore size is small as shown in Fig. 13.8.

The nanostructuring of pores while maintaining high total porosities request
nanostructuring of solid skeleton. Besides the process problems involved, here are
three consequences. The first is that the radiativity is changed because the solid char-
acteristic size is too small to efficiently absorb infrared radiation whose mode of
interaction with the solid is then Raleigh diffusion [6]. It is therefore necessary in
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Fig. 13.8 Evolution of the gaseous conductivity of the air depending on the pressure and the pore
size
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most cases to opacify these materials the same manner as in Sect. 3.2.1. The second
is that this dimension can be of the same order of magnitude as the mean free path
of the phonons and thus lead to a sharp decrease in the solid conduction, to take into
account in (1). Finally the third one is that the amount of matter required to divide
the volume in a huge number of pores cannot be small; as a consequence the density
of these materials are 5—10 times higher than that of traditional insulation materials
(i.e. 50-150 kg/m3) and so the total porosity is much lower (0.89-0.97).

The textural characteristics of the materials are therefore of prime importance
for satisfying simultaneously super-insulation and other properties. This will require
particular architectures described in the following paragraphs.

The word super-insulation refers to a material whose conductivity is lower than
that of still air at ambient conditions (25 mW/(m K)). There are two families: the vac-
uum insulation panels (VIPs) and super-insulation at atmospheric pressure (SIAP).

VIP consists of a porous core kept under vacuum by a sealed envelope tight
to atmospheric gases. Core materials can be varied; the two main ones being the
glass fibers in a particular form and the silica powder, mainly of fumed type. For
building applications silica is preferred because it gives a longer life time thanks
to a predominant size of pores close to 200 nm which shift to a higher pressure
the increase of the conductivity generated by the pressure rise due to the inevitable
permeation of atmospheric gases through the barrier envelope [7].

SIAP are aerogels based materials, the only structure able to produce very porous
materials (>80%) with predominant pore sizes of <20—70 nm. The dominant material
is hydrophobic silica aerogel dried supercritically.

13.4.1 Vacuum Insulation Panels

VIP technology is quite mature (TRL 8-9) and corresponds to the lowest conductiv-
ities at room temperature on large objects: the center of panel thermal conductivities
of new state VIP (in mW/(m K)) are between 2 (specific glass fibers), 4-5 (silica) and
8 (core with micrometric pores). The thermal, mechanical and durability behaviour
depends interdependently of their two components: the core material and the barrier
envelope [8]. The optimization of the assembly is particularly delicate and is cur-
rently the subject of numerous studies like the international program Annex 65 of
the IEA-ECB [9].

13.4.1.1 Core Material

Besides the low conductivity, physicochemical required properties are mechanical
and hygric, and use properties are durability and cost performance.

From the mechanical point of view, it must of course withstand 1 bar pressure,
including without creep during service but some applications such as floor requires
higher resistance. The main lever to adapt a given type of core is its density; for silica
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it is made by powder compaction. Furthermore the manufacturing stage requires a
certain strength or flexural deformation which obliges to reinforce the silica by long
fibers which can conventionally be glass or PET.

The choice of hygric properties is complex and numerous options (more or less
hydrophilic or hydrophobic) are possible through the material itself, for example
pyrogenic and precipitated silicas, or by the use of getters and/or desiccant for glass
fibers. The sustainability of VIP is affected in complex ways still poorly predictable
over the long term (i.e. 40 years) especially because the own ageing of components
such as the core has wrongly been neglected [10, 11].

The contradictions between properties are numerous: increased density improves
mechanical properties and durability, but diminishes conductivity and increases cost;
the cheapest silica (precipitated) is mechanically and thermally less efficient but is
more hydrophilic which can be sought or not depending on the expected lifetime;
strengthening by compaction competes with that by the fibers; precipitated silicas do
not age in the same manner as fumed; and finally one of the keys for the mechanic
appears to be (1) the surface chemistry and (2) the morphology conferred by the
process to indivisible aggregates (150 nm) of individual silica particles (<20 nm)
[12].

13.4.1.2 Barrier Envelope

Barrier levels required for very long lifetimes expected for the building (target
50 years) are really very high and limits of current carrying capabilities. The barrier
laminate consists of different layers linked on the multiple functions that are required.

The first of course is the barrier against atmospheric gases including water vapour
which permeate 100 times faster than oxygen and nitrogen due to the small size
of its molecule. Today we use aluminium layers either laminated (6—15 pm thick)
or metalized (40—-120 nm thick). The former are more airtight than the latter but
induce a thermal bridge intrinsic to the VIP much more damaging to the effective
thermal conductivity than the seconds [7]. The alternation (layers) and juxtaposition
(defects) of highly permeable and other totally impervious areas associated with
the vacuum configuration explain that the solubility diffusion model [13, 14] used
in the packaging is not sufficient to reflect the actual behaviour of barrier laminate
because of two gaps. Indeed, on the one hand the hypothesis of Henry’s Law? proves
inaccurate in some configurations of the pair polymer/climatic loading (temperature
and humidity), and on the other hand the gases of humid air mixture do not behave
like perfect gas, without any chemical or physical identified origin [15]. If the first
difference is without much effect on the overall behaviour, it is not even for the second
which led to large decreases in diffusion coefficients in mixtures compared to pure
gases used in conventional tests of permeation, diffusion and solubility. Works are
underway to develop a model on a physical basis that is satisfactory and which is

3Proportionality between pressure and concentration.
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believed to be suitable for the accurate prediction of the long-term performance of
VIPs [16] and in return for the optimisation of the whole VIP architecture.

The second function is the strength of the complex regarding the perforation; it
is provided by polymer films such as PET or PA. The third is the sealability that is
given by a polyolefin inner layer film such as PE or PP. The polymer films also have
arole with respect to permeation by their selectivity of water, oxygen and nitrogen;
that’s why recently some laminates incorporating EVOH appeared to lower oxygen
permeation. The assembly of these various films is done by laminating them together
and often by using PU adhesive.

To these main functions it should be added cost, processability, thermal conduc-
tivity in the plane, resistance to damage during assembly of the PIV, and finally
the degradation of polymer and metal layers under the influence of temperature and
moisture in use. This last long ignored aspect is now considered [17] and should
enable (i) take into account the own aging of the barrier laminate and (ii) to design
laminates more resistant to harsh conditions and therefore broaden the possible appli-
cations for example to heat water tank, external insulation and severe hot and humid
climates.

13.4.1.3 Conclusion for VIP

In this complex space of properties, the overall architecture and the specific architec-
tures of the core and of the envelope, including macroscopic dimensions, play key
roles. The modelling of various behaviours seems to be the way to reach reasoned
optimizations guided by the intended application and specifications. This work is
being strongly influenced by the approach “multifunctional architected materials”.

13.4.2 Super-Isolation at Atmospheric Pressure

The basic materials have conductivities between 10 and 15 mW/(m K), while the
insulating materials which they are made of have conductivities between 13 and
20 mW/(m K). These materials are less advanced than the VIP and are either based
on silica aerogel (TRL = 5-8) or on organic aerogels (TRL = 3—4). The difficulty
in this family of materials is that of compromise between mechanical strength and
conductivity.

The reference material is silica aerogel whose properties are well known and
whose workings for the purpose of thermal applications are well controlled, except
the cost point of view. To simplify, we can say that it has excellent thermal perfor-
mance but suffer from poor mechanical properties and a high cost (about 3000 €/m?).
Current researches interest in these two drawbacks that we will develop in the fol-
lowing paragraphs, but without discussing the chemistry of the gel.
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Making aerogels involves very heavy limitations on the forms in which the mate-
rial can be obtained. The manufacturing of these generic steps are:

e Gelation of a precursor in a solvent by pH change;
e Ripening;

e Possible hydrophobization;

e Drying (going from the gel to the aerogel).

This last step is the critical point of manufacturing because of the very high
capillary stresses exerted on the solid skeleton due to the very high porosity and small
pores size. These stresses are the origin of mechanical collapse of withdrawal solid
network and possibly by re-condensation of chemical bonds. There are three main
ways of drying: supercritical (reference channel with respect to ultimate properties
but at high cost), subcritical at different levels of temperature and pressure, and finally
lyophilization.

Intermediate steps of neutralization, washing and solvent exchange are mostly
needed.

Because of these manufacturing constraints, there are three forms of super-
insulation products that can be classified in order of increasing difficulty of obtaining:

e granules or powder

— hollow body filler (hollow walls, day lighting panels);
— incorporate into other matrices (e.g. facade insulation renderings);
— preparation of binded panel;

e blankets and other impregnated (fibrous mats and cellular matrices);
e monoliths.

The difficulty gradient is partly due to the drying phase which exert very high
capillary stresses and partly due to the increasing dimensions involved in the gelling
phase, neutralization, washing, hydrophobization, etc. where diffusion in the porous
medium is the limiting step. This hierarchy explains that monoliths are rare and/or
of small size. The easiest preparation which is obtaining the granular form of the
material involves other processing steps to achieve the final product. The whole
process is therefore an essential component.

13.4.2.1 Improve the Mechanical Properties

Silica aerogels having the lowest thermal conductivity at ambient pressure has a
density of about 80-200 kg/m>. These fairly rigid aerogels are very brittle [18] with
harmful consequences both for use: cracking products and dusting with or without
attrition, which, even if it is harmless, is extremely unpleasant and damaging to the
thermal performance.

The insulation of opaque walls of building demand for large panels (at least
60 cm x 120 cm) and between 20 and 60 mm thick [assuming a conductivity of
15 mW/(m K)]. Their handling requires a flexural breaking strength higher than
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Fig. 13.9 Approaches to develop SIAP products

50 kPa which is a low value that mechanical reinforcement techniques such as fibers
or binders achieve. But in this case the thermal conductivity is greatly impacted.
Again the antagonism between the mechanical and the thermal is the challenge
which can be illustrated by Fig. 13.9.

We find that the silica monolith lacks the strength and that the simple mixing of
grains of silica aerogel with a resin makes it possible to easily obtain this strength
but does not retain the sufficiently low conductivity [19]. The explanation is given
by Fig. 13.10: the conductivity of a single stack of grains whose monolithic conduc-
tivity of 11 mW/(m K) is 16 mW/(m K), due to the increase of the gas contribution
in intergranular pores (9). The addition of an organic resin provides cohesion but
significantly increases the solid conduction and lead to an overall conductivity of
25 mW/(m K) [see (1) and (3)].

Four lanes (numbered in Fig. 13.9) are proposed to overcome this antagonism and
ultimately close the gap conductivity properties/resistance initially empty:

#1 Gelation in situ in a fibrous mat or in an open-cell foam (the product market
leader Spaceloft® ASPEN uses this solution).

#2 A specific architecture of the material symbolized in column 5 of Fig. 13.10.
Besides incorporating upstream of the choice of materials the manufacturing
constraints, the environmental objectives and the target of cost reduction, this
solution is based on a dual principle. First maximize compactness for limiting
the conduction contribution from the gas phase, this is obtained by extreme
control of the stack of components selected over scales from few millimetres
to tenth of nanometers; this approach resemble that led to ultra-high property
concretes. Secondly use a binder system adapted to the nature of the aerogel
on the viewpoints of surface properties (super-hydrophobicity) and of mechan-
ical properties (brittle), and whose morphology after filmification minimizes
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Fig. 13.10 Influence of mechanical reinforcement of a granular bed by impregnating resin and
architected solution [Conductivity in mW/(m K)]

the contribution of solid conduction. This material was patented [20] showing
also that the materials architecturation is an opportunity to acquire intellectual
property.

#3 The design of organic aerogel that, unlike silica, has very good mechanical
properties but may struggle to reach the low conductivities targeted and also to
be eco-friendly.

#4 The development of hybrid solutions inorganic—organic intra or intergranular
where thermal function is provided by the silica while the mechanical function
is provided by the organic part.

13.4.2.2 Reduce the Cost

Today, although their price is falling, SIAP remain expensive as shown Fig. 13.11
which shows the different families of insulation in the space of thickness and cost
optimizations. The ultimate goal is to bring representative position of aerogels to the
general trend line connecting mineral wools with VIP.

The cost of the performance for 1 m? of insulation with a thermal resistance equal
to 1 m?> K/W (functional unit) being the product of the value per unit volume by
conductivity, care must be taken that the lower cost by volume obtained by the control
of raw materials and of the process is not accompanied by a drift in conductivity that
would nullify gains.

Although compelling, the cost lowering achieved through the path#2 above sees
its amplitude limited by the cost of the precursor (TEOS), which represents the vast
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majority of the final overall cost. So, in addition to solving the problem of mechanical
strength, the organic route (#3) holds the potential to reduce costs. Indeed, the field
of polymers demonstrated its ability to provide multiple structural as functional
solutions at much lower costs than inorganic materials.

The organic aerogel both reference and historical is the resorcinol-formaldehyde
[21] which date in 1989. Despite the seniority no commercial product exists and only
two are at an industrial pilot stage: PU supercritical aerogel Slentite® from BASF
for building applications and a polyimide aerogel for space applications [22].

This absence can be explained by three difficulties. The first is to obtain sufficiently
finely nanostructured aerogels. Without being able to predict if certain chemical
systems work fine and others not. Unlike silica aerogels obtaining the mechanical
properties is easy but the thermal conductivity is often too high (too large pores
or heterogeneous size, variable radiativity, solid skeleton too coarse and too low
porosity).

The second is the toxicity of some reagents [23] or environmental criticism of the
synthesis medium [22]. The third is durability including hygric behaviour.

13.4.2.3 TImprove the Environmental Performance

The most recent processes of the silica route are well mastered with very little waste
and a full solvent recycling. The biggest environmental impact is embodied energy
[9] from the precursor synthesis which is difficult to avoid at the moment but which
motivates studies of alternative precursors. One trend is manufacturing grains or pow-
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ders with a greater productivity; the assembly of this raw material into products will
require revisiting some architectures of materials as for channel #2 of Sect. 4.2.1 but
also to satisfy a wider variety of applications than simple interior insulation. Specific
properties of durability, frost resistance, vapour permeation, transparency, associa-
tion with other materials such as sandwiches, are all fields where architecturation
will be among the tools to reconcile antagonisms.

For the organic route we have already reported the toxicity problems with certain
reagents or critical synthesis environment viewpoint, but there is no common rule,
each system is different. On the other side this organic route offers the possibility
of bio-sourcing the material partially or totally. Convincing demonstrations have
recently been made by obtaining super insulating aerogel type polysaccharides [24,
25] or tannins [26]. Certainly this research field is called to develop.

13.5 Heat Storage

There are three main motivations to store heat for the building:

e Erasing the heating or the air conditioning during electricity consumption peaks
to smooth the load curve;

e Improving the efficiency of heat pumps by favouring the operation when temper-
atures are more beneficial and for longer cycles;

e Solar thermal capture at different time scales: day, week, and season.

In addition to heat loss management, to store heat involves two phenomena: the
storage itself in a “tank” and the exchange of energy to load or unload it. The first is
a bulk property and the second a transport property. This is what gives all its interest
to the architecturation approach to meet both the issue of energy and that of power.

13.5.1 Energy

To illustrate the approach we will consider the simple case of a material plate in which
you wish to store and destock energy conveyed by the surrounding environment, and
that is to be optimized in volume or mass. Technologically it corresponds to the case
of a storage rack.

The energy storable Q is the sum of the sensible heat and the latent heat:

Q = p.V.(cp.AT + AH.yield) (13.11)

where sensible heat is the sum of those accumulated before and after any change of
state or phase with enthalpy AH. Yield is the proportion of the state change mobilized
by the real thermal loading; it therefore depends on the phase change temperature
and on the temperature changes actually imposed by the system.
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To optimize compactness, the material performance index derived for the energy
is given by the following equation with the definitions of Fig. 13.12a):

1

Pl nergy—Volulme) = " 13.12
(Energy=Volulme) =" 0 (Te — Td) + AH.Yield) (13.12)

Plotting the map of conductivity versus storable energy by a change in temperature
of 20 K (Fig. 13.13) shows that one can generally form three groups: very good
conductive metals, “other” poor conductive material, and phase change materials
(PCMs) mostly liquid—solid. They are poor conductors but capable of storing high
energy densities whose values are without comparison with all other materials. It is
therefore apparent that the PCMs are essential to achieve high energy density stored
at low temperature difference.

13.5.2 Power

Always to optimize compactness, the material performance index derived for the
power discharge is given by the following equation with the definitions of Fig. 13.12b:

1 1 d
PI(Poweerolume) = (— + —> (13.13)
Td - Tend—crysmllisation h )Ls

If one makes the calculation with a ventilated system with performing fins and
relatively high air velocity [coefficient 8 < h < 50 W/(m? K)] and plate thickness
2 cm, we find it needs a conductivity of the MCP greater than or equal to 1 W/(m K).
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Fig. 13.13 Materials properties of conductivity and energy storage for a temperature difference of
20K

Such materials do not exist, we must develop. Two architectures may lend to: at
macroscopic scale for example metallic cells or honeycomb, or to a more micro-
scopic level for example by a metallic wool or foam. This new PCM with a doped
conductivity (see Fig. 13.13) can reach the requested power levels.

It is important to note that for energy as for power, performance indices are not
purely material (o, cp, AH, AS, T end-crystatiisation) but also system (Tc, Td, d, h). This
means that any change in the material causes the system and vice versa. The other
thing that appears is the balance that must be between the thermal resistance of the
solid PCM and the contact resistance of the external exchange coefficient 4.

It is worth noting that if the variables at system level are continuous, it is not the
same for the material whose phase change temperatures and enthalpies are discrete
values. Moreover, the actual behaviour of PCM is in practice far from the conceptual
vision that ensures the seductive appearance because it is important to integrate the
breadth of the transformation range, the hysteresis between the charge and discharge,
and the speed dependence of all. The architecture of the material but also that of the
container, the external exchanger, or that of its control for a given purpose plays
a major role in achieving objectives. A good illustration of design methods and
sensitivity analysis of the adequacy PCM—System—Application is given by Kuznik
[27].

More generally, such a development can therefore only be done for an application
well-defined by its specifications and it will be utopian to imagine using an existing
material without adapting to the system. This difficulty and the blurring of many
specifications explain the failures of the PCMs which outnumber the successes.
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13.6 Prospects

There are many visions of the long term (2050) trends for buildings but if we only
consider the main and most shared streams we can list [28]:

e Towns are bigger than ever and living space is a precious asset;

e Building and energy are always strongly linked;

e Energy is rare, so the local available energies are used and the efficiency is the
basement;

e Some convergences appear between the bio sources and both the building and the
energy.

On one hand the materials answer to efficiency plus space saving is the superinsu-
lation where VIPs and SIAPs have a bright future already illustrated in the previous
sections. On the other hand heat or energy storage as well as other functionalities is
the way for a better use of thermal renewable. Some of such thermal components are
listed here after with the challenging properties but without materials solutions, just
to tease the mind!

13.6.1 Thermo-Chemical Storage

The thermal storage at the season scale is complicated if considering the PCM because
of the heat losses. Without such losses, the thermo chemical storage could be con-
venient especially if it uses a common reagent. That is the case of water vapour
available in the air which can react with salts in a reversible hydration. The first tests
was not very convincing because of insufficient energy density, of low power and
of irreversibility. The material behaviour showed extra colonization of hydrophilic
sites, closing of doors between pores and an inappropriate water vapour accessibil-
ity. Obviously a hierarchical controlled porosity could be a smart response where the
design depends on the application.

13.6.2 Ideal Insulation

The ideal insulation is one which could be huge or zero depending on the needs: huge
to avoid any losses, and zero to catch free thermal renewable with all in between
scenarios. Such concept of variable and switchable thermal resistance exists and
uses both low radiativity and the pressure and the internal dimensions to manage the
gaseous and radiative conduction while avoiding solid conduction. In practice the
real lock is on the materials and the whole structure which have to deal with thermal
properties and mechanical or dielectric properties and where the process ability
is another challenging difficulty. Another concept is more on a single particular



418 B. Yrieix

material, not super-insulant but exhibiting a significant variability of conductivity.
The design of ideal but realistic material is a nice application of the multifunctional
architectured material approach.

13.6.3 Adaptive Solar and Sky Collector

Close to the “cool roof” products, depending on the needs different concepts exist
about visible + infrared capture or reflectance. Looking to the sky or to the ground,
give radiation sources at different “temperatures”. Most of these concepts involves
surface with selective spectra properties for example to avoid the diffuse solar radi-
ation while absorbing infrared radiation, or the opposite. In addition, because of
dealing with heat transfer, some insulation is needed with non-isotropic behaviour,
and because of the integration to building walls or roofs, mechanical, hydric, ageing,
UV resistance, anti-fouling, etc.... properties are required.

The history of this kind of component is just beginning but their outlook is attrac-
tive because they are based on two new axes which make things possible. Firstly
new buildings are near zero energy, so their needs are lower than ever and secondly
recent studies demonstrate that it is realistic to cover the heat and cold needs with
local renewable energies [29]. Such complex specifications are obviously a nice
playground for architectured materials because of the multi-functionality.

13.6.4 Storing Walls and Ventilating Walls

These two concepts are quite old but without convincing application except in a
certain way the well-known curtain walls. One of the challenges would be to imagine
and design a component working as a switchable energy vector through the wall or
a part of the wall able to get inside or avoid entrance of free outside energy.

13.6.5 Conclusion for Prospects

To conclude on these perspectives, most of these thermal components are at the
intersection of getting free inputs, thermal storage and thermal insulation. The very
strong coupling between the materials and the systems are both the difficulty and the
opportunity to fulfil the application requirements.
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13.7 Conclusion

In the field of energy efficiency in building the Architectured Materials approach
started very late, only sixty-seventy years ago with the foaming of polymers and
with the manufacturing of mineral wool. The ultra-porous architecture where then
optimized from the thermal point of view dealing with the different contributions
to their conductivity: radiative, solid conduction and gaseous conduction. Of course
some other properties like mechanic, hygric and cost where also taken into account.
In parallel other material where design at a scale closer to the product scale like
hollow bricks, lightweight concretes.

Itis only very recently, less than twenty years that a final improvement is done on
traditional insulation materials polymeric foams and glass wool by achieving a very
efficient infrared opacification. The conductivity of the best products on the market
is now on the asymptote constituted by the conductivity of their main phase: the still
air.

It is also in the same time that the breakthrough of the super insulation comes. It
is based on a specific architecture of the material involving more matter but dealing
with the nanometer scale in order to confine the molecules of the gas in smaller
pores than their mean free path. In such case the gaseous contribution could be
zero and then the whole conductivity far from the one of still air. Two families of
material/products share the market: the vacuum insulation panels with very low con-
ductivity (2-10 mW/(m K)) and the super insulation at atmospheric pressure which
have a conductivity between 14 and 18 mW/(m K) but no severe implementation
constraints. For each several optimisation problems are ongoing or on the table and
where the architecture of the material and product is the key for success in reaching
antagonist attempts.

The strongly moving context around the renewables energies is also bringing new
playground for architectured materials. One first theme is the heat storage where
the difficulty for reaching the wanted power could be address by this approach. The
second theme is very wide and new; it is the field of active walls and specific collectors
where the aimed properties ask for filling some gaps in the materials spaces.

Finally the approach of architectured materials is less developed in the building
sector than in others such as transport perhaps because building is a very tradition-
alist industrial sector with very different sizes of company. But as we can see the
knowledge diffusion is at work and thanks to the education students are more and
more aware of the possibilities of this approach especially to solve Chinese puzzles
and then to innovate.
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Chapter 14 ®)
Topological Interlocking Blocks i
for Architecture: From Flat to Curved
Morphologies

Giuseppe Fallacara, Maurizio Barberio and Micaela Colella

Abstract The paper concerns the theme of topological interlocking blocks for archi-
tecture and the relationship between flat stereotomic assemblies and curved mor-
phologies. After a brief history of the subject, theoretical foundations and speculative
research are presented. The research includes several built full-scale prototypes and
architectural elements. The last part of the chapter describes the didactic experiences
concerning the theme, during the third year Architectural Design Studio held by the
authors, at Politecnico di Bari, Italy.

14.1 Introduction

The interest around Stereotomy started to reawaken in the early 1990s, within the
researches about the History of Construction. This new favourable cultural climate
has allowed rediscovering the discipline, both for its historical value and the unex-
pressed design possibilities. The diffusion of parametric modelling and digital fabri-
cation tools creates the ideal conditions to design and build new stereotomic proto-
types, which are typically characterized by considerable architectural and geometric
complexity. In this context, the chapter aims to outline the potential of topologi-
cal interlocking blocks for architecture through combining stereotomic principles,
engineering, material science and architectural aesthetic sensibility.

This paper is the result of the combined work of the three authors. Paragraphs 1 and 2 was written
by Maurizio Barberio; paragraphs 3 and 4 by Giuseppe Fallacara; paragraph 5 by Micaela Colella.
The authors have revised all the paragraphs, and the paper structure has been conceived together.
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14.2 Topological Interlocking Blocks for Architecture:
A Brief History

The recent history of architectural applications of “topological interlocking blocks”
follows two parallel roads, however destined to meet after a few years: the first
road is the architectural one, starting from the study of the architectures of the past
and ending at the contemporary design experiments; while the other concerns the
disciplines of material science and engineering.

In the field of architecture, this type of structures, derived from the 18th-century
patents of Joseph Abeille and Sebastien Truchet, are rediscovered thanks to the
studies of several historians of architecture and construction. Jean-Marie Pérouse de
Montclos in the book “L’Architecture a la frangaise, du milieu du xv° a la fin du xviii®
siecle” of 1982 [1], and later Enrique Rabasa Diaz with the article “La béveda plana
de Abeille en Lugo” [2] during the Congress on the History of Construction of 1998,
rediscover the theme of “voute plate”. In 2002, the Department of Architecture of
the Politecnico di Bari, under the guidance of Prof. Claudio D’ Amato, developed a
research project focused on studying the flat vault of Joseph Abeille from a historical,
architectural design and engineering point of view [3, 4]. The idea of the Department
is to start from the study of history to obtain useful principles for contemporary
design. Animportant contribution in this direction was given by the work of Giuseppe
Fallacara, who in 2006 started to spread his research on the design of complex
vaulted systems obtained through simple topological deformation operations of the
Abeille’s flat vault [5] (Fig. 14.1). Using this principle Fallacara produced a series of
contributions in the form of scientific publications [6-9] and experimental prototypes,
some of which will be presented in the following paragraphs.

Also in 2006 Joél Sakarovitch published the results of an important workshop held
at the Grands Ateliers of the Isle d’Abeau (GAIA), inaugurated in 2002, during the
Second International Congress on Construction History [10]. Among the topics of the
workshop, there were the fabrication, the construction and the loading tests of a series
of Abeille’s flat vaults made of local limestone. In 2008, an important collaboration
between Italian and French architects, engineers and stonecutters started [11], which
led to work on the Sphera project, a double curved sphere portion made of topological
interlocking blocks (Fig. 14.2). Other engineering researches will be launched later at
the GSA Laboratory at Ecole nationale supérieure d’architecture de Paris-Malaquais
under the guidance of Maurizio Brocato [12].

Alongside these events, in 2001, an Australian research group [13] “published a
paper introducing a concept of topological interlocking as a materials design princi-
ple” [14]. Totally unaware of previous patents of Abeille and Truchet [14], the group
continues to work on the theme, providing other very important scientific contents
[15—17] that will soon meet the interest of other members of the scientific community.
In 2012, the paths of architecture and materials science met in Oliver Tessmann’s
“Topological Interlocking Assemblies”, presented during the 30th eCAADe confer-
ence. Tessmann adopted the research of the Australian research group within the
parametric design and digital fabrication fields [18-20].
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Fig. 14.1 G. Fallacara, Different examples of topological deformations of vaulted spaces

In 2013, at The Bartlett School of Architecture in the United States, the work-
shop “Nexorade and reciprocal structures” [21] was held, in which the topic of the
fabrication of topological interlocking reciprocal blocks from the point of view of
robotic manufacture was dealt with by using polystyrene blocks cut out by means of
a robotic arm.

In 2014 the exhibition “Stereotomic Design. Evolution: from the hand to the robot”
[22] edited by Giuseppe Fallacara within Marmomacc 2014, sealed the mature merge
between history, architecture, engineering and materials science, with a section of
the exhibition devoted to “biomechanical stereotomy” (Fig. 14.3). The two parallel
paths traced by Prof. Estrin’s group in Australia and the nascent New Fundamentals
Research Group, led by Prof. Fallacara in Italy, finally converged. In 2015, Fallacara
was invited by Prof. Estrin’s group to hold together the workshop “New stereotomic
vaulted structures with interlocking, discrete and reciprocal blocks. Theory and prac-
tice” at the Monash Art Design & Architecture (MADA) (Fig. 14.4). The name of the
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Fig. 14.2 G. Fallacara, 3D model of the first developed project of Sphera

workshop already contains the defining aspects of research on these types of vaulted
systems, in which the elements that compose them must be:

— interlocking blocks: blocks with specific geometry arranged such that no element
can be removed from the assembly without disturbing the neighbouring elements
[16];

— discrete blocks: the geometry of the vault consists of geometrically defined
stereotomic elements;

— reciprocal blocks: three-dimensional mutually supporting sloping blocks placed
in a closed circuit; the inner end of each block rests on and is supported by the
adjacent block.

From all these experiences, the most recent research in the fields of Computer
Aided Architectural Design and Digital Fabrication derives, with different contribu-
tions in different parts of the world:

— in Israel, concerning the potential of using the concept of topological interlocking
as a structural and organizational mechanism for architecture in general, and for
building fagades in particular [23, 24];
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BIOMECHANICS STEREOTOMY

STEREOTOMIA BIOMECCANICA

Fig. 14.3 A part of a poster exhibited at Marmomacc Verona in 2014, dedicated to “Biomechan-
ical Stereotomy” (poster designed by M. Barberio and Micaela Colella; exhibition curated by G.
Fallacara and V. Minenna)

— between Malta and Finland, concerning the geometric versatility of Abeille vault
for a stereotomic topological interlocking assembly [25];

— in Australia, with a doctoral thesis entitled “Utilisa-
tion of topologically-interlocking osteomorphic blocks for
multi-purpose civil construction” [26], and about stereotomy of wave jointed
blocks [27, 28];

— between Palestine and France, with the “Stone Matters” prototype, designed by
AAU Anastas and the Paris-Malaquais GSA Laboratory and built in Palestine in
2017.

14.3 Speculative Design and Topological Stereotomy: From
the “Flat Vault” to the ‘“Curved Space”

In this paragraph, the theoretical thinking behind some projects, realized between
2006 and 2015, using topological interlocking blocks derived from Abeille’s and
Truchet’s patents, is described. The speculation aims to solve some of the most
important theoretical issues related to the realization of vaulted spaces:
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Fig. 14.4 Students’ work developed during the workshop “New stereotomic vaulted structures with
interlocking, discrete and reciprocal blocks. Theory and practice” (Monash University, 2015)

— Improving mutual anchorage, and therefore the friction, between the ashlars of a
vaulted system;

— Reducing wall thickness;

— Designing the mounting of the vault both as ornamental and structural;

— Varying the shape of the mounted system in a smooth and continuous way;

— Rationalizing the number of standard ashlars for the construction of any vaulted
space;

— Automatically obtaining all the geometric data both for the manual and the elec-
tronic cutting (CAD/CAM/CNC) of the individual blocks;

— Automatically providing all the numerical data aimed at the structural analysis.

A vaulted space can be defined as a portion of space delimited by flat surfaces
of tread and perimetration, and by curved covering surfaces, which constitute the
true region for the characterization of the perceived area. The curved line, with any
mathematical complexity, can be designed and built in two basic ways: with a tool
that can draw the curved (i.e.: compass, algorithm, etc.), or by bending a straight line.
The latter mode is totally attuned to the topological view. The method is starting from
a very simple consideration, viz. the observation that most of the vaulted systems can
be imagined as a discontinuous structure or masonry wall that has been folded and/or
deformed to obtain its final geometrical conformation, with due simplifications and
specifications. For example, a limestone wall can be theoretically bent to become a
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barrel vault and the latter can be bent to become an annular one. Proceeding as well,
by vertically translating its extremes, the annular vault can become a helical barrel
vault (Fig. 14.5).

This method uses the technique of bending, thanks to software providing three-
dimensional modelling and the parametric-variational one, thus being based on the
topological geometry and its functions of deformation. As already stated, according
to the topological concept of folding, a flat sheet of paper and one rolled-up to form
a cylindrical surface are equivalent from a topological point of view (Fig. 14.6).

By using some tools for spatial transformation and volumetric deformation of a
shape, a correspondence between a flat surface and a spatial one is realized. The

Fig. 14.5 Topological deformations applied to a simple stone wall by: using this technique it is
possible to easily deform a wall thus obtaining a barrel vault
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Fig. 14.6 The topological concept according to which a flat sheet of paper can be rolled-up to form
a cylindrical surface
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modelling process is thus considered as a flexible sculpture of the three-dimensional
digital data. Every simple starting shape, such as a parallelepiped, or a sphere, or a
set of basic solids, can be modified by means of parametric topological deformations
to achieve the degree of complexity of the desired final object. In so doing, we
achieve the final object in an indirect way, and not directly through the canonical
modelling that, in the case of complex objects, would involve major difficulties for
the three-dimensional modelling. Such deformations are made possible thanks to the
subdivision of the surface by tessellation, according to a predetermined polygonal
pattern: each intersection between the vertices is behaving like an articulated joint.
As a result, the more segments there are in a surface, the more deformable it is. It
should be noted that, contrarily to the physical operation of bending a material, a
simple or double infographics fold does not produce tears or overlapping of matter;
it only produces a transformation of the geometry, which becomes the object of
evaluation and study.

Having intuitively understood the deformation processes that have led to the final
configuration of a stereotomic system, we can start modelling a simple and appro-
priate solid by moving backwards. Subsequently, we can alter or deform it in various
ways, also by assigning more modifiers to the same object. This method has been
used for the design of numerous vaulted spaces of the new generation and for the pro-
duction of expositive prototypes presented during cultural events since 2005. In these
cases, the objects of the topological manipulation have been referring to two well-
known French patents dating back to 1699 and describing a “flat vault”. The French
engineer Joseph Abeille (1669-1752) ideated the first license considering this con-
struction. The license was published in 1699 in Machines et inventions approuvées
par I’Académie Royale des Sciences (Fig. 14.7).

The standard ashlar, repeated in a rectangular matrix to realize this flat vault,
was a polyhedron with the two axial sections being isosceles trapezoidal-shaped,
and oriented towards opposite directions. As previously mentioned, Abeille’s planar
ashlars are parts of tetrahedra, mutually joining according to the same logic of platonic
solids. The static behavior of such solution is the same as that of a bidirectional plane,
working identically in both directions. Each of the ashlars is supported in such a
way that the vault becomes functional only after completion. Such static condition
allows us to consider such structure as belonging to the category of reciprocal frames
(Fig. 14.8).

In 1704 the Carmelite Jean Truchet, also known as Father Sebastien (1657—-1729)
in “Mémoire concernant les voutes plates” published in Recueil de I’Académie
Royale des Sciences described a patent to solve the problem of the pyramidal holes
present in the solution of Abeille. Truchet’s ashlar possesses a squared lower base
and an upper one resulting in a mixed-line (composed by four identical circular arcs,
arranged in pairs on parallel sides of the square to form concave and convex curves
and jointed by means of ruled surfaces).
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Fig. 14.7 Abeille’s patent published in 1699 in Machines et inventions approuvées par I’Académie
Royale des Sciences
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Fig. 14.8 A comparison between different reciprocal frame wooden configurations and a flat recip-
rocal stone vault
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14.4 Built Prototypes and Structures

As said, the experimentation was conducted by submitting the flat vaults by Abeille
and Truchet to a deformation by folding. This technique allowed us to obtain a
new conformation of the individual stone blocks, by transforming the plane into a
half-cylinder or a spherical shape. The projects conducted included:

— Portale Abeille, Corderie dell’ Arsenale, X Biennale Internazionale di Architettura
Venezia, 2006;

— Alexandros Obelisk, Corderie dell’Arsenale, X Biennale Internazionale di
Architettura Venezia, 2006;

— Ponte Truchet, Summer School, Universidad San Pablo CEU Madrid, 2007;

— Sphera, Stage Sphera, Grands Atelier Isle d’ Abeau Lyon, 2008;

— The Bin Jassim Dome, Doha, 2012;

— Wave Block Wall, 2014,

— Osteomorphic Catenary Arch, 2015.

The Portale Abeille (Abeille’s Gate) is a barrel vault that, due to its complex
stonework, transfers pressure in two directions: along the curve of the arch and per-
pendicular to the arch (Fig. 14.9). This variation to the traditional static behaviour of
the barrel vault was made possible by using specific patented stonework techniques,
designed for the construction of a flat stone roof. The stereotomic system known as
voiite plate is one of the most interesting technical-stylistic responses offered by stone
masonry to the world of construction, a solution that has, however, been used very
rarely. The flat vault defies common sense in its conjunction of two geometrically
contradictory terms: ‘vault’, which by definition is a three-dimensional surface and
‘flat’ which by its very nature is two-dimensional. The historical problem raised in
stereotomic design is how to construct a ceiling using a thrusting vault that is lowered

Fig. 14.9 C. D’Amato and G. Fallacara, Portale Abeille, Biennale di Venezia, 2006
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to a maximum level (zero rise). The static principle at the core of this type of vault
presupposes that the loading path above the structure is both vertically and horizon-
tally conducted, using a careful weaving together of wedge shaped ashlars, creating a
successfully compressed vault. The ashlars are reiterated as a series to form a flat vault
in a polyhedron form whose two axial sections, in the shape of an isosceles triangle,
thrust in opposite directions. As described in Sect. 14.3, the static function of this
solution is that of a flat, bidirectional plane that works in two directions in exactly the
same way: each individual ashlar is maintained by, and maintains, the others in such
a way that the vault works only when the construction of the whole is completed. Two
surfaces are visible when the vault is completed: the square, homogenous and con-
tinuous web of the extrados, and the intrados, characterized by an interesting pattern
of plaiting with pyramid-shaped features. The experimentation into the creation of
Portale Abeille was based on the use of topological parametric-variational software
which allowed us to bend and deform the patented vault, transforming the flat vault
into a semi-cylindrical form as a new ashlar conformation. In order to transform the
flat vault into a barrel vault, we identified a formal geometric variability range using
the definition of modification parameters. Deciding on a single curve for the vault
meant using two serial ashlar types for the creation of the barrel vault. An increase
in deformation and curvature results in an ensuing rise of the number of ashlar types
in the new vaulted system.

The Alexandros Obelisk (Fig. 14.10) is an attempt to resolve the problem of
constructing a large and tall objectin a small space: the lobby to the Arsenale building,
constructed on the occasion of the Architecture Biennale, Venice. Moving away from
notions typically connected with the construction of monoliths, like an obelisk, it
was decided to divide the work height-wise, into three large stone blocks. Structural
research into joints was able to resolve the necessity of movement in a slim obelisk

Fig. 14.10 C. D’Amato and G. Fallacara, Alexandros Obelisk, Biennale di Venezia, 2006
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structure. By studying historical obelisks in stone, we were able to identify edges
and corners, where most of the force is concentrated, as the critical weak points
in the structure, causing fracture and breaking. The joints designed for this project
resemble the anatomical conformation of the knee joint, allowing movement of the
blocks without the risk of damaging the stone. Like cartilage, neoprene was used in
the joints, imitating the same spatial configurations of the contact surfaces of the large
blocks. A steel cable was threaded through the vertical axis of the obelisk to prestress
the whole structure. The tension of the steel cable, when added to the total weight
of the blocks cut from Leccese limestone, was the same as if the whole structure
had been constructed in granite. Another element of interest from the point of view
of statics, is the suction effect created between the joints. The perfect joining of the
blocks causes a pneumatic suction effect that, functioning as a ‘glue’, theoretically
obviates the need for cables to reinforce the structure. This prototype represents a
constructive solution of great interest in the construction of large pillars or stone
columns.

Ponte Truchet (Truchet’s Bridge) is an oblique barrel vault structure developed
according to the solution for a flat vault patented by Truchet as the Abeille vault
(Fig. 14.11). The prototype was made according to the same modelling and topo-
logical variation techniques used in the design of the Portale Abeille, the difference
being that the Truchet ashlars are far more complex due to the surface curvature.
The logic behind the joints used in the Alexandros obelisk was also adopted here
to build Ponte Truchet with an oblique projection. It is well known that the barrel
vault has the problem of ‘empty thrust’, a problem that led stone masons in the
XIX and XX centuries to study the best way to resolve such a static issue: stones
blocks into orthogonal and helicoidal shapes. These solutions are refined geometric-
constructive solutions to an issue which, in that period, was resolved generally with
steel or reinforced concrete. In order to pass from the flat vault of Truchet to an
oblique barrel vault, we worked with orthogonal lines between the blocks, the flat

Fig. 14.11 Ponte Truchet, Summer School, Universidad San Pablo CEU Madrid, 2007
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system was deformed several times to obtain a number of modular ashlars making
50% of the blocks in the entire thrust system. The blocks were cut using CAD/CAM
and numerical control machines, because masons using manual cutting techniques
could not reproduce the geometry. Regarding the final construction, as the keystone
could not be inserted vertically, the structure was divided into two parts onto which
the stone blocks were positioned, then one half of the structure was pulled towards
the other, closing the vault. The hermetic closure of the two parts of the system,
fitting together perfectly, effectively resolved static problems.

The interest in the possible formal modifications of Abeille’s ingenious patented
vault led us to examine the relationship between the surface of the vault, the type
of stonework employed and the minimum number of modular ashlars necessary for
the complete tiling of the structure. The desire to use the fewest possible geomet-
ric elements to “fill’ the space, without creating problems of continuity, responds
to the necessity to simplify the phases of construction and mounting in any vaulted
structure. The “Sphera” project was an experiment to create a prototype of a spher-
ical vault using the same ashlars as those patented by Abeille while at the same
time applying the simplicity required by contemporary construction specifications
(Fig. 14.12). The tiling of a spherical surface with a single geometrical shape is, as
is well known, impossible. Thus, we decided to use the joints between ashlars as

Fig. 14.12 Sphera, Stage Sphera, Grands Atelier Isle d’Abeau Lyon, 2008
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irregular compensatory elements, capable of covering the spherical surface: identi-
cal ashlars, different joints. It is due to the particular geometrical conformation of
Abeille’s ashlars that the irregularity of the joints is effectively masked.

The first example of such an innovative family of domes was born in August 2012
in Qatar, as part of a hammam project designed by architect Joseph Caspari. The
occasion came into being thanks to the support of Européenne de Marbre, the firm that
first proposed the model through the publication of the manual “Plaited stereotomy”
and with the creation of a scale model made using rapid prototype printing. The Bin
Jassim Dome (Fig. 14.13) concerns different sectors, involving various fields such
as tessellation, platonic bodies, stereotomy and nexorades. It took many years of
research and the cooperation of many researchers to complete the project: the idea of
such a vault stemmed from the three-dimensional models created using topological
modelling by Giuseppe Fallacara (Fig. 14.14). The final model of the vault was
engineered by Maurizio Brocato at the geometric-structural architecture laboratories
of the Ecole d’ Architecture Paris-Malaquais using a number of softwares, such as
Mathematica and catem3m. The second constraint is represented by the keystones’
catalogue: eight different pieces whose positioning is marked by a colour code printed
on polystyrene. The position of the pieces has also to be taken into account since it
is quite difficult to identify the direction of the heads due to their almost identical
symmetry. Once the two above mentioned constraints were mastered, the work was
completed within 22 working days. Compared to a full dome, the Bin Jassim dome
presents some remarkable advantages, its weight being nearly divided in two on the
keystone sides: 6.75 tons instead of 11.8 tons. The surface of the seal is also much
less bulky and is fragmented, which helps the installation and control of fittings. The
final work allowed us to keep a 5 mm wide visible seal opening and the stones were
damaged very little during the laying, despite their sharp edges and acute angles. On
completion, the work project followed the canons of practicability, easiness, celerity
and quality provided for by the contractor.

Wave Block Wall is an application of the patent by Yuri Estrin and his research
team (A. Dyskin, E. Pasternak, Han Chuan Khor, G. Simon, A. Molotnikov and
L. Goldin). This prototype is based on the principle of topological interlocking and
analyzes the properties of the mortarless structures whose design is based on this prin-
ciple (Fig. 14.15). Our work focuses on structures built of osteomorphic blocks—the
blocks possessing specially engineered concavo-convex contact surfaces allowing
assembling various 2D and 3D structures (Fig. 14.16). These structures are easy
to build and can be made demountable. They are flexible, resistant to macroscopic
fractures and tolerant to missing blocks. The blocks are kept in place without keys or
connectors that are the weakest elements of the conventional interlocking structures.
The overall structural integrity of these structures depends on the force imposed by
peripheral constraint.

The Osteomorphic Catenary Arch is an arch whose curve is reminiscent of a long
chain, held by both ends and left hanging (Fig. 14.17). It looks like a parabola, but
has a different geometry. The catenary arch is also called balanced arch because its
shape allows a uniform load redistribution. Unlike other types of arcs, it does not need
buttresses or other supporting elements and abutment. The catenary curve constitutes
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Fig. 14.13 Intrados of The Bin Jassim Dome, Doha, 2012

Fig. 14.14 Extrados of the Bin Jassim Dome, Doha, 2012
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Fig. 14.15 Wave Block Wall (stone prototype developed by Pimar), 2014

the base to match the osteomorphic stone blocks, similarly to the blocks having wave-
shaped form composing the wall system described above. In this case, all the stone
blocks undergo a topological deformation so that they are geometrically similar but
have dimensional and angular variations. The realization of the individual blocks, by
great geometric complexity, is only possible using computerized numerical control
machines. Each individual block was individually numbered in order to be easily
identified for the next assembly step. Then, the blocks were placed on the ground
and assembled to take the form of the catenary arch. The construction system also
applies to barrel-vaulted systems with a catenary section in a concept of mechanical
mounting.

14.5 Didactic Experiences

All the research conducted converges naturally in the university education: in the
third year architectural design studio of the DICAR Department at Politecnico di
Bari [29-31], and in other training workshops. The goal is to give students ade-
quate preparation for dealing with contemporary architecture challenges, through
experimental teaching methods that aim to bring the university design courses in the
architect’s work practice. To pursue this goal, it is important to help students “think
tridimensionally”, and for this reason, studying and designing vaulted spaces has a
fundamental training value.

This type of exercises proved to be important because the students had to take
into account more aspects simultaneously:
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o

Fig. 14.16 Different configurations possible using the Wave Block (stone prototype developed by
Pimar), 2014

— prefigurative invariant, that is a subdivision capacity in appropriate sections of a
vaulted system;

— technical/geometric invariant, that is the capacity of geometric, precise definition
of an architectural system and of ashlars and its realization (projective technique
and cutting technique);

— static invariant, that is the capacity of providing static balance of the architectural
system of drystone joint (graphic and mechanical static of rigid structures).

Thus, while modelling, the students focused on the subject of digital stereotomy
through the study of topological deformations, using 3DsMax® and Grasshopper®
software in order to obtain a complex folded space (Fig. 14.18). From the start, the
students were encouraged to experiment with both modelling techniques. The two
programs foresee two different methods of work. For example, the first one foresees
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Fig. 14.17 Osteomorphic Catenary Arch (prototype developed by Generelli SA), 2015

the study and modelling of flat, interlocked or interconnected stereotomic assemblies,
subsequently deformed. Although topological deformations have a very strong edu-
cational and training value, and the use of digital instruments such as 3DsMax® has
great potential, thanks to the rapidity of execution and an extreme intuitiveness of
use, the outcomes often have a non-negligible gap from real construction constraints.
It has been reported that a significant number of students, excited by the freedom of
deformation, forget the architectural outcome. Omitting the prefiguration of space
phase, and employing an excessive number of parametric deformations, students pro-
duce morphologies that are sometimes closer to sculpture field than architecture. To
prove this, the chosen shapes often result in poor static and inadequate thicknesses. In
this training process, the guidance from the faculty becomes indispensable, because
it helps students to understand problems and to formulate suitable solutions.
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Fig. 14.18 Some examples of complex architectural shapes made of topological interlocking
blocks, developed by students during the third year Design Studio led by Prof. Giuseppe Fallacara,
with Maurizio Barberio and Micaela Colella at Politecnico di Bari

When the surfaces to deform become very complex (free-form surfaces, spherical,
etc.), their use is severely limited by the fact that some blocks will turn out to be
too deformed, making some of these unfit to be prototyped with the current tools for
architectural fabrication. For this reason, the course provides a series of introductory
lectures to Grasshopper®, a plug-in for Rhinoceros®. Both the deformers of 3DsMax®
and Grasshopper® work parametrically but, unlike the former, Grasshopper® allows
writing of custom scripts in a simplified way, thanks to a more intuitive graphic
interface. The lessons provided some simple tools that, if properly applied, could have
great potential. Among these instruments, the attention has been focused on the ‘Box
Morph’ and ‘Surface Morph’ components, generally used to populate any surface
with 3D or 2D patterns. In this way, the students need to think simultaneously about
the general form of architectural space and the components in which the structure
is divided, concentrating their attention on the main purpose of the exercise, that
is, to think and design an architecture. However, in this kind of projects there are
always two crucial design problems to address: the static and geometric optimization
of shape. Also in this case, the course offers students some intuitive tools that they
could quickly manage, whose results (although not scientifically exhaustive) should
stimulate them to further investigations. For example, for the static optimization
it was decided to use the add-on ‘Kangaroo Physics’ [32], widely known in the
computational design field for the simulation tools of physical phenomena, including
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the digital form-finding, essential for the optimization of the shape of a roof in order
to have only compressive stresses.

Only after carrying out, in the first part of the course, of a large number of exercises
concerning vaulted spaces, students are more ready to face the design of a more
complex and functional building. After this training period, they will approach the
design with more consciousness, considering all the different aspects that need to be
taken into account to design a building that is actually usable and feasible.

14.6 Conclusions

As outlined in this paper, vaulted spaces made of topological interlocking blocks are
relevant for architecture for at least two reasons:

— for their intrinsic value as vaulted systems, both from structural and aesthetic point
of view;

— for their extrinsic value in the academic education field, in which architecture stu-
dents are deliberately “forced” to consider static, constructive and formal aspects
simultaneously.

For this reasons, it can be concluded that not only do morphologies made from
topological interlocking blocks represent a relevant subject for the architecture field,
but they are also suitable for interdisciplinary research in collaboration with engineers
and material scientists.
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