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Chapter 1
Introduction

As one of the remarkable hybrid materials in nature, wood chooses the smartest way to
bear mechanical loads by using the least amount of base materials and creates outstanding
functional mechanical properties comparable with advanced composite materials.

Wood is a cellular biomaterial with a complex multi-component system. The excellent
mechanical properties of wood are the consequence of its hierarchical structure at all length
scales. Ranging from the meter-scale of the tree trunk, millimeter-scale of growth-rings, the
microscopic scale of cellular structures such as tracheids, lumens, and cell walls, and the
nanoscopic scale of the polymeric building blocks (e.g., cellulose, hemicellulose, and lignin)
organization. This hierarchical architecture provides different properties for meeting the
tree’s diverse requirements and adapting to climate change.

Regarding the hierarchical structure of wood, the key challenge is developing mechanical
characterization methods on the micro and nano scales to better understand the smaller-
scale mechanical properties and uncover whether small-scale architectures have unique
properties that can affect the remarkable mechanical functionality of wood. Hence the mi-
crometer and nanometer analysis were incorporated into the original goal of this research by
implementation and development of nanoindentation and Atomic Force microscopy tech-
niques. These two methods have been applied in this thesis to detect the ultrastructure and
local mechanical properties of wood cell walls. The results allow the fundamental connec-
tions between the structure and mechanical response of wood to be revealed, including the
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8 1 INTRODUCTION

important role of the cellulose-lignin interfaces in determining both stiffness and damping.

This chapter summarises the background of wood anatomy and reviews literature about
the wood cell wall’s physical and mechanical properties.

1.1 The macroscopic structure of wood

1.1.1 Wood classification as Hardwood and Softwood

The two hardwood and softwood classes are one of the prominent categorizing of trees in
the bulk scale. This classification is based on the differences in the physical properties and
anatomy of wood.

Softwoods like pine, cedar, douglas fir, and redwood usually have needles (narrow leaves)
and seeds generated in cones. These trees remain evergreen. About 90 percent of softwood
is made up of longitudinal cells called tracheids arranged regularly and are responsible for
water-conducting and mechanical support. The length of tracheids is about 100 times their
diameter, reported as 2-4 mm in length and 0.025-0.045 mm in diameter [1, 2].

Softwoods also have rays that are extended in a radial direction across the growth rings
(Figure 1.1(a) and Figure 1.3). They’re narrower than the tracheids and are like thin
straight lines. The wood rays aim to store and distribute the tree’s photosynthesis products
horizontally [3].

The hardwoods, such as eucalyptus, balsa, beech, oak, and walnut, lose their leaves an-
nually, have broad leaves, and produce covered seeds within flowers. In hardwood, three
different cells cause the main differences with softwood: vessels, fibers, and rays. A vessel
cell is a series of relatively large diameter and thin-wall vessel elements connected end-to-
end. The vessels act like pipes that transport the water in the longitudinal direction, from
the root to the tree’s top. The vessels have a length of a few centimeters to more than 10
meters. The vessel elements are usually 25-300 µm in diameter and 0.2-1 mm in length [1].
These vessels could be seen on hardwood’s cross-sectional surface (Figure 1.1(b)). There-
fore hardwoods are known as porous woods, and the presence of vessels (pores) on an
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Figure 1.1: Scanning electron microscopy (SEM) images from the cross-section of (a) pine
as softwood and (b) beech as hardwood. The different cell types, including rays, tracheids,
fibers, and vessels, are shown in softwood and hardwood. The scale bars are 20 µm in (a)
and 30 µm in (b).

unknown sample’s cross-section specifies whether it is a hardwood or a softwood. The sec-
ond element in hardwoods is the thick-walled longitudinal cells with different thicknesses
called fibers responsible for mechanical support. The fibers usually have 10-30 µm diame-
ter and 1-2 mm length [1]. The third essential element in hardwood is the rays. Although
softwood and hardwood both have rays, however, the rays in hardwood are much more
extensive and usually form 10-32% of the wood volume, but in softwood, they are narrow
and are about 5-12% of the wood volume [2, 4].

The average density of hardwoods (320-810 kg/m3, average: 500 kg/m3) is slightly higher
than softwoods (290-600 kg/m3, average: 410 kg/m3). Despite that, the terms softwood
and hardwood could not help to differentiate these two categories’ hardness because some
hardwood species are softer than softwood species (and vice versa) [1].

In Figure 1.1, the cross-sectional views of pine as softwood and beech as hardwood are
shown. The differences between fibers and tracheids in beech wood and pine wood are
clear. Furthermore, the vessels are apparent in beech wood.
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1.1.2 Growth rings

Wood layers produced during the growing season have different colors and densities, which
let the growth rings be recognized even without a microscope. Early in the growing season,
the tree grows faster and produces large cells with light colors. Later in the growing season,
the tree grows slower and produces tighter cells with dark colors. Therefore generally, two
types of cells can be observed in an integrated growth ring: earlywood cells, with a thinner
wall and wider lumen, act as a conductive and supporting element, and latewood cells,
with a much thicker wall and narrow lumen, provide mechanical support.

The cell wall thickness is about 2-4 µm in the earlywood and about 3-7 µm in the late-
wood [5, 6]. In Figure 1.2, the morphological differences between latewood and earlywood
in the cross-section of pine wood are visible.

Figure 1.2: SEM image from the cross-section of pine wood, including latewood and
earlywood.

In hardwoods, earlywood and latewood are more challenging to detect because the fiber
diameter does not change during the growing season. The size and distribution of vessels
vary in the growing season for some of the hardwood species. It has been observed that the
vessels’ size and distribution in earlywood are much larger than the latewood [2]. However,
this kind of morphology change between latewood and earlywood is not identical for all
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hardwood species.

1.1.3 Different sectioning planes in wood

The wood structure is highly anisotropic and can be seen as an orthotropic. The three
directions are: radial (R): normal to growth rings from pith to bark, tangential (T): cir-
cumferential to the growth rings, and longitudinal (L): along the tree axis and the grains
(Figure 1.3). Each direction and section of a wood sample has its unique features and
properties. The three different wood sections are included the transverse plane of section
(the cross-section), the radial plane of section, and the tangential plane of section [7].

Figure 1.3: An overview of the wood coordinate system, including Longitudinal (L), Radial
(R), and tangential (T) directions. The different configurations of wood sectioning planes
are shown for softwood and hardwood.

The transverse section is cut perpendicular to the stem’s long axis and provides the features
of growth rings, and represents the rays that are like narrow lines crossing the growth rings
(Figure 1.3) [7]. When the tree is cut parallel to the stem’s long axis (longitudinal cut),
two different planes can be provided: tangential and radial. The tangential section is
perpendicular to the rays and tangential to the annual rings. The profile of rays is visible
in tangential sections (see Figure 1.3 and Figure 1.4).

The cutting direction in the radial section is parallel to the rays and perpendicular to the
growth rings. The radial section provides the features of rays, which are well known to
have a "brick-wall" appearance [1, 7].
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Figure 1.4: SEM micrograph from the tangential section. The profile of rays can be seen
as rectangular shapes.

1.2 The microscopic architecture of the wood cell wall

At the microscopic level, the cell wall consists of three main layers: the middle lamella,
the primary wall, and the secondary wall (Figure 1.5).

Each cell is attached to its neighbors by middle lamella. The primary wall is the next
layer, which forms about 3% of the cell wall and is located inside the middle lamella.
The primary wall is very thin and is challenging to distinguish from the middle lamella.
Therefore, the term compound middle lamella (CML) defines the primary cell walls and
the middle lamella of two adjacent cells. The compound middle lamella in wood is mostly
lignified [4, 7, 8].

As shown in Figure 1.5, the first layer in the secondary wall, adjacent to the compound
middle lamella, is S1, a thin layer with a thickness of about 0.1-0.2 µm. The S2 layer is
the central and thickest secondary wall, which makes up about 1-5 µm (70-80%) of the cell
wall thickness. It has the most significant contribution to the cell wall’s properties. On the
inner side of the S2 layer, there is the S3 layer adjacent to the cell lumen. It is a relatively
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thin wall layer with a thickness of 0.1-0.2 µm [4, 7, 8].

In comparison to other secondary layers, the S3 layer has the lowest percentage of lignin.
This phenomenon is explained by Wiedenhoeft et al. [7]. The lower fraction of lignin is
related to the physiology of the living tree. For water transportation, a significant adhesion
between the water molecules and the wood cells is required. Since lignin is a hydrophobic
molecule, the S3 layer, as the cell wall’s inner side, must have a lower lignin concentration
to facilitate water transportation [7].

The cell wall structure is principally composed of cellulose, hemicelluloses, and lignin. To
date, the arrangement and the interactions of these polymeric components at the nanometer
scale have not been entirely resolved. The averaged volume fractions of these polymeric
components in different wall layers are presented in Table 1.1, reported by Fengel et al. [9].
The highest fraction of lignin is in the compound middle lamella, and the highest fraction
of cellulose is in the S2+S3 layers.

Table 1.1: Variations of different polymeric components in different wood cell wall layers [9].

Cell Wall layers Chemical Constituents%

Cellulose Hemicellulose Lignin

Compound middle lamellae 12.5 25.5 62.0

Secondary wall, S1 34.5 35.5 30.0

Secondary wall, S2+S3 55.7 14.3 30.0

It is reported that in the wood cell wall, cellulose chains are compacted into larger units
called elementary fibrils that are aggregated to form threadlike fibers known as microfib-
rils [9, 10, 11]. The cellulose microfibrils have a helical orientation towards the wood cell
wall. So from the mechanical point of view, the unique molecular structure and the par-
ticular orientation of the cellulose fiber nominate it as the most leading microstructural
element in the wood cell wall.

The angle between the cellulose microfibrils’ helical orientation and the longitudinal cell
axis is called microfibril angle (MFA) [12]. The microfibril angle varies within a single
wood cell wall. One of the most critical characteristics in different secondary layers of
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the wood cell wall is their microfibrils helical arrangements. It has been shown that in
the primary layer, the cellulose microfibrils have no specific orientation and are randomly
distributed. In the S1 and S3 layers, the microfibrils are oriented almost perpendicular
to the longitudinal axis. While in the S2 layer, the microfibrils are mostly aligned to
the longitudinal axis [11, 12, 13, 14]. In the research of Donaldson et al. [15] microfibril
orientation in the secondary cell wall of Radiata pine tracheids has been described. In the
S1 layer, the microfibrils were often arranged in the S-helix (>90◦), with an angle of 79◦

to 117◦. However, the irregular changing of the microfibrils’ orientation from the S helix
to the Z helix in the S1 layer was observed within individual tracheids. In the S2 layer,
the microfibrils were arranged in a Z helix (<90◦) orientation with an angle of 1◦ to 59◦.
The microfibrils in the S3 layer also had a Z-helix orientation with an angle from 50◦ to
113◦. The microfibrils orientations in Figure 1.5 have been drawn according to Donaldson’s
explanation [14].

When wood is loaded in the longitudinal direction, the S2 layer plays the predominant
role, and the cell wall acts as a spring with stiff behavior at low MFA of the S2 layer [16].
However, when the wood is loaded in the transverse direction, the S1 and S3 layers with
the higher MFA have an essential mechanical contribution. Thus the exchange of MFA
from S1(high angle) to S2 (low angle) and then S3 (high angle) represent an adaptional
behavior of the wood cell wall to resisting compression, buckling, and bending forces in
the tree [16]. Further, the cellulose fibril aggregates increase the tensile strength while the
lignin enhances the compressive stability.

The uniformity and diversity of MFA in the radial wall and tangential wall of a single fiber
are also different. Experiments show that the high variation of MFA is observable in the
radial walls, which contain the bordered pits. However, the microfibril orientation in the
tangential walls is less variable. This diversity is also higher in the radial wall of earlywood
than latewood fibers [17].

The ultrastructural arrangement of the wood cell wall and the correlation of its polymeric
components are still under debate. The main reason is the limitation of high-resolution
optical microscopies and spectroscopies and the lack of non-destructive chemical and me-
chanical nanoscale measurements. Furthermore, no practical method has been developed
to isolate cell wall components and keep their native 3D structures.
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Figure 1.5: A schematic picture of the wood cell wall structure, including middle lamella,
primary wall, and secondary layers. The microfibril arrangements in the secondary layers
are indicated according to Donaldson’s explanation [15].

So far, two different arguments from "Bailey [18]" and "Frey [19]" about the wood cell
wall’s ultrastructural arrangement have been demonstrated:

In 1938, Bailey reported that "the secondary walls are composed of a porous but firmly
coherent matrix of anisotropic cellulose where lignin and other noncellulosic constituents
may be deposited in the elongated, intercommunicating interstices of the cellulose [18]."
Later, in 1968, Frey reported that "the wood cell wall resembles a reinforced concrete in
which cellulose and lignin play the role of steel rods and concrete, respectively [19]." Frey’s
model is the most widely accepted cell wall ultrastructural model to date.

1.3 Polymer components in the wood cell wall

1.3.1 Cellulose

Cellulose is a linear polysaccharide consisting of almost 60% crystalline part linked to the
40% less crystalline or amorphous domains. As shown in Figure 1.6, the crystalline part
of cellulose consists of linear chains of glucose joined by β-1, 4-glycosidic linkages [20].
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Figure 1.6: Cellulose chemical structure with the formula (C6H10O5)n. Reprinted from T.
Nishino [21], Copyright 2004, with permission from Elsevier.

There are several types of cellulose, including cellulose I, II, III, and IV. Cellulose I type
is obtained from natural plants, known as the native cellulose, and is divided into two
crystalline types, including cellulose Iα (triclinic) and cellulose Iβ (monoclinic) [22, 23]. The
relative amount of cellulose Iβ and cellulose Iα is different in different wood spices [21, 24].

Scientists have shown interest in the extraordinary mechanical properties of cellulose as a
crystalline component. As shown in Figure 1.7, the elastic modulus of the perfect crystal
of native cellulose was determined by Nishino et al., using the X-ray diffraction method.
They monitored the crystal lattice spacing changes under constant stress. The stress-strain
curve’s initial slope was used to calculate the crystal modulus of cellulose, which was found
to be 138 GPa [21, 25].

Figure 1.7: Stress-strain curve for the cellulose I. Open circles indicate the (004) plane,
and the half-filled circles indicate the (008) plane in the crystalline structure. Reprinted
from T. Nishino [21], Copyright 2004, with permission from Elsevier.

Tashiro and Kobayashi’s observations [26] suggested that the most critical factor in deter-
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mining the elastic modulus of cellulose is the intramolecular hydrogen bonds. As shown
in Figure 1.8, the skeletons of cellulose cannot elongate to its axial direction intrinsically
by the lack of intramolecular hydrogen bonds. Consequently, it causes a decrease in the
crystal modulus.

Figure 1.8: The calculated atomic displacements of cellulose chain under tensile force (a)
with and (b) without the intramolecular hydrogen bonds. Reprinted from K. Tashiro et
al. [26], Copyright 1991, with permission from Elsevier.

According to the Rowell and Winandy model [20], the polymeric chain and the crystallinity
of cellulose are essential in the wood cell wall’s mechanical behavior. The pyranose rings
in cellulose structure are made of C-C and C-O covalent bonds. When a load is applied
to the wood cell wall, C-C and C-O covalent bonds are getting shrunk or stretched or
twisted within the pyranose ring structures at the molecular level (Figure 1.9). This could
be a reason that cellulose is exceptionally resistant to tensile stresses [20]. The next factor
which affects the elastic strength, explained by Rowell and Winandy, is the hydrogen bonds
between and within individual polymer chains. Hydrogen bonds under stress can breaking,
sliding and reforming and allow the stress to distribute within the structure [20].
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Figure 1.9: The schematic illustration of elongated polysaccharide molecules under tensile
forces. Adopted with permission from J. E. Winandy et al. [20], Copyright 1984, American
Chemical Society.

1.3.2 Lignin

Lignin is an amorphous, hydrophobic phenolic compound with a threedimensional organi-
zation that is considered to be a strengthened substance in the nano-structured assembly
of the wood cell wall. As shown in Figure 1.10, lignin is made up of three different pre-
cursors, including p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. Biosynthesis
of lignin in softwood and hardwood takes place with a wide variation of these precursors.
In softwood, the predominant precursor of lignin is structure 2 (coniferyl alcohol), and in
hardwood, the significant lignin precursors are the structure 2 and 3. The lignin propor-
tion of hardwoods is usually 18%-25%, whereas, in softwoods, it varies between 25% and
35% [27, 28].

Figure 1.10: Chemical structures of lignin monolignols: p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol. Reprinted from R. Hatfield et al. [29], copyright 2001, by
permission of Oxford University Press.

Lignin’s chemical structure differs from linear or branched carbohydrate chains. The hy-
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drophobic behavior of lignin excludes water from the hydrophilic carbohydrates. According
to Roger Rowell’s explanation, the stable strength and stiffness of wood, even in higher
moisture content, are related to the lignin ability to limit water access to the carbohydrates
and hydrogen-bonded structure [27].

Lignin is also introduced as nature’s adhesive since the adjacent cells are attached by
middle lamella, which has the highest lignin concentration. It should be mentioned that,
although the middle lamella has the highest concentration of lignin, about 70% of lignin
content is located in the secondary layer of the cell wall because of the higher volume of
the secondary layer in comparison to the middle lamella.

According to Xue Kang et al. [30], lignin has the ability to self-aggregate and form hy-
drophobic nanodomains by extensive surface contact with hemicelluloses. However, there
is no evidence that lignin is associated with cellulose [27].

1.3.3 Hemicellulose

Hemicellulose is the most common carbohydrate after cellulose in the plants. Hemicel-
luloses are a collection of polysaccharide polymers with a lower degree of polymerization
(average DP of 100-200) than cellulose (average DP of 500-15000) [27]. The polymer chains
in cellulose and hemicellulose are also different. Cellulose is a linear polymer without the
attached side group composed of glucose, but the hemicelluloses are Y-branched and have
attached side groups of different sugar monomers (Figure 1.11). Hemicellulose is the least
thermally stable component in the cell wall and is closely associated with cellulose [27].

The overall structures of major wood hemicelluloses have not been entirely determined.
Only the ratios of sugar monomer components in hemicellulose for different wood spices
have been studied. It was proposed that the proportion of sugar monomer components
is different in hardwood and softwood. Figure 1.12 shows the differences in hardwood
and softwood for the distribution of lignin, cellulose, and various hemicelluloses in the
cell wall layers. The predominant hemicellulose in hardwood is glucuronoxylan, while in
softwood, glucomannan plays an essential role as hemicellulose. Furthermore, as shown in
Figure 1.12, in the compound middle lamella, hemicellulose is the dominant carbohydrate,
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Figure 1.11: Different monomers of hemicellulose in wood [27].

while in the secondary layers, cellulose is the essential carbohydrate [31].

1.4 Thermal treatment

In general, thermal treatment on wood aims to decrease hygroscopicity and improve di-
mensional stability and durability [32]. There are several different methods of thermal
modification. Steam treatment is a hydrothermal method that causes a more effective heat
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Figure 1.12: Distribution of lignin, cellulose, and hemicellulose in (a) hardwood and (b)
softwood. Reprinted from M.T. Holtzapple [31], copyright 2003, with permission from
Elsevier.

transfer, the limitation of oxygen in the process, and lower shrinkage stresses in the wood
structure than conventional heat treatment methods. The combination of steam (humidity
and pressure) and temperature (the maximum temperature of more than 120◦C) in the
hydrothermal method results in different chemical and mechanical changes in the wood
cell wall’s structure [33], which will be described in the next section.

1.4.1 Chemical changes

In the hydrothermal method as a moist treatment, the hemicelluloses are the first struc-
tural compounds that are affected. Depolymerizing the hemicelluloses occurs at the first
stage with the effect of hydronium ions generated by water as a catalyst [34, 35]. This
depolymerizing involves cleavage of the hemicellulose constituents. Deacetylation of hemi-
celluloses by hydrolytic cleavage of the acetyl side chains produces acetic acid [36].
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In the next reaction stages, the hydronium ions produced from acetic acid also act as
catalysts, which causes the carbohydrates cleavage and, consequently, reduces the carbo-
hydrates’ degree of polymerization. The contribution of acetic acid as a catalyst is even
more predominant than water autoionization, which increases the polysaccharides’ decom-
position. The acid catalyzation forms furfural, formaldehyde, and other aldehydes (a loss
in hydrogen bonds) [32].

For cellulose fibers, as a crystallite part of the cell wall, thermal modification has the
potential to change the crystallinity. Guo et al. founded that the cellulose crystallinity of
cell walls increased considerably in both earlywood and latewood after compression steam
treatment [37]. Thermal modification under moist conditions had the same influence on
cellulose in the research of Bhuiyan et al. [38] and Ito et al. [39]. The experiments of Bhuiyan
et al. [38] suggested that moist condition during thermal modification has much more effect
on the crystallization of cellulose in comparison to the oven-dried condition. The increase
in the crystallinity of wood included the thermal decomposition and crystallization of the
amorphous region, resulting in decreasing the accessibility of hydroxyl groups to water
molecules [32, 40].

In addition to cellulose crystallinity, a significant increase in the cellulose crystallite dimen-
sions from 3.1 to 3.4 nm reported by Andersson et al. However, there were no considerable
changes in the microfibril angle distribution in their observation [41]. The increase in the
cellulose crystallite dimensions was reported in the other research as well [37, 42].

Although the glass transition temperature (Tg) of cellulose, determined by Salmen et
al. [43], is about 220◦C, the presence of moisture could decrease this temperature [44].
Guo et al. reported that the rearrangement of adjacent cellulose chains to the higher crys-
tallinity could happen at a temperature of 140◦C or higher [37]. Lignin, as one of the main
building blocks in the wood cell wall, is the most stable component during thermal mod-
ification. The thermal treatment leads to a relative increase in the lignin percentage and
modification of the lignin polymer network. The polycondensation reactions and increase
of cross-linking within the lignin-carbohydrate-complex are the other effects of thermal
treatment on wood’s molecular structure. This molecular change consequently improves
the dimensional stability and decreases wood hygroscopicity [32, 45].



1 INTRODUCTION 23

Most of the natural wood extractives tend to be degraded and produce new composi-
tions after thermal modification. Evaporation of water and ethanol extractives due to the
polysaccharides’ degradation is one reason for the mass loss in the wood after thermal
treatment [46].

1.4.2 Hygroscopicity and moisture content

Hygroscopicity is the material’s ability to attract and hold water molecules to equilibrate
from the surrounding environment. For wood, it is usually measured by the equilibrium
moisture content (EMC). The equilibrium moisture content (EMC) of wood is the steady-
state level of wood, in a particular relative humidity and temperature, in which the material
is neither gaining nor losing moisture content [20].

The decrease of EMC is one of the most important effects on wood after thermal modifi-
cation. It was found that after thermal treatment, the equilibrium moisture content has
a significant decrease of up to 49.3% [47]. The lower moisture content in the wood means
that less water is absorbed in the wood cell wall. It is the consequence of less available
hydroxyl groups in the wood cell wall after thermal modification [20].

The degradation of hemicellulose in the thermal modification process causes the decrease of
OH groups in the wood cell wall, and therefore the water absorption is mostly eliminated.
The higher crystallinity of cellulose and the condensation reactions of lignin, which increase
the cross-linking in the polymeric structure, limit water accessibility to hydroxyl groups as
well.

The role of water in wood is different in different levels of moisture content. In the level of
oven-dry (∼ 0% MC) [48] to the fiber saturation point (∼ 28-30% MC) [48], the bounded
water molecules play an influential role because changing the water content affects the
strength of wood. Above the fiber saturation point, the free water molecules fill the wood
cell cavities, and in this stage, changing the amount of moisture content does not change
the strength of wood very much. According to the Rowell explanation, increasing the mois-
ture content in the wood cell wall from oven-dry point to fiber saturation point increases
the bonded water molecules in the structure and consequently causes the reduction of hy-
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drogen bonding between polymeric chains in the structure, which decreases the strength
of wood [20].

1.4.3 Mass loss

Depolyerisation and degradation of wood cell wall components and extractives, the for-
mation of new degradation products, and vaporization at high temperatures cause a mass
loss in wood. This term usually uses to explain the intensity and degradation effects of
thermal modification on wood. According to the explanation of Obataya et al. [49], the
most error-free measurement of mass loss is obtainable when the extractives are deducting
from the dry mass before and after modification. So the mass loss is measured after the
extraction of all water-soluble degradation products. The experiments have shown that
thermal treatment causes a significant decrease of 10.5% in the wood density [47].

1.5 Mechanical measurements of wood

The remarkable variety of mechanical properties in different wood species is derived from
the polymeric components’ arrangements in wood cell walls and cellular structure changes [4].
Furthermore, parameters such as density, fibrous orientation, and moisture content are
known to affect the mechanical efficiency of wood on a bulk scale [50]. On a smaller scale,
ultrastructural studies have shown that cellulose microfibrils’ orientation influences wood
properties [51, 52, 53].

So far, single fiber micro tensile tests and nanoindentation methods have been the most
widely used methods for determining the mechanical properties of wood cell walls experi-
mentally.

The tensile test was one of the first measurements to understand wood’s mechanical prop-
erties, and many different research techniques have been established till now [54, 55, 56,
57, 58]. Regarding these experiments, it was proposed that the shape of the stress-strain
curve is highly structural-dependent.
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Reiterer et al. performed experimental tensile tests on the thin (200 µm) sections of wood
samples. They revealed that the variations of MFA offer the right balance of stiffness (small
angles) and extensibility (large angles) for the wood cell walls [53].

Burgert et al. [59] carried out micro-tensile tests on mechanically and chemically isolated
spruce fibers. They reported a mean axial cell-wall modulus of about 20 GPa. They
observed that the cell wall cross-sections of chemically isolated fibers shrank much more
transversely than the mechanically separated fibers.

The experiments have shown that the MFA and elastic modulus have a negative corre-
lation with each other. So the elastic modulus increases with the decrease of MFA [60].
Figure 1.13 shows the stress-strain curves of a single wood fiber according to the different
microfibril angles [61]. There is a plastic behavior for high microfibril angles, while the
failer happens at 20% elongation of fibers. However, for the low microfibril angles, the
curve rising almost sharply and linearly at a 5% elongation of fibers. This concludes that
tensile strength and Young’s modulus decrease with the increase in the microfibril angle.

Furthermore, combining micro-tensile tests with other techniques enabled researchers to see
structural changes and material response at given stress and strain levels: For example, the
failure mechanism of the single fibers identified by Scanning Electron Microscopy [62, 63].
Furthermore, polarized light microscopy facilitated the visualization of the distorted areas
from the fibrillary cellulose alignment. This observation could help to understand the
dislocations’ role during the strain [63, 64]. Moreover, in situ X-ray experiments were
conducted to see the variations in the crystal lattice of cellulose and microfibril angles
(MFA) under stress [65, 66].

Bending of cantilever beams prepared with a focused ion beam (FIB) was one of the other
methods for axial cell wall modulus measurement performed with Orso et al. [67]. The
axial compressive strength and the failure mechanism of the secondary cell wall of spruce
wood were studied by Adusumalli et al. They performed compression tests on the FIB
machined micropillars and reported the yield strength values of approximately 160 MPa
[68]. They suggested that the deformation and failure of the S2 cell wall micropillars are
caused by the out-of-plane bulging and shear bands formation, respectively.

In 1997, nanoindentation, a high-resolution mechanical test, was initiated to analyze the
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Figure 1.13: Stress-strain curve of the single wood pulp fibers with different microfibril
angles [61]. Reprinted from T. Nishino [21], Copyright 2004, with permission from Elsevier.

wood cell wall by Wimmer et al. [69]. Nanoindentation performs approximately the same
technique as hardness testing; however, the indenter’s loading and displacement are tracked
precisely during the experiment. This has the important advantage that, in addition to
obtaining hardness values, it is also possible to extract parameters related to the material’s
elastic properties.

Measurements of the wood cell wall showed that earlywood and latewood’s mechanical
properties vary within the tree rings. However, a wide variety of mechanical properties
was reported within a single tracheid as well [69].

The nanoindentation experiments of Gindl et al. [70] reported that the elastic modulus of
cell walls with a large microfibril angle (8.2 GPa) was consistent with the obtained value
from tensile tests (10 GPa) [71]. However, it was shown that the elastic moduli of cell
walls with small microfibril angles were underestimated in nanoindentation measurements
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[69, 70].

In general, the measured values of direct methods for modulus of the wood cell wall, includ-
ing tensile tests of isolated fibers [59], bending of a fiber cell wall [67], and nanoindentation
measurements [69, 70, 72, 73, 74], were lower than those obtained by extrapolation and
theoretical calculations [51, 75, 76, 77]. It has been proposed that the inconsistency in
the wood cell wall mechanical measurements is the consequence of the wood cell wall’s
anisotropic structure. Also, the nanoindentation elastic modulus of the wood cell wall
reflects a combination of both axial and transverse properties, which causes an underesti-
mation of the elastic modulus in the axial direction.

While many studies have focused on the mechanical properties of the wood cell wall,
such as strength, stiffness, elastic modulus, and hardness, understanding the viscoelastic
properties and damping mechanism of wood as a natural hybrid material is also essential.
Viscoelasticity can be explained as a mixture of viscous and elastic characteristics. The
loss factor is a measure of intrinsic damping, which is a valuable material property when
structures vibrate [78]. The loss factor is the ratio of loss modulus to storage modulus
representing the degree to which a material dissipates vibrational energy.

One of the important reasons that fiber-reinforced composites are different from other ma-
terials like metals is their damping mechanism. In the case of fiber-reinforced composites,
the viscoelastic properties of matrix and fiber and damping due to the interface area have
contributed to energy dissipation approaches. Interfacial displacement during vibration
can cause debonding and friction in the interface field, which is described as a fundamental
energy dissipation mode during vibration [79].

So far, the viscoelastic response of wood corresponding to different relative humidity con-
ditions has been studied on bulk wood samples in different researches [80, 81, 82]. In the
study of Meng et al., the viscoelastic parameters of the wood cell wall, measured with
nanoindentation, showed a negative trend with increasing moisture contents [83].

In order to evaluate the properties of viscoelastic wood during humidity change cycles,
Mukudai proposed a viscoelastic bending model based on the hypothesis that the looseness
in the cell wall’s microstructure between S1 and S2 layers caused a slippage between them
during the drying process [84].
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Regarding the nanoscale’s mechanical properties, Atomic Force Microscopy is performed
recently on the wood cell wall. This technique was used to measure the elastic modulus of
cellulose fibrils in the bending process [85]. So far, the elastic properties in the wood cell
wall were investigated using the Resonant Contact-AFM (RC-AFM) [86, 87, 88] and AFM
peak-force quantitative nanomechanical mapping (PF-QNM) methods [89, 90]. However,
nanomechanical measurements are still challenging to be used to understand the individual
polymers interactions and their effect on cell wall properties.

1.6 Objectives of the study

1.6.1 Micromechanical measurements of the wood cell wall by

Nanoindentation

The present study aimed to analyze the elastic modulus, hardness, and viscoelastic prop-
erties of the wood cell wall under quasi-static and dynamic depth-sensing indentation
measurements.

As the cell wall structure and chemical compositions play a crucial role in bearing the
mechanical loads, different thermal modifications were applied to the wood samples to
understand the effect of chemical compositional changes on the cell wall’s mechanical func-
tion. The changes of the mechanical properties were examined before and after thermal
treatments by nanoindentation.

The viscoelastic variations of the modified and unmodified wood samples were also studied
in order to understand the intrinsic damping mechanism of wood.

1.6.2 Nanoscale measurements of the wood cell wall by Atomic

Force Microscopy

The second part of this thesis aimed to present detailed information on the wood cell wall
nanostructure. The spatial organization of cellulose fibrils in different secondary layers
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was investigated. The measurements were performed in radial and transverse sections of
latewood tracheids to observe the fibril patterns from different perspectives.

This thesis is organized as follows:
In Chapter 2, the nanoindentation approach is used to calculate the micromechanical
properties of pine and eucalyptus wood samples.
Chapter 3 investigates the ultrastructural arrangement of the wood cell wall using atomic
force microscopy.
Chapter 4 of the thesis is devoted to the summary.
And the appendices have provided additional information for interested readers.
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Chapter 2
Micromechanical measurements of the wood
cell wall

The remarkable mechanical properties of wood are derived from the hierarchical arrange-
ment of its polymer components, accounting for macroscopic features such as tree rings,
down to the nanoscale layers making up the walls of the wood cells. An important mechan-
ical component of wood is the wood cell wall, which is composed of cellulose microfibrils
embedded in a lignin matrix and anchored there by hemicellulose molecules. Here, we
study the micromechanical properties of pine and eucalyptus cell walls, before and after
various thermal treatments aimed at improving wood properties like dimensional stability
and biological durability. Typical specimen preparation methods involving impregnation
were avoided, so as not to change the wood cell wall properties. We detect significant
variations in the local wood cell wall mechanical properties, which we show are well ex-
plained by local variations in polymer composition and MFA. Based on this, we introduce
a measurement method that allows the intrinsic loss factor of the wood, unaffected by local
composition and MFA, to be determined. We detect a clear decrease in loss factor and a
modest increase in modulus and hardness as a result of the thermal treatments. We argue
that the property changes due to thermal treatment are primarily explained by the loss of
hemicellulose and the increase in the crystallinity of cellulose.

31
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2.1 Introduction

The mechanical properties of the wood cell wall as a polymer-based hierarchical compos-
ite are basically a combination of the heterogeneous polymeric composition’s role at the
molecular scale and the architecture of the laminated structure of the secondary layers
at the nanometer scale. One of the long-standing goals of materials science has been
to relate the macroscopic properties of composites to the composite architecture and the
mechanical properties of the components. The major polymeric components of the cell
wall are cellulose, hemicellulose, and lignin, which contribute to wood strength in different
ways, as suggested in the Rowell and Winandy models [20]. They suggest that mechanical
properties are primarily the function of chemical bond strengths, including covalent and
hydrogen intrapolymer bonds and covalent and hydrogen interpolymer bonds [33]. Any
treatments affecting these bond strengths, including the thermal treatments investigated
in the current study, specifically affect the mechanical characteristics.

Micromechanical methods based on nanoindentation (NI) have been widely used to charac-
terize mechanical properties of materials at micrometer length scales and were first applied
to studies of wood and wood cell walls by Wimmer et al. [69] in 1997. The key bene-
fit of this method is that it can provide quantitative values for hardness, modulus, and
loss factor in micrometer resolution. Combined with macroscopic measurements of me-
chanical response and modeling of the specific architecture, micromechanical studies allow
a quantitative understanding of wood cell wall properties and guidelines for developing
bio-inspired materials. In addition to first illustrating the possibilities of high-resolution
mechanical studies for investigating the properties of wood, the nanoindentation studies
of Wimmer et al. [69] revealed axial hardness values of the cell walls as large as those
of aluminum, and significant variations in hardness and modulus between earlywood and
latewood and within single-cell walls. These variations were attributed to the well-known
variations in cellulose microfibril angle, cellulose crystallinity, and lignin content with the
position.

Since then, a number of NI-based studies have focused on relating local wood cell wall
structure to local mechanical properties [91]. The study of Konnerth et al. [73] pointed
out that the few degrees of cellulose fibers misalignment that could occur by specimen



2 MICROMECHANICAL MEASUREMENTS OF THE WOOD CELL WALL
33

inclination during specimen preparation and also the differences of MFA in adjacent cell
walls within one double cell wall could be the cause of the high variability in the elastic
modulus of the wood cell wall observed by nanoindentation. Further, the measurements of
Gindl et al. [74] on developing and fully lignified spruce tracheid indicated that an increase
in the packing density and filling the spaces of the cell wall during lignification, and the
increase of lignin content could cause the observed increase of elastic modulus and hardness
of mature cell walls [74]. It was shown that MFA has a negative correlation with the elastic
modulus. Furthermore, it was suggested that the compressive yielding of the wood-cell wall
is a matrix-dominated process and mostly independent of MFA [70]. In the study of Wang
et al. [92], the contribution of chemical compositions in the mechanical properties of the
wood cell wall was investigated by nanoindentation. It was reported that the removal
of hemicellulose and lignin in the wood cell wall caused 11.7% and 28.4% decrease in
elastic modulus, respectively, and 14.8% and 30.4% decrease in hardness, respectively.
Furthermore, it was stated that the elasticity of the cell wall could be affected by the
lignin content, which is in agreement with Gindl et al. [70, 74].

The modulus and hardness values of pine and eucalyptus wood samples measured with
nanoindentation in different literature works are presented in Table 2.1. It should be noted
that there are wide variations in the properties of wood, either from the same species or
within a single tree. So it is not surprising to see different values in different studies regard-
ing the mechanical properties of the wood cell wall; although, they used all nanoindentation
method for mechanical measurement.

Table 2.1: The reported values of pine and eucalyptus wood modulus and hardness, mea-
sured by nanoindentation in various studies.

Modulus (GPa) Hardness (GPa) Ref.

Eucalyptus species 12.52 0.31 [93]

16-19 0.24-0.31 [94]

Pine species 12.7-17.9 0.34-0.54 [95]

19 0.510 [96]

18.8 0.43 [97]
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Nanoindentation has also been widely used to obtain viscoelastic properties of polymer-
based materials [98, 99, 100], in addition to their hardness and modulus. Studies in both
the time domain (creep and stress relaxation) and the frequency domain (storage and loss
moduli) have been performed and can be quantitatively related to each other under certain
conditions [101].

Regarding the different nanoindentation methods, creep relaxation is a measure of strain
under a constant stress level. Stress relaxation is a decrease in stress under constant
strain. The dynamic indentation is a sinusoidal force that is applied to the specimen, and
by monitoring the resulting strain response, the storage modulus (elastic response) and loss
modulus (flow response) will determine [102]. In this regard, Maxwell and Kelvin-Voigt
models have been established. The Maxwell model, which is suitable for viscoelastic liquid,
has been defined as a purely elastic spring and a purely viscous dashpot in series [78, 102].
The Kelvin-Voigt model for a viscoelastic solid has been defined as the pure elastic spring
and the pure viscous dashpot in parallel. However, since the Voigt model cannot describe
the stress relaxation experiment [102], in NI stress relaxation methods, to have a better
approximation, a combination of various dashpots and springs as the Burgers model (spring
and dashpot added in series to the Voigt model) is used. So creep relaxation and stress
relaxation analysis in most of the studies of viscoelasticity of the wood cell walls were based
on the Burgers model [83, 92]. In comparison, the typical model for the dynamic loading
method is the Generalized Voigt model with two components [101, 102].

According to published reports, the viscoelastic mechanism of fiber-reinforced composites
is different from conventional monolithic materials. In fiber-reinforced composites, not only
the viscoelastic characteristics of matrix and fiber but also the damping due to the interface
region have a significant contribution to energy dissipation. Interfacial displacements may
cause debonding and friction in the interface region, which have been identified as the
fundamental energy dissipation mode during vibration [79].

More recently, dynamic nanoindentation methods have been applied to gaining insight
into the viscoelastic properties of wood cell walls [83, 92, 103, 104, 105]. As expected,
the viscosity of wood is found to decrease with moisture content [83], while in another
study, where the different polymer components were selectively extracted from wood, it
was concluded that the hemicellulose dominates the viscous response of the wood cell



2 MICROMECHANICAL MEASUREMENTS OF THE WOOD CELL WALL
35

walls [92]. In the study of Zhang et al. [103], dynamic properties of bulk wood specimens
were investigated using free-free flexural vibration tests. The specific dynamic modulus
E′/ρ ranged from 16 to 35 GPa, and the damping coefficient (measured by the logarithmic
decrease of amplitude after stopping the excitation) ranged from 5 × 10−3 to 9.5 × 10−3.
They reported that the observed decrease of E′/ρ was correlated with an increasing MFA.
However, the damping coefficient variation could be partly explained by MFA and partly
by chemical constituent variations.

In the current study, we investigate the static and dynamic mechanical properties of pine
and eucalyptus wood cell walls, both in air-dried and thermally modified states. We use
the dynamic NI method, which involves superimposing an oscillatory load with a frequency
of 75 Hz during slow loading of the NI tip and monitoring the amplitude and phase lag of
the displacement response. We record hardness, storage modulus, loss modulus, and loss
factor as a function of position in the wood cell walls and find that in contrast to all other
measured properties, the loss factor is relatively insensitive to the natural local variations
in cell wall properties. It, therefore, offers a sensitive metric to detect changes due to
externally imposed fields such as thermal modification. We use it to investigate changes
at the wood cell wall level due to environmentally friendly thermal treatments, which are
known to improve dimensional stability and biological durability.

2.2 Materials and Methods

2.2.1 Specimen preparation and characterization

This study was performed on transverse sections of pine and eucalyptus sapwood, as repre-
sentative of softwoods and hardwoods, respectively. The pine latewood cell wall thickness
was 6.66±1.53 µm, and the eucalyptus latewood cell wall thickness was 1.85±0.35 µm.

The relative content of the wood polymer constituents in both untreated and thermally
treated states was obtained by chemical analysis [106] after first removing and weighing
solvent extractives [107]. Holocellulose was measured based on the separation of the lignin
by sodium chloride [108]. The relative content of cellulose was measured according to the
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TAPPI test method 203 [109], where cellulose was separated from the hemicellulose using
a sodium hydroxide solution. The relative content of lignin was obtained using the NREL
(National Renewable Energy Laboratory) standard determination [110].

Figure 2.1: (a) Schematic illustration of the tree trunk and corresponding radial, tan-
gential and longitudinal directions, (b) the uninfiltrated pine wood specimen located in
the sledge microtome, (c) schematic picture of the prepared pyramid specimen with the
smooth transverse surface positioned in the latewood.

A smooth transverse section of the wood samples is required for reproducible nanoindenta-
tion measurements. This is widely achieved by embedding the specimens and then slicing
them with a microtome. Effects of embedding medium on the hardness and modulus of the
wood cell wall have been studied by Meng et al. [111]. It was stated that the mean value of
Young’s modulus and the hardness of loblolly pine embedded with epoxy resin were higher
than of the reference samples, which were not embedded. Therefore in the current study,
in order to prevent changing the mechanical properties of the wood cell wall, all forms
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of embedding media and infiltration were avoided. Instead, we followed an infiltration-
free method established by Jakes et al. [96], which allows smooth sections of unembedded
wood to be prepared without buckling and crushing the wood cells. Pyramid-shaped wood
specimens with their apexes pointing in the longitudinal direction and positioned in the
latewood are prepared by cutting with a razor blade, as shown in Figure 2.1. The apexes
are brushed gently with water, and following this, 10 µm slices are removed from the
apexes of the pyramids using a Sartorius 31A30 sledge microtome, equipped with a dis-
posable steel knife, to produce smooth transverse surfaces of latewood with approximately
1×1 mm2 areas.

The root mean square (RMS) roughness of the prepared surfaces is between 4-10 nm, as ob-
tained from atomic force microscopy (AFM) measurements of 2×2 µm2 areas (Figure 2.2).

Figure 2.2: Topography image of the S2 layer provided with Atomic Force Microscopy.

The general procedure used for micromechanical testing consisted of preparing a pyramid
specimen with a smooth transverse surface, air-drying at room temperature for several days,
equilibrating the moisture content in the nanoindentation chamber, performing mechanical
tests, applying thermal treatment, equilibrating moisture content again, and performing
mechanical tests once more. The climate chamber was held at 65% RH and 21◦C, to
imitate ambient conditions, and resulted in moisture contents of 9%-12%. At least three
specimens were prepared and tested for each different thermal treatment.

The moisture contents were determined by comparing weights of cube samples of pine and
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eucalyptus wood before and after thermal modifications with their oven-dry weights.

Thermal treatments were carried out by Maximilian Wentzel at the Institute of Wood
Biology and Wood Products, as were the chemical and mass analyses and moisture content
measurements [106]. The thermal treatments were performed in a laboratory-scale closed
reactor autoclave at 160◦C for 3 hours under different pressures and relative humidities
(Table 2.2) using the following four steps [106, 112, 113]:

1. 50 min hold at room temperature and a pressure of less than 17 kPa,

2. temperature increase at a rate of 12°C per hour to the hold temperature of 160°C,

3. hold at 160◦C for 3 hours after introducing pre-heated pressurized steam at selected
pressures and relative humidities (Table 2.2),

4. cool at a rate of 20◦C per hour down to 65◦C.

Table 2.2: Different thermal treatments applied to the pine/eucalyptus wood samples and
the resultant moisture content (MC) and corrected mass loss (CML). Maximilian Wentzel
carried out thermal treatments, mass analyses and moisture content measurements at the
Institute of Wood Biology and Wood Products, University of Göttingen.

Treatment Hold temp. Pressure RH Hold time MC CML

(◦C) (bar) (%) (h) (%) (%)

Unmodified ("Ref") - - - - 9.51/9.91 -

"1 bar" 160 1 15 3 3.76/2.64 1.09/1.43

"3 bar" 160 3 50 3 4.16/3.36 3.44/3.78

"6 bar" 160 6 100 3 4.61/4.48 8.76/16.26

The average equilibrium moisture content at 20◦C and 65% RH after the different treat-
ments are listed in Table 2.2 and shown in Figure 2.3. The treated specimens are clearly less
hygroscopic than the untreated wood but become more hygroscopic with increasing RH of
the treatment. This is entirely consistent with previous studies on beech wood [114], where
the effect is explained by avoiding immoderate drying, prevention of complete closure of
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microvoids, and realignments of amorphous polymers during the cooling stage under high
RH conditions. Indeed as water acts as a softener agent and minimizes the Tg of amorphous
cell wall polymers, during the cooling phase under high relative humidity conditions, the
amorphous polymers are more in a soft and rubbery state and have more time to reorient
their structures. This reorientation prevents the formation of irreversible hydrogen bonds
and increases the access ability of the hydroxyl group to attract water after the cooling
stage.

Figure 2.3: The moisture content in pine and eucalyptus wood samples before and after
thermal treatments, relative to the oven-dry state.

The less hygroscopicity after thermal modification was observed in the study of Kocaefe
et al. [115] as well, where the effect is explained by the preferential loss of hemicellulose,
which is strongly hygroscopic.

The average corrected mass losses (CML) due to each treatment are listed in Table 2.1
and shown in Figure 2.4. The corrected masses have had the mass of solvent extractives
subtracted out [107] so that the CML is a measure of carbohydrate degradation due to
thermal treatment and does not include effects of extractive evaporation. At temperatures
below 180◦C, the degradation is usually predominately attributed to hemicellulose reac-
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tions [115, 116]. As seen previously for beech wood [114, 117], the extent of mass loss
for both the pine and eucalyptus increases with increased pressure and RH of the treat-
ment. After treatment with the highest pressures and humidity (6 bar and 100% RH), the
eucalyptus wood samples show considerably more mass loss than the pine wood samples.

Figure 2.4: Corrected mass loss in pine wood and eucalyptus wood due to thermal modi-
fication.

The relative contents of wood polymer constituents for the different thermal modifications
are shown as a percentage of the initial dry mass of each sample in Figure 2.5. It is seen that
the relative cellulose and hemicellulose contents tend to decrease with pressure and RH of
the treatment, while the relative lignin and extractive contents increase. This is consistent
with the idea that hemicellulose and part of the amorphous cellulose are most strongly
degraded during thermal treatment [118]. The significant loss of eucalyptus hemicellulose
after treatment with the highest pressures and humidity (6 bar and 100% RH) is consistent
with the large mass loss for this treatment.
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Figure 2.5: The relative weight content of wood polymer constituents for the different
thermal modifications of (a) pine wood and (b) eucalyptus wood. The data were provided
by Maximilian Wentzel at the Institute of Wood Biology and Wood Products, University
of Göttingen.

2.2.2 Nanoindentation measurement methods

A Nanoindenter (G200, Nano Instrument, MTS, USA) equipped with a diamond Berkovich
tip with an approximate 100 nm tip radius was used to determine the local mechanical
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properties of the latewood cell walls under ambient conditions (21◦C, 65% relative hu-
midity). Hardness and elastic modulus are obtained from standard nanoindentation load-
displacement (P-h) curves, which are analyzed with the Oliver and Pharr method [119].
The method is based on comparing the loading and unloading segments of a single indent,
where the loading segment is assumed to include both elastic and plastic deformation,
while only elastic recovery occurs during unloading. The hardness at any given depth is
defined as:

H =
P

A
(2.1)

where P is the load, and A is the projected contact area. The value of A as a function
of depth is obtained from calibration on a fused silica reference sample. It should be
mentioned that the primary aim of hardness testing is to quantify a material’s resistance
to plastic deformation. In a perfectly rigid material, since all deformation is irreversible,
no elastic energy is subjected in the deformed material. In this category, indentation
hardness is a reliable indicator of a material’s resistance to irreversible deformation. In the
material with the infinite yielding stress, all deformation is raised reversibly, so that the
contact area and hardness measurement is fully determined based on the material elastic
properties and the indenter geometry. As a consequence, for the wide range of materials
that come between these two categories, indentation hardness is calculated concerning the
material’s resistance to both irreversible and reversible deformation [145].

The effective elastic modulus, defined as:

1

Eeff
=

1− ϑ2

E
+

1− ϑ2
i

Ei
(2.2)

takes into account elastic displacements that occur in both the diamond tip (with Young’s
modulus Ei=1141 GPa and Poisson ratio ϑi=0.07) [119] and the specimen (E and ϑ).
For wood cell walls, the modulus E is highly anisotropic, while a value of ϑ=0.3 is often
assumed [69]. The effective elastic modulus can be obtained from the initial unloading
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slope, or contact stiffness, S = dP/dh according to:

Eeff =
S

2β

√
π

A
(2.3)

where β=1.034 for Berkovich tips [119].

Nanoindentation tests were performed using a 5 second load controlled ramp-up to 250 µN,
followed by a 10 second load hold, and then a 5 second controlled unload. The 10 second
hold was necessary to allow for the further sink-in of the tip due to the time-dependent
response of the wood, which because of its viscoelasticity, shows a lag between the applied
force and the response of the material. Further increases in the hold time did not lead to
a measurable change in the initial unloading slope, indicating that 10 second is sufficient
to allow all measurable creep displacements to occur.

The time-dependent response of the wood cell walls was investigated using dynamic nanoin-
dentation. In this case, a small oscillatory force F (t) = F0e

iωt with a frequency of 75
Hz is superimposed on the load-displacement cycle, and both the displacement ampli-
tude Z0 and phase lag ϕ of the resultant oscillatory displacement Z(t) = Z0e

i(ωt−ϕ) are
recorded [101, 120, 121] (see Figure 2.6).

Figure 2.6: A representative figure of the sinusoidal force, applied to a sample and its
response with the phase angle of ϕ.

The mechanical response of a viscoelastic material to an oscillatory load is characterized
by the complex modulus [78]:

E∗ = E ′ + iE ′′ (2.4)
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where the storage modulus E ′ is in phase with the load and represents the material’s
capacity to store energy, while the loss modulus E ′′ is out of phase with the load and
characterizes the material’s capacity to dissipate energy. The ratio of the loss modulus to
the storage modulus is called the loss factor, E ′′/E ′=tan (ϕ), and is used as the measure
of damping in viscoelastic materials.

The storage and loss moduli are typically analyzed using a Voigt spring and dashpot model
for the nanoindenter and specimen [78, 101, 122, 123], as shown in Figure 2.7. It is assumed
here that the nanoindenter frame is infinitely stiff, which is reasonable when working with
relatively complaint materials such as wood. The equations of motion for the free hanging
and contact geometries are also listed in Figure 2.7 and can be used to obtain the contact
stiffness Kc and contact damping Dc of the specimen,

Kc =
F0

Z0

cosϕ(contact)− F0

Z0

cosϕ(no− contact) (2.5a)

Dcω =
F0

Z0

sinϕ(contact)− F0

Z0

sinϕ(no− contact) (2.5b)

Figure 2.7: A simple harmonic oscillator model for the nanoindenter machine (a) without
and (b) with contact to a viscoelastic specimen. The resultant equations of motion are
also included [122, 123].
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Once the contact stiffness and damping are determined from the free-hanging and contact
measurements, values for the storage modulus, loss modulus, and loss factor can be are
calculated by analogy with the case for static indentation derived above (Eq. 2.3) [122]:

E ′ =

√
π

2β

Kc√
A

(2.6a)

E ′′ =

√
π

2β

ωDc√
A

(2.6b)

tanϕ =
E ′′

E ′
=
ωDc

Kc

(2.6c)

One of the beneficial aspects of using dynamic indentation testing is precise surface de-
tection through surface contact stiffness, which increases abruptly when the surface is
reached [124]. Figure 2.8(a) shows typical contact stiffness values while approaching the
pine wood cell wall surface. The surface find criterion is a stiffness increase of more than
150 N/m, allowing surface detection to within ±1 nm. The method also allows surface
roughness or particles to easily be detected, Figure 2.8(b), allowing these indents to be
deleted from the results for further analysis.

After selecting the tests with a clear surface find, the hardness (Eq. 2.1) and storage
and loss moduli (Eq. 2.6a) are calculated and plotted as a function of indentation depth.
Typical results are shown in Figure 2.9. The increase, subsequent decrease, and leveling
off of all three quantities as a function of depth is characteristic of nanoindentation and
attributed to size effects [125]. Typically, values are recorded for a selected indentation
depth range which represents a compromise between needing a small interaction volume
to probe the heterogeneous properties of wood and reaching a sufficient depth to obtain a
fairly constant value. In our case, we average and record values for indent depths between
100 nm and 200 nm.

The variations in the hardness and moduli for the different indents in Figure 2.9 are not
uncommon for nanoindentation and are attributed to local variations in material properties
and in the contact area. The actual contact area will differ from the contact area calibrated
on fused silica due to specimen surface roughness, inaccuracies in the surface find, and the
local variations in material properties, which can lead to differences in sink-in and pile-up.
Given that the Root Mean Square (RMS) surface roughness is less than 10 nm and the
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Figure 2.8: Surface detection with contact stiffness (a) when there is a smooth surface
and (b) when the indenter meets roughness or particles.

surface find is precise to within a few nm, it seems likely that the variations observed in
Figure 2.9 result from local variations in material properties. These will be discussed later
in more detail.

We note that the slightly more considerable variation in the hardness than in the storage
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Figure 2.9: (a) Hardness, (b) storage modulus, and c) loss modulus as a function of depth
for four representative indents into pine wood cell walls.

modulus may relate to the different elastic and plastic interaction volumes in the material.
According to the widely accepted cavity model [126] shown in Figure 2.10, the material
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Figure 2.10: Cavity model of an elastic-plastic indentation by a sphere [126].

response under the indenter can be divided into a core zone (r < a), a plastic zone (a <
r < c), and an elastic zone (r > c). Thus, the plastic response of a material, which is
measured by the hardness, comes from a smaller volume than the elastic response. For
material with heterogeneities on the length scale of the interaction volumes, the plastic
response is expected to show larger variability than the elastic response. For Berkovich
indents with depths between 100 and 200 nm, plastic interaction volumes with dimensions
of 1-2 µm and significantly broader elastic interaction volumes can be expected [127, 128].
Thus, material heterogeneities on the µm length scale will lead to the large variability in
the hardness but will tend to be averaged out in the elastic response.

2.2.3 Positioning Nanoindents in the cell walls

The layered structure of the wood cell walls, with variations in composition and MFA,
as well as the lumen, middle lamella, rays, and pits, all cause variations in the cell wall
mechanical response. Since the primary goal of this study is to detect changes in mechanical
response due to thermal treatments, it is necessary to find positions in the axial cross-
sections of wood cell walls that show the highest reproducibility. For this purpose, static
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Figure 2.11: (a) Elastic modulus map and (b) hardness map obtained from static inden-
tation arrays of a resin-embedded axial cross-section of beech wood. The black lines show
the positions of the resin-filled lumen and the middle lamella.

indentation tests were performed on microtome prepared surfaces of epoxy resin-embedded
beech wood cell walls, to map the heterogeneous response and identify optimal positions
for obtaining reproducible results. Beech wood has large cells, making it an ideal material
for studying the effects of indent positioning. An array of indents with a maximum load of
50 µN, and an indent depth of up to 60 nm, was performed with spacings of 1 and 2 µm,
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in the x and y directions, respectively. The results were used to create a map of the elastic
modulus obtained from the unloading curves, and a map of the hardness (Figure 2.11). The
cell structure taken from optical microscopy images of the specimen has been sketched on
top of the maps, with the lumen being easily identified by the lower modulus and hardness
of the embedding resin. The modulus map (Figure 2.11(a)) shows that the elastic modulus
in the wood cell wall varies from around 9 GPa near the lumen and near the middle lamella
to up to 32 GPa in the middle of the cell wall. The hardness map (Figure 2.11(b)) shows
a similar distribution, with values from 200 MPa near the lumen and the middle lamella
to values as high as 700 MPa in the middle of the wood cell wall. Material variations and
cell architecture can explain the mechanical response variations. The reduction in modulus
and hardness near the lumen is presumably due to the decreased constraint by the lower
stiffness and hardness of the embedding resin and low adhesion between the wood cell walls
and the resin [129]. Reductions near the ML are presumably due to the high lignin content
there. MFA also plays a role and is well known to affect the longitudinal stiffness: where
the MFA is large, the stiffness is small and vice versus [130, 131]. However, the indents’
size and spacings suggest that the known increase in MFA within 100 nm of the lumen and
ML [12] will only produce secondary contributions to the measured decrease in modulus.

To minimize contributions from the lumen and the ML, indentation measurements were
confined to the middle of the cell walls. To further identify the origins of measurement
scatter, indents were compared that were placed in the middle of walls that are parallel to
rays (radial walls), and in the middle of walls that are perpendicular to rays (tangential
walls). The results shown in Figure 2.12 reveal that the standard deviations in both
modulus and hardness are lowest for the tangential walls. The larger standard deviation
of the radial walls may come from radial wall pits [17], which affect the orientation of the
cellulose microfibrils in their vicinity. Therefore, all measurements to compare the effects
of wood treatments are limited to indents positioned in the middle of the tangential wall
cross-sections. We also avoided placing indents near rays.
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Figure 2.12: Modulus and hardness for pine wood axial cross-section obtained from (a) 30
indents placed randomly in the middle of the cell walls, (b) 10 indents placed in the middle
of the radial walls, and (c) 20 indents placed in the middle of tangential walls. Error bars
show the standard deviations. Modulus data are shown with square symbols and dashed
line error bars. The Hardness data are shown with circle symbols and solid line error bars.

2.3 Results

Axial cross-sectional specimens of pine latewood and eucalyptus latewood were prepared
for each of the three thermal treatments and indented both before and after treatment.
The indents were performed in the middle of the tangential walls. Tests showing evidence
of surface debris were culled out (e.g., Figure 2.8(b)), typically leaving between 10 and 30
high-quality indents for each treatment and wood type. The hardness, storage modulus,
and loss modulus were calculated for each indent, as per the description in the previous
section, and their means and standard deviations for each treatment and wood type are
reported here.

The results for the pine and eucalyptus wood are summarized in Figure 2.13 and Fig-
ure 2.14. Hardness values for the untreated pine and eucalyptus latewood cell walls are
around 0.5 GPa, and the storage modulus is around 13 GPa for untreated pine latewood,
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and 15 GPa for untreated eucalyptus latewood. The loss factors are around 0.10 for pine
and 0.09 for eucalyptus wood, in agreement with the reported values of 0.06-0.09 of loss
factor for dehydrated bulk bamboo samples in the frequency of 100 Hz [105].

Figure 2.13: Storage modulus, hardness, and loss factor obtained from axial cross-sections
of pine latewood before and after thermal modifications. Error bars show the standard
deviations.

We note some variation in the means of the three untreated specimen populations for
each wood type. In fact, the standard error, which is a measure of how far the mean of
a given population may deviate from the true mean, is roughly a factor of 4 smaller than
the standard deviation error bars, and is too small to explain the observed variation in
means. This suggests that the variation in properties is smaller within the 1×1 mm2 axial
cross-sectional area of each specimen than between specimens that come from volumes that
may have been up to 10 mm apart. This may either be an indication of a correlation length
for property variations in wood, or it may reflect an apparent scatter due to deviations of
the mounting angle of the wood specimens from the axial direction [73].

All three thermal treatments lead to an increase in storage modulus and hardness of the
pine cell walls (Figure 2.13), whereas they have no significant effect on the storage modulus
and hardness of the eucalyptus cell walls (Figure 2.14). In contrast, the loss factor clearly
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Figure 2.14: Storage modulus, hardness, and loss factor obtained from axial cross-sections
of eucalyptus latewood before and after thermal modifications. Error bars show the stan-
dard deviations.

decreases for both types of wood as a result of thermal modification; the magnitude of
the decrease appears to increase with humidity and pressure in the case of eucalyptus.
The relative standard deviation in the loss factor is somewhat smaller than in the other
properties, allowing changes due to thermal modification to be more easily seen.

Despite the large scatter in hardness and storage modulus, a comparison of the different
quantities shows that they tend to scale with each other. This is illustrated by scatter plots
of the hardness and the loss modulus versus the storage modulus for a given population
of indents (Figure 2.15). Within the range of measured values, it is found that ∆H =
0.045 ∆E ′, ∆E ′′ = 0.080 ∆E ′, and ∆H = 0.44 ∆E ′′. The strong positive correlation
between the values clarifies that the scatter is not due to random effects but has a common
origin. The obvious candidates for discussion are surface roughness and local variations
in material properties. We note that the positive correlation between the loss and storage
moduli also explains the smaller standard deviation of the loss factor shown in Figure 2.13
and Figure 2.14, since it is the ratio of the two moduli.
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Figure 2.15: (a) Hardness vs. storage modulus and (b) loss modulus vs. storage modulus
for the indents obtained from the untreated pine specimen.

The strong linear positive correlation between the loss and storage moduli is found to
hold for all specimens in both the untreated and treated states (Figures 2.16 and 2.17).
This offers a practical method to determine precise values for the loss factor, by simply
fitting the data with a proportionality factor. The best proportionality fits before thermal
treatment (green lines) and after thermal treatment (red lines) are included in Figures 2.16
and 2.17, and are summarized in Figure 2.18 and Figure 2.19. The results show a very clear
decrease in the loss factor due to thermal treatments by around 10% in the pine latewood
and a decrease as large as 8% in the eucalyptus latewood. Once again, we see that the
error bars are smaller than the variations in the means. This strengthens the conclusion
that the variations in properties (intrinsic or apparent) are smaller within the 1×1 mm2

axial cross-sectional area of each specimen, than they are between specimens that come
from volumes that are further apart.

2.4 Discussion

We have performed systematic measurements of the cell wall hardness, storage modulus,
and loss modulus of pine and eucalyptus latewood using static and dynamic nanoinden-
tation. The hardness and storage modulus values of the untreated cell walls fall within
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Figure 2.16: Loss modulus and storage modulus within the pine wood cell wall. Thermal
modifications: (a) 160◦C, 15% RH, 1bar, (b) 160◦C, 50% RH, 3bar, (c) 160◦C, 100% RH,
6bar. The green lines and open circles indicate the measurements of unmodified samples.
The red lines and filled circles indicate the measurements of modified samples.

the range of previously measured values [72]. Consistent with previous microscale studies,
thermal treatment leads to an increase in the hardness and storage modulus and a strong
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Figure 2.17: The correlation of loss modulus and storage modulus within the eucalyptus
wood cell wall. Thermal modifications: (a) 160◦C, 15% RH, 1bar, (b) 160◦C, 50% RH, 3bar,
(c) 160◦C, 100% RH, 6bar. The green lines and open circles indicate the measurements of
unmodified samples. The red lines and filled circles indicate the measurements of modified
samples.
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Figure 2.18: Loss factor for pine wood before and after thermal modification, as determined
from the proportionality of the loss to storage modulus.

Figure 2.19: Loss factor for eucalyptus wood before and after thermal modification, as
determined from the proportionality of the loss to storage modulus.
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decrease in the loss factor [118, 132, 133, 134]. Despite the care taken in positioning the
indents in specific locations in the cell wall, a large scatter of up to 40% was observed in the
local mechanical response. The scatter in all measured properties showed strong positive
correlations, revealing that they have a common, deterministic origin. Possible origins for
these correlations and for the effects of thermal modification on the mechanical properties
of the cell walls are discussed below and compared with macroscale mechanical properties
of thermally treated wood. But first, we start by discussing the state-of-the-art under-
standing of the effect of composition and architecture on mechanical properties within the
context of the fiber-reinforced composite theory.

2.4.1 Composite model for the wood cell wall

The mechanical properties of wood cell walls have often been modeled as cellulose fibers
embedded in a matrix composed of lignin and hemicellulose, using fiber-reinforced compos-
ite theory. The wood cell wall mechanical properties will depend on the cellulose volume
fraction (f) and on the angle of the microfibrils relative to the loading axis. For the case
of axial loading, this angle can be approximated as the MFA in the tested volume.

It is generally found that constant strain (E = (1−f)EL+fEC) and constant stress (1/E =

((1 − f))/EL + f/EC ) models give reasonable agreement with the fiber volume fraction
dependence of the Youngs modulus for loading angles of 0◦ and 90◦, respectively [135].
These models are shown in Figure 2.20(a) for cellulose fiber-lignin matrix composites,
where the elastic modulus of cellulose and lignin are estimated to be 138 GPa and 3.1 GPa,
respectively [21, 136]. Moreover, the volume fractions of cellulose in pine and eucalyptus
are defined as 0.5 and 0.55 accordingly.

Although the predicted values are defined for MFA of 0◦ and 90◦, the nanoindentation mea-
surements are performed mostly on the S2 layer with MFA between 5◦ and 20◦. Therefore,
the differences between the calculated values and the nanoindentation values are explain-
able. Furthermore, the nanoindentation elastic modulus of the wood cell wall reflects a
combination of both axial and transverse properties, which causes an underestimation of
the higher modulus.
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Figure 2.20: (a) The corresponding prediction of the wood cell wall’s storage modulus ac-
cording to the cellulose volume fraction fc by using the Rule of Mixtures in fiber-composite
theory. (b) Variation of Young’s modulus and shear modulus in pine wood as a function
of MFA according to the laminar composite theory [135, 137].



60 2 MICROMECHANICAL MEASUREMENTS OF THE WOOD CELL
WALL

The dependence of Young’s modulus and shear modulus on the loading angle is shown
in Figure 2.20(b). The graph is plotted based on the model for a laminar composite
structure [135] and according to the elastic constants in the S2 layer given by Harrington
et al. [137] for Pinus radiata pine at a 12% moisture content (Table 2.3).

Table 2.3: The constituents mass fraction and elastic constants (in GPa) of the S2
layer [138].

Wall layer fC fH fL Et El υlt Glt

S2 50.4 27.8 22.0 9.85 63.96 0.33 3.38

Figure 2.21 shows the variation of longitudinal Young’s Modulus with mean microfibril
angle in pine wood [139]. In agreement with the laminar composite theory, the experimental
data also show that longitudinal Young’s modulus reduces steeply as the MFA in the cell
wall increases.

Figure 2.21: The longitudinal Young’s modulus of Pinus radiata according to the MFA. A
Comparison between the proposed model shown by the solid line, and experimental data
in black dots. Reprinted by permission from Springer Nature [139], Copyright 1968.
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Composite theories for strength are complex and have not been applied as extensively as
theories for elasticity to explain the behavior of wood cell walls. It is nonetheless widely
assumed that the strength, whether measured under tension or compression, is controlled
by the cellulose fibers, which have much higher strengths than the lignin [20]. A study
of nanoindentation hardness, which is directly proportional to strength, supports the idea
that cellulose has the dominant effect [92].

A number of models have been developed for the compressive strength of composites de-
pending on their deformation or failure mode, which in turn depends on the misalignment
between the fiber direction and loading direction. Following the model of independent
modes of failure [135] and using experimental data of axial strength (σ1u = 100 MPa [141]),
transverse strength (σ2u = 20 MPa [141]), and shear stress (τ12u = 6.6 MPa [142]), the max-
imum strength of the S2 layer with fibers oriented at a given MFA is plotted in Figure 2.22.

Figure 2.22: The prediction of different failure modes’ onset regarding the angle between
applied stress and fibrillar arrangement. Following Hull and Clyne [135].

For the case of nanoindentation into S2 layers, the angle of the Berkovich pyramid faces
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(25◦ between face normal and indent direction) and the MFA of the S2 cellulose fibers
(typically between 5◦ and 20◦) leads to misalignment between the fiber direction and the
surface-near loading direction between 5◦ and 45◦. According to models for the compres-
sive strength of engineering long fiber and laminate composites [135], deformation during
nanoindentation testing is expected to occur in wood cell walls by kink band formation.
Regarding (Figure 2.22), the local failure mode for the S2 layer loaded in the longitudinal
direction (by MFA of 5◦ and 45◦) could be failure parallel to the microfibrils or shear along
the fibrils. Both failure modes show a decrease in failure stress with increasing misalign-
ment. Thus, nanoindentation is expected to give values for the hardness and strength,
which are up to ca. 80% smaller than the values for pure axial loading, as a result of the
wood MFA and the tilting of the indenter tip pyramid faces.

As for the case of stiffness, the strength and hardness also depend on the cellulose to lignin
fraction, such that the more cellulose, the higher the hardness. For example, in the case
of kink band formation, the rate of decrease of strength/hardness with misalignment angle
scales with the composite shear modulus G, which is given by the constant stress model
1/G = (1 − f)/GL + f/GC . In contrast, the failure stress for splitting likely does not
depend strongly on the cellulose fraction.

Damping, viscoelastic behavior, and loss factor of wood cell walls have only been reported
in a few publications [83, 92, 104]. The study by Wang [92] identifies hemicellulose as the
dominant contributor to viscous behavior. This seems reasonable given the velcro model of
Fratzl et al. [65]. A possible simple model for this behavior is then based on the idea that
dissipation happens by shear motion in the hemicellulose layers that bond the cellulose to
lignin. Consistent with Adams et al. [143], who mentioned that the friction of fibers against
the matrix and the shearing stresses affected by hydration and chemical forces are the main
factors in dissipation energy in the composite materials. The viscoelastic behavior of the
interface between polymeric components produces more dissipation than the viscoelastic
behavior of each polymer itself. Loss modulus should then be proportional to the interface
area per unit volume and the resolved interface shear stress, which depends on misalignment
so that E ′′ = E ′′0

2πr
a2
sinθcosθ, where f = π(r/a)2, so that E ′′ = E ′′0

2f
r
sinθcosθ. Here r is

the constant microfibril radius and a is the distance between fibrils. r is fairly constant
and assume E ′′0 is as well (loss per unit area at small misalignment), so that E ′′ is expected
to scale linearly with f and to increase with misalignment in the range below 45◦. We note
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that while E ′ also increases with f , it will decrease with misalignment, so that local MFA
cannot explain the positive correlation between E ′ and E ′′.

In Appendix A, the correlation of E ′ and E ′′ has been considered with a three-phase com-
posite model for cell wall including interfaces as the third phase in the laminar structure,
which is in agreement with the conclusion that loss modulus will increase with increasing
the volume fraction of the cellulose fibers, up until the point that the cellulose fibers touch.

2.4.2 Origin of scattering in local mechanical properties

Local variations in the mechanical response of wood have long been known and attributed
to variations in the component compositions and to the angle of the cellulose microfibrils
(MFA) relative to the loading axis [69, 70, 73, 144]. We re-discuss these effects here, in light
of our new observation that the scatter in the different properties is strongly correlated,
and additionally discuss the effect of surface roughness on the calculated values of the
mechanical properties.

Based on the definitions of hardness, storage modulus, and loss modulus (Eq. 2.6a), it
is clear that both local material properties and true contact area determine their values.
The true contact area may differ from the calibrated value due to sink-in and pile-up
(which are determined by local mechanical properties), but it is also affected by surface
roughness. The variations in surface height as large as ±10 nm in the axial cross-sections
of the cell walls lead to relative uncertainties in the displacement into a surface as large as
∆h/h=10% at a depth of 100 nm, where the mechanical properties are recorded. Given
that the projected contact area of a spherical body of radius R displaced into a flat surface
is A = πRh, the relative uncertainty in the contact area ∆A/A at a depth of h=100 nm is
also 10%. It follows immediately from Eq. 2.6a that the relative uncertainties in hardness
and moduli due to surface roughness are 10% and 5%, respectively.

The observed standard deviation in hardness and moduli values are approximately 40%
and 20%, respectively (Figure 2.13 and Figure 2.14). Although these standard deviations
have the expected ratio for variations caused by uncertainties in the true contact area, they
are larger than predicted by the measured roughness. Given that the roughness occurs at
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length scales smaller than the tip radius (Figure 2.2), the RMS roughness of 40 nm would
be necessary to explain the results. This can be ruled out, leaving us with the conclusion
that surface roughness can only partially account for the observed scatter. We note again
that the precision of the surface find routine is better than 1 nm, so that it also can not
account for the observed scatter.

Variations in local material properties that occur on a length scale larger or equal to the
indentation interaction volumes will cause variations in measured local mechanical proper-
ties. For the tests performed here, we expect plastic interaction volumes with dimensions
of 1 to 2 µm, while the elastic interaction volumes are larger. Deviations in the true contact
area will lead to positive correlations, as observed here, due to the fact that all properties
increase with decreasing contact area. Similarly, a positive correlation is expected between
hardness and storage modulus, since hardness measures a material response determined
by both elastic and plastic contributions. Hardness has been observed to increase linearly
with elastic modulus [145]. So that the positive correlation between hardness and stor-
age modulus does not reveal anything new. However, the positive correlation between loss
modulus and storage modulus is more intriguing, and exploring the conditions under which
this can occur may give us insights into the origins of the structural features that control
loss and storage moduli.

The loss modulus results from the viscous properties of polymeric-based materials and
represents energy lost during cyclic loading. The primary source of dissipation in fiber-
reinforced composites is believed to occur due to friction at the interface of the cellulose
fibrils to the surrounding material [143]. Given that hemicellulose acts as a bonding layer
between the cellulose and lignin, this is consistent with a study showing that hemicellulose
is the main source of viscoelastic dissipation in the cell wall [92]. A simple model based on
these ideas would predict that the loss modulus should increase with the interface area, and
therefore with the cellulose fraction, and with MFA up to 45◦. This dependence on MFA is
supported by the study by Roszyk et al. [146]. In contrast, studies on the storage modulus
of the cell walls show a decrease with MFA (Figure 2.21 and Figure ??). This suggests
that the scatter observed here is not the result of MFA variations. This is somewhat
surprising since many studies show pervasive variations in MFA at a variety of different
length scales [147]. However, local variations in composition remain a possible explanation
for the scatter since an increase in cellulose content is predicted to cause an increase in both
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the storage and loss modulus. We note that changes in the local cellulose volume fraction
up to 50% would be needed to explain the observed scatter. Thus, we propose that the
strongly correlated scatter in the micromechanical properties measured in the cell walls of
pine and eucalyptus is due to a combination of surface roughness and local variations in
cellulose fraction (E ′′ = E ′′0

2f
r
sinθcosθ).

The correlation between hardness and modulus is reported in the other studies as well [93,
145, 148, 149]. Labonte et al [145]. reported that for a wide range of biomaterials, the
indentation hardness was tended to be linearly related to the indentation modulus, with
a constant proportionality of about 0.05 (H = 0.046E1.03). This ratio was addressed to
the amount of relative irreversible deformation in the contact zone, the material’s yield
strength, and the severity of mechanical damage.

Indentation hardness is a hybrid property that measures both reversible and irreversible
deformation resistance and therefore is intrinsically related to the elastic modulus. Fur-
thermore, it has been shown that hardness is a measure of the work needed to produce a
unit volume of residual impression [150]. So, as a result, the ratio of hardness to modulus
is related to the ratio between irreversible and reversible work performed throughout in-
dentation [151]. This ratio, which reflects the energy needed to produce a unit volume of
irreversible impression, is independent of the modulus and indenter geometry [145].

2.4.3 Origin of the effect of thermal modification on micromechan-

ical behavior

The thermal treatments lead to mass loss, degradation of hemicelluloses, cross-linking
of lignin, and an increase in the crystalline fraction of cellulose. At the low treatment
temperature (160◦C) used in the current study, basically, only the loss of amorphous car-
bohydrates included amorphous cellulose and hemicelluloses, can be expected. Therefore,
the observed decrease in hydrophilicity (Figure 2.3) is expected by losing the hemicelluloses
after thermal treatment.

The mass reduction of wood is due to thermal modification is presented in Figure 2.4.
According to the literature, the main reasons for the mass loss are degradation of wood
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components (mainly hemicelluloses) into volatile products that evaporate during treatment,
evaporation of extractives, and loss of moisture content. The main forms of degradation
caused by thermal treatment are cleavage of secondary bonds included hydrogen and Van
der Waals bonds, within the hemicellulose molecules, cleavage of the secondary bonds be-
tween the hemicellulose and cellulose, cleavage of covalent bonds between hemicellulose and
lignin, and cleavage of covalent bonds within the cellulose fibrils (depolymerization) [33].

Heat treatment under moist conditions, especially in the treatment of 100% RH, appears
to increase the fraction of crystalline cellulose [37, 38, 41, 42, 152]. Bhuiyan et al. [38]
mentioned that crystal cellulose fraction after a highly moist thermal modification is al-
most two times higher than crystal cellulose fraction after oven-dried thermal modification.
They suggested that the crystallization of cellulose under the highly moist heat treatment
condition enables the hydrogen bonds to make the system more flexible for adopting and
reordering the crystalline chains. Moreover, the internal stress could distribute among the
molecular chains more uniformly and prevent severe shrinkage in the cell wall under the
hydrothermal modification.

The researchers are wonder if the increased crystal cellulose fraction is due to the degrada-
tion of amorphous cellulose rather than the crystallization of amorphous cellulose. Boonstra
et al. [33] indicated that at temperatures below 210-220◦C, only a little cellulose degra-
dation occurs; therefore, the degradation of cellulose seems to be unlikely in the thermal
modifications of the current study.

As seen in Figure 2.13, there is an increase in the elastic modulus of pinewood after thermal
modification. Consistent with other nanoindentation studies [118, 132, 133, 134]. Easy to
understand in terms of crystallization of cellulose which is stiffer than amorphous cellulose.
As shown in Figure 2.14, the elastic modulus of the eucalyptus wood cell walls seems to have
not significantly changed after thermal modification. One possible explanation could refer
to the crystalline forms of cellulose in softwoods and hardwoods. The relative amount of
cellulose Iβ and cellulose Iα is different in different wood spices. According to the research
of Roger H. Newman [153], the ratio of Iα to Iβ crystalline forms of cellulose are noticeably
higher for softwoods than for hardwoods. It is reported in different works of literature that
cellulose Iα could be transformed into Iβ by hydrothermal treatment [154] or by heat
treatment in inert gas [24]. This demonstrates that cellulose Iβ is thermodynamically
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more stable than cellulose Iα [21]. It means the cellulose Iβ form in eucalyptus wood
(as hardwood) is more stable under thermal modification, but the cellulose Iα form is
metastable and can be converted to the more stable Iβ in pine wood (as softwood) after
thermal modification.

According to the hardness measurements in pine wood samples (Figure 2.13), there is
an increase in hardness after thermal modification. During the hydrothermal treatment,
lignin could be affected by degradation and also depolymerization reactions. The covalent
bonds between lignin and hemicelluloses might be broken. Consequently, the high reac-
tive products of low molecular weight lignin fragments and the degradation products of
hemicelluloses could produce new lignin-based polymers and increase cross-linking of the
existing lignin network [40].

Although the resistance to plastic deformation is related to covalent bonds but also hydro-
gen intrapolymer bonds could play an important role. Dumail et al. [155] suggested that
the breakage and reformation of hydrogen bonds have a crucial role in the stress-strain
behavior of wood. It is widely accepted that the strength properties of wood are affected
by bound water. Decrease amounts of bound water increase hydrogen bonding between
the organic polymers of the cell wall and thereby increase the strength properties of wood.
Heat treatment, therefore, has a positive contribution to the strength properties since heat-
treated wood is less hydrophobic. As shown in Figure 2.3, the moisture content is reduced
after thermal modification. The lowest moister content for the treatment of 1bar pressure
and 15% RH correlated well to the higher increase of hardness in the wood cell wall for
this treatment.

The loss factor of the wood cell walls was significantly reduced by thermal modification
(Figure 2.13 and Figure 2.14). As discussed previously, the main source of dissipation
is believed to be frictional sliding between cellulose fibers and the surrounding matrix.
However, following the research on damping in fiber-reinforced composite materials [156,
157], we expect that the viscoelastic behavior of the cellulose and lignin components will
also play a role. Further, hydroxyl groups and moisture content, hemicellulose, and any
damage or defects are expected to influence damping.

As shown in Figure 2.23 and regarding the idea of Roger Rowell. [20], when a load is
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applied to a piece of wood, at the molecular level, hydrogen bonds within the individual
cellulose chains are breaking and subsequently reforming to allow the elementary fibrils
to slide by one another [20]. This load distribution within the microfibrils contributes
to the distribution of internal stresses and, consequently, energy dissipation in the whole
system [158].

Figure 2.23: Hydrogen-bonding patterns in cellulose Iβ [88] under shear forces. (a) bonded
(b) sliding, unbounded (c) rebounded [20]. Black circles: Carbon atoms, White circles:
Oxygen atoms, Blue circles: Hydrogen atoms, Orange dashed lines: inter-chain hydrogen
bonding, Blue dashed lines: intra-chain hydrogen bonding. Adopted with permission from
J. E. Winandy et al. [20], Copyright 1984, American Chemical Society.

Furthermore, in the wood cell wall, interphases between the cellulose fibers and the matrix
of hemicelluloses and lignin are assembled with the chemical-mechanical linkages originated
from covalent and hydrogen bonds [20, 158]. It has been suggested from different works of
literature that the primary function of hemicelluloses is to act as a coupling agent between
hydrophilic cellulose and hydrophobic lignin. The carbohydrate molecules of hemicelluloses
are highly branched and expose hydrogen bonding within the hemicellulose chain and
between hemicellulose and cellulose regions [20]. Since hemicelluloses are the most sensitive
component of wood to thermal and chemical modifications, the high temperature and high
relative humidity during the hydrothermal treatment resulted in a significant reduction of
hemicellulose (Figure 2.5).
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Hemicellulose presumably acts as an essential factor for dissipating energy in the wood cell
wall. Degradation of the hemicelluloses interrupts the load-sharing capacity of the lignin-
hemicellulose matrix in which the cellulose fibrils are embedded. Therefore, the ability of
cellulose fibrils to distribute the stress in the system will be reduced [20, 33, 116, 159]. (see
Figure 2.24)

Figure 2.24: Interfacial slippage between elementary fibrils with hemicellulose contribu-
tion: (a) before thermal modification, (b) after thermal modification.

Another important factor to consider is the availability and accessibility of the free hydroxyl
groups of the wood carbohydrates [33] to the adsorption and desorption of water molecules
in the wood cell wall. As shown in Figure 2.3, there is a significant reduction in moisture
content after thermal modification. The reduction of free hydroxyl groups could be related
to depolymerization of the carbohydrates and especially hemicelluloses and increase of the
relative proportion of the crystalline cellulose, in which the hydroxyl groups are not easily
accessible to water molecules [32, 160], and cross-linking of the lignin network [32] which
might prevent the accessibility of free hydroxyl groups to water [161]. This reduction of
moisture content after thermal modification presumably is one of the reasons for the lower
damping factor after thermal modification [162].

The thermoplastic behavior of polymer chains is also one of the facts that should be
discussed concerning thermal modification. It is mentioned in the works of literature that
the hemicellulose could pass the rubbery or plastic state within the 127–235◦C. For lignin,
the transition state is in the range of 167–217◦C, and for cellulose, it is much higher and
is around 231–253◦C. However, by counting the role of water as a plasticizer, steaming
could reduce the softening point of each component by about 20◦C [33]. So it seems that
in the current thermal modification that we used, the temperature of 160◦C might enable
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the hemicellulose and lignin to reach the rubbery state. After the cooling down phase, the
polymer chains become rigid again. This kind of phase transformation could change the
molecular structure and affect the damping behavior as well [33].

2.4.4 Comparison of micromechanical behavior with macroscale

properties

The macro mechanical measurement of thermally modified wood samples in bulk scale has
been provided in different research works and depends sensitively on the details of the
thermal treatment (temperature, whether closed or open, whether dry or wet). Wentzel et
al. reported that thermal modification of eucalyptus wood samples in the closed system
under the condition of 160◦C temperature and 100% RH caused a decrease in the modulus
of elasticity (MOE) from 18.45±0.96 GPa to 15.06±1.7 GPa, whereas the thermal modifi-
cation of 160◦C temperature and 30% RH had a slight decrease of MOE from 18.45±0.96
GPa to 17.01±1.2 GPa [45]. It means that the changes in the bulk elastic properties of
eucalyptus wood under lower pressure treatment followed the same trend as the microscale
behavior of the eucalyptus treated samples. On the other hand, the higher pressure treat-
ment induced a decrease in bulk elastic properties while having no effect on the micro
elastic properties of eucalyptus wood (see Figure 2.14).

Michiel J. Boonstra et al. [33] mentioned that the Brinell hardness of pinewood samples
in the axial direction increased by about 48% after hydro thermolysis treatment under
relatively mild conditions (< 200◦C), which is consistent with the increased hardness ob-
served in the indentation test of thermally treated pine wood samples in this study (see
Figure 2.13).

Furthermore, Boonstra et al. [33] reported that the tensile strength parallels to the fibers
decreased (39%). In contrast, the compressive strength parallels to the fibers increased
(29%) after heat treatment. This treatment also resulted in a small reduction (3%) of the
specimen’s strength before rupture (MOR).

Wentzel et al. [113] reported a decrease of MOR at the modifications with higher pressure
(160◦C, 6 bar) from 119±13 MPa (untreated) to 89±15 MPa (treated). However, the
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modifications at a lower pressure (160◦C, 1.8 bar) did not have a significant change in
MOR (117±16) [94]. It is mentioned in their research that thermal modification on the
eucalyptus wood samples initiated the cracks in the middle lamella and pits.

So far, the dynamic mechanical analyses and loss factor measurements of wood in macroscale
have been barely employed. However, there are several studies related to dynamic strength
testing, such as the impact bending test in the bulk scale. The damping and impact
strength are both a function of temperature. In the research of Heijboer et al. [163], it
is mentioned that if the damping is because of the movement within the main polymer
chains, the damping and compact strength correlate with each other, and the maximum
damping causes an increase in impact strength. Despite that, if movements of sidechains
only cause the damping maximum, it has a slight influence on the impact strength.

The impact strength is defined by the lost energy of the hammer through the breakage of
the specimen. This energy is the sum of three quantities: the energy required to fracture the
specimen, the energy to throw the broken end of the specimen, and the energy dissipated
in the device supporting the fixed end of the specimen. The information provided by
Kubojima et al. [164] and Boonstra et al. [33] showed that the decrease in dynamic strength
after thermal modification is more drastic compared to MOE and MOR. This agrees with
damping measurements in the current study, where a clear decrease in loss factor with
thermal treatment is observed for both pine and eucalyptus wood.

Furthermore, a new test method named the High-Energy Multiple Impact (HEMI) test was
developed by Rapp et al. [165] to overcome the difficulties of standard dynamic strength
testing. This method is based on crushing small specimens by a great range of impacts
from pounding steel balls in a heavy vibratory mill. Wentzel et al. [113] measured the
dynamic mechanical behavior of eucalypt wood after thermal modification using a High-
Energy Multiple Impact (HEMI) method. They calculated resistance to impact milling
(RIM) and the degree of integrity (the percentage of the biggest fragments) of modified
and unmodified wood samples. An obvious reduction in RIM and degree of integrity was
observed for thermally modified eucalyptus wood samples. Rapp et al. [165] indicated that
RIM reduction is highly correlated with the decrease in mass due to heat treatments.

In general, it seems that under the mild thermal treatment conditions, the bulk and mi-
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croscale mechanical behavior of the wood samples follow the same trend. However, applying
higher pressure in the thermal treatment could cause cracks initiation in the middle lemalla
and pits region, resulting in a more severe decrease of mechanical properties in bulk scale
compared to the cell wall scale.

2.5 Conclusion

The Nanoindentation measurements revealed the local intrinsic wood cell wall properties,
including hardness, storage modulus, loss modulus, and loss factor, which helped to gain
deeper insights into the structural and compositional functions of the wood cell wall at the
microscale.

Sample preparation, indent positions, and interpretation of nanoindentation test data were
carefully considered to provide precise measurements.

The storage modulus showed strong positive correlations with loss modulus and hardness
values, suggesting that they have a standard, deterministic origin.

It is suggested that local variations in cellulose fraction induce the strongly correlated scat-
ter in the measured loss modulus and storage modulus of the wood cell wall. Indeed, where
cellulose fibers and lignin are intended to increase the cell wall’s stiffness and strength, the
interfacial displacements, debonding, and friction between cellulose fibers and matrix could
be identified as the fundamental energy dissipation mode in the cell wall.

It is shown that the local MFA variations cannot explain the positive correlation between
E ′ and E ′′.

The loss factor is found to be relatively insensitive to local variations in the cell wall. As a
result, it provides a sensitive metric for detecting changes regarding the externally imposed
fields like thermal modification.

According to the thermal modifications applied on the pine wood, a systematic increase
of elastic modulus and hardness was observed. However, the thermal treatment could not
significantly affect the hardness and elastic modulus of eucalyptus wood. Despite that, a
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considerable reduction in the loss factor was observed for both pinewood and eucalyptus
wood after thermal modification. It is proposed that hemicelluloses play an essential role in
the overall damping performance of the wood cell wall before and after thermal treatment.
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Chapter 3
Ultrastructural arrangement of the wood cell
wall in nanoscale

Wood, as a structural hierarchical material, has currently attracted scientist’s attention
to learn its genius pattern and generate new advanced materials in nanotechnology. To
achieve this goal, detecting the physical properties and structural design of the wood cell
wall assembly in nanoscale is one of the critical challenges. In this research, Atomic Force
Microscopy (AFM), via a multifunctional mapping method, has been used to obtain the
wood cell wall’s topographical and compositional characteristics on the nanometer scale.
The provided AFM compositional maps differentiated the secondary layers in the wood cell
walls’ transverse and radial sections. These determinations gave a better understanding of
the spatial organization of the cell wall in three dimensions. Comparing the chemical and
mechanical properties of the individual wood cell wall polymers, such as cellulose, lignin,
and hemicellulose, is one of the elusive and critical issues in the wood study, which will be
mentioned in this chapter. However, it still demands further research and development.

75
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3.1 Introduction

Wood as a natural hybrid material has an optimized structural design in all length scales,
from the meter to the nanometer level. At least four different wood structure levels can be
identified: Macroscopic structure including growth rings, microscopic structure, including
cell wall and cellular design, nanostructure including secondary layers in the cell wall and
molecular structure including individual polymeric building blocks like cellulose, lignin,
and hemicellulose [8].

So far, considerable effort has been applied to investigate each building block individu-
ally and find their distribution in the cell wall. The wood cell wall included three main
building blocks: cellulose, a linear polymer arranged in crystalline and amorphous shape,
hemicellulose consisting of different polysaccharides, and lignin, an aromatic amorphous
molecule.

According to our latest knowledge, the molecular structure of cellulose microfibrils con-
sists of 18 cellulose chains representing the 3-4 nm fibrils visible by transmission electron
microscopy [16, 166, 167, 168], that corresponds to the 2.5 nm fibrils observed by X-ray
measurements [169, 170]. These are the smallest fibril structures identified in cell walls,
referred to as elementary fibrils [19, 171]. For the first time, the structure of cellulose
microfibrils aggregate in the wood cell wall was explained by Frey-Wyssling in 1954 [11].
It was suggested that elementary fibrils could cluster together into microfibrils in various
sizes. Until now, different techniques, including scanning probe microscopy, field emission
scanning electron microscopy, and transmission electron microscopy, have been used to
describe microfibril aggregates. These methods are often applied to develop cells [172],
delignified fibers [173, 174, 175], or decayed cell walls [176]. These studies have shown
that microfibril aggregates are normal in chemically or physically altered cell walls, but
little knowledge is available about cellulose aggregates in native cell walls [177]. In the
research of Frey-Wyssling [19], the microfibril aggregates in chemically purified cellulose
fibers were in the size of 250 Å. The study of Bardage et al. [174], indicated that cellulose
aggregates in bleached pulp fibers are in the range of 18-20 nm, similar to the size found by
Fengel [178]. Cellulose aggregation tendency during kraft processing was proposed to be
the consequence of the lignin and hemicellulose exclusion from the cell wall [179, 180, 181].
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Lignin is the next most prominent polymer in the cell wall. To fully comprehend the
physical and chemical properties of lignin in the wood cell wall, the 3D structure of this
macromolecule must be identified. Various electron-microscopic methods for analyzing the
lignin distribution within the wood structure have been established till now. The distri-
bution of lignin was determined by confocal laser scanning microscopy [182], ultraviolet
(UV) technique [183, 184], and energy-dispersive X-ray analysis (EDXA) using bromina-
tion technique [185, 186]. Furthermore, potassium permanganate (KMnO4) was established
as a general electron-dense staining agent for lignin [187]. Basically, the coniferylalcohol
molecule is oxidized by KMnO4; therefore, indicating the reaction sites is possible when
the permanganate anion is reduced to manganese dioxide and subsequently precipitates.

Among the different imaging techniques, atomic force microscopy (AFM) has been demon-
strated as a robust and non-destructive method to track the wood cell wall’s topog-
raphy and mechanical properties in nanoscale. In recent years, several AFM studies
have been applied to mostly embedded wood samples in contact [86, 87], and tapping
mode [6, 188, 189, 113]. The organization of secondary layers in the wood cell wall’s cross-
section and the distribution pattern of microfibril aggregates in the S2 layer was one of
the main concepts in these studies. Fahlén and Salmén revealed a concentric lamellar or-
ganization of microfibrils in the wood cell wall [6, 188, 189] . In contrast, Zimmermann et
al. [113] suggested that concentric and radial organization patterns coexist in the wood cell
wall structure. They proposed a random organization of the microfibril aggregates. The
aggregation of cellulose microfibrils in the S2 layer of softwood tracheids was reported in
the size of 15 to 25 nm [6].

Recently, the AFM measurements have been performed on the wood samples to identify
the middle lamella and secondary layers based on Young’s modulus and stiffness gradient.
However, nanoscale disclosure regarding the physical and mechanical properties of poly-
meric building blocks (e.g., cellulose, lignin) has not been represented so far [190, 191, 192].
Indeed the original structure of wood cell wall cross-sections is still debated, and further
studies are necessary to demonstrate the nanoscale organization of the cell wall.

This study used bimodal Atomic Force Microscopy to investigate the native, non-embedded
wood cell wall’s ultrastructural design. In this method, the measurement of energy con-
servation and dissipation by a vibrating tip in the closeness of the sample surface provided
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the morphology and spatial compositional variations of the transverse and radial sections
of the wood cell wall in ambient condition.

3.2 Materials and Methods

3.2.1 Sample preparation

For the experiments performed in this chapter, the radial and transverse sections of pine
sapwood were prepared. Pine wood was chosen due to its relatively simple structure.
Moreover, different plane sections of the cell wall were selected to have a better insight into
the wood cell wall’s secondary layers organizations from different perspectives of the wood
samples. To have consistent AFM measurements on the wood samples, a perfectly smooth
surface is required. At the same time, it is essential to do not to have any alteration in the
sample’s ultrastructure during specimen preparation. Therefore all forms of embedding
and infiltration medium were avoided. Accordingly, the established method by Jakes et
al. [96] was performed in this study. As shown in Figure 3.1, two unembedded wood
specimens were prepared as pyramid-shaped by cutting with a razor blade. For the radial
section preparation, the pyramid’s apex was pointed perpendicular to the fiber axis and
positioned in the latewood radial plane. And for the transverse section, the pyramid’s
apex was pointed parallel to the fiber axis and was placed in the latewood transverse
plane. Afterward, 10 µm slices were removed from the water brushed apexes using a
Sartorius 31A30 sledge microtome equipped with a disposable steel knife. This procedure
was concluded to an approximately 1×1 mm2 smooth surface area for samples. Afterward,
the samples were air-dried at room temperature for several days. The samples’ moisture
content was equilibrated in the AFM chamber at 65% RH and 21◦C, 12 hours before AFM
tests.
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Figure 3.1: Schematic illustrations of (a) the longitudinal, radial, and tangential coordinate
systems and plane sections of the tree trunk, (b) the pyramid-shaped samples positioned
in the transverse and radial sections of the wood specimens.

3.2.2 Atomic Force Microscopy method

The ultrastructural organization of the wood cell wall in nanoscale was investigated with
a commercial Atomic Force Microscopy (Asylum MFP 3D). The AFM method’s funda-
mental concept is that a nanoscale tip attached to a bendable cantilever (so-called probe)
interacts with the sample’s surface over a raster scanning motion. In this work, we used
the commercial silicon cantilevers (AC160TS) with the nominal stiffness of 26 N/m and
aluminum reflex coating. The cantilever included a crystalline silicon tip, where the tip
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height was 14 µm, and the tip radius at the apex was 10 nm nominally (see Figure 3.2).

Figure 3.2: Schematic representation of the main components of the AFM concept. The
deflection produced on the tip has reflected the photodetector with the laser beam.

The first mechanical principle of the AFM method is to measure the forces between atoms
of the tip and the sample substrate. As a simple assumption, following Hooke’s law (F =
k× ∆z), when a probe with a spring stiffness (k) approaches within some nanometers of
a surface, the interacting forces (F) between the tip and surface atoms cause a deflection
(∆z=F/k) in the probe. As the AFM tip scans the surface, a laser-reflection technique
is used to measure the AFM tip’s movement (up / down and side to side). The reflected
laser beam is then tracked by a position-sensitive photodetector (PSPD) that picks up the
probe’s vertical and lateral motions (Figure 3.2).
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Multifrequency dynamic atomic force microscopy

In the current study, we used the dynamic AM-FM method. This method is selected
because the high-resolution images (molecular and atomic resolution) are only achievable
using very small oscillation amplitudes in the range of 1-2 nm in the dynamic mode rather
than the static or contact mode [193]. Further, this method is non-destructive and can give
even more information regarding the nanometer scale’s energy-dissipation phenomena.

The Multifrequency AFM is based on the excitation of several eigenmodes’ frequencies of
the cantilever. Figure 3.3 shows the frequency response of a rectangular cantilever under a
non-linear force. In this study, bimodal atomic force microscopy [194] was operated using
a cantilever that was simultaneously driven at a superposition of the first and second of
its resonance frequencies.

Figure 3.3: Typical thermal noise spectrum of a cantilever’s deflection and its first, second,
and third harmonic oscillating modes correspond to its first, second, and third resonance
frequencies.

The principles of the AM-FM method, operated in the experimental setup of the current
study, are described in Figure 3.4.

Before the tip-sample interaction, the first cantilever eigenmode was excited near its reso-
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Figure 3.4: Schematic illustration for the bimodal AM-FM method. Resonance 1 operates
in AM mode. The amplitude A1 is the feedback parameter to provide topography, while
changes in the phase lag (ϕ1) give values for loss tangent. Resonance 2 operates in FM
mode. Changes in resonance frequency determine the stiffness and elasticity, while changes
in the amplitude A2 provide viscous or dissipation information.

nant frequency (f1) with a large amplitude (A01 ≈ 2V), where the second eigenmode was
excited near its resonant frequency (f2) with a much smaller amplitude (A02 ≈ 25 mV)
simultaneously.

In continue, the AFM measurements’ primary step included the cantilever stiffness cali-
bration and the deflection sensitivity calibration. An automated routine in the MFP 3D
instrument relied on the Sader method [195] was used to calculate the stiffness of the first
eigenmode of the “free” cantilever away from the surface (kc1 = 12.94 N/m). The first eigen-
mode’s stiffness was then used as a basis of calibration for the second eigenmode stiffness
(kc2 = 548.2 N/m) [196]. Next, the cantilever’s thermal noise spectrum was recorded [197]
within a few hundred nanometers to the surface. A single harmonic oscillator model from
the software was used to fit the thermal spectrum peak to detect the resonance frequency
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and quality factor of the first and second cantilever’s eigenmodes (fc1 = 204.81 kHz, fc2 =
1.33 MHz, Qc1 = 244.094, Qc2 = 531.184).

Further, the deflection sensitivity calibration was carried out. Since the photodetector
transforms the reflected laser beam in a voltage signal, this calibration is essential to change
the voltage unit to the nm unit. Therefore, the equipartition theorem as an automated
routine was used to convert both eigenmodes’ amplitudes (in voltage unit) into nanome-
ters unit [198, 199, 200]. This procedure provides a so-called InvOLS (Inverse Optical
Lever Sensitivity) parameter in the nm/V unit. In the current experiment, the measured
InVOLS for the first and second modes were 39.88 nm/V and 20 nm/V, respectively. It
should be mentioned that the numbers mentioned above are typical values from one of the
measurements.

Upon approaching the sample, both vibrations were controlled by two separate feedback
loops (Figure 3.6), and consequently, multiple observables could be obtained regarding the
tip-sample nanomechanical interactions. Certainly, the sample properties are figured from
changes in a driven cantilever’s parameters while interacting with the sample surface [201].
In the following section, we explain the fundamental operation of Amplitude Modulation
mode (AM-AFM) and Frequency Modulation mode (FM-AFM) in details.

First Mode: Amplitude Modulation (AM)

In amplitude modulation mode, the cantilever is excited at its first resonance, where the
oscillation amplitude is maximized. As the probe taps along the surface, the height vari-
ations in topography and the elastic/inelastic interaction forces between the tip and the
surface change the amplitude and phase of the oscillation.

As shown in Figure 3.5, the cantilever oscillation amplitude is the feedback parameter
to track the sample’s topography in the AM mode. A specific setpoint (reduced target
amplitude) for the amplitude is defined. The setpoint is represented as a percentage of the
free amplitude (A0). Before scanning the surface where the tip is far from the surface, the
amplitude is equal to the free amplitude (A0) (status 1). After approaching the surface,
the oscillation amplitude reaches the set point amplitude value, and the tip starts scanning
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the surface (status 2). When the tip detects a change in the sample’s topography, the
oscillation amplitude changes (status 3), and this amplitude change is the source of the
feedback. The feedback loop adjusts the tip-sample distance to maintain the setpoint
amplitude at every image pixel by adapting the z-piezo to move the cantilever probe up
and down (status 4). The resulting z-piezo movements provide the height information, so
the scanned image represents the surface topography.

Figure 3.5: Schematic representation of the surface topography where the cantilever os-
cillation amplitude is the feedback parameter.

Another parameter collected with AM-AFM mode is the phase map that is simultaneously
obtained with the topography map. At the resonance frequency, the phase shift is 90
degrees. During scanning the surface at a fixed amplitude, a phase shift occurs between
the vibrating probe’s excitation and its response to the tip-surface interactions. So the
phase-contrast image provides a map of compositional variations of heterogeneous material.

Practically phase imaging is interpreted through the loss tangent of the tip-sample in-
teraction. Although the phase map is a common map when contrast based on material
properties is desired, measuring viscoelastic properties in nanoscale is generally compli-
cated due to the phase dependence on near-surface effects. It is mentioned in the works of
literature that the phase response depends not only on the energy transferred from the tip
to the sample surface (dissipated energy) but also on the strength of the tip-sample con-
servative interactions (stored energy) [202]. Furthermore, some dissipation sources, such
as the surrounding air environment, absorbed water on the sample and tip, and sample
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plasticity can lead even to overestimations in the dissipated energy and underestimations
in the stored energy [203]. So the phase shift happens due to the complexity of multi-
ple material properties, such as adhesion, dissipation, viscoelasticity, and stiffness, and it
can be challenging to interpret the phase contrast and refer it to the material’s individual
property.

Indeed, in tapping AM mode, only the ratio of the loss modulus to storage modulus can
be measured as the phase map. Separating the storage and loss moduli requires additional
independent observables that can be extracted by the FM-AFM mode.

Second Mode: Frequency Modulation (FM)

In FM mode, the cantilever is excited at an additional flexural mode. By performing this
mode, the tip-sample contact’s mechanical parameters, such as reduced elastic modulus E,
dissipation energy, and indentation depth δ, can be calculated. When the tip approaches
the sample, the tip-sample interaction is inducing a decrease in the oscillation amplitude
and a shift in the resonance frequency.

The dissipation map originates from changes in the second amplitude (A2). An amplitude
feedback loop adjusts the drive voltage to keep the second amplitude constant. The output
of the second voltage signal contains information on viscous or dissipative forces. Basically,
the energy which is fed into the cantilever will dissipate from two different sources [138]:
Background dissipation, which could come from the body of the cantilever, like air damp-
ing. Tip-sample dissipation interaction includes localized dissipation between the tip and
sample.

The resonant frequency changes are also recorded on FM mode, while the phase shift
between the driving signal and the response is kept 90◦ by a phase-locked-loop (PLL) [194].
The output of the second resonance frequency describes the elastic tip-sample interaction.
Basically, higher frequency means greater stiffness or modulus. The frequency shift can
then be converted into quantitative Young’s modulus values through the Hertz-Sneddon
model using a series of equations outlined in the next section.
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Contact mechanics in the AM-FM method

In the bimodal AM-FM method, experimental observables’ transformation into nanome-
chanical properties is accomplished by using suitable contact mechanics models. In the
current study, the Hertzian contact model was chosen as the simplest model, which was
available in the latest version of the MFP-3D software from the Oxford Instruments com-
pany. In the Hertzian contact model, the interaction stiffness kint is defined regarding the
indentation depth δ, the tip radius R, and effective Young’s modulus. As shown in Fig-
ure 3.6, by assuming to have a paraboloid (sphere) shape at the apex of the tip and having
a flat surface of the sample, the interaction stiffness kint is calculated as below [126]:

kint(δ) = 2Eeff
√
Rδ (3.1)

The tip radius R was assumed to be at its nominal value of 10 nm. The effective Young’s
modulus Eeff combines deformation of the tip and sample [126]. Since the probe Young’s
modulus (Etip) is at least two orders of magnitude larger than Young’s modulus of the
wood sample studied here, the effective Young’s modulus is assumed to be equal the sample
Young’s modulus (Eeff ≈ Es).

Figure 3.6: The indentation of a paraboloidal indenter with radius R into an elastic
surface [126].

In the bimodal interaction theory, the tip-sample interaction stiffness (kint), which is the
instantaneous stiffness profile experienced by the oscillating cantilever tip, affects the time-
averaged change in stiffness (∆k) of the cantilever tip-sample system. In this method, ∆k

is experimentally measurable in the cantilever’s first and second eigenmodes [204]. For
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the first and second eigenmodes, the change in stiffness of the interacting cantilever (∆k1,
∆k2) can be computed by integrating kint (δ) over one cycle, with a semi-circular weight
function [205]. The mathematical calculations are presented in detail by the work of Labuda
et al. [204]. By taking into account that the first eigenmode is driven at amplitude A1
which is considerably larger than the interaction length scale, and the second eigenmode
is purposely driven at a small amplitude A2, such that the interaction stiffness is roughly
constant through one cycle of the higher eigenmode oscillation, the weight function can be
approximated, and the time-averaged change in interaction stiffness of the first and second
eigenmodes (∆k1, ∆k2) can be calculated as below:

∆k1 ≈

√
R

2A3
1

Eeffδ
2
max (3.2)

∆k2 ≈
√

R

2A1

Eeffδmax (3.3)

By the combination of Equations 3.2 and 3.3, the following analytical expressions of the
maximum indentation depth (δmax) and the effective Young’s modulus (Eeff ) are ex-
tractable as a function of the interaction stiffness change (∆k1, ∆k2):

δmax = A1
∆k1
∆k2

(3.4)

Eeff =

√
2

RA1

∆k22
∆k1

(3.5)

moreover, for the first eigenmode driven in AM mode, the corresponding time-averaged
interaction stiffness (∆k1) can be calculated from the measured interaction amplitude A1

and interaction phase ϕ as follows:

∆k
(AM)
1 =

kc1
Qc1

A01

A1

cosϕ (3.6)
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where the cantilever quality factor Qc1 the cantilever stiffness kc1, and the reference am-
plitude A01 (free amplitude) are all measured during the calibration procedure for the first
eigenmode.

In the second eigenmode driven in FM mode, where the resonance frequency f2 is tracked
with a phase-locked-loop (PLL), the measured frequency shift ∆f can be used to estimate
the interaction stiffness (∆k2) by estimation as bellow:

∆k
(FM)
2 ≈ 2kc2

∆f

f02
(3.7)

Consequently, combining equations 3.4, 3.5, 3.6, and 3.7, the δ and Eeff are extractable
related to the experimental observables. In Figure 3.4, the whole procedure for the AM-FM
method has been summarized.

3.3 Results and Discussion

3.3.1 AM-FM maps configuration for the wood cell wall

In Figure 3.7, an example of provided maps from the AM-FM methods is presented. The
topography and materials property maps of the wood cell wall cross-section are shown,
which all were taken simultaneously during one AFM measurement. The different interac-
tion resonances act as different channels representing separate material properties such as
topography, viscoelasticity, elasticity, and the indentation depth.

The AFM topography (Figure 3.7(a)) shows a granular structure of the S2 layer in the
wood cell wall’s transverse section. According to the root mean square value of the height
irregularities, the surface roughness is 3.49 nm, which confirms that the topography map
has a reasonably smooth surface suitable for mechanical measurements. It should be noted
that the horizontal scratched lines are due to the stick-slip motion of the knife blade.

The surface’s granularity is also preserved in the phase, frequency shift, elastic modulus,
and indentation maps (Figure 3.7(b-e)). We call these maps materials property maps,
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Figure 3.7: Ultrastructural arrangement of the S2 layer in the transverse section of the
wood cell wall. (a) topography, (b) Phase map, (c) Frequency map, (d) Modulus map, and
(e) Indentation depth map.

which show significant contrast between the wood cell wall polymers and reveal a structure
composed of ca. 30 nm diameter inclusions embedded in a matrix.
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In the phase map (Figure 3.7(b)), the inclusions have a small phase lag, while the matrix
has a high phase lag. Basically, phase imaging is interpreted regarding the loss tangent of
the tip-sample interactions. However, practically the phase change occurs due to the com-
plexities of several material properties, such as adhesion, dissipation, viscoelasticity, and
stiffness. Therefore, it is not easy to refer the phase contrast to an exclusive property of the
material. It has been shown that under ambient conditions, capillary forces influence the
phase contrast in repulsive mode [206, 207]. Water condensation can create a nanometer-
sized water bridge as the tip approaches the sample. So brighter phase lag may exhibit a
more hydrophilic surface [206]. The lignin and cellulose molecule’s chemical models indi-
cate that lignin has two hydroxyl groups per 10 carbon atoms, while there are 3 OH-groups
per 6 carbon atoms in the polysaccharides [178]. That means the lignin molecules are less
hydrophilic than the polysaccharide molecules. Considering the cellulose’s hydrophilic be-
havior in the wood cell wall, the light area in the phase map could be related to cellulose.
The phase map, shown in Figure 3.7(b), is consistent with the adhesion force map of recent
researches [208, 209]. Felhofer et al. suggested that the hydrophilic polysaccharides and
hydrophobic lignin can be differentiated regarding the silicon tip’s tendency to hydrophilic
polysaccharides [208].

The frequency map and Young’s modulus map (Figure 3.7(c,d)) also reveal two different
domains on the sample surface: the circular areas (softer) and the surrounding matrix
(stiffer) domains, which is consistent with the modulus maps of other studies [190, 191, 209].
Based on the fact that the elastic modulus of cellulose (∼ 130 GPa) is much higher than
that of lignin (∼ 3 GPa) [4], it is suggested that presumably the matrix is cellulose and
the inclusions are aggregates of lignin molecules.

These results indicate that the cell wall’s ultrastructural arrangement is composed of lignin
inclusions in a cellulose matrix that contrasts with what has long been assumed and is still
intriguing for further investigations.

As one explanation, it is likely that the inverted modulus results could be due to the
artifact in AFM measurements in nanoscale! It is well known that despite the advantages
of the AFM method, the probing ability of AFM is limited when used for surfaces that
have features comparable or smaller than the tip radius [210].
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Changes in the surface design by cutting is another possible interpretation. So the surface
structure (including topography) which we measure could be the product of the cutting
process. It is possible to adjust the structure by cuts, and that this could account for the
high correlation in Fig. 3.7.

More discussion about the possible model for cell wall ultrastructure is proposed in Ap-
pendix B. Appendix C is also available in which the author provided more investigation
on cellulose and lignin distribution throughout the cell wall with various treatments.

It should be mentioned that the aim of Young’s modulus map presented here is providing
high-resolution qualitative images rather than quantitative values. In fact, because of the
simplifying hypothesis of the Hertzian contact model, the numbers given in the elastic
modulus map’s color scale bar are taken into account qualitatively, and we do not discuss
the absolute values of Young’s modulus of the circular areas and the surrounded matrix in
this chapter.

The indentation map also depends on the sample’s local mechanical properties (Fig-
ure 3.7(e)). The relative stiff matrix shows smaller indentation, while the indentation
values are larger for the more compliant inclusion regions. So the contrast in the indenta-
tion and Young’s modulus maps are consistent with each other.

3.3.2 The effect of topography

Identifying the topography’s role in compositional maps is often a controversial topic in
atomic force microscopy measurements. The effect of local roughness on nanomechanical
measurements, especially elastic modulus, may not be ignored and is still under debate
between researchers. In fact, it might be challenging to achieve full contact of the tip in
the valley areas, and the contact area may be significantly reduced which consequently,
causes the overestimation of elasticity in these areas. For this reason, we tried to check out
the dependency of compositional maps on the topography to find out a fair interpretation
of the presented AFM maps in this study.

As shown in Figure 3.8, the plotted phase, modulus, and frequency versus height diagrams
gained from corresponding maps in Figure 3.7, do not show a clear correlation between
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compositional maps and topography.

Figure 3.8: Topography correlation with (a) Phase map, (b) Modulus map, and (c) Fre-
quency map gained from corresponding maps in Figure 3.7.

Further, to investigate the effect of the surface curvature on the elasticity, we calculated the
curvature of the surface from the topography map in Figure 3.9(a), included 512×512 scan
points in 2 µm×2 µm area. After that, the distribution of modulus values (Figure 3.9(b))
was evaluated corresponding to the different surface curvature values. As shown in Fig-
ure 3.10, the surface curvature calculation was implemented according to the height of 3
neighboring points (i− 1, i, i+ 1) with a pixel’s distance (p).

Figure 3.9: (a) 3D representation of the height map and (b) modulus map, included
512×512 scan points in 2 µm×2 µm area.
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Figure 3.10: 2D curvature of a line. Curvature (K) is defined as the inverse of the radius
of a circle tangent to the surface of three neighboring points

The curvature values are then categorized into three groups (Figure 3.11): group (a), where
the surface’s curvature is close to zero in the flat areas. Group (b), where the curvature
is negative in the concave valley areas. Group (c), where the curvature is positive in the
convex hills areas. As shown in Figure 3.11(a), the elastic modulus histogram diagram in
flat areas where the surface’s curvature is very close to zero is in the range of 0-24 GPa. This
elastic modulus distribution is almost the same in the valley areas with positive curvature
(Figure 3.11(b)). It means that the distribution of elastic modulus on flat surfaces and
in the valley areas is almost the same, and the valley area does not show a significant
effect on the contact area and elastic modulus measurements. The negative curvature
areas, which refer to the high hills of the globular structures, show a lower elastic modulus
(Figure 3.11(c)). One possible explanation for reduced modulus at the top of the hills is
the reduction in lateral constraint (topography effect). Another possible explanation is the
property of the material, where granular aggregates of lignin are assumed to be the result
of the cutting process in producing the high hills.

Comparing the counts of the scanned points in the histograms shows that there are much
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Figure 3.11: The histogram diagrams of modulus distribution regarding the: (a) flat areas,
surface curvature is close to zero, (b) concave valley areas, positive curvature, (c) convex
hill areas, negative curvature. The surface curvature calculation is performed for both x
and y directions in the height map.

fewer measurements in the high hill areas (Figure 3.11(c)), in comparison to the flat (Fig-
ure 3.11(a)) and valley areas (Figure 3.11(b)). It is because the hills are mostly flat on top
and go to the flat surface category rather than the hill category.

Evaluating the number of counts in the histogram of these three categories show that about
96.48% of the measurements belong to the flat and valley area that show the same distri-
bution of elastic modulus, and 3.5% of the measurements belong to the high hill areas with
lower modulus distribution. This shows that about 96% of the measurements are indepen-
dent of the surface curvature, providing evidence that the contrast of the elastic modulus
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map is mainly due to the variation of material stiffness rather than surface roughness.

3.3.3 Comparing different regions of the wood cell wall

This section presents AFM images of the wood cell wall’s radial and transverse surfaces to
better understand the microfibril spatial organization in secondary layers. Since we aimed
to look into the cell wall’s morphology, the AFM maps with the best resolution were our
criteria to choose, to see as many details as possible in the structure. Therefore, different
radial and transverse surfaces, from frequency map, phase map, or dissipation map, were
chosen rather than the topography map.

Microfibrils structure in the S2 layer

Figure 3.12 shows the S2 layer of the transverse and radial sections of the pinewood cell
wall provided with atomic force microscopy. It is believed that the wide S2 layer, which
forms about 80 to 90 percent of the wood cell wall, consists of tightly packed microfibrils
arranged at an angle of 0◦ to 20◦ degrees [8]. In the shown S2 layer of the radial and
transverse sections, inclusions are visible in a globular structure. The inclusions’ struc-
tures in the cross-section map (Figure 3.12(b)) are almost in the round shape, regarding
the fact that the sectioning plane is perfectly perpendicular to the fibers. In the radial
section, the inclusions’ structures are mostly in the larger round shape and elliptical shape
(Figure 3.12(a)), which could be related to the fibrils’ helical orientation around the wood
cell wall and deviation of sectioning/cutting angle from 90◦ concerning the direction of the
fibers.
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Figure 3.12: Comparing the AFM images of the (a) radial section and (b) transverse
section of the S2 layer in the wood cell wall. The highlighted areas in the schematic
picture of the cell wall show the corresponding scanned regions.

Microfibrils structure in the S1 and S2 region

Figure 3.13(a) shows the schematic picture of the wood cell wall’s radial section and sec-
ondary layers, where the highlighted area in the picture refers to the corresponding scanned
area of the cell wall with atomic force microscopy.

Figure 3.13(b) shows the AFM image of the pinewood cell wall’s radial section, where the
S1 layer close to the middle lamella and the broad region of the S2 layer are visible. In
the upper part of Figure 3.13(b), the microfibrils are in a nearly parallel view. This area
refers to the S2 layer as the thickest cell wall layer with approximately 5 µm width. In the
bottom part of Figure 3.13(b) near the ML, the microfibrils are in an almost cross-sectional
view that might refer to the S1 layer where the microfibrils are perpendicular to the cell
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Figure 3.13: (a) Schematic picture of the wood cell wall’s radial section and secondary
layers. The highlighted area shows the scanned area with atomic force microscopy, (b) Dis-
sipation map of the radial section, related to the S2 and S1 layers (c) Higher magnification
of the marked area in figure b.

axis [8].

The different configurations are shown in Figure 3.13(c) with higher magnification. This
appearance is not unexpected by considering the microfibrils’ helical orientation around
the fiber axis and the microfibrils angle change between the S1 and S2 layers. The different
color coding in Figure 3.14 shows the structure alteration from the middle lamella to the
S2 layer more clearly.

Figure 3.15 shows the cross-sectional view of the spruce wood cell wall, where the morphol-
ogy of the middle lamella, S1 layer, and S2 layer is visible. ML has a randomly arranged
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Figure 3.14: The illustration of the morphology change from the middle lamella to the S2
layer, using different color coding of dissipation map.

Figure 3.15: The AFM image of the spruce wood cell wall’s cross-section. The ML, S1,
and S2 layers are shown in the figure. The radial orientation of the microfibrils from the
S1 layer towards the S2 layer is visible.
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globular structure of lignin. In the S1 layer, the fibrils are oriented in a parallel view
perpendicular to the cell axis, while the S2 layer shows a very firm and dense structure.
The radial direction of microfibril from the S1 layer towards the S2 layer also is apparent.

Regarding the AFM elastic modulus map in Figure 3.15, the S2 layer shows higher elastic
modulus in comparison to the S1 and ML layers, which is reasonable. The higher con-
centration of lignin in ML and S1 layers shows a lower elastic modulus, while the higher
concentration of cellulose in the S2 layer shows higher stiffness in the AFM elastic modulus
map. It should be mentioned that the Spruce sample used here was prepared by our col-
league Dr. Maria Adobes-Vidal in the institute of Wood Materials Science, ETH, Zurich,
and our group performed further AFM measurements on this sample.

Microfibrils structure in the S2/S3 region

Figure 3.16 shows the cell wall’s radial section, where the S2 and S3 layers are visible. At
the upper part of Figure 3.16, various parallel lines from the S2 layer toward the lumen
are apparent, which presumably refer to the S3 layer. This layer is the last fibrillar layer
at the cell wall’s inner boundary, with a thickness of about 100-200 nm.

Figure 3.17 shows the cross-sectional view of the wood cell wall near the lumen region. A
borderline shows a dark layer in the most inner part of the S2 layer, which is presumably
related to the S3 layer. The microfibrils are almost uniform in the S2 layer, where they
are more extensive and randomly arranged in the area close to the S3 layer. This could be
related to the change of the microfibril angle in the transition zone between the S2 and S3
layers.
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Figure 3.16: (a) Schematic illustration of the radial section, the highlighted zone shows
the corresponding scanned area with atomic force microscopy. (b) Dissipation map of the
S2/S3 layers.
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Figure 3.17: The AFM image of the pinewood cell wall’s cross-section in two different
magnifications. The differences between the S2 and S3 layers are visible. The highlighted
area in the schematic picture refers to the scanned area with atomic force microscopy.

Adjacent cell walls

The two adjacent cell wall morphology is another important characteristic in the wood cell
wall, shown in Figure 3.18. The cell walls are labeled as cell wall (1) and cell wall (2) in
Figure 3.18(b,c). The microfibrils are in an almost cross-sectional view in the cell wall (2);
however, they appear in a diagonal view in the cell wall (1).

Certainly, this is because of the helical arrangement of the cellulose fibers. Heyn et al. [211]
already observed these topographic features with transmission electron microscopy. Ac-
cording to their observation [211], this morphological representation might be related to
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Figure 3.18: (a) Schematic illustration of the wood cell wall’s radial view and the high-
lighted scanned area, (b,c) Phase map of the adjacent cell walls, (d) The higher magnifi-
cation of the highlighted area in figure c. The radial direction of fibers in the S1 layer is
visible.

the plane of sectioning. As shown in Figure 3.19, the sectioning plane could form a differ-
ent angle with the fibrillar helix during the sample preparation. If the plane of sectioning
forms the same angle by the helix, this plane would be parallel to the helix at one side of
the lumen and perpendicular to the helix at the other side of the lumen.
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Further, the microfibrils’ radial orientation in the S1 layer of the cell wall (1) is clearly
visible in Figure 3.18(d), where the cellulose microfibrils spin in the right-hand direction
of the cell axis.

Figure 3.19: Schematic illustration regarding the sectioning plane and the fibrillar helix
angle for two adjacent cell walls [137].

Middle lamella and lignin distribution

Figure 3.20 shows the cross-section of two adjacent wood cell walls. The middle lamella and
adjacent primary walls are so-called compound middle lamella (CML), with a thickness of
approximately 300 nm. A globular structure in the S1 layer and middle lamella regions is
visible. This morphological structure also exists in the S2 layer but on a much finer scale.
It should be mentioned that the Spruce sample used for this image is the same as the
sample presented in Figure 3.15, which was prepared in the institute of Wood Materials
Science, ETH university. And the author performed further AFM measurements on this
sample at the University of Goettingen.

By knowing the fact that in the middle lamella, the cellulose concentration is very low,
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Figure 3.20: The AFM images of two adjacent cell walls shows the middle lamella and
secondary layers. (a) topography and (b) frequency map. The corresponding scanned area
is highlighted in the schematic picture of the wood cell wall’s transverse section.

existing the granular aggregates in the middle lamella in Figure 3.20 presumably suggests
that lignin in the wood cell wall is the component with the potential to form aggregates.
This observation agrees with Donaldson et al. [177], which observed lignifying cell wall of
pine wood by field emission electron microscopy and suggesting that lignin has a tendency
to form aggregates. The globular aggregates of lignin in the wood cell wall are also reported
in other studies. Terashima et al. [144] reported bead-like inclusions with the size of 35 ±
5 nm in the middle lamella and cell corner regions distributed randomly.

Figure 3.21 shows the field-emission-scanning-electron microscopy (FE-SEM) image of the
CML and the S1 layers in the transverse section of the spruce cell wall, using a back-
scattered electron detector (BSE). This figure is presented from the work of Fromm et
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al. [138]. The bright microfibrils and the dark lignin regions are shown, where lignin is
visible as globular aggregates in CML and S1 layers.

Figure 3.21: FE-SEM micrograph of spruce tracheid taken with a BSE detector. The
transverse section shows lamellae of bright cellulose microfibrils and dark lignin aggregates
in the S1 and compound middle lamella (CML) layers. Reprinted from Fromm et al. [138],
Copyright 2003, with permission from Elsevier.

Microfibrils structure in the lumen

So far, while much attention has been focused on the secondary layers, it was not much con-
cerned with examining the warty layer and lumen area with atomic force microscopy. This
layer, however, seems to be interesting regarding the fibril arrangement. Figure 3.22 shows
the wood cell wall’s inner side (the surface lumen), scanned with atomic force microscopy.

Knowing that the crystalline silicon tip height is about 14 µm, it was possible to examine
the lumen gently using the AM-FM method. It should be mentioned that this observation
has been made on the natural wood cell wall, without any treatment and any knife cut
in the lumen surface. So there is no damage to this layer. As shown in Figure 3.22, the
parallel oriented microfibrils (with a beaded string appearance) wounded inside the lumen
are visible, with an angle of approximately 45◦ regarding the cell axis. The twisting or the
criss-cross of elementary fibrils is also apparent (Figure 3.22(c)).

The lumen surface is the so-called warty layer in literature because it consists of spherical
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Figure 3.22: (a) Schematic picture of the radial section and secondary layers of the wood
cell wall. The scanned area with atomic force microscopy is highlighted. (b) Phase map
of inside the lumen from the radial section shows the microfibrils’ helical orientation, (c)
Higher magnification of the labeled area in Figure (b). The twisting of the fibers is ob-
servable.

particles (warts). The warty layer’s appearance can vary concerning the number and size
of warts and the presence or absence of the extra lining layer [212].

In Figure 3.22, the thickening of the S3 microfibrils and the end of microfibrils’ bundles
are what can be seen as warts of the lumen surface. It seems that the lining layer is
not dense enough to embed the S3 microfibrils’ orientation within the lumen. This is in
agreement with the work done by Kuo et al. [213]. They found that the lumen surface of
red pine tracheids was relatively free of encrustation, allowing them to see the S3 layer’s
microfibrillar orientation [213]. It is shown that warts’ distribution pattern closely followed
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Figure 3.23: SEM image of the warty layer from the water-extracted heartwood tra-
cheids [213]. The warts are located at the end of the microfibril bundles.

the path of the S3 layer’s microfibrils. As shown in the SEM micrograph (Figure 3.23),
many warts are located at the end of the bundles of S3 microfibrils. The possible mechanism
of the S3 layer and warty layer relationship was clarified by Kuo et al. [213]. Microfibrils
in the S3 layer accumulate in an aggregate shape in the final step of cell wall formation.
In addition, the cells stop producing microfibrils at the end of microfibrillar bundles and
deposit a terminating mixture of lignin and hemicellulose. In the AFM image presented in
Figure 3.22, the end of the microfibrillar bundles are visible as dark circular areas, which
is related to the lignin hemicellulose termination.

3.4 Conclusion

In the presented study, we used Atomic Force microscopy to obtain detailed information
about the wood cell wall’s ultrastructural arrangement. The AFM measurements on the
wood cell wall were performed with the AM-FM method and Hertzian contact model. In
this method, the second eigenmode could explore the dissipative and conservative interac-
tions between the tip and sample. This work demonstrated that the AM-FM method is
a fast, high-resolution technique that can represent the wood cell wall’s nanomechanical
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mapping.

Evaluating the distribution of modulus values in relation to different surface curvature
values revealed that the contrast in the elastic modulus map is primarily due to variance in
material stiffness rather than variation in surface curvature. However, the close correlation
between topography and elastic properties strongly suggests that the topography is created
by the interaction of the cutting edge with the local material properties of the wood cell
wall.

The obtained Young’s modulus and phase lag maps of the wood cell wall exposed a struc-
ture composed of ca. 30 nm diameter inclusions with a low storage modulus embedded
in a matrix with a high storage modulus. This result reveals that the ultrastructural ar-
rangement of the wood cell wall is presumably composed of lignin inclusions embedded in
a cellulose matrix which is in contrast with what has been taken for granted in years and
is still an open and fascinating question!

The different morphology of the S1, S2, and S3 layers of the wood cell wall in radial and
transverse sections were investigated with atomic force microscopy. The combined cross-
sectional and radial sectional views of the cell wall could provide a better understanding
of the 3D assembly of the wood cell wall in nanoscale.

A globular structure was identified in the middle lamella, which has a higher lignin con-
centration. This structure was also found in the secondary layers of radial and transverse
sections but in a more delicate form. The presence of the granular aggregates in the middle
lamella indicated that lignin is the component with the potential of forming aggregates in
the wood cell wall, at least as a result of interactions with the cutting blade.

The rounded or ellipsoidal appearance of the globular structure was significantly affected
by the direction of the sectioning plane in relation to the fibers’ orientation in the helical
structure, whether the sectioning plane was precisely perpendicular or more inclined to the
microfibrils’ axis.

According to the AFM picture of the inner side of the cell wall lumen, the distribution
pattern of warts followed the direction of the S3 layer’s microfibrils. Moreover, the end of
the microfibril bundles was visible as dark circular areas, which could be related to lignin
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and hemicellulose deposition.
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Chapter 4
Summary

Wood, as one of the most renewable sources in nature, is currently exceeding the scope
of its traditional use. The smart nature of wood and its functional properties for bearing
mechanical loads attract researchers’ interest to learn from nature and apply it for devel-
oping new materials in nanotechnology. Given the importance of cell wall microstructure
and nanostructure in the mechanical properties of wood, the main challenge is to discover
these properties at the micrometer and nanometer scales.

This thesis aimed to introduce, develop and apply micrometer and nanometer scale analysis
methods in wood science, using nanoindentation and Atomic Force Microscopy. These
techniques can be used for detecting wood cell wall mechanical properties and observing
the fibrillary arrangement of the wood cell wall in different secondary layers.

The nanoindentation measurements revealed the local cell wall characteristics, including
hardness, storage modulus, loss modulus, and loss factor in microscale. It was shown that
where cellulose fibers and lignin are designed to increase cell wall stiffness and strength,
the interface between cellulose fibers and matrix plays an essential role in transmitting
stresses and dissipating energy. Assuming that the cellulose fibers’ radius remains constant,
increasing the volume fraction of cellulose results in an increase in the interface between
fibers and matrix, resulting in a simultaneous increase in the storage modulus and loss
modulus of the cell wall.
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According to the thermal treatments applied on pine as softwood and eucalyptus as hard-
wood, a moderate improvement of elastic modulus and hardness was observed in pinewood.
However, the thermal treatment could not significantly affect the hardness and elastic
modulus of eucalyptus wood. Despite that, a considerable reduction in the loss factor was
observed for both pine and eucalyptus wood after thermal treatment. Regarding this fact,
the function of hemicelluloses is suggested to be very important for the cell wall’s overall
damping efficiency.

In this study, the AM-FM method in Atomic Force Microscopy showed a fast, high-
resolution approach for providing the wood cell wall’s nanomechanical mapping. The
different layers of the wood cell walls in the radial and transverse sections were examined
with atomic force microscopy. The combined cross-section and radial sectional view could
provide a better understanding of the 3D assembly of the wood cell wall in nanoscale.

According to AFM maps, a globular structure was identified in the middle lamella. This
structure was also found in a more delicate shape in secondary layers of the radial and
transverse sections. The rounded or ellipsoid appearance of the globular structure was
significantly influenced by the sectioning plane’s direction concerning the fibers’ orientation.

Suggestions for future research:

The AFM method described in this study could be further developed to observe treated
wood cell walls and obtain more information regarding the cellulose and lignin distribution
at the molecular scale.

The findings of the current study suggest that the cell wall’s ultrastructure is composed of
lignin inclusions in a cellulose matrix, which contradicts long-held assumptions and remains
an interesting topic for future research. In this case, It is essential to note the association
of the cutting edge with the local material properties of the wood cell wall in creating the
topography.

The wood cell wall models must be reconsidered with the theoretical approaches for ex-
plaining the wood cell wall’s exclusive characteristics such as damping, shrinkage, and
flexural rigidity. It is necessary to discuss different models of the wood cell wall’s nanos-
tructural arrangement not only from the anatomical point of view but also concerning the
optimized mechanical functions of the tree as a natural material.



Appendix A
Composite model for cell wall including
interfaces

In general, the elastic modulus of a composite could be predicted from the mechanical
properties and volume fraction of its components. We assumed that the wood cell wall
material is a three-phase composite composed of cellulose fibers, lignin matrix, and the
interfacial layer between cellulose fiber and lignin matrix. So that the interface contribution
is examined independently from those of the fiber and the matrix. The relevant assumed
composite body is represented in Figure A.1. Since the fiber-reinforced composite is a
periodic structure, the specific unit cell of this periodicity is illustrated in Figure A.1(c).

Based on this assumption, the upper-bound elastic modulus of the wood cell wall composite
with aligned cellulose fibers in the lignin matrix is calculated via the rule of mixtures by
assuming a uniform applied strain in the system (Voigt model) for a 3 phase composite.
Where VC is the volume of the cellulose, VL is the volume of lignin, and VInt is the volume
of the cellulose-lignin interface. And fc, fL, and fInt. are the volume fractions of cellulose,
lignin, and interface, respectively:

fc + fL + fInt = 1 (A.1)
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Figure A.1: Unidirectional fiber-reinforced composite with the isotropic matrix in (a)
longitudinal and (b) transverse plane. The dashed lines in Figure (a) and (b) represent
the unit cell in the periodic structure of the composite (c) Three-dimensional view of the
unit cell in the composite structure.

fc =
VC

(VC + VL + VInt)
=
πr2

ab
(A.2)

fInt =
VInt

(VC + VL + VInt)
=

2πrdr
ab

(A.3)

fL =
VL

(VC + VL + VInt)
= (1− fc − fInt) (A.4)

If we consider a force applied in a direction parallel to the fibers’ long axes, each compo-
nent’s strain equals the composite’s total strain.

ε = εc = εL = εInt (A.5)

As stress is force per unit area, the overall stress can be calculated in the system as follows:

σ = fcσc + fLσL + fIntσInt (A.6)
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Combining equations A.5 and A.6 gives an expression for the axial Modulus. So, based
on the rule of mixtures, the elastic modulus of the composite parallel to the fibers can be
estimated as follows:

E = fcEc + fLEL + fIntEInt (A.7)

where Ec is the elastic modulus of the cellulose fiber, EL is the lignin’s elastic modulus
and EInt is the elastic modulus of the interface.

Figure A.2: The Voigt model or Iso-strain model providing the upper bound of the overall
elastic modulus of the composite when the stress is applied along the fiber direction.

Consequently, the application of the rule of mixtures can be used for the evaluation of the
complex modulus (E∗) in the composite as below:

E∗ = fcE
∗
c + fLE

∗
L + fIntE

∗
Int (A.8)

By knowing the fact that the complex modulus consists of two components, the storage
and the loss moduli (equation 2.4); the average longitudinal storage modulus (E ′) and loss
modulus (E ′′) of the wood cell wall as a fiber-reinforced polymer composite can be obtained
as below:

E ′Cell−wall = [fcE
′
c + fLE

′
L] +

2πrdr
ab

E ′Int (A.9)
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E ′′Cell−wall = [fcE
′′
c + fLE

′′
L] +

2πrdr
ab

E ′′Int (A.10)

In the definition of the storage modulus, since the wood structure includes the very stiff
cellulose fibers, the storage modulus of the interface is negligible, and the storage modulus
of the cell wall could define as below:

E ′Cell−wall = [fcE
′
c + fLE

′
L] (A.11)

By assuming dr → 0,

fL = (1− fc) (A.12)

E ′Cell−wall = [fcE
′
c + (1− fc)E ′L] (A.13)

Figure A.3: The storage modulus of the cell wall as a function of cellulose volume fraction.

So, regarding equation A.13 and as shown in Figure A.3, the cell wall’s storage modulus
increases with increasing the volume fraction of the cellulose fibers. In this way, the next
question that arises is how the storage modulus and loss modulus correlate with each other?
and where increasing the cellulose fiber volume fraction concludes to the increase of storage
modulus, which factor has the predominant effect on increasing the loss modulus?

The loss modulus highlights the viscous properties of polymeric-based materials and rep-
resents energy lost during one cyclic load. Although increasing the volume fraction of



A COMPOSITE MODEL FOR CELL WALL INCLUDING INTERFACES 117

cellulose as a crystalline polymer with its high stiffness should not have a predominant
effect on increasing the loss modulus, the interface between cellulose fibers and matrix
should play a crucial role. Adams et al. [143] mentioned that the friction of fibers against
the matrix and the shear stress affected by hydration and chemical forces are the main fac-
tors in dissipation energy in the composite materials. Regarding this fact on examing the
loss modulus of the wood cell wall, the interface between polymeric components is much
more essential than the viscoelastic behavior of each polymer itself. So the first term in
equation A.10 is negligible, and the average loss modulus in the cell wall is predominated
with friction processes in the interface of the fibers and matrix as below:

E ′′Cell−wall =
2πrdr
ab

E ′′Int (A.14)

Where 2πrdr
ab

is the volume fraction of the interfaces in the unit cell of the fiber composite
structure. By assuming a constant dimension for the cellulose fibers (r = constant), increas-
ing the volume fraction of the cellulose fibers and consequently increasing the periodicity
in the structure concludes to the smaller dimensions (a, b) of the unit cell (Figure A.4).
The smaller unit cells in the system cause the larger volume fraction of the interfaces in the
structure. This concludes with the higher shear stresses and friction in the structure, which
causes more dissipation energy. This implies that where the wood cell wall is designed to
resist tension/compression forces through a fiber composite performance; by which the ma-
trix resists part of the tension/compression forces and the balance is taken by the fibers,
the composite performance depends greatly on the mechanisms through which the stresses
are transferred between the fiber and the matrix. Thus, the mechanical properties of the
fiber-matrix interface that control such transfer process should significantly affect the over-
all structural response of the composite. In this way, by increasing the cell wall’s storage
modulus, the loss modulus will spontaneously increase.
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Figure A.4: A periodic structure that resembles the cross-section of cellulose fibers em-
bedded in the matrix of lignin (a) structure1: higher volume fraction of the cellulose fibers
(b) structure 2: lower volume fraction of the cellulose fibers.



Appendix B
Proposed model for nanostructural assembly
of the wood cell wall

This research suggests a new model for cell wall structure based on atomic force microscopy
images, which remains an open question.

Our hypothesis introduces the cell wall as a honeycomb-like cellulose frame that acts as
the main load-bearing element in the cell wall filled with lignin (Figure B.1, Model B).
The AFM elastic modulus map is consistent with this model. Furthermore, it should keep
in mind that according to the cell wall ontogeny, the polysaccharides deposition plays an
essential role as a template before lignin macromolecule formation in the cell wall [214].

Figure B.1: (a) Unidirectional fiber composite model. (b) Honeycomb-like cellulose frame
filled with lignin model.

By simplifying the long prismatic cellulose frame to a regular hexagon honeycomb, and
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assuming the wall thickness to be t=3 nm and the side length of this hexagon to be h=l=15
nm, the elastic modulus of the honeycomb cellulose frame was calculated in the axial and
transverse directions:

Eaxial =
t

l

h/l + 2

2(h/l + sin θ) cos θ

2√
3

3

15
= 130

2√
3

3

15
= 30 GPa (B.1)

Etransverse = (
t

l
)3

cos θ

(h/l + sin θ) sin2 θ

4√
3

(
3

15
)2 = 130

4√
3

(
3

15
)2 = 2.40 GPa (B.2)

Another fundamental factor that could make the new proposed model more verifiable is the
importance of the material’s shape and structure on mechanical properties. It is well known
that wood as a hybrid material with a high ratio of strength to weight is a combination of
mainly three different building blocks (cellulose, lignin, and hemicellulose) in an essential
relative volume fraction, which is optimally serving the mechanical resistance purpose. A
tree is a slim stem with a height of more than 50 meters, bearing the large static and
dynamic forces of gravity and wind-loads [8].

By assuming the same mass of cellulose for both cell wall models (model A: the old model,
model B: the new proposed model), the moment of inertia and consequently the material’s
flexural rigidity (EI) of the cell wall for the new model is much more robust by a factor of
R/t. (Figure B.2). As a simple explanation, the higher the material’s elastic modulus and
the higher the object’s moment of inertia, the less the structure will deflect under a given
load.

for same mass : ρπr2 = ρ2πRt , r = (2Rt)(
1

2
)

for same mass :
It
Is

=
(πR3t)

(π/4(2Rt)2)
=
R

t
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Figure B.2: Comparison of the moment of inertia for model A and model B.

This proposed structural model, however, is still open to further investigations.
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Appendix C
Cell wall treatment

C.1 Delignification of the wood cell wall

To better understand cellulose’s role in the wood cell wall, we chose two different treatments
with white-rot fungi attack and acidic bleaching delignification for degrading the lignin and
maintaining the cellulose in the cell wall.

Figure C.1: Delignified wood cell wall with (a) white-rot fungi attack and (b) acidic
bleaching procedure.

As shown in Figure C.1, after removing lignin from the cell wall structure, the structural
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pattern is not strongly influenced, and there is no severe interruption. The cell wall persists
as a firmly coherent cellulose framework. This observation is in agreement with Bailey’s
report [18]. Bailey emphasized that even in walls that have been treated to extract their
non-cellulosic components, the structure of tracheids and fibers are coherent. In fact,
there are no discontinuities in the structural pattern after the removal of non-cellulosic
components. The remaining cellulose exhibits a structural design similar to the natural
wood cell wall, tightly woven together into a complex and firmly coherent structure.

C.2 Cellulose degradation in the wood cell wall

By using brown-rot fungi attack, the cellulose component was almost removed from the
cell wall, and a long cord-like lignin structure in the cell wall was revealed (Figure C.2).

Figure C.2: Cellulose degradation in the cell wall with brown-rot fungi attack.

This observation is in agreement with the comments of Bailey [18]. It seems that after
removing the cellulose from the cell wall, the lignin self-aggregates and forms a bead-like
shape in a regular dimension.

The aggregation of lignin is observed in other works as well. Kang et al. reported that
lignin self aggregates to form highly hydrophobic nanodomains [30]. Donaldson et al. [215]
observed the lignified cell wall of pine by TEM and permanganate staining. They found
that growing lignin aggregates in the middle lamella form roughly spherical structures
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within the randomly arranged matrix, while in the S2 layer, lignin forms greatly elongated
structures, following the orientation of cellulose microfibrils.

Although hemicellulose’s existence in the cell wall has an essential role as a coupling agent
between cellulose chains and lignin macromolecules, the two most critical components
targeted in our interpretation were cellulose and lignin. Hemicellulose tracing was skipped
in our observations because the amount of hemicelluloses relative to cellulose and lignin
concentration is small to affect the understanding of the cell wall’s microstructure.
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