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Abstract 

Numerous examples of actuated-movements with specific responses of the structure to 

external stimuli can be found in biological systems, which can be a potential source of 

inspiration for the design of energy-efficient ñsmartò devices. From the hydro-driven rapid 

snapping of the Venus fly trap leaves to simple hydro-responsive bending of wheat awns, 

various plants have evolved different mechanisms to utilize water as an actuator to undergo 

a desired deformation via sophisticated architecture at different hierarchical levels of their 

systems. Some species of the family Aizoaceae, also known as ice plants, show an 

ingenious example of such passive actuation systems, as they evolved a smart mechanism 

to open their protective seed capsules and release their seeds only in the presence of liquid 

water (rain).  

The scope of the first phase of the thesis was to investigate the underlying mechanism and 

the structural and compositional basis of the hydro-actuated movement of the ice plant seed 

capsules (Delosperma nakurense) at several hierarchical levels. Five hygroscopic keels 

were found to be the active muscles responsible for the reversible origami-like unfolding of 

the seed capsule upon wetting. Each keel consists of two honeycomb-like tissues made up 

of highly swellable hexagonal/elliptical shape cells running along an inert backing tissue. 

The significant swelling of a highly swellable cellulosic inner layer (CIL) inside the lumen 

of these cells was found to be the main engine of the actuation. The morphology and 

physicochemical response of the CIL to water was studied using a variety of techniques 

and it was shown that the entropic changes during water absorption were the main driving 

force for swelling of the cells. The translation of such relatively small available energy to 

the complex movement at a macro scale was explained by an optimized design at different 

hierarchical levels of the system. The cooperative anisotropic swelling of the cells in the 

hygroscopic tissue is translated into a flexing movement of the structure via simple 

Timoshenkoôs bilayer bending principle, which then results in an unfolding of the seed 

capsules. 

Inspired by the underlying mechanism in ice plant, two different strategies were developed 

to translate small strains at micro scale into a pre-programmed macro movement of a 

honeycomb structure. Through a clever application of the same simple concepts, one can 

ñmimicò the biological model system in a broader engineering sense, with potential 

applications of such passive switches in biomedicine, agricultural engineering or 

architectural design. 
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1 Introduction 

1.1 Nature as a source of inspiration 

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

better and more suitable material to make the necessary tools satisfying the variety of their 

needs, from early housing constructions and simple hunting tools to todayôs space shuttles. 

One of the available resource from the early ages was the biological materials in humanôs 

environments like wood, wool, bone, etc. which would to some extent satisfy the basic 

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 defined structure 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 

development of both ñmaterialò and ñstructuralò aspects of human engineering. However, 

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 structure (Figure 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 elements from 

carbon and nitrogen to more 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, cartilage, plant cell walls etc.), or organic-inorganic 

hybrid materials (tooth, bone, crustacean cuticle etc.). 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 to satisfy a 

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 on the other 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 described as ñheat, beat, treatò; usually using high 
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energy (heat, pressure etc.) to extract, shape and adjust the required properties of the 

material into a quasi-final 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. Although engineered structure can also show two to three levels 

of hierarchical design, the extent of this multi-level architecture in natural material can go 

as high ten levels of hierarchy, with composition and architecture at each hierarchical level 

preserving a 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 those multitudes of boundary conditions might play a 

crucial role in the development of the structure. Biological materials are made through a 

bottom-up growth process where both material (microstructure) and the final form have to 

be designed simultaneously through self-assembly with regard 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 top-down 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 and the 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). 
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Figure 1. Natural vs. Engineering materials. Difference 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 (re-sketched with permission after; Fratzl 2007). 

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

solutions to deal with the environmental challenges faced over long evolutionary history. 

Few examples of such solutions that can be used as a source of inspiration for development 

and improvement of human engineering can be categorized as follow; 

- Variety of different surface properties such as super hydrophobicity, high/ low or 

reversible adhesion etc. (Barthlott and Neinhuis 1997; Arzt, Gorb et al. 2003; Federle, 

Barnes et al. 2006; Bhushan and Sayer 2008; Gorb 2009; Gorb 2012) 

- Self-healing and self-repair capacity (Mattheck and Bethge 1998; Thompson, Kindt et 

al. 2001; Keckes, Burgert et al. 2003; Fratzl, Burgert et al. 2004; Currey 2006; 

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

- Special photonic features like structural coloration etc. (Aizenberg, Tkachenko et al. 

2001; Sundar, Yablon et al. 2003; Vukusic and Sambles 2003; Michielsen and 

Stavenga 2008; Mäthger, Denton et al. 2009) 

- Outstanding mechanical properties in combination with light weight etc. (Vincent 

1990; Thompson 1992; Lakes 1993; Jeronimidis and Atkins 1995; Mattheck 1998; 

Mattheck and Bethge 1998; Rho, Kuhn-Spearing et al. 1998; Weiner and Wagner 

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. 
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2008; Ortiz and Boyce 2008; Bhushan 2009; Dunlop and Fratzl 2010; Keckes, Burgert 

et al. 2003). 

- Metabolism dependent or material-based sensory systems for actuated motion and 

stress generation (Barth 1998; Fratzl and Barth 2009, Haupt 1977; Forterre, 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, bio-inspiration etc.) refers to the science of learning and 

transferring such optimized solutions 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 structure-function 

relation in the biological system, to understand a specific biological process, synthesis or 

mechanisms etc. The topic is in its essence an interdisciplinary field where researchers 

from various disciplines from biology, physics, chemistry, mathematics, materials science 

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 problems (Vincent and Mann 2002; Fratzl 2007; 

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 particular feature 

of a biological system attracting the attention of researchers as a source of inspiration with 

the potential to be transferred into technical application (bottom-up approach). In the first 

step, a thorough multidisciplinary analysis of a biological system 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. structure-function relationships). In 

next steps, by detaching from the biological 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 engineering side (top-

down approach), where the 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 hand (Figure 2) 

(Vincent and Mann 2002; Speck and Speck 2008; Bhushan 2009; Paris, Burgert et al. 

2010).  
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Throughout the 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 (the existing engineering capabilities, safety 

issues, cost etc.). 

 

 

Figure 2. Biomimetic approaches. Bottom-up process; starting from the biological model 

system. Top down process; driven from the technological demands (re-sketched after Speck 

and Speck 2008). 

One of the research fields which has gained a rising interest in recent years as a rich source 

for bio-inspired design of ñsmartò systems, is the actuated movement and stress generation 

in plant kingdom. 

1.2 Hydro-actuated movement and stress generation in the 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 plant growth and 

acquiring nutrition, to spatial reorientation, seed dispersal, defense, etc. (Hart 1990; Burgert 

and Fratzl 2009). To satisfy such needs, plants have evolved a variety of mechanisms for 

stress generation and organ actuations. In all those stress generation or movement related 

mechanisms water plays a crucial role. The interaction of water with the plant material at 



6 
 

the nanoscale of the cell walls gets transferred to a response in macro scale through a 

sophisticated structural hierarchy of the plant body (Burgert and Fratzl 2009). 

Skotheim and Mahadevan (Skotheim and Mahadevan 2005) categorize different plant 

movements according to their speed in three basic groups (Figure 3).  

 

Figure 3. Classification of plant and fungal movements. The duration of the movement (Ű) 

is plotted against the smallest macroscopic dimension of the moving part (L). Different 

actuated movements are categorized into two modes of motion; slow (swelling/shrinkage) 

and fast (snap-buckling, explosive fracture), (Reprinted with permission from; Skotheim 

and Mahadevan 2005).  

The slow deformations limited by the speed of fluid transport categorized as 

swelling/shrinking movements can be found above the dotted line in figure 3. The 

relatively faster ones are 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 explosive fracture are only different in the mechanism of how the stored 

energy is released. 

In general, two basic categories of plant-water interactions that induce stresses and plant 

movements can be distinguished. The first category is based on variation of the inner 

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 2008). Actuations based on variation of the turgor pressure are 

commonly slow movements like stomatal movements (Hetherington and Woodward 2003; 

Roelfsema and Hedrich 2005). However, faster movements can also be achieved when the 

turgor pressure based mechanisms are combined with geometrical instabilities to go beyond 

the speed limitation of fluid transport, as in case of the snap-buckling movement of Venus 

flytrap (Hodick and Sievers 1989; Forterre, Skotheim et al. 2005; Volkov, Adesina et al. 

2008). In some cases, an explosive seed dispersal is achieved through the release of the 

stored elastic energy accompanied by sudden rupture of pre-stressed tissues (Levin, Muller 

Landau et al. 2003). In contrast, the second category is passive hydro-actuation based on 

the swelling/shrinkage of thick and rigid dead cell walls, which 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 system, which allows even 

dead organs to be actuated by various environmental stimuli to perform a targeted 

deformation. As a consequence, these latter systems are independent of any control or 

energy input from the plant metabolism (Burgert and Fratzl 2009). Adjustments of the 

spatial orientation of organs such as leaning stems or branches is a wide spread example of 

extremely slow movements in this category (Okuyama, Yamamoto et al. 1994; Burgert, 

Eder et al. 2007; Goswami, Dunlop et al. 2008; Burgert and Fratzl 2009),
 
while opening 

and closing of pine cone scales (Dawson, Vincent et al. 1997)
 
or moisture dependent 

bending of wild wheat awns (Elbaum, Zaltzman et al. 2007) are examples of relatively 

faster but still rather slow passive hydro-actuated deformation.  

1.2.1 Water as an actuator 

Water possesses a large dipole moment that enables it to participate in a wide range of 

reactions, with a special one being the ability to build up hydrogen bonds with itself and 

other available solutes. The energy of a hydrogen bond lies in between the strong covalent 
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bonds and relatively loose Van der Waals forces, which makes a suitable compromise to 

have a degree of dynamism as well as stability. The ability to form hydrogen bonds with a 

large variety of biomolecules gives water the ability to be utilized as an óinflatingô or 

óswellingô agent and 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. Changes in the water/gas pressure 

inside a confined geometry (sphere, cylinder, etc.) can exert stress on the walls. The 

generated stresses in the walls of a sphere or cylinder are illustrated in Figure 4. 

 

Figure 4. Inflationôs principle. Variation in the pressure of a gas/liquid inside a close 

sphere or cylinder leading to the generation of stress in the cell walls. (p is the internal 

pressure, R the radius and t the thickness of the cylinder or sphere and ůt and ůl 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 cell. Hence, influx/efflux of water in such a thin-

walled cell can provide the required energy for deformation or stress generation in the 

confined system. 

Swelling is referred to the uptake of a liquid by a solid upon which the solid dimensions 

change while maintaining the macroscopic homogeneity. Flory-Huggins theory describes 

the swelling pressure (P ) for a polymer-liquid solution and its relation to the Gibbs free 

energy of mixing (DGmix
) as (Teraoka 2002; Treloar 2005): 

P =-
µDG

mix

µV
+P

el
=-

RT

V
s

ln(1- n)+(1-
1

r
)n - cn2

å

ç
æ

õ

÷
ö+P
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    (Eq. 1) 
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The P el
 term corresponds to the counteracting elastic force associated with elastic 

expansion of the polymer chains, the - cn2 part corresponds to the enthalpic term and the

ln(1- n)+(1-
1

r
)n  part represents the entropic contribution, where V

s
 is the solvent molar 

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

particular polymer-liquid mix, r  is the number of repeating unit in a polymer chain, n , the 

polymer volume fraction, R, the gas constant and T , the absolute temperature. 

According to this theory, the water uptake and swelling of polymer networks in general can 

be described in a stepwise process: first the enthalpy driven hydration of the most polar 

hydrophilic groups occurs, 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 centers of larger pores etc. (Hansen 1969; Teraoka 2002; Treloar 

2005). 

In the enthalpy driven stage, the interaction parameter  defines the affinity of a 

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

described the solubility of a solute in a solvent in three distinct parts; a non-polar part 

coming from the energy of dispersion bonds between molecules (ŭd), a polar part showing 

the energy from dipolar intermolecular force (ŭp) and a component representing the energy 

from hydrogen bonds between molecules (ŭh). Total solubility parameter ŭT is expressed as 

(Hansen 1969): 

2222

dphT dddd ++=
         (Eq. 2) 

In the final step, when all bonding sites are occupied, the main mechanism for further water 

uptake is entropy-driven with the entropy of the mixing being related to polymer volume 

fraction (ɜ) and number of repeating units in polymer chains (r) (Teraoka, 2002, Treloar 

2005): 

DS
mix

=- R ln(1- n)+(1-
1

r
)n

è

ê
é

ø

ú
ù       (Eq. 3) 

The infinite dilution at this stage is restricted by counteracting force due to the associated 

elastic expansion of the chain network and swelling continues only to the point where the 

entropic gain of the mixing and the elastic entropy of the network reach an equilibrium 

level. 

c
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Water in plant cells 

A special feature of the plant cells in comparison to animal cells is that plant cells have an 

extracellular matrix called ócell wallô which encapsulates the cellôs plasma membrane. The 

cell wall acts as a supportive framework giving the cell its mechanical rigidity to withstand 

the cellôs inner turgor pressure, protecting the cellôs inner organ from environment organs 

etc. The plant cell wall is a relatively dense network of various macromolecules and its 

architecture in general can be described as a fibre-reinforced composite with stiff cellulose 

microfibrils being embedded in a much softer matrix which can consist of hemicelluloses, 

lignin, pectin etc. (Fengel 1984; McCann 1991; Carpita and Gibeaut 1993; Bacic 1998; 

Kerstens, Decraemer et al. 2001; Salmén 2002; Fratzl, Burgert et al. 2004). 

The two basic ñswellingò and ñinflationò mechanisms discussed above can be found in 

hydro-actuation systems in plants; 

Plants can utilize the basic óinflationô principle to induce volume changes in the living 

cells, through active change of the pressure inside the cells. An increase in osmotic 

potential of the cells results in a decrease in water potential, and to maintain the 

equilibrium, water flows into the cells and results in either reversible or irreversible change 

of cell volume (Nobel 1970).  

On the other hand, cell wall behavior upon water adsorption can be understood and 

described as water uptake and swelling of a composite of polymeric chains, depending on 

the properties and architecture of the cell wall. This principle can be utilized for directing 

the response of the cell to humidity changes, or translate the changes in the cellôs inner 

pressure into a reversible elastic deformation of the cell wall and cell volume change, or an 

irreversible inflation with a permanent volume change. 

Cell wall components 

Natural cellulose (cellulose I) is a macromolecule made up of a linear chain of (1,4)-linked 

ɓ-D-glucan which can be found in various organisms such as higher plants, algae etc. It is 

basically a composite of two polymorphs, Ia and Ib which can coexist at different ratios, 

with Ib being the more dominant one in the cell walls of higher plants (Kovalenko 2010).
 

The intermolecular hydrogen bonding and Van der Waals forces between the neighboring 

chains result in a packing of the cellulose chains into relatively ordered aggregates (Moon, 

Martini et al. 2011). These cellulose fibrils are partly crystalline consisting of crystalline 

regions with highly ordered parallel arrangement of cellulose chains and more disordered 

amorphous regions. Depending on the species, fibrils can possess a diameter of 3ï5 nm but 

their exact length is not clearly determined yet though it is estimated to be about 10 µm 
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(Cosgrove 2005).
 
Covalent 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 axial direction (Cosgrove 2005; Salmen 2006). The 

cellulose microfibrils are formed and extruded into the cell wall by complex structure 

called cellulose synthase complexes (Saxena and Brown 2000). The cortical microtubules 

can guid the movement of the cellulose synthase complexes, thus providing a degree of 

control over the direction of the deposition (Paredez, Somerville et al. 2006; Emons, Höfte 

et al. 2007; Lloyd and Chan 2008).  

  

Figure 5. Structure of the natural cellulose chains in the plant cell wall. Schematics 

illustrate a cellulose microfibrli (right) with the repeating unit of a cellulose chain (left). 

(Reprinted with permission from; Kovalenko 2010; Postek, Vladár et al. 2011). 

Hemicelluloses are one of the main building blocks of the cell wall matrix. These 

polysaccharides consist of various sugar units and their main role is to work as binding 

agents, forming a strong yet resilient network with cellulose fibrils on the basis of hydrogen 

bond formation. Pectins make up a complex and heterogeneous family of water soluble 

polysaccharides which provide a relatively flexible matrix for the cellulose-hemicelluloses 

network. Lignin is another constitute of the cell wall matrix which contains different 

phenyl groups that makes it more hydrophobic than the other constituents. Pectin and lignin 

are also the main constituents of the middle lamella between the cells gluing the 

neighboring cells. The matrix-microfibril interaction is an important determining factor in 

cell wall properties as the mechanical response of the fibre composite largely depends on 

the interface between the stiff cellulose fibrils and the resilient matrix (Fengel 1984; 

Carpita and Gibeaut 1993; Bacic 1998; Fratzl, Burgert et al. 2004; Cosgrove 2005; Salmen 

2006). 
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Primary cell wall ; Growing plant cells possess a so-called primary cell wall, which 

consists mainly of cellulose, hemicelluloses, pectin and structural proteins. Besides 

protecting the cell against environmental factors such as intruding organisms etc., 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 chemical characteristics of primary cell walls need to be 

analyzed in combination with the effect of turgor pressure inside the living cells. Cellulose 

interactions with hemicelluloses and pectin are of specific importance during the cell 

growth or other functions that require elastic deformation of the cells. During these 

processes, the cell wall needs to be stiff enough to bare the hydrostatic pressure inside the 

cells and external loads, and yet compliant enough to respond to the cell turgor pressure to 

allow for the cell wall extension accompanied by cell enlargement (Cleland 1971; Taiz 

1984; Veytsman and Cosgrove 1998).  

 

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

A turgid living plant cell surrounded by 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 hemicelluloses and pectin. To allow for plastic 

deformation as a consequence of turgor driven cell growth, primary cell walls should be 

rather flexible and must be able to loosen some of the load-bearing linkages between the 

fibrils while bearing the inner pressure load. 

Secondary cell wall; Once the cell growth stops, secondary cell walls with thicker and 

stronger layers can be formed by the cell. These cell walls have no pectin and structural 

proteins but are rich in lignin as a matrix component which makes them much more rigid. 

Secondary cell walls have a distinct lamellar structure with a specific arrangement of 
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cellulose fibrils inside these layers (Figure 7). The angle between the microfibril orientation 

and the cell wall axis is 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 

large MFA almost perpendicular to the cell axis. The middle layer (S2) is the thickest and 

the dominant layer determining the stiffness and the anisotropy of the cell wall. In 

ñnormalò wood cell walls cellulose fibrils in the S2-layer are laid almost parallel to the cell 

axis (MFA 0-10°), while specific reaction tissues in trees such as compression wood can 

possess an MFA of up to almost 60° (Reiterer A. 1999; Burgert, Keckes et al. 2002; 

Burgert and Fratzl 2009). The cellulose orientation dictates an anisotropic deformation of 

cells and tissues upon water uptake and release, which is utilized in the plant kingdom for 

directed actuation (more detail in chapter 1.2.3).  

 

Figure 7. Simple schematic of secondary cell wall architecture and composition. Wood 

cell wall with primary 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 (green). Hemicelluloses and lignin work as a cross-linking and filling agent 

in the secondary cell wall. The 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 are studied 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. The result is a sorption isotherm that provides an entire 

picture of the different stages of interaction with water (Figure 8). 

Various models have been developed to understand the different adsorption stages in cell 

wall-water interaction with each stage corresponding 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; as free water in the porous systems such as the lumen of the cells and as bound 

water inside the cell walls. From the chemical point of view the hydroxyl groups of the 

wood constituents are the main target for attracting water molecules. Hence, starting from 

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 amorphous regions of 

cellulose (Wallenberger 2003; Engelund 2013).
 
The 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 wood. The 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 bonds with the accessible hydroxyl groups of the cell wall 

polymers. The sorption continues by adsorption of further water molecule into and in 

between each available sorption sites (Skaar 1998; Engelund 2013). 


















































































































































































