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Abstract

Numerous exampled actuatedmovementsvith specific responses of the structure to
external stimuli can be found biological systems, which can beotential source of
inspiration for the design ofenergyf f i ci ent FfAs mar t o-dridemnapidc es. Fr
shapping of the Venus fly trapdves to simple hydnesponsive bending oftveat awns,
various plants have evolved different mechanismditiae water as an actuattwr undergo

a desired deformation via sophisticated architecture at different hierarchical levels of their
systemsSomespecies of the familjizoaceae, also known &= plants,show an

ingenious example of such passive actuation systems, as they eveiuad anechanism

to open their protective seed capsules @mabelase their seeds only in thegence of liquid

water fain).

The scope of the first phase of thesiswas to investigate thenderlying mechanism and

the structural and compositional basis @& Hydreactuatednovemenbf the ice plant seed
capsuleselosperma nakurenyat several hierarchical leveBive hygroscopikeels

were found to be the active musciesponsible for theeversible origamlike unfolding of
theseed capsule upon wettirtgach keetonsists otwo honeycomHike tissues made up

of highly swellablehexagonal/elliptical shape celunning along an inert backing tissue

The significant swelling of highly swellable cellulosic inner layer (Cli)side the lumen

of thesecellswasfoundto be the main engine of tleetuation Themorphology and
physicochemical response of G4 to waterwas studied using a variety of techniques

and it was shown that the entropic changes during water absorption were the main driving
force forswelling of the cellsThe translation of such relatively small available energy to

the compéx movemat at amacroscalewas explainedy an optimized design at different
hierarchical levels of the systeffhecooperative anisotropic swelling of the cefighe
hygroscopic tissuis translated into a flexing movement of gteucturevia simple

Timoshenlo 6s bi | ayer b e ntbenrasglts m aninfolding pflthe seedw h i ¢ h
capsules.

Inspired by the underlying mechanism in ice plang differentstrategies were developed

to translae small strains at micro scale into aqm@®grammed macro movement of a
honeycomb structure. Through a clever application of the same simple concepts, one can
Ami mico the biological model spotenti@lm i n a br
applicatiors of suchpassive switches in biomeche, agricultural engineeringr

architectural design.
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1 Il ntroducti on

1.1 Nature as a source of inspiration

Humans as apecies capable of tool making, have always been curious and in search for

better and morsuitablematerial to make theecessaryools satisfying the variety of their

needsf rom early housing constructions and sim
One of the avail able resource from the ear/|
environments like wood, wool, bone, etc. which would to some extentysaisbasic

needs of the time by being utilized more or less in the same area of function they were
designed for in the natural system. Beside some exceptions, the only processing needed

from the human part was basic processing of the material with detineture and

properties, into the desired shape and form like weaving, carving etc. By further

advancement of the societies the need for better and more complex tools led to further
devel opment of both fAmateri al oring. Mavev@érst r uct u
there are fundamental differences between the biological materials and structures and

human engineered systems.

One of the main differences between natural and engineered materials comes from the

basic building blocks used in their strueFigure 1). Being restricted to the available

resources in the environment, natural systems utilize only a few basic elements from the
periodic table, while human engineering makes use of a huge variety of eddroent

carbon and nitrogen tmore scarce elements like titanium etc. Natural structures are

mainly made up of composite materials which depending on the function, can be almost
completely organic (skin, hair, tendon, cartilagientcell walls etc.), or organimorganic

hybrid matelals (tooth, bonegrustacean cuticletc.). Besides, natural materials are more

or less heterogeneous which enables them to preserve a local adaptation of their physical,
chemical or mechanical properties suitable for the required local function.

Biological material grow according to their genetic recipe, which itself is a result of an
incremental change through 3.8 billion years of blind evolutionary R&D, which has given

nature enough time to come up with more or less optimized design solutions {ossatisf

variety of functions in need. Hence, these structures have evolved to be multifunctional,
efficient in respect to the available resources and flexible in terms of adaptation in response

to the changing environmental conditions. Human fabrication ootkie® hand, is based

on a secure and exact design, fulfilling a specific function, mainly achieved through a not

so efficient process which can be shortly d
1



energy (heat, pressure etc.) to extract, slaapeadjust the required properties of the

material into a quadinal product, and ending with yet again costly finishing processes.

The growth process also enables the biological systems to build up hierarchical structure
from nano to macro scale. Althdugngineered structure can also show two to three levels
of hierarchical design, the extent of this migtiel architecture in natural material can go

as high ten levels of hierarchy, with composition and architecture at each hierarchical level
preservinga specific function at that specific scale and in overall properties and function of
the system in macro (Thompson 1992; Lakes 1993; Tirrell 1994; Jeronimidis and Atkins
1995; Elices 2000; Fratzl 2003; Fratzl 2007; Fratzl and Weinkamer 2007; Aizenberg and
Fratzl 2009; Bhushan 2009; Fratzl and Barth 2009; Dunlop and Fratzl 2010; Knippers and
Speck 2012).

Moreover, nature has a quite different set of boundary condition as opposed to those faced
in human engineering, and any of thasaltitudesof boundary coditions might play a

crucial role in the development of the structure. Biological materials are made through a
bottomup growth process where both material (microstructure) and the final form have to
be designed simultaneously through sel§embly withegard to the required function. The
whole growth process can be influenced by external environmental conditions (force, light,
available resource, etc.), which makes it in essence a dynamic and adaptive process,
completely different from the static tajpwn human fabrication where the possible

external influences have to be considered and brought into an exact design in advance.
Hence, in studying the natural systems, special attention has to be given to those limiting
biological and physical conditions atite context in which that feature has developed
(Thompson 1992; Jeronimidis and Atkins 1995; Fratzl 2007; Aizenberg and Fratzl 2009;
Bhushan 2009; Knippers and Speck 2012).



Biologically controled Self-assembly

Approximate Design

Biological Material Engineering Materials
Small number of light elements: Large variety of elements:
C.N.OHCaP8, Si... Fe, Cr,Ni, AL Si, C, N, O,...
Growth Fabrication

"Heat, Beat, Treat", melt, powders, solutions, etc.

Exact design

Hierarchical structureing at various scales

Fomming (parts) and microstructuring (material)

Adaptation of form & structure to the function

Material selection according to function

Adaptation to changing environmental conditions
Healing; self-repair
Modeling and remodeling

Secure desing
consideration of the possible extreme condition in function;

{(maximum load, fatigue, etc.)

Figure 1. Natural vs. Engineering materialDifference between biological and
engineering materials on environmental conditions, basic available elements as building
blocks and modes of fabrication, results in different strategies to achieve the desired
function ¢e-sketchedvith permission afterfFratzl 2007).

However, considering all these conditions and constrains, nature has come up with smart

solutions to deal with the environmental challenges faved long evolutionary history.

Few examples aduchsolutions thatan be used as a source of inspiration for development

and improvement of human enginegrican be categorized as follpw

- Variety of different surface properties such as super hydrophobicity, high/ low or
reversible adhesion et@Barthlott and Neinhuid997; Arzt, Gorb et al. 2003; Federle,
Barnes et a2006; Bhushan and Sayer 2008; Gaéi®9; Gorb 2012)

- Self-healing and selfepair capacityMattheck and Bethge 1998; Thompson, Kindt et
al. 2001; Keckes, Burgert et al. 2003; Fratzl, Burgert et al. ZD0dgey 2006;

Fantner, Oroudjev et al. 2006; Gupta, Seto et al. 2006; Zwaag 2007)

- Special photonic features like structural coloration gézenberg, Tkachenko et al.
2001; Sundar, Yablon et al. 2003; Vukusic and Sambles 2003; Michielsen and
Stavenga 208 Mathger, Denton et al. 2009)

- Outstanding mechanical properties in combination with light weagh{Vincent
1990; Thompson 1992; Lakes 1993; Jeronimidis and Atkins 1995; Mattheck 1998;
Mattheck and Bethge 1998; Rho, KuBpearing et al. 1998; WeineméhWagner
1998; Elices 2000; Kamat, Su et al. 2000; Collins 2004; Fratzl, Burgert et al. 2004;
Fratzl, Gupta et al. 2004; Wegst and Ashby 2004; Raabe, Sachs et al. 2005; Burgert
2006; Currey 2006; Fratzl 2007; Fratzl and Weinkamer 2007; Meyers, Chen et al.




2008; Ortiz and Boyce 2008; Bhushan 2009; Dunlop and Fratzt X&bB&es, Burgert
et al. 2003.
- Metabolism dependent or matetiwlsed sensory systefias actuated motion and
stress generatigiBarth 1998; Fratzl and Barth 2009aupt 1977; Forterr&Skotheim
et al. 2005; Skotheim and Mahadevan 2005; Burgert and Fratzl 2009; Fratzl and Barth
2009; Martone, Boller et al. 2010)

1.1.1 Biomimetics
The term biomimetic (bionic, bimspiration etc.) refers to the science of learning and

transferring such optimizesolutions observed in nature into the technical application in
science, engineering, design etc., with the field covering a wide range of researches from
the study of biologically produced materials and structures and the strfwetation

relation in he biological system, to understand a specific biological pgy&ynthesis or
mechanisms etd he topic is in its essence an interdisciplinary field where researchers
from various disciplines from biology, physichemistry, mathematics, matesiatierce

and engineering etc. work together to understand and extract the underlying principles
behind the specific feature/property of interest and translate them into more abstract,
simpler models applicable to technical probléMismcent and Mann 2002; FratzD07;

Speck and Speck 2008; Aizenberg and Fratzl 2009; Bhushan 2009; Fratzl and Barth 2009;
Martone, Boller et al. 2010; Paris, Burgert et al. 2010; Shimomura 2010)

Most biomimetic research gets initiated in the biology discipline, with a partieaamre

of a biological system attracting the attention of researchers as a source of inspiration with
the potential to be transferred into technical application (bettprapproach). In the first

step, a thorough multidisciplinary analysis of a biologgyatem with a special feature of
interest (e.g. outstanding mechanical behavior), helps to have a better understanding of the
underlying principles responsible for that property (e.g. strudturetion relatioshipg. In

next steps, by detaching from thielogical system, the research focuses on the abstraction
of the discovered principles into simpler models, which are more amenable for technical
implementation. However, the motivation can also come from the engineerir({tpgide

down approachWwhere he need for the development of a new system or improvement of
an already existing product can start a systematic investigation of various biological
systems with the potential to offer a suitable solution to the problem in Reyoie2)

(Vincert and Manri2002; Speck and Speck 2008; Bhushan 2009; Paris, Burgert et al.
2010).



Throughouthe whole process, one has to look at the biological model as a concept
generator rather than a direct blueprint, and consider the difference between the specific
context boundary conditions) in which the biological system has developed and the
constraining factors in human fabrication (&éhéstingengineeringapabilities, safety

issues, cost etc.).

Technical problem

Search for biological analogies

Identification of appropriate principles

Abstraction from biological model

Test technical feasibility and prototyping

Improving biomimetic product

Bionic product

Technical implementation
Abstraction from biological model
Underestanding the principles
Biomechanics, functional Morphology and anatomy

Biologicalresearch

Figure 2. Biomimetic approacheBottomup process; starting from the biological model
system. Top down process; driven from the technologicahnds(re-sketched afteBpeck
and Speck 2008

One of the research fiedavhich has gained a rising interest in recent years as a rich source
forbioi nspired design of fAsmart oo s ysgdneratien, 1 s t

in plant kingdom.

1.2 Hydro-actuatedmovement and stress generation ithe plant
kingdom

Plants are commonly reflected to be stationary living organisms and are not as much
known for their ability to move in a detectable time scale for human eyes. Nevertheless,
movement is an essential part of plant life, from movements associated to plethtayrd
acquiring nutritionfo spatial reorientatiorseed dispersal, defense, €t¢art 1990; Burgert
and Fratzl 2009)To satisfy such needs, plants have evolved a variety of mechanisms for
stress generation and organ actuatidm all thosestress geeration or movement related
mechaisms water plays a crucial rolehd interaction of water with the plant material at



the nanoscale of the cell wafiststransferred t@ response imacro scale through a
sophisticated structural hierarchy of the plantly (Burgert and Fratzl 2009).
Skotheim and Mahadevan (Skotheim and Mahadevan 2005) categjffierent plant

movements according to their speed in three basic groups (Bigure

A

= » m » Fastest possible swelling movement M Lonicera
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M Arabidopsis thaliana
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Figure 3. Classification of plant and fungainovementsThe duration of the movemef} (
is plotted against the smadiemacroscopic dimension of the moving part Rijterent
actuated movemenése categorized into two modes of motion; slow (swelling/shrinkage)
and fast (snp-buckling, explosivéacture),(Reprintedwith permissiorfrom; Skotheim

and Mahadevan 2005

The slow deformations limited by the speed of fluid transport categorized as
swelling/shrinking movements can be found above the dottedliiigure 3 The

relatively faster oneare based on the storage and sudden release of elastic energy via
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geometrical constrains and are shown in between the dotted line and above the limit of the
physically possible movements. The two subcategories of the fast movements, snap
buckling and explsive fracture are only different in the mechanism of how the stored
energy is released.

In general, two basic categories of plardter interactions that induce stresses and plant
movements can be distinguished. The first category is based on variatenmier

pressure and volume of the living plant cells due to active influx/efflux of water into the
cells(Hodick and Sievers 1989; Sibaoka 1991; Fromm and Lautner 2007; Moran 2007;
Uehlein and Kaldenhoff 2008Actuations based on variation of the turgor pressure are
commonlyslow movements like stomatal movemeftigtherington and Woodward 2003;
Roelfsema and Hedrich 200%jowever faster movements can also be achieved vhen
turgor pressure based mechanismescmmbined with geometrical instabilities to go beyond
the speed limitation of fluid transpgésin case of thenapbuckling movement of Venus
flytrap (Hodick and Sievers 1989; Forterre, Skotheim et al. 2005; Volkov, Adesina et al.
2008) In some casesnexplosive seed dispersal is achieved through the release of the
stored elastic energy accompanied by sudden rupture-stnessed tissudkevin, Muller
Landau et al. 2003)n contrast, the second categ@passive hydreactuation based on

the svelling/shrinkage of thick and rigid dead cell walihich can result in the generation

of internal stresses or an organ movement. The required structural information for passive
actuation is embedded at different hierarchical levels of the syatieich dlows even

dead organs to be actuated by various environmental stimuli to perfargeted

deformation As aconsequencehese latter systems are independent of any control or
energy input from the plant metaboligBurgert and Fratzl 2009Adjustmentsof the

spatial orientation of organs such as leaning stems or branches is a wide spread example of
extremely slow movemenis this categoryOkuyama, Yamamoto et al. 1994; Burgert,

Eder et al. 2007; Goswami, Dunlop et al. 2008; Burgert and Fratzl 2008 opening

and closing of pine cone scal@awson, Vincent et al. 199@) moisture dependent

bending of wild wheat awn&lbaum, Zaltzman et al. 200@&)e examples of relatively

faster but still rather slow passive hyerctuated deformation.

1.2.1 Water as an actuator

Waterpossesses large dipole moment thahables it to participate in a wide range of
reactionswith a special one being tldility to build up hydrogen bonds wittsélfand

other available solutes. The energy of a hydrogen bond Ieshiveen the strong covalent

7



bonds and relatively loose Valer Waals forces, which makes a suitable compromise to
have a degree of dynasm as well as stability. Thability to form hydrogen bonds with a
large variety of biomoleculegves water the abtly to beutilized as arinflatingbor

swellingdagentand provide the energy required for the movement or stress generation.

Inflation vs. Swelling

Inflation can be defined as a change in the volume of a confined geometry due to the
variation of pressure of the gas/liquid inside the cell. Changb® imate/gaspressure
inside aconfined geometrysphere, cylinder, etc.) can exert stress on the walls. The

gererated stresses in the walls of a sphere or cylinder are illustrated in &igure

R R R
Gf = p_ Gt = P— O-t - p_
2t 21 t
Figure 4. Il nf | at i ovariat®n irptheipnessurepof aggas/liquid inside a close

sphere or cylinder leading to the generation of streghancell walls(p is the internal
pressure, R the radius and t the thickness of the cylinder or sphetgamdi are the
hoop and longitudinal stress respectively.

The hoop or tangential stress in a vessel under pressure equilibrates the internal pressure
resulting from the water uptake in the celence, influx/efflux ofwaterin such a thin

walled cellcanprovide the required energy for deformation or stress géoarin the

confined system.

Swellingis referred to the uptake of a liquid by a solid upon which the solid dimensions
change while maintaining the maccopic homogeneity. Floriduggins theory describes

the swellingpressure P ) for a polymedliquid solution and its relation to the Gibbs free
energy of mixing PG,,,) as(Teraoka 2002; Treloar 2005)

& 6
P=- %*Pa = ;ﬂam(l- P+ (L - e ghP, (Ea.1)
H r =

S



The P 4 term corresponds to the counteracting elastic force associated with elastic

expansion of the polymer chairtbe - ¢n? part corresponds to the enthalpic term and the

In(1- n)+(1- })n part represents the entropic contribution, whérés the solvent molar
r

volume, ¢ is the apparent interaction parameter depending on the specific properties of the

particular polymettiquid mix, I is the nunber of repeating unit in a polymer chaim, the
polymer volume fractionR, the gas constant and, the absolutéemperature.

According to this theorythe water uptake and swelling of polymer networks in general can
be described in a stepwise procegsst the enthalpy driven hydration of the most polar
hydrophilic group®ccurs,and then after saturation of all bonding sites, the further
adsorption is mainly entropy driven with adsorbed water filling the spaces between the
network chains and centerslafger pores et¢Hansen 1969; Teraoka 2002; Treloar

2005)

In the enthalpy driven stage, the interaction parameéteefines the affinity of a

macromoleculéo water and is related to the polymer solubility parameters. Hansen

described the solubility of a solute in a solvent in three distinct parts;-pal@npart

coming from the energy of dispersion bonds
theemr gy from dipolar intermolecular force (U
from hydrogenbonds et ween mol ecul es ( Uh)isexfgresdedds s ol u
(Hansen 1969)

2 _ 42 2 2
O =+ "+ (Eq.2)

In the final step, when all bonding sites are occupied, the main mechanigmitfer water

uptake is entropgriven with the entropy of the mixing being related to polymer volume
fraction (3) and number o f(Taraeka2@2iTieloag uni t s
20095:

e 1. 2
DS. =- Rdn(1- n)+(1- =)ny (Eq.3)
e ru

The infinite dilution at this stage is restricted by counteracting force due to the associated
elastic expansion of thehainnetworkand swelling continues only to the point where the
entropic gain of the mixing arttie elastic entropy of the network reach an equilibrium

level.



Water in plant cels
A special feature of the plant cells in comparison to animal cells ipltr@tcellshave an

extracellular matrix calledell walldwhich encapsulasthe celfs plasmanembraneThe
cell wall acts as a supportive framework giving the telnechanical rigidity to withstand
the cell s inner turgor pressure, protectin
etc. The pant cell wallis arelatively dense networkfavarious macromoleculesnd its
architecturan generakan be described as arireinforced compositevith stiff cellulose
microfibrils beingembedded in a much softer matrix which can consist of hemicelluloses,
lignin, pectin etc(Fengel 1984; McCanh991; Carpita and Gibeaut 1993; Bacic 1998;
Kerstens, Decraemer et al. 2001; Salmén 2002; Fratzl, Burgert et al. 2004)
The two basic 0s weethanismgjssussedhatiovehin ba foundiim i on 0
hydro-actuation systems ingmts;
Plants can utilize thibasicdnflationdprinciple toinduce volume changes in the living
cells,through activechange of the pressure inside theélh increase in osmotic
potential of the cells results in a decrease in watégntial, and to maintaime
equilibrium, water flows into the cells and results in either reversible or irreversible change
of cell volume(Nobel 1970)
On the other handgetl wall behavior upon water adsorption can be understood and
described as water uptake and swelling obmpositeof polymeric chains, depending on
the properties and architecture of the cell wHilis principlecan be utilizedor directing
the response of the cell to humidity changes, or translacthanges i n t he cel l
pressurento areversible elastic deformatiaof the cell wall anctell volume changeor an
irreversible inflation with a permanent volume change.

Cell wall components
Natural celulose (cellulose 1) is a macromolecule made uplofear chain of (1,4)inked
b-D-glucanwhich can be found in various organisms such as higher plants, algae etc. It is
basically a composite of two polymorpha,dnd b which can coexist at different ratios,
with Ib being the more dominant one in the cell walls of higher plgdsalenko2010)
The intermolecular hydrogen bonding and Van der Waals forces between the neighboring
chains result in a packing of the cellulose chains into relatively ordered aggi®fades
Martini et al. 2011)These cellulose fibrils are partly crystallinenscsting of crystalline
regions with highly ordered parallel arrangement of cellulose chains and more disordered
amorphous regions. Depending on the species, fibrils can possess a dianigemobat

their exact length is natlearly determinegetthough it is estimated to be about 10 um
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(Cosgrove 2005 ovalent bonds between the glucose units along the chain and the dense
network of hydrogen bonds and Van der Waals forces in and in between the chains result in
a high stiffness of the fibrils in the iak direction(Cosgrove 2005; Salmen 200&he

cellulose microfibrils are formed and extruded into the cell walidiyplex structure
calledcellulose synthase complexgaxena and Brown 20Q0d)he cortical microtubules

can guid thenovement of theellulose synthase complexésus providing a degree of

control over thelirection of thedeposition(Paredez, Somerville et al. 2006; Emons, Hofte

et al. 2007; Lloyd and Chan 2008)

Microfibril
O(6)H
T ¥ - C(6)
H(6,)—
Cd). H(6p)

N0
C(5)

- Amorphous

Elementary
Fibrils

5 /\
f()((s’)}l

Figure 5. Structure of the naturakellulose chains in the plant cell walBchematis
illustrate acellulose microfibrli(right) with the repeating unit of a cellulose chdieft).
(Reprintedwith permissiorfrom; Kovalenko 2010Postek, Vladar et al. 2011)

Hemicelluloses arene of themain building blocks of theell wall matrix. These
polysaccharides consist of various sugar waniis heir mainrole is to work a binding

agents, forming a strong yet resilient network with cellulose fibrils on the basis of hydrogen
bond formationPectins make up a complex and heterogeneous family of water soluble
polysaccharides which provide a relatively flexible matrix for the celldf@seicelluloss
network Lignin is another constitute of the cell wall matrix which contains different
phenyl goupsthatmakest more hydrophobic than the other constituents. Pectin and lignin
are also the main constituents of the middle lamella between the cellstgkiing

neighboring cellsThe matrixmicrofibril interaction is an important determining factor i

cell wall properties as thmechanical response of therBlwomposite largely depends on

the interface between the sti#llulose fibrilsand theresilientmatrix (Fengel 1984;

Carpita and Gibeaut 1993; Bacic 1998; Fratzl, Burgert et al. 2004; CotffoseSalmen
2006)
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Primary cell wall; Growing plant cellpossess ao-calledprimarycell wall, which

consists mainly of cellulose, hemicelluloses, pectin and structural proteins. Besides
protecting the cell against environmental facgrshasintruding organismstc, it also
determines the structural support and shape of the cell. By resisting against the internal
turgor pressure inside the cell, the primary cell walls tailor the direction and rate of the cell
growth. The mechanical and chealicharacteristics of primary cell walls need to be
analyzed in combination with the effect of turgoegsure inside the living cell€ellulose
interactions with hemicelluloses and pectin are of specific importance during the cell
growth or other functios thatrequire elastic deformation of the celBuring these
processes, theell wall need to bestiff enough to bare the hydrostatic pressuredeshe
cells and external loads, and gempliantenough @ respond to the cell turgor pressure to
allow for the cell wall extension accompanied by cell enlargerf@etand 1971; Taiz

1984; Veytsman and Cosgrove 1998)

_
Cellulose microfibril
Middle Lamella

e— -wa‘j"sp:“
Hemicellulose

e

Pectin

[urgorized Cell

Primarry Cell wall
Middle Lamella

\

Figure 6. Simple schematic of plant primary cell wall architecture and compositiloeit:

A turgid living plant cell surroundetly plasma membrane, primary cell wall and the
middle lamella. Right: Primary cell wall with the cellulose microfibrils embedded in a
relatively soft polymeric matrix of hemicellulgsend pectin. To allow for plastic
deformaion as a consequence of turgor driven cell growth, primary cell walls should be
ratherflexibleand must be able to loosen some of the-loearing linkages between the
fibrils while bearing the inner pressure load.

Secondary cell walj Once the cell grovit stopssecondary cell wallgith thicker and
stronger layersan be formed by the cellhese cell walls have no pectin and structural
proteins but are rich in lignin @smatrix component which makes them much more rigid.

Secondary cell walls have a distinct lamellar structure with a specific arrangement of
12



cellulose fibrilsinside theelayers(Figure7). The angle between the microfibril orientation
and the cell wall axiss known as microfibril angle (MFA) and is an important parameter in
defining the mechanical and swelling properties of the cell wall as a whole. In wood cell
walls, S1 and S3, the inner and outer layers of the secondary cell wall, have a relatively
largeMFA almost perpendicular to the cell axis. The middle layer (S2) is the thickest and
thedominant layer determining the stiffness and the anisotropy of the cell wall. In
Anor mal 6 wood cel |l walhyerardaidealmbsiparalled tethefcellb r i | s
axis (MFA 010°), while specific reaction tissues in trees such as compression wood can
possess an MFA of up to almost §Reiterer A. 1999; Burgert, Keckes et al. 2002;

Burgert and Fratzl 2009T he cellulose orientation dictates an anisota@formation of

cells and tissues upon water uptake and release, which is utilized in thiemiaioim for
directed actuation (nme detail in chaptet.2.3)

Secondary cell wall g3 Cell lumen Cell axis

Primary cell wall —

Cellulose Microfibril
“art'ane

Lignin Hemicellulose

Figure 7. Simple schematic of secondary cell wall architecture axnposition.Wood

cell wall with gimary cell wall and different layers of the secondary cell wall (S1, S2 and
S3) are depicted schematically separating the cell lumen (black) from the intercellular
middle lamella (greenHemicelluloses and lignin worsa crosslinking and filling agent

in the secondary cell walThe orientation of the cellulose fibrils towards the cell axis is
known as microfibril angle (MFA) and is one of the crucial factors determining the
anisotropy of the cell wall swelling (right)

Cell wall-water interaction
Adsorption of water results in the swelling of the cell wall matrix and the amorphous
cellulose with the consequent effect on the bulk plant tissue. This applies to primary and
secondary cell walls, but commonly the latter straglied in this regard from a wood
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science perspective. To investigate the interaction of water with cell walls, the equilibrium
moisture content of the tissue is usually monitored upon increasing/decreasing relative
humidity at a given temperature. Thesult is a sorption isotherthatprovides an entire

picture of the different stages of interaction with water (Fig)re

Various models have been developed to understand the different adsorption stages in cell
wall-water interaction with each stagerresponding to a different state of water in the cell
wall. Due to various interpretations of the results the true nature of each state is still under
debate. However, studies suggest that water can exist in two different states in freshly cut
samples; afree water in the porous systems such as the lumen of the cells and as bound
water inside the cell wall&rom the chemical point of view the hydroxyl groups of the

wood constituents are the main target for attracting water molecules. Hence, stamting fro
low relative humidity, the initial adsorption of water into the cell wall is a hydration

process where the first layer of water is adsorbed and fixed on the sorption sites mainly
consisting of free hydroxyl groups of hemicelluloses and the amorphoossegi
cellulose(Wallenberger 2003; Engelund 201Bhe reaction is exothermic and the

enthalpic gain of the system is the main driving force for adsorption of the first few layers.

Figure 8. A typical sorption isotherm for woadr'he equilibrium moisture content (the
weight of the adsorbed water per weight of the dry wood) is plotted against the relative
humidity (RH %). In the initial adsorption region, the first layer of water is adsorbed into
the cell wall and makes strong lmwith the accessible hydroxyl groups of the cell wall
polymers. The sorption continues by adsorption of further water molecule into and in
betwea each available sorption sitéSkaar 1998Engelund 2013)
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