
 
 

ABSTRACT 

HORVATH, LASZLO. Modeling the Mechanical Behavior of Transgenic Aspen with 

Altered Lignin Content and Composition. (Under the direction of Dr. Ilona Peszlen and Dr. 

Perry Peralta). 

Recent advances in tree genetics permit modification of lignin content and structure. 

However, the consequences of lignin modifications on many wood properties need to be 

explored. The purpose of this dissertation was to measure, analyze, and model the effect of 

genetic modification of lignin on selected wood mechanical properties.  

In this dissertation, young (1- to 2.5-year-old) genetically modified quaking aspen (Populus 

tremuloides Michx.) trees with reduced lignin content and/or increased syringyl to guaiacyl 

(S/G) ratio were investigated and compared to the wild type. The results of this investigation 

are presented as follows:   

The modulus of elasticity (MOE) and ultimate compression strength (UCS) of wild-type and 

genetically-modified quaking aspen wood were measured at the green condition using 

modified micro-mechanical tests. The results indicated that the transgenic trees with reduced 

lignin content had severe reductions in modulus of elasticity and ultimate compression 

strength, while the transgenic trees with increased S/G ratio had only slight decrease in these 

properties compared to the wild type. 

The applicability of a dynamic mechanical analyzer (DMA) in static bending mode was 

investigated to determine the MOE of 2.5-year-old transgenic aspen submerged in water and 

in ethylene glycol. The MOE values measured by DMA were compared to dynamic MOE by 

a nondestructive evaluation and static MOE by micromechanical testing. Results showed that 

DMA measurements were able to detect significant differences between the genetic groups. 



 
 

However, the measured values were lower than those from the static mechanical test and the 

nondestructive method test. 

A calibration model was constructed using transmittance near-infrared (NIR) spectroscopy to 

predict the measured mechanical properties of one- and two-year-old transgenic and wild 

type aspen at the green condition. Ultimate compression strength had a strong correlation 

(R
2
=0.91) and MOE had a good correlation (R

2
=0.78) with the spectra, thus showing that 

NIR spectroscopy is an effective tool for predicting the mechanical properties of transgenic 

aspen. 

Raman microscopy was used to obtain information on the spatial distribution of major wood 

polymers (lignin and carbohydrates) in the cell wall of young transgenic aspen with reduced 

lignin content and/or changed structure. The lignin content of the cell wall and compound 

middle lamella were reduced by the genetic modification but the amount of carbohydrate did 

not change significantly. The higher amount of water in the cell wall of transgenic aspen 

compared to the wild type aspen indicated that there was an increase in the hydrophilicity of 

the cell wall. 

Numerical and three-dimensional finite element models were developed to improve our 

understanding of the major factors affecting the hygro-mechancial properties of wood. The 

models revealed that a reduction in lignin content and a corresponding increase in cellulose 

content increased the mechanical properties of the transgenic aspen. However, when other 

factors such as decreased crystallinity, increased microfibril angle and increased 

hydrophilicity were considered, a severe reduction in the Young‟s modulus of the cell wall 

was observed. The model successfully predicted the elastic modulus of the microfibrils and 



 
 

cell wall; however, it underestimated the measured macro-mechanical properties, indicating 

that the mechanical properties of wood not only depend on the chemical, physical, and 

structural properties but also on the morphological characteristic of the wood. To further 

advance our understanding of the major factors affecting the hygromechanical properties of 

wood, fully characterized materials with wide range of chemical and physical properties are 

required.   
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REVIEW OF RELATED LITERATURE 

Chemical composition 

Cellulose 

Cellulose, which makes up 40-45% of the cell wall of wood, is the most abundant polymer in 

the world. It consists of anhydro-glucose molecules linked with β(1-4‟) glycosidic bonds to 

form a polymer (Goldstein 1991) (Figure 1.1). Cellulose chains are connected together with 

hydrogen bonds to form cellulose bundles (crystals). Crystalline cellulose is inaccessible to 

water because all of the hydrogen bonds are involved in interchain bonding (Goldstein 1991). 

During cellulose formation not only crystalline but amorphous cellulose is formed with 

similar properties as hemicelluloses. The cellulose polymer has a high degree of 

polymerization (n=10,000). The average length of a cellulose polymer is around 2.5-5 μm 

and the diameter is 8 Å (Bowyer et al. 2003, Panshin and Zeeuw 1964)).  

 

Figure 1.1 Glucose to cellulose (Bowyer et al. 2007) 
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Hemicelluloses 

The hemicelluloses are branched chain polymers with degrees of polymerization around 100 

(Figure 1.2). It is mainly composed of hexoses (galactose, mannose) and pentoses (xylose, 

arabinose). Softwoods contain 20% galactoglucomannan and 5-10% arabinoglucuroxylan 

while hardwoods mainly consist of 15-30% glucoronoxylan and 2-5% glucomannan. Xylan 

is composed of xylose units β (1-4‟), building a linear chain with occasional branches at C2 

and C3. Mannan is a mix of galactose, glucose, and mannose in a ratio of 1:1:3 (Preston 

1974). The side chains of mannose are organized in blocks thus long chains can be found 

without branches.  

 

Figure 1.2 Structure of hemicelluloses (arabinoglucuronoxylan) (Sjostrom 1981) 

Lignin 

Lignin is an aromatic polymer composed of phenylpropane units connected together with 

ether or carbon-carbon linkages (Goldstein 1991). The xylem of wood contains 25-30% 

lignin. Softwoods mainly contain guaiacyl lignin, which is produced from coniferyl alcohol 
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while hardwoods contain syringyl and guaiacyl lignins, where the syringyl lignin is formed 

from sinapyl alcohol (Figure 1.3). The assembly of lignin monomers forms a three-

dimensional amorphous network polymer, which is difficult to characterize because of the 

highly diverse connection between monomers.  

 

Figure 1.3 Guaiacyl and Syringyl lignin monomers (Bowyer et al. 2007) 

Structure of the Cell wall 

The cell wall is known to have a multilayered structure consisting of four layers (Figure 1.4) 

(Cote 1967). Each layer is composed of helically oriented cellulose microfibrils embedded in 

a matrix of lignin and hemicelluloses (Mark 1967). The angle of these microfibrils relative to 

the axis of the cell is called the microfibril angle (MFA) (Mark 1967, Gindl and Schoberl 

2004). The individual cells are connected together with the middle lamella (ML) which is a 

lignin-rich layer with an average thickness of 0.2-1 µm. The primary wall (P) is the outer 

layer of the cell. It is a thin (0.1-0.2µm) membrane-like layer, which mainly contains pectin 

(Panshin and Zeeuw 1964). The primary wall is very flexible because it has to expand during 

the development of the cell. Due to the small thickness, the primary layer and the middle 

lamella are considered together and called compound middle lamella (CML). The secondary 
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cell wall is composed of three distinct layers: S1, S2, and S3 (Panshin and Zeeuw 1964). The 

S1 is the outermost and the S3 is the innermost layer. In the earlywood cell, the thickness of 

the S1 and S3 are 0.2-0.3 μm and 0.1 μm, respectively (Cote 1965). In addition, both layers 

have high microfibril angle around 50-70° for S1 and 60-90° for S3 (Bowyer et al. 2003). 

The S2 layer is the thickest layer in the cell wall. The S2 could be (1-5 μm) thick with 

microfibril angle of 10-30° (Cote 1965). The change in microfibril angle at the border of the 

cell wall layers is gradual.   

 

Figure 1.4 Cell wall layers in a softwood tracheid (Sjostrom 1981) 



   

5 

Cellulose structure 

It was found by many researchers that the cellulose chains with the help of hydrogen bonds 

are connected together and form a larger unit structure called elementary fibril (d=3.5 nm) 

(Frey-wyssling and Muhlethaler 1963, Mark 1967). Elementary fibrils are then connected 

together to form microfibrils (d=10-20nm) (Frey-wyssling and Muhlethaler 1963, Mark 

1967). It was difficult to investigate the cellulose of the woody cell wall due to the wall‟s 

highly lignified structure. Therefore, the researchers chose to work with unlignified cell wall 

that can be found in green algae, Valonia, Acetobacter xylinum and the primary wall of 

tobacco leaf epidermal cells.   

Elementary fibrils 

Muhlethaler (1965, 1967) used negative staining technique on Ramie fibers, meristematic 

cell wall of onion roots, and Bacterium xylinum. It was found that the average width of the 

elementary fibrils was around 35Å and was constant along the length. Ohad and Danon 

(1964) also measured the dimension of the elementary fibril using metal evaporation 

technique. It was found that the elementary fibrils had rectangular cross section with 

dimensions of 20Å x 30Å. It was found by Frey-Wissling (1968) that the distance between 

elementary fibrils (35Å) is around 10Å. Delmer and Armor (1995) found strong evidence 

that the elementary fibrils in the primary cell wall were composed of 36 glucan chains.  
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Cellulose Microfibrils 

Preston and Cronshaw 1958 reported that the microfibrils of Valonia cellulose contain an 

inner core made up of crystalline cellulose with an average dimension of about 200Å x 100Å 

and an outer core composed of non-glucose sugars, perhaps hemicelluloses (Figure 1.5).   

 

Figure 1.5 Representation of the cross section of a cellulose microfibril. The solid lines are 

representing the cellulosic chains while the broken lines representing the non-cellulosic 

chains. In the center, the crystalline lattice formed by cellulosic chains can be seen (Preston 

and Cronshaw 1958). 

The model of Preston and Cronshaw was supported by Stamm (1964), Jane et al. (1970), and 

Fujita and Harada (1991) using chemically extracted fibers. Microfibrils with variable width 

were observed using electron microcopy for Valonia, and the cell wall of wood and Ramie 

fibers. The variability of the width of the microfibrils was due to the variable conditions 

during the crystallization process and to the deposition of the free glucose molecules on the 

surface of the existing microfibrils (Muhlethaler 1965).  
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The investigation of Fujita and Harada (1991) on Valonia supported the findings of 

Muhlethaler (1965) that the microfibrils, which is composed of smaller units such as 

elementary fibril, contained highly crystalline cellulose.  

Using transmission electron microscopy (TEM) and scanning transmission electron 

microscopy (STEM), Ruel et al. (1978) found that the lignin in the S2 layer of silver fir was 

organized into a tangential interrupted lamella (Figure 1.6). 

 

Figure 1.6 STEM picture of the cross-section of the S2 layer of silver fir tracheids. The dark 

areas stand for the lignin stained with permanganate. It could be observed that the lignin 

organized in lamellas parallel to the middle lamella (Ruel et al. 1978). 

Ruben at al. (1989) proposed a triple-stranded left-hand helical cellulose while investigating 

tobacco primary cell wall and A. xylinum bacterial cellulose using negative staining with 

TEM. It was reported that nine cellulose chains together build the subelementary fibril 

(d=18Å). Then three subelementray fibrils organized into a left-handed triple-helix to from 

the elementary fibril (d=37Å) and these elementary fibrils, surrounded with hemicelluloses, 

form the microfibril in the primary cell wall. The microfibrils in the secondary wall are 

composed of straight and highly crystalline cellulose chains. 

S2 
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Radial arrangements of the microfibrils were found by Sell and Zimmermann (1993) when 

the tension fracture surface of P. radiata was analyzed. It was stated that the tangential width 

of these aggregates were 0.1-1μm while radially they almost occupied the whole thickness if 

the S2 layer (Figure 1.7a).  

 

Figure 1.7 FE-SEM micrograph showing radial delaminations of transverse fracture surface 

of an untreated spruce earlywood tracheid cell wall. (Sell and Zimmermann 1993) 

These aggregates were also investigated using various techniques such as scanning probe 

microscopy (Hanley and Gray 1999), cryo-field emission scanning electron microscopy 

(FESEM) (Daniel et al. 2004), TEM with quick-freeze deep etching (Bardage et al. 2004), 

and environmental scanning electron microscopy (ESEM) (Donaldson 2007) on biologically 

and chemically altered fibers in a dry and fully hydrated state to prove that the aggregate 

structures were not just artifacts of the drying process.  
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Singh et al. (2002) observed lightly sinuous predominantly radial arrangement of the 

microfibrils of P. radiata when KMnO4 stained sections under TEM was analyzed (Figure 

1.8).  

 

Figure 1.8 TEM picture of a KMnO4 stained sections of the transverse section of a tracheid 

wall of P. radiata. The electron-dense regions contain more lignin and the electron-lucent 

regions contain cellulosic polysaccharide. Slight sinuous pattern of the electron-dense and –

lucent regions was observed (Singh et al. 2002). 

The tangential delamination was observed on delignified P. radiata fibers with HR-cryo-FE-

SEM by Daniel et al. (2004) 

The tension fracture surface of chemically treated sections was also analyzed by Zimmerman 

et al. (2007), who found that the fracture surface becomes random when some of the 

glucomannan were removed; and when the lignin and hemicelluloses were substantially 

degraded, clear tangential delamination can be observed both in the fractured (Figure 1.9a) 

and the non-fractured cross section (Figure 1.9b)  
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Figure 1.9 FE-SEM micrographs: (a) tangential delamination at a fracture surface and of an 

NaOH (10%, 100°C) treated spruce latewood wood tracheid, (b) tangential organization at a 

KMNO4 stained spruce latewood tracheid. (Zimmermann et al. 2007) 

Fahlen and Salmen (2005) investigated the variation in the size of microfibrils (15 nm) of 

spruce fiber wall using atomic force microscopy (AFM) on poly(ethylene glycol) embedded 

samples. It was reported the size of the microfibrils did not change across the fiber wall. 

Meanwhile, Donaldson 2007 measured the size of P. radiata and Populus deltoloides 

macrofibrils. It was reported that the microfibrils have diameter around 14-22nm and that 

their size increase with lignin content (Figure 1.10) measured using FESEM.   
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Figure 1.10 FESEM picture of microfibrils of P. radiata compression wood tracheids coated 

with 12nm of chromium (Donaldson 2007). 

In addition, random arrangement of the microfibrils was found and that the tangential or 

radial arrangement were only the artifact of the cell wall preparation (Figure 1.11).  

 

Figure 1.11 FE-SEM micrograph of the microfibrils of the (a) normal wood of P. radiata 

and (b) Populus deltoloides coated with 12nm of chromium (Donaldson 2007) 

Matrix Structure 

In the process of cell development, the cellulose microfibril skeleton is filled with lignin 

during a stage called lignification. Lignification starts at the cell wall corners and finishes in 
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the S3 layer. Using Raman spectroscopy, Agarwal (2006) and Gierlinger and Schwanninger 

(2006) found that the compound middle lamella and the cell wall corners of black spruce and 

poplar have the highest lignin percentage while the S2 had the highest cellulose content 

(Figure 1.12). The chemical composition of the different cell wall layers is shown in Table 

1.1. It can be seen that the S2 layer has low lignin content but due to its great wall thickness, 

it stores 70% of the cell wall lignin.  

Table 1.1 Chemical composition of different softwood cell wall layers (Panshin and Zeeuw 

1964) 

 
Cellulose (%) Hemicelluloses (%) Lignin (%) 

 

ML + P 10 20 71 5-7 % of total lignin 

S1 30 30 40 
 

S2 50 25-30 18-25 70% of total lignin 

S3 50 30-35 11-18 
 

Total 45 25 30 
 

 

Figure 1.12 (A) lignin and (C) cellulose distribution through the transverse section of poplar 

latewood measured by confocal Raman spectroscopy using the wavelength region of (1,550-

1,640 cm
-1

) and (1,026-1,195cm
-1

), respectively (Gierlinger and Schwanninger 2006) 
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Figure 1.13 Distribution of the major chemical constituents of the cell wall (Bowyer et al. 

2007) 

It is also known that the lignin distribution in the S2 cell wall layer is not uniform (Figure 

1.13). More lignin was found near the S1 layer and the lignin content gradually decreased 

towards the S3.  The lignin during the process of lignification is not just filling the gaps but 

rather it strengthens the bonding between the polymers.  

Mark (1967) published that the cellulose microfibrils were embedded in a matrix of 

hemicelluloses, with lignin being present only between two polyoses layers. This model was 

refined by Kerr and Goring (1975) who found that the hemicelluloses and lignin together 

form the matrix structure. This was verified by Eriksson et al. (1980) who found covalent 

bonds between those two components. Akerholm and Salmen (2001) found that non-

branched hemicelluloses, which are aligned parallel to the cellulose (Kerr and Goring 1975), 
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prevent the flocculation of cellulose (Dammstrom and Gatenholn 2006) by anchoring them, 

thus  supporting the parallel organization of the microfibrils. Meanwhile the more branched 

hemicelluloses are associated with lignin, creating a lignin-hemicellulose matrix structure.  

The interaction between xylan and cellulose was investigated using aspen holocelluloses and 

bacterial cellulose/O-acetyl-(4-O-methylglucurono) xylan nanocomposite by Dammstrom 

(2009) who found that there is a strong interaction between cellulose and xylan in aspen 

holocellulose and in the nanocomposite. The similar response of the two materials verified 

that the remaining xylan after delignification was tightly attached to the cellulose, which is in 

agreement with the findings of Dammstron et al. (2005). It was concluded that two different 

fractions of xylan could be found in aspen wood thus verifying the earlier results of Ruel and 

Joseleau (2005). The non-branched xylan is connected to the cellulose while the more 

branched type is associated with lignin.  

In the cell wall, lignin is also oriented in the direction of the cellulose chain (Akerholm and 

Salmen 2003) and the branched hemicelluloses are organized perpendicular to the cellulose.  

The lignin monomers can be condensed or non-condensed. Recent studies using 

immunolabeling (Ruel and Joseleau 2005, Lawoko et al. 2005) have detected the early 

deposition of the condensed type lignin and the close association of this type with the 

unsubstituted hemicelluloses.     

Lignin Biosynthesis and lignin genetic engineering 

The primary functions of lignin are to bond the wood fibers together, to give rigidity to the 

cell wall, and to form a physico-chemical barrier against microbial attack (Jeronimidis 1980, 
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Northcote 1989). But often due to these properties, lignin serves as a barrier to the utilization 

of the woody biomass in pulp and paper making and ethanol production. The removal of 

lignin makes the above-mentioned industries energy and chemical intensive (Chiang 2002, 

Lee 1997). To reduce the energy and chemicals needed to remove lignin, trees with lower 

lignin content need to be produced and/or the reactivity of lignin need to be increased.  
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Figure 1.14 Phenylpropanoid and monolignol biosynthetic pathways (Boerjan et al. 2003). 

CAD, cinnamyl alcohol dehydrogenase; 4CL, 4-coumarate:CoA ligase; C3H, p-coumarate 3-

hydroxylase; C4H, cinnamate 4-hydroxylase; CCoAOMT, caffeoyl-CoA O-

methyltransferase; CCR, cinnamoyl-CoA reductase; COMT, caffeic acid O-

methyltransferase; HCT, p-hydroxycinnamoyl-CoA: quinate shikimate p-

hydroxycinnamoyltransferase; F5H, ferulate 5-hydroxylase; PAL, phenylalanine ammonia-

lyase; SAD, sinapyl alcohol dehydrogenase. ?, conversion demonstrated; ??, direct 

conversion not convincingly demonstrated; 4CL??, some species have 4CL activity toward 

sinapic acid; CCR? and F5H?, substrate not tested; others, enzymatic activity shown in vitro 

(Boerjan et al. 2003) 
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The phenylpropanoid and monolignol biosynthetic pathways are presented in Figure 1.14 

where each step is controlled by various enzymes. The enzymes are translated from mRNA 

which was transcribed from DNA. Tremendous effort has been made to identify and 

understand the enzymes and genes which control the monolignol biosynthetic pathways. 

Lignin genetic engineering mainly focused on lowering the lignin content and increasing the 

reactivity of the lignin (Whetten et al. 1998). Transgenic Populus tremuloides Michx. with 

low lignin content was produced by Hu et al. in 1999 using antisense inhibition of gene 

Ptr4CL1 (lignin specific 4-coumarate ligase) through agrobacterium-mediated transformation 

without change in lignin structure. Later, the insertion of sense CAld5H (coniferyl aldehyde 

5-hydroxylase) gene which was found to be the bottle neck of the syringyl monolignol 

biosynthesis was successfully used to produce plants with high syringyl/guaiacyl (S/G) ratio 

without altering the lignin content (Li et al. 2000, 2001, 2003).  The simultaneous expression 

of antisense 4CL gene and sense CAld5H gene resulted in decreased lignin content and 

increased S/G ratio (Li et al. 2003). In addition to the reduced lignin content, increase in 

cellulose content was observed when antisense 4CL gene was used (Li et al. 2003). The 

proposed biosynthetic pathways for guaiacyl and syringyl monolignols are presented at 

Figure 1.15. 



   

18 

 

Figure 1.15 Principal biosynthetic pathway for guaiacyl (coniferyl alcohol) and syringyl 

(sinapyl alcohol) monolignols (Li et al. 2003) C4H, cinnamate 4-hydroxylase; C3H, 4-

coumarate 3-hydroxylase; 4CL, 4-coumarate:CoA ligase; CCoAOMT, Caffeoyl-CoA O-

methyltransferase 
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Static Mechanical Properties 

The modulus of elasticity (MOE), modulus of rupture (MOR) in three point bending and 

ultimate compression strength (UCS) were measured for each growth ring using six 

cottonwood trees in the green condition by Bendtsen et al. (1986). The size of the bending 

specimens was 2¼ inches long and 1/8 inch deep. Three-point bending test with span/depth 

ratio of 14 was used. The size of the compression specimens was 1¼ inches long and 1/8 

inch deep. The measured MOE, MOR, and UCS for the second year of growth ring were 

2591 MPa, 23.17 MPa, and 11.44 MPa.   

The green modulus of elasticity (MOE) and modulus of rupture (MOR) in three-point 

bending of quaking aspen (Populus tremuloides Michx.) juvenile and mature wood was 

investigated by Roos et al. (1990). Twelve stems were felt and micro-bending specimens 

were created from each growth ring. The transition point between the juvenile and transition 

zone was determined at age 16 for MOE and MOR. The average MOE and MOR of the 

juvenile wood portion were 3438 MPa and 37.5 MPa, respectively. The point of maturity was 

determined at age 29 for MOR and 28 for MOE. The MOE and MOR of mature wood were 

5013 MPa and 45.6 MPa, respectively. It was found that the average increase in the 

mechanical properties between the juvenile and mature wood was 31% for MOE and 21% for 

MOR, which was in an agreement with the findings of Bendtsen and Senft (1986) who found 

38% and 21% increase in MOE, and MOR for cottonwood, respectively 

The mechanical properties of nine-year-old Populus x euramericana clones were investigated 

by Hernandez et al. (1998). Altogether 28 trees were used for the study. Four standard 
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specimens were cut out from below and above the breast height and two 10 mm increment 

cores were extracted at breast height of each tree. Two standard specimens out of four were 

equilibrated to 14% moisture content and the remaining two were saturated to ensure the 

moisture content is above the fiber saturation point. Compression test parallel to the grain 

was conducted to measure the UCS and compliance coefficient.  The average basic density of 

the standard specimens and increment cores were 335 kg/m
3
 and 348 kg/m

3
, respectively. 

The increment cores represented the mechanical properties of the standard specimens 

accurately. The average MOE (calculated from the compliance coefficient) and UCS of the 

clones were 5524 MPa and 15.3 MPa, respectively for saturated specimens. The result was 

higher than was found by Roos e t al. (1990) for juvenile quaking aspen and by Bendtsen and 

Senft (1986) for second year growth ring of cottonwood. 

The mechanical properties of 15-year-old Populus x euramericana (Doda) Guinier cv. clones 

were investigated by Peszlen (1998). The samples were divided into three age groups. The 

strength and modulus in compression parallel to the grain were measured. The effect of green 

specific gravity on the mechanical properties was investigated and found to be not 

significant, which according to the author was probably due to the narrow range of the 

specific gravity. The MOE and UCS of the first age group close to the pith was around 1300 

MPa and 11 MPa, respectively. These values were lower than those measured by Hernandez 

et al. (1998) for the same species.  

The mechanical properties of normal and tension wood of one-year-old poplar (Populus cv. 

I4551) trees were investigated by Coutand et al. (2004). Five trees were measured in the 
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study. To obtain the mechanical properties, three-point bending test was used on specimens 

in the green condition. The test results showed that the green modulus of elasticity was 

higher in tension wood than normal wood. It was thought that the variation in density might 

be responsible for the differences. However, significant difference was found even when the 

MOE was normalized for density. The MOE of normal and tension wood were 2103 MPa 

and 6248 MPa in the green condition, respectively. The dry MOE of normal and tension 

wood were 3644 MPa and 10881 MPa, respectively.  Both the dry and green MOE was lower 

than the green MOE measure by Hernandez et al. (1998) for nine-year-old poplar.  

The mechanical properties of 15-month-old European aspen (Populus tremula) and hybrid 

aspen (Populus tremula x tremuloides) were investigated in the green condition by Bjurhager 

et al. (2008). The diameter of the stems including the bark was between 10-14 mm. 

Specimens with diameter of 0.2 (R) x 4 (T) x 40 mm (L) were measured by micro tensile test. 

The average MOE of European aspen and hybrid aspen were 6200 MPa and 5500 MPa, 

respectively.  

The dry mechanical properties of transgenic quaking aspen (Populus tremuloides) clone were 

measured and compared to those of wild type aspen by Kasal et al. (2007) (Table 1.2). 

Transgenic trees with reduced lignin content (4CL), and simultaneously reduced lignin 

content and increased S/G ratio (4CL+CAld5H) were used in the study. The MOE and MOR 

obtained in three-point bending test for transgenic aspen were not significantly different from 

the wild type aspen. MOE obtained from compression test parallel to the grain for transgenic 
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aspen was not significantly different from the wild type. UCS in compression parallel to the 

grain of transgenic aspen was significantly lower than the wild type.   

Table 1.2 Summary of experimental results for control and genetically modified materials 

(Kasal et al. 2007) 

 

Vibration Spectroscopy 

In vibrational spectroscopy, the light projected onto the matter and the photons of the light 

source might interact with the matter or might go straight through the matter without any 

interaction. When the light interacts, photons might be absorbed or scattered. Absorption 

occurs when the energy of the incident photon matches with the energy gap between the 

ground state and the higher energy excited state. The absorption process is used by infrared 

spectroscopy to gather information about the chemical composition of the matter. In the case 

of scattering, the photon only interacts with the molecule and does not require that the energy 

of the photon match with the energy gap. The scattered photons are collected at an angle to 

the incident path. When the scattered light only interacts with the electron cloud around the 

molecule and promotes it into a virtual higher energy excitation state, the distorted electrons 

could go back to their original position without any energy loss. This scattering is called 
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elastic or Rayleigh scattering. However, if nuclei motion is induced by the incident light, 

energy will be transferred between the nuclei and the photon which is going to be equal to 

the energy gap between the ground state and the excited state thereby causing a shift in the 

spectra. This process is called Raman scattering, which is weak scattering because only one 

out of every 10
6
-10

8
 photons will scatter with Raman scattering (Smith and Dent 2005). Due 

to the high intensity laser sources, the scattering could be enhanced but it will cause other 

problems such as degradation of the sample or fluorescence.  

  

Figure 1.16 Diagram of the Rayleigh and Raman scattering (Strokes and anti-Strokes) 

processes (Smith and Dent 2005). 

Raman scattering could be strokes scattering when the molecule is promoted to the higher 

energy vibrational state and could be anti-Strokes when, due to existing thermal energy, the 

molecule already in an excited state goes back to the ground state due to the energy of the 

incident light (Figure 1.16). The type of induced vibration of the molecule at the excited state 

will determine whether the vibration will give Raman scattering (Raman active) or IR 

absorption (IR active). When the polarizability of the molecule changes due to the type of 

vibration (symmetric vibrations), it results in intense Raman scattering. When the dipole of 
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the molecule changes (asymmetric vibrations), intense IR absorption is observed. Therefore, 

Raman scattering and IR absorption are complementary techniques.    

Raman Spectroscopy 

Raman spectra of ligno-cellulosic materials 

Vibrational Raman spectroscopy with different angle of polarization was used to investigate 

the spectral features of Ramie and Valonia fibers by Wiley and Atalla (1987). The bands of 

the Raman spectrum were classified into four groups based on their vibrational motion and 

intensities (Figure 1.17). Limited study on deuterated cellulose was also conducted to 

differentiate the CH and OH vibrational motions. 
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Figure 1.17 Classification of significant Raman bands of Ramie and Valonia fibers (Wiley 

and Atalla 1987) 

Raman microprobe with 514.5 nm excitation was used by Tirumalai et al. (1996) to 

investigate the lignin distribution in the cell corner of white birch and black spruce. The 

spatial resolution of the microprobe was around 1.6 μm. It was found that the concentration 

of lignin in the cell corner was not uniform, which was in an agreement with previous 

findings by Daniel et al. (1991) using UV microscopy and EM-EDXA. 

The chemical composition of wood was investigated by Agarwal and Ralph (1997) using 

near-infrared FT-Raman spectroscopy. The specific Raman bands of lignin, cellulose, and 
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hemicelluloses were investigated using milled-wood lignin, enzyme milled-wood lignin, 

milled wood, and acid chlorite delignified wood. The spectral features of native, milled, and 

enzyme treated wood were almost identical. The characteristic Raman bands of lignin, 

cellulose, and hemicelluloses in black spruce are presented in Figure 1.18. 

 

Figure 1.18 Raman bands of lignin, cellulose, hemicelluloses in black spruce (Agarwal and 

Ralph 1997) 
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Near infrared FT-Raman (YAG:1064 nm) spectroscopy was used by Ona et al. (1998) on 

wood meal (20 mesh pass) of two eucalyptus species (Eucalyptus camaldulensis, Eucalyptus 

globulus) with various ages and color. The second derivative of the spectra was used to build 

the calibration model using partial least squares (PLS) regression. Strong calibration model 

was obtained for the syringyl/guaiacyl (S/G) ratio (R
2
=0.935, standard error of prediction 

(SEP) =0.32) and for the lignin content (R
2
=0.998, SEP=0.07, PC=5). Lignin model 

compounds were used to validate the significant wavenumbers found in the study. The 

significant wavenumbers are shown in Figure 1.19. It was found that the low wavenumber 

region of the Raman spectra also contain important information even if the bands had low 

intensity. It was concluded that Raman spectroscopy can be used for the reliable prediction of 

the chemical composition of various eucalyptus species with different age and color. 

 

Figure 1.19 Significant Syringyl and guaiacyl lignin bands using second derivative FT-

Raman spectra (Ona et al. 1998) 

The structure of lignin of Pinus sylvestris kraft pulp was analyzed with UV resonance Raman 

(244 nm) and Visible-Raman spectroscopy (785 nm) after various bleaching mechanism 
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(Halttunen et al. 2001). The signal of lignin was enhanced when UV resonance Raman was 

used. Very intense band was observed at 1607 cm
-1

 due to the aromatic structure of lignin 

while the band at 1098 cm
-1

, which is a characteristic cellulose band, was found to have only 

a small intensity due to the overlap of the enhanced lignin signal. To predict lignin content, 

the band at 1607 cm
-1

 was normalized using the cellulose-specific band (1098cm
-1

). 

However, the weak intensity of the cellulose band caused error in predicting the lignin 

content. The issue was overcome by using the band at 1657 cm
-1

, which was associated with 

4-deoxy-4-hexenuronic acid (HexA), for the normalization. Visible Raman spectroscopy 

failed to reveal any lignin-specific band due to fluorescence.   

Visible resonance Raman spectroscopy was used to investigate the residual lignin in bleached 

pulp (Saariaho 2004). Excitation wavelength of 400 nm was used. VIS resonance Raman was 

used because of the required sensitivity due to the low lignin content and the required direct 

quantification. Kerr-gate approach was used to eliminate sample fluorescence (Figure 1.20). 

Bands at 1605 cm
-1

 and 1657 cm
-1

 were detected for peroxide bleached chemical pulp while 

only the 1605 cm
-1

 band was detected for chlorine dioxide bleached pulp. The 1657 cm
-1

 

band was believed to have originated from the residual chromophoric lignin structures. 
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Figure 1.20 Visible (400nm) Raman spectra of bleached kraft pulp sample using oxygen-

delignification with and without the Kerr gate rejection (Saariaho 2004). 

Laser-induced (244 nm) photochemical degradation of lignin was investigated using UV 

resonance Raman spectroscopy (UVRRS) by Pandey and Vuorinen (2008). It was found that 

the laser-induced degradation resulted in a reduction of the intensity of the band at 1602 cm
-1

 

and caused the broadening of the band due to the photo-oxidation of wood surfaces. It was 

also concluded that syringyl lignin is more sensitive to UV light than the guaiacyl lignin 

therefore hardwoods are more susceptible to UV degradation.  

Characterization of lignin monomers 

Characteristic vibration bands were identified using Fourier transform Raman spectroscopy 

to differentiate hardwoods from softwoods using a nondestructive technique (Evans 1991). 
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Six hardwoods (Malus sylvestris, Fagus sylvatica, Betula verrucosa, Carpinus betulus, Tilia 

vulgaris, Acer sp.) and six softwoods (Cedrus heterophylla, Larix sp., Araucaria anustifolia, 

Pinus strobus) were investigated. The samples were planed without any pretreatment. FT 

Raman was used with YAG laser. The band at 3068 cm
-1

, which was associated with 

unsaturated C-H stretching mode of lignin, showed greater intensity in the softwood spectra. 

The increased intensity for softwood was explained in terms of the higher lignin content of 

softwoods versus hardwoods. It was found that the softwoods and hardwoods had different 

relative intensity ratio between the bands near 1600 cm
-1

 and 2896 cm
-1

. The band at 1600 

cm
-1

 was associated with the aromatic ring deformation of lignin fragments, while the band at 

1660 cm
-1

 was due to the keto-carbonyl group conjugation with the benzene ring of lignin. 

The band at 2896 cm
-1

 was associated with carbohydrates. Hardwoods had one-to-one ratio 

while softwoods had two-to-one ratio due to their higher lignin content. The most distinct 

difference was found in band intensity at 1273 cm
-1

 which might be attributed to the guaiacyl 

content. The band was prominent in softwoods but showed up only as a shoulder in 

hardwoods. In addition, the bands at 1740 cm
-1

 and 524 cm
-1

 exhibited greater intensity for 

hardwoods than softwoods.    

Marker bands for syringyl and guaiacyl lignins were differentiated by Takayama et al. (1997) 

using hardwood species (Actinodaphne lancifolia Meish., Albitia julibrissin Durazz., 

Cinamonum japonicum Sielb., Cornus controversa Hemsel., Fagus cernata Bl., Kalnopanaz 

pictus Nak., Platycarya strobilacea S. and Z., Quercus monogolica Fish. Ver grosseserrata 

Rahd. And Wils.,Quercus myrsinaefolia Bl., and Zelkova serrata Mgk.) and softwood 
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species (Cryptomeria japonica D. Don, Pinus densiflora S. and Z). Extractive-free samples, 

non-extracted samples, holocellulose, and alpha-cellulose were prepared. NIR-FTR 

spectroscopy was used with 1064 nm YAG laser. The band at 1668 cm
-1

 was assigned to 

ν(C=O) and was significantly reduced due to the delignification. Band 1745 cm
-1

 was 

observed in hardwoods but not in softwoods, indicating that the band could belong to 

syringyl. Investigation of S-DHP and G-DHP showed that the band 1594 cm
-1

 could be 

associated with syringyl while band at 1599 cm
-1

 could be associated with guaiacyl (Figure 

1.21). Similar marker bands were found using wood meal when the band at 1580 cm
-1

 to 

1620 cm
-1

 region was separated into five bands. Band 1599 cm
-1

 was found to be the marker 

band for guaiacyl while 1592 cm
-1

 was the marker band for syringyl. The S/G ratio was 

calculated using the band area of the twomarker bands and was found to be linearly 

correlated with the S/V ratio measured by nitrobenzene oxidation. 
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Figure 1.21 Deconvoluted Raman bands of the 1600cm
-1

 region of (A) a softwood (C. 

japonica) and (B) a hardwood (F. crenata) Takayama et al. (1997) 

The characteristic bands of lignin monomers (p-hydroxyphenyl, guaiacyl, and syringyl) were 

investigated with UV resonance Raman (UVS) spectroscopy at different excitation 

wavelengths (244 nm and 257 nm) (Saariaho 2003). Model compounds of lignin monomers 

were used to identify the characteristic wavenumbers. The 244 nm excitation showed higher 

intensity bands for p-hydroxyphenyl, while the 257 nm showed higher intensity for guaiacyl 

and no difference was observed between the two excitation wavelengths for syringyl and 

guaiacyl. The bands at 1217-1214 cm
-1

 (aryl-O-R vibration), 1179-1167 cm
-1

 and 862-812 

cm
-1

 (C-H wag vibration) had the highest intensity. However, the signal for 862-816 cm
-1
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could be too weak in wood due to the diverse aromatic substitution. The bands of guaiacyl 

were at 791-704 cm
-1

 (vibration band of aromatic substitution), 1289-1270 cm
-1

, and 1383-

1372 cm
-1

.  The band at 1289-1270 cm
-1

 had the same intensity as the aromatic vibrational 

band at 1600 cm
-1

 and was chosen as a characteristic band of guaiacyl. The characteristic 

bands of syringyl monolignol were 1333-1330 cm
-1

 (aryl-O-CH3), 808-777 cm
-1

 (aromatic 

substitution area), and 981-962 cm
-1

 (aromatic substitution area). The intensity of 1333-1330 

cm
-1

 band exceeded the intensity of 1600 cm
-1

 lignin specific band. Contrary to the above-

mentioned findings, Agarwal (1999) reported that the band at 1333 cm
-1

 is more associated 

with aliphatic OH bend of guaiacyl lignin structures. However, this kind of structure did not 

exist in the investigated model compound by Saariaho et al. (2003). The band at 1510 cm
-1

 

could be detected in both guaiacyl and syringyl and it was found that it was a characteristic 

band of neither syringyl nor guaiacyl. When the spectra of softwood were investigated, three 

characteristic bands were found (1270 cm
-1

, 1370 cm
-1

, and 1152 cm
-1

). In the hardwood, 

syringyl characteristic bands at 1506 cm
-1

 and 1331 cm
-1

 were found in addition to the 

guaiacyl characteristic bands (1270 cm
-1

, 1370 cm
-1

, and 1152 cm
-1

). The bands were slightly 

shifted due to difference in environment but the guaiacyl and syringyl could be identified in 

the wood samples.  

Using UVRS combined with partial least squares (PLS) regression, the characteristic band of 

lignin structures were investigated by Saariaho et al. (2005). The method was tested on 

monomeric model compounds of syringyl, guaiacyl, p-hydroxyphenyl, and condensed lignin 

structures. The result of the study was in agreement with the published values by Saariaho 
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(2003). Characteristic bands were found for p-hydroxyphenyl (1215, 1164, 861-841,  

644 cm
-1

), guaiacyl (1520, 1285-1270, 1186, 920, 784, 761 cm
-1

), and syringyl (1510, 1331, 

964, 810 cm
-1

).  

Surface-enhanced Raman 

One of the first surface enhanced Raman scattering (SERS) studies were conducted on milled 

wood lignin (MWL) and Wiley milled-wood (WMW) using Near-IR SERS Raman 

spectroscopy by Agarwal et al. (2009). It was found that conventional silver particles could 

be successfully used to induce surface enhancement of the Raman scattering. The surface 

enhancement was found to be selective to lignin components, while the presence of cellulose 

specific bands was not observed. When normal and SERS Raman spectra of MWL were 

compared, significant Raman shift of +17 cm
-1

, -8 cm
-1

, and -17 cm
-1

 was detected for the 

bands at 1662 cm
-1

 ,1597 cm
-1

, and 1508 cm
-1

, respectively. New Raman bands were also 

observed at 816, 641, and 416 cm
-1

. When Raman bands of WMW and MWL were 

compared, differences at 816, 641, 416 cm
-1

 were observed which were found to be 

concentration-dependent changes (Figure 1.22).  In addition, new bands were found in the 

WMW SERS at 1216, and 1114 cm
-1

 that were attributed to the undisturbed structure of 

lignin. 
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Figure 1.22 Raman spectra of (a) Wiley-milled wood normal; (b) Wiley-milled wood SERS; 

and (C) milled wood lignin SERS (Agarwal et al. 2009) 

Raman Imaging 

The topochemical distribution of main cell wall polymers were investigated by Roder et al. 

(2004) using UV microspectrophotometry and confocal Raman spectroscopy (λ=785 nm). 

The distribution of the cellulose (333-397 cm
-1

) and lignin (1593-1614.6 cm
-1

) is presented in 

Figure 1.23. The distribution of lignin and cellulose measured by Raman spectroscopy was 

comparable with the result of UV microspectrophotometry. The result of the study verified 

that high lignin concentration can be found in the cell corners while the highest cellulose 

concentration can be found in the S2 cell wall layer.    
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Figure 1.23 (a) Cellulose and (a) lignin distribution in beech wood using confocal Raman 

spectroscopy and (c) UV microspectroscopy, (d) the distribution of lignin and cellulose in the 

S2 and compound middle lamella (CML) (Roder et al. 2004). 

The distribution of lignin and cellulose in the cell wall of the 30
th

 and 40
th

 growth rings of 

black spruce wood (Picea mariniara) was investigated using Vis-Raman (633 nm) with 

lateral resolution of  ~1 μm by Agarwal (2006). The 1519-1712 cm
-1

 region and 978-1178 

cm
-1

 region were assigned to lignin and cellulose, respectively. The distribution of lignin and 

cellulose is presented in Figure 1.24. High intensity bands for lignin were found at 1600 cm
-1

 

and 1650 cm
-1

 while high intensity bands from cellulose where found at 1098 cm
-1

, 1123 cm
-

1
, and 1150 cm

-1
. The highest lignin content was found in the middle lamella and the cell 
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corner while the cellulose was mainly located in the S2 layer. Lignin concentration varied in 

the CML and also in the S2 layer thus confirming the previous findings of Singh and Daniel 

(2002) and Singh et al. (2002). The variation in lignin concentration was explained but there 

was no explanation for the heterogeneous distribution of cellulose. 

 

Figure 1.24 Distribution of (a) lignin (1519-1712cm
-1

) and (b) celluloses (978-1178cm
-1

) 

(Agarwal 2006) 

Confocal Raman microscopy [VIS-Raman (532 nm)] with resolution around 260 nm was 

utilized to investigate the chemical distribution in the cell wall of poplar wood (Populus 

nigra x Populus deltoides) by Gierlinger and Schwanninger 2006. The region where aromatic 

C=C vibrations occur (1550-1640 cm
-1

) was used to visualize the distribution of lignin while 

the C-H stretching and the 1026-1195 cm
-1

 wavenumber regions were used to visualize the 

distribution of carbohydrates. The orientation of cellulose molecules were visualized using 

the region around 1090-1105 cm
-1

. The result of this measurement is presented in Figure 

1.25. High concentration of lignin was found in the CC and CML region while cellulose was 

mainly present in the S2 cell wall layer. The study also showed that it is possible to obtain 
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information on the orientation of the polymers in wood by using polarized Raman 

spectroscopy. 

 

Figure 1.25 Raman images of the lignin (A) and cellulose (C) using wavelength ranges 

1550-1640cm
-1

 and 1090-1105cm
-1

, respectively (Gierlinger and Schwanninger 2006) 

Confocal Raman microscopy (CRM) (λ=532.35 nm) in combination with atomic force 

microscopy (AFM) was used to investigate the distribution of wood extractives on the 

surface of cellulose fibers by Osterberg et al. (2006).  The simultaneous use of AFM resulted 

in an increased intensity of the Raman spectra because the sample was always in focus. The 

study showed that unevenly distributed extractives mainly triglycerides, fatty acids, stryl 

esters and resin acids can be found on the surface of fibers.  

Confocal Raman microscopy (VIS) was used to investigate the distribution of main wood 

polymers in transgenic aspen with reduced lignin content by Schmidt et al. (2009). Genetic 
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group with reduced lignin content was prepared by the suppression of 4-coumarate-CoA 

ligase (4CL) gene. The transgenic plants and a corresponding wild type aspen were harvested 

at 8 months of growth in the greenhouse. Cross sections of the plants were saturated in D2O 

before the measurement. Three major characteristic lignin bands were used to visualize the 

distribution of lignin in the cell wall: 1605 cm
-1

 (symmetric aryl ring stretching), 1628 cm
-1 

(Ring-conjugated C=C stretch of coniferylaldehyde), and 1665 cm
-1

(Ring-conjugated C=C 

stretch of conifer alcohol) (Agarwal 1999, Agarwal and Ralph 2008). The spatial distribution 

of lignin and cellulose was visualized using the integrated intensity over the 1550-1700 cm
-1

 

and 2775-1325 cm
-1

 region, respectively (Figure 1.27). Clear reduction of lignin in the 

secondary wall was observed for the transgenic groups with reduced lignin content. Cellulose 

content remained relatively intact after the genetic modification. The investigation of O-D 

stretching band (2200-2775 cm
-1

) showed highest intensity in the lumen while O-H stretching 

band (3200-3800 cm
-1

) attributed to the hydroxyl groups of carbohydrates inaccessible to 

D2O showed the highest intensity in the S2 cell wall layer and had no intensity in the CC and 

CML (Figure 1.26).   
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Figure 1.26 Distribution of (a, d) C-H stretching bands (2775-3125cm
-1

) and (b, e) lignin 

(1550-1700cm
-1

) in the (a, b) wild type aspen and (d, e) transgenic aspen with reduced lignin 

content (Schmidt et al. 2009). 

Figure 1.27 Distribution of O-D stretching band (2200-2775cm
-1

) and O-H stretching band 

(3200-3800cm
-1

) in the transgenic group with reduced lignin content (Schmidt et al. 2009) 
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Near-infrared Spectroscopy 

Near Infrared Spectroscopy - Chemical composition 

Bailleres et al. (2002) used Near-infrared diffuse reflectance spectroscopy to predict the 

chemical properties of Eucalyptus urophylla x Eucalyptus grandis hybrid in Congo. Two 

hundred full-sibs were harvested for the measurement. The trees were 59 months old. Logs 

were cut at 1.3 m from the base, and at half and at three quarter of the commercial height. In 

the study two set of samples were tested. The Klason lignin content, syringyl/guaiacyl ratio, 

and extractive content  were determined using TAPPI T222-om 83, Thioacidolysis, and 

acetone-ethanol-water extraction (modified TAPPI T204 om-88), respectively, from each 

sample disk cut at half of the commercial height.  

Spectra were collected from ground wood samples (40 mesh) with FOSS-Perstorp 6500 spin 

cell diffuse reflectance spectrophotometer. Wavelength range between 400-2500 nm was 

used. Thirty-two spectra were collected from each sample. The log value of the spectra was 

treated with second derivative using NIRS 2 v. 4.11 software package. Principal Component 

Analysis (PCA) with Mahalanobis distance was used to find the outliers. Partial least squares 

(PLS) regression was used to connect the spectra and the chemical and physical composition.  

The result indicated that the spectra of extracted and non-extracted samples were not 

significantly different. Although the presence of polyphenolic compound in the non-extracted 

eucalyptus could alter the absorption bands of lignin, the calibration based on non-extracted 

samples could be used directly.  
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The coefficient of determinations of the prediction model for both extractive-free and non-

extracted samples were 0.83, 0.78, respectively for Klason lignin and 0.82, 0.79, respectively 

for extractive content. The model for S/G ratio had coefficient of determination of 0.90, 0.81, 

respectively for extractive free and non-extracted wood meal.  

The extreme value samples, which have higher lignin content and lower S/G ratio than the 

disk samples, showed slightly lower correlation (0.85, 0.78 for Klason lignin content and S/G 

ratio, respectively), than was obtained for disk samples. The model also overestimated the 

Klason lignin content of the extreme values samples. However, the lower accuracy could be 

due to the lower sample size.  

Interestingly, the extractive content gave strong correlation with the spectra in the case of 

extractive-free samples. It was explained that in woods with high phenolic material content 

some extraneous material could not be extracted due to the high degree of polymerization. 

It was concluded that ground wood samples with fix moisture content could be measured 

with NIR spectroscopy. The particle size of the samples does not have significant effect on 

the spectra. The RPD values of the models were close to two, which indicates that the models 

are good for rough estimation of the chemical properties.  

Poke et al. (2004) developed a calibration model to predict the Klason lignin, acid-soluble 

lignin, total lignin, and extractive content of Eucalyptus globulus using NIR spectroscopy. A 

total of 155 trees were sampled from 37 families. The Klason lignin, acid soluble lignin 

content and extractive content were measured using the Appita standard. To measure the 

Klason lignin content 1g extracted wood meal was used. The Klason and acid-soluble lignin 
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content was combined to produce the total lignin content. Similar to Bailleres et al. (2002), 

diffuse reflectance NIR spectroscopy was used to collect the spectra. Wavelength range 

between 1100-2500 nm was used. Sixty-one samples were used for wet chemistry to 

determine the lignin and 54 to determine the extractive content. The samples were chosen 

using a previously-built calibration model using 19 samples from King Island and Strzelecki.  

To validate the result, six randomly chosen samples were used. The calibration was 

developed using partial least-square analysis with maximum of 10 factors. 

The result of the prediction test showed the strongest correlation between Klason lignin 

content and the NIR predicted Klason lignin content. The coefficient of determination was 

0.97. The extractive content and total lignin content showed similar trend with R
2
 of 0.89 and 

0.99, respectively. The calibration model for acid soluble lignin content had moderate 

coefficient of determination (0.62). However, its prediction correlation coefficient (0.83) was 

just slightly lower than for the other chemical components. This could be due to the small 

values and the narrow variation of acid-soluble lignin content of the species. The results are 

comparable with those published by Bailleres et al. (2002). 

This study did not just verify the result obtained by Bailleres et al. (2002) for another species 

but also verified the repeatability of the measurements. The measurements of extractives 

content were conducted four times, the total lignin content seven times throughout the 

laboratory measurement. Both tests gave low standard deviation with values of 0.18 and 0.46 

respectively.  
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The calibration for ground wood to predict Klason lignin, total lignin, acid-soluble lignin , 

and extractive content (Poke et al. 2004) was used to predict the chemical composition of 

solid wood samples (Poke et al. 2006). To test the applicability of the ground wood model, 

fourteen-year-old Eucalyptus globulus trees were used. Nine trees were felled and 20x20 mm 

strips were used for NIR analysis and for chemistry measurements. Each previously 

developed chemical model was validated on fourteen samples. In addition, calibration model 

for cellulose content was also developed in the study. The cellulose content was determined 

using the diglyme method (Wallis et al. 1997). The result showed that the ground wood 

calibration (Poke et al. 2004) was unsuitable for predicting the acid-soluble lignin content 

and the extractive content. Poor correlation was found between the NIR predicted Klason 

lignin content and the laboratory values (R
2
=0.27). Moderate correlation was found between 

the laboratory values and the predicted Klason lignin (R
2
=0.54) and predicted cellulose 

(R
2
=0.63) content. However, the calibration for cellulose can be used for rough prediction. 

The cause of poor prediction could be the orientation difference in cell wall polymers in 

ground and solid wood.  

Good calibrations were developed for solid wood to predict the extractives, Klason lignin, 

total lignin, acid-soluble lignin, and cellulose content. The results were slightly lower but still 

comparable with the correlation obtained for ground wood by Poke et al. (2004).  

Calibration model was developed using full (500-2400 nm) and reduced (650-1150 nm) 

wavelength range by Kelley et al. (2004a), who made the use of cheap and portable NIR 

spectrophotometers possible. The NIR model was developed to predict the chemical 
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composition of loblolly pine (Pinus taeda L.). Lignin, glucose, xylose, mannose, galactose, 

and extractives content were predicted. To collect the spectra, Analytical Spectral Device 

(ASD) was used at wavelengths between 400 and 2500 nm. The analysis was conducted on 

solid wood samples. The samples were illuminated with DC lamp. The angle of the DC lamp 

was 30˚ and it was aligned parallel with the longitudinal axis of the sample. Thirty scans 

were collected and averaged into a single spectrum. No pre-processing techniques were used, 

which also was unique and showed that reasonably good model can be built without 

modifying the spectra.  

Moderate correlation was found between the predicted lignin content (R
2
=0.57), glucose 

(R
2
=0.60), galactose (R

2
=0.64), and extractives content (R

2
=0.72) and the laboratory values. 

However, the prediction for xylose (R
2
=0.31) and mannose (R

2
=0.33) were unsuccessful. 

The reduced wavelength range did not alter the accuracy of the model significantly. The 

study showed the applicability of the reduced range NIR spectroscopes. 

Reflectance or diffuse reflectance NIR spectroscopes were used to develop prediction model 

for chemical composition. The limitation of reflectance spectroscopy is that the 

spectrarepresent only the chemical composition near to the surface (1-4mm). The small 

penetration depth is only a problem when solid wood samples are analyzed due to the 

variation of the structure of the wood. Transmittance spectroscopy can provide information 

from the whole sample. It is less sensitive to sample preparation, homogeneity, and requires 

considerably small amount of samples (Yeh et al. 2004). 
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Transmittance NIR spectroscopy were used to predict wood chemical composition by Yeh et 

al. (2004). Spectra were collected from ground wood samples, pure holocellulose, and milled 

wood lignin samples using 33-year-old loblolly pine. Using the second derivative of the 

spectra, bands were assigned to lignin (1672 nm) and different carbohydrates (1366, 1432, 

1588 nm). The effect of varying particle size was also investigated. Contrary to previous 

results (Bailleres et al. 2002) the particle size had an effect on the intensity of the spectra. 

Particle size between -10 +20 mesh to -60 mesh had significant effect on the model. The 

characteristic band intensities increased with the decreasing particle size. However, the 

particle size does not have an effect on the ratio of the component bands such as 1672 

nm/1366 nm, 1672 nm/1432 nm.  

Using variable milled wood lignin and cellulose composition, models were developed to 

predict the lignin content with good accuracy. However, using varying lignin cellulose ratios 

to build a universal prediction model was impossible.  

To reduce the sample preparation time, prediction model was built for total lignin content 

using 200 μm thick wood wafers. The wood wafers were cut out from 33-year-old loblolly 

pine. The result suggested that good prediction model can be built to predict the lignin 

content of loblolly pine using wood wafers (R
2
=0.84, SEP=0.87). 

The experiment was repeated using not only loblolly pine (Pinus taeda) but also aspen 

(Populus trichocarpa) wood wafers by Yeh et al. (2005). The effect of sample size, sample 

quality, and acquisition time on the alpha-cellulose and lignin content were investigated. Ten 

wood wafers were cut from each growth ring to allow representative sampling. Spectra were 
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collected and averaged from each wafer separately and when they were stacked together. 

When the wafers were stacked, more intense spectra and stronger coefficient of 

determination were obtained than in the case of the average of the single-wafer spectra. The 

alpha-cellulose calibration for loblolly pine had coefficient of determination of 0.82. The 

predictability of the model decreased when the calibration model was tried on separate 

sample set (R
2
=0.75, SEP=1.42). However, the RPD value shows than the model is good for 

initial screening. Lignin prediction provided higher coefficient of determination for aspen 

than for loblolly pine, which could be due to the broader range of lignin content. The 

calibration model for aspen had R
2
 of 0.95 with SEC of 0.56. The quality of the model 

decreased when the calibration model was applied on a separate sample set but remained 

strong with R
2
 of 0.89 and SEP of 0.74. The RPD value of the prediction model was 2.58 

which indicates that it can be used successfully for screening of lignin content. It was 

concluded that it is possible to predict the lignin and alpha-cellulose content of wood wafers.  

To build a strong calibration model, a wide range of lignin content is advisable. The range of 

lignin content could be expanded using different species or trees from different growth 

conditions. However, trees from different species or growth conditions also could have 

different anatomical structure such as reaction wood, which could cause a bias in the 

analysis. 

Due to recent improvements in genetic research, Yamada et al. (2006) had a unique 

opportunity to use transgenic aspen trees to obtain prediction model for lignin, cellulose, S/G 

ratio, xylan, and cellulose content. In the study, aspen trees had genetically altered lignin 
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content and increased S/G ratio, which allowed the use broader range of chemical content 

without the bias from changing wood properties. The range of lignin content was between 

10.7% and 23.8%.   

Transmittance spectroscopy was used to collect the spectra, which was converted to the 

second derivative mode for the analysis. Partial Least Squares regression with full cross 

validation was used to develop the calibration model. The lignin content of the samples was 

determined using modified mini-scale Klason lignin method, which only required 50 mg 

wood meal instead of 1g. Wood meal pellets and wood wafers were used to test the 

applicability of the NIR spectroscopy for this new range of lignin content. Three layers of 

wood wafers were used in the analysis. The spectra collected from wood wafers did not have 

correlation with the chemical composition. It could be due to the low signal intensity, which 

could be improved using more layers of wood wafers. The calibration using wood meal 

pellets showed strong correlation between the laboratory values and the predicted total lignin 

content (0.98), and predicted S/G ratio (0.88). The calibration for cellulose content showed 

strong correlation (0.96), however due to the limited amount of samples (9 samples), external 

validation of the model could not be used. The calibration model for xylan had lower 

correlation, which could be due to the narrow range of xylan content. The results showed that 

transmittance NIR is a rapid, reliable tool to predict chemical components of wood requiring 

small amount of material.  
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Near Infrared Spectroscopy - Mechanical properties 

Modulus of elasticity for bending 

The modulus of elasticity (MOE) in three point bending was predicted by various authors. 

The modulus of elasticity of normal and compression wood specimens of European larch 

(Larix deciduas Mill.) were investigated by Gindl and Teischinger (2001). MOE of oven-

dried specimens were determined using three-point bending test. Reflectance 

spectrophotometer was used to collect spectra from the surface of the specimens at 

wavelength range from 10,000 to 5100 cm
-1

. Partial Least Squares regression was used to 

build a calibration model, which was tested on an external sample set. Strong correlation was 

found between the measured and the predicted MOE with coefficient of determination (R
2
) 

of 0.98 for the calibration model and 0.96 for the prediction model. To get information about 

the quality of the model, root mean square error of calibration (RMSEC) and validation 

(RMSEV) were used. The RMSEC and RMSEV had values of 658.5 and 814.8, respectively.  

In the same year, MOE of radiata pine (Pinus radiata D. Don) was predicted using NIR 

spectroscopy by Thumm and Meder (2001). Static and dynamic sample collection was used. 

The dynamic spectra collection when the sample was moving in front of the detector was 

superior (R
2
=0.55 and RMSEP=966) to the static spectra collection (R

2
=0.38, 

RMSEP=1126). The effect of the face from where the spectra were collected was also 

investigated. The predictability of the model based on the spectra, which was collected from 

the radial face, was superior (R
2
=0.71) compared to the model based on the collected spectra 

from the tangential face (R
2
=0.62). The performance of the radial face model could be 
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explained by the fact that the radial face contains both early wood and latewood, which 

resulted in better representation of the total wood characteristic. The effect of different faces 

was also investigated by Schimleck et al. (2003, 2005b). It was found that the difference 

between the radial and tangential face was small when the spectra was collected from green 

wood. However, the radial surface was superior when the spectra were collected from dry 

wood, which correlated with the findings of Thumm and Meder (2001).  

The radial and the cross section with different surface roughness were compared by 

Schimleck et al. (2005b). The constructed model was strong regardless of the surface used.  

The comparison of surface roughness showed that the sanded cross sectional surface 

provided the best MOE prediction. The result correlated with the findings of Hoffmeyer and 

Pedersen (1995).   

The effect of spectral range on the predictability was investigated at full range (400-2500 

nm), visible (400-1100 nm) range, and NIR (1100-2500 nm) by (Thumm and Meder 2001). 

The prediction was moderate (0.59) when the visible range was used and the NIR range 

(0.72) showed slightly superior predictability to the full range (0.71). 

The effect of reduced wavelength range was also investigated by Kelley et al. (2004a) using 

loblolly pine (Pinus taeda) solid wood samples. In the study, the wavelength range between 

650 nm and 1150 nm was compared to the full (500 nm-2400 nm) range. The MOE showed 

strong correlation when the full (r=0.88, RMSEC=1450) and when the reduced (r=0.89, 

RMSEC=1370) wavelength range was used. However, there was a slight decrease in the 
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predictability of the model when the wavelength range was reduced (r=0.84, RMSEP=1580) 

compared with the model using the full wavelength range (r=0.87, RMSEP=1490).  

In the same year the experiment was repeated on six different softwood species (Pinus taeda 

L., Pinus palustris Mill., Pinus elliottii Engelm., Pinus echinata Mill., Pinus ponderosa 

Dougl. Ex Laws, and Pseudotsuga meneziesii Mirb.) by Kelley et al. (2004b). Spectra were 

collected from almost 1000 small clear wood samples using wavelength range 500-2400 nm. 

Calibration model was constructed for MOE using Partial Least Squares (PLS) regression. 

Strong correlation was found between the measured and predicted mechanical properties 

with correlation coefficient of 0.81. Slight decrease was observed in the quality of the model 

at the low MOE region, which is probably due to the amount of juvenile and pith wood. The 

model for six softwoods was successfully used to predict the mechanical properties of 

individual softwood species such as Pinus menziesii, which is the least similar to the other 

species. In addition, the calibration model for southern pine, which is a relatively 

homogeneous group, was successfully used to predict the properties of all softwoods and 

verified that the model for all softwoods is robust. The effect of reduced wavelength range 

was also investigated and showed only slight decrease in the quality of the model.   

Via et al. (2003) used mature wood, juvenile wood, and pith wood to build a calibration 

model to predict MOE. In the study, longleaf pine (Pinus palustris) solid wood was used to 

collect the spectra with NIR reflectance spectroscope using wavelength range of 1000-2500 

nm. Strong prediction model was built for MOE with coefficient of determination of 0.86 

using multilinear regression (MLR). The mechanical properties of pith wood could not be 
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predicted successfully (R
2
=0.18) probably due to the low variation of MOE (1000MPa - 

4500MPa) or the high amount of resinous extractives. The calibration model for mature 

wood over-predicted the MOE of the juvenile wood, which could be caused by the consistent 

over-prediction of the strength when lumber are measured in a production environment.   

Juvenile and mature loblolly pine (Pinus taeda L.) was used by Schimleck et al. (2005b) to 

estimate the MOE. Altogether, 280 clear wood specimens were investigated, including 140 

juvenile wood and 140 mature wood. When the juvenile and mature wood was used together, 

strong correlation was found between the properties of interest and the spectra, with R
2
 of 

0.82 for MOE. Lower quality models were built using juvenile wood and mature wood 

separately. The calibration model for juvenile wood had R
2
 of 0.61 and produced poor 

quality results when the model was tested on a separate test set (R
2
=0.23). The RPD value 

showed similar trend. When the juvenile wood and mature wood was used together, the 

model had RPD value above two but when the juvenile wood was used separately, the RPD 

value was only slightly bigger than one. To achieve adequate screening, RPD value greater 

than 2 is required (Bailleres et al. 2002). However, RPD value approximately 1.5 is sufficient 

for early screening (Schimleck et al. 2003). 

The stiffness of loblolly pine (Pinus taeda L.), which was measured by SilviScan, was 

predicted by Schimleck et al. (2003) using green and dry solid wood. When green wood was 

used, moderate correlation was achieved between the modulus of elasticity and the spectra, 

with R
2
 of 0.81. The correlation was significantly better when the spectra were collected 

from the dry wood samples. The correlation coefficient was 0.92. It was concluded that the 
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calibration model, which was developed for green wood, was inferior to the calibration 

model for dry samples. However, the green wood calibration still can be used for screening 

of the investigated wood properties. The ratio of performance of deviation (RPD) values was 

around 2-3, which indicated the model is satisfactory for screening purposes. 

The mechanical properties of wood are strongly related to density and MFA(Schimleck et al. 

2005a). To eliminate the effect of density on the mechanical properties, wood specimens 

were used when the density variation was small, and the relationship between density and 

MFA and between density and stiffness (SilviScan) were poor. Two softwood species (Pinus 

radiata D.Don and Pinus taeda L.) was investigated by Schimleck et al. (2005a). The 

calibration for MFA and stiffness were strong when the density was above 500 kg/m
3
 with 

correlation coefficients above 0.86. The RPD values were around 2-4 when density was 

greater than 500 kg/m
3
 indicating that the model was good for screening. The examination of 

the loading plots showed that the variation in lignin, cellulose and hemicelluloses might have 

contributed to the prediction of the mechanical properties.   

The effect of radial-longitudinal (RL) and radial-transverse (RT) plane on the NIR prediction 

was investigated by Schimleck et al. (2005c). The stiffness (SilviScan) and other wood 

properties were investigated on 136 Pinus taeda L. 10-mm sections. Spectra collected from 

both surfaces provided strong correlation with the stiffness with R
2
 of 0.97. The 

predictability of the model on separate test set remained strong with R
2
 of 0.94. The RPD 

value of the prediction model for stiffness was 3.9, which indicated that the model is 

satisfactory for screening.  
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Calibration model for alpine ash (Eucalyptus delegatensis R.T. Baker) and radiata pine 

(Pinus radiata D. Don) was developed by Schimleck et al. (2002c) to predict the stiffness 

(SilviScan). The radial-longitudinal face of the samples was used to collect the spectra. Good 

calibration was developed for each species with R
2
 of 0.88 and 0.94 for P. radiata and E. 

delegatensis, respectively. The quality of the calibration was unexpectedly good (0.88) when 

the two species were combined since the hardwood chemistry is different from the softwood 

chemistry. The calibration model using P. radiata and a combined calibration model using 

both P. radiata and E. delegatensiswere tested on two P. radiata increment cores. The 

correlation between the measured and the NIR predicted values is good (R
2
=0.90 and 0.93) 

when the model built for P. radiata was used, however the model tend to overestimate the 

low stiffness and underestimate the high stiffness regions. The underestimation of high 

stiffness values are probably because these values were beyond the calibration range of the 

model. When the combined model for P. radiata and E. delegatensis was used, the 

estimation of high stiffness values improved, and in the case of one of the increment cores, 

the estimation of low stiffness values was enhanced. The coefficient of determination for the 

two increment cores using the combined model were 0.89 and 0.92. 

The longitudinal modulus of elasticity (El) of alpine ash (Eucalyptus delegatensis R.T. 

Baker) was predicted by Schimleck et al (2001) using NIR spectroscopy. The longitudinal 

modulus of elasticity was determined using SilviScan-2 and showed strong correlation (0.90) 

with the spectra but values were underestimated when El was greater than 26 GPa. 
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MOR in three-point bending 

The modulus of rupture (MOR) of European larch (Larix deciduas Mill.) was predicted using 

near-infrared spectroscopy by Gindl and Teischinger (2001). MOR of normal and 

compression wood was measured using three-point bending test. Partial Least Squares (PLS) 

regression was used to build the calibration model, which showed that the predicted MOR 

had strong correlation with the measured MOR (R
2
=0.96). Due to the limited sample size, 

internal validation was used to test the predictability of the calibration model. The validation 

model showed strong correlation with R
2
 of 0.94. The density of the specimens was 

measured as well and was used to analyze the dependence of MOR on the density. The 

density had good correlation with the MOR in the normal wood but not in the compression 

wood. Therefore it was concluded that the MOR prediction could be driven by the microfibril 

angle (MFA), cellulose crystallinity, or other factors.  

Modulus of Rupture was predicted using mature, juvenile, and pith wood by Via et al. 

(2003). In the study, longleaf pine (Pinus palustris) solid wood was used to collect the 

spectra with NIR reflectance spectroscope using a wavelength range of 1000-2500 nm. 

Strong correlation was found between the predicted and measured MOR with R
2
 of 0.88. The 

mechanical properties of pith wood could not be predicted successfully, which suggested that 

NIR is not a suitable method for stress grading of pith wood. Calibration model for mature 

wood was used to predict the mechanical properties of juvenile wood without any success. It 

was found that a separate model is needed to predict the juvenile wood properties. 
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 Strong correlation between the spectra and MOR was found by Schimleck et al. (2005b) 

when the mechanical properties of juvenile and mature loblolly pine (Pinus taeda L.) were 

predicted with NIR spectroscopy. When the juvenile and mature wood was used together to 

build the calibration model, strong correlation was found between MOR and the NIR spectra 

with R
2
 of 0.88. However, when calibration model was built for juvenile and mature wood 

separately the correlation dropped to 0.58; and when the model was validated on external 

sample set poor quality correlation was observed with R
2
 of 0.11. The RPD value also 

showed that the model for juvenile wood was inferior with RPD values close to one.  Near-

infrared spectroscopy was tested on alpine ash (Eucalyptus delegatensis R.T. Baker) to 

predict the MOR (Schimleck et al. 2001). Strong correlation was found between the spectra 

and MOR, which proved that NIR could be used to predict mechanical properties of 

hardwoods.   

Kelley et al. (2004a) investigated the effect of reduced spectral range (650-1150nm) on the 

prediction of MOR. In the study, loblolly pine (Pinus taeda) solid wood samples were used. 

Strong correlation was found when the full wavelength range was used (r=0.92) and only 

slight decrease was observed in the quality of the model when the wavelength range was 

reduced (r=0.92). In the same year, a similar experiment was carried out on six major 

softwood species (Pinus taeda L., Pinus palustris Mill., Pinus elliottii Engelm., Pinus 

echinata Mill., Pinus ponderosa Dougl. Ex Laws, and Pseudotsuga meneziesii Mirb.) (Kelley 

et al. 2004b). Slightly lower correlation was found for MOR than for loblolly pine alone but 

the correlation was still strong with R
2
 of 0.87. However, it has to be mentioned that PLS-2 
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was used which included both MOE and MOR to build the calibration model.  The 

calibration for MOR was stronger than for MOE, which was unexpected because it was 

thought that MOR is mostly influenced by small defects than other wood properties. The 

model for six softwoods was successfully used to predict the mechanical properties of 

individual softwood species such as Pinus menziesii, which is the least similar to the other 

species. In addition, calibration model for southern pine, which was a relatively 

homogeneous group, was successfully used to predict the properties of all softwoods and thus 

verified that the model for all softwoods was robust. 

MOE for tension parallel to the grain and ultimate tension strength 

The density, MOE for tension parallel to the grain, and ultimate tensile strength (UTS) were 

predicted using softwood (Japanese red pine: Pinus densiflora) and hardwood (Japanese 

zelkova: Zelkova serrate MAKINO) by Tsuchikawa et al. (2005). Previously assigned bands 

were used to analyze the relationship between the chemical composition and the mechanical 

properties. Nineteen samples of Japanese red pine and 17 samples of Japanese zelkova were 

used to establish a calibration model. The correlation between the NIR predicted and the 

measured values was strong with coefficient of determination around 0.9. The prediction 

model for MOE showed only moderate correlation in both thehardwood (0.53) and the 

softwood (0.73).  The study indicates that the key factor in prediction of physical and 

mechanical properties of softwoods is the absorption band due to the intra molecular 

hydrogen-bonded OH groups of the crystalline region of cellulose. However, due to the 
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complexity  of hardwoods the interaction between the three key constituents of wood drives 

the mechanical and physical properties.   

Ultimate compression strength 

The ultimate compression strength (UCS) of European larch (Larix deciduas Mill.) was 

investigated by Gindl and Teischinger (2001). Calibration and internal validation were 

performed on both normal and compression clear wood specimens. The UCS of normal and 

compression wood showed strong correlation with the NIR spectra, with correlation 

coefficient of 0.98 and RMSEC of 2.26.  When the calibration model was validated using 

internal validation, the correlation remained strong with r of 0.97 and RMSEP of 3.2. It was 

concluded that the strong correlation for UCS might be due to the effect of lignin content and 

composition. The mechanical properties were correlated with the density and it is detected 

that while the density had strong correlation with the mechanical properties in the case of 

normal wood, it had weak correlation in the case of compression wood. Therefore, other 

wood characteristic such as microfibril angle, cellulose crystallinity, reflectability of the cells 

due to the cell shape, or chemical composition might drive the NIR prediction.      
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Non-destructive Acoustic Methods 

Non-destructive acoustic methods are widely used in wood research including tree breeding, 

log sorting, and decay detection in standing trees, structural lumber quality assessment and 

wood processing. The most widely accepted fundamental equation is the Christiffel‟s 

equation (Ross and Pellerin 1994) which uses the density and velocity of sound to obtain the 

dynamic modulus of elasticity (MOEdynamic): 

                
  

where, 

                                                       (    ⁄ ) 

                                (  ⁄ ) 

The dynamic and static modulus of elasticity (MOE) of cottonwood two-by-fours were 

evaluated by Funck et al. (1979) using transverse vibration and static three-point bending, 

respectively. High correlation was found between the two measured moduli, but the dynamic 

MOE was slightly higher (11,869MPa) than the static MOE (10,394MPa). Static and 

dynamic compliance coefficients were measured by Hernandez et al. (1998) for nine-year-old 

fast-growing poplar clones. The static MOE was obtained from compression parallel to the 

grain test while the dynamic MOE was measured using ultrasonic wave propagation. Highly 

significant correlation was found between the two measured mechanical properties. The 

correlation between the density and the above mentioned mechanical properties was 

moderate.  
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The MOE of 20 x 20 x 300 mm Eucalyptus delegatensis R. Baker specimens was measured 

using impact-induced resonance vibration and static three-point bending by Ilic (2001). The 

result of the study is presented in Figure 1.28. Higher MOE values were obtained from the 

non-destructive measurement than from the static test. The dynamic longitudinal MOE had 

strong correlation with the static MOE and also with the air-dry density.  

 

Figure 1.28 Relation between the dynamic longitudinal and flexural modulus of elasticity 

(MOE) and static modulus of elasticity). The dynamic MOE highly correlated with the static 

MOE (R
2
=0.95). (Ilic 2001) 

A non-destructive acoustic device was used to obtain the stiffness values of segregated 

radiata pine (Pinus radiata) by Matheson et al. (2002). The speed of sound was recorded 

before and after harvesting using a Fakopp microsecond timer. Boards were manufactured 
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from the harvested tress and the stiffness was determined using a stress-grade machine. 

Strong correlation was found between the speed of sound and the measured stiffness. The 

applicability of acoustic measurement was tested on sorted radiata pine logs by Albert et al. 

(2002). The fiber length, length-weighted fiber length, and fiber coarseness of the samples 

were measured by a fiber quality analyser. The speed of sound was measured using a 

Metriguard stress wave timer. The logs were manufactured to timbers and the static MOE 

was measured. Strong correlation was reported between the (velocity of sound)
2
 and both the 

length-weighted fiber length and the tensile stiffness of the timber (Figure 1.29).  

 

Figure 1.29 Correlation between the stiffness of timber and (velocity of sound)
2
 (Albert et al. 

2002) 

Traditional static bending, axial compression of bolts, and sonic methods were used to 

measure the MOE of young clones (four-year-old) of radiata pine (Pinus radiata) by 
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Lindstrom et al. (2002). The study verified the previously found strong correlation between 

the static and the dynamic MOE. There was no correlation found between the static MOE 

and the density, which could be related to the changes in other characteristics of these young 

trees which might have a significant effect on the MOE.  

Longitudinal stress wave, transverse vibration and static bending techniques were used by 

Wang et al. (2002) to measure the MOE. Small diameter (5.0-12.0 inches) red pine and jack 

pine logs were used for the measurement. The age of the logs was between 38-70 years. 

Strong correlation was found between the static MOE and the dynamic MOE measured by 

both stress wave and transverse vibration techniques. The stress wave technique resulted in 

the highest MOE values.  



   

63 

The effect of diameter on the MOE was investigated by Wang et al. (2004) using various 

softwood logs.  The diameter of the logs varied between 10.5 and 27.9 inches. Static three-

point bending and longitudinal stress-wave technique was used to assess the static and 

dynamic MOE, respectively. Strong relationship was found between the static and dynamic 

measurements. In addition, the sensitivity of stress-wave propagation method on the 

geometry and the size of the log were revealed. Increase in the deviation between dynamic 

and static MOE was observed with increasing log diameter (Figure 1.30). Both static and 

dynamic MOE decreased with increasing log diameter. Using multivariate regression model, 

the stress-wave speed, density, and log diameter was related to the static MOE which was 

found to perform better than the traditional Christoffel‟s one dimensional wave equation.  

 

Figure 1.30 Deviation in modulus of elasticity as a function of log diameter (Wang et al. 

2004). 

Time of flight (TOF) and resonance based acoustic systems were used by Grabianowski et al. 

(2006) to obtain the modulus of radiata pine (Pinus radiata). The research was divided into 
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three parts: comparison of the acoustic measurement on standing trees and sawn lumber, 

investigation of the effect of age, and comparison of the Fakopp and WoodSpec instruments 

to obtain modulus. The result of the study is presented in Table 1.3. 

Table 1.3 Average velocity (m/s) measured by Fakopp time of flight (TOF) and WoodSpec 

(resonance) on logs, green and air-dry boards (Grabianowski et al. 2006). 

 

The study showed that green board properties measured by TOF were similar to the log 

properties. Therefore, the technique could be used to predict the core wood properties from 

stemwood properties for young trees. Slight difference can be seen between TOF and 

resonance velocity values. The difference could be explained by the fundamental difference 

between the two methods. TOF (Fakopp) equipment measures the acoustic velocity of the 

outer wood while the resonance (WoodSpec) equipment measures the whole stem. When 

different age stands were measured, it was found that the velocity increases from pith to bark. 

Therefore, the age had a strong effect on the acoustic properties.  

A Sylvatest non-destructive ultrasonic device was used to measure the MOE of gmelina 

wood (Gmelina arborea) by Karlinasari et al. (2008). The measured dynamic modulus was 

compared to the static MOE from three-point bending. The comparison showed that the 
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dynamic MOE values were 9-11% higher than the static MOE values. In addition, dynamic 

MOE highly correlated with the static MOE. Similar difference was obtained by Spycher et 

al. (2008) between dynamic and static MOE for Norway spruce (Picea abies). The modulus 

of sycamore was also investigated and the difference between dynamic and static MOE was 

only 5.3%, which showed that the wood structure had some effect on the calculated 

properties (Figure 1.31). 

 

Figure 1.31 Correlation between the static and dynamic MOE in Norway spruce (triangle) 

and in sycamore (square) (Spycher et al. 2008) 
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Major Factors Affecting the Mechanical Properties 

Effect of microfibril angle 

The orientation of the microfibril in the S2 layer is usually a z-helix (Mark 1967). This 

helical orientation causes the twisting of fibers during mechanical testing (Mark and Gillis 

1970). The neighboring cell walls has an opposite fibril orientation (Booker 1996) which 

results in shearing in the middle lamella. The microfibril angle has a huge importance on the 

mechanical properties (Salmen and de Ruvo 1985) and it is known to change with the lignin 

content (Lock 1962). Juvenile wood has high MFA, which makes the juvenile trees more 

flexible to resist the wind load (Lindstrom et al. 1998, Bonham and Barnett 2001) however, 

the microfibril angle decreases as a tree matures (Ying et al. 1994). The correlation between 

the microfibril angle and the mechanical properties was investigated by Reiterer et al. (1999) 

using 200 µm sections of wood. Samples were cut from early wood, latewood, tension wood, 

compression wood, and opposite wood to get a broad range of MFA. The modulus of 

elasticity in micro tensile test was measured and normalized for density. The microfibril 

angle was measured using small angle X-ray scattering. Strong correlation was found 

between MFA and the stiffness and between MFA and extensibility. However, it was stated 

that the different chemical content and anatomical properties could be contributing factors 

influencing the stiffness and extensibility.  

Bendtsen and Senft (1986) used specimens from six cottonwoods and six loblolly pines to 

investigate the variation of mechanical properties with age. The modulus of elasticity (MOE), 

modulus of rupture (MOR) in three-point bending, ultimate compression strength (UCS), 



   

67 

specific gravity, microfibril angle, and cell length were measured for each growth ring in the 

green condition. The size of the bending specimens was 2¼ inches long and 1/8 inch deep. 

Three-point bending test with span/depth ratio of 14 was used. The size of the compression 

specimens was 1¼ inches long and 1/8 inch deep. It was found that the mechanical properties 

varied with age. Linear regression was used to explain the variation in mechanical properties 

using the specific gravity, cell length, and microfibril angle individually and combined. 

However, the variation was only explained partially for both species. 

Effect of chemical composition on the mechanical properties 

Lignin gives rigidity to the cell wall and imparts compressive strength to the tree (Wardrop 

1971). Lignin might only have an impact on the mechanical properties due to its 

hydrophobicity (Kohler and Spatz 2002). However, it was published by Cousin 1976 that the 

elastic properties of extracted periodate lignin were influenced by the moisture content. 

Meanwhile, the moisture content has greater effect on the modulus of the hemicelluloses, 

which could be reduced from 8 GPa to 10 MPa (0% - 68% moisture content range) (Cousin 

1978). Therefore the hemicellulose can have greater role on the hygroelastic property of the 

wood than the lignin content (Cousin 1978). This statement was supported by Salmen (2004) 

and by Navi and Stanzl-Tschegg (2009) who found that the viscoelastic properties and the 

sensitivity of the cell wall to the moisture mainly depend on the properties of matrix 

polymers. The functions of lignin in the cell wall corners were investigated and it was found 

that the cell wall corners are transferring the shear stresses between the cell walls (Page et al. 

1977).  
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Cellulose is located in the microfibrils which provide resistance to tensile forces but due to 

its high slenderness it would buckle on compression if the lignin would not hold them 

together (Frey-Wyssling 1976). It was found by Cave and Hutt (1969) that the matrix 

material does not contribute to the axial stiffness at low MFA; however, when the MFA is 

higher than 40 degrees the lignin-hemicellulose matrix is the main factor which determines 

axial stiffness.      

The mechanical properties of Arabidopsis with deficient cellulose deposition due to the 

collapsed xylem mutation were investigated by Turner and Somerville (1997). It was found 

that the mutant plant had lower stiffness than the control after 36 days of growth. When the 

plant matured, the difference increased between the control and the mutant plant. The 

cellulose content of the plant decreased but the lignin content remained the same.  Higher 

difference in stiffness was observed than strength. It was found that although the lignin gives 

rigidity to the cell wall and imparts compressive strength the xylem of the material is 

collapsed even if the lignin content remained the same. The reduction in the cellulose content 

might have prevented the orientation of the lignin and thus alter its mechanical strength. 

The effect of lignin content on the mechanical properties was analyzed by Jones (2001) using 

Arabidopsis thaliana with genetically reduced lignin content. The cell wall of the plant was 

expanded extensively showing that lignin was required to anchor the polysaccharides 

together. The modulus and strength of the plant was reduced in the plant with the lower 

lignin content. The correlation between the lignin and the mechanical properties was verified 

and positive correlation was found between lignin and mechanical properties.  The similar 
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change in strength and stiffness showed that the two properties cannot be modified separately 

by altering the chemical composition. 

Mechanical properties of the chemical constituents 

Sakurada and Nukushna (1962) measured the longitudinal elastic modulus of crystalline 

cellulose using lattice extension by X-ray diffractometer. The longitudinal elastic modulus of 

cellulose lattice was reported to be 137 GPa. This value was also verified by Mark (1967) 

through theoretical calculation in which the effect of intra-chain bond was considered. The 

modulus of crystalline cellulose was also investigated theoretically based on lattice 

dynamical treatment by Tashiro and Kobayashi (1991) and the following stiffness matrix was 

constructed (Figure 1.32). The transverse modulus of elasticity and shear modulus of rigidity 

were also calculated by Mark (1967) who found that transverse modulus was 27.7 GPa while 

the shear modulus was 4.4 GPa.  

  

 

Figure 1.32 Stiffness matrix of cellulose based on theoretical calculation (Tashiro and 

Kobayashi 1991) 

The Young and shear moduli of extracted periodate, dioxane, and klason lignin were 

measured by Cousin (1976) using P. radiata at various moisture contents. Tension and 
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torsion tests were carried out to obtain the mechanical properties. It was found that both 

Young‟s and shear modulus decreased with increasing moisture content. The chemical and 

physical structure of the periodate lignin was altered the least among the extracted lignins 

and had the highest Young‟s modulus (6.7 GPa). Klason lignin, because of its altered 

chemical structure, and dioxane lignin, because of its altered physical properties, had lower 

mechanical properties than periodate lignin. The Young‟s and shear moduli of the periodate 

lignin was reduced from 6.7 GPa to 3.1 GPa and from 2.1 GPa to 1.2 GPa, respectively. 

Based on the results, it was concluded that the Young‟s and shear moduli of the periodate 

lignin were the most similar to the properties of in-situ lignin. The mechanical properties 

related to the moisture content were investigated and the following stiffness matrix was 

proposed by Cave (1978) for lignin (Figure 1.33). 

 

 

Figure 1.33 Stiffness matrix of lignin for moisture contents between 0.05 and 0.3 g/g where 

ub was the fraction of water reactive linkages occupied by water molecules, was an area 

compensation factor relative to the dry state (Cave 1978). 
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The longitudinal modulus of extracted hemicellulose was measured by Cousin (1978) on P. 

radiata using indentation with steel ball. Longitudinal moduli of 8 GPa in the dry condition 

and 10 MPa in the saturated condition were published. It was also mentioned that the 

hemicellulose could have a huge influence on the mechanical properties in the moist state 

because the hemicellulose has about 100 times lower modulus than the lignin at the same 

moisture content. Assuming that the hemicellulose was anisotropic, the following stiffness 

matrix was published by Cave (1978) (Figure 1.34).  

 

 

 

Figure 1.34 Stiffness matrix of hemicellulose for moisture contents between 0.3 g/g and the 

dry state where ub was the fraction of water reactive linkages occupied by water molecules, a 

was an area compensation factor relative to the dry state (Cave 1978). 

Micromechanical Modeling 

Cell Level (Cellular Models) 

In these earlier models, the wood was considered as cellular solid in the mesoscale. The 

cellular solids are built up by cells with solid edges or faces and mainly characterized by two 
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major properties: the dimension and shape of the cell, and the cell properties such as density, 

Young‟s modulus, thermal expansion coefficient, etc. (Gibson and Ashby 1988). 

Young‟s modulus, shear modulus, and poison ratio were calculated by Gillis (1972) in the 

three major directions for softwood.  Hexagonal cells were built and the juncture of three 

double cell walls called triple point was chosen as a basic unit structure. The triple point was 

assumed to be a linearly elastic and isotropic body (Figure 1.35). 

 

Figure 1.35 Symmetric triple point as a basic unit of element used in the model Gillis (1972) 

The angle between the radial arms of the triple point was called θ. A large angle θ was 

measured for softwoods. The tangential modulus was lower than the radial modulus because 

bending deformation was generated by the large angle of the triple point when the material 

was loaded tangentially. The effect of elongation of the element in the radial or tangential 

direction and the increase of one wall at the expense of another wall were investigated. It was 

found that the elongation in the radial direction increases the modulus in the radial direction 

and the elongation in the other direction had opposite effect. Meanwhile, the increased 

thickness in the radial wall at the expense of the tangential wall increased the radial 
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deformation and vice versa. The radial elongation of earlywood and tangential elongation of 

latewood were considered and it was found that due to the larger percentage of earlywood, 

the wood had higher radial than tangential modulus.  The tangential and radial moduli were 

lower than the longitudinal modulus because of the bending deformation at the triple point 

when the cells were loaded transversally. The difference between the longitudinal and 

transverse moduli was lower than was observed during the experiments. It was assumed that 

the properties were determined by the weakest link, which had more effect on the properties 

than could be assumed from its percentage volume. It was said that due to the alternate 

arrangement of latewood and earlywood, the modulus in the radial direction has to be lower 

because the more flexible earlywood had greater effect on the properties than expected from 

its percentage. In addition, the tangential modulus was assumed to be lower than the 

predicted value because the great effect of the tangentially more flexible earlywood. It was 

mentioned that anisotropy could also be a significant factor explaining the difference 

between the radial and tangential modulus.  

Three-dimensional cellular model was used to investigate the Young‟s modulus in the three 

main orthogonal directions and the result was compared with the experimentally measured 

values (Easterling et al. 1982). The wood structure was built using hexagonal-prismatic cells, 

pointed at the ends and with 1:16 aspect ratio (Figure 1.36).  
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Figure 1.36 Wood model structure by Easterling et al. 1982 

The effect of rays was also considered in the model. Axial, tangential and radial compression 

tests were conducted. The stress-strain curve was recorded and photos of the structure were 

taken at specific points of the test. It was found that the mechanical properties were 

determined by the cell shape, orientation of the rays and the properties of the cell wall 

material. The tangential compression resulted in a smoothly rising stress strain curve. The 

tangential walls and rays had slight effect on the modulus. Meanwhile, the rays had greater 

effect on the radial modulus. The axial modulus was significantly higher than the transverse 

modulus due to the effect of the hexagonal cell shape and the microfibril angle.  Tangential 

collapse was progressive and uniform. It was analyzed as a beam loaded in bending. The 
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collapse of the radial cell wall showed different behavior. The collapse was non-uniform and 

progressive collapse occurred from the surface inwards, which could be due to the 

reinforcement of the rays. The anisotropy between the transverse and axial modulus 

increased with decreasing density. It could be explained in terms of the strengthening effect 

of the microfibrils in the axial direction and the fact that the hexagonal prismatic cell is stiffer 

axially then in the transverse direction. The increase in anisotropy for crushing strength only 

can be explained in terms of the dimension and shape of the cells. 

The effect of geometrical shape of the cross-section of the cell, volume of the rays, density 

and the moisture on the elastic properties was investigated by Koponen et al. (1991). Six 

different models were built during the study to consider six different organizations of the 

cells. The structural model called WOOD2 had the closest structure to the real softwood and 

produced the closest elasticity, shear modulus and Poisson ratios to those published in the 

literature. When the structure of radial and tangential cell walls was considered to be the 

same, the volume of the rays and the geometry of the cross section were the main parameters 

affecting the transverse anisotropy. The presence of ray cells increased the transverse 

anisotropy. It was concluded that the irregularity of the cells could have a huge effect on the 

elastic properties of the material and those have to be taken into consideration.  The effect of 

S2 microfibril angle was also investigated and was found that the cell wall angle did not have 

an effect on the longitudinal but had a significant effect on the tangential and radial elastic 

modulus. 
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The model of regular honeycomb structure was improved and the effect of non-uniform cell 

structure was investigated by Kahle and Woodhouse (1994). To analyze the effect of 

microscopic structure, pictures were taken from the cell wall. It was found that the cell walls 

were organized along a slightly zig-zagged line in the radial direction while they were 

randomly staggered in the tangential direction. Thus, the load that was transferred in the 

radial direction causes compression in the cell walls aligned radially and bending 

deformation in the tangentially oriented cell walls. The bending deformation was ignored in 

the calculation due to its small magnitude. The tangential load caused a combination of 

bending and compression where the bending had greater influence. The effect of ray was 

included in the model. The model produced high values for the summerwood because the 

model did not account for the effect of variable thickness and the weak link due to defects. 

The dramatic deformation of the summerwood in the experiment verified this hypothesis. 

The resulting properties from the model were compared with the experimentally measured 

values. It was found that the model gave lower values than the experiment, which could be 

due to the inaccurate cell wall modulus values.  New cell wall modulus values (40-50 GPa 

for longitudinal modulus, 9 GPa for transverse modulus) were proposed in the study. The 

possible causes of the anisotropy between the radial and tangential direction were 

investigated and it was found that the strengthening effect of annual ring in the tangential 

direction and the strengthening effect of the rays in the radial direction had the same 

magnitude and those effects cancel each other out. The effect of the geometry of the 

honeycomb was found to cause the differences between the two directions.  
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Structure of the Cell Walls (Laminate Models) 

The correlation between microfibril angle and Young‟s modulus were theoretical estimated 

and experimentally measured by Cave (1969). A laminate model was used to estimate the 

modulus of the earlywood cell wall assuming that the ratio of CML:(S1+S3):S2 was 

10:30:60, tracheids comprise 95% of the earlywood and they were the only ones  responsible 

for the mechanical strength. The elastic properties of the constituents were published in Mark 

(1967) while the volume ratios were determined experimentally. To calculate the properties 

of the cell wall layers and the composite, equations derived by Hill (1956) were used. To 

verify the model experimentally, specimens with dimensions of 2 x 2 x 60 mm were created. 

The new sample preparation used in the study overcame the previously reported problems 

(Mark 1967) and produced result similar to what was predicted by the theoretical model.  

Strong correlation was found between the MFA and the longitudinal Young‟s modulus 

(Figure 1.37). In addition, it was found that the MFA decreased with increasing cellulose 

content (Figure 1.37). 
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Figure 1.37 Correlation between MFA and Young's modulus (Cave 1969) 

To explain the variation, Cave and Walker (1994) built a model to predict the longitudinal 

elastic properties using structural data, which could only be extracted from density and 

microfibril angle. Multilayered, thin-walled tracheids were constructed in which the CML, 

S1, S2, S3 were considered. The S2 layer contained submicroscopic lamellas with low MFA. 

It was assumed that density only influences the mechanical properties due the increasing 

thickness of the S2 layer. The model provided a good estimation of the axial stiffness. The 

model verified that to be able to relate structural effect such as microfibril angle to the 

mechanical properties, the structure of the tissue need to be considered. Meanwhile, it was 

mentioned that a thick-walled cell might behave slightly differently, although the thin-walled 

model provided a reasonable basis for predicting the mechanical properties measured by 

Bendtsen and Senft (1986).   
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Laminate model was also used by Sedighi-Gilani and Navi (2007) to model the elastic 

response of the softwood tracheids. The model described the tensile behavior of a single 

softwood tracheid, which was only composed of an S2 layer. The S2 layer was built up by 

helical cellulose microfibrils embedded in lignin-hemicellulose matrix. The natural defects 

were accounted for by local MFA non-uniformities. The elastic properties of the cell wall in 

the principal axis of the microfibrils were calculated using the equations derived by Chou et 

al. (1972). The elastic properties of the constituents were determined from the literature and 

volume fractions of 44.5%, 31.16%, and 23.9% were used for the cellulose, hemicelluloses, 

and lignin, respectively. Good agreement was found between the results of this study and the 

result of Harrington et al. (1998).  

Multiscale Modeling 

 Laminate + Composite Models 

The effect of polymeric constituents, microfibril angle, cellulose crystallinity, and cell wall 

layer thickness on the mechanical properties of fiber with collapsed lumen was investigated 

by Salmen and de Ruvo (1985). Multilayered cell wall was built where each layer is 

composed of cellulose embedded in a matrix of hemicelluloses while lignin was located 

between two cellulose-hemicelluloses layers. The microfibril angle was assumed to be 20°. 

Micromechanics of composite materials and laminate theory were used to calculate the 

properties. Equations derived by Halpin and Kardos (1976) were used to obtain the elastic 

properties of the cell wall by considering the microfibrils as discontinuous reinforcement. 

Then the cell wall layers were combined using traditional laminate equations. The amount of 
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matrix material had negative correlation with the modulus. It was found that small reduction 

in crystalline length only had a minor effect on the mechanical properties; but larger 

reduction decreased the stiffness substantially. However, in addition to low crystallinity, a 

low shape factor could also contribute to the stiffness decrease.  The thickness of the S2 

increases the modulus at low microfibril angle and lowers the modulus at high microfibril 

angle. Although the S1 and S3 layers are thinner than S2, they had a significant effect on the 

modulus at high microfibril angle. It was also concluded that the softening of the amorphous 

cellulose can be modeled with a change in the shape factor of the microfibrils. 

A combination of finite element method and two-step homogenization was used by Astley et 

al. (1997) to investigate the effect of local cell wall properties (microfibril angle, moisture 

content, cell wall thickness, etc.) on the elastic properties of wood. The cell wall properties 

were calculated using a two-step homogenization process on representative elements 

developed for the secondary cell wall layers and the middle lamella, separately. During the 

homogenization process, the method developed by Chou et al. (1972) was used. The result of 

the homogenization was in agreement with the result obtained from a finite element (FE) 

homogenization approach. Then the calculated cell wall layer properties were used as an 

input for the cellular FE model. Two cellular FE models were developed. The first model 

used uniform cell dimension and shape, while for the second model the original micrograph 

was skeletized and used to obtain realistic cell geometries. The result of the two-step 

homogenization was comparable with the FE homogenization approach. The model with 

uniform cell structure produced similar properties as the model with real cell shapes. 
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However, the result of both models deviated from the result of Cave (1969). The authors 

explained this difference in terms of the effect of S1 and S3 cell wall layers, which was 

considered in this model but not in Cave‟s model. However, it needs to be mentioned that the 

model was not verified experimentally.  

The axial and transverse modulus and shear modulus were also predicted by Astley et al. 

(1998) using the laminate theory. In the study, the double cell wall using seven orthotropic 

lamella (S3, S2, S1, CML, S1, S2, and S3) was constructed. The microfibril angle of S1 and 

S3 was kept constant at 70°. In addition, the microfibrils in the S3 layer had crossed 

orientation. The S2 layer occupied 60% of the cell wall and its MFA was used as an input 

parameter. Elastic properties of extracted chemical constituents measured by Sakura (1962) 

and Cousins (1976, 1978) were used. The shape and mean cell wall thickness from 

micrographs was used in the model; the density was kept constant at 390 kg/m
3
.  A model 

consisting of 200 cells was built. The full cyclic boundary condition was used for the axial 

face and planar cyclic for the R-T plane. When the effect of MFA on the elastic modulus was 

investigated, good agreement was found with previously calculated values (Cave 1969, 

Salmen 1986) except for high MFA. However, it was mentioned earlier that Cave‟s model 

did not include the effect of the S1 and S3 layers, which have a major influence at high MFA.  

Salmen‟s model included the effect of the two layers but it used higher portion of S2 cell 

wall layer. Spiral grain had significant de-stiffening effect at low MFA but when the MFA 

was high the effect of spiral grain was insignificant.  The FE model with regular hexagonal 

cells was compared with two analytical models consisting of thick and thin walled regular 



   

82 

hexagonal cells. It was found that the thick walled cell model gave identical result to those 

obtained using the FE cellular model. When the irregular cell structure was used with 

constant 10° MFA, the elastic properties predicted by the model were in good agreement 

with the experimental values despite the large variation between the four cell wall 

geometries. It was concluded that contrary to the findings of Kahle and Woodhouse (1994), 

the effect of cell organization was minor when a sufficiently large sample set was used. 

However, it was also found that when the model was compared to the FE model with regular 

hexagonal elements, the radial stiffness was overestimated while the tangential stiffness was 

underestimated. The reason for the low tangential stiffness was found to be the susceptibility 

of this model to cell wall bending. When the latewood was considered in the model, the 

tangential elastic modulus increased while the radial elastic modulus decreased. 

The role of chemical components on the cell wall properties were investigated by Bergander 

and Salmen (2002). The properties of the cell wall layers were calculated using the Halpin-

Tsai equations (Halpin and Kardos 1976), then the properties of the cell were determined 

using the classic laminate theory (Tsai and Hahn 1980). Two models were built. In the first 

model, cellulose was embedded in a lignin-hemicellulose matrix. In the second model, the 

cellulose was embedded in hemicelluloses and lignin connected the polysaccharide layers. 

Lignin, hemicelluloses and cellulose with different orthotropic ratios were used. It was found 

that the property of cellulose mainly rule the longitudinal properties. The orthotropic 

property of lignin and hemicelluloses did not have any influence on the longitudinal 

modulus. When the MFA was higher than 30° the results of the model deviated from the 
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experimental results. It was explained that the samples mainly came from compression wood 

which not only had higher MFA but different chemical composition as well.  The effect of 

matrix material on the transverse properties was greater when the lignin and hemicelluloses 

were handled as separate layers.  The hemicelluloses had greater effect on the transverse 

modulus than lignin. The orthotropy of lignin did not have an influence on the transverse 

modulus when model 2 was used while the orthotropy of hemicelluloses had greater effect in 

case of model 2. When both lignin and hemicelluloses were considered orthotropic and the 

modulus of hemicelluloses was lower, the difference between the predicted values and the 

experimental values were lower. The effect of S1 and S3 MFA on the transverse properties 

was significant and both layers had effect with the same magnitude on the transverse 

properties.  

The mechanical properties of the cell wall layers such as S2 and ML were modeled by 

Harrington et al. (1998). In the study, multistep homogenization scheme and finite element 

(FE) approach were compared. It was found that the multistep homogenization method gave 

values close to those determined by FE analysis. Therefore, the less computation intensive 

multi-step homogenization method was used. Representative volume element (RVE) with 

multi pass homogenization method was used. In the first RVE, three-dimensional cruciform 

polyoses were surrounded with lignin to create the matrix structure. Cellulose was 

surrounded with a polyoses cortex and was embedded into previously outlined lignin-

polyoses matrix. Using three-dimensional non-homogeneous RVE representation, a finite 

element (FE) model was built. To be able to model the cell wall properties, the mass and the 
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volume of the constituent materials have to be experimentally determined. The difference 

between the mass and volume fraction is explained by the fact that sorbed water is 

partitioned unequally.  The cellulose fibers were assumed to be 3.5 nm in diameter and 10 

nm in length. In the model, the lignin was assumed to be isotropic but the cellulose was 

transversely isotropic. The polyose fraction was divided into two fractions: a sheath fraction, 

which was associated with the cellulose, and a matrix fraction, which was connected to 

lignin. Ten percent of the cellulose, which were assumed to cover the surface of the cellulose 

had similar properties as the sheath polyoses. To verify the result, a cellular model with 

mechanical properties in good agreement with macroscopic mechanical properties from the 

literature was built. It was mentioned that the model might not be accurate for high moisture 

content because the extracted components might have different properties in situ at the higher 

moisture content.  

A three-dimensional multiscale model was developed by Qing and Mishnaevsky (2009a) 

which take into consideration the wood properties at several length scales. The model 

represented a softwood tracheid with a hexagonal shape cell and multilayered walls. The cell 

wall was composed of five layers (ML, P, S1, S2, S3). The cell layers were considered as 

fiber reinforced composites and their elastic properties were calculated using the Halpin-Tsai 

equations using two-step homogenization approach (Halpin and Kardos, 1976). The effect of 

microfibrils was considered using two transformation matrices. The model showed that at 

longitudinal loading condition, the highest stress occurs at the interface of the S2 and S1 

layers. But when transversal load was applied to the cell, the highest stress occurs at the cell 
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corners and in the S3 layer oriented along the loading vector. For shear loading in the XY 

and XZ direction, the highest stress occurs at the S2 cell wall layer in the shear plane. 

However, for YZ shear the highest stress was observed in the S1 and S3 layers. The 

microfibril angle in the S2 layer had a significant effect on both shear in the 12-plane and the 

longitudinal modulus. The MFA in the S1 and S3 layer had similar effect on the shear 

modulus in the 23-plane and on the transverse modulus. The study concluded that the MFA 

had a significant effect on the stiffness of the S2 layer. It was also found that the function of 

the S1 layer was to allow the proper transition between the strong and weak layers. The cell 

shape also had a significant effect on the transverse properties and was responsible for the 

difference between the radial and tangential modulus. 

Homogenization models 

Multistep homogenization technique was also used by Hofstetter et al. (2005) to model the 

macromechanical properties based on chemical composition and structural properties of 

wood. Four homogenization steps were used to deal with the different organization levels 

(polymer network, cell wall material, softwood and hardwood). At the polymer network 

level, the effect of hemicellulose, lignin, and water were considered. The hemicellulose and 

lignin were considered isotropic with elastic properties of 8 GPa and 6 GPa, respectively. 

Water only had an effect on the density of the cell wall material in the model. The volume 

fraction of the extractive content was considered together with the water. The effect of ash, 

other non-organic compounds, and micro pores in the cell wall were neglected in the model. 

The cell wall level contained the effect of crystalline and amorphous celluloses embedded in 
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polymeric matrix of lignin, hemicellulose and water. The amorphous cellulose was assumed 

to have an elastic modulus of 5 GPa and accessible to moisture. The crystalline cellulose was 

modeled as transversely isotropic polymer with longitudinal elastic modulus of 167 GPa and 

transverse elastic modulus of 54.5 GPa. The microfibril orientation was not considered in the 

model. In the softwood level, the density of the wood was compared to the cell wall density 

and the total porosity was calculated using these values. To calculate the proportion of the 

chemical components, the ratio of the volume of the cell wall material to the volume of the 

polymer network-type material was considered. The volume fraction of vessels was 

integrated into the level of softwood to create the hardwood level. The predicted mechanical 

properties were compared to experimentally observed values. It was found that the model 

overestimated the longitudinal and underestimated the transverse modulus. The longitudinal 

and transverse shear components were also under and overestimated. The model produced 

the same Poisson number for all of the different species. The inaccurate estimation was said 

to be due to the neglected effect of the microfibril orientation and the effect of the variable 

chemical composition.   

A random/periodic homogenization scheme was developed by Hofstetter et al. (2007) to 

correct some of the limitations of the pure micromechanical model (Hofstetter et al. 2005). In 

the model, two homogenization steps were used to create the cell wall material following the 

unit cell method. The unit cell method allowed the consideration of the potential plate-like 

bending and shear deformations. The microfibril angle was assumed to have a constant value 

of 20°. The radial cell wall had inclination angle of 20°and the aspect ratio of the cell cross-



   

87 

section was 1. The result was compared to experimentally-obtained macro- and micro-

mechanical properties. The accuracy of the prediction of the tangential modulus and 

transverse shear modulus substantially increased, indicating the dominating effect of plate-

type bending and shear deformation. The other properties were only predicted slightly better. 

The performance of the model could be increased using individual values of MFA, cell 

aspect ratio, and inclination angle. It was concluded that the plate-type deformations had a 

substantial effect on the mechanical properties.       

Modeling of Hygroelastic properties 

One of the earliest multi-scale modeling was done by Koponen et al. (1989). In the study, the 

longitudinal modulus of softwood was investigated as a function of MFA at different 

moisture contents. Four magnification scales were used from the cell wall level to the level of 

annual rings. The effect of chemical content, cell wall thickness and microfibril angle was 

included in the model. In the model, the rotation of the cell wall was restrained. The elastic 

properties of the cell wall components were obtained from the study of Cousin (1976) and 

Cave (1978). It was assumed that cellulose does not have any moisture dependency; lignin 

and hemicelluloses were sensitive to moisture but at different scales. The shrinking of the 

hemicelluloses was restricted in the longitudinal direction. The S1 layer contained three 

sublayers with MFA of -45°, 45°, and 90°; the S3 layer contained two sublayers with MFA 

of -80° and 80°. Earlywood, latewood, and compression wood were constructed with 

different chemical content. Moisture had greater effect on the longitudinal modulus when the 
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MFA increased. Using density, porosity, and the resulting modulus, the macro mechanical 

properties of softwood was estimated with good accuracy.  

The effect of moisture on the longitudinal Young‟s modulus was also investigated by 

Yamamoto and Kojima (2002).  In the study, an analytical model was constructed based on 

the work of Barber and Meylan (1964). The lignin-hemicellulose matrix was assumed to be 

isotropic while the cellulose together with the oriented hemicelluloses forms an anisotropic 

framework bundle. The longitudinal Young‟s modulus of the lignin-hemicellulose matrix 

were assumed to be 4 GPa in the dry and 2 GPa in the humid state while those of the oriented 

hemicelluloses and amorphous cellulose were 8 GPa in the dry state and 2 GPa in the humid 

state. Crystalline cellulose was not sensitive to moisture and had a longitudinal modulus of 

134 GPa. The model showed that the matrix should have a dry modulus of 24-28 GPa, which 

was comparable to those obtained from an experiment. It was proposed that there is an 

intermediate domain between the amorphous and crystalline cellulose, which fluctuates 

between the quasi-crystalline and quasi-amorphous state depending on the moisture content.  

The effect of wood softening on the longitudinal modulus at different microfibril angles was 

investigated by Salmen (2004). The predicted mechanical properties were similar to the 

experimentally observed values when the crystalline cellulose had longitudinal modulus of 

134 GPa. The degree of softening was successfully modeled both in the longitudinal and 

transverse directions. It was also found that the matrix material plays a more important role 

in the transverse direction than the longitudinal direction. The measured values were in a 

good agreement with the calculated values for the longitudinal direction but they were 
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overestimated for the transverse properties. The effect of amorphous cellulose on the degree 

of softening was investigated and it was found that amorphous cellulose has more effect on 

the longitudinal modulus at low microfibril angle if it has the same properties as 

hemicelluloses. It was stated that amorphous cellulose does not fully soften in the range of 

relative humidities at room temperature thus the changes in the mechanical properties only 

reflects the softening of the hemicelluloses.  

The hypothesis of the intermediate cellulose domain was investigated by Kojima and 

Yamamoto (2004) using sugi (Cryptomeria japonica D.Don) with variable MFA. Two 

hypotheses were tested. According to the first hypothesis, the longitudinal Young‟s modulus 

depends on the moisture dependency of the lignin-hemicellulose matrix. The authors stated 

that the percentage of El reduction has to increase with the MFA. The other hypothesis 

assumes the existence of an intermediate domain, which was proposed by Yamamoto and 

Kojima (2002). A model presented by Yamamoto and Kojima (2002) was used to test the 

hypothesis. To support the findings of the model El was measured experimentally using 

tension test on microtomed specimen at various humidity states. The percentage reduction of 

El was constant or tended to slightly increase with the decrease in MFA, which disagreed 

with the first hypothesis. The model using the second hypothesis successfully estimated the 

El at low MFA‟s. When the MFA was high, the effect of intermediate bundle was less 

observable and  could be due to the fact that El is mainly affected by the properties of the 

matrix substrate at high MFA‟s.  
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Analytical modeling approach was used by Neagu and Gamstedt (2007) to model the 

hygroelastic properties of fibers. The wood fiber was presented as a multilayered hollow 

cylinder. The micromechanical technique was used to incorporate the properties of wood 

polymers to produce an orthotropic cell wall material. One of the advantages of the method is 

that the number of degrees of freedom is independent of the number of layers used in the 

model. Contrary to the model of Yamamoto and Kojima (2002), it was assumed that 

cellulose only contains a small amorphous region and is therefore not sensitive to moisture. 

Meanwhile, the mechanical properties of the hemicelluloses are strongly affected by 

moisture. In the model, two-step homogenization was used for each cell wall layer. Each cell 

wall layer was assumed to be composed of an inner core of cellulose surrounded by a 

hemicelluloses layer followed by a third layer of lignin. The strain from hygroexpansion was 

included in the mechanical strain.  It was found that the twist-expansion of the fibers due to 

compression has a significant effect on the elastic properties. When the twist of the fiber was 

restrained, the model gave stiffer mechanical properties for the fiber. In addition, higher 

shear was observed when the fibers were not allowed to extend while it rotated. It was also 

shown that the hygroelastic properties could not be altered without altering the compliance 

behavior. It was concluded that the coaxial cylinder model with ultrastructural 

homogenization was a fruitful method; however, the single fiber model with more realistic 

geometry was required to better understand the hygroelastic behavior properties.  

The model of Qing and Mishnaevsky (2009a) was improved by accounting for the effect of 

moisture in the model by Qing and Mishnaevsky (2009b). In addition to the Halpin-Tsai 
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equations in two-step homogenization, a self-consistent method and a finite element 

representative element (RVE) were used to calculate the elastic properties of the cell wall 

layers. The developed RVE for the middle lamella, primary wall, and secondary cell wall 

layers are presented in Figure 1.38. The effect of moisture was considered by incorporating 

an equivalent temperature effect. The effect of moisture on the elastic properties of the lignin 

and hemicelluloses is show in Figure 1.39. Cellulose was considered to be purely crystalline; 

therefore, moisture did not have any effect on its properties. The finite element model and the 

two analytical models provided identical results.  

 

Figure 1.38 Representative volume element of secondary cell wall layers (b), middle lamella 

(c), and the primary wall (d) (Qing and Mishnaevsky (2009b) 
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Figure 1.39 Effect of moisture on the elastic properties of lignin and hemicelluloses (Qing 

and Mishnaevsky (2009b). 

It was found that moisture had greater effect on the transverse hygroelastic properties than 

the longitudinal properties. With increasing MFA, moisture had increasing effect on the 

longitudinal hygroelastic properties and less effect on the transverse properties. The shape of 

the cell had significant effect on the transverse properties but did not have any influence on 

the longitudinal properties. 

Hardwood models 

The elastic and shrinkage properties of oak on the transverse section were predicted by Perre 

and Badel (2003), Badel and Perre (2002). The material was considered as a 2D composite. 

The properties were calculated using MorphoPore finite element program. Using X-ray 

images with resolution of 27 μm, the heterogeneous volume was divided into homogeneous 



   

93 

zones of four main components, namely big vessels, fibers, parenchyma cells, and ray cells. 

Triangular F.E. mesh with different sizes was used to define accurately the different zones. 

Micro tensile measurement was conducted on extracted cell types to provide the microscopic 

input properties of the model (Table 1.4). 

Table 1.4 Experimentally measured microscopic properties of different cell types (Perre and 

Badel, 2003, Badel and Perre, 2002) 

 

It was found that the vessels had no shrinkage and mechanical resistance. The fibers were 

responsible for most of the shrinkage. The rays mainly had strength in the radial direction, 

which is associated with low shrinkage. The ring porous zones were not able to transfer any 

tangential and radial loads. In the radial direction, only the ray cells were able to produce a 

continuous pathway between the growth rings. In the tangential direction, the properties of 

the fibers determined the mechanical properties.   

Tobacco 

The mechanical properties of the xylem tissue of a CAD deficient tobacco plant (Nicotiana 

tabacum „Samsun‟) were modeled using unconnected helical model (Hepworh and Vincent 

1998). The helical model was chosen because the previously used anisotropic composite 

models were not able to predict large changes occurring in the tobacco plant. The model 
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tested whether the microfibrils were continuous or discontinuous and whether the microfibril 

angle changed during the stretching of the cell. It was found that the microfibrils were 

continuous because the length scale where stretching were not observed due to drying 

corresponded to the length scale when the microfibril passed from one face to another. In 

addition, using NaOH wash there was no brash fracture observed which could indicate the 

discontinuity of the microfibrils. Thus, the longitudinal change due to drying corresponded to 

changes in the matrix properties. The microfibril angle was also found to change from 10° to 

5° during the stretching of the cell. The helical model performed better in predicting the 

properties of the control during drying.  However, the model had the same accuracy as the 

anisotropic composite model in predicting the difference between the CAD deficient tobacco 

and the control. The result was attributed to the greater effect of the middle lamella and the 

primary cell wall on the mechanical properties due to their higher lignin content. It was also 

proposed that the higher tensile modulus compared to the compression modulus of the 

tobacco was due to the tension in the hemicelluloses and lignin as a result of the distance 

increase between the microfibrils during compression test. The tension property of the 

hemicelluloses and lignin were low, thus the compression modulus of the xylem tissue will 

be lower than the tension modulus. The effect of crosslink density of lignin on the 

mechanical properties was also investigated and it was found that if the lignin has high 

crosslink density the mechanical behavior can be predicted using anisotropic composite 

models. But when the crosslink density is low, the tree becomes less stiff while the strength 
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remains the same and this behavior can be predicted better with the unconnected helical 

model.    

Biphasic behavior 

The biphasic behavior of wood during tensile test was investigated by Navi et al. (1995). In 

the study, a small group of Sitka spruce fibers was used. A three-dimensional model was 

built where the fibers were attached together in the longitudinal direction. The fibers only 

had an S2 cell wall layer with helically oriented microfibrils. It was assumed that the 

microfibril angle of the cell was not constant; therefore, the measured Young‟s modulus was 

the effective modulus of the Young‟s modulus of all sections with different microfibril angle. 

It was found that the plastic deformation in the second phase of the load deflection curve was 

due to the degradation of the section with high microfibril angle. The stiffening in the third 

phase was due to the decreasing microfibril angle in the degraded segment, which 

compensated for the effect of degradation on the mechanical properties.  

Plants with genetically (Arabidopsis thaliana L.) and chemically (Aristolochia macrophylla 

Lam.) reduced lignin content and chemically reduced hemicelluloses content were 

investigated and compared to a control tree (Kohler and Spatz 2002).  Acetous solution of 

NaClO2 and Cinnamoyl-CoA reductase were used to reduce the lignin content.  Tension test 

was carried out to test the mechanical properties. A two-phase viscoelastic behavior was 

observed in the case of the control. The two different modulus values indicated differences 

between the underlying micromechanical processes. The MFA was also measure using X-ray 

diffraction. It was found that the MFA decreased before the transition point and remained 
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constant after the transition point. A 0.5% strain increase resulted in a 2° decrease in 

microfibril angle. These findings were in disagreement with the hypothesis of Navi et al. 

(1995). When lignin was reduced by 92% using chemical degradation, extensive reduction in 

modulus was observed in the first phase while the second phase became non-linear. When 

the hemicelluloses were reduced, the modulus decreased and the second phase disappeared. 

In the case of genetically modified plants, the same phenomenon was found. Reduction in 

lignin content did not alter the biphasic behavior and the transition point remained the same. 

When the samples were investigated in the dry condition, only a small difference was found. 

It verified that lignin mainly has an effect on the mechanical properties when the sample is 

the wet state due to its hydrophobicity. The study verified that the extension of the material is 

the result of the microfibril re-orientation and the slippage due to the yielding of the matrix. 

The first phase does not have any plastic deformation but in the second phase, plastic 

deformation can be observed which increases with extension.  However when the lignin 

content was reduced to a greater extent in the case of chemical degradation, there was no 

significant difference between the modulus decreases. Therefore, it could be possible that 

some of the lignin, which is mainly located in the middle lamella, does not have any 

mechanical role. The fracture surface verified the statement because more trans-wall fracture 

than disintegration of the cells was observed. Lignin is also not responsible for the biphasic 

behavior because the reduction in lignin content only scaled but did not change the 

appearance of the curve. The viscoelasticity also increased with the reduced lignin, which 

verifies that the microfibrils are partially unlocked and can move against each other.   
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CHAPTER 2  

MECHANICAL PROPERTIES OF YOUNG GENETICALLY ENGINEERED 

ASPEN WITH MODIFIED LIGNIN CONTENT AND/OR STRUCTURE 

Published online in Wood and Fiber Science 2010, 42(3) 

Abstract 

Reducing lignin content is a target for processes such as papermaking since lignin removal 

requires a tremendous amount of energy and chemicals. Recent advances in tree genetics 

permit modification of lignin content and structure. The consequences of lignin modifications 

on many wood properties are not known. The purpose of this study was to establish the effect 

of genetic modification of lignin on selected wood mechanical properties. In this study, 

young genetically modified quaking aspen trees with reduced lignin content and/or increased 

syringyl to guaiacyl (S/G) ratio were investigated and compared to the wild type. The 

modulus of elasticity in three-point bending and the compression strength parallel to the 

grain were measured using modified micro-mechanical tests. The results indicate that the 

genetic modification used in this study had a negative effect on these mechanical properties. 

The transgenic trees with reduced lignin content showed a severe reduction in modulus of 

elasticity and compression strength parallel to the grain, while the transgenic trees with 

increased S/G ratio had only slight decrease in these properties compared to the wild type. 

The simultaneous modification of lignin content and S/G ratio shows inconsistent result and 

needs further investigation. 
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Introduction 

Wood is a complex organization of three major polymers: cellulose, lignin and 

hemicelluloses. Lignin represents 20 to 30% of the dry weight of wood. It is a complex 

polymer of phenylpropanoid subunits of syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) 

types. These monomers are connected together by carbon-carbon or ether linkages (Chen et 

al 2001).  The gymnosperms mainly contain G type, while the angiosperms contain S and G 

type lignin in roughly a 2:1 ratio. Lignin rich in S units has less carbon-carbon bonds thus has 

higher reactivity than lignin rich in G units (Baucher et al 2003). Lignin provides 

impermeability to the xylem vessels, protects the tree and wood against microbial attack, 

gives rigidity to the cell wall, and imparts compression strength to the wood (Moerschbacher 

et al 1990; Chen et al 2001). 

Lignin has to be removed from the wood during the process of papermaking and bio-ethanol 

production. The removal of lignin makes the utilization of woody biomass highly energy and 

chemical intensive (Chiang 2002; Lee 1997). To reduce the energy and chemicals needed to 

remove lignin, trees with lower lignin content and/or higher lignin reactivity are preferred as 

biomass feedstocks. Genetic engineering provides an opportunity to alter the chemical and 

physical properties of wood (Whetten and Sederoff 1991). Researchers at North Carolina 

State University (Li et al 2003) have successfully reduced the lignin content of quaking aspen 

(Populus tremuloides Michx.) by as much as 55% with the overexpression of antisense 4-

coumarate-CoA ligase gene (4CL), and have increased the S/G ratio three-fold by the 

overexpression of sense coniferaldehyde 5-hydroxylase gene (CAld5H). Populus spp. was 



   

115 

chosen as a model because it is the first species whose genome was sequenced, easy to 

propagate, fast growing, and the most widely distributed species in North America (Tuskan 

et al 2003). The effect of reduced lignin content on CO2 emission and on the fitness of the 

trees was the subject of several recent reviews (Talukder 2006; James et al 1998; Pilate et al 

2002). However, the effect of altered lignin content and composition on the mechanical 

properties of young trees with small diameter has not received enough attention. The 

integrity of wood and the ability of the tree to mechanically support a heavy crown are 

influenced by lignin content (Sederoff and Chang 1991, Gindl and Teischinger 2002) and 

thus are important from silvicultural and wood utilization points of view. The mechanical 

properties of transgenic trees need to be measured at an early age (1 to 3 years old) to provide 

feedback on the genetic modification to researchers.  This group has developed testing 

techniques to measure these properties using micromechanical methods (Kasal et al 2007).   

The objective of this study is to investigate the modulus of elasticity in bending and the 

compression strength parallel to the grain of genetically modified aspen trees with reduced 

lignin content and/or increased S/G ratio. Based on literature search, this is the first attempt 

to use transgenic trees to improve understanding of the mechanism of lignification as it 

relates to biomechanics of lignocellulosic materials.  
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Materials and Methods 

Young quaking aspen (Populus tremuloides Michx.) trees were used for this investigation 

including one wild type line as control (PtrWT-271), three lines of transgenics with reduced 

lignin content through transfer of antisense 4CL gene (Ptr4CL-21, Ptr4CL-23, Ptr4CL-37), 

two lines of transgenics with increased syringyl/guaiacyl ratio (S/G) through insertion of 

sense CAld5H gene (PtrCAld5H-94, PtrCAld5H-96), and two lines of transgenics with both 

reduced lignin content and increased S/G ratio through simultaneous insertion of 4CL and 

CAld5H genes (Ptr4CL/CAld5H-72, Ptr4CL/CAld5H-141). Sample trees were propagated in 

vitro as described by Li et al (2003) and grown in the greenhouse of the Forest 

Biotechnology Group at North Carolina State University. 

A total of 94 stems were harvested: 33 sample trees were harvested after one year (Age group 

1), 29 after two years (Age group 2), and 32 after two and a half years of growth (Age group 

3). Each sample tree was debarked and, depending on the stem length, was cut into 1 to 4 

pieces of 250-mm long stem sections. To maintain the green condition and to prevent fungal 

degradation, the specimens were placed in plastic bags and were kept in a freezer. Just prior 

to the mechanical test, the specimens were removed from the freezer and the test was 

conducted shortly after the samples were defrosted.   

The modulus of elasticity (MOE) was determined using a micro-mechanical three-point 

bending test (Kasal et al 2007). Prior to the test, the stem sections were trimmed into 

different lengths, depending on the stem diameter, to keep a constant span/diameter ratio of 

15 plus an additional 10 mm overhang at each end. The diameter of the pith was subtracted 
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from the diameter of the specimen, which was measured in the direction of the load at the 

midspan of the specimen. A special bearing block was designed to reduce surface crushing of 

the specimen. The specimen was supported with fixed rollers, which allowed the observation 

of possible rotation of the specimen about its longitudinal axis. To observe the rotation, a 30-

mm long aluminum clip was attached close to the neutral axis of the specimen. A white 

board with a center mark was placed behind the clip (Figure 1). The specimen was 

repositioned until no rotation was observed. The bending test was conducted using an MTS 

Alliance RF/300 mechanical testing machine at a crosshead speed of 1.27 mm/min.  

 

Figure 2.1Three-point-bending experimental setup for testing young, small diameter 

transgenic aspen using fixed roller support, special bearing block to reduce surface crushing, 

and aluminum clip to detect specimen rotation. 

Following the bending test, a compression specimen was cut from the straightest portion of 

the bending specimen. A micro-mechanical compression test (Kasal et al 2007) was modified 

and used to measure the compression strength parallel to the grain (σc,∥). The modification 
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included a reduction in length:diameter ratio from six to three, the use of a fixed load head, 

and a reduction in crosshead speed from 0.635 to 0.4mm min
-1

. An MTS Alliance RF/300 

universal testing machine was used to conduct the compression test. The compression 

strength parallel to the grain was calculated based on the load at failure and the circular cross 

sectional area without the pith. 

To determine the chemical composition of the experimental material, lignin and alpha-

cellulose contents were measured. From the mechanical test specimens, two specimens were 

selected from each genetic line. The acid insoluble lignin content was measured using a 

modified Klason lignin method while the acid soluble lignin was calculated from UV 

absorbance at 205 nm. The acid insoluble and soluble lignin contents were combined to 

obtain the total lignin content (Yeh et al 2005). Alpha-cellulose was prepared from 

holocellulose and the yield was calculated according to the description of Yokoyama et al 

(2002). The specific gravity of one, two, and two-and-a-half years old sample trees was 

measured using standard water displacement method. 

Analysis of variance (ANOVA) was used to test the effects of genetic modification, genetic 

lines within genetic groups, and age on the mechanical properties of transgenic aspen, with 

specific gravity and diameter as covariates. The following linear model was used to test the 

effect of genetic modification on the response variables: 

1 2 ( )( )ijkl ijkl ijkl i j k j i j ijklY D S A G L G AG          

 (1.1

) 
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where Y i j k l = trait of interest (mechanical properties), μ = overall mean, β1 =  coefficient 

related to diameter, Di j k l = stem diameter of l
th

 tree in k 
th

 genetic line of j
th

 genetic group of i 

th
 age, β2 =  coefficient related to specific gravity, S i j k l = specific gravity of l

th
 tree in k 

th
 

genetic line of j
th

 genetic group of i 
th

 age, Ai = effect of i
 th

 age, Gj = effect of j
th

 genetic 

group, L(G)k(j)= effect of k 
th

 genetic line within j 
th

 genetic group, AiGi = interaction effect 

between i
th

 age group and j
th

 genetic group, and ε i j k l = random error with expectations (0, 

σ
2
). The analysis was performed using the GLM procedure of SAS software (SAS Institute, 

Inc. 2006). 

To compare the properties of the genetic groups and lines, Tukey multiple comparison test at 

alpha=0.05 was used. The assumptions of the general linear model were tested using Q-Q 

plots and the plots of residuals vs. predicted values. 

Results and Discussion 

The total lignin and alpha-cellulose content are presented in Table 1. The values were in 

agreement with those reported by Li et al (2003), except for genetic lines Ptr4CL/CAld5H-72 

and Ptr4CL/CAld5H-141, which significantly have higher lignin content and lower cellulose 

content values. This could have been caused by the transgene instability of the tissue culture 

propagation method (Fladung 1999; Fladung and Kumar 2002). For statistical analysis on 

genetic groups, genetic lines Ptr4CL/CAld5H-72 and Ptr4CL/CAld5H-141 were handled as 

different genetic groups due to large chemical differences between these genetic lines (Table 

1). 
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Table 2.1 Lignin content, alpha-cellulose content, and syringyl/guaiacyl (S/G) ratio of wild 

type and transgenic aspen groups and of the different genetic lines within the genetic group. 

 

Genetic 

Group 

Ptr WT 

(Wild-type) 
Ptr 4CL 

(Reduced Lignin Content) 
Ptr CAld5H 

(Increased S/G Ratio) 

Ptr 4CL/CAld5H 

(Reduced Lignin Content and 

Increased S/G Ratio) 

Genetic 

Line 
271 21 23 37 94 96 72 141 

Lignin 

Content1 

(%) 

Genetic 

 Group 
21.6 ± 0.52 14.8 ± 0.46 19.9 ± 0.40 16.7 ± 0.77 19.1 ± 1.06 

Genetic 

Line 
21.6 ± 0.52 16.0 ± 0.79 14.4 ± 0.50 14.2 ± 1.06 19.9 ± 0.62 20.0 ± 0.68 16.7 ± 0.77 19.1 ± 1.06 

Alpha-

Cellulose 

Content1 

(%) 

Genetic 

Group 
41.3 ± 0.40 43.3 ± 0.57 40.1 ± 1.04 42.3 ± 1.81 38.6 ± 0.09 

Genetic 

Line 
41.3 ± 0.40 43.9 ± 1.02 43.0 ± 1.48 43.0 ± 1.03 39.2 ± 2.07 41.0 ± 0.76 42.3 ± 1.81 38.6 ± 0.09 

S/G 

Ratio2 

Genetic 

Group 
2.2 2.1 5.2 3.6 2.7 

1Determined by analytical chemistry for genetic lines and genetic groups. The values are means ± standard 

error of two to four samples from each genetic line. The values in bold are the mean chemical content values of 

the genetic groups. 

2Published S/G ratio by Li et al (2003). 

The results of the analysis of variance (ANOVA) are presented in Table 2. From among the 

covariates, the effect of specific gravity was found significant for σc,∥but not for MOE. 

Diameter had no significant effect either on MOE or σc,∥. Age had a significant effect on 

MOE: Age group 1 had significantly lower MOE than the other two age groups. Age did not 

affect σc,∥. Genetic group had a significant effect on both MOE and σc,∥. The effect of genetic 

lines within genetic group was not significant. Age x genetic group interaction was found 

significant for MOE only, which mainly resulted from the crossover interaction between 

genetic groups PtrCAld5H, and Ptr4CL/CAld5H-141 as their ranking changed between the 

first two age groups.   
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Table 2.2 Results of analysis of variance (ANOVA) for modulus of elasticity and 

compression strength parallel to the grain of wild type and transgenic aspen. 

Source 
Modulus of Elasticity 

Compression Strength  

parallel to the grain 

df MS F p df MS F p 

Specific Gravity 1 408002 0.25 0.6200 1 7.61 8.29 0.0047* 

Diameter 1 318068 1.93 0.1675 1 1.02 1.12 0.2928 

Age 2 1593148 9.65 0.0001* 2 2.21 2.41 0.0937 

Genetic Group 4 11547927 69.93 <.0001* 4 82.86 90.27 <.0001* 

Genetic Line (Genetic Group) 3 299419 1.81 0.1478 3 2.16 2.35 0.0751 

Age x Genetic Group 8 1432570 8.67 <.0001* 8 0.91 0.98 0.4507 

Error 134 165146   131 0.92   

*  Statistically significant at the 5% significance level. 

The individual modulus of elasticity (MOE) values at the green condition ranged from 1422 

MPa to 6283 MPa. The mean MOE values for the different genetic groups (Table 3) were 

similar to the values published for poplars by Bendtsen and Senft (1986) for second year of 

growth in 30-year-old trees (2590 MPa), Hernandez et al (1998) for 9-year-old trees (5525 

MPa), and by Coutand et al (2004) for one-year-old trees (2103 MPa). However, higher 

MOE values were reported in the Wood Handbook (Forest Product Laboratory 1999) for 

mature quaking aspen (5900 MPa), and by Bjurhager et al (2008) for 15-month-old European 

(6200 MPa) and hybrid aspen (5500 MPa) in micro tension. On the contrary, Peszlen (1998) 

measured lower values for three poplar clones in tension (1500 MPa, 1700 MPa, and 1800 

MPa) and compression (1200 MPa, 1500 MPa, and 1600 MPa) for the first four growth rings.  

The coefficients of variation of MOE for the different genetic groups ranged from 11% to 

17%, which were comparable to the 12% COV published by Bendtsen and Senft (1986) and 

the 23.7% COV published by Peszlen (1998). 
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The individual compression strength parallel to the grain (σc,∥) values at the green condition 

ranged from 4.2 MPa to 16.4 MPa. The mean values for the different genetic groups (Table 

3) were lower than the 14.8 MPa published in the Wood Handbook (Forest Product 

Laboratory1999) for mature quaking aspen at the green condition. The results were similar to 

those reported for poplars by Bendtsen and Senft (1986) for the second year of growth in 30-

year-old trees (11.43 MPa), Hernandez et al (1998) for nine-year-old trees (17.1 MPa), and 

Peszlen (1998) for the first four growth rings of three poplar clones (11.7 MPa, 11.9 MPa, 

12.3 MPa). The coefficients of variation of σc,∥ for the different genetic groups ranged from 

7% to 13%, which were comparable to the 11.1% COV reported by Peszlen (1998) and the 

9.72% COV reported by Bendtsen and Senft (1986). 

All transgenic groups had lower mechanical properties than the wild type (Table 3). 

However, the MOE of genetic groups PtrCAld5H and Ptr4CL/CAld5H-141 were not 

significantly different from the wild type. Meanwhile, significant differences were found in 

MOE for genetic groups Ptr4CL and Ptr4CL/CAld5H-72. Similar to the MOE, significantly 

lower σc,∥ values were observed for genetic groups Ptr4CL and Ptr4CL/CAld5H-72 compared 

to the wild type. Statistically significant decrease was also observed in σc,∥ for genetic groups 

PtrCAld5H and Ptr4CL/CAld5H-141 but the decrease was smaller than for the other two 

transgenic groups. The simultaneous modification of lignin content and S/G ratio gave 

inconsistent results: Ptr4CL/CAld5H-72 always had the lowest mechanical properties, but 

genetic group Ptr4CL/CAld5H-141 had properties similar to the wild type aspen. This must 

be due to the differences in their chemical composition as discussed above.  
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Table 2.3Mean and coefficient of variation (COV) of the mechanical and physical properties 

of wild type and transgenic aspen groups. 

 

Genetic Group 
Ptr WT 

(Wild-type) 

Ptr 4CL 
(Reduced Lignin Content) 

Ptr CAld5H 
(Increased S/G Ratio) 

Ptr 4CL/CAld5H 
(Reduced Lignin Content and 

Increased S/G Ratio) 

Genetic Line 271 21 & 23 & 37 94 & 96 72 141 

No. of Specimens  23 56 39 14 22 

Specific Gravity
1 

Mean 0.38 0.35 0.37 0.32 0.37 

COV(%) 6 3 5 3 4 

Diameter 
Mean (mm) 8.7 9.0 6.0 7.6 8.6 

COV (%) 15 24 19 18 15 

Modulus of 

Elasticity
 

Mean (MPa) 4902  A 2892  B 4463  A 2085  C 4531  A 

COV (%) 12 12 13 22 20 

Compression 

Strength parallel to 

the grain
2
 

Mean (MPa) 13.2  A 7.0  C 11.7  B 6.6  C 11.0  B 

COV (%) 8 12 12 15 9 

1 Specific gravity by Horvath, 2009. 

2 Three samples less were used for compression test. 

Notes: The mean of genetic groups with common letters are not significantly different from each other as 

determined by Tukey multiple comparison test at α=0.05.  

The results of this study are in agreement with the findings of Köhler and Spatz (2002) and 

Jones et al (2001) where lower modulus of elasticity was found for genetically modified 

Arabidopsis thaliana (L.) with reduced lignin content. On the other hand, the observed 

decrease in both mechanical properties for genetic groups with increased S/G ratio is in 

contradiction with Koehler and Telewski (2006) who reported an increase in modulus of 

elasticity for poplar when the S/G ratio was increased.  

Modulus of elasticity and compression strength parallel to the grain were plotted against the 

total lignin content for samples that were included in both the mechanical tests and chemical 

analysis (Figure 2). There is a definite clustering in the data reflecting the genetic 
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modification. A distinct pattern of increasing mechanical properties with increase in lignin 

content can be seen. The observed scatter in the data is lower for compression strength 

parallel to the grain compared to modulus of elasticity. This is in agreement with the widely 

know fact that lignin plays a significant role in the compression strength of the wood and 

standing tree (Wardrop 1971, Gindl 2001, Gindl and Teischinger 2002). 

Summary and Conclusion 

The genetic modifications used in this study have a negative effect on the mechanical 

properties of wood from young aspen trees. The reduction in lignin content causes a severe 

reduction in both modulus of elasticity and compression strength; the increase in S/G ratio 

has only a minor effect. The simultaneous modification of lignin content and S/G ratio shows 

inconsistent result and needs further investigation. The observed scatter in the data is lower 

for compression strength parallel to the grain as opposed to modulus of elasticity, indicating 

a stronger influence of lignin on the compression strength. The study underscores that genetic 

modification of the chemical structure has consequences on the mechanical properties of 

wood. Geneticists then must proceed with caution as these modifications can have serious 

implications on the tree‟s survival and in its utilization.   
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CHAPTER 3  

ELASTIC MODULUS DETERMINATION OF TRANSGENIC ASPEN 

TREES USING DYNAMIC MECHANICAL ANALYZER IN STATIC 

BENDING MODE 

In collaboration with Balazs Horvath, Department of Forest Biomaterial, North Carolina 

State University, Raleigh, NC. 

Abstract 

The applicability of dynamic mechanical analyzer (DMA) in static bending mode was 

investigated to determine the modulus of elasticity (MOE) of 2.5-year-old transgenic aspen 

(Populus tremuloides Michx.) with small diameter (8-14mm). A total of 50 sample trees 

were harvested from the green house including one wild-type group and three transgenic 

groups. For each of the sample trees, dynamic MOE by a nondestructive evaluation, static 

MOE by micromechanical testing were determined. Also, DMA was used in static bending 

mode to determine the MOE of samples that were shaped out from the same sample trees 

using two different plasticizers: water and ethylene glycol (EG). Results showed that DMA 

measurements were accurate to show significant differences between the genetic groups, 

however notably higher MOE values were obtained for dynamic MOE and static MOE 

compared to the DMA measurements. The trend of elastic moduli change was the same 

across the genetic groups. 
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Introduction 

Advances in lignin genetic engineering have enabled scientists to change the content 

and structure of lignin in aspen trees. By manipulating the lignin biosynthetic pathway with 

sense and antisense genes, lignin content of quaking aspen can be reduced (Hu et al. 1999), 

while the syringyl/guaiacyl lignin ratio (S/G ratio) can be increased significantly (Li et al. 

2001). In addition, simultaneous transfer and expression of specific genes results in both 

decreased lignin content and increased S/G ratio, which presents potential advantages in pulp 

and paper and bio-ethanol production (Baucher et al. 2003), because these changes could 

lower the chemical and energy consumption, and reduce environmental impacts. However, it 

is not clear how these modifications will influence the mechanical properties, which are 

crucial for solid wood and engineered wood applications. Therefore, testing the mechanical 

properties of young transgenic trees (1-3-years-old) with small diameters (8-14mm) is 

essential to answers fundamental questions of how lignin genetic engineering changes the 

mechanical charateristics of transgenic wood (Kasal et al. 2007) and to provide timely 

feedback to geneticists during field trials (Chiang 2006). 

 Longitudinal modulus of elasticity (MOE) is one of the basic properties of wood 

which is usually obtained through standard three-point bending test, and calculated from the 

deformation of wood under a low stress in the viscoelastic region (Wood Handbook 1999). 

Bending is an easy way to measure MOE because sample preparation does not require 

tedious work and it simulates the most important stress that occurs in living trees due to wind 

blowing and in most product applications. Standard procedures for bending by the American 
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Society for Testing and Materials (ASTM D143-94) require relatively large sample 

dimensions which are not suitable for cylindrical shape materials with small diameter. To 

overcome this problem, micromechanical testing was developed for small diameter trees by 

modifying ASTM D143-94 standard (Kasal et al. 2007). Mechanical testing of these non-

standard specimens is usually shape dependent and requires an expensive testing machine. 

 Elastic modulus can also be determined by a dynamic mechanical analyzer (DMA) in 

static mode using submersion clamps. DMA already enabled scientists to the determine 

thermal properties (i.e.: glass transition temperature) of small dimension wood sample in 

dynamic mode (Menard 2008), but limited research have been focused on static 

measurements. Many thermal properties are measured on samples that were submerged in 

water or in ethylene glycol (EG) (Salmen 1984), therefore these plasticizers should be the 

most convenient to use for static measurements as well.  

The objective of this study was to evaluate the applicability of a dynamic mechanical 

analyzer in static mode to determine the modulus of elasticity of young transgenic aspen 

clones with small diameter. The results of the measurements were compared to values 

obtained using micromechanical testing method and a nondestructive evaluation technique. 
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Materials and methods 

Wild-type and transgenic aspen (Populus tremuloides Michx.) were grown under 

controlled conditions in the green house of the Forest Biotechnology Group at North 

Carolina State University. A total of fifty sample trees were harvested after two and a half 

years of growth from four genetic groups, including a wild-type and three modifications (Li 

et al. 2003). The description of the genetic groups along with their chemical compositions 

can be found in Table 1.  

Nondestructive evaluation 

Ultrasonic transmission time was measured for each of the sample trees between two piezo 

sensors in green condition by a Fakopp Ultrasonic Timer, which is designed for small-

diameter stems (Figure 3.1) (Horvath et al. 2010a). One piezo sensor remained stationary at 

one end and was excited by a 300V impulse. The result of this excitation was a 45kHz 

ultrasonic pulse which was captured by a receiver piezo sensor. The receiver sensor was 

moved to six different locations of equal distances depending on the length of the stem which 

was varying between 200-800mm. Velocity of sound propagation was calculated from the 

ultrasonic transmission time versus distance linear regression line. After the velocity of 

sound propagation measurements, the density of each sample tree was determined by a 

conventional water displacement method (ASTM D2395-07). Using the velocity of sound 

propagation and density values, dynamic MOE was determined by Christoffel`s fundamental 

equation: 

 
2 ,MCDynamic MOE V  (2.1)
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where ρMC = density of specimen at given moisture content (kg/m
3
), and V = velocity of 

sound propagation (m/s). 

 

Figure 3.1 Measuring ultrasonic transmission time between two piezo sensors using Fakopp 

Ultrasonic Timer 

Micromechanical testing 

A modified ASTM D143-94 standard (Kasal et al. 2007) was used to measure the static 

modulus of elasticity at the green condition using three-point bending on the same samples 

trees that were used for nondestructive evaluation. The cylindrical-shaped specimens were 

supported by fixed roller supports keeping a span-to-diameter ratio of 15. The bearing block 

was designed to avoid surface crushing of the specimens (Figure 3.2). The load-deflection 

curve was obtained using an MTS Alliance RF/300 mechanical testing machine with an MTS 

Testworks system. The static MOE was calculated as follows: 

 

3

4 4

4
,

3 ( )

L
Static MOE s

D d


  (2.2)
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where s = slope of the linear portion of the load-deflection diagram (N/mm), L = distance 

between the two supports (mm), D = diameter of the specimen at mid-length (mm), d = 

diameter of the pith (mm). 

 

Figure 3.2 Micromechanical testing of small diameter stem in three-point bending. The span 

distance was 130mm. 

Dynamic mechanical analyzer in static mode 

After the nondestructive evaluation and the micromechanical testing, a dynamic mechanical 

analyzer (DMA) was used in static mode to measure MOE in two different plasticizer: water 

and ethylene glycol. Stems were cut into 25mm long pieces and glued to the end of an MDF 

board to ensure safe sample preparation. Approximately 1mm thick x 20mm long x 1-5mm 

wide parallel-sided specimens (excluding the pith and any defects) were prepared using a 

micro circular saw. These strips were placed in deionized water for 24 hours before testing. 

A DMA Q800 (TA Instruments) equipped with a submersion three-point bending clamp 

(Figure 3.3) was used to obtain the load-deflection curve using a span distance of 15mm. 
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MOE was calculated for the water-submerged strips and was called the DMA Water MOE. 

For further testing, the strips were dried at room temperature in a desiccator using 

phosphorus pentoxide (P2O5) to avoid any cracks in the specimens. After one week of drying, 

the strips were placed in ethylene glycol (EG) and kept under vacuum until the strips sank in 

the plasticizer. The submersion three-point bending measurements were repeated for these 

strips and the DMA EG MOE was calculated. 

 

Figure 3.3 Submersion three-point bending clamp in the dynamic mechanical analyzer. 

Experimental Data Analysis 

To test the effect of genetic modification and genetic line within genetic groups on 

the different elastic moduli, descriptive statistics and general linear model (GLM) procedure 
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were used in SAS
®

 Enterprise Guide 4.1 (SAS, 2006). Large diameter growth differences 

were observed between genetic groups during harvest, thus stem diameter was used as a 

covariate in the statistical model: 

          μ    β                         (   )              (5.3) 

where Y i j k  = subject of interest (measured properties), μ = overall mean, β = coefficient 

related to diameter, D i j k = stem diameter of k 
th

 tree in j 
th

 genetic line of i 
th

 genetic group, G 

i = effect of i 
th

 genetic group, L j (G i) = effect of j
th

 genetic line in a genetic group,   i j k = 

random error with E(0, σ
2
). 

Duncan multiple range tests were used to determine significant differences between genetic 

groups for each of the measured properties at a level of significance α=0.05. 

Results and Discussion 

Analyzing the results of the general linear models, there were no significant stem 

diameter effects on any of the measured properties. In addition, there were no significant 

genetic line effects within genetic groups, but genetic group always had a significant effect 

on the measured properties. 

The elastic moduli of the transgenics were lower in all measurement techniques 

compared to the wild-type (Table 3.1). Reduction in the lignin content reduced all MOE. 

However, an increase in the S/G ratio resulted in only a slight but significant decrease in the 

MOE. The combined influence of lignin content and S/G ratio changes in genetic line 

Ptr4CL/CAld5H-72 showed the most obvious negative effect on MOE, while genetic line 

Ptr4CL/CAld5H-141 showed only a slight decrease in the MOE compared to the wild-type.  
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Table 3.1 Comparison of mean modulus of elasticity (MOE) using nondestructive evaluation 

(dynamic MOE), micromechanical testing (static MOE) and dynamic mechanical analysis in 

static mode with two different plasticizers (DMA Water MOE, DMA EG MOE).  

 
Differences among genetic groups for each property are denoted with the superscript letter(s) determined by 

Duncan multiple range tests at α=0.05. Letter `a` shows the highest value(s). Values in parentheses are 

coefficient of variation in percentage. 

n1= number of sample trees used to measure dynamic MOE and static MOE measurements. 

n2= number of DMA strips used to measure DMA Water MOE and DMA EG MOE. 
1 Actual lignin content of sample trees measured by Horvath et al. (2010b). 
2S/G ratio represents the syringyl to guaiacyl lignin content ratio of each genetic line adopted from Li et al. 

(2003). 

* Genetic line Ptr4CL/CAld5H-72 and genetic line Ptr4CL/CAld5H-141 were handled as separate genetic 

groups, because of the high lignin content differences within genetic group Ptr4CL/CAld5H. 

 

The measured MOE values were in range with those reported elsewhere for aspen of 

different ages (Bendtsen et al. 1986, Hernandez et al. 1998, Peszlen 1998, Kasal et al. 2007, 

Bjurhager et al. 2008). In addition, Roos et al. (1990) measured a static MOE of 3,438MPa 

for the micro three-point bending of young quaking aspen (Populus tremuloides Michx.) at 

the green condition. Another study from Coutand et al. (2004) reported an MOE of 

2,103MPa for one-year-old poplar (Populus cv. I4551) using three-point bending at the green 

condition. 
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Comparing the different measurement techniques, both of the DMA measurements showed 

notably lower values than the other two techniques, where dynamic MOE exhibited the 

highest MOE values followed by static MOE (Table 3.1). Several study reported that 

dynamic MOE is higher than static MOE in general (Ilic 2001, Karlinasari et al. 2008, 

Spycher et al. 2008, Ross and Pellerin 1994). On the other hand, the large differences 

between the DMA measurements and other two techniques can be explained by the nature of 

the sample preparation procedure and the measurement techniques. Dynamic MOE and static 

MOE were measured on the stem of the sample trees, while DMA strips were manufactured 

out of these stems and had cut fibers on the surfaces which could significantly decrease the 

cross sectional area and the MOE. Also, DMA strips were submerged in water and in EG 

keeping the material always fully saturated and resulting in a decreased MOE.  

Comparing the DMA MOE measurements in water and in EG as plasticizers, strips 

submerged in water showed lower MOE than strips submerged in EG (Table 3.1). 

Compression, tension and shear stresses develop within the material during bending, but 

bending MOE is mainly determined by tension properties of the material. Cellulose, which 

can be plasticized by water, is primarily responsible for the tension strength. On the other 

hand, EG plasticizes the lignin not the cellulose, which could explain the higher bending 

MOE for the strips submerged in EG. 

Further studying the MOE values determined by the different techniques, good linear 

correlation was found between the DMA Water MOE and DMA EG MOE (R
2
=0.75), which 

can show the good relationship between the measurements using two different plasticizers 
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and reliability of the DMA measurements. In addition, good linear correlation was found 

between the dynamic MOE and the static MOE (R
2
=0.78) measured on the stems of the 

sample trees, which can prove the reliability of these techniques. Many investigators have 

reported correlations between dynamic MOE and static MOE. High correlations were shown 

between dynamic MOE and static MOE for fast-growing poplar clones by Funck et al. 

(1979) and Hernandez et al. (1998). Similar good correlations were found for Eucalyptus 

delegatenis R. Baker (Ilic 2001), for various softwood species (Wang et al. 2004, Spycher et 

al. 2008) and for gmelina wood (Karlinasari et al.2008). 

All of the measurement techniques detected similar differences between genetic 

groups determined by Duncan multiple range tests (Table 3.1). Across the genetic groups, the 

trend was the same for all the measurement techniques (Figure 3.4), therefore DMA in static 

bending mode could be applied to identify differences in elastic modulus of stems with small 

diameter.  
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Figure 3.4 Normalized mean elastic modulus of wild-type and transgenic groups using 

different measurement techniques. Whiskers represent the standard deviation. 
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Summary and Conclusion 

A dynamic mechanical analyzer in static bending mode was used to determine the elastic 

modulus of 2.5-year-old wild-type and transgenic aspen submerged in water and in ethylene 

glycol. DMA MOE values were compared to those assessed by nondestructive evaluation 

and micromechanical testing. Across the genetic groups, all of the measured elastic moduli 

showed the same trend and detected similar differences; therefore, DMA in static mode can 

be applied in tree improvement programs to identify differences in MOE of stems with small 

diameter. DMA measurements showed notably lower MOE values than the other techniques. 

Nondestructive evaluation showed the highest MOE values followed by the micromechanical 

testing. These differences in the MOE values need to be considered.  
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CHAPTER 4  

USE OF TRANSMITTANCE NEAR INFRARED SPECTROSCOPY TO 

PREDICT THE MECHANICAL PROPERTIES OF ONE- AND TWO-YEAR-

OLD TRANSGENIC ASPEN 

Published online in Wood Science and Technology, April 09, 2010 

Abstract 

The investigation of genetically-modified trees requires rapid and reliable techniques to 

measure the mechanical properties at an early age in order to give timely feedback to forest 

geneticists. In this study, transmittance near-infrared (NIR) spectroscopy was used to predict 

the green mechanical properties of one- and two-year old transgenic and wild type aspen. 

Green modulus of elasticity (MOE) in three-point bending and green ultimate compression 

strength (UCS) parallel to the grain were predicted from the NIR spectra of dry wood meal 

pellets. Green UCS had strong correlation (R
2
=0.91) and green MOE had good correlation 

(R
2
=0.78) with the spectra. The latter could be explained by the moderate correlation of 

MOE with the lignin content of the transgenic samples, suggesting that besides chemical 

composition MOE also depends on anatomical properties. The ratio of performance to 

deviation (RPD) value suggested that the calibration model of both UCS (2.94) and MOE 

(1.91) could be used for screening.  

 

Keywords: aspen, compression strength, lignin content, modulus of elasticity, near-infrared 

spectroscopy (NIR), Populus ssp., transgenic trees. 
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Introduction 

The high cost associated with the removal of lignin from wood is a significant obstacle to the 

optimization of pulp and bio-fuel production. Lignin content and structure could be changed 

using genetic engineering (Hu et al. 1999; Chiang 2006). However, the altered chemistry can 

affect the mechanical properties of wood (Horvath et al. unpublished; Koehler and Telewski 

2006), which need to be investigated at an early age of transgenic trees in order to fully 

utilize this genetic modification. 

Near infrared (NIR) spectroscopy is a powerful tool for measuring the chemical and 

mechanical properties of wood. In addition to being a very rapid technique, NIR also allows 

for measurement of the mechanical properties using a small amount of material. Other 

advantages of NIR are that it is cost-effective, nondestructive, and requires minimal sample 

preparation. NIR spectroscopy measures the absorbance of near infrared light (780nm-

2500nm) and uses it to acquire chemical and physical information about the sample. The 

main parts of the near infrared spectra are the overtone of the spectra and combination bands 

of fundamental stretching vibrations of the O-H, N-H and C-H functional groups observed in 

the mid-infrared region (Schimleck et al. 2001).   

Two types of NIR spectroscopy have been mainly used by various authors: diffuse 

reflectance spectroscopy (Schimleck et al. 2005a; Bailleres et al. 2002) and reflectance 

spectroscopy (Hoffmeyer and Pedersen 1995; Kelley et al. 2004; Poke and Raymond 2006). 

One of the advantages of reflectance spectroscopy is the less time-consuming sample 

preparation. However, the accuracy of the reflectance spectroscopy may be lower than other 
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spectroscopy techniques due to light scattering and surface effects (Hoffmeyer and Pedersen 

1995). In the last few years, transmittance spectroscopy has been used in numerous studies 

(Yamada et al. 2006; Yeh et al. 2005) due to its accuracy and the small amount of sample 

required. 

To improve the quality of the predictions of NIR spectroscopy, the spectra can be 

preprocessed to minimize spectra artifacts. There are several preprocessing techniques but 

the most frequently used technique is the second derivative mode of the spectra (Schimleck 

et al. 2001; Yeh et al. 2005; Yamada et al. 2006). However, Kelley et al. (2004) published 

strong correlations without using any preprocessing techniques. 

Reduced near infrared spectral range (650nm-1159nm) was utilized by Kelley et al. (2004) to 

allow field measurement using handheld NIR spectrometers. The reduced spectral range 

slightly decreased the quality of the calibration. However, the strength of the correlation 

between the reduced spectral range and the chemistry, mechanical properties, and the 

microfibril angle (MFA) remained significant.  

Lignin content and the syringyl/guaiacyl (S/G) ratio were investigated and found to be 

strongly correlated with the NIR spectra using wood meal pellets (Yeh et al. 2005; Yamada 

et al. 2006), ground wood powder (Bailleres et al. 2002), as well as solid wood samples 

(Bailleres et al. 2002; Poke and Raymond 2006; Kelley et al. 2004). Several physical and 

mechanical properties of wood samples were correlated with NIR spectra for Eucalyptus 

globulus, Pinus radiata D.Don, and Pinus taeda (Schimleck et al. 2001, 2002b, 2005b; 

Kelley et al. 2004) and strong correlation was found between the spectra and the modulus of 
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elasticity (MOE), modulus of rupture (MOR) in bending, and ultimate compression strength 

(UCS).  

Transgenic materials give a unique opportunity to test the NIR technique on young trees with 

a wide range of chemical composition without the bias associated with different 

environmental conditions and species-specific characteristics. Poplar is the model tree 

species for genetic modification because its genome has been completely mapped, is easy to 

propagate, fast growing, and widely distributed in the United States. The chemical 

composition of transgenic aspen has been successfully correlated with transmittance NIR 

(Yamada et al. 2006) but the mechanical properties of one- and two-year-old aspen trees 

have not been investigated by NIR spectroscopy due to the difficulties of measuring the 

mechanical properties of young trees with small diameter.   

The main objective of this study is to investigate the application of NIR spectroscopy to 

predict the mechanical properties of one- and two-year-old transgenic aspen trees with 

reduced lignin content and/or increased S/G ratio. The specific objective of the study is to 

analyze the relationship between the lignin content and the mechanical properties of 

transgenic aspen using the regression coefficients of samples. 

Material and Methods 

One- and two-year-old quaking aspen (Populus tremuloides Michx.) clones were 

investigated, including a wild-type aspen (PtrWT) and transgenic lines with reduced lignin 

content (Ptr4CL), increased syringyl/guaiacyl ratio (PtrCAld5H), and both reduced lignin 

content and increased S/G ratio (Ptr4CL/CAld5H) (Li et al. 2003). The trees were grown in a 
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controlled environment in a greenhouse at North Carolina State University. Seventy stems 

were harvested to test the mechanical properties. The average stem diameter of the sample 

trees including the bark varied between 7.2 and 10.0 mm. Each stem was debarked and 

divided into 250 mm sections along the length. The sections were cut to produce specimens 

with a length:diameterratio of 15, with 10 millimeter overhang at each end. The specimens 

were kept at the green condition throughout the test. To maintain the moisture content and to 

prevent fungal decay, the specimens were kept in plastic bags and were placed in a freezer. 

The bags were removed from the freezer two hours prior to the mechanical test and 

specimens were removed from the plastic bags just before the test. 

Three-Point Bending Test  

Modulus of elasticity (MOE) was obtained using a modified micro mechanical three-point 

bending test (Kasal et al. 2007). Fixed rollers were used to support the specimens during the 

test. The diameter that was in line with the load was measured at the specimen midlength 

using a digital caliper. The specimen was loaded at midlength with a bearing block that was 

specifically designed to avoid surface crushing (Figure 1).  
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Figure 4.1 Experimental setup of the micro-scale three-point bending test on one- and two-

year-old transgenic aspen. 

An MTS Alliance RF/300 mechanical testing machine with a computerized data acquisition 

system (MTS Testworks 4) was used at a loading speed of 1.27 mm min
-1

. The load was 

measured by an OMEGA LC111-250 (1100N) load cell and the deflection of the specimen 

was based on crosshead movement. One specimen was loaded until failure to determine the 

proportional limit on the load-deflection diagram. The rest of the specimens were loaded to 

50% of the proportional limit. To calculate the modulus of elasticity, the following equation 

was used.  
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whereS is the slope of the linear segment of the load-deflection diagram, L is the span 

between the two supports, D is the diameter of the specimen at midlength, and dp is the 

average diameter of the pith of the two ends of the specimen. 

The modulus of elasticity values of the stem sections were averaged by sample tree within 

each transgenic line and these values were used to build the NIR calibration.  

Compression parallel to the grain 

Compression specimens were cut from the straightest portion of the same specimens used in 

the bending test. To prevent buckling, the length of the specimens was cut with a circular saw 

to keep the length:diameter ratio around three. The same mechanical testing machine 

described previously was used at a loading speed of 0.4 mm min
-1

. The load was recorded by 

an OMEGA LC101-2k (9000N) load cell and the deflection of the specimen was based on 

crosshead movement. The load was applied to the surface of the specimen by a fixed 

loadhead. The specimens were loaded until maximum compression load was reached. To 

calculate the ultimate compression strength, circular cross-sections of the specimens were 

assumed. The pith was deducted from this cross sectional area, assuming that the pith and the 

surrounding wood are concentric circles. The ultimate compression strength was calculated 

based on the load at failure and the cross sectional area without the pith (Kasal et al. 2007). 

The maximum ultimate compression strength values of the stem sections were averaged by 

sample tree within each transgenic line and these values were used to build the NIR 

calibration.   
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Near-Infrared Spectroscopy 

Specimens from the compression test were used for NIR spectroscopic analysis. A total of 

seventy specimens were analyzed: eleven specimens of the wild-type aspen, twenty-six 

specimens with reduced lignin content, fifteen specimens with increased S/G ratio, and 

eighteen specimens with  increased S/G ratio and decreased lignin content. The specimens 

were ground into powder through an 80-mesh screen using a Wiley mini mill. A 100mg yield 

was obtained from the grinding of the 20mm long compression specimen. The extractives 

were removed from the ground wood using the method described in TAPPI T 264 om-94 

(1994). The powdered samples were dried at 105°C for 24 hours and were pressed into 

75±0.5 mg (oven-dry weight) pellets with diameter of 13 mm. The average thickness of the 

pellets was 19.4mm with a coefficient of variation of 3.5%. The wood pellets were 

conditioned in a desiccator under P2O5 for at least 48 hours (Yamada et al. 2006).  

The pellets were analyzed using transmittance Foss NIRSystems NIR spectrometer equipped 

with an InTact Single Tablet Module (NIR- and monocromator NR-6500-V/H). Thirty-two 

transmittance scans were collected for each pellet and averaged at 2.0 nm interval over the 

600-1900 nm wavelength range.  

NIR calibration development 

The Unscrambler 9.7 software was used to conduct the analysis. The second derivative of the 

spectra was calculated using the gap-segment method (gap=0 nm, segment=10 nm). The 

score plots of Principal Component Analysis (PCA), Partial Least Squares (PLS) regression, 

and the residual-leverage plot were used to identify six outliers that were removed from the 
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analyses. Partial least squares (PLS) regression was used to build the calibration model. The 

calibration model was tested using external validation, where 20 samples were left out of the 

calibration process and used to validate the calibration model.  The difference between the 

measured and predicted values was averaged to produce the root mean square error of 

calibration (RMSEC) and the root mean square error of prediction (RMSEP). The number of 

PLS factors was determined using the lowest RMSEP number. The calculation of RMSEP is 

provided in the following equation. 
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where n is the number of samples, ei is the residual of the predicted property of interest. The 

RMSEP provides an estimate of prediction accuracy. If the samples to be used for future 

prediction were similar to the ones used in the calibration, the prediction error will be ± 

2∙RMSEP. 

The coefficient of determination (R
2
), the standard error of calibration (SEC), and the 

standard error of prediction (SEP) were also used to evaluate the performance of the 

calibration model. The R
2
 is the proportion of the variability of the property of interest that is 

explained by the calibration model. The SEC measures how well the calibration fits the data 

and the SEP evaluates how well the calibration predicts the constituents of interest for a set 

of samples.  

The ratio of performance to deviation (RPD) value was also calculated to get more 

information about the performance of the model.  The RPD is the ratio of the standard 
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deviation of the original data and the SEP. If the ratio is below two, the model cannot provide 

an adequate prediction. A model with RDP value between two and three can be used for 

rough screening, between three and five for screening, between five and eight for quality 

control analysis, and above eight for analytical purposes (Bailleres et al. 2002).  

An uncertainty test with full cross validation was used to find the significant wavelength 

using all of the sixty-four samples (Esbensen 2002). In the uncertainty test, the mean 

regression coefficient and the uncertainty limit for all wavelengths were calculated. The 

regression coefficient is a numerical coefficient that creates a link between the predictor 

(wavelength) and the response (property of interest). When one sample is predicted, the 

remaining samples are used to create regression coefficients for each variable. Since every 

sample is predicted once, the number of created regression coefficients for each wavelength 

is equal to the number of samples. Afterward, the mean regression coefficient is calculated 

for each wavelength. The uncertainty limit corresponds with two standard deviations of the 

regression coefficient. If the regression coefficients with uncertainty limit crosses zero, the 

corresponding wavelength is not significant in predicting the property of interest.  

Results and Discussion 

Mechanical Model 

The mechanical properties of the samples varied over a wide range (Table 4.1). The modulus 

of elasticity varied from a minimum of 1504MPa to a maximum of 6283MPa (Avg 

3656MPa, COV 28%). The ultimate compression strength values ranged between 4.58MPa 

and 15.14MPa (Avg 9.56MPa, COV 32%). The coefficient of variation of MOE for each 



   

155 

genetic group was calculated to provide information about the accuracy of the measurement. 

The average of the coefficient of variation of each genetic group was 17% for bending test 

and 12% for compression test (Horvath et al. 2010).  

Table 4.1 Mechanical properties of one- and two-year-old transgenic aspen. 

 Modulus of Elasticity  Ultimate Compression Strength 

Mean (MPa) 3656 9.56 

Min (MPa) 1504 4.58 

Max (MPa) 6283 15.14 

COV (%) 28 32 

Sample No. 64 64 

 

Figure 4.2 shows the correlation between the measured mechanical properties and the 

mechanical properties from the NIR spectra. The ultimate compression strength parallel to 

the grain showed strong correlation with the predicted ultimate compression strength 

(R
2
=0.89, SEC=0.96 MPa) (Figure 4.2a). The slope of the calibration curve was 0.89. The 

correlation between the measured modulus of elasticity and the predicted modulus of 

elasticity was good with R
2
=0.79 and SEC=448 (Figure 4.2b). The slope of the calibration 

curve was 0.79. The slope indicated that the model underestimated the modulus of elasticity.  

Table 4.2 Results of the validation model for modulus of elasticity and ultimate compression 

strength of one- and two-year-old transgenic aspen. 

Property of Interest Factors R
2
 SEP (MPa) RMSEP (MPa) RPD 

Ultimate Compression Strength 4 0.91 0.99 1.04 2.94 

Modulus of Elasticity 4 0.78 521 538 1.91 
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The results of the model validation are also shown in Figure 4.2. The summary statistic of the 

validation model of MOE and UCS is shown in Table 4.2. The ultimate compression strength 

had a strong correlation for the validation set with R
2
=0.91, SEP=0.99, factors=4, and 

RMSEP=1.04MPa (Figure 4.2a). The slope of the regression line was 0.81. The R
2
 is 

comparable to the values of 0.93 and 0.97 that were reported by Hoffmeyer and Pedersen 

(1995) and Gindl and Teischinger (2001), respectively. Despite the strong correlation 

between the measured UCS and the NIR-predicted UCS, the RPD value suggests that the 

model can only be used for screening purposes (Bailleres et al. 2002).  

 

Figure 4.2 Correlation between measured mechanical properties and NIR-fitted mechanical 

properties using wood meal pellets from one- and two-year-old transgenic aspen: (a) ultimate 

compression strength parallel to the grain,  and (b) modulus of elasticity in three-point 

bending. 

The modulus of elasticity showed good correlation for the validation set, with R
2
=0.78, 

SEP=521, factors=4, RMSEP=538MPa, Slope=0.77 (Figure 4.2b). Similar R
2
 value was 

published by Kelley et al. (2004) for six softwoods with r=0.84 (R
2
=0.7) using standard 

a b 
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ASTM three-point bending. Meanwhile, higher correlation was found for MOE using various 

softwood species by Gindl and Teischinger (2001), Via et al. (2003), and Schimleck et al. 

(2005b).  Thumm and Meder (2001) also predicted the MOE of lumber using three-point 

bending and reported poor correlation (R
2
=0.38) when collecting the spectra at the middle of 

the bending specimen. However, moderate correlation (R
2
=0.71) was obtained when the 

sample was moving in front of a detector and spectra were collected from the full length. 

High R
2
 values were published for Eucalyptus delegatensis by Schimlecket al. (2001, 2002a) 

and for Pinus radiata D. Don by Schimleck et al. (2002b) when the MOE was obtained from 

SilviScan-2 measurement in which a combination of X-ray densitometry and diffraction was 

used on wood strip to determine the MOE. However, when the range of densities was limited 

(300-400 kg/m
3
), lower accuracy (R

2
=0.67) for Pinus taeda was reported by Schimleck et al. 

(2005a). It has to be mentioned that in the previous studies, the spectra were collected from 

the radial face of the solid wood while in our experiment the sample was ground to eliminate 

the possible scattering caused by the surface. Despite the strong correlation between the 

measured and the NIR predicted properties, the prediction accuracy of the model (SEP=521) 

and the RDP value suggest that the model could only be used for screening of the MOE of 

young transgenic aspen trees at the green condition. 

The strong predictability of the models for MOE and UCS is surprising due to the fact that 

previously published NIR models for juvenile wood samples had moderate quality (R
2
=0.61) 

and poor predictability (R
2
=0.23). The poor predictability of the models was explained by the 

narrow range of wood property variation (Via et al. 2003, Schimleck et al. 2005a). The MOE 
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for this study ranged from 1504 to 6283MPa; those of Schimleck et al. (2005a) were between 

2400 and 5300MPa, while Via et al. (2003) reported values between 5000 and 28000MPa. It 

is also important to mention that all previous studies used dry mature wood specimens and it 

is known that the mechanical properties are altered by the moisture content, which could 

affect the correlation with the NIR spectra.   

Significant wavelengths 

One way to determine the contribution of the chemical components to the mechanical 

performance of wood is to compare the NIR spectra of wood and the NIR spectra of pure 

chemical components such as lignin, cellulose, extractives, and xylan. This has been done by 

various authors (Yamada et al. 2006; Yeh et al. 2004; Michell and Schimleck 1996). Another 

way to investigate this contribution is to determine which wavelengths are associated with 

major chemical components such as lignin and cellulose. This could be done by investigating 

the correlation between the known mid infrared wavelengths (MIR) and the unknown 

wavelengths of NIR spectra (Michell and Schimleck 1996). It was found that the absorbances 

near 1668nm and 2132nm were associated with lignin and extractives. In addition, the band 

at 1668nm, 1684nm, and 2132nm correlated with the 1735cm
-1

 in MIR spectra, which was 

associated with the acetyl and carboxyl groups in non-cellulosic polysaccharides. 

A third approach is the direct comparison of the regression coefficients of prediction 

generated from the PLS model. In this study, the model constructed by Yamada et al. (2006) 

was used to provide the regression coefficients of chemical component predictions. The 

spectra were treated the same way as described by Yamada et al. (2006). Figure 4.3 compares 
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the regression coefficients of lignin and of the ultimate compression strength prediction.  It 

could be concluded that similar wavelengths contributed to the lignin and the ultimate 

compression strength prediction. The calibration model for cellulose was not used due to the 

limited range of cellulose content that was used to build the model. In addition to lignin and 

cellulose, the hemicelluloses and the microfibril angle could have a significant effect on the 

mechanical properties; however these properties were not measured in this study.  

 

Figure 4.3 Regression coefficients used to build the calibration model for ultimate 

compression strength and total lignin content using one- and two-year-old transgenic aspen. 
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Figure 4.4 Regression coefficients used to build the calibration model for modulus of 

elasticity in three-point bending test and total lignin content using one- and two-year-old 

transgenic aspen. 

 

Figure 4.5 Linear Regression of the ultimate compression strength (a) and modulus of 

elasticity (b) with the NIR-predicted total lignin content of one- and two-year-old transgenic 

aspen. 

a b 
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When the regression coefficients of lignin content prediction and MOE prediction were 

compared, it could be seen that the correlation was strong (Figure 4.4). These results 

suggested that for this specific set of transgenic trees, both the MOE in three-point bending 

and the ultimate compression strength correlate well with the lignin content of the samples.  

Lignin content has a strong correlation (R
2
=0.80) with the ultimate compression strength 

while the modulus of elasticity only had a moderate correlation (R
2
=0.65) (Figure 4.5). The 

strong correlation was not entirely unexpected because the compressive strength of wood is 

widely known to depend on the lignin content (Wardrop 1972, Gindl 2001, Gindl and 

Teischinger 2002a, 2002b).   

Summary and Conclusion 

The modulus of elasticity in three-point bending and the ultimate compression strength 

parallel to the grain were measured using micro-mechanical testing methods. NIR spectra 

were collected from 70 samples using 75-mg wood meal pellets. PLS models were 

constructed to correlate the NIR spectra and the mechanical properties. The measured 

ultimate compression strength showed strong correlation with the NIR predicted ultimate 

compression strength, with a coefficient of determination of 0.91 for the validation set. The 

RPD value of the validation model (2.94) indicated that NIR spectroscopy could be used for 

screening the green ultimate compression strength of young, small diameter transgenic aspen 

trees. Good correlation was found between the measured and predicted modulus of elasticity, 

with a coefficient of determination of 0.78 for the validation set. The RPD value of this 
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model indicated that the model could be used only for screening of the green modulus of 

elasticity.  

Further investigation of the correlation between the mechanical properties and the chemical 

composition suggested that the ultimate compression strength highly correlate with the lignin 

content while the correlation between the MOE and the lignin content was moderate.  

Based on these results it appears that transmittance NIR spectroscopy can be successfully 

used for rapid screening of the ultimate compression strength of young, small diameter 

transgenic aspen at the green condition.  The calibration model for MOE was not as good as 

that for the ultimate compression strength, which suggests that MOE depends on other 

chemical and anatomical factors, which could not be accurately predicted by NIR 

spectroscopy. To further improve the prediction ability of mechanical properties, a larger 

sample size is needed in order to expand the range of chemical composition and to be able to 

construct a more robust model.  
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CHAPTER 5  

DISTRIBUTION OF SYRINGYL AND GUAIACYL TYPE OF LIGNIN 

WITHIN THE CELL WALL OF TRANSGENIC ASPEN USING VIS 

RAMAN IMAGING MICROSCOPY 

 

Abstract 

One of the potential candidates for biofuel production is wood, which has many advantages 

compared to other agricultural crops that are currently used for bio-ethanol production 

(Herrera 2006, Himmel et al. 2007). Although it has many advantages, many issues need to 

be overcome before the production of bio-ethanol from wood can become economical 

(Himmel et al. 2007). One of the ways to improve the efficiency of bioethanol production is 

the use of genetically engineered trees with altered chemical content and structure (Herrera 

2006, Himmel et al. 2007). However, little is known about the effect of genetic modification 

on the wood‟s chemical composition and structure, which could have a significant effect on 

the efficiency of the bioethanol conversion (Himmel et al. 2007). Therefore, in this study VIS 

Raman microscopy was used to obtain information on the spatial distribution of major wood 

polymers (lignin and carbohydrates) in the cell wall of young transgenic aspen with reduced 

lignin content and/or changed structure. The result of the study showed that the lignin content 

of the cell wall and compound middle lamella were reduced by the genetic modification but 

the amount of carbohydrate did not change significantly. Higher amount of water was also 

found in the cell wall of transgenic aspen compared to the wild type aspen, indicating an 

increase in the hydrophilicity of the cell wall. 
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Introduction 

The energy consumption of the world is increasing exponentially but the available reservoirs 

of crude oil are fast coming to the end of their capabilities (Edwards 1997). Therefore, 

tremendous efforts are being exerted to replace fossil-based fuel with environmentally 

friendly biofuels (Herrera 2006). One of the potential candidates for biofuel production is 

wood, which has many advantages compared to other agricultural crops that are currently 

used for bio-ethanol production (Herrera 2006, Himmel et al. 2007). Wood does not require 

extensive fertilization, can grow in nutrient-poor soil, does not compete with food supplies, 

and can be harvested any time of the year (Herrera 2006). Although it has many advantages, 

many issues still need to be overcome before the production of bio-ethanol from wood can 

become economical. These include the slow kinetics of breakdown, low sugar yield, and 

expensive removal of lignin (Himmel et al. 2007).  

Genetic engineering can be an enabling technology for improving the efficiency of the 

bioethanol production. Genetic modifications have been performed on hardwood species 

belonging to the genus Populus, Eucalyptus, Betula, Liquidambar, and Robinia (Pena and 

Seguin 2001). Populus species have been widely studied (Pena and Seguin 2001) because 

they are the most widely distributed species in North America (Rauscher et al. 1995) and 

their  genome was the first to be fully characterized (Chiang 2006). Transgenic aspen 

(Populus tremuloides) with reduced lignin content and changed structure have been produced 

(Li et al. 2003) and research on their biochemical conversion into ethanol has already been 

started (Herrera 2006). Reducing the lignin content can result in tremendous reduction in 
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energy and chemical consumption during conversion; while increasing the S/G ratio can 

result in an increase in the reactivity of the lignin (Herrera 2006, Himmel et al. 2007). 

However, the current biomass-conversion techniques are based on our limited knowledge of 

the chemical composition and structure of the biomass (Himmel et al. 2007).  Therefore, to 

fully utilize the advantages provided by the transgenic trees with reduced lignin content 

and/or increased S/G ratio, an extensive characterization of the spatial distribution of the 

major polymers in wood is essential.  

The in situ investigation of the wood chemical structure could be done with techniques 

including high-resolution solution-state NMR (Yelle et al. 2008) and various vibrational 

spectroscopies. Raman spectroscopy was extensively used to investigate the chemical 

structure and composition of wood due to its non-invasive nature, multi-phase sensitivity, 

and high spatial resolution (Agarwal 1999, Gierlinger and Schwanninger 2007). Fluorescence 

is a serious problem during the investigation of biological materials because it could hide 

useful spectral information (Gierlinger and Schwanninger 2007). One way to lower the effect 

of sample fluorescence is the use of Kerr-gate technique where an optical Kerr shutter 

separates the Raman light from the fluorescence (Saariaho et al. 2004). NIR-Raman (YAG: 

1064nm) spectroscopy coupled with Fourier transformation was also used to overcome the 

intense fluorescence (Evans 1991, Takayama et al. 1997, Agarwal and Ralph 1997, Ona et al. 

1998). However, it is known that investigation of trace amount of materials with Raman 

spectroscopy is limited because only every 10
6
-10

8
 photons will produce Raman scattering 

(Smith and Dent 2005) and the use of the NIR range will further decrease the already low 
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intensity of the scattering (Saariaho et al. 2003). The Raman signal could be enhanced using 

resonance Raman and surface enhanced Raman scattering (SERS) (Gierlinger and 

Schwanninger 2007). The advantages of UV resonance Raman (UVRR) were utilized to 

investigate the lignin content of bleached pulp (Halttunen et al. 2001).  Saariaho et al. (2003) 

also used UVRR to determine the characteristic vibrations of the main lignin structures. 

Recently NIR-SERS spectroscopy was successfully used by Agarwal et al. (2009) to 

investigate lignin structures with ultra-high resolution. The effectiveness of Raman studies 

can also be improved using various multivariate models such as Partial Least Squared (PLS) 

regression (Saariaho et al. 2005). Raman spectroscopy combined with optical or confocal 

microscopy was successfully utilized to create chemical images of the woody cell with high 

spatial resolution (Agarwal 2006, Gierlinger and Schwanninger 2006, Osterberg et al. 2006, 

Schmidt et al. 2009)    

The main objective of this study is to investigate the effect of genetic modification of lignin 

content and structure on the spatial distribution of the main wood polymers (lignin, 

hemicelluloses, and cellulose) in the cell wall and cell corner. These microsections of young 

transgenic aspen wood with reduced lignin content and/or increased syringyl/guaiacyl ratio 

were scanned using VIS Raman microscopy.  
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Materials and Methods 

Material 

Young quaking aspen (Populus tremuloides Michx.) trees were investigated including a wild 

type line as control (PtrWT-271), a transgenic line with reduced lignin content through 

transfer of antisense 4CL gene (Ptr4CL-21), a transgenic line with increased 

syringyl/guaiacyl ratio (S/G) through insertion of sense CAld5H gene (PtrCAld5H-94), and a 

transgenic line with both reduced lignin content and increased S/G ratio through 

simultaneous insertion of 4CL and CAld5H genes (Ptr4CL/CAld5H-72) (Li et al 2003). 

Sample trees were harvested at the age of two and a half from the greenhouse of the Forest 

Biotechnology Group at North Carolina State University. One plant was selected from each of 

the four genetic groups. Two wood samples with dimensions of 2 mm x 2 mm x 20 mm were cut 

from each plant. The samples were then embedded in Polyethylene glycol 2000 (Rotipuran). 

Twelve- to sixteen-micron sections were cut from the embedded samples using a rotary 

microtome (Leica RM 2155). The embedding medium was then washed off with distilled water 

and the sections were placed onto microscope slides. 

Raman spectroscopy 

Confocal Raman microscope (alpha 300, WITec, Germany) equipped with a piezoelectric 

scanner and a high numerical aperture (NA) microscope objective (Nikon, 100X, NA=1.25) 

was used to acquire the Raman spectra. Linearly polarized laser (λ=532 nm, YAG) was 

focused on the sample and Raman light was detected by a CCD camera (Andor, DV401-BV, 
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352) behind a grating (600 grooves mm
-1

) spectrometer (WITec, UHTS 300) with spectra 

resolution of 5 cm
-1

.  

During the study, fifty-five Raman images were obtained providing data on the cell wall of 

approximately 300 hardwood fibers. The images were generated using 0.2 s and 0.4 s 

integration times. The images with potential sample preparation issues were removed before 

the post-processing of the spectra. The S2 secondary cell wall layer and the cell corners were 

identified using lignin distribution by integrating over the 1550-1650 cm
-1

 wavenumber 

region (Figure 5.1). Then using the WITec Project 2.02 (WITech, Germany) software 

package, individual spectra were extracted and averaged from the S2 secondary cell wall 

layer and the cell corner (CC) of the selected cells. Forty-two average spectra were produced 

and used for the study.  

 
Figure 5.1 Spatial distribution of lignin in wild type aspen upon integration over the 1550-

1650cm
-1

 spectral region. 
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Autosignal 1.7 software package (Seasolve Software Inc.) was used to remove the 

fluorescence background by fitting a third order polynomial using the 500-885, 1800-2800, 

and 3600-3800 cm
-1

 spectral region and to normalize (zero mean and unit standard deviation) 

the average spectra of the S2 cell wall layers. The background of the average spectra of the 

cell corner could not be removed effectively by fitting a third order polynomial. Therefore, 

the background of the average spectra of the cell corners were removed using the average 

intensity of 5 pixels along an area defined by the “fit mask” of WITech Project 2.02 software 

package. The areas not defined by the “fit mask” were interpolated. The following 

wavenumber regions were used for the fit mask: 37-290 cm
-1

, 591-873 cm
-1

, 1209-1260 cm
-1

, 

1792-2788 cm
-1

, and 3057-3095 cm
-1

. Then the spectra were smoothed using the Savitzky-

Golay smoothing (Savitzky and Golay 1964) to remove the shot noise which was introduced 

by the background (Lewis and Edwards 2001). Normalization of the spectra of CC was not 

possible due to the changes in total intensity from the changing lignin concentration.   

The 172-1820 cm
-1

 wavenumber region of baseline-corrected and normalized spectra of each 

genetic group was used for principal component analysis (PCA) (The Unscrambler, CAMO, 

2010) to determine any clustering and any possible outliers. Five outliers were identified 

using the score, residual, and leverage plots of the PCA and were removed from the sample 

set. The remaining spectra were then averaged together within each cluster identified by the 

PCA for each genetic line. The resulting average spectra of each cluster were then used for 

PCA to identify any grouping between genetic lines. The PCA was done using three principal 

components.  
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Multivariate Curve Resolution (MCR) is a technique that could be used to decompose 

spectral data into concentration and response profiles of individual components (Unscrambler 

X Manual, CAMO, 2010). In this study, MCR was utilized to gather information on the 

underlying chemical components and to obtain information on the relationship between the 

characteristic bands of the spectra.  

Results and Discussion 

Significant Raman bands 

The average Raman spectra collected from the S2 layer and cell corner (CC) of fibers for 

wild type aspen are presented in Figure 5.2. High intensity band was found for the S2 layer at 

2900 cm
-1

, which was assigned by Wiley and Atalla (1987) and Agarwal (1999) to the C-H 

and C-H2 stretching of the cellulose; while the band at 2950 cm
-1

, which was attributed to the 

CH stretching of methoxyl groups (Agarwal 1999), only appeared as a shoulder (Figure 

5.2a). Meanwhile, the average spectra of the CC showed higher intensity at 2950 cm
-1

 than at 

2900 cm
-1

 (Figure 5.2b). 

Small intensity band was found at 1735 cm
-1

 in the spectra of S2 cell wall layer, while the 

band was absent from the spectra of the CC. The band at 1740 cm
-1

 was associated with the 

carbonyl groups (Gierlinger and Schwanninger 2006, Lewis et al. 1994). The same band was 

found in xylan by Yamauchi et al. (2005). In addition, the band at 1745 cm
-1

 was found in the 

NIR-Raman spectra of hardwood samples by Takayama et al. (1997), indicating that it could 

be a syringyl lignin specific band. However, the spectral resolution (5 cm
-1

) used in this study 

did not allow the differentiation of the above-mentioned bands. Therefore, it is possible that 
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the 1730-1750 cm
-1

 wavenumber region contains information on the lignin-carbohydrate 

complex.  Since the cell corner and middle lamella mainly contain guaiacyl lignin and are 

lacking in carbohydrates (Terashima et al. 1986), the absence of the band at 1735 cm
-1

 from 

the spectra of the CC was not unexpected. However, due to the intense background signal in 

the CC, definite conclusion cannot be drawn on the assignment of this band.   
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Figure 5.2 Average spectra of the S2 layer (a) and of the cell corner (b) of wild type aspen 

fibers. 
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Two major lignin bands were found in the 1600-1700 cm
-1

 spectral region. The band around 

1606 cm
-1

 was attributed to the symmetric aryl ring stretching; the band at  1669 cm
-1

 was 

attributed to the ring conjugated C=C stretching of coniferyl alcohol or/and C=O stretching 

of coniferaldehyde by Agarwal (1999) and Agarwal and Ralph (2008). The intensity of the 

bands at 1606 cm
-1

 and 1669 cm
-1

 was found to be higher in the CC than in the S2, which 

might indicate higher lignin concentration in the CC. Higher lignin concentration was also 

shown by the increase in the band at 1275 cm
-1

, which according to Saariaho et al. (2003), 

Saariaho et al. (2005), and Evans (1991) was associated with guaiacyl lignin. 

The band at 1456 cm
-1

 was found with moderate intensity in the spectra of the S2 layer and 

CC. The band was assigned to lignin by Kenton and Rubinovitz (1990). 

High intensity bands were found at the 1336 cm
-1

 and 1385 cm
-1 

wavenumber regions for the 

S2 cell wall layer. In the CC, the intensity of the band at 1336 cm
-1

 was predominant, which 

is in an agreement with the findings of Gierlinger and Schwanninger (2006) for poplars. The 

band at 1336 cm
-1

 was assigned to the Aryl-OH or aryl-O-CH3 vibrations by Agarwal (1999). 

The band was also found as one of the characteristic bands in a syringyl lignin model 

compound (Saariaho et al. 2003, Saariaho et al. 2005). However, the CC does not contain 

significant amount of syringyl lignin (Terashima et al. 1986) therefore the band was more 

likely triggered by the higher lignin content. Cellulose also has some contribution on the 

intensity of the band according to Wiley and Atalla (1987) and Agarwal and Ralph (1997). 
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The band at 1385 cm
-1 

was assigned by Ona et al. (1998) to the C-H deformation and C-C-H 

bending of syringyl when using dehydrogenation polymers (DHP) of syringyl. However, it 

was also found as a moderate band in the spectrum of cellulose, glucomannan and xylan 

(Agarwal and Ralph 1997) and was present with a strong intensity in the spectra of Valonia 

and Ramie (Wiley and Atalla 1987). The low intensity of the band in the CC might be 

associated with the absence of the syringyl in the CC but it also could indicate the stronger 

contribution of carbohydrates than of lignin to the band. 

The band region between 300-540 cm
-1

 and 1100-1200 cm
-1

 was assigned to carbohydrates 

by Wiley and Atalla (1987) and Agarwal and Ralph (1997). The spectra in Figure 5.2 

indicate a higher concentration of carbohydrates in the S2 cell wall layer compared to the 

CC.  

Chemical composition of the S2 layer of the different genetic lines 

Principal component analysis (PCA) was used on a total of 37 spectra collected. The average 

spectra of the S2 cell wall layer of individual cells within each genetic line were compared 

and clusters were identified. The result of principal component analysis combined with 

distinctive spectral features allowed the identification of one clusters within the wild type 

aspen (PtrWT-271), two clusters within transgenic line Ptr4CL-21, two clusters within 

Ptr4CL/CAld5H-72, and four clusters within PtrCAld5H-94.  

To obtain more information on the effect of genetic modification, the spectra of the S2 layer 

of transgenic aspen lines were compared to those of wild type aspen (Figure 5.3, Figure 5.4, 
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Figure 5.6). The spectra of transgenic line Ptr4CL-21 showed significantly different features 

from that of the wild type aspen (Figure 5.3). The lignin-specific bands such as 1336, 1456, 

1606, and 1669 cm
-1

 had less intensity in the transgenic aspen with reduced lignin content 

indicating reduction of the lignin content in the S2 cell wall layer. In addition, the majority of 

these bands were assigned to guaiacyl monolignol. The bands at 1735 and 1385 cm
-1

 did not 

change in intensity when the lignin content was decreased. If the bands are associated with 

syringyl monolignol, the S/G ratio of the secondary cell wall of the transgenic line Ptr4CL-21 

should have increased due to the decrease in guaiacyl specific bands. However, if the 

carbohydrates have major contribution to the bands as suggested by Wiley and Atalla (1987), 

Agarwal and Ralph (1997), and Yamauchi et al. (2005) then the independence of the bands 

from the change in lignin content is expected.  
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Figure 5.3 Average spectra of the S2 layer of wild type (PtrWT-271) and the clusters of 

transgenic aspen with reduced lignin content (Ptr4CL-21). 

The average spectra of transgenic line Ptr4CL/CAld5H-72 showed similar reduction in lignin 

content as transgenic line Ptr4CL-21 compared to the wild type (Figure 5.4). The lower 

intensity of the spectra of Ptr4CL/CAld5H-72 cluster 2 indicated focusing issues due to the 

uneven surface of the sample. Therefore the difference between the spectra of the two 

clusters of transgenic line Ptr4CL/CAld5H-72 could be associated with the uneven surface of 

the sample.   
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Figure 5.4 Average spectra of the S2 layer of wild type (PtrWT-271) and the clusters of 

transgenic aspen with simultaneously reduced lignin content and increased S/G ratio 

(Ptr4CL/CAld5H-72). 

A comparison of the spectra of transgenic line Ptr4CL-21 and Ptr4CL/CAld5H-72 is 

presented in Figure 5.5. The spectra of Ptr4CL-21 and Ptr4CL/CAld5H-72 showed similar 

features including the magnitude of reduction of the band at 1336cm
-1

, 1606cm
-1

, and 

1669cm
-1

.  



   

181 

 
Figure 5.5 Average spectra of the S2 layer of the clusters of transgenic aspen with reduced 

lignin content (Ptr4CL-21) and transgenic aspen with simultaneously reduced lignin content 

and increased S/G ratio (Ptr4CL/CAld5H-72). 

When the spectra of transgenic line PtrCAld5H-94 were compared to those of the wild type, 

some increase in the lignin specific bands such as 1606, and 1669cm
-1

 was observed (Figure 

5.6). Systematic increase was found in the 1580-1620cm
-1

 spectral region indicating an 

increase in the amount of lignin in the S2 cell wall layer.  Thus, due to the high syringyl 

content of the cell wall, an increase in the amount of syringyl is expected. Other syringyl and 

guaiacyl marker bands did not show any change. Therefore increased spectral resolution or 

enhancement of lignin scattering is needed to resolve the spectra and differentiate the 

syringyl and guaiacyl monolignols. 
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Figure 5.6 Average spectra of the S2 layer of wild type (PtrWT-271) and the clusters of 

transgenic aspen with increased S/G ratio (PtrCAld5H-94). 

Principal component analyses of the S2 layer 

The principal component analysis (PCA) indicated the presence of three distinct clusters (red 

circles) (Figure 5.7). The first cluster included transgenic line Ptr4CL/CAld5H-72 and more 

than half of the transgenic line Ptr4CL-21. The second cluster included 3 spectra of 

transgenic line Ptr4CL-21. The third group was composed of the spectra of wild type 

(PtrWT-271) and transgenic line PtrCAld5H-94. The separation of transgenic line Ptr4CL-21 

into two distinct clusters (green circles) could be explained by the higher observed intensity 

of the 1606cm
-1

 lignin band (Figure 5.3). The clustering clearly separates the transgenic line 
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with reduced lignin content and transgenic line with simultaneuously reduced lignin and 

increased S/G ratio from the wild type and transgenic line with high S/G ratio. 

 
Figure 5.7 Score plot of the principal component analysis of the Raman spectra of the wild 

type (PtrWT-271), transgenic line with reduced lignin content (Ptr4CL-21), transgenic line 

with increased S/G ratio (PtrCAld5H-94), and transgenic line with simultaneously reduced 

lignin content and increased S/G ratio (Ptr4CL/CAld5H-72).  

Multivariate Curve Resolution (MCR) showed two underlying spectral features which are 

presented in Figure 5.8. Bands at 385, 1096, 1385, 2900, 2950, and 3370 cm
-1

 were found in 

both component spectra. The band at 1096 cm
-1

 was influenced by the orientation of 

microfibrils; the bands at 1285 and 2900cm
-1

 were assigned to both carbohydrates and lignin. 

The bands at 1336, 1456, and 1606cm
-1

 were assigned mainly to lignin by Kenton and 

Rubinovitz (1990), Saariaho et al. (2004), Agarwal (1999), Agarwal and Ralph (2008), and 

Wiley and Atalla (1987) and were only found in component spectrum one (blue).  The 
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technique was able to show lignin related bands but the bands associated with carbohydrates 

were being masked and so were not definitive.   

 
Figure 5.8 Component spectrum one: lignin (blue) and component spectrum two: 

carbohydrates (red) produced by multivariate curve resolution analysis. 

The plot of the concentration of the components (Figure 5.9) shows that the concentration of 

component spectrum two (blue), with high number of lignin specific bands, were lower for 

transgenic lines Ptr4CL-21 and Ptr4CL/CAld5H-72 than for the wild type (PtrWT-271) and 

transgenic line PtrCAld5H-94. Component spectrum one (red), with high number of 

carbohydrate specific vibrations, showed the opposite trend. The increased concentration of 

component spectrum one more likely indicate the increased bound water concentration than 

an increase in carbohydrate concentration in the S2 cell wall layer. Therefore the measured 

increase in cellulose content by wet chemistry (Li et al. 2003) more likely was due to a 

possible increase in tension wood content rather than actual increase in cellulose content of 

the cell wall. 
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Figure 5.9 Concentration of component spectrum one: lignin (blue) and component spectrum 

two: carbohydrates (red) in the wild type aspen and transgenic line.  

Chemical composition of the cell corner of the different genetic lines 

The principal component analysis of the cell corner revealed two clusters within transgenic 

line Ptr4CL-21 and three clusters within transgenic line PtrCAld5H-94. Wild type aspen and 

transgenic line Ptr4CL/CAld5H-72 only had one cluster each. Contrary to the findings of 

Schmidt et al. (2009), significant decrease of the bands at 1606 cm
-1

 and 1336 cm
-1

 was 

observed in the average spectra of the cell corner of transgenic lines Ptr4LC-21 and 

Ptr4CL/CAld5H-72 compared to the wild type aspen (PtrWT-271), indicating a reduction in 

lignin content (Figure 5.10, 5.11).  
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Figure 5.10 Average spectra of the cell corner of wild type (PtrWT-271) and the clusters of 

transgenic aspen with reduced lignin content (Ptr4CL-21).  

 
Figure 5.11 Average spectra of the cell corner of wild type (PtrWT-271) and the clusters of 

transgenic aspen with simultaneously reduced lignin content and increased S/G ratio 

(Ptr4CL/CAld5H-72).  
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Comparing the average spectra of the CC of transgenic line PtrCAld5H-94 to that of the wild 

type, the result showed a reduction in the intensity of the band at 1336, 1606 and 1669 cm
-1 

for cluster 2 of PtrCAld5H-94 (Figure 5.12). Change in the intensity of the band at 2950 cm
-1

 

was not observed. The average spectra of cluster 1 did not show any significant difference 

from that of the wild type aspen. Reduction in the amount of guaiacyl lignin also could 

trigger the reduction of the band at 1606 cm
-1

. Therefore, the reduction of the band at 1606 

cm
-1

 for cluster 2 might be an indication of an increase in overall S/G ratio.   

 

 
Figure 5.12 Average spectra of the cell corner of wild type (PtrWT-271) and the clusters of 

transgenic aspen with increased S/G ratio (PtrCAld5H-94). 
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Raman Imaging 

The Raman images of the cross section of the wild type aspen are presented in Figure 5.13. 

The spatial distribution of lignin (Figure 5.13a) was presented by integrating over the 1550-

1650 cm
-1

 (symmetric aryl ring stretching) region. High lignin concentration was found in the 

cell corner (CC) and compound middle lamella (CML). High carbohydrate concentration was 

found in the S2 cell wall layer by integrating over the 1026-1195 cm
-1

 carbohydrate vibration 

region (Figure 5.13c). The result was in agreement with the previously obtained results by 

other authors using Raman microscopy and UV spectroscopy (Koch et al. 2003, Gierlinger 

and Schwanninger 2006, Schmidt et al. 2009).  

The vessel had thin cell wall therefore the concentration of lignin in the vessel cell wall could 

not be determined accurately.  

The band at 1096 cm
-1

 is sensitive to polarization and orientation of cellulose (C-O-C 

stretching). Therefore it was used to visualize the S1 cell wall layer (Figure 5.13b). Higher 

intensity of the band near the middle lamella indicated higher microfibril angle which was 

attributed to the presence of the S1 cell wall layer. Unexpectedly, high intensity was not 

observed near the lumen where the S3 cell wall layer is located. The white arrow in the 

picture represented the direction of the polarization of the Raman laser.  

The region from 3120 to 3670 cm
-1

 was associated with the O-H vibration from water 

(Schmidt et al. 2009). High water concentration was found in the cell lumen, which 

decreased in the S2 layer and was almost absent in the CML and CC region (Figure 5.13d). 
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Figure 5.13 Raman images of the wild type integrated over defined wavenumber areas: 

aromatic lignin band 1550-1650 cm
-1

 (a), cellulose orientation specific region 1090-1105 cm
-

1
 (b), carbohydrate vibration region1026-1195 cm

-1
 (c), water specific region 3120-3670 cm

-1
 

(d). 

The distribution of lignin for wild type and transgenic groups is presented in Figure 5.14. Clear 

reduction in the lignin content in the S2 cell wall layer was observed for the transgenic group 

with reduced lignin content and the group with simultaneously reduced lignin content and 

increased S/G ratio. This is consistent with the result of the wet chemical analysis (Table 2.1). 

For genetic group Ptr4CL/CAld5H-72, the lignin concentration showed a slight increase towards 

the lumen as indicated by the white arrows in Figure 5.14d. Similar phenomenon was observed 

by Gierlinger and Schwanninger et al. (2006) when the G layer of tension wood of a poplar 
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hybrid (Populus nigra x Populus deltoids) was investigated. However, the investigated cell in 

this study did not come from tension wood. 

 
Figure 5.14 Raman images (1550-1650 cm

-1
) of the cross section of the wild type aspen (a), 

transgenic aspen with increased S/G ratio (b), transgenic aspen with reduced lignin content 

(c), transgenic aspen with simultaneously reduced lignin content and increased S/G ratio (d).  

Investigation of the carbohydrate specific region (1026-1195 cm-1) showed that the majority of 

the carbohydrates were located in the S2 layer and that the CML and CC are almost clear of 

carbohydrates (Figure 5.15). There was no observable increase in carbohydrate content using the 

376-389 cm-1 region. The region also revealed the presence of G layer for the transgenic group 

with reduced lignin content. Due to the young age of the investigated poplars, the presence of 

reaction wood was almost unavoidable.  
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Figure 5.15 Raman images (1026-1195 cm

-1
) of the cross section of the wild type aspen (a), 

transgenic aspen with increased S/G ratio (b), transgenic aspen with reduced lignin content 

(c), transgenic aspen with simultaneously reduced lignin content and increased S/G ratio (d). 

Figure 5.16 shows the distribution of water over the 3120-3670 cm
-1

 region. The intensity of 

the region was significantly higher in the case of the transgenic group with reduced lignin 

content and the transgenic group with simultaneously reduced lignin content and increased 

S/G ratio compared to the wild type and transgenic aspen with increased S/G ratio. This 

suggests that the reduction in lignin may have caused an increase in the hydrophilicity of the 

cell wall.  
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Figure 5.16 Raman images (3120-3670 cm
-1

) of the cross section of the wild type aspen (a), 

transgenic aspen with increased S/G ratio (b), transgenic aspen with reduced lignin content 

(c), transgenic aspen with simultaneously reduced lignin content and increased S/G ratio (d). 
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Cell wall cross section of the different genetic lines 

 

Figure 5.17 Distribution of lignin (1550-1650 cm-1) and CH stretching band (2780-3060 cm-1) through the 

double cell wall of the wild type aspen (a), transgenic aspen with increased S/G ratio (b), transgenic aspen with 

reduced lignin content (c), transgenic aspen with simultaneously reduced lignin content and increased S/G ratio 

(d). 
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The distribution of lignin through the double cell wall is presented for wild type and 

transgenic aspen by comparing the 1550-1650 cm
-1

 region to the 2780-3060 cm
-1

 region 

(Figure 5.17). The result showed that the lignin content in the S2 cell wall layer and in the 

CML were lower for the genetic group with reduced lignin content and the group with 

simultaneously reduced lignin content and increased S/G ratio (Figure 5.17c,d) than for the 

wild type (Figure 5.17a). The result was in contradiction with the findings of Schmidt et al. 

(2009), who investigated transgenic P. trichocarpa with reduced lignin content (as4CL-12) 

and reported that the lignin was only removed from the S2 cell wall layer while the CML 

remained intact. The lignin content of transgenic line PtrCAld5H-94 (Figure 5.17b) was not 

different from that of the wild type (Figure 5.17a).   
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Summary and Conclusion 

In the study, confocal Raman microscopy was utilized to investigate the spatial distribution 

of the main wood constituents in the cell wall of wild type and transgenic aspen with reduced 

lignin content and/or increased S/G ratio.  

Significant reduction in lignin content in the S2 cell wall layer, compound middle lamella, 

and cell corner was found over the 1550-1640 cm
-1

 spectral region for the transgenic group 

with reduced lignin content and the group with simultaneously reduced lignin content and 

increased S/G ratio. 

There was no direct evidence that the cellulose content of the cell wall of the transgenic 

groups with reduced lignin content increased as the result of the genetic modification. 

Therefore, the increased cellulose content using wet chemical measurement might be caused 

by the increased amount of reaction wood. However, more detailed anatomical investigation 

is required to verify this.  

When the OH stretching region was investigated, increased spectral intensity was found for 

the transgenic groups with reduced lignin content and the group with simultaneously reduced 

lignin content and increased S/G ratio, indicating that the amount of bound water in the cell 

wall was higher for those genetic groups.  

The spectrum of the transgenic group with increased S/G ratio showed a significant increase 

in the lignin-specific band which might indicate an increase in the amount of syringyl in the 

cell wall. However, there was no change in other syringyl-specific marker bands therefore 
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the investigation of monolignols might require enhanced spectral resolution or the selective 

enhancement of the lignin signal by UV resonance Raman.   
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CHAPTER 6  

MODELING THE HYGRO-MECHANICAL ELASTIC PROPERTIES OF 

GENETICALLY MODIFIED ASPEN 

 

Abstract 

Genetically modified trees offer a unique opportunity to investigate the effect of chemical 

composition on the hygromechanical properties of wood and cell wall of fibers. Wild type 

and genetically modified aspen (Populus tremuloides) wood with reduced lignin content 

were investigated and severe reduction in ultimate compression strength and modulus of 

elasticity in the green condition was found. The degree of reduction could not be explained 

by the differences in morphological and physical properties including cell size, cell wall 

thickness, and cell wall density. Therefore, numerical and three-dimensional finite element 

models were developed to improve our understanding of the major factors affecting the 

hygroelastic properties. The mechanical properties of cellulose microfibrils were modeled 

using three arrangement schemes of crystalline and amorphous cellulose followed by 

different homogenization techniques to obtain the elastic modulus of the cell wall for each 

scheme. The effects of chemical composition, microfibril angle, crystallinity, moisture 

content, and hydrophilicity on the mechanical properties of the modeled cell wall were 

evaluated. The results revealed that the reduction in lignin content and the corresponding 

increase in cellulose content should have increased the mechanical properties of the 

transgenic aspen. However, when other factors such as decreased crystallinity, increased 
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microfibril angle and increased hydrophilicity were considered, a severe reduction in the 

Young‟s modulus of the cell wall was observed.  

Introduction 

Wood is a complex natural material that can be modeled at different organizational levels. At 

the macroscale, wood is an orthotropic homogeneous material, while at the mesoscale, it can 

be considered as a cellular solid composed of longitudinally oriented cells with diverse 

shapes (circular, ellipsoid, rectangular, and hexagon) (Gibson and Ashby 1999). The cells are 

connected by an isotropic matrix called the middle lamella. At the microscale, the cell wall 

can be divided into four layers with different properties: primary wall layer (P) and three 

layers of secondary wall (S1, S2, and S3) (Bowyer et al. 2003). At the submicroscopic scale, 

the individual secondary cell wall layer is composed of parallel oriented cellulose 

microfibrils (CMF) embedded in an amorphous matrix (Mark 1967, Gindl and Schoberl 

2004). The CMFs deviate from the longitudinal axis of the cell, where the angle between the 

longitudinal axis of the cell and the axis of the microfibrils is called the microfibril angle 

(Bowyer et al. 2003). The cellulose microfibril is composed of highly crystalline and less 

ordered amorphous parts, where the amorphous cellulose is accessible to water and possesses 

similar characteristics as the matrix material (Salmen 2004, Hofstetter et al. 2005). The 

cellulose microfibril is surrounded by polyoses such as the less branched xylan for 

hardwoods or glucomannan for softwoods (Uhlin et al. 1995, Akerholm and Salmen 2001). 

The amorphous matrix is composed of a hydrophobic and amorphous polymer called lignin, 
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and of hydrophilic and highly branched polymers called hemicelluloses (Hubbe and Lucia 

2007, Natanya and Plackett 2008).  

Numerous researches have dealt with the prediction of the mechanical behavior of softwoods 

in the micro and mesoscale. The first models considered wood as a cellular material where 

the cell wall was considered to be homogeneous (Gillis 1972, Easterling et al. 1982, 

Koponen et al. 1991). The triple point of the hexagonal tracheid cell was used by Gillis 

(1972) to model the elastic properties of earlywood. Later, a three-dimensional model was 

built by Easterling et al. (1982) and Koponen et al. (1991) who used hexagonal tracheid cell 

cross-section and considered the effect of rays on the mechanical properties. Kahle and 

Woodshouse (1994) improved the model by considering irregular cell wall shape and 

organization by using microscopic pictures. In general, the cellular model explained the 

effect of rays and of the different mechanical properties in the radial and tangential 

directions. However, the model failed to accurately predict the elastic properties because the 

heterogeneous microstructure of the cell wall was not included.  

Other models were developed to analyze the effect of wood density and microfibril angle 

(MFA) on the elastic properties of the cell wall (Cave, 1969; Cave and Walker, 1994; 

Sedighi-Gilani and Navi, 2007). The microstructure of the cell wall was modeled using 

laminate theory where the secondary cell wall layers (S1, S2, and S3), primary wall (P), and 

middle lamella (M) were modeled as individual entities.  

At different magnification scales, multistep homogenization models were applied by 

Hofstetter et al. (2005, 2007) to obtain the elastic properties of softwoods and hardwoods. 
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The models included the effect of cell wall constituents, amorphous and crystalline cellulose, 

microfibril angle, density, and cell shape. However, they were not capable of modeling non-

linear behavior and fracture (Mishnaevsky and Qing 2008). 

Complex multiscale models were also developed to link the microstructure of wood to the 

macroscopic properties (Salmen and de Ruvo, 1985; Astley et al. 1997, 1998; Harrington et 

al. 1998; Bergander and Salmen, 2002; Qing and Mishnaevsky, 2009a). In addition to the 

effect of density, cell shape, and microfibril angle, crystalline length and the organization of 

cell wall constituents were considered in these models. They used the laminate theory of 

Chou et al. (1972) combined with multi-step homogenization or the Halpin-Tsai equations 

(Halpin and Kardos 1976) for continuous (Bergander and Salmen 2002, Qing and 

Mishnaevsky 2009a) and discontinuous fiber reinforcement (Salmen de Ruvo 1985) to 

calculate the elastic properties of the cell wall layers. In contrast to other models, multiscale 

models were able to predict fracture, non-linear, and time dependent behaviors. 

The mechanical behavior of wood is strongly dependent on the environmental conditions 

such as temperature and moisture (Bowyer et al. 2003). The water uptake of wood depends 

on the number of available hydroxyl groups in the cell wall (Rowel and Banks 1985). Due to 

its structure, lignin has much less hydroxyl groups than the carbohydrates and thus imparts 

hydrophobic properties to wood. Cellulose is highly crystalline in nature and most of its 

hydroxyl groups are used in intra- and inter-hydrogen bonding. Only the amorphous cellulose 

and the surface of the cellulose crystals are accessible to water (Rowell and Banks 1985). 

Due to their irregular, branched structure, hemicelluloses are highly accessible to water. 
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Therefore they have a major role on the mechanical softening and dimensional stability of 

wood during moisture sorption. 

One of the earliest multi-scale models which included the effect of moisture was developed 

by Koponen et al. (1989) where the matrix material was responsible for the hygro-

mechanical properties. Yamamoto and Kojima (2002) and Kojima and Yamamoto (2004) 

investigated the hygromechanical properties of wood.  Based on a comparison of analytical 

model and experimental result, they proposed the presence of a semi-crystalline sub-domain 

between the crystalline and amorphous cellulose. The effect of matrix material and 

amorphous cellulose on the hygromechanical properties of wood was also investigated by 

Salmen (2004). He reported that the amorphous cellulose might have similar properties as 

hemicelluloses and has a major effect on the transverse properties. Contrary to Yamamoto 

and Kojima (2004) and Salmen (2004), a coaxial cylinder model with ultra-structural 

homogenization (Neagu and Gamstedt, 2007) and a finite element representative volume 

element (Qing and Mishnaevsky, 2009b) were built where the cellulose was considered 

purely crystalline and thus not accessible to moisture.  

There is a lack of knowledge on how the proportions of wood polymers and the interaction 

between them affect the mechanical performance of wood and the cell wall (Salmen 2009). 

To have a better understanding of the role of wood polymers on the micromechanical 

properties of wood, modified (e.g. enzymatically, chemically, or genetically) wood materials 

need to be investigated (Salmen 2009). Recent advances in genetic engineering allowed the 

selective modification of chemical components of wood without altering the cell morphology 
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(Li et al. 2003). Therefore, genetically modified tree clones offer a unique opportunity to 

investigate the hygromechanical behavior of wood. 

The objective of this study is to develop numerical and finite element models of the cell wall 

of fibers that incorporate the chemical composition, crystallinity, microfibril angle, and the 

effect of moisture content to predict the hygromechanical properties of genetically modified 

aspen wood.   
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Materials and Methods 

Micromechanical Model 

Model structure of wood  

All of the four cell wall layers (CML=primary wall + middle lamella, S1, S2, and S3) were 

considered in the representative volume element (RVE) of the cell assembly. The compound 

middle lamella was composed of randomly oriented network of short cellulose microfibrils 

(CMF) embedded in an isotropic lignin-hemicellulose matrix. The secondary cell wall layers 

were considered as unidirectional fiber-reinforced composite with parallel, continuous 

cellulose microfibrils oriented at an angle (called microfibril angle, MFA) to the longitudinal 

axis of the cell wall and embedded in a lignin-hemicellulose matrix. The microfibrils were 

covered with a sheet of highly oriented hemicelluloses, which make up 10% of the volume 

fraction of all hemicelluloses. The non-oriented hemicelluloses (90% of total hemicelluloses) 

were mixed with the lignin macromolecules to form the lignin-hemicellulose matrix. 

A summary of the measured and chosen ultrastructural properties used in this model are 

presented in Table 6.1:  

 The CMFs in the S1 and S3 layers are known to be oriented at a 50-90° angle from 

the axis of the cell (Panshin and Zeeuw 1964). Here it is assumed that the MFA of the 

S1 and the S2 layers are 60° and 75°, respectively.  

 The microfibril angle (MFA) of the S2 layer and the crystallinity were measured 

using X-ray diffraction in transmittance mode.  
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 The weight fractions of the chemical constituents of wood were obtained from 

analytical chemical measurements (Horvath et al. 2010, Appendix P) and from 

literature data (Li et al. 2003). The values were converted to volume fractions using 

Equation 6.1.  

 

,CW
k k

k

f WF



  (6.1) 

where WFk is the weight fraction of k
th

 chemical component, ρk is the density of the 

k
th

 chemical component (Hoffstetter et al. 2005), and ρCW is the density of the cell 

wall (Appendix N). 

 The thicknesses of the cell wall layers were obtained from morphological 

investigation (Horvath 2009) and from the literature (Cote 1965).  

 The volume fraction of the chemical constituents of the S1, S3, and CML cell wall 

layers were obtained from Qing and Mishnaevsky (2009a).  

 The volume fractions of the chemical constituents of the S2 cell wall layer were 

obtained from the volume fractions of wood chemical constituents at constant cell 

wall thicknesses, cell lumen diameter, cell shape, volume fraction of the chemical 

constituents of S1 and S3 cell wall layers and CML. 

 

 

 

 

 



   

208 

Table 6.1 Ultrastructural parameters and chemical composition of the cell wall of wild type 

and transgenic aspen. 

 
Wild Type Transgenic Aspen 

CML
3 

S1
1 

S2
2 

S3
1 

CML
3 

S1
1 

S2
2 

S3
1 

Volume 

Fraction 

Cellulose (%) 7 35 48 45 7 35 57 45 

Hemicelluloses (%) 
Oriented 0 3 3.2 3.5 0 3 3.2 2.5 

Not Oriented 21 27 28.8 31.5 21 27 28.8 32.5 

Lignin (%) 72 35 20 20 72 35 11 20 

Microfibril Angle (degrees)4 N.A. 60 18 75 N.A. 60 19.7 75 

Cellulose Crystallinity4 (%) 83.5 72.4 

Thickness5 (µm) 0.22 0.2 2.6 0.04 0.22 0.2 2.6 0.04 

Fiber lumen diameter6 (µm) 7.6 7.7 

Weight 

Fraction 

of Wood 

Cellulose6 (%) 40 43 

Hemicelluloses7 (%) 26 26 

Lignin6 (%) 20 15 

Volume 

Fraction 

of Wood 

Cellulose6 (%) 39 43 

Hemicelluloses7 (%) 27 27 

Lignin6 (%) 23 17 

1 Values for S1 and S3 layers (Qing and Mishnaevksy 2009a) 
2 Calculated values of S2 layer using the area fraction of the cell wall layers and the result of the analytical 

chemistry 
3 Calculated values of CML using the area fraction of primary wall and middle lamella and the values of Qing 

and Mishnaevsky 2009a 
4 

Measured values by X-ray diffraction (Table 7.1) and Qing and Mishnaevsky 2009a 

5 Panshin and Zeeuw 1964, 6 Horvath 2009, 7 Horvath et al. 2010, 8 Appendix P 

Elastic properties of chemical constituents  

The elastic properties of the main wood constituents are presented in Table 6.2. Both 

hemicelluloses and crystalline cellulose were considered as transversely isotropic while 

lignin and amorphous cellulose were considered as isotropic (Katz et al. 2008).  
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Table 6.2 Elastic properties of the major cell wall constituents at 12% moisture content. 

Polymer 
Engineering 

Property 
Value Method Reference 

Cellulose 

(Transversely 

isotropic) 

EL (GPa) 138 E 
Nishino et al. (1995), Mark 

1967 

ET (GPa) 27.2 M Mark (1967) 

GLT (GPa) 4.4 M Mark (1967) 

vLT 0.235 P Cave (1978) 

vTT 0.48 P Cave (1978) 

Amorphous 

Cellulose
1 

(Isotropic) 

E (GPa) 5  Eichorn and Young 2001 

G   (GPa) 1.85  Eichorn and Young 2001 

Hemicelluloses 

(Transversely 

isotropic) 

EL(GPa) 7.0 E Cousin (1978) 

ET(GPa) 3.5 P Bergander and Salmen (2002) 

GLT (GPa) 1.8 P Bergander and Salmen (2002) 

vLT 0.2 P Salmen (2004) 

vTT 0.4 P Harrington et al. (1998) 

Lignin 

(Isotropic) 
E (GPa) 2 E Cousin (1978) 

v 0.3 E Bodig and Jayne (1982) 

Note: E (experiment), M (molecular dynamics models), and P (Based on phenomenological reasoning) (Qing 

and Mishnaevsky 2009a) 
1 Elastic properties of a glassy polymer was chosen as the elastic properties of amorphous cellulose    
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Experimental design 

During the study, separate models were built for the wild type and the transgenic aspen with 

reduced lignin content by considering their morphological, physical, and chemical features. 

The micromechanical properties were modeled using the approach presented in Figure 6.1. 

 

Figure 6.1 Schematic representation of the steps of the micromechanical model. Scheme 1: 

Rule of Mixtures (series), Scheme 2: Rule of Mixtures (parallel), Scheme 3: Halpin-Tsai 

equations. Model 1: numerical model, Model 2: finite element model. FEM: RVE of the cell 

assembly. 
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In the first step, numerical models were built to calculate the elastic properties of the 

microfibrils (Scheme 1, Scheme 2, and Scheme 3). The results of the schemes were 

compared with experimental results from the literature. In the next step, the properties of the 

microfibrils were used to model the elastic properties of the cell wall layers (Model 1 and 

Model 2). Model 1 was a numerical approach where homogenization using Chou‟s 

lamination theory (Chou et al. 1972), the Rule of Mixture (Jones 1999), and Halpin-Tsai 

equations (Halpin and Kardos 1976) were compared. In Model 2, a finite element model was 

constructed to predict the elastic properties of the cell wall layers. The outcome of the two 

models was compared with the results of experiments conducted on our transgenic aspen and 

from the literature. 

The effect of microfibril angle, crystallinity, moisture content, and chemical composition on 

the elastic properties was investigated. In the third step, the elastic properties of the cell wall 

layers were entered into a finite element RVE of the macrostructure of the wood to obtain the 

macro-mechanical properties of wood. The result of the FEM model was compared to the 

experimental result of the macro-mechanical properties of the wild type and transgenic 

aspen. 

Effect of moisture 

In the model, only the amorphous cellulose and the hemicelluloses were accessible to 

moisture.  The dependence of elastic moduli on the moisture content is shown in Figure 6.2 

(Qing and Mishnaevsky 2009b).  
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Figure 6.2 Dependence of amorphous cellulose and hemicelluloses on moisture content 

(Qing and Mishnaevsky 2009b) 
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Elastic Properties of the Cellulose Microfibril 

The elastic properties of the cellulose microfibrils were calculated using three schemes 

(Figure 6.3).  

 

Figure 6.3 Representation of cellulose microfibril. Scheme 1: Rule of mixtures where the 

crystalline and amorphous cellulose are in series along the length of the microfibril (ROM-

Series), Scheme 2: Rule of mixtures where the crystalline and amorphous cellulose are 

parallel along the length (ROM-Parallel), Scheme 3: Halpin-Tsai equations where 

discontinuous short unidirectional nanocrystals are embedded in an isotropic matrix of 

amorphous cellulose (Halpin-Tsai). 

In the first and second schemes, the cellulose microfibril was represented as crystalline and 

amorphous cellulose oriented in series and in parallel, respectively. The elastic properties 

were calculated using Rule of Mixtures equations (Equations 6.2-6.3) (Jones 1999).  

 , (1 ) ,c Voigt crystalline crystalline crystalline amorphousP P V V P    (6.2) 
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,

1
,

1c Reuss
crystalline crystalline

crystalline amorphous

R
V V

R R






 (6.3) 

where, P represents the following elastic properties: E2, v12, and v23; R represents the 

following elastic properties: E1 and G12 

In the third scheme, the cellulose microfibrils were considered as unidirectional 

discontinuous fibers embedded in an isotropic matrix. The elastic properties are described by 

the Halpin-Tsai equations (Equations 6.4-6.5) (Halpin and Kardos 1976, Eichhorn and 

Young 2001).  

 

(1 )
,

1

amorphous crystalline

c

crystalline

H V
H

V

 







 (6.4) 

 
,

crystalline amorphous

crystalline amorphous

H H

H H







  (6.5) 

where, H represents the corresponding elastic property (Young‟s Modulus, Shear modulus, or 

Poisson ratio), ξ is a continuity parameter which is related to the aspect ratio. ξ=5 produced 

the best fit to the experimental values and was recommended by Eichhorn and Young (2001). 

Elastic properties of the lignin-hemicellulose matrix - Model 1 

The lignin-hemicellulose matrix was constructed considering the hemicelluloses as isotropic 

discontinuous randomly oriented entities in an isotropic matrix of lignin. It was assumed that 

hemicellulose had a Young‟s modulus of 7 GPa and Poisson‟s ratio of of 0.2. Therefore the 
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effective elastic modulus of the lignin-hemicellulose matrix was overestimated. The elastic 

properties were calculated using the equations derived by Christensen and Walls (1972) 

(Equations 6.6-6-15): 
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where μL, μH are shear moduli, kL, kH are bulk moduli, and EL, EH are longitudinal elastic 

moduli of lignin and hemicelluloses, respectively; μ12, μ23 are the shear moduli in 1-2 and 2-3 

plane; E1, v1 are the elastic modulus and Poisson number for the uniaxially oriented 

discontinuous lignin-hemicellulose matrix; c represents the volume fraction of 

hemicelluloses; EL+H and vL+H are the effective elastic properties of the randomly oriented 

lignin-hemicellulose matrix. 
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Elastic properties of the lignin-hemicellulose matrix - Model 2 

The RVE of the lignin-hemicellulose matrix (Figure 6.4) was designed to account for the 

non-directionality of the hemicelluloses, therefore resulting in isotropic properties for this 

element. The volume fraction and the elastic properties of the constituents are presented in 

Table 6.1 and Table 6.2, respectively. 

 

Figure 6.4 Representative volume elements (RVE) of the lignin-hemicellulose matrix. The 

black arrows represent the orientation of the longitudinal axis of the material. 

Elastic properties of the secondary cell wall layers - Model 1 – Rule of mixtures 

A simplified representative volume element (RVE) was created for the secondary cell wall 

layers (Figure 6.5). The Rule of Mixtures equations (Equations 6.2-6.3) were used to obtain 
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the elastic properties of the secondary cell wall layers at the 0° microfibril angle (MFA) 

during the two-step homogenization approach presented in Figure 6.5. 

 

Figure 6.5 Two-step homogenization approach for the secondary cell wall layers using 

Model 1. The central core (green), middle layer (red), and the outer layer (blue) are the 

microfibril, oriented hemicelluloses, and lignin-hemicellulose matrix, respectively. 

Elastic properties of the secondary cell wall layers - Model 1 – Halpin-Tsai equations 

In this model, two-step homogenization using the Halpin-Tsai equations (Equations 6.4-6.5) 

was used to obtain the homogenized elastic properties of the secondary cell wall layers 

(Figure 6.6). In the first step, the homogenization of cellulose and hemicelluloses resulted in 

homogenous fiber properties. Then the resulting homogenous fiber was embedded in an 

isotropic lignin-hemicellulose matrix to obtain the homogenized secondary cell wall 

properties. 
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Figure 6.6 Representative volume element (RVE) of the secondary cell wall layers. The 

central core (green), middle layer (red), and the outer layer (blue) are the microfibril, oriented 

hemicelluloses, and lignin-hemicellulose matrix, respectively. 

Elastic properties of the secondary cell wall layers - Model 1– Chou’s laminate theory 

Laminate theory equations (Equation 6.16-6.19) derived by Chou et al. (1972) were used 

through a two-step homogenization approach (Figure 6.7) to obtain the elastic properties of 

the secondary cell wall layers at 0° microfibril angle.  

 

Figure 6.7 Representative volume element (RVE) of the secondary cell wall layers. The 

central core (green), middle layer (red), and the outer layer (blue) are the microfibril, oriented 

hemicelluloses, and lignin-hemicellulose matrix, respectively. 
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  0 1,2,3,6; 4,5ij jiC C i j     (6.17) 

 

 
 

'
1

44 55 45 54' '
1 1

, , 4,5 ,

kn
k

ij

k k
ij k ln n

k l k l

k l k l

V
C

C i j
V V

C C C C



 


 


 




 (6.18) 

 ' 44 45

54 55

,
k k

k k k

C C

C C
   (6.19) 

where ijC is the stiffness matrix of the cell wall,  
k

ijC is the stiffness matrix of wood 

constituents, and V
k
 is the volume fraction of  wood constituents. The superscript k has 

values of 1,2,and 3 which correspond to the cellulose, hemicelluloses, and lignin-

hemicellulose, respectively. 

Elastic properties of the secondary cell wall layers - Model 2 

In model 2, an RVE of the secondary cell wall layers was constructed based on the work of 

Qing and Mishnaevsky (2009) (Figure 6.8). The effect of amorphous cellulose was included 

in the model by separating the cellulose microfibrils into crystalline and amorphous parts.  
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Figure 6.8 Representative volume elements (RVE) of the cell wall. 

Elastic properties of the compound middle lamella - Model 1 

The elastic properties of the compound middle lamella were calculated using two step 

homogenization where first the effective properties of the lignin-hemicellulose matrix were 

calculated using equation 6.6-6.15. Then the effective elastic properties of the CML were 

obtained by the Christensen and Waals (1972) equations (Equation 6.20-6.29) where the 

Young‟s modulus and Poisson ratio of the cellulose were 134 GPa and 0.235, respectively  
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where μC, μL+H are shear moduli, kC, kL+H are bulk moduli, μ12, μ23 are the shear moduli in 1-2 

and 2-3 plane, E1, v1 are the elastic modulus and Poisson number for the uniaxially oriented 

discontinuous fiber matrix composite, and EC, EL+H are longitudinal elastic moduli of 

cellulose and lignin-hemicellulose matrix, respectively. c represents the volume fraction of 

cellulose. Eeff and veff are the effective elastic properties of the compound middle lamella. 

Elastic properties of compound middle lamella - Model 2  

The RVE of the compound middle lamella (Figure 6.9) was designed to account for the non-

directionality of the hemicelluloses and the celluloses, therefore resulting in isotropic 

properties. 

 

Figure 6.9 Representative volume element (RVE) of the compound middle lamella. The 

black and white arrows represent the orientation of the longitudinal axis of the material 
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Angle Transformation 

Using the result of the numerical and finite element model, the cell wall elastic properties 

were calculated in the global X-Y coordinate system. The elastic properties of the cell wall in 

the local coordinate system were transformed to the global X-Y coordinate system (Figure 

6.10) using two transformation procedures: first the local strain was converted into global 

strain (Appendix L) then the local stress was converted into global stress (Appendix L) using 

the following formula: 

 
' 1

1 2( ) ( )ij ijC T C T   (6.30) 

where Cij is the stiffness matrix of the cell wall layer in the local coordinate system, 
'

ijC is the 

transformed stiffness matrix in the global coordinate system, 
1 2( ), ( )T T  are transformation 

matrixes. 

 

Figure 6.10 Global (X-Y) and local (1-2) coordinate system. Θ is the microfibril angle 
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Macro-mechanical properties - FEM Model 

A finite element RVE was designed to calculate the macro-mechanical properties from the 

elastic properties of each cell wall layer. The RVE represented the original structure of the 

wood by having S1, S2, S3 secondary cell wall layers and compound middle lamella (Figure 

6.11).  

 
Figure 6.11 Representative volume element of the unit cell 
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Experimental Validation 

Experimental measurements were conducted on young quaking aspen (Populus tremuloides 

Michx.) trees including one wild type line as control (PtrWT-271) and a transgenic group 

with reduced lignin content obtained through transfer of antisense 4CL gene (Ptr4CL). The 

sample trees were grown in the green house of the Forest Biotechnology Group at North 

Carolina State University. A total of 50 sample trees were harvested between the age of one 

and two and a half. After harvest, the sample trees were subjected to an extensive 

morphological, physical, and mechanical investigation (Horvath 2009, Horvath et al. 2010).  

Mechanical test 

Three point bending 

A total of 154 specimens were measured at the green condition and 132 at the oven-dry 

condition as described in Horvath et al. (2010). The hygroelastic properties were measured 

using a modified micro-scale three-point bending test at the green and over-dry conditions 

(Horvath et al. 2010, Kasal et al. 2007). The results of the mechanical test are presented in 

Table 6.3. 

 

 

 

 

 

 



   

227 

Table 6.3 Mean and coefficient of variation (COV) of the mechanical and physical properties 

of wild type and transgenic aspen with reduced lignin content. 

 

Genetic Group 
Ptr WT 

(Wild-type) 

Ptr 4CL 
(Reduced Lignin Content) 

Genetic Line 271 21 & 23 & 37 

Modulus of 

Elasticity at the 

green condition 

N2 
23 56 

Mean (MPa) 4902  A 2892  B 

COV (%) 12 12 

Modulus of 

Elasticity at the 

oven-dry condition 

N
2
 17 55 

Mean (MPa) 8258  A 7246  B 

COV (%) 8 13 

2 Number of specimens 

Notes: The mean of genetic groups with common letters are not significantly different from each other as 

determined by Tukey multiple comparison test at α=0.05. 
 

Dynamic mechanical analyzer test 

The elastic modulus of approximately 1 mm thick x 20 mm long x 1-5 mm wide parallel-

sided specimens were measured using a dynamic mechanical analyzer (TA Instruments 

DMA Q800) in static mode to measure MOE in two different plasticizers: water and ethylene 

glycol (Horvath 2009). The results of the test are presented in Table 6.4. 
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Table 6.4 Mean and coefficient of variation (COV) of the elastic modulus of wild type and 

transgenic aspen with reduced lignin content measured in water and in ethylene glycol (EG) 

using a dynamical mechanical analyzer (DMA). 

 

Genetic Group 
Ptr WT 

(Wild-type) 

Ptr 4CL 
(Reduced Lignin Content) 

Genetic Line 271 21 & 23 & 37 

Modulus of 

Elasticity  

DMA in water 

N2 
7 10 

Mean (MPa) 2368  A 1063  B 

COV (%) 8 11 

Modulus of 

Elasticity  

DMA in EG 

N
2
 7 10 

Mean (MPa) 3266  A 1903  B 

COV (%) 16 16 

2 Number of specimens 

Notes: The mean of genetic groups with common letters are not significantly different from each other as 

determined by Tukey multiple comparison test at α=0.05. 
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Results and Discussion 

Elastic properties of microfibrils 

The calculated elastic properties of microfibrils for wild type aspen at the oven-dry condition 

are presented in Table 6.5. There was almost a four fold difference between the longitudinal 

Young‟s modulus values of Scheme 1 and Scheme 2 which is due to the difference in the 

organization of the amorphous and crystalline cellulose. Scheme 3 produced values between 

Scheme 1 and 2. The other elastic property values were comparable for the three schemes.  

Table 6.5 Calculated elastic properties of microfibrils of wild type aspen at the oven-dry 

condition at 84.3% crystallinity. Scheme 1: Rule of Mixtures (series), Scheme 2: Rule of 

Mixtures (parallel), Scheme 3: Halpin-Tsai equations 

 
EL (GPa) ET (GPa) GLT (GPa) GTT (GPa) vLT vTT 

Scheme 1 31.79 23.78 3.90 8.15 0.25 0.46 

Scheme 2 116.30 17.82 3.89 6.11 0.25 0.46 

 Scheme 3 77.02 22.39 4.05 7.68 0.25 0.46 

 

In Figure 6.12, the effect of crystallinity on the longitudinal elastic modulus of the 

microfibrils was investigated. The longitudinal elastic modulus increased significantly with 

increasing crystallinity, which indicates that the crystallinity has a significant effect on the 

mechanical properties of the microfibrils.  

Scheme 1 and 2 gave the lower and upper bound for the longitudinal modulus, respectively. 

The calculated values were compared with the result of various experiments on 

microcrystalline cellulose, cellulose whisker, and bacterial cellulose. A Young‟s modulus in 
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three-point bending with atomic-force microscope (AFM) of 78 GPa was obtained by 

Guhados et al. (2005) for bacterial cellulose with 60% crystallinity. Using Raman tension 

test, Hsieh et al. (2008) reported a higher Young‟s modulus (114 GPa) for bacterial cellulose 

with 63-71% crystallinity. Lower (57 GPa) and upper bounds (105 GPa) were calculated by 

Rusli and Eichorn (2008) for a single cellulose whisker with an aspect ratio of around 15 

using Raman micro-tension and micro-compression tests. A much lower modulus (25 GPa) 

using Raman bending test was obtained for microcrystalline cellulose with a crystallinity of 

around 45% (Eichorn and Young 2001). The lower bound for cellulose whiskers (57 GPa) 

and the modulus for microcrystalline cellulose (25 GPa) were in line with the predicted 

values by Scheme 3. The values for bacterial cellulose and the upper bound for cellulose 

whiskers were in an agreement with those predicted by Scheme 2. 

 
Figure 6.12 Effect of cellulose crystallinity on the properties of cellulose microfibrils of wild 

type aspen at oven-dry condition. Scheme 1: Rule of Mixtures (series), Scheme 2: Rule of 

Mixtures (parallel), Scheme 3: Halpin-Tsai equations. 114GPa: bacterial cellulose (Hsieh et 

al. 2008); 105 and 57GPa: cellulose whiskers (Rusli and Eichorn 2008); 25GPa: 

microcrystalline cellulose (Eichorn and Young 2001); 78GPa: bacterial cellulose (Guhados et 

al. 2005). 
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Elastic properties of the lignin-hemicellulose matrix 

The elastic properties of the lignin-hemicellulose matrix calculated using numerical and 

finite element models are presented in Table 6.6. The calculated elastic properties by the 

numerical model were close to the calculated elastic properties by finite element model 

indicating that the finite element RVE for the lignin-hemicellulose matrix can reliably predict 

the elastic properties of randomly oriented discontinuous fiber-matrix composite.  

Table 6.6 Elastic properties of lignin-hemicellulose (L-H) matrix of wild type aspen at 12% 

moisture content.  

 E (GPa) G (GPa) v 

   

Numerical 

RVE 

S1 3.48 1.35 0.29 

S2 3.03 1.18 0.29 

S3 2.97 1.15 0.29 

FEM 

RVE 

S1 3.39 1.37 0.24 

S2 3.33 1.34 0.24 

S3 2.92 1.16 0.26 

 

Elastic properties of the compound middle lamella 

The elastic properties of the compound middle lamella calculated using numerical and finite 

element models are presented in  

 

 

Table 6.7. The calculated elastic modulus by the numerical model was higher than the 

calculated elastic modulus by finite element model.  
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Table 6.7 Elastic properties of compound middle lamella of wild type aspen at 12% 

moisture content.  

 E (GPa) G (GPa) v 

   
Numerical 

RVE 
CML 4.23 1.64 0.29 

FEM 

RVE 
CML 3.12 1.25 0.25 

 

Sensitivity study for hemicelluloses content 

To determine the effect of wood hemicellulose content on the mechanical properties of wood, 

a sensitivity analysis was conducted using the chemical compositions published in Table 6.8. 

One of the assumptions of the study was that the chemical content of wood was only affected 

by the changes in the chemical composition of the S2 cell wall layer.  

Table 6.8 Volume fractions of chemical components of wood and S2 cell wall layer of the 

wild type aspen for the sensitivity analysis of hemicellulose content. 

Wood 
 

S2 Cell Wall Layer 
 

Hemicellulose 

Cellulose Hemicelluloses Lignin 
 

Celluloses Hemicelluloses Lignin 
 

Oriented 
Non-

oriented 

39 16 23  56 20 24  2 18.0 
39 18 23  55 22 23  2.2 19.8 
39 20 23  53 24 23  2.4 21.6 
39 22 23  52 26 22  2.6 23.4 
39 24 23  51 28 21  2.8 25.2 
39 26 23  50 30 20  3.0 27.0 
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Note: The volume fractions of wood and S2 cell wall layer were calculated based on the result of the analytical 

chemistry and morphological investigation. 

The result of the sensitivity analysis shows that there is no significant effect of the varying 

amount of hemicelluloses on the longitudinal Young‟s modulus (Figure 6.13). Therefore, 

26% hemicelluloses content (the highest amount of hemicelluloses found in the investigated 

materials) was used during modeling. 

 

Figure 6.13 Calculated longitudinal Young‟s modulus at the oven-dry and fiber saturated 

conditions of wild type aspen with varying amount of hemicelluloses. The values were 

calculated using Scheme 3 of Model 1: Halpin-Tsai. 

Elastic properties of the S2 cell wall layers 

The elastic properties of the S2 cell wall layer of wild type aspen at the 12% moisture 

condition and 0° MFA as calculated by the three homogenization models and the FE model 

are presented in  
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Table 6.9.  Each scheme had similar effect on the longitudinal elastic modulus for all the 

models. The highest longitudinal modulus was calculated by Scheme 2 while the lowest 

longitudinal modulus was calculated by Scheme 1. The elastic properties of Scheme 1 of 

Model 1-ROM were the closest to the values of the finite element calculation.  

The longitudinal Young‟s modulus values of Scheme 1 and Scheme 3 were lower than, while 

that of Scheme 2 was comparable with, the previously reported values for numerical and 

finite element models (Harrington et al. 1998, Bergander and Salmen 2002, Sedighi-Gilani et 

al. 2007, Qing and Mishnaevsky 2009a, 2009b). The difference might be due to the fact that 

none of the mentioned articles considered the effect of amorphous cellulose.  

Model 1–ROM and Model 1–HT showed similar trend in terms of transverse modulus, shear 

moduli and Poisson ratios. Meanwhile, higher transverse modulus, G12 shear modulus, and 

G13 shear modulus were produced by Model 1–HT than by Model 1–ROM. The G23 shear 

modulus calculated by Model 1–HT was lower than that of Model 1–ROM  

Model 1-Chou‟s produced similar longitudinal modulus, higher transverse modulus, and 

lower shear moduli than other models. The Poisson ratios were not significantly affected by 

the models and schemes. 
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Table 6.9 Calculated elastic properties of the S2 cell wall layer of wild type aspen at 12% 

moisture content and 0° MFA. Scheme 1: Rule of Mixtures (series), Scheme 2: Rule of 

Mixtures (parallel), Scheme 3: Halpin-Tsai equations. Model 1 (ROM): Rule of Mixtures 

homogenization, Model 1 (HT): Halpin-Tsai homogenization, Model 1 (Chou‟s): Chou‟s 

homogenization, Model 2 (FEM): finite element model. 

 
E1 

(GPa) 
E2 

(GPa) 
E3 

(GPa) 
G23 

(GPa) 
G13 

(GPa) 
G12 

(GPa) 
v23 v13 v12 

Model 1 

(ROM) 

Scheme 1 14.65 6.35 6.35 2.29 2.38 2.38 0.38 0.28 0.28 

Scheme 2 57.93 5.81 5.81 2.10 2.38 2.38 0.38 0.28 0.28 

Scheme 3 36.03 5.73 5.73 2.07 2.53 2.53 0.38 0.28 0.28 

Model 1 

(HT) 

Scheme 1 14.65 7.90 7.90 2.87 1.98 1.98 0.38 0.28 0.28 

Scheme 2 57.93 6.83 6.83 2.48 1.98 1.98 0.38 0.28 0.28 

Scheme 3 36.03 6.68 6.68 2.42 2.04 2.04 0.38 0.28 0.28 

Model 1 

(Chou’s) 

Scheme 1 14.14 8.02 7.21 1.97 2.36 1.75 0.30 0.27 0.28 

Scheme 2 57.42 7.03 6.53 1.87 2.36 1.75 0.36 0.27 0.28 

Scheme 3 35.09 7.99 7.23 1.96 2.52 1.78 0.33 0.28 0.27 

Model 2 (FEM) 18.77 6.70 6.70 2.21 2.23 2.23 0.34 0.23 0.23 
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Effect of chemical constituents on the longitudinal elastic modulus 

Figure 6.14 presents the effect of possible genetic modification scenarios on the longitudinal 

elastic modulus of aspen. The reduction in hemicellulose content and the corresponding 

increase in cellulose content caused an increase in the longitudinal elastic modulus. This 

might be due to the reinforcing effect of the cellulose. 

The reduction in lignin and the corresponding increase in the cellulose content showed 

similar effect on the longitudinal elastic modulus as in the first case (reduction in 

hemicelluloses and increase in cellulose content). But the modification of lignin content had 

greater effect on the longitudinal elastic modulus than the hemicellulose.  

When the lignin content was reduced and hemicellulose content was increased, the effect of 

moisture content on the longitudinal elastic modulus was determined by the changing 

chemical composition. With increase in moisture content the effect of lignin and 

hemicellulose content faded due to the fact that the elastic modulus of lignin and 

hemicellulose were almost the same near the fiber saturation point. All these results indicated 

that if the crosslinking effect were not considered and if every other factor were the same, the 

longitudinal elastic property should increase with the reduction in lignin content. However, 

experimental results for transgenic aspen show that reduction in lignin content and the 

corresponding increased cellulose content resulted in a reduction in the longitudinal elastic 

modulus of the wood at the saturated condition. This might be attributed to the slight increase 

in MFA, decrease in crystallinity, altered crosslinking, or increased hydrophilicity due to the 

reduced lignin content. 
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Figure 6.14 Effect of modification of the chemical constituents of the S2 cell wall layer of 

the wild type on the longitudinal elastic modulus as a function of moisture content. 

Reduction of hemicellulose and corresponding increase in cellulose while lignin was constant 

(a), reduction of lignin and corresponding increase in cellulose while hemicellulose was 

constant (b), reduction of lignin and corresponding increase in hemicelluloses while cellulose 

was constant (c). The amount of oriented hemicellulose (10% of all hemicelluloses) was not 

changed. Scheme 3 (Halpin-Tsai equations) was used to calculated the results at 20° MFA. 

Effect of microfibril angle on the elastic properties of S2 cell wall layer 

The effect of microfibril angle on the longitudinal Young‟s modulus of the S2 layer of the 

wild type aspen at 12% moisture content is presented in Figure 6.15. It can be seen that the 

microfibril angle had the greatest effect on the longitudinal elastic modulus when Scheme 2 

was used to calculate the elastic properties of microfibrils. When Scheme 1 was used, the 
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MFA had only a minor effect on the longitudinal modulus. The MFA only had significant 

effect between 0° and 45°. Above 45° the effect of MFA was minor (Data not shown).  

Scheme 1 showed the best correlation with the longitudinal elastic modulus of the S2 cell 

wall layer measured using nanoindentation for spruce (19GPa) (Gindl et al. 2004) and for our 

wild-type quaking aspen (11.40GPa) (Table 7.3). However, when the longitudinal modulus 

of a spruce wood with 20° MFA (Gindl et al. 2004) was investigated, Scheme 2 showed the 

best correlation. Meanwhile, longitudinal cell wall modulus calculated from other methods 

such as micro-bending by AFM (28GPa) (Orso et al. 2006) and micro-tensile test (22.6GPa) 

(Burgert et al. 2003, 2005) produced much higher results.  The higher modulus from micro-

bending and micro-tension test could be explained by the fact that during nanoindentation the 

combination of the longitudinal modulus and the transverse modulus is measured (Gindl et 

al. 2004). In addition, it needs to be mentioned that the difference between of the modulus 

produced by the three schemes decreased with increasing microfibril angle; therefore the 

successful validation of those requires experimental results from samples with microfibril 

angle close to 0°. The validation of the model also requires experimental data with known 

microfibril angle, crystallinity, moisture content and chemical composition.  
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Figure 6.15 Effect of microfibril angle on the calculated longitudinal modulus of the S2 cell 

wall layer of the wild type aspen. Scheme 1: Rule of Mixtures (series), Scheme 2: Rule of 

Mixtures (parallel), Scheme 3: Halpin-Tsai equations. 28GPa: AFM micro-bending test 

(Orso et al. 2006); 22.6GPa: Micro-tensile test (Burgert et al. 2003, 2005); 19GPa: 

Nanoindentation (Gindl et al. 2004); 11.4GPa: nanoindentation (Table 7.3). 

Elastic moduli normalized to 18° MFA are presented in Figure 6.16. It can be seen that the 

microfibril angle had a large effect on the longitudinal elastic modulus and also had major 

effect on the in-plane shear modulus (G12). Meanwhile, other moduli were not affected by the 

change in the microfibril angle. The result is in line with the findings of Qing and 

Mishnaevsky (2009a). 
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Figure 6.16 The effect of microfibril angle on the calculated elastic moduli of the S2 cell 

wall layer of the wild type. Scheme 1: Rule of Mixtures (series), Scheme 2: Rule of Mixtures 

(parallel), Scheme 3: Halpin-Tsai equations 

Effect of crystallinity 

The effect of crystallinity on the longitudinal elastic modulus is shown in Figure 6.17. 

Contrary to the large effect of crystallinity on the elastic properties of microfibrils (Scheme 

1=+218%, Scheme 2=+47%, Scheme 3=+160%) the crystallinity showed less effect on the 

longitudinal elastic modulus of the cell wall layer (Scheme 1=+75%, Scheme 2=+17%, 

Scheme 3=+40%). 
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Figure 6.17 Effect of crystallinity on the calculated longitudinal elastic modulus of the S2 

cell wall layer of the wild type at 18° MFA. Scheme 1: Rule of Mixtures (series), Scheme 2: 

Rule of Mixtures (parallel), Scheme 3: Halpin-Tsai equations 

Effect of moisture content on the elastic properties 

To show the effect of moisture, the elastic moduli were normalized to 12% moisture content 

and are presented in Figure 6.18. The result showed that the moisture content has similar 

effect on all of the elastic moduli investigated and does not depend significantly on the 

scheme used to calculate the properties of the microfibril. Qing and Mishnaevsky 2009b also 

investigated the effect of moisture content on the elastic properties and found that the 

moisture content had greater effect on the transverse modulus than on the longitudinal 

modulus. The similar contribution of moisture on both longitudinal and transverse modulus 

in the present study could be due to the effect of amorphous cellulose which was not 

considered in Qing‟s model and to the assumption that the lignin is hydrophobic.  
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Figure 6.18 The effect of moisture content on the calculated elastic moduli of the S2 cell 

wall layer of the wild type aspen at 18° MFA. Scheme 1: Rule of Mixtures (series), Scheme 

2: Rule of Mixtures (parallel), Scheme 3: Halpin-Tsai equations 

Effect of increased hydrophilicity 

Based in the work of Kohler and Saptz (2002) on transgenic Arabidopsis with reduced lignin 

content, it was hypothesized that the reduction in lignin content will increase the 

hydrophilicity of wood due to the greater number of accessible hydroxyl groups and 

therefore result in an increased softening of stiffness matrix of hemicelluloses and amorphous 

cellulose. To calculate the elastic modulus, model 1–Halpin-Tsai equations were utilized. 

Figure 6.19 presents the results of increasing softening by 0%, 10%, 20%, 30%, and 40% on 

the longitudinal elastic modulus. Scheme 1 and Scheme 2 provided an upper and lower 

boundary while Scheme 3 resulted properties between Scheme 1 and Scheme 2. A forty 
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percent increase in softening resulted in 60%-72% difference in the elastic properties of the 

wild type aspen and the transgenic at the fiber saturation point.   

 

Figure 6.19 Effect of increased softening on the calculated longitudinal elastic modulus of 

the S2 cell wall layer of the wild type and the transgenic aspen at the corresponding 

microfibril angle (Wild type: 18°; Transgenic:20°). Scheme 1: Rule of Mixtures (series), 

Scheme 2: Rule of Mixtures (parallel), Scheme 3: Halpin-Tsai equations. 

Macro-mechanical properties  

The elastic moduli of the individual cell wall layers of wild type and transgenic aspen were 

calculated using Scheme 3 of Model 1 Halpin-Tsai numerical model (Appendix M). The 

macro-mechanical elastic properties of the wild type and transgenic aspen were calculated 

using a FE representative volume element (RVE) (Figure 6.11) at the dry condition and 

saturated condition with 0% and 40% additional softening. The calculated elastic moduli are 

presented and compared to the experimental values in Figure 6.20.  
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The calculated longitudinal elastic modulus of the wild type aspen and the transgenic aspen 

were lower than the experimental longitudinal Young‟s modulus measured by three-point 

bending and were higher than the longitudinal Young‟s modulus measured by dynamical 

mechanical analyzer.  

When the moisture content increased from 0% to fiber saturation point (FSP), the 

longitudinal Young‟s moduli of wild type using three-point bending test and using DMA 

with water as solvent were reduced by 41% and 38%, respectively. These are in line with the 

reduction in the elastic modulus of mature quaking aspen (37%) published in the Wood 

Handbook when the moisture increased from 12% to FSP (Forest Products Laboratory 1999). 

Higher reduction in longitudinal Young‟s moduli (60% - three point bending, 67% - DMA 

with water as solvent) was observed for transgenic aspen with reduced lignin content when 

the moisture content was increased from 0% to FSP indicating increased softening. 

Measurement using dynamic mechanical analyzer with ethylene glycol as solvent resulted in 

lower reduction in longitudinal Young‟s modulus for the wild type (15%) and transgenic 

aspen (41%) than other methods. 

The finite element model incorporating 0% additional softening for transgenic aspen resulted 

in 32% reduction in longitudinal Young‟s modulus for wild type aspen and 37% reduction 

for transgenic aspen. These are lower than the reduction in the experimental longitudinal 

Young‟s modulus.  
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However, when 40% additional softening was incorporated in the model, the difference in 

the predicted longitudinal Young‟s modulus of transgenic aspen between the fiber saturation 

point and the oven dry condition (59%) was similar to that of the experimental results.  

When the longitudinal Young‟s modulus of the wild type aspen and that of the transgenic 

aspen were compared at the oven dry condition, the finite element model showed only a 3% 

difference while 14% difference and 20% difference were found during the three-point 

bending and DMA in water experiments, respectively.   

However, at the fiber saturation point the finite element model using 0% additional softening  

underpredicted the difference between the longitudinal Young‟s modulus of wild type and 

transgenic aspen (10%) compared to the experimental results (69% - three point bending, 

124% - DMA in water, 72% - DMA in EG). When softening was increased from 0% to 40%, 

the difference between the longitudinal Young‟s modulus of wild type and transgenic aspen 

(70%) was similar to the experimental results. 

When 100% crystallinity was used, the model failed to show the differences between the 

moduli of the transgenic and the wild type aspen. 
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Figure 6.20 Calculated and measured elastic properties of the wild type and transgenic aspen 

wood.  Scheme 2 was used to calculate the properties of the microfibrils. Model 1-Halpin-

Tsai was used for the calculation of the cell wall properties.  
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Summary and Conclusion 

Numerical and three-dimensional finite-element models were developed to calculate the 

hygromechanical properties of genetically modified aspen wood. The results revealed that the 

reduction in lignin content and the corresponding increase in cellulose content should have 

increased the mechanical properties of the transgenic aspen. However, when other factors 

such as decreased crystallinity, increased microfibril angle and increased hydrophilicity were 

considered, a severe reduction in the Young‟s modulus of the cell wall was observed. The 

model underestimated the measured macro-mechanical properties measured using three point 

bending. This indicated that the mechanical properties of wood not only depend on the 

chemical, physical, and structural properties but also on morphological features not 

considered by the research including effect of rays, organization and shape of cells, vessel 

organization and shape. To further advance our understanding on the major factors affecting 

the hygromechanical properties of wood, fully characterized materials with wide range of 

chemical and physical properties are required.   
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CHAPTER 7  

TRIALS AND TRIBULATIONS 

In addition to the studies described in the previous chapters, the following wood properties 

were measured.  

Measurement of Microfibril Angle 

Besides wood density, the microfibril angle is one of the most important wood characteristic 

affecting the mechanical properties of wood. The microfibril angle has a positive correlation 

with the lignin content and a negative correlation with the mechanical properties (Gindl et al. 

2002). Genetically modified aspen trees with reduced lignin content provided us a unique 

opportunity to test this relationship.   

Materials and Methods 

To obtain information on the microfibril angle of the samples, 1-mm thick wood strips were 

prepared from each genetic group. A Bruker AXS SMART Apex II CCD-based X-ray 

diffractometer in transmittance mode using a 480 s acquisition time was utilized to obtain the 

diffraction profile of 3 to 4 replicas of each genetic line. The diffraction profile of the 

samples was analyzed using the Polar and OriginPro (Originlab Corp. MA, USA) softwares.  

Results and Discussion 

All transgenic groups had higher microfibril angle than the wild type (Table 7.1). This result 

is in a disagreement with the findings of Gindl et al. (2002) who found higher microfibril 

angle with higher lignin content. In addition, the crystallinity of the transgenic groups was 
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lower than that of the wild type Table 7.1. Both the increase in microfibril angle and 

reduction in crystallinity could have been the major cause of the reduced mechanical 

properties.  

Table 7.1 Microfibril angle and crystallinity of wild type and transgenic groups 

 Microfibril Angle Crystallinity 

No. Samples 

 
Mean 
(deg) 

COV 
 (%) 

Mean  
(%) 

COV  
(%) 

PtrWT 18.0 9.3 83.5 7.8 3 
Ptr4CL 19.7 26.9 72.4 11.6 9 

PtrCAld5H 23.5 20.9 80.3 5.9 5 
Ptr4CL/CAld5H-72 25.6 22.8 74.3 12.9 3 

Ptr4CL/CAld5H-141 20.3 19.2 78.2 7.1 4 

 

Nanoindentation with embedding 

In collaboration with Yujie Meng and Siqun Wang, Department of Forestry Wildlife and 

Fisheries, University of Tennessee. 

The in-situ investigation of the mechanical properties of wood cell wall is required to 

understand the contribution of chemical composition and cell wall structure of wood on the 

mechanical properties. The elastic properties of cell wall were mainly investigated using 

nanoindentation (Wimmer et al. 1997; Gindl et al. 2004;  Jakes et al. 2008), atomic force 

microscopy (AFM) (Orso et al. 2006) and micro-tension test (Burgert et al. 2003, 2005). In 

this study nanoindentation was utilized as the primary tool to assess the elastic properties of 

the cell wall of the wild type and transgenic aspen.  
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Materials and Methods 

Wild type (PtrWT-721), transgenic aspen with increased S/G ratio (PtrCAld5H-94), 

and transgenic aspen with simultaneously reduced lignin and increased S/G ratio 

(Ptr4CL/CAld5H-72) were nanoindented.  

Selected specimens were cut into objective blocks and individually embedded in epoxy resin. 

The transverse surface of the poplar cell were leveled by using a glass knife in microtome 

and then smoothed by a diamond knife. Cells were chosen from the latewood of the first 

growth ring and indentations were performed using a Hysitron BoiIndenter equipped with a 

Diamond Berkovich tip (Three-sided pyramidal tip).  

Results and Discussion 

Typical indentation plots of the cell wall are presented in Figure 7.1. The results (Figure 7.2) 

showed that the transgenic group with increased S/G ratio had lower cell wall modulus and 

hardness than the wild type. Meanwhile, the genetic group with simultaneously reduced 

lignin content and increased S/G ratio had higher cell wall modulus and hardness than the 

wild type. The reduction in lignin content caused a reduction in the specific gravity of the 

cell wall which might have allowed the penetration of the embedding medium into the cell 

wall. Therefore, the increased modulus could have been caused by the strengthening effect of 

the embedding medium. Nanoindentation of the cell wall without embedding is required to 

investigate the effect of the embedding medium on the cell wall modulus and to obtain 

further information on the mechanical properties of the cell wall. 
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Figure 7.1 Typical indentation plots of wild type (A), transgenic aspen with increased S/G 

ratio (B), and transgenic aspen with simultaneously reduced lignin and increased S/G ratio 

(C) 

Table 7.2 Elastic modulus and hardness of the cell wall embedded in epoxy using 

nanoindentation.  

 

Elastic Modulus Hardness  No. 
Indents Mean (GPa) COV (%) Mean (GPa) COV (%) 

PtrWT-271 17.0 8.3 0.51 15.7 8 

PtrCAld5H-94 12.1 7.3 0.46 6.3 10 

Ptr4CL/CAld5H-72 19.1 12.6 0.55 8.5 17 

 

Nano-indentation of the cell wall without embedding 

In collaboration with Joseph Jakes, Forest Product Laboratory, Madison, Wisconsin. 

The in-situ investigation of the mechanical properties of the wood cell wall is required to 

understand the contribution of chemical composition and cell wall structure of wood on the 

mechanical properties. The elastic properties of cell wall were mainly investigated using 

nanoindentation (Wimmer et al. 1997; Gindl et al. 2004; Jakes et al. 2008), atomic force 

microscopy (AFM) (Orso et al. 2006) and micro-tension test (Burgert et al. 2003, 2005). In 
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this study nanoindentation was utilized as the primary tool to assess the elastic properties of 

the cell wall of the wild type and transgenic aspen.  

Materials and Methods 

Eight specimens representing eight genetic lines within five genetic groups were used for the 

nanoindentation. To identify suitable areas for nanoindentation, cross sections of each 

specimen were prepared. Approximately 30 μm sections were cut and examined with an 

optical microscope with no staining. Apparent growth rings and areas of reaction wood were 

identified. The sections were also used to assure that the cross section was perpendicular to 

the axis of the fibers. Fibers for nanoindentation were selected in the outer portion of the 

second to last full “growth ring” in areas absent of reaction wood (Figure 7.2).  
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Figure 7.2 10x optical microscope image of a nanoindentation specimen. Red lines show the 

apparent growth rings and the green circle shows the location of the fibers chosen to test. 

(Note: The cells in the green circle may not be the exact fibers actually tested, but they were 

in similar orientation within the apparent growth ring). Locations were similarly chosen for 

the other seven specimens. 

One nanoindentation specimen was prepared for each of the eight specimens. Specimens 

were attached to steel cylinders with epoxy such that the fiber axis was parallel to the side of 

the cylinder. The epoxy did not infiltrate the wood near the cells tested.  Using a sledge 

microtome, a pyramid was shaped with the fibers to be tested at the apex. The steel cylinder 

with the specimen was then fixed in a rotary ultra-microtome and the tip of the apex was cut 

off with a diamond knife.  

Nanoindentation experiments were performed with a Hysitron Triboindenter equipped with a 

Berkovich tip. All indents were imaged with a calibrated Quesant atomic force microscope 

“Growth Rings” 

 

Fibers tested 
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(AFM) incorporated in the same enclosure as the Triboindenter.  The temperature fluctuated 

between 70.5 and 83.1 °F and relative humidity (RH) between 39 and 47% during the 

experiments. The load function used in these experiments was presented in Jakes et al. 

(2009). Maximum loads (Pmax) ranged between 60 and 180 μN.   

Results and Discussion 

The modulus of elasticity was reduced for all transgenic groups indicating weaker cell wall 

(Table 7.3). The hardness of genetic groups Ptr4CL, PtrCAld5H, and Ptr4CL/CAld5H-72 

were found to be significantly lower than that of the wild type while the hardness of genetic 

group Ptr4CL/CAld5H-141 was statistically not different from the wild type. In addition, it 

needs to be mentioned that due to the low modulus of the material, the nanoindentation was 

conducted close to the detection limit of the instrument which might be the resulting factor of 

the high coefficient of variation.  

Table 7.3 Elastic modulus and hardness of the cell wall by nanoindentation 

  

Elastic Modulus Hardness 
No. 

Indents Mean      
(GPa) 

COV 
(%) 

Duncan 
Mean 
(MPa) 

COV 
(%) 

Duncan 

PtrWT 11.4 9.07 A 302 11.53 A 18 

Ptr4CL 8.1 19.45 C,B 264 25.13 B 34 

PtrCAld5H 8.5 12.74 C,B 269 8.86 B 27 

Ptr4CL/CAld5H-72 8.9 6.33 B 246 9.91 B 13 
Ptr4CL/CAld5H-141 8.0 10.18 C 310 14.88 A 14 
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Assessment of Syringyl/Guaiacyl ratio 

In collaboration with Daniel Yelle, Forest Product Laboratory, Madison, Wisconsin. 

The syringyl/guaiacyl (S/G) ratio, which can be measured using Nuclear Magnetic 

Resonance (NMR), is crucial for the characterization of the transgenic aspen. 

Materials and Methods 

All samples were ball-milled and fully acetylated. About 50 mg of acetylated sample was 

dissolved in 500 µL of CDCl3. All measurement was conducted as Heteronuclear Single 

Quantum Coherence (HSQC) experiment. The spectra were acquired on a Bruker 500Mhz 

NMR instrument equipped with a cryogenically cooled probe.   

Results and Discussion 

The result of the experiment was in an agreement with the published S/G ratio values by Li et 

al. (2003) except for genetic line PtrCAld5H-96, whose S/G ratio unexpectedly was not 

different from that of the wild type (Table 7.4). Further investigation of the S/G ratio using 

nitrobenzene oxidation is needed to verify the result of this experiment. 
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Table 7.4 S/G ratio of wild type and transgenic aspen measured using NMR 

Genetic Group Genetic Line 
S/G 
ratio 

PtrWT 271 2.30 

Ptr4CL 
21 2.27 
23 1.87 
37 2.09 

PtrCAld5H 
94 6.14 
96 2.04 

Ptr4CL/CAld5H-72 72 3.11 
Ptr4CL/CAld5H-141 141 1.95 

 

  



   

262 

References 

Burgert, I, Fruhmann, K, Keckes, J, Fratzl, P, Stanzl-Tschegg, SE (2003) Microtensile testing 

of wood fibers combined with video extensometry for efficient strain detection. 

Holzforschung, 57:661-664 

Burgert, I,  Eder, Michaela, Fruhmann, K, Keckes, J, Fratzl, P, Stanzl-Tschegg, S (2005) 

Properties of chemically and mechanically isolated fibers of spruce (Picea abies [L.] Karst.) 

Part 3: Mechanical characterization. Holzforschung. 59:354-357 

Gindl, W. (2002) Comparing mechanical properties of normal and compression wood in Norway 

spruce: The role of lignin in compression parallel to the grain. Holzforschung. 56:395-401 

Gindl, W, Schoberl, T (2004) The significance of the elastic modulus of wood cell walls 

obtained from nanoindentation measurements. Composites: Part A. 35:1345-1349 

Jakes, JE, Frihart, CR, Beecher, JF, Moon, RJ, Stone, DS (2008) Experimental method to 

account for structural compliance in nanoindentation measurements. Journal of Material 

Research. 23(4):1113-1127 

Jakes, JE, Frihart, CR, Beecher, JF, Moon, Resto, PJ, Melgarejo, ZH, Suarez, OM, 

Baumgart, H, Elmustafa, AA, Stone, DS (2009) Nanoindentation near the edge. Journal of 

Material Research. 24(3):1016-1031 

Li L, Zhou Y, Cheng X, Sun J, Marita JM, Ralph J, Chiang VL (2003) Combinatorial 

modification of multiple lignin traits in trees through multigene cotransformation. P Natl 

Acad Sci USA 100:4939-4944. 

Orso, S, Wegst, UGK, Arzt, E (2006) The elastic modulus of spruce wood cell wall material 

measured by an in situ bending technique. J Mater Sci. 41:5122-5126 

Wimmer, R, Lucas, BN, Tsui, TY, Oliver WC (1997) Longitudinal hardness and Young‟s 

modulus of spruce tracheid secondary walls using nanoindentation technique. Wood Science 

and Technology. 31:137-141 

 



   

263 

SUMMARY AND CONCLUSIONS  

Young genetically modified quaking aspen trees that included the following four genetic 

groups were investigated:  

 wild type 

 reduced lignin content 

 increased syringyl to guaiacyl (S/G) ratio 

 simultaneously reduced lignin content and increased (S/G) ratio 

Sample trees were propagated in vitro and grown in the greenhouse of the Forest 

Biotechnology Group at North Carolina State University. The main conclusions of the 

investigation are presented as follows: 

Genetic modification using antisense 4CL gene resulted in severe reduction in lignin content 

and affected both the cell wall and the intercellular spaces. Reduction in lignin content 

resulted an increase in the water content of the cell wall perhaps due to the increased 

accessibility of the amorphous cellulose and hemicelluloses.  

The crystallinity of transgenic groups increased but the microfibril angle decreased as the 

result of the genetic modification of lignin content. Increase in microfibril angle is in 

contradiction with the findings of other studies using reaction wood, where increase in lignin 

content resulted increase in microfibril angle.  
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Genetic modification of lignin content resulted in severe reduction in modulus of elasticity 

and ultimate compression strength at the green condition but only a minor reduction at the 

oven dry condition. The significant effect of moisture on the mechanical properties of genetic 

groups with reduced lignin content indicated the genetic modification of lignin content 

affected mainly the hygromechanical properties of wood. 

The modification of lignin structure did not have a major effect on the mechanical properties 

at the oven dry and saturated conditions. The simultaneous modification of lignin content and 

S/G ratio showed inconsistent result indicating that the expression of the genes used to 

modify the chemical composition and structure was different for the two genetic lines within 

the genetic group.   

The mechanical properties were successfully predicted by Near-Infrared Spectroscopy (NIR) 

indicating that the chemical composition might have a major role on the hygromechanical 

properties. However, the moderate strength of the calibration model showed that other factors 

including microfibril angle, crystallinity, and density might have significant effect on the 

hygromechanical properties and thus need to be included in the model. 

A dynamic mechanical analyzer (DMA) in static bending mode using microscale specimens 

and a Fakopp ultrasonic timer using full size stems (10mm in diameter) were successfully 

utilized to observe the effect of genetic modification of lignin content and structure on the 

elastic modulus of aspen wood.   
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To investigate the major factors affecting the hygromechanical properties, numerical and 

three dimensional finite element models were constructed. At the oven dry condition, the 

elastic modulus was mainly affected by microfibril angle, crystallinity, and density of wood. 

However, at fiber saturation point, the lignin content had a major effect on the elatic modulus 

due to the increased hygrophilicity induced by reduced lignin content.  The elastic modulus 

predicted by the hygromechanical model was lower than the elastic modulus measured using 

static bending test and was higher than elastic modulus measured using DMA in static 

bending mode.   

The study underscores that genetic modification of the chemical structure has consequences 

on the mechanical properties of wood. Geneticists then must proceed with caution as these 

modifications can have serious implications on the tree‟s survival and in its utilization. 

Multiscale modeling combined with genetically modified wood has a potential advantage to 

investigate the relationship between the chemical composition and various wood properties. 

NIR calibration is an essential tool to geneticist for the rapid evaluation of mechanical 

properties at early stages of tree development when the size of the material does not allow the 

use of standard mechanical test.  
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RECOMMENDATIONS AND FUTURE WORK 

Based on the result of this investigation the following future research areas are 

recommended: 

 Investigation of the interactions of main wood polymers in transgenic 

materials using dynamic spectroscopy; 

 Measurement of fiber saturation point, equilibrium moisture content; 

 Determination of the elastic modulus of the cell wall at the green condition 

using nanoindentation; 

 Full chemical, physical, morphological, and mechanical characterization of 

different kinds of genetically modified wood with modified chemical 

compositions and the development of a database containing all the measured 

properties; 

 Construction of a numerical model based on the constructed database to 

model the mechanical properties of wood.  
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APPENDIX A 
Raw data of Partial Least Squares (PLS) calibration and prediction 

The original spectra and the PLS model can be found in the attached CD-ROM 

Calibration Model – Modulus of Elasticity 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 

Measured 

MOE 

 (MPa) 

Predicted 

MOE 

 (MPa) 

0 271 4 4147 4350 

0 271 9 5097 4987 

0 271 13 5395 5369 

0 271 16 5054 5455 

0 271 19 5741 5318 

1 21 1 2930 2479 

1 21 2 3383 3719 

1 21 4 3485 3435 

1 21 400-1 2981 2413 

1 21 400-2 2586 3094 

1 23 2 3445 3444 

1 23 4 3314 2925 

1 23 5 3077 2480 

1 23 208 3373 3329 

1 23 211 3499 3770 

1 23 212 3322 3478 

1 23 213 3318 2711 

1 23 219 3480 3383 

1 37 3 3119 2764 

1 37 5 2905 2794 

1 37 310 2765 3797 

1 37 311 2191 2326 

2 94 1 3869 4700 

2 94 2 2458 3260 

2 94 4 3681 3612 

2 94 700 3514 3558 

2 94 706 3800 3841 

2 94 707 5345 4339 
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Appendix A continued 

Calibration Model – Modulus of Elasticity 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 

Measured 

MOE 

 (MPa) 

Predicted 

MOE 

 (MPa) 

2 96 2 3882 3868 

2 96 3 4162 3833 

2 96 4 3854 3298 

2 96 603 4172 3980 

3 72 2 1899 2196 

3 72 3 1504 1974 

3 72 5 2022 2256 

3 72 504 2742 3195 

3 72 506 2412 3032 

3 72 507 1758 2162 

4 141 1 3626 3245 

4 141 2 3549 3648 

4 141 3 3147 3556 

4 141 4 4315 3444 

4 141 107 4541 4611 

4 141 115 5084 4514 

 

Validation Model – Modulus of Elasticity 

Genetic 

Group 
Genetic Line 

Sample 

Tree 

Measured 

MOE (MPa) 

Predicted 

MOE (MPa) 

0 271 1 4361 4889 

0 271 2 4439 4873 

0 271 3 4639 4890 

0 271 5 4561 4949 

0 271 14 6283 5194 

1 21 3 2472 2911 

1 21 5 2649 2878 

1 21 404 3067 3340 

1 37 1 2900 2724 

1 37 4 3216 2720 
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Appendix A continued 

Validation Model – Modulus of Elasticity 

Genetic 

Group 
Genetic Line 

Sample 

Tree 

Measured 

MOE (MPa) 

Predicted 

MOE (MPa) 

2 94 3 4338 4033 

2 94 5 3897 3423 

2 96 1 3962 3351 

2 96 5 3950 3227 

2 96 600 4503 3579 

3 72 4 2054 2188 

4 141 5 3474 3394 

4 141 104 5798 4857 

4 141 116 5028 4781 
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Appendix A continued 

Calibration Model – Ultimate Compression Strength 

Genetic Group Genetic Line Sample Tree 
Measured UCS 

 (MPa) 

Predicted UCS 

 (MPa) 

0 271 4 12.46 12.57 

0 271 9 13.89 13.24 

0 271 13 14.35 14.13 

0 271 16 12.71 13.72 

0 271 19 14.28 13.70 

1 21 1 5.82 5.44 

1 21 2 7.30 7.47 

1 21 4 6.54 6.40 

1 21 400-1 7.12 6.05 

1 21 400-2 6.13 6.56 

1 23 2 7.96 7.37 

1 23 4 6.08 4.92 

1 23 5 6.50 6.39 

1 23 208 7.61 7.70 

1 23 211 6.77 7.88 

1 23 212 6.77 7.88 

1 23 213 6.69 6.31 

1 23 219 7.33 7.66 

1 37 3 7.03 6.97 

1 37 5 6.58 6.33 

1 37 310 6.40 9.599 

1 37 311 5.88 5.90 

2 94 1 14.26 15.52 

2 94 2 8.55 8.66 

2 94 4 11.32 10.71 

2 94 700 10.59 9.44 

2 94 706 12.22 10.84 

2 94 707 13.66 11.27 

2 96 2 10.82 12.01 

2 96 3 10.95 11.47 

2 96 4 10.61 10.81 

2 96 603 12.51 11.22 

 

 



   

272 

Appendix A continued 

Calibration Model – Ultimate Compression Strength 

Genetic 

Group 
Genetic Line 

Sample 

Tree 

Measured UCS 

 (MPa) 

Predicted UCS 

 (MPa) 

3 72 2 5.13 5.30 

3 72 3 4.58 5.24 

3 72 5 5.40 5.57 

3 72 504 6.78 8.72 

3 72 506 6.07 7.41 

 

Calibration Model – Ultimate Compression Strength 

Genetic 

Group 
Genetic Line Sample Tree 

Measured UCS 

 (MPa) 

Predicted UCS 

 (MPa) 

3 72 507 6.38 6.07 

4 141 1 9.18 8.93 

4 141 2 11.07 11.09 

4 141 3 10.27 10.08 

4 141 4 10.92 10.09 

4 141 107 11.99 11.37 

4 141 115 11.50 10.62 

 

Validation Model – Ultimate Compression Strength 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 

Measured 

UCS 

(MPa) 

Predicted 

UCS 

(MPa) 

0 271 1 13.62 12.75 

0 271 2 12.18 13.10 

0 271 3 15.14 13.85 

0 271 5 13.91 13.97 

0 271 14 14.35 13.99 

1 21 3 5.32 6.18 

1 21 5 7.26 7.51 

1 21 404 7.40 7.31 
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Validation Model – Ultimate Compression Strength 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 

Measured 

UCS 

(MPa) 

Predicted 

UCS 

(MPa) 

1 37 1 6.65 6.80 

1 37 4 6.03 6.16 

2 94 3 12.43 11.80 

2 94 5 10.71 10.01 

2 96 1 12.39 10.36 

2 96 5 11.42 10.32 

2 96 600 11.92 10.46 

3 72 4 13.62 12.75 

4 141 5 12.18 13.10 

4 141 104 15.14 13.85 

4 141 116 13.91 13.97 

Notes: 

 The following abbreviations were used in this table: 

 Genetic Group 0 = Genetic Group PtrWT 

 Genetic Group 1 = Genetic Group Ptr4CL 

 Genetic Group 2 = Genetic Group PtrCAld5H 

 Genetic Group 3 = Genetic Line Ptr4CL/CAld5H-72 

 Genetic Group 4 = Genetic Line Ptr4CL/CAld5H-141 

  



   

274 

APPENDIX B 
Raw data of modulus of elasticity and ultimate compression strength 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diamete

r (mm) 

Specific 

Gravity 

Modulus 

of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

0 271 1 a          1 8.32 0.32 4568 13.7 

0 271 1 b          1 8.38 0.32 4232 14.1 

0 271 1 c          1 7.89 0.32 4250 13.1 

0 271 2 a          1 6.96 0.31 4622 12.6 

0 271 2 b          1 6.82 0.31 4210 11.7 

0 271 3 a          1 6.84 N.D. 4349   

0 271 3 b          1 6.54 N.D. 4930 15.1 

0 271 4 a          1 7.32 0.31 4213 13.5 

0 271 4 b          1 7.04 0.31 4182 13.4 

0 271 4 c          1 6.67 0.31 4070 10.4 

0 271 5 a          1 7.05 0.33 4436 14.4 

0 271 5 b          1 6.89 0.33 4728 13.4 

1 21 1 a          1 6.56 0.26 3128 6.1 

1 21 1 b          1 6.84 0.26 2584 5.6 

1 21 2 a          1 7.78 N.D. 3019   

1 21 2 b          1 7.46 N.D. 3625 7.3 

1 21 3 a          1 8.04 N.D. 2351   

1 21 3 b          1 8.48 N.D. 2208 5.6 

1 21 3 c          1 7.16 N.D. 2693 5.0 

1 21 4 a          1 7.48 0.30 3656 6.7 

1 21 4 b          1 8.13 0.30 3272 6.4 

1 21 5 a          1 6.16 0.30 2623 8.1 

1 21 5 b          1 6.05 0.30 2684 6.4 
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Appendix B continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus 

of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

1 23 1 a          1 6.45 0.28 2725 6.1 

1 23 1 b          1 8.23 0.28 2405   

1 23 2 a          1 7.85 0.29 3075 8.0 

1 23 2 c          1 6.93 0.29 3815   

1 23 3 a          1 6.52 0.29 2538 6.7 

1 23 3 b          1 7.26 0.29 2827 6.2 

1 23 4 a          1 7.15 0.28 3325 6.1 

1 23 4 b          1 7.71 0.28 3299 6.1 

1 23 5 a          1 5.9 0.28 3310 7.2 

1 23 5 b          1 6.03 0.28 2937 5.8 
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Appendix B continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

1 37 1 a          1 6.14 0.29 3109 7.3 

1 37 1 b          1 6.06 0.29 2721 6.4 

1 37 1 c          1 5.71 0.29 2858 6.2 

1 37 2 a          1 6.24 N.D. 2351  N.D. 

1 37 2 b          1 5.58 N.D. 2514 5.6 

1 37 3 a          1 7.3 0.31 3186 7.3 

1 37 3 b          1 6.71 0.31 3029 6.7 

1 37 4 a          1 6.21 0.30 3036 6.1 

1 37 4 b          1 5.6 0.30 3397 5.9 

1 37 5 a          1 8.08 0.31 2930 6.4 

1 37 5 b          1 7.87 0.31 2867 5.8 

1 37 5 c          1  N.D.  N.D.  N.D. 7.5 

2 94 1 a          1 5.3 0.35 3690 14.3 

2 94 1 b          1 4.96 0.35 3952 13.6 

2 94 1 c          1 5.98 0.35 4024 15.0 

2 94 3 a          1 3.73 0.36 4338 12.4 

2 94 4 a          1 5.54 0.34 3622 11.9 

2 94 4 b          1 4.97 0.34 3740 10.7 

2 94 5 a          1 5.06 0.33 3663 10.0 

2 94 5 c          1 4.11 0.33 4131 11.4 

2 96 1 a          1 5.01 0.33 3962 12.4 

2 96 2 a          1 4.91 0.30 3882 10.8 

2 96 3 a          1 5.53 0.34 4038 11.2 

2 96 3 b          1 5.05 0.34 4064 9.8 

2 96 3 c          1 4.58 0.34 4622 11.9 

2 96 4 a          1 4.67 0.33 3847 10.7 

2 96 4 b          1 4.75 0.33 3864 10.5 

2 96 5 a          1 4.77 0.31 3435 11.7 

2 96 5 b          1 4.68 0.31 4464 11.2 
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Appendix B continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

3 72 1 a          1 6.24 0.26 1524 5.2 

3 72 1 b          1 5.71 0.26 1700 5.9 

3 72 2 a          1 6.72 0.27 1873 5.2 

3 72 2 b          1 7.01 0.27 1925 5.1 

3 72 3 a          1 6.1 0.29 1422 4.8 

3 72 3 b          1 6.27 0.29 1586 4.3 

3 72 4 a          1 7.35 0.27 2054 6.0 

3 72 5 a          1 6.37 N.D. 1832 4.2 

3 72 5 b          1 6.24 N.D. 2276 6.6 

4 141 1 a          1 6.24 0.27 3626 9.6 

4 141 2 a          1 7.86 0.33 2981 11.6 

4 141 2 b          1 7.42 0.33 3895 11.6 

4 141 2 c          1 7.22 0.33 3630 10.1 

4 141 3 a          1 7.75 0.33 3480 10.8 

4 141 3 b          1 7.66 0.33 2738 10.4 

4 141 3 c          1 7.22 0.33 3324 9.8 

4 141 4 a          1 7.49 0.32 4065 11.7 

4 141 4 b          1 7.14 0.32 4440 10.1 

4 141 5 a          1 7.12 N.D. 3474 8.9 

0 271 1.2 a          2 9.835 0.37 4531 15.0 

0 271 1.2 b          2 9.43 0.37 5375 13.6 

0 271 9 a          2  N.D.  N.D. N.D.  13.2 

0 271 9 b          2 9.65 0.35 5097 14.5 

0 271 13 a          2 8.78 0.37 5442 14.8 

0 271 13 b          2 9.31 0.37 5360 13.9 

0 271 14 a          2 9.51 0.35 6283 14.7 

0 271 14 b          2  N.D.  N.D. N.D.  16.4 

0 271 16 a          2 9.8 0.39 5065 13.1 

0 271 16 b          2 9.895 0.39 5042 13.1 

0 271 16 c          2  N.D.  N.D. N.D.  12.0 

0 271 19 a          2 9.84 0.33 5549 13.9 

0 271 19 b          2 9.52 0.33 5933 14.7 

 



   

278 

Appendix B continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

1 21 400 a          2 12.378 0.34 2920 7.3 

1 21 400 b          2 11.36 0.34 3042 6.9 

1 21 401 a          2  N.D. N.D.  N.D.  6.2 

1 21 401 b          2 9.85 0.32 2586 6.1 

1 21 404 a          2 10.44 0.34 2951 7.4 

1 21 404 b          2 11.17 0.34 3183 7.4 

1 23 208 a          2 9.48 0.33 3373 7.6 

1 23 211 a          2 11.137 0.33 3716 8.9 

1 23 211 b          2 10.63 0.33 3512 8.2 

1 23 211 c          2 10.21 0.33 3268 7.4 

1 23 212 a          2 11.43 0.33 3322 6.6 

1 23 212 b          2  N.D.  N.D. N.D.  6.9 

1 23 213 a          2 10.05 0.31 3318 7.1 

1 23 213 b          2  N.D.  N.D. N.D.  6.3 

1 23 219 a          2 10.99 0.33 3480 7.3 

1 37 306 a          2 9.99 0.34 2919 7.1 

1 37 306 b          2  N.D.  N.D. N.D.  7.8 

1 37 308 a          2  N.D.  N.D. N.D.  6.5 

1 37 309 a          2 11.848 0.33 3122 7.5 

1 37 309 b          2 10.627 0.33 3378 7.4 

1 37 310 a          2 8.76 0.33 3050 6.2 

1 37 310 b          2 8.728 0.33 2480 6.1 

1 37 310 c          2  N.D. N.D.  N.D.  6.8 

2 94 700 a          2 6.79 0.36 3203 10.0 

2 94 700 b          2 6.4 0.36 3881 11.2 

2 94 700 c          2 6.43 0.36 3457 10.6 

2 94 706 a          2 7.16 0.35 3809 12.1 

2 94 706 b          2 7.22 0.35 3790 12.1 

2 94 706 c          2  N.D.  N.D. N.D.  12.5 

2 94 707 a          2 8.49 0.36 4953 14.0 

2 94 707 b          2 8.267 0.36 5738 13.3 

2 94 707 c          2 N.D.  N.D.  N.D.  13.7 
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Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

2 96 600 a          2 5.75 0.35 4571 10.1 

2 96 600 b          2 5.94 0.35 3866 11.9 

2 96 600 c          2 5.77 0.35 4488 13.3 

2 96 600 d          2 5.71 0.35 5094 12.4 

2 96 603 a          2 6.38 0.36 3804 12.6 

2 96 603 b          2 6.25 0.36 3915 12.1 

2 96 603 c          2 6.08 0.36 4797 12.8 

3 72 504 a          2 9.34 0.32 2887 7.6 

3 72 504 b          2 8.71 0.32 2597 6.4 

3 72 504 c          2  N.D. N.D.  N.D.  6.3 

3 72 506 a          2  N.D. N.D.  N.D.  6.3 

3 72 506 b          2 7.87 0.30 2293 6.0 

3 72 506 c          2 7.92 0.30 2531 5.9 

3 72 507 b          2 N.D.   N.D. N.D.  6.5 

4 141 104 a          2 9.78 0.34 5390 13.1 

4 141 104 b          2 9.84 0.34 6205 13.0 

4 141 104 c          2  N.D.  N.D. N.D.  12.0 

4 141 107 a          2 8.36 0.35 4484 12.3 

4 141 107 b          2 8.31 0.35 4740 12.6 

4 141 107 c          2 8.43 0.35 4400 11.1 

4 141 114 a          2 9.63 0.35 4746 10.8 

4 141 115 a          2 9.35 0.34 5149 11.9 

4 141 115 b          2 9.35 0.34 5084 11.1 

4 141 116 a          2 10.44 0.35 5028 13.2 

4 141 116 b          2  N.D.  N.D. N.D.  13.9 
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Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

0 271 802 a          2.5 9.82 N.D. 4787 N.D.  

0 271 803 a          2.5 10.97 N.D. 5597 13.1 

0 271 805 a          2.5 10.36 N.D. 5829 N.D.  

0 271 806 a          2.5 10.99 N.D. 4956 13.4 

0 271 807 a          2.5 10.93 N.D. 5239 N.D.  

0 271 808 a          2.5 10.2 N.D. 6032 N.D.  

0 271 811 a          2.5 10.26 0.39 5493 13.5 

0 271 815 a          2.5 9.94 N.D. 4401 N.D.  

0 271 817 a          2.5 10.45 0.36 4881 13.3 

0 271 818 a          2.5 10.16 0.37 4960 15.1 
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Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

1 21 402 a          2.5 11.2 0.36 3231 7.5 

1 21 403 a          2.5 13.19 0.35 2593 6.8 

1 21 405 a          2.5 10.75 0.35 2222 8.0 

1 21 406 a          2.5 11.35 N.D. 3194  N.D. 

1 21 407 a          2.5 12.14 0.34 2185 7.3 

1 21 409 a          2.5 11.94 0.33 2985 6.9 

1 23 200 a          2.5 11.34 0.35 3032 7.9 

1 23 203 a          2.5 11.3 0.35 3388 7.5 

1 23 204 a          2.5 10.77 0.36 2579 7.4 

1 23 205 a          2.5 11.63 N.D. 2980  N.D. 

1 23 207 a          2.5 10.09 0.34 2981 9.8 

1 23 209 a          2.5 10.38 N.D. 2496 N.D.  

1 23 210 a          2.5 10.56 N.D. 3006 N.D.  

1 23 215 a          2.5 11.12 N.D. 3607 N.D.  

1 37 301 a          2.5 8.91 0.33 3077 6.1 

1 37 302 a          2.5 11.82 0.37 3054 7.0 

1 37 303 a          2.5 10.99 0.36 2929 7.5 

1 37 304 a          2.5 9.67 N.D. 3268  N.D. 

1 37 305 a          2.5 10.15 N.D. 3701  N.D. 

1 37 307 a          2.5 10.19 0.36 3006 6.6 

1 37 313 a          2.5 9.807 0.35 2750 7.4 

2 94 701 a          2.5 7.64 0.37 4403 10.1 

2 94 703 a          2.5 7.02 0.34 5010 N.D.  

2 94 705 a          2.5 6.54 N.D. 5313  N.D. 

2 94 702 a          2.5  N.D. N.D.   N.D. 14.1 

2 94 708 a          2.5 8.01 0.40 5044 15.1 

2 94 709 a          2.5 6.37 0.36 4670 13.0 

2 94 710 a          2.5 7.07 0.35 4889 12.0 
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Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

2 96 601 a          2.5 6.09 N.D. 4357 11.1 

2 96 602 a          2.5 6.63 0.36 4514 9.7 

2 96 604 a          2.5 6.56 0.37 4707 11.0 

2 96 605 a          2.5 6.66 0.38 4555 12.4 

2 96 606 a          2.5 7.32 N.D. 4398 N.D.  

2 96 608 a          2.5 7.56 N.D. 4688 12.0 

2 96 610 a          2.5 7.13 N.D. 4953  N.D. 

 

Appendix B continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position Age 

Diameter 

(mm) 

Specific 

Gravity 

Modulus 

of 

Elasticity 

(MPa) 

Ultimate 

Compression 

Strength 

(MPa) 

3 72 500 a          2.5 9.52 N.D. 2039 7.2 

3 72 501 a          2.5 10.61 0.33 1780 7.0 

3 72 502 a          2.5 8.77 0.33 1946 5.9 

3 72 503 a          2.5 7.54 0.31 2468 6.6 

4 141 106 a          2.5 9.96 N.D. 4262  N.D. 

4 141 110 a          2.5 9.57 0.40 5597 12.4 

4 141 111 a          2.5 9.94 0.38 4956 11.0 

4 141 112 a          2.5 10.27 N.D. 4747  N.D. 

4 141 113 a          2.5 10 0.35 4881 11.2 

4 141 117 a          2.5 10.7 0.36 4960 10.6 

 

Notes: 

 The following abbreviations were used in this table: 

 Genetic Group 0 = Genetic Group PtrWT 

 Genetic Group 1 = Genetic Group Ptr4CL 

 Genetic Group 2 = Genetic Group PtrCAld5H 

 Genetic Group 3 = Genetic Line Ptr4CL/CAld5H-72 

 Genetic Group 4 = Genetic Line Ptr4CL/CAld5H-141 
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APPENDIX C 
GLM tables for modulus of elasticity and ultimate compression strength 

The ANOVA Procedure 

  Dependent Variable: Modulus of Elasticity 

 Source DF Sum of Squares Mean Square F Value Pr > F  

 Model 19 143594685  7557615 45.76 <.0001 

 Error 134 22129499  165146  

 Corrected Total 153 165724184 

 

 R-Square Coeff Var Root MSE MOE Mean 

 0.87 10.93 406.38 3716.71 

 

 Source DF Type I SS Mean Square F Value  Pr > F 

 Specific Gravity 1 60894416 60894416 368.73 <.0001 

 Diameter 1 8441577 8441577 51.12 <.0001  

 Age 2 9551163 4775582 28.92 <.0001 

 Genetic Group 4 52393978 13098495 79.31 <.0001 

 Genetic Line (Genetic Group) 3 852995 284332 1.72 0.1655 

 Age*Genetic Group 8 11460557 1432570 8.67 <.0001 

    

Source DF Type III SS Mean Square F Value  Pr > F 

 Specific Gravity 1 40802 40802 0.25 0.6200 

 Diameter 1 318068 318068 1.93 0.1675  

 Age 2 3186295 1593148 9.65 0.0001 

 Genetic Group 4 46191708 11547927 69.93 <.0001 

 Genetic Line (Genetic Group) 3 898256 299419 1.81 0.1478 

 Age*Genetic Group 8 11460557 1432570 8.67 <.0001  
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Appendix C continued 

 

Least Squares Means 

Adjustment for Multiple Comparisons: Tukey-Kramer 

 Genetic Groups MOE LSMEAN LSMEAN Number 

 1 3382 1 

 2 4025 2 

 2.5 3917 3 

 

Least Squares Means for effect Genetic Groups 

Pr > │t│ for H0: LsMean(i)=LSMean(j) 

Dependent Variable: MOE 

 

 i/j 1 2 3  

 1  0.0002 0.0259  

 2 0.0002  0.6253 

 3 0.0259 0.6253 

 

 

Least Squares Means 

Adjustment for Multiple Comparisons: Tukey-Kramer 

 Genetic Groups MOE LSMEAN LSMEAN Number 

 0 4902 1 

 1 2892 2 

 2 4463 3 

 3 2085 4 

 4 4531 5 

 

Least Squares Means for effect Genetic Groups 

Pr > │t│ for H0: LsMean(i)=LSMean(j) 

Dependent Variable: MOE 

 

 i/j 1 2 3 4 5 

 1  <.0001 0.1238 <.0001 0.0558 

 2 <.0001  <.0001 <.0001 <.0001 

 3 0.1238 <.0001  <.0001 0.9953 

 4 <.0001 <.0001 <.0001  <.0001 

 5 0.0558 <.0001 0.9953 <.0001 
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Appendix C continued 

Least Squares Means 

Adjustment for Multiple Comparisons: Tukey-Kramer 

 Genetic Groups MOE LSMEAN LSMEAN Number 

 271 4902 1 

 21 2729 2 

 23 3022 3 

 37 2925 4 

 94 4396 5 

 96 4529 6 

 72 2085 7 

 141 4531 8  

 

Least Squares Means for effect Genetic Groups 

Pr > │t│ for H0: LsMean(i)=LSMean(j) 

Dependent Variable: MOE 

 

 i/j 1 2 3 4 5 6 7 8 

 1  <.0001 <.0001 <.0001 0.1215 0.6129 <.0001 0.1248 

 2 <.0001  0.3972 0.8828 <.0001 <.0001 0.0131 <.0001 

 3 <.0001 0.3972  0.9961 <.0001 <.0001 <.0001 <.0001 

 4 <.0001 0.8828 0.9961  <.0001 <.0001 <.0001 <.0001 

 5 0.1215 <.0001 <.0001 <.0001  0.9763 <.0001 0.9952 

 6 0.6129 <.0001 <.0001 <.0001 0.9763  <.0001 1.0000 

 7 <.0001 0.0131 <.0001 <.0001 <.0001 <.0001  <.0001 

 8 0.1248 <.0001 <.0001 <.0001 0.9952 1.0000 <.0001 
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Appendix C continued 

The ANOVA Procedure 

  Dependent Variable: Ultimate Compression Strength 

 Source DF Sum of Squares Mean Square F Value Pr > F  

 Model 19 1256 66.115 72.03 <.0001 

  Error 131 120 0.918 

 Corrected Total 150 1376 

 

 R-Square Coeff Var Root MSE UCS Mean 

 0.91 9.83 0.96 9.75 

 

 Source DF Type I SS Mean Square F Value  Pr > F 

 Specific Gravity 1 514.65 514.65 560.67 <.0001 

 Diameter 1 211.62 211.62 230.54 <.0001 

 Age 2 119.20 59.60 64.93 <.0001 

 Genetic Group 4 397.24 99.31 108.19 <.0001 

 Genetic Line (Genetic Group) 3 6.25 2.08 2.27 0.4507 

 Age*Genetic Group 8 7.23 0.90 0.98 0.4507  

  

  

Source DF Type III SS Mean Square F Value  Pr > F 

 Specific Gravity 1 7.61 7.61 8.29 0.0047 

 Diameter 1 1.02 1.02 1.12 0.2928  

 Age 2 4.43 2.21 2.41 0.0937 

 Genetic Group 4 331.43 82.86 90.27 <.0001 

 Genetic Line (Genetic Group) 3 6.48 2.16 2.35 0.0751 

 Age*Genetic Group 8 7.23 0.90 0.98 0.4507 
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Appendix C continued 

Least Squares Means 

Adjustment for Multiple Comparisons: Tukey-Kramer 

 Genetic Groups UCS LSMEAN LSMEAN Number 

 1 10.07 1 

 2 10.10 2 

 2.5 9.50  3 

 

Least Squares Means for effect Genetic Groups 

Pr > │t│ for H0: LsMean(i)=LSMean(j) 

Dependent Variable: UCS 

 

 i/j 1 2 3  

 1  0.9946 0.4911  

 2 0.9946  0.0838  

 3 0.4911 0.0838   

  

 

Least Squares Means 

Adjustment for Multiple Comparisons: Tukey-Kramer 

 Genetic Groups UCS LSMEAN LSMEAN Number 

 0 13.19 1 

 1 6.99  2 

 2 11.68 3 

 3 6.63  4 

 4 10.95 5 

 

 

Least Squares Means for effect Genetic Groups 

Pr > │t│ for H0: LsMean(i)=LSMean(j) 

Dependent Variable: UCS 

 

 i/j 1 2 3 4 5 

 1  <.0001 0.0035 <.0001 <.0001 

 2 <.0001  <.0001 0.8593 <.0001 

 3 0.0035 <.0001  <.0001 0.3676 

 4 <.0001 0.8593 <.0001  <.0001 

 5 <.0001 <.0001 0.3676 <.0001 
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Appendix C continued 

Least Squares Means 

Adjustment for Multiple Comparisons: Tukey-Kramer 

 Genetic Groups UCS LSMEAN LSMEAN Number 

 271 13.19 1 

 21 6.90  2 

 23 7.37  3 

 37 6.71  4 

 94 11.93 5 

 96 11.43 6 

 72 6.63  7 

 141 10.95 8  

 

Least Squares Means for effect Genetic Groups 

Pr > │t│ for H0: LsMean(i)=LSMean(j) 

Dependent Variable: UCS 

 

 i/j 1 2 3 4 5 6 7 8 

 1  <.0001 <.0001 <.0001 0.0651 0.0057 <.0001 <.0001 

 2 <.0001  0.8521 0.9992 <.0001 <.0001 0.9984 <.0001 

 3 <.0001 0.8521  0.4404 <.0001 <.0001 0.5913 <.0001 

 4 <.0001 0.9992 0.4404  <.0001 <.0001 1.0000 <.0001 

 5 0.0651 <.0001 <.0001 <.0001  0.7797 <.0001 0.2614 

 6 0.0057 <.0001 <.0001 <.0001 0.7797  <.0001 0.9640 

 7 <.0001 0.9984 0.5913 1.0000 <.0001 <.0001  <.0001 

 8 <.0001 <.0001 <.0001 <.0001 0.2614 0.9640 <.0001 
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Appendix D 
Raw data for dynamic modulus of elasticity measurements 

Genetic 

Groups 

Genetic 

Line 

Stem 

Number 

Stem 

Diameter 

Base 

(mm) 

Stem 

Diameter 

Top 

(mm) 

Slope of 

Regression 

Line 

(μs/mm) 

Velocity of 

Sound 

Prop. 

(m/s) 

Moisture 

Content 

(%) 

Green 

Specific 

Gravity 

Density 

(kg/m3) 

Dyn. 

MOE 

(MPa) 

0 271 002 13.2 13 0.298 3356 73.1 0.339 586.8 6608 

0 271 005 14.2 13.7 0.293 3413 59.9 0.415 663.5 7729 

0 271 007 14.3 13.9 0.369 2710 143.8 0.363 885.0 6500 

0 271 008 14.8 13.8 0.292 3425 76.7 0.387 684.0 8022 

0 271 011 13.7 13.2 0.285 3509 70.6 0.393 670.3 8253 

0 271 015 13.2 12.9 0.319 3135 92.7 0.384 739.9 7271 

0 271 017 14.9 14.1 0.389 2571 153.7 0.355 900.7 5952 

0 271 018 12.8 11.9 0.328 3049 82.2 0.374 681.5 6335 

1 21 402 13.6 13.3 0.451 2217 99.1 0.359 714.9 3515 

1 21 403 15.5 15.1 0.441 2268 87.5 0.345 646.9 3326 

1 21 405 12.5 13 0.432 2315 106.3 0.352 726.3 3892 

1 21 406 13.5 14.4 0.438 2283 92.8 0.339 653.4 3406 

1 21 407 13.6 14.5 0.444 2252 104.0 0.343 699.6 3549 

1 21 409 14.9 15.9 0.442 2262 102.6 0.333 674.8 3454 

1 23 200 13.4 14.8 0.373 2681 66.9 0.354 590.7 4246 

1 23 203 12.6 13.9 0.384 2604 85.1 0.348 644.0 4367 

1 23 204 13.4 12.8 0.405 2469 101.6 0.357 719.6 4387 

1 23 205 12.8 13.5 0.411 2433 67.8 0.343 575.6 3407 

1 23 207 11.8 12.9 0.458 2183 110.9 0.336 708.5 3378 

1 23 209 14.1 13.7 0.404 2475 100.3 0.36 721.0 4417 

1 23 210 12.2 13.3 0.42 2381 88.4 0.359 676.5 3835 

1 23 215 14.5 14.8 0.417 2398 80.6 0.347 626.6 3604 

1 37 301 11.4 12.2 0.436 2294 85.4 0.325 602.5 3169 

1 37 302 13.5 14.3 0.454 2203 79.4 0.366 656.7 3186 

1 37 303 12.7 13.1 0.45 2222 82.1 0.358 651.9 3219 

1 37 304 13.5 13.3 0.465 2151 82.8 0.348 636.0 2941 

1 37 307 12.9 12.5 0.449 2227 113.4 0.358 763.8 3789 

1 37 313 11.5 12.3 0.424 2358 72.5 0.352 607.2 3377 

2 94 701 10.1 8.9 0.378 2646 92.5 0.374 719.9 5038 

2 94 702 10.1 9.3 0.334 2994 65.6 0.394 652.6 5850 

2 94 703 9.8 9.6 0.36 2778 91.3 0.342 654.4 5050 

2 94 705 9.6 8.9 0.364 2747 75.5 0.366 642.5 4849 

2 94 708 10.1 10.6 0.409 2445 82.4 0.397 724.3 4330 

2 94 709 9.1 8.4 0.399 2506 84.5 0.362 667.8 4195 

2 94 710 9.6 9.3 0.371 2695 106.9 0.353 730.4 5307 
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Appendix D continued 

Genetic 

Groups 

Genetic 

Line 

Stem 

Number 

Stem 

Diameter 

Base 

(mm) 

Stem 

Diameter 

Top 

(mm) 

Slope of 

Regression 

Line 

(μs/mm) 

Velocity of 

Sound 

Prop. 

(m/s) 

Moisture 

Content 

(%) 

Green 

Specific 

Gravity 

Density 

(kg/m3) 

Dyn. 

MOE 

(MPa) 

2 96 602 9.5 8.9 0.379 2639 88.4 0.355 668.9 4657 

2 96 604 8.7 8.6 0.346 2890 69.6 0.368 624.1 5213 

2 96 605 9.6 8.6 0.379 2639 75.3 0.383 671.3 4674 

2 96 606 10.5 9.7 0.404 2475 71.9 0.358 615.4 3770 

2 96 610 10.6 9.2 0.351 2849 68.8 0.393 663.2 5383 

3 72 501 14.4 14.7 0.459 2179 103.7 0.334 680.2 3229 

3 72 502 13.6 12.3 0.447 2237 113.1 0.327 696.7 3487 

3 72 503 10.9 10.4 0.418 2392 85.1 0.313 579.3 3316 

4 141 100 13.7 12.9 0.32 3125 64.0 0.375 614.9 6005 

4 141 106 13.2 12.6 0.31 3226 68.3 0.364 612.6 6374 

4 141 110 12.5 12.2 0.329 3040 78.4 0.402 717.3 6627 

4 141 111 13.3 12.9 0.333 3003 79.4 0.376 674.6 6084 

4 141 112 13.3 12.9 0.305 3279 87.6 0.378 709.3 7625 

4 141 113 13.4 12.3 0.297 3367 79.4 0.354 635.0 7199 

4 141 117 13.9 13.2 0.271 3690 53.1 0.364 557.3 7589 

 

 

Notes: 

The following abbreviations were used in this table: 

Genetic Group    0 = Genetic Group PtrWT 

Genetic Group  1 = Genetic Group Ptr4CL 

Genetic Group 2 = Genetic Group PtrCAld5H 

Genetic Group 3 = Genetic Line Ptr4CL/CAld5H-72 

Genetic Group 4 = Genetic Line Ptr4CL/CAld5H-141 
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Appendix E 
Raw data for the static modulus of elasticity measurements 

Genetic 

Group 
Genetic Line Stem Number Stem Diameter 

Pith 

Diameter 
MOE 

0 271 002 9.82 1.32 4787 

0 271 005 10.36 1.31 5829 

0 271 007 10.93 1.89 5239 

0 271 008 10.20 0.96 6032 

0 271 011 10.26 1.13 5493 

0 271 015 9.94 0.94 4401 

0 271 017 10.45 0.75 4881 

0 271 018 10.16 1.14 4960 

1 21 402 11.20 1.58 3231 

1 21 403 13.19 1.31 2593 

1 21 405 10.75 1.69 2222 

1 21 406 11.35 1.26 3194 

1 21 407 12.14 1.46 2185 

1 21 409 11.94 0.90 2985 

1 23 200 11.34 1.53 3032 

1 23 203 11.30 1.08 3388 

1 23 204 10.77 1.15 2579 

1 23 205 11.63 1.15 2980 

1 23 207 10.09 1.25 2981 

1 23 209 10.38 1.49 2496 

1 23 210 10.56 1.21 3006 

1 23 215 11.12 1.55 3607 

1 37 301 8.91 0.99 3077 

1 37 302 11.82 1.06 3054 

1 37 303 10.99 0.88 2929 

1 37 304 9.67 1.09 3268 

1 37 307 10.19 1.56 3006 

1 37 313 9.81 1.40 2750 
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Appendix E continued 

Genetic 

Group 
Genetic Line 

Stem 

Number 
Stem Diameter 

Pith 

Diameter 
MOE 

2 94 701 7.64 0.95 4403 

2 94 702 6.78 1.45 3385 

2 94 703 7.02 1.28 5010 

2 94 705 6.54 0.94 5313 

2 94 708 8.01 1.50 5044 

2 94 709 6.37 0.85 4670 

2 94 710 7.07 1.17 4889 

2 96 602 6.63 0.99 4514 

2 96 604 6.56 0.64 4707 

2 96 605 6.66 1.56 4555 

2 96 606 7.32 1.16 4398 

2 96 610 7.13 2.14 4953 

3 72 501 10.61 1.30 1780 

3 72 502 8.77 1.19 1946 

3 72 503 7.54 1.55 2468 

4 141 100 10.31 1.26 4293 

4 141 106 9.96 1.30 4262 

4 141 110 9.57 1.69 5597 

4 141 111 9.94 1.23 4956 

4 141 112 10.27 1.05 4747 

4 141 113 10.00 1.49 4881 

4 141 117 10.70 1.49 4960 

 

Notes: 

The following abbreviations were used in this table: 

Genetic Group    0 = Genetic Group PtrWT 

Genetic Group  1 = Genetic Group Ptr4CL 

Genetic Group 2 = Genetic Group PtrCAld5H 

Genetic Group 3 = Genetic Line Ptr4CL/CAld5H-72 

Genetic Group 4 = Genetic Line Ptr4CL/CAld5H-141 
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Appendix F 

ANOVA tables of the dynamic and static modulus of elasticity measurements 

Dependent Variable: Green Specific Gravity 

 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 0.01076017 0.00269004 10.78 <.0001 

Error 45 0.01122431 0.00024943     

Corrected Total 49 0.02198448       

 

R-Square Coeff Var Root MSE Specific Gravity Mean 

0.489444 4.381193 0.015793 0.360480 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic Group 4 0.01076017 0.00269004 10.78 <.0001 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

Group 

  A 0.376250 8 0 

  A       

  A 0.373286 7 4 

  A       

B A 0.370417 12 2 

B         

B   0.349100 20 1 

          

  C 0.324667 3 3 
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Appendix F continued 

The ANOVA Procedure 

  

Dependent Variable: Moisture Content 

 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 3012.60839 753.15210 2.24 0.0798 

Error 45 15141.79564 336.48435     

Corrected Total 49 18154.40404       

 

R-Square Coeff Var Root MSE Moisture Content Mean 

0.165944 21.09966 18.34351 86.93747 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic Group 4 3012.608394 753.152098 2.24 0.0798 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

Group 

A 100.603 3 3 

A       

A 94.089 8 0 

A       

A 90.466 20 1 

A       

A 81.066 12 2 

A       

A 72.893 7 4 
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Appendix F continued 

The ANOVA Procedure 

  

Dependent Variable: Density at Given Moisture Content 

 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 30796.1472 7699.0368 1.93 0.1216 

Error 45 179398.9694 3986.6438     

Corrected Total 49 210195.1166       

 

R-Square Coeff Var Root MSE Density Mean 

0.146512 9.390130 63.13987 672.4068 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic Group 4 30796.14725 7699.03681 1.93 0.1216 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

Group 

A 726.47 8 0 

A       

A 669.57 12 2 

A       

A 664.83 20 1 

A       

A 652.09 3 3 

A       

A 645.86 7 4 
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Appendix F continued 

The ANOVA Procedure 

  

Dependent Variable: Velocity of Sound Propagation 

 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 6888044.168 1722011.042 40.67 <.0001 

Error 45 1905299.497 42339.989     

Corrected Total 49 8793343.665       

 

R-Square Coeff Var Root MSE Velocity Mean 

0.783325 7.696048 205.7668 2673.669 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic Group 4 6888044.168 1722011.042 40.67 <.0001 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

Group 

A 3247.0 7 4 

A       

A 3145.8 8 0 

        

B 2691.9 12 2 

        

C 2333.9 20 1 

C       

C 2269.4 3 3 
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Appendix F continued 

The ANOVA Procedure 

  

Dependent Variable: Dynamic MOE 

 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 102930505.3 25732626.3 75.87 <.0001 

Error 45 15262331.1 339162.9     

Corrected Total 49 118192836.4       

 

R-Square Coeff Var Root MSE MOE Mean 

0.870869 11.88610 582.3770 4899.647 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic Group 4 102930505.3 25732626.3 75.87 <.0001 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

Group 

A 7083.6 8 0 

A       

A 6786.0 7 4 

        

B 4859.6 12 2 

        

C 3623.3 20 1 

C       

C 3343.7 3 3 
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Appendix F continued 

The ANOVA Procedure 

  

Dependent Variable: Static MOE 

 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 7 59004953.60 8429279.09 42.81 <.0001 

Error 43 8465978.10 196883.21     

Corrected Total 50 67470931.70       

 

R-Square Coeff Var Root MSE Static MOE Mean 

0.874524 11.43160 443.7152 3881.479 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic Line 7 59004953.60 8429279.09 42.81 <.0001 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

Group 

A 5202.9 8 0 

A       

A 4813.7 7 4 

A       

A 4653.4 12 2 

        

B 2928.1 20 1 

        

C 2058.2 4 3 
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Appendix G 

Raw data for elastic modulus measurements with dynamical mechanical analyzer in static bending 

mode. 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position 

Sample 

Number 

Wet 

Width 

(mm) 

Wet 

Thickness 

(mm) 

MOE 

Wet 

Dry 

Width 

(mm) 

Dry 

Thickness 

(mm) 

MOE 

Dry 

0 271 1 B 1 2.72 1.02 2222 2.72 0.95 3237 

0 271 1 B 3 2.74 1.12 2288 2.61 1.06 2688 

0 271 2 A 1 2.03 1.01 3012 2.06 0.97 4510 

0 271 2 A 2 2.26 1.03 2374 2.21 1 3265 

0 271 2 A 3 2.25 1 2618 2.23 0.96 3922 

0 271 2 B 3 1.58 0.94 2724 1.54 0.89 4685 

0 271 4 A 3 2.4 0.97 2655 2.36 0.91 5144 

0 271 4 A 4 3.25 1.07 2333 3.06 1.03 4056 

0 271 4 B 1 3.88 1.01 2114 3.54 1.03 3300 

0 271 4 C 5 2.38 1.03 2589 2.24 1 4587 

0 271 5 A 1 2.06 0.93 2842 2.04 1.01 2741 

0 271 5 A 4 2.31 0.91 2759 2.15 0.89 4480 

0 271 5 B 3 3.23 0.99 2104 3.01 0.97 3433 

1 21 1 B 3 2.8 1.02 1111 2.48 0.95 4763 

1 21 2 B 1 3.56 1.13 944.2 3.09 1.1 2403 

1 21 3 B 1 6.35 1.11 580.1 5.78 1.02 1686 

1 21 3 C 2 3.92 1.11 538.9 3.38 1 2771 

1 21 4 A 3 2.16 0.77 1567 2 0.8 3464 

1 21 4 B 4 5.21 0.88 1189 4.75 0.82 3038 

1 21 5 A 2 1.75 1.05 1441 1.63 0.95 4154 

1 21 5 A 3 2.06 1.07 1475 2.04 1 3015 

1 21 5 B 2 1.5 0.96 1198 1.49 0.85 4459 

1 23 1 A 2 3.06 0.88 819.2 2.75 0.81 2377 

1 23 2 A 1 3.76 1.08 1254 3.48 1.11 1833 

1 23 2 A 2 2.23 1.07 1382 2 0.99 2728 

1 23 2 B 1 2.31 1.1 1015 2.15 1.01 3061 

1 23 3 B 1 3.94 1 901.8 3.59 0.99 1774 

1 23 4 A 3 3.57 1.06 1074 3.19 1.03 1862 

1 23 4 A 8 2.92 1.14 863.3 2.6 1.09 1753 

1 23 5 A 1 1.59 0.68 1588 1.53 0.64 4343 

1 23 5 A 4 1.97 0.81 1348 1.85 0.73 3954 

1 23 5 B 5 3.61 0.91 983.9 3.38 0.87 3200 
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Appendix F continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position 

Sample 

Number 

Wet 

Width 

(mm) 

Wet 

Thickness 

(mm) 

MOE 

Wet 

Dry 

Width 

(mm) 

Dry 

Thickness 

(mm) 

MOE 

Dry 

1 37 1 B 3 2.73 0.89 999.4 2.44 0.9 2777 

1 37 1 C 3 3.01 1 850.9 2.75 1.03 2733 

1 37 2 B 4 2.46 1.1 887.5 2.2 1.04 3853 

1 37 2 B 5 4.03 1.11 795.9 3.72 1.05 2286 

1 37 3 A 5 2.12 1.01 1492 2 0.89 5065 

1 37 3 B 5 3.51 0.96 967.4 3.02 0.89 3583 

1 37 4 A 5 2.7 0.91 637.7 2.56 0.8 2679 

1 37 4 B 1 1.61 0.86 1213 1.52 0.78 5648 

1 37 5 A 3 2.73 0.69 1258 2.65 0.58 3985 

1 37 5 B 2 2.12 1.02 891.8 1.98 0.93 3181 

1 37 5 C 2 2.6 0.85 1242 2.4 0.81 4070 

2 94 1 A 2 2.1 1.04 1907 2.02 0.97 3942 

2 94 1 B 3 2.38 1.1 2204 2.23 1.09 3571 

2 94 2 B 5 1.88 0.82 1680 1.77 0.77 5627 

2 94 3 A 2 1.63 0.97 1628 1.51 0.95 4053 

2 94 4 B 1 1.62 1 1898 1.63 0.93 4765 

2 94 5 A 4 2.2 0.94 1866 2.09 0.9 3900 

2 94 5 A 5 2.68 1.01 1558 2.37 0.99 3590 

2 96 2 A 3 2.42 0.99 1638 2.22 0.97 2965 

2 96 3 B 3 1.27 0.91 1748 1.19 0.85 5033 

2 96 3 B 6 1.63 0.97 1849 1.55 0.91 4971 

2 96 3 B 7 1.39 0.98 1638 1.37 0.92 5182 

2 96 3 C 4 1.15 0.89 1603 1.17 0.73 5552 

2 96 3 C 6 2.62 0.85 1683 2.47 0.93 1957 

2 96 4 A 2 1.28 0.87 2018 1.24 0.81 5100 

2 96 4 B 2 1.35 0.97 1423 1.35 0.8 4107 

2 96 5 A 5 2.33 0.94 1620 2.14 0.91 3731 
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Appendix F continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position 

Sample 

Number 

Wet 

Width 

(mm) 

Wet 

Thickness 

(mm) 

MOE 

Wet 

Dry 

Width 

(mm) 

Dry 

Thickness 

(mm) 

MOE 

Dry 

3 72 1 B 3 2.83 0.89 435.6 2.66 0.84 1519 

3 72 2 A 1 3.5 0.85 657.1 3.16 0.78 3105 

3 72 2 A 2 2.8 0.85 655.8 2.52 0.8 2543 

3 72 3 A 1 1.5 0.92 794.1 1.42 0.85 4337 

3 72 3 B 1 3.35 1.11 465.2 3.06 1.02 2200 

3 72 3 B 3 2.96 1.02 728 2.71 0.92 3168 

3 72 4 A 6 3.79 1.11 614.3 2.22 0.59 3096 

3 72 5 B 2 2.13 0.97 788.2 1.91 0.85 4389 

4 141 1 A 2 3.52 1.04 1273 3.31 1.07 2493 

4 141 1 A 4 2.72 0.95 1643 2.64 0.95 2584 

4 141 2 A 2 5.84 1.05 987.9 5.37 1.1 1413 

4 141 2 A 3 3.72 1.08 1590 3.4 1.03 3163 

4 141 2 C 1 2.01 1.11 1582 2.8 1.07 3253 

4 141 2 C 5 2.24 1.12 1418 2.09 1.13 2618 

4 141 3 A 2 4.62 1.08 1886 4.24 1.06 2285 

4 141 3 A 4 2.49 0.88 1782 2.43 0.78 4179 

4 141 3 C 2 2.43 1.12 1415 2.27 1.07 3802 

4 141 3 C 4 4.14 1.03 1181 3.81 1.01 2932 

4 141 4 A 1 2.55 0.91 2120 2.41 0.84 5191 

4 141 4 A 2 2.35 1.1 1535 2.25 0.92 4256 

4 141 4 B 5 2.16 1.13 1498 2.14 1.03 3472 

4 141 5 B 3 1.61 0.91 2035 1.5 0.86 4104 

 

Notes: 

The following abbreviations were used in this table: 

Genetic Group    0 = Genetic Group PtrWT 

Genetic Group  1 = Genetic Group Ptr4CL 

Genetic Group 2 = Genetic Group PtrCAld5H 

Genetic Group 3 = Genetic Line Ptr4CL/CAld5H-72 

Genetic Group 4 = Genetic Line Ptr4CL/CAld5H-141  
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Appendix H 

ANOVA table for submersion three-point bending in a dynamical mechanical analyzer 

 

The ANOVA Procedure 

  

Dependent Variable: MOE Wet 

 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 25378842.56 6344710.64 89.15 <.0001 

Error 76 5408604.51 71165.85     

Corrected Total 80 30787447.08       

 

R-Square Coeff Var Root MSE MOE WET Mean 

0.824324 17.97873 266.7693 1483.805 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic group 4 25378842.56 6344710.64 89.15 <.0001 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

group 

A 2510.3 13 0 

B 1747.6 16 2 

B       

B 1567.6 14 4 

        

C 1083.6 30 1 

        

D 642.3 8 3 
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Appendix I 

Raw data for submersion three-point bending in a dynamical mechanical analyzer 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position 

Sample 

Number 

Width 

(mm) 

Thickness 

(mm) 

Storage 

Modulus 

in EG 

(MPa) 

Glass 

Transition 

Temp. (C) 

Tan 

Delta 

Band 

Max 

0 271 1 B 1 2.76 1.03 2973 80.01 0.2069 

0 271 1 B 3 2.74 1.15 2477 85.09 0.2242 

0 271 2 A 2 2.24 1.06 3036 87.55 0.2079 

0 271 4 A 3 2.35 1.01 3346 78.14 0.2078 

0 271 4 A 4 3.37 1.06 4177 84.51 0.1944 

0 271 4 B 1 3.85 1.05 3509 86.01 0.183 

0 271 4 C 5 2.43 1.05 3344 82.93 0.2377 

1 21 1 B 3 2.78 1.04 2093 66.36 0.2703 

1 21 2 B 1 3.47 1.15 1878 75.72 0.2254 

1 21 4 A 3 2.17 0.78 2281 73.66 0.1694 

1 23 2 B 1 2.51 1.08 1799 76.02 0.2157 

1 23 3 B 1 3.97 1.02 1636 69.37 0.2047 

1 23 4 A 3 3.52 1.04 2107 68.51 0.2168 

1 37 1 B 3 2.75 0.89 1723 67.1 0.2251 

1 37 2 B 4 2.45 1.13 1631 77.12 0.2393 

1 37 3 A 5 2.1 1.02 2107 72.17 0.2286 

1 37 4 A 5 2.72 0.93 1773 72.01 0.1945 

2 94 1 B 3 2.43 1.1 3418 87.36 0.1933 

2 94 2 B 5 1.92 0.85 2970 89.56 0.1733 

2 94 3 A 2 1.66 0.98 2569 83.67 0.1899 

2 94 4 B 1 1.68 1.03 2508 78.3 0.2087 

2 96 2 A 3 2.41 1.01 2070 87.14 0.1758 

2 96 3 B 6 1.64 1 3130 88.76 0.1826 

2 96 3 C 6 2.44 0.89 2546 86.87 0.1721 

2 96 4 A 2 1.22 0.87 3117 80.05 0.1979 

3 72 1 B 3 2.84 0.89 1035 92.3 0.2009 

3 72 2 A 2 2.81 0.87 1493 90.06 0.2005 

3 72 3 A 1 1.54 0.95 1810 88.45 0.2084 

3 72 3 B 1 3.36 1.11 1551 89.24 0.1854 

3 72 3 B 3 2.94 1.01 1565 84.6 0.194 

3 72 5 B 2 2.14 0.97 1807 85.3 0.2042 
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Appendix I continued 

Genetic 

Group 

Genetic 

Line 

Sample 

Tree 
Position 

Sample 

Number 

Width 

(mm) 

Thickness 

(mm) 

Storage 

Modulus 

in EG 

(MPa) 

Glass 

Transition 

Temp. (C) 

Tan Delta 

Band Max 

4 141 1 A 4 2.8 0.94 2277 80.78 0.203 

4 141 2 A 2 5.82 1.1 2906 82.62 0.2023 

4 141 2 A 3 3.74 1.1 2988 81.36 0.2009 

4 141 2 C 5 2.28 1.2 2416 82.46 0.2082 

4 141 3 A 2 4.64 1.08 3331 77.15 0.2123 

4 141 3 A 4 2.53 0.85 2950 76.42 0.1986 

4 141 5 B 3 1.56 0.94 2666 81.26 0.1935 

 

Notes: 

The following abbreviations were used in this table: 

Genetic Group    0 = Genetic Group PtrWT 

Genetic Group  1 = Genetic Group Ptr4CL 

Genetic Group 2 = Genetic Group PtrCAld5H 

Genetic Group 3 = Genetic Line Ptr4CL/CAld5H-72 

Genetic Group 4 = Genetic Line Ptr4CL/CAld5H-141 
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Appendix K 

ANOVA tables for glass transition temperature determination 

 

The ANOVA procedure 

Dependent Variable: Storage Modulus in EG 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 4 14327695.00 3581923.75 25.27 <.0001 

Error 33 4678014.81 141758.02     

Corrected Total 37 19005709.82       

 

R-Square Coeff Var Root MSE Storage Modulus in EG Mean 

0.753863 15.38203 376.5077 2447.711 

 

Source DF Anova SS Mean Square F Value Pr > F 

Genetic group 4 14327695.00 3581923.75 25.27 <.0001 

 

Means with the same letter 

are not significantly different. 

Duncan Grouping Mean N Genetic 

group 

A 3266.0 7 0 

        

B 2791.0 8 2 

B       

B 2790.6 7 4 

        

C 1902.8 10 1 

C       

C 1543.5 6 3 
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Appendix L 
Transformation Matrices 
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Appendix M 
Elastic Properties of Cell Wall Layers, Compound Middle Lamella, Lignin-hemicellulose matrix 

Elastic properties of lignin-hemicellulose matrix – numerical method 

Elastic properties of lignin-hemicellulose (L-H) matrix of wild type aspen at 0%, 12% moisture 

content, and at fiber saturation point. Added hydrophilicity of the transgenic aspen was considered by 

magnitude of 1.4. Halpin-Tsai equations were used to calculate the elastic properties of microfibrils 

and for the homogenization. 

 E (GPa) G (GPa) V 
   

0% 

S1 3.86 1.50 0.29 

S2 3.27 1.27 0.29 

S3 3.20 1.24 0.29 

12% 

S1 3.48 1.35 0.29 

S2 3.03 1.18 0.29 

S3 2.97 1.15 0.29 

FSP 

S1 2.46 0.97 0.27 

S2 2.4 0.30 0.28 

S3 2.35 0.92 0.28 

 

Elastic properties of lignin-hemicellulose (L-H) matrix of transgenic aspen at 0%, 12% moisture 

content, and at fiber saturation point. Added hydrophilicity of the transgenic aspen was considered by 

magnitude of 1.4. Halpin-Tsai equations were used to calculate the elastic properties of microfibrils 

and for the homogenization. 

 E (GPa) G (GPa) v 

0% 

S1 3.86 1.50 0.29 

S2 2.83 1.09 0.29 

S3 3.20 1.24 0.29 

12% 

S1 3.35 1.30 0.29 

S2 2.63 1.02 0.29 

S3 2.90 1.12 0.29 

FSP 

S1 1.81 0.74 0.23 

S2 1.94 0.77 0.26 

S3 2.00 0.77 0.30 
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Elastic properties of compound middle lamella– numerical method 

Elastic properties of compound middle lamella of wild type aspen at 0%, 12% moisture content, and 

at fiber saturation point. Added hydrophilicity of the transgenic aspen was considered by magnitude 

of 40%. Halpin-Tsai equations were used to calculate the elastic properties of microfibrils and for the 

homogenization. 

 E (GPa) G (GPa) V 

CML 

0% 4.86 1.88 0.29 

12% 4.23 1.64 0.29 

FSP 2.7 1.07 0.26 

 

Elastic properties of compound middle lamella of transgenic aspen at 0%, 12% moisture content, and 

at fiber saturation point. Added hydrophilicity of the transgenic aspen was considered by magnitude 

of 40%. Halpin-Tsai equations were used to calculate the elastic properties of microfibrils and for the 

homogenization. 

 E (GPa) G (GPa) V 

CML 

0% 4.86 1.88 0.29 

12% 4.03 1.57 0.29 

FSP 1.85 0.77 0.21 

 

Elastic properties of compound middle lamella of transgenic aspen at 0%, 12% moisture content, and 

at fiber saturation point. Added hydrophilicity of the transgenic aspen was considered by magnitude 

of 0%. Halpin-Tsai equations were used to calculate the elastic properties of microfibrils and for the 

homogenization. 

 E (GPa) G (GPa) V 

CML 

0% 4.86 1.88 0.29 

12% 4.23 1.64 0.29 

FSP 2.70 1.07 0.26 
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Elastic properties of cell wall layers – numerical method 

Calculated elastic properties of the S2 cell wall layer of Wild type aspen and transgenic aspen at the 

12% moisture content and fiber saturation point at the corresponding MFA and crystallinity. Added 

hydrophilicity of the transgenic aspen was considered by magnitude of 1.4. Halpin-Tsai equations 

were used to calculate the elastic properties of microfibrils and for the homogenization. 

 

E1 

(GPa) 

E2 

(GPa) 

E3 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

G12 

(GPa) 
v23 v13 v12 

WT - 0% 16.53 6.54 6.54 2.55 2.75 2.75 0.32 0.52 0.52 

WT - 12% 15.37 6.11 6.11 2.38 2.58 2.58 0.32 0.51 0.51 

WT – FS 11.48 4.83 4.83 1.87 2.07 2.07 0.32 0.48 0.48 

TR – 0% 14.36 7.57 7.57 3.08 3.00 3.00 0.29 0.56 0.56 

TR - 12% 13.13 7.13 7.13 2.90 2.81 2.81 0.29 0.55 0.55 

TR – FS 6.28 4.42 4.42 1.76 1.71 1.71 0.31 0.43 0.43 
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Calculated elastic properties of the S1 cell wall layer of Wild type aspen and transgenic 

aspen at the 12% moisture content and fiber saturation point at the corresponding MFA and 

crystallinity. Added hydrophilicity of the transgenic aspen was considered by magnitude of 

1.4. Halpin-Tsai equations were used to calculate the elastic properties of microfibrils and for 

the homogenization. 

 
E1 

(GPa) 
E2 

(GPa) 
E3 

(GPa) 
G23 

(GPa) 
G13 

(GPa) 
G12 

(GPa) 
v23 v13 v12 

WT – 0% 5.74 8.74 8.74 2.16 3.67 3.67 0.18 0.35 0.35 

WT - 12% 5.27 8.03 8.03 1.99 3.36 3.36 0.18 0.34 0.34 

WT – FS 3.96 5.96 5.96 1.51 2.47 2.47 0.18 0.33 0.33 

TR – 0% 5.99 8.34 8.34 2.18 3.61 3.61 0.18 0.39 0.39 

TR - 12% 5.29 7.30 7.30 1.93 3.16 3.16 0.18 0.39 0.39 

TR – FS 2.88 3.61 3.61 1.08 1.53 1.53 0.20 0.34 0.34 

 

Calculated elastic properties of the S3 cell wall layer of Wild type aspen and transgenic aspen at the 

12% moisture content and fiber saturation point at the corresponding MFA and crystallinity. Added 

hydrophilicity of the transgenic aspen was considered by magnitude of 1.2. Halpin-Tsai equations 

were used to calculate the elastic properties of microfibrils and for the homogenization. 

 

E1 

(GPa) 

E2 

(GPa) 

E3 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

G12 

(GPa) 
v23 v13 v12 

WT – 0% 6.32 18.74 18.74 2.09 2.44 2.44 0.20 0.16 0.16 

WT - 12% 5.91 17.37 17.37 1.97 2.29 2.29 0.20 0.16 0.16 

WT - FS 4.76 12.82 12.82 1.63 1.88 1.88 0.21 0.16 0.16 

TR – 0% 6.95 16.22 16.22 2.06 2.39 2.39 0.21 0.21 0.21 

TR - 12% 6.33 14.13 14.13 1.87 2.17 2.17 0.21 0.21 0.21 

TR - FS 3.87 6.00 6.00 1.20 1.33 1.33 0.26 0.25 0.25 
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Elastic properties of cell wall layers – numerical method 

Calculated elastic properties of the S2 cell wall layer of Wild type aspen and transgenic aspen at the 

12% moisture content and fiber saturation point at the corresponding MFA and crystallinity. Added 

hydrophilicity of the transgenic aspen was considered by magnitude of 1.4. Halpin-Tsai equations 

were used to calculate the elastic properties of microfibrils and for the homogenization. 

 

E1 

(GPa) 

E2 

(GPa) 

E3 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

G12 

(GPa) 
v23 v13 v12 

WT - 0% 16.53 6.54 6.54 2.55 2.75 2.75 0.32 0.52 0.52 

WT - 12% 15.37 6.11 6.11 2.38 2.58 2.58 0.32 0.51 0.51 

WT – FS 11.48 4.83 4.83 1.87 2.07 2.07 0.32 0.48 0.48 

TR – 0% 14.20 7.60 7.60 3.10 3.00 3.00 0.39 0.56 0.56 

TR - 12% 13.06 7.18 7.18 0.93 2.81 2.81 0.29 0.55 0.55 

TR – FS 9.39 5.78 5.78 2.34 2.23 2.23 0.30 0.50 0.50 

 

 

Calculated elastic properties of the S1 cell wall layer of Wild type aspen and transgenic 

aspen at the 12% moisture content and fiber saturation point at the corresponding MFA and 

crystallinity. Added hydrophilicity of the transgenic aspen was considered by magnitude of 

1.0. Halpin-Tsai equations were used to calculate the elastic properties of microfibrils and for 

the homogenization. 

 

E1 

(GPa) 
E2 

(GPa) 

E3 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

G12 

(GPa) 
v23 v13 v12 

WT – 0% 5.74 8.74 8.74 2.16 3.67 3.67 0.18 0.35 0.35 

WT - 12% 5.27 8.03 8.03 1.99 3.36 3.36 0.18 0.34 0.34 

WT – FS 3.96 5.96 5.96 1.51 2.47 2.47 0.18 0.33 0.33 

TR – 0% 5.99 8.33 8.33 3.61 2.20 2.20 0.18 0.39 0.39 

TR - 12% 5.47 7.56 7.56 1.99 3.27 3.27 0.18 0.39 0.39 

TR – FS 4.00 5.33 5.33 1.47 2.29 2.29 0.19 0.38 0.38 
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Calculated elastic properties of the S3 cell wall layer of Wild type aspen and transgenic aspen at the 

12% moisture content and fiber saturation point at the corresponding MFA and crystallinity. Added 

hydrophilicity of the transgenic aspen was considered by magnitude of 1.0. Halpin-Tsai equations 

were used to calculate the elastic properties of microfibrils and for the homogenization. 

 

E1 

(GPa) 

E2 

(GPa) 

E3 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

G12 

(GPa) 
v23 v13 v12 

WT – 0% 6.32 18.74 18.74 2.09 2.44 2.44 0.20 0.16 0.16 

WT - 12% 5.91 17.37 17.37 1.97 2.29 2.29 0.20 0.16 0.16 

WT - FS 4.76 12.82 12.82 1.63 1.88 1.88 0.21 0.16 0.16 

TR – 0% 6.95 16.22 16.22 2.06 2.39 2.39 0.21 0.21 0.21 

TR - 12% 6.49 14.67 14.67 1.92 2.23 2.23 0.21 0.21 0.21 

TR - FS 4.54 9.33 9.33 1.36 1.56 1.56 0.23 0.22 0.22 
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Elastic properties of the cell wall with 100% crystallinity – numerical method 

Calculated elastic properties of the S2 cell wall layer of wild type aspen at the 12% moisture 

content and fiber saturation point at the corresponding MFA and 100% crystallinity. Added 

hydrophilicity of the transgenic aspen was considered by magnitude of 1.4. Halpin-Tsai 

equations were used to calculate the elastic properties of microfibrils and for the 

homogenization. 

 

 
E1 

(GPa) 
E2 

(GPa) 
E3 

(GPa) 
G23 

(GPa) 
G13 

(GPa) 
G12 

(GPa) 
v23 v13 v12 

0% 

S1 5.23 9.23 9.23 2.10 3.59 3.59 0.19 0.27 0.27 

S2 19.35 5.41 5.41 2.03 2.75 2.75 0.34 0.49 0.49 

S3 5.22 22.98 22.98 2.10 2.46 2.46 0.20 0.11 0.11 

FSP 

S1 3.46 6.69 6.69 1.46 2.44 2.44 0.20 2.22 0.22 

S2 16.20 3.38 3.68 1.36 2.15 2.15 0.35 0.42 0.42 

S3 3.54 19.60 19.60 1.68 1.95 1.95 0.21 0.08 0.08 

 

Calculated elastic properties of the S2 cell wall layer of transgenic aspen at the 12% moisture 

content and fiber saturation point at the corresponding MFA and 100% crystallinity. Added 

hydrophilicity of the transgenic aspen was considered by magnitude of 1.4. Halpin-Tsai 

equations were used to calculate the elastic properties of microfibrils and for the 

homogenization. 

 

 
E1 

(GPa) 
E2 

(GPa) 
E3 

(GPa) 
G23 

(GPa) 
G13 

(GPa) 
G12 

(GPa) 
v23 v13 v12 

0% 

S1 5.23 9.23 9.23 2.10 3.59 3.59 0.19 0.27 0.27 

S2 20.79 5.64 5.64 2.09 2.89 2.89 0.36 0.49 0.49 

S3 5.22 22.98 22.98 2.10 2.46 2.46 0.20 0.11 0.11 

FSP 

S1 2.67 5.36 5.36 1.15 1.91 1.91 0.19 0.20 0.20 

S2 17.07 3.31 3.31 1.19 2.16 2.16 0.37 0.35 0.35 

S3 2.94 17.64 17.64 1.46 1.69 1.69 0.23 0.07 0.07 
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Elastic properties calculated by finite element method 

Calculated elastic properties of the lignin-hemicellulose matrix of wild type aspen at the 12% 

moisture content using the finite element RVE 

 E (GPa) G (GPa) V 

12% 

S1 3.39 1.37 0.24 

S2 3.33 1.34 0.24 

S3 2.92 1.16 0.26 

 

Calculated elastic properties of the S2 cell wall laye of wild type aspen at the 12% moisture 

content using the finite element RVE 

 

 

E1 

(GPa) 

E2 

(GPa) 

E3 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

G12 

(GPa) 
v23 v13 v12 

12% 

S1 14.31 4.49 4.49 1.63 1.87 1.87 0.34 0.22 0.22 

S2 18.77 6.70 6.70 2.21 2.23 2.23 0.34 0.23 0.23 

S3 17.83 6.24 6.24 2.13 2.18 2.18 0.33 0.20 0.20 
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Appendix N 
Oven-dried specific gravity of the cell wall 

In collaboration with Balazs Horvath, Department of Forest Biomaterial, North Carolina State University, 

Raleigh, NC. 

 

Ptr WT 

(Wild Type) 
Ptr 4CL 

(Reduced Lignin Content) 
Ptr CAld5H 

(Increased S/G Ratio) 

Prt 4CL/CAld5H 

(Reduced Lignin Content, 

Increased S/G Ratio) 

271 21 & 23 & 37 94 & 96 72 * 141 * 

Number of 

Samples 
2 3 2 2 2 

Ovendry Specific 

Gravity of the Cell 

Wall 

1.554 1.512 1.558 1.490 1.554 

Note: The values were obtained pycnometrically in water by Balazs Horvath (Horvath et al. unpublished). 

 

Appendix P 
Sugar content of wild type and transgenic aspen 

In collaboration with Douyong Min, Department of Forest Biomaterial, North Carolina State University, 

Raleigh, NC. 

No. 
Arabinan 

(%) 
Rhamnan 

(%) 
Galactan 

(%) 
Glucan 

(%) 
Xylan 

(%) 
Mannan 

(%) 
Total 

Sugar (%)  
Lignin 

(%) 

WT 0.5 0.5 1.1 45.2 16.3 2.2 65.9 21.4 

Ptr4CL #1 0.6 0.6 1.0 46.1 16.6 1.8 66.6 15.0 

Ptr4CL #2 0.6 0.5 1.3 47.2 17.4 2.1 69.1 16.7 

 

 


