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consisting of many broad and overlapping bands, as
opposed to the mld..lR (2500 to 25000 nm) region
that consists of many sharp absorption bands high-
ly characteristic to the sample. Mld-IR spectrometry
is particularly suited to the structural elucidation
and identification of organic compounds, but for
quantitative analysis, mid-IR spectra are not as use-
ful because they are highly influenced by instrumen-
tatfonand ~ple preparation. However, NIR ~pec-
tros~6PYI ~~..itS lower cost Instrumentation and

C .
raPid spectra collection (with little or no sample
preparation), is ideally suited for quantitative analy-
sis, and Is particuiarly applicabl~ to process moni-
ton~ and q9~.it;y control appllcatiol)s. .,
;' The application of multivariate analysts (MVA)
to NIR spectra has resulted in an upsurge of inter~t
In NIRspectroscopy because it has reduced much
Qf the problem of overiapping signals. Figure 1
shows the reiationshlps between NIR spectra and
some of the main constituents of wood: cellulose,
lignin, and extractives. The appiication of MVA to
NlR spectra first came to prominence :wIth studies
by Norris in the 19605 (e.g., Norris and Hart 1965) in
which reflectance spectra were collected from
wheat and other foodstuffs, revolutionizing the
measurement of moisture in the food industry.
Further studies were successfuliy conducted Into

The composition of a material and the manner in
whi~ it is a~sernbled dictate structural perfor-
mance as wen as subsequent usefulness in a com-
posite system. In the forest products industry, this
fund~ental inform~tion represents the basis for

: ",. 'I'
dete~ining the ch~rriiCa},physical;and me~h~ical
properties ofsond wood as well as composite com-
ponents such as fibers, strands, or particles. The
constant technolog!cal advancements over the
years have led to Improved methods for property
assessment. li1 particular, the ever<hanging face of
computer technology has revolutionized the field of
instrumentation, especially .in terms of speed and
accuracy. While tJ1is is applicable to traditional tec~
niques for property assessment, it is particularly rel-
evant to the development of NIR spectroscopy as a
rapid assessment tool.

The NIR region extends from 780 to 2500 nm in
which the spectra may be characterized by the
assignment of the absorption bands to overtones
and ,combinations of fundamental vibrations assocI-
ated with C-H, O-H. and N-H bonds. The slgnalsJrom
these vibrations are similar, with resultant spectra

FOREST PRODUCTS JOURNAL VOL. s., No. 3 7



component accounting for as
much of the remaining variation as
possible. A PCA scores plot that
compares dlffer~t preservative

I treatm~ts Is shown in FIgure 2.
Pl$ is a regress Jon technique that

I correlates subtle changes In spec-
r . tra with independently measured

I material properties (Martens and
Naes 1991). Pl$ can be used to
describe the underlying latent

i structure In the predictor varl-
rabIes (e.g., NIR data) and response
! variables (e.g., mols~ content)

and generate a calibration that
can be used for p~ctive purpos-
es. The results of the calibration
process are often presented in a
plot of NIR-p~icted property ver-

I sus measured property; an exam-
ple for wet chemistry data
obtained from~learwood speci-

mens is shown in Figure 3. PIS m~elIng also gener-
ates regressloq coefficients, or info~atlon on the
chemical features that drive the calibrations. The
regression coefficients can be used to relate chemical
features in the spectra to the material.properties.

Figure 1. - Typical NIR spectrum of loblolly pine in the 1000 to 2500 nm region.
Wavelengths associated with wood chemical constituents are highlighted.

other properties such as fat content (Ben-Gera and
Norris 1968), which led to Increased acceptance of
this technology In the food and agricultural Indus-
tries. Many years later, this technology was applied
to the pulp and paper industry (Birkett and
Gambino 1988, 1989; Wright et'
al. 1990; Wall backs et al. 1991).
Since then, its potentlal has
been recognized throughout 1

the entire forest products
industry.

MVA utilizes chemical data
in the development of calibra- I
tion models for both qualitative
and quantitative analyses. MVA
techniques such as principal
component analysis (PCA) and
projection to latent structures I
or partial least squares (PI$) :
are often used for classification
and prediction purpos~. PCA
involves a mathematical proce-
dure that transforms' a set of I

correlated variables Into a Ismaller number of uncorrelated '

variables called principal com-
ponents (or latent variables),
orthogonal to each other. The
first principal component
accounts for as much of the
variability In the data as possi-
ble, with each succeeding

Figure 2. - Principal component analysis scores plot distinguishing wood treated with
chromated copper arsenate, ammonium copper quat, and ammonium copper zinc arse-
nate preservatives.
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Figure 3.
samples

NIR-predicted vs. measured plot of chemistry composition for milled loblolly pine

Spectiat prepr~esslrig technique$ are often
applied to remove extraneous information from the
NIR data with the purpose of producing strong,
robust models. Traditional methods include first and
second orner derivatives, multiplicative scatter cor-
rection (MSC), and standard normal variate, (SNV)
transformation. These are often used to remove
baseline offsets and slopes from spectra. The choice
of pretreatment should be considered on a case-to-
case basis, and is often a matter of trial and error.
However, care must be taken not to lose relevant
.information during processing. Newer techniques
involve the use of latent, variables in the removal of
Qnwanted variation lit- the data. Orthogonal signal
correction (OSC),.isone su<:h meth~ involving the
removal of laten~' variables orthogonal to the
response used for Ca}ibration(Wold et al. 1998).

,ront organl-
focus more
)t been an
Iprovement

Com~es, gover!
zatlons internationally
on wood quality. WO<
important component

ament, and non-a:
are beginning to
Id quality has n-
of many tree In

programs b~use of the inability to rapidly mea-
sure wood ch~mistry, fiber morphology, and

-

mechanical and physical properties. Instead,
improvem~t of stem straightness, removal of reac-
tion wood, Increasing disease resistance, and
increasing volume have been the major focus of
genetic iIriprovement (Maynard 1976, White et aI.
1993, U et aI. 1999, Land et aI. 2001). Silviculture has
lik~lse focused on volume improvement by con-
trolling s~cing, fertilization, ground vegetation,
thinning, and site preparation (Larson et aI. 2001).
NIR spe~g(>scopy provides a new tool that could
potentiallY be used in tree improvement programs
to rapidly assess wood quality of standing trees.

SII~c~, developed at CSIRO, Australia (Evans
.1994, 2002), utilizes x-ray diffraction, x-ray densito-
metry, and image analysis to measure (both directly
~d Indire~tlY) a range of wood properties from one
Increment core. Density, stiffness, microfibril angle,
and ti~<;heta pI:operties such as tracheid diameter,c, C c ."'- ,-"

coarseness: and wall thickness can all be measured.
SiJviScan data have been used to calibrate an NIR
instrument to predict many of the properties mea-
sured by SilviScan (Schlmleck et aI. 2001a, 200lb;
SchlmJeck and Evans 2002a, 2002b. 2004) and poten-

"ORE 'RODUCTS JOURNAL VOL. 54, NC
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Figure 4. - Wood property map showing the variation of modulus of elasticity within a 55-year-old loblolly pine tree.

Values shown are In 106 psi.

tlally NIR spectroscopy could be used to comple-
ment SlIvlScan analysis.

Clearwood mechanical properties are a function
of density, wood chemistry, and microfibril angle,
and thus, NIR spectroscopy can be used to measure
the stiffness of increment cores with good accuracy
(Schlmleck et al. 2001a, Schimleck and Evans 2002a).
However, Via et al. (2003) found that its ability to
predict strength and stiffness decreased when going
from mature to juvenile wood in longleaf pine. Thus,
age from the pith needs to be considered in deter-
mining the precision of a calibration equation for
genetics trials.

The variation of stiffness both within and
between trees can be large. Interactions such as live
crown, specific gravity, and microfibril angle result
in a three-dimensional maturation process that
affects subsequent mechanical properties. The
range and variation of properties within a tree can
be visually described in the form of wood property
maps (Evans et al. 1995, 1999,2000; So et al. 2002),

as illustrated in Figure 4. These maps show how
growth conditions affect property variation within a
tree and can be utilized for the application of silvi-
cultural treatments. However, the construction of
such maps requires much time and expense with
traditional test methods; NIR spectroscopy can be
used to predict fundamental wood properties with
excellent results In a much smaller time frame.
Further adyances in technology using the visible-
NIR region will lead to the production of handheld
portable field units (Fig. 5) capable of assessing all
major wood properties on green lumber (Meglen
and Kelley 2003a, 2003b).

NIR spectroscopy could be a boon to tree
improvement with respect to variables such as tra-
cheid length, microfibril angle, wood mechanical
properties, or wood chemistry. Data collection for
these variables Is uneconomical, because,genetic tri-
als commonly exceed 1,000 trees per study.
Fortunately, the variables have been shown to cor-
relate with NIR spectra. Spectroscopic measure-
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mentswere able to account for 70 to 77 percent of
~e variation of selected tracheld length Ind~ mea-
surements on 43-year-old disks of Norway spruce
(Hauksson et al. 2001). The spectra accounted fot 66
to 95 percent of the variation for microfibril angle
(Schimleck et al. 2001a, Schimleck and Evans 2002b,

c

Kelley et al. 2004b). Several studies have also report-
ed strong calibrations for cellulose, lignin, and
eXtractives (BIrkett and Gambino 1988, Schultz atld
Burns 1990, Wright et al. 1990, Kelley et al. 2004b).
The strength and stiffness of a number of different
species could also be predicted with NlR (Gindl et aJ:
2001, Hoffm~er and Pedersen 1995, Kelley et al.
20048, Thumm and Meder 2001).

An additional objective of building control
charts is to monitor the variation of a parameter in
addition to the mean value. The dispersion of a para-
meter can be critical in indicating a process change.
One very important parameter that miD personnel
monitor is kappa number, which is an indication of
how much lignin is left in the pulp after digesting. AD

Increase in the dispersion of the kappa number with--
In a pulp batch is undesirable and may be due to
improper mixing of the raw material or uneven coo~
ingin the digester. NIR spectroscopy has been suc-
cessfully us.ed to measure the kappa number disper-
sion, accounting for over 90 percent of the variation
(Antti et al. 2000).

One of the largest thrusts in the paper industry
Is to try to quantify the quality of the raw material
going into the mill. Moisture and density information
1s needed to determine how much wood a mill is
actually purchasing, since much pulpwood is pur-
chased on a weight basis. Moisture meters measur-
ing the absorbance or reflectance in the NiR range
are available and currently measure the moisture
content in chips going into the digester. The NIR
range is very sensitive to moisture and therefore it
can be measured independent of density. The base-

Pulp yield is an important parameter for the
paper Industry and Is a function of cellulose, densi-
ty, extractives, and lignin content. Each wood con-
stituent has a different capacity to resist chemical
degradation, thus influencing the variation in resid-
ual pulp ~ volume of wood. The perpetual ~is
to increase cellulose and density and decrease the
lignin content and extractives. NIR spec-
troscopy has been used to determine pulp
yield in both eucalypt and pine species with an
acceptable level of accura~y (Birkett and"
Gambino 1988, Wright et al. 1990, Michell
199~.

Using pine, Anttl et al. (1996) found that the
NIR technique Is a good predictor of porosity,
pa~ cali~, tensile strength, paper density,
tensile index, and scattering coefficient. The
ability to predict stretch, burst strength, and
burst index Is less conclusive. Ugnin (or kappa
number), cellulose, glucan, uronlc acids, vis-
cosity, brightness, and degree of polymeriza-
tion can be accurately estimated with NlR spec-
troscopy (Birkett and Gambino 1989, Schultz
and Bums 1990, Wright et al. 1990, Axrup et al.
2000, Fardim et al. 2002). Measurement of lignin
and xylan in black-liquor can also be performed
with almost 100 percent of the' variation
accounted for (Andersson and WIlson 2003).
Excess residual lignin in the black liquor is
undesirable as it is an indication that lignin
may have precipitated back onto the pulp at
the end of the cook. The ability to quantify the
residual lignIn in the form of control charts
allows better monitoring of the pulp and paper
manufacturing process.

Figure 5. - Field monitoring using an ASD FieldSpec handheld

portable spectroradiometer. Photo courtesy of Analytical
Spectral Devices.

FOREST PRODUCTS JOURNAL VOL. ~. No. 3 11



results showed the potential for NIR spec-
troscopy as a tool for stiffness evaluation

,

prior to lay-up of plywood andLVL panels.
Aliexample of this 1s shown in Figure 7.
Similar~, NIR has been used to characterize
various properties of ~edium ~ensity fiber-
board (MDf), including physical (density)
and mechanicai (modulus of..elasticity, mod-
ulus of rupture, internal bond) properties
(Rials et aI. 2002a).. Further studies com-
pared the effect ofreducedwavefength mod-
els (Rials et aI. 2002b) and showed v~ little
loss in predictive ability wheffcompared to
the full spectral range. This is essential for
the development of rapid, low-cost instru-
ments for process monitoring and quality
contro.! applications..

MetsoPanelboardhasused NlR technol-
ogy as the basis for PanelProTM, a system
developed for use~ the production of MDF
(Carlsson et aI. 2002). Online monitoririg of
fiber properties, such as moisture content,
fiber length distribution, and shive content,

was used to improve the quality of the resultin~,fiber-
board. The s~e technology has also beeoapplied to
particleboard manufacture for charact~ing wood

,

chips in terms of m~turation, p~4cle size, and
species distribution, leading to the development of. .
the BoardModelTM proc~ss r:nodeliQgsystem by
Cas co Products, AB (Engstr?m and Hedqvist 1999,
Johnsson et al. 2000). This system utilizes NIR s~ctra

.
for assessiogtheraw material qualitr,both .iOQr~ess
monitoring and board quality predic~9ns (forwodu-
Ius of rupture, internal bond, and thickJ1ess swelllng).
Process variables, such as resin content, density, and

c

press settings, are also incorpor~ted irtothe roodel-
Ing and adjusted to optimize the manufacturing

,

process for the quality of the raw material used..

Figure 6. -Integrated NIR instrument for onl,ne process monitoring
Photo courtesy of Foss NIRSystems.

lirte shift in absorbance is primarily dominated:i?Y
densIty differences and thIs can be minimized by the
c~ ..,
us~of derivative transformations. Oneofth~fuatncc".. ,..
advantages of NIR is the abilitY to independently
measure the densitY and moisture above the fiber
i~t~r~tion point; pin meters and CT sc~erscannot
differentiate between density and moisture varia-
tion. NlR can also be used to monitor the properties
of sheets rolling off the production line, as demQll-
~t~ed In Figure 6.

': .,Careful process monitoring IS ~sentl~. in all
board manufacturing processes, especially "~th the
possibility of significant variations in the quaJity of

c '.
the wood raw material and high levels of resin con-

" c !

sumption. NIR technology along the production line
" c ... ,.. .;

can be effectively used to optimize th~ whole
c :. """..

process. Spectra collected from the raw material
,

(feed-forward control) and the finished board (feed-
back control) can be linked With the deSliedboard
properties to provide the required processvari-

There is a diverse range of wood composites
being manufactured for a variety of structural and
nonstructural applications. The material properties
of these wood composites are fundamentally deter-
mined by the properties. of the individual compo-
nents. While property variations in solid wood are
studied at the cellular level, composite properties
are studied with respect to the fibers, strands, and
particles, as well as the adhesive resin. NIR spec-
troscopy has been used to study composite proper-
ties both within the laboratory and in manufacturing
environments.

This technique has been used to determine the
stiffness of radiata pine veneers (Meder etal. 2002).
Testing of small laminated veneer lumber (LVL) sam-
ples was performed for calibration purposes, and the
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work, showed that the mechanical
properties of wood could be pre-
dicted even when the moisture con-

" tent of the wood varied over a wide
r range (Meder et al. 2003; Meglen and
"
~ Kelley 2003a, 2003b)..
t Another area 01 technological
.;
c improvement using NIR spec-

troscopy is the kiln-drying station.
Each charge of lumber could be mea-
sured to estimate how much mois-
ture needs to be removed, due to the
ability of this technique to measure
the moisture and density with good
accuracy. Kiln schedules could be
tailored to the total density and mois-
ture volume i.n the charge. The dis~
but ion of moisture and density wotild

also be important since all pieces need to be dried
below 19 percent moisture content.

Figure 7. - Process monitoring for the assessment of veneer in the man-
ufacture of plywood using a portable NIR spectrometer.

abIes. This results in less variation in board quality
and substantial cost savings.

.The engineering limits Imp:ased by c~des make
softwood lumber an ideal subject for rapid mechani-
cal ptope'rJ;y assessment. The stiffness of softwood

,
lumb~ can be used to upgrade the lumber value usu-
ally controlled by visual grading. When a piece has
exceptional stiffness, it can be grouped into a higher
value category than determined by Visual grading. ,alone. The stress-rating maChine IS perhaps the most
valuable innovation to measure this parameter. The
deflection can be measured and the stiffness esti-
mated by applying a stress. This machine is unlikely
to be completely replaced by NlR technology due to
its ability to measure stiffness directly. However, the
ability to predict stiffness Independent of moisture,
as well as additional parameters, may make N1R
spectroscopy another attractive technique that
increases profits and minimizes variability.

A potential application of this technology may
also occur at various stations within a sawmill." , .'.

One study involved the scanning, proc~ssfng.and,.." -.." c

tracking of 180 radL~t~pine cants (Meder et aI.
2003). The cants were scanned on the surface and
then broken down into individual pieces of lumber.
The NIR spectra we're sensitive to surface proper-,
ties of the cant, wJ)ichmade prediction of .lumber
stiffness possible but somewhat variable.
Determining the stiffness of the cant would. .
improve the product mix within the mill. The
results of this study suggest that NIR technology
can be used to estimate the value of the lumber
from cants, but it is perhaps more suited for small-
er dimension lumber since only the absorbance at
the surface can be measured. This, and other

NIR Instrumentation coupled with fiber optics is
fundamental for process monitoring applications
and has allowed the collection of spectra in both
harsh environments and inaccessible locations.
While spectra collection in the laboratory can be in
a controlled environment, this is generally not the

especi~ly; In
~e f~re.$t prpducts indu~~.. ,

Temperature and humidity have been shown to
influence spectra response, with temperature hav-
ing a greater Impact than moisture content. In addi-
tionto changes in relative humidity, the response
of NIR absorbance is compounded by moisture and
temperature interactions. This Is attributable to
theiact that as temperature increases, the average
number of hydrogen bonds at each Q.;H site tends
to Increase (fhygesen and Lundqvist 2000). This
results in increased adsorption of molsture-depen-
dent wavelengths (Swierenga et aI. 2000). A change
in temperature thus influences spectra at any
wavelength sensitive to moisture. The reported
wavelengths Influenced by temperature change are
970, 1450, and 1930 nm (Swierenga et aI. 2000,
Thygesen and Lundqvist 2000).

At extreme temperatures, 95° to 105°C, the
relation between temperature and spectra has
been shown to be nonlinear and the temperature

13VOL. S4, NO.3FOREST PRODUCTS JOURNAL



portable and online applications such as the sort-
ing ?nd,r~cyclingof trea~e~wooo. The~eed for
sort.ng,~~f~~,ologies to dlstl.nguishtr~t~dwaste
wood has become greater now that the decision to
voluntarily phase out the use of chromated copper
arsenate fc;>r virtually all residential applications
has come into effect.

Decay in wood can be monitored withNIR spec-
troscopy (Kelley et al. 2002) and the mechanical
properties of treated wood arid wood that has been,.
exposed to decay organIsms can also be predicted
Q-Iedrlck et at. 2003, Kelley 2003}.

should either be accounted for in the model or the
sensitive spectra could be removed from .the wave-
length set (Wiilfert et al. 2000). Neither method
proved superior at those temperatures. However,
between -200 .to 20°C, inclusion of temperature as
an Independent variable In the model was suc-
cessful in that it accounted for a significant por-
tion of variation (fhygesen and Lundqvist 2000).
As a result, temperature variation within the cali-
bration data adds another component to the
model (Hodges and Krishnagopalan 1999, Ferre
and Brown 2001). This suggests that tight control
of temperature within the laboratory could result
in a reduction of factors«()r principal components)
needed In PLS regression to achieve the same
standard error of calibration.

When temperature Is relatively stable, humidi-
tychanges can be increasingly important. This is
especially relevant since wood has a different sorp-
tion isotherm in desorption than adsorption. As a
result, different drying or adsorption histories
between samples will result in differing wood mois-
ture contents, even though both samples have
equilibrated to the same temperature and relative
vapor pressure. Oelwiche et al. (1992) found that
for wheat starch and microcrystalline ceJlulose,
NIR spectra were very sensitive to sorption history.
In fact, their model could accurately predict mois-
ture content differences even when samples were
equilibrated to the same relative vapor pressure
and temperature. Since wood is a hygroscopic
material, this means that all specimens should be
exposed to identical sorption history so they
exhibi(minlmal moisture variation under equilibri-
um condltloQs.

A current issue in the wood, preservation indus-
try is the removal and disposal Qf treated wood. It
is important to be able tQ identify the type of
preservative treatment present in wood marked for
disposal. NIR spectrQs~.oi>y has been used for the
identification of various inorganic preservatives in
timber, such as tfiose containing arsenic, copper,
and boron (Feldhoffet al. 1~98). Furthermore,MVA
techniques have been applied to NIR data (So et al.
2004) and PCA was able to distinguish between
wood treated with various types of preservatives
(Fig. 2). In addition, the levels of arsenIC, chromi-
um, and copper from diffe~entassay zones were
also predicted. It was concluded that NIR spec-
troscopy had the potential for use in both field-

NlR spectroscopy has great potential as a pow-
erful tool for improving production efficiency and
profitability for many wood processing applications.
Several of these have been discussed in this article.
Further research is needed todevelopNffi teChnolo-
gy that c~ properly function under harsh industrial
settings. Critical to the industrial appltcationof this
technology wilt be the ability to function in an envi-
ronment with dynamic temperature and to collect
data from material with variable moisture contents.

C c
The application of Nl~ spectroscopy to the for-

est products arena is still relatively new. Although
qualitative calibration equations can be easily pro-
duced, more effort is needed in determining the
underlying functions of the spectra and how those
relate to property estimation. Such info~~tion is
important if more robust calibration equations are
to be developed. A better understanding of the fun-
damental relationships would also aid the interpre-
tation of NIR spectra for research applications.
Studies into the use of reduced wavel~gth regions

and/or larger spectral intervalshav~sho~promis-
ing results, comparable to that of the fuIls~ctral
wavelength. This will allow for faster processing of
data, a requisite for process monitoring applica-
tions. Reduced wavelength regions allow the intro-
duction of smaller, lower cost Instruments suitable.
for field studies.

The last decade has yielded many break-
throughs that added to our knowledge base of NIR
applications and provided further insight1nto the
understanding of wood properties and processing.
Future funding opportunit.i~s .in this area of
research appear to be great. , The benefit forthe..for-
est products industry is likely to be even greater.
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