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a b s t r a c t

The composite structure of the S2 layer in the wood cell wall is defined by the angle of the cellulose

microfibrils and concentration of polymers and this structure impacts strength and stiffness. The objec-

tive of this study was to use near infrared spectroscopy and X-ray diffraction to determine the effect of

lignin and cellulose associated wavelengths, microfibril angle, density, and radial position within the tree

on strength and stiffness. The aromatic portion of lignin provided a good predictive role on strength and

stiffness at high microfibril angles. However, in mature wood where microfibril angle and lignin content

was low, cellulose associated wavelengths became increasingly important. The increased importance of

the aromatic portion of lignin (1665 nm) on the strength as microfibril angle increased was attributable

to the plastic deformation of lignin that occurred beyond the yield point. Finally, a fourfold increase in

stiffness was observed when the microfibril angle dropped from 40 to 5�.

� 2008 Published by Elsevier Ltd.

1. Introduction

At the macrolevel, wood itself is an orthotropic material that is

inexpensive and acts as reinforcement for some more advanced

composite products [1]. An understanding of the nanostructure

of wood on the mechanical properties is thus critical. At the nano-

level, wood is a composite material composed of cellulose elemen-

tary fibers embedded in a hemicellulose and lignin matrix. Various

models of the cross-section exist, but in general, the cellulose ele-

mentary fibers exhibit the least variation in dimension, probably

due to its crystalline nature (3.5 � 3.5 nm) [2]. The hemicellulose

matrix varies around 2.5 nm, is sandwiched between cellulose ele-

mentary fibers, and acts as a bridge between cellulose and the lig-

nin [3,4]. The lignin polymer acts as a sheath around the cellulose

and hemicellulose matrix, is sandwiched between other microfi-

bers, and varies in content as a function of microfiber angle [3].

The lignin is entangled in xylan portion of the hemicelluloses while

the glucomannan is associated directly with the microfibril [4–8].

Cellulose has been shown to dominate the elastic response

when the load is applied nearly parallel to the cellulose plane,

while lignin and hemicelluloses become more important as the an-

gle of the load approaches the transverse direction where strength

is greatly reduced by a factor of 10 at the nanoscale [9–14]. Based

on these observations, it is conjectured that the importance of lig-

nin on strength and stiffness should be higher in juvenile wood

than mature wood. In juvenile wood, stresses in the lignin matrix

is closer to the perpendicular plane of the polymer composite ma-

trix as a result of the higher microfibril angle. Additionally, the

stiffness of the material decreases in a non-linear manner with in-

creased microfiber angle [3,15].

Since cellulose, hemicellulose, and lignin exhibit vastly different

mechanical properties and they are connected together in and

around the microfibrils, it is likely that shear forces will develop

at the interface regions between polymer types. This was sug-

gested as early as 1919 when slip planes was observed to develop

parallel to the microfibrils [16]. Such planes occur since crystalline

microfibrils act as a reinforcement mechanism resulting in shear

forces at the interface [17]. Plastic deformation occurs in the lignin

and hemicellusic matrix paralleling the cellulose polymer under

such shear forces [18,19]. In order to prolong slip planes, such that

deformation occurs at higher loads, the bonds from lignin to hemi-

celluloses needs to be adequate enough to transfer stress [20]. As

noted earlier, for higher microfibril angles, loads parallel to the

stem and tracheids (or fibers) occur closer to the plane that is per-

pendicular to the microfibrils resulting in compression of the lignin

matrix. Such a plastic response was supported by Burgert et al. [21]

where the modulus of rupture, was influenced by microfibril angle.

It is probable that as microfibril angle increased [21], so did the

shear stress between the lignin to hemicellulosic–cellulose matrix.
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The elevated shear stress at higher microfibril angles resulted in

permanent damage to the lignin structure. Likewise for the present

study, it was hypothesized a priori that lignin played an increased

role on the modulus of rupture in the juvenile wood region since

microfibril angle is higher and the stress to strain curve exhibits

more curvature, an indication of increased plasticity [22,23].

Finally, as a tree grows, significant longitudinal growth strains

occur in the stem [24]. In order to prevent rupture from such

growth development, the rheological behavior of the chemical con-

stituents and the microfibril fibril angle in the cell wall become

important. Kojima and Yamamoto show the longitudinal creep to

increase with increasing microfibril angle [25]. Such behavior fa-

vors a rapidly growing stem whose large microfibril angle results

in increased creep to counteract the considerable longitudinal

growth stresses exhibited by the tree. Likewise, large microfibril

angles are often coupled with higher lignin and lower cellulose

which also favors increased potential for plastic deformation under

long term loading [26].

The objective of this study was to investigate the role of cellu-

lose, lignin, and hemicelluloses associated wavelengths, density,

microfibril angle, and ring number on the modulus of rupture

(MOR) and modulus of elasticity (MOE).

2. Materials and methods

2.1. Sample preparation

Ten longleaf pine (Pinus palustris) trees were harvested at a

stand age of 41 years. Counting from the outer ring backward,

the height of the tree reached breast height within 2–8 years. A

range of diameters were chosen such that the lower 10th, mean,

and upper 90th percentile in mean diameter was sampled. The site

was managed at the Harrison Experimental Forest by the United

States Forest Service in Saucier, Mississippi, U.S.A., at a location

of 30.6� north and 89.1� west. Each tree was bucked every

4.57 m in height yielding five to seven disks. The number of disks

was dependent on tree height. The disks were used to make bend-

ing specimens 30.48 cm � random width � 1.27 cm. The random

width was a function of ring size and the ability to mill the speci-

men to ring size. When the ring size was quite small, often less

than 1 mm in width, then the ring number of interest was placed

as close to the neutral axis as possible.

From the remainder of the disk(s), the radial-longitudinal face

was exposed for near infrared reflectance (NIR) spectra collection

by cutting out 2 mm thick strips. Spectra were acquired at rings

2, 4, 8, 16, 32, and 40. We counted backwards from bark to pith

such that the ring nearest the bark was ring 41 and the ring nearest

the pith was ring 2. Due to the variability in time to reach a given

height, sometimes rings 2 and 4 were not available for spectra col-

lection. Ring 2 was only counted if the pith was present to validate

that it was indeed ring 2. Rings with defects such as knots, cracks,

and other unusual defects were removed from the analysis. There

was no sign of blue stain on these trees, a variable which could im-

pact spectra collection [27].

2.2. Mechanical testing

All specimens were conditioned to an equilibrium moisture

content of 8% and with a coefficient of variation of 16.3%. The sam-

ples were weighed until gravimetric weight became constant.

Loading was applied at a rate of 0.20 cmmin�1 on the tangential

longitudinal face in three-point bending set-up. The linear portion

of the stress versus strain curve was used to calculate modulus of

elasticity (MOE). Modulus of rupture (MOR), moisture content, and

air dry density were determined by standard ASTM methods

[28,29]. For the density measurement, the volume was measured

by calipers to the nearest 0.0025 cm at 8% moisture content.

Weights were measured to the nearest 0.001 g, also at 8% moisture

content. Mechanical testing was equivalent to Via et al. [30]. Stress

was calculated based on the dimensions of the wood sample cross-

section.

2.3. Microfibril angle/T-value measurement

Small molecule X-ray crystallography was performed on a Bru-

ker diffractomer. The T-value was used to estimate the sensitivity

of mechanical properties to microfibril angle. The T-value is value

closely related to the variance intensity of the (0 0 2) arc. Cave

[31], along with personal communication, found T-value = M-

FA + 2SDA were SDA represents the standard deviation of the flank

angle [3]. For this research, there was no need to translate from the

T-value to MFA since they are so related, so the T-values were used

to determine if MFA was statistically related to mechanical proper-

ties. However, Via et al. validated with microscopy the ability of

the T-value to predict MFA for longleaf pine [3].

2.4. NIR spectroscopy

A scanning probe spectrometer (Nexus 670 FT-IR; Thermo Nico-

let Instruments, Madison, WI, USA) was used to acquire the absor-

bance between 1000 and 2500 nm. An 8 mm spot size was the scan

diameter. When the ring was smaller than the spot size, the ring

was placed in the center of the scan area. Due to this measurement

constraint, the spectra acquired from rings 30 and 40 were usually

averages of several earlywood and latewood rings present within

the circumference of the scan.

All scans were acquired at 1 nm intervals on the north and

south side of the tree and then averaged. All scans were also taken

on the radial-longitudinal face of the wood strips, which were cut

on a band saw from the increment cores. During a single scan, a

single spectrum was acquired as the average of 40 scans from

the same spot. An intermediate software [32] was then used to

transform the original spectra to the first derivative of absorbance

before exporting the data to the statistical analysis software [33]

for multivariate analysis. Prior to taking the 1st derivative, the

spectrum was also averaged to 10 nm intervals in Unscramber

[32]. The reduction of the spectrum into 10 nm intervals has been

shown to have no detrimental influence on model precision and

performance [34]. A reference check was run every 10 min using

a Spectralon standard (SRT-99-050, Labsphere, North Sutton,

New Hampshire, USA).

2.5. Statistical analysis

Multiple linear regression was used to determine whether den-

sity, T-value (MFA associated), lignin, cellulose, and hemicellulose

associated wavelengths were important in MOR and MOE varia-

tion. A literature review was performed a-priori to determine

which wavelengths should associate with lignin, cellulose, and

hemicellulose (Table 1). Then during the analysis stage, t-tests

Table 1

Assignment of absorption bands to important wood chemistry constituents.

Wavelength (nm) Polymer/chemistry assignment Reference

1130–1135 Aromatic portion of lignin [43,46]

1423 Amorphous region of cellulose [43]

1580 Crystalline region of cellulose [43]

1672 Aromatic portion of lignin [41–45]

1758 Alpha cellulose [45]

1900 Lignin from foliar and branch material [41]

2330 CH stretch in hemicellulose [43]
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were run to identify which wavelengths were statistically related

to MOR and MOE. These statistically influential wavelengths were

then compared to Table 1 to determine if lignin, cellulose, or hemi-

cellulose were important in predicting MOR and MOE. Variables

were determined to be significant at the a = 0.05 level. Models

were built for each ring number as well as across all ring numbers.

The PROC REG procedure in SAS was used to compute p-values and

build multiple regression models [33]. The R2 was reported to esti-

mate the percentage of variation that the independent variables

contributed to MOR and MOE. The adjusted R2 was reported to

demonstrate when a potential overfit of the equations occur while

the variance inflation factor (VIF) was used to ensure that the inde-

pendent variables were not highly related, a common problem be-

tween wavelengths in the near infrared region [33]. A VIF < 3 was

the constraint applied to determine if the covariance between

wavelengths was acceptable to apply multiple linear regression

[33].

Principal components were also computed from the absorbance

at all wavelengths and then regressed against MOR and MOE [33].

Prior to computing principal components, the absorbance at each

wavelength was standardized to a mean = 0 and a standard devia-

tion = 1. The maximum adjusted R2 was used to select those prin-

cipal components that were statistically significant in predicting

MOR and MOE [33]. The coefficients of the statistically significant

principal components were then plotted across all wavelengths

to determine which wavelengths were most influential to MOR

and MOE. Wavelengths with the highest coefficients (±) (peaks

and valleys) were then compared to Table 1 to determine if the

wavelengths in Table 1 fell near the peaks and valleys; thus, prin-

cipal components regression (PCR) was used to validate whether

the wavelengths in Table 1 were important in predicting MOR

and MOE.

3. Results and discussion

3.1. Whole tree strength and stiffness versus microfibril angle

Fig. 1a and b demonstrate the effect of MFA on MOR and MOE

across an aggregate of ring numbers and tree heights. A linear

regression model was fit to the data to estimate the slopes. Prior

to the study, a non-linear relationship between MFA and MOE

was anticipated since experimental data from the S2 layer sup-

ported the longitudinal elastic modulus to be non-linear

[10,35,36]. Yang and Evans decided to handle the non-linear

behavior by dividing density by MFA (R2 = 0.92) [37]. The same

transformation procedure worked for E. delegatensis with an

R2 = 0.94 between longitudinal modulus of elasticity and density/

MFA [38]. However, when we tried to divide density by MFA for

this data set, there was no such relationship, an indication that this

transformation procedure may be species specific. Additionally, we

analyzed a family of non-linear curves and the exponential fit

(R2 = 0.66) was the best performing but still performed similarly

to a linear fit (R2 = 0.63). Since the slopes for exponential and linear

fits were very similar for the entire range of microfibril angles, we

chose to assume linearity for statistical testing.

According to Fig. 1a, when linearity was assumed, there was

approximately a fourfold increase in stiffness when going from

40 to 5�. This nearly compares with Cave and Walker who found

a fivefold increase in stiffness when going from juvenile to mature

wood for Pinus radiata [35].

The threefold increase in MOR with decreased MFA (40 to 5�)

was especially interesting. Conventionally, the largest contribution

of microfibril angle has been to stiffness and not strength. But more

recently, attention has been given to the interaction between MFA

and matrix yield beyond the proportional limit. The viscoelastic re-

sponse on the non-linear portion of the stress–strain curve can be

attributed to slippage of microfibrils past one another, coupled

with plastic deformation within the microfibular matrix [39]. Burg-

ert et al. found the microfibril angle to play a pivotal role in stiff-

ness below the proportional limit and yield beyond the

proportional limit [21]. Such relationships occurred despite partial

reorientation of microfibrils coupled with plastic deformation. It

was likely these potential interactions at the nanolevel were

responsable for the apparent relationship between MOE and

MOR at the macro level as seen in our data. Fig. 2 demonstrates

the very strong relationship that occurred between MOR and

MOE. In addition to the possible covariance between microfibril

angle, strength, and stiffness at the nanolevel, it was probable that

density, strength, and stiffness covariance at the macro level also

Fig. 1. MOE (a) and MOR (b) response to microfibril angle across all ring number

and heights.

Fig. 2. The response of MOR to MOE across all ring number and heights.
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added to the tight covariance between MOR and MOE (Fig. 2). On

the other hand, the anisotropic nature of wood will often dominate

the failure mode and mask any impact due to microfibril angle or

other wood polymer concentration. It should thus be noted that

for this experiment, extreme ranges in microfibril angle, wood

chemistry, and wood density were selected which in turn opti-

mized their influence on MOR and MOE.

3.2. Effect of whole tree density, polymer angle, and chemistry on

strength and stiffness

Recently, near infrared spectroscopy has become useful in

accessing variation in wood chemistry associated wavelengths

[40]. In that paper, several investigators were referenced for

their assignment of wood chemistry to specific wavelengths in

the near infrared range [41–46]. In this study, these same wave-

lengths were used to investigate the sensitivity of strength and

stiffness to lignin, cellulose, and hemicelluloses associated wave-

lengths (Table 1).

Table 2 summarizes the effect of MFA, density, and chemistry

associated wavelengths with MOR and MOE for all ring numbers.

Using the backward selection procedure in PROC REG [33], the ex-

act same four variables were needed for predicting MOE as MOR.

These results support that for longleaf pine, the slope of the stress

strain curve was highly related to the final rupture point. The sim-

ilarity between MFA, density, 1675, and 1765 nm associated wave-

lengths and its effects on MOR and MOE may partially help to

explain why MOR and MOE was correlated (Fig. 2). In Fig. 1, the

relationship between final rupture point and elastic response

may be partially attributable to microfibril orientation and its

interaction with the lignin matrix. As the microfibril angle in-

creases, the shear stresses in the lignin matrix should rise which

in turn result in higher plastic deformation in the lignin matrix.

Burgert et al. [21] noticed a relationship between MFA and plastic

response despite significant cell wall deformation. For our study, as

microfibril angle increased, the MOR decreased, and the lignin

associated wavelength (1665 nm) exhibited a significant peak.

The distinct peak at 1665 nm for the low MOR group in Fig. 3b

was evidence of the plastic deformation that occurs in the lignin

matrix past the yield point. As one might expect, when the stress

strain curve remained in the elastic region, the impact of the

1665 nm wavelength was much less pronounced (Fig. 3a).

In addition to multiple linear regression, principal components

regression was performed to validate if the wavelengths chosen in

Table 1 were indeed those needed for hypothesis testing in Table 2.

Principal components 1, 3, 4, 5, 6, and 8 were important in predict-

ing MOE (R2 = 0.75). Principal components 1, 3, 4, 5, and 6 were

important in predicting MOR (R2 = 0.79). Principal components

regression also supported the fact that the same underlying chem-

istry variables needed to predict MOR were also needed to predict

MOE.

Fig. 4a, b, and c represent the coefficients at different wave-

lengths for principal components 4, 5, and 6. All three of these

components were important in predicting both MOR and MOE

(p-value < 0.05). The highest absolute value on the chart (global

peaks and valleys) represent those wavelengths most influential

in defining the principal component and hence have a stronger im-

pact on MOR and MOE. Principal component 4 demonstrated that

alpha cellulose (1758 nm) was very important in predicting MOR

and MOE. Principal component 5 accounted for lignin and hemicel-

luloses associated wavelengths as per Tables 1 and 2 (Fig. 4b).

Table 2

Multiple linear modeling significance testing for MFA, density, and chemistry

associated wavelengths (1st derivative): combined and partitioned by ring number.

Mechanical

property

Ring

number

Independent

variable

p-

Value

R2 Adjusted

R2
Sample

size

MOE &

MOR

All MFA *** 0.9 & 0.86 0.89 & 0.85 162

Density ***

1675 ***

1765 ***

MOE 4 MFA *** 0.61 0.35 47

1675 **

MOR 4 MFA * 0.49 0.35 47

MOE 8 MFA *** 0.76 0.69 50

Density **

1675 **

MOR 8 MFA ** 0.61 0.52 50

Density **

1675 *

MOE 16 Density ** 0.81 0.75 45

1155 *

1605 *

1675 **

1765 **

MOR 16 Density ** 0.77 0.71 45

1605 *

1765 **

MOE 29 MFA ** 0.83 0.55 16

Density *

MOR 29 MFA ** 0.92 0.78 16

Density *

1155 *

1605 **

1895 **

A �, ��, and ��� represents a p-value of <0.05, <0.01, and <0.001, respectively.
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with arrows.
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What was interesting was that the hemicellulose associated wave-

length emerged as being important for MOR and MOE when using

principal components regression. However, when multiple linear

regression was used (Table 2), hemicellulose signals were not able

to be detected due to extremely high multicollinearity with other

wavelengths. Finally, principal component 6 accounted for two

wavelengths associated with the aromatic portion of lignin and

the amorphous region of cellulose (Fig. 4c and Table 1).

3.3. Partitioning of effects on MOR and MOE by ring number

Table 2 summarizes the effect of MFA, density, and chemistry

associated wavelengths on MOR (and MOE) at different ring num-

bers. At rings 4 through 16, the majority of which would be consid-

ered juvenile wood, MFA and lignin associated wavelengths

(1675 nm) were predominant in predicting MOR while density

was also important, but to a lesser extent. However, at rings 16

and 29, density and MFA exhibited an equal effect with density

on MOR exhibiting a statistical edge at ring 16. Conversely, at ring

29, MFA statistically edged out density when predicting MOR;

however, it took five variables to predict MOR with a sample size

of only 16. As a result, care should be taken when interpreting ring

29. When rings 16 and 29 were analyzed together, not shown in

Table 2, density was more influential on MOR than MFA. The alpha

cellulose associated wavelength (1765 nm) was not influential on

MOR in rings 4 and 8 but was important at ring 16. For ring 29,

the 1605 nm peak was important and may be attributable to the

crystalline region of cellulose (1580 nm – Table 2). It was assumed

that the 1580 nm peak (crystalline region of cellulose) shifted

slightly to our average of 1605 nm. This shift to higher wave-

lengths was also observed at 1135 nm, indicative of machine dif-

ferences between our study and the data obtained in Table 2. For

our study, the influence of cellulose associated wavelengths on

MOR for lower microfibril angles agreed with Eichhorn et al. [9]

who found cellulose associated wavelengths to shift during defor-

mation while lignin associated wavelengths did not.

In summary, lignin and MFA was more important in predict-

ing MOR in the juvenile portions of the tree while cellulose be-

came more important in the mature regions. The hemicellulose

associciated wavelength (2330 nm) was not found to be influen-

tial on MOR. However, it is probable that the variation explained

by hemicellulose could also be explained by the variation in cel-

lulose and lignin since the sum of the three components com-

monly exceed 95% of the total weight for southern pine. This

was supported by Winandy and Lebow [47] who found a high

multicollinearity between chemical constituents within southern

pine which is important because if the multicollinearity is too

high, it can make it hard to rank variables using multiple linear

regression analysis. Finally, in this study, even after taking the

first derivative, there was still some multicollinearity present be-

tween absorbance at different wavelengths when the variance

inflation factor was observed [47] and SAS was used to compute

[33]. While the equations chosen in Table 2 had low VIF factors,

some possible equations that included hemicellulose associated

wavelengths did have a high VIF. As such, one can not conclude

from this analysis that hemicellulose did not play an important

role on MOR (or MOE). It is instead likely that the multicolline-

arity between chemical composition masked the effect of hemi-

cellulose on MOR and MOE. Additionally, calibrations for

hemicellulose from NIR spectra are quite low compared to cellu-

lose and lignin which is likely to bias our analysis toward cellu-

lose and lignin as being more influential [46].

Given that MOR and MOE were highly correlated (Fig. 2) it

may be hypothesized that the underlying wood chemistry was

partly responsible for the response in MOR and MOE. According

to Table 2, this was the case with MFA and lignin associated

wavelengths (1675 nm) being more influential on MOE at rings

4 and 8, while cellulose associated wavelengths became more

important at higher ring numbers (Table 2). However, what

was interesting was that the lignin associated wavelength

(1675 nm) exhibited more variation between MOR classes

(Fig. 3b) than MOE classes (Fig. 3a). This may be explained by

Fig. 4. Coefficients for statistically significant principal components in predicting

MOR and MOE. Principal component 4 (a) principal component 5 (b) and principal

component 6 (c) were some of the factors important in predicting MOR (R2 = 0.79)

and MOE (R2 = 0.75). Discriminatory wavelengths chosen a priori are labeled and

marked with arrows.
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the fact that lignin exhibits plastic deformation past the propor-

tional limit when loading to rupture. Such evidence was sup-

ported by Reiterer et al. [36] who believed that hemicellulose

and lignin exhibits more plastic deformation when loaded at

large angles to the polymer matrix axis. Since high MFA’s and

high lignin contents are present in juvenile wood (rings 4 and

8) and were highly influential on MOR (Table 2), this study sup-

ports others [3,36]. Likewise, Hepworth and Vincent [48],

hypothesize that increasing MFA will result in compression

forces that compact the amorphous region of lignin. Gindl

et al. [49] concur and used nanoindentation to conclude that cel-

lulose was important for stiffness while hemicellulose and lignin

was more important for plastic deformation. Burgert et al. [21]

add that MFA plays an important role both above and below

the proportional limit and therefore is also important on MOR

and MOE.

One important constraint in this study was that our samples

were equilibrated to 8% moisture content with minimal variation.

Such control of moisture content was necessary to improve the sig-

nal to noise ratio across a significant portion of the NIR spectrum

[50,51]. However, in plant tissues, lignin exhibits less of an effect

on strength at lower moistures due to the hydrophobicity of lignin

[39]. Conversely, in the tree, the moisture content will be greater

than fiber saturation making lignin more important beyond the lin-

ear elastic range because of its hydrophobicity [39]. As a result, this

study was not able to account for the interaction between lignin

and moisture on MOR or MOE and may have underestimated the

impact of lignin for a given ring number. Nevertheless, given the

agreement with this study to many others as found above, it was

concluded that such an interaction effect on MOR or MOE, along

with any bias, is probably minimal.

4. Conclusions

In conclusion, visual and statistical analysis of the 1st derivative

of NIR absorbance for all ring numbers found the aromatic portion

of lignin (1665–1675 nm) to be more important to MOR than MOE.

When partitioned by ring, MFA and lignin associated wavelengths

were more influential on MOE and MOR in the juvenile wood zone;

while, in the transition (ring 16) and mature wood region (ring 29),

cellulose associated wavelengths became increasingly important.

Such a trend supports the hypothesis that the plastic response of

lignin during loading is more prevalent when the matrix is loaded

closer in the plane perpendicular (occurs with a high MFA) while

cellulose becomes increasingly important when the polymer ma-

trix is loaded closer to parallel (occurs with a low MFA). Likewise,

the relationship between microfibril angle and stiffness agreed

with other researchers for other tree species.
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