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Abstract Sustainable use is essential to guarantee future availability of wood.

Structural and chemical mapping can contribute to fit-for-purpose usage, as accurate

and detailed knowledge of the material enables guided utilization and optimal

performance of wood. The platform presented in this paper, illustrated on poplar

disks for early selection, collects data in the NIR, visual and X-ray spectrum in

maximum 30 min per wood disk. Flatbed scanning proves to be a cheap and fast

technique to evaluate basic physical properties such as cross-sectional area and

wood density. X-ray CT scanning is used for density mapping adding information

on density variation between and within disks. Chemometric modeling of infrared

spectra is used to map density, tension wood and lignin content. X-ray- and NIR-

based density mapping showed good correlation, although NIR-based maps do not

show the same level of detail as X-ray images do due to lower resolution. Results of

NIR-based hyperspectral mapping illustrate that tension wood zones were denser

and contained less lignin which corresponds with the existence of the G-layer

described in the literature. In all, the combination of high-end tools together with

simple tools such as flatbed scanning allows for high-throughput and high-resolution

quantitative mapping of some of the main properties of poplar wood. Furthermore,

infrared scanning can be used to map density, tension wood and chemistry without
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the need for more complex, expensive and/or time-consuming methods, yet with

less accuracy and lower resolution, thus being applicable as single tool for breeding

selection.

Introduction

Globally more than 3.5 billion m3 of wood is harvested each year (FAOSTAT

2013). With an increasing world population, an increasing standard of living and the

emergence of a bio-based economy relying on a lignocellulosic biomass backbone,

wood consumption will increase correspondingly, especially taking into account the

current interest in biofuels (Grayson 2011). To guarantee wood supply as a source of

biomass, timber, paper, fuel and biomaterials, the sustainable management of forests

and plantations and an acceleration of forest domestication are essential (Harfouche

et al. 2012). Proper optimization of the forestry-wood chain is based on feedback

between tree breeders, biotechnologists, foresters, wood technologists and the wood

processing industry, to focus on traits that improve productivity, sustainability and

wood quality.

Detailed mapping of wood properties and associated variability helps to adapt

breeding and forest management strategies related to the envisaged end-product and

enables the exploitation of the full potential of purpose-grown trees, optimizing the

use of local-grown material and as such increase self-sufficiency. Trees can be

grown for use as timber for construction or engineered wood products and wood-

based panels, requiring wood with certain mechanical properties exhibiting low

variability, or for fiber-based products, for example pulp for paper, for which a

different set of properties, mainly chemically, is targeted. There is a need for

mapping wood density and composition of transgenic trees with reduced lignin,

modified lignin, or increased cellulose and hemicellulose guiding breeders toward

maximum yield and optimization, and/or to steered control of thermal conversion of

biomass (Bahng et al. 2009), for biofuel and value-added biochemical production.

For instance in thermochemical or gasification approaches, increased density will be

an important trait, while increased lignin content might be a desired trait for direct

firing or co-firing of wood for energy (Hinchee et al. 2009). For bioethanol

production from lignocellulosic biofuel crops, the recalcitrant complex formed by

the main cell wall components of wood hinders easy and low-cost accessibility to

the structural sugar polymers (Wyman 2007; Brereton et al. 2012). Therefore, the

final glucose yields can be improved by inducing tension wood without a

detrimental impact on biomass yield (Brereton et al. 2011). Tension wood has

gelatinous fibers that have a barely lignified thickened layer at the inside of the

secondary cell wall, commonly known as the G-layer that contains up to 20% more

cellulose (Timell 1969). Quantification and mapping are also of importance from an

ecophysiological point of view. For instance, lignins, constituting about 20–30% of

the dry wood mass (Boerjan et al. 2003), play a role in mechanical rigidity, water

repellence, chemical resistance and with that the defense system of the tree (Polle

et al. 1997; Whetten et al. 1998). A number of studies concluded that the chemical

composition of woody plants varies greatly across different parts of the plant

888 Wood Sci Technol (2017) 51:887–907

123



anatomy and is highly influenced by a variety of genetic and environmental factors

(McKendry 2002; Hou and Li 2011). Such studies may profit from high-throughput

measurement techniques that allow large sampling sizes as required for statistical

analysis.

The above-mentioned examples show that there is a clear need for the development

of a platform or tool chain for high-resolution and high-throughput mapping of wood

properties. Currently, equipment such as Silviscan enables to determine within-tree

distribution of wood properties (Defo et al. 2009), density and anatomical properties

(Vahey et al. 2007; Zhu et al. 2007) on wood strips. The platform proposed here also

works toward an integration of different wavelength-based systems, focusing onwood

disks for fast structural and chemical characterization of wood, and visualization and

quantification of within-tree variability in either 2D or 3D. The main techniques that

are part of this tool chain are flatbed scanning, helical X-ray computed tomography (X-

ray CT) and near-infrared (NIR) hyperspectral imaging.

Flatbed scanning in combination with image processing generates general data

such as cross-sectional area and shape, and amount of bark, thereby providing a very

straightforward and cheap technique that is generally applicable. X-ray CT is

gaining significant interest, and its multi-purpose use is widely recognized in wood

science and technology, especially for structural analysis (i.a. Van den Bulcke et al.

2008; Mayo et al. 2010). The technique is well suited for studying wood density in

three dimensions (Freyburger et al. 2009; Skog and Oja 2009), which is of

importance since density is considered a key variable for understanding tree

structure and is relevant for timber properties including the energy content (De

Ridder et al. 2011; Van den Bulcke et al. 2013). NIR spectroscopy is also widely

used in many research fields, mostly to derive material characteristics such as

chemical information from the object under study. This technique, next to

fluorescence spectroscopy (Nkansah and Dawson-Andoh 2010a, b), is an alternative

for the time-consuming, labor-intensive, expensive and destructive conventional

wet chemical analytical methods (Williams 2009; Nkansah and Dawson-Andoh

2010a; Hou and Li 2011; Riddell et al. 2012). Application of NIR spectroscopy has

been elaborated on in recent years, for example on solid wood (Schimleck et al.

2002; Kelley et al. 2004; Jones et al. 2006; Poke and Raymond 2006), ground wood

(Raymond and Schimleck 2002; Hou and Li 2011) as well as pulps (Santos et al.

2014, 2015) when properly calibrated. Recent progress of this technology allows

high-resolution near-infrared hyperspectral image acquisition, resulting in an

infrared spectrum for each pixel of the image. An overview of recent near-infrared

research for wood and paper is given by Tsuchikawa (2007), Tsuchikawa and

Schwanninger (2013) and Tsuchikawa and Kobori (2015), while So et al. (2004)

also introduced many systematical articles and explained that the rapid assessment

of solid wood properties using NIR spectra is a fast-growing field that has broad

implications in relation to wood quality and, ultimately, tree improvement.

The tool chain is illustrated on small poplar (Populus spp.) wood disks. This tree

species is studied intensively given its fast growth potential, capacity to be grown in

coppicing systems and it is amenable to genetic modification (Zhou et al. 2011;

Aylott et al. 2008; Rae et al. 2009). Furthermore, coloring methods and/or the

variation in shiny appearance allows visualization of tension wood zones (Ritter
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et al. 1993; Badia et al. 2005), thereby having a structural and chemical variability

which can be used for modeling as well as model validation. It is illustrated that

flatbed, X-ray CT and NIR scanning are complementary imaging modalities for

mapping wood properties. Furthermore, the use of NIR hyperspectral imagery as

proxy for density and lignin content determined using analytical pyrolysis as well as

tension wood is exemplified.

Materials and methods

Figure 1 gives a schematic overview of sample preparation of the different disks

and their respective use.

Fig. 1 Data collection scheme for sample sets A and B
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Ten four-year-old poplar stems from Populus x canadensis ‘‘Tardif de

Champagne’’ (sample set A) were selected from an experiment for inducing

tension wood formation by tilting young trees grown in containers. They are

therefore exemplary for illustrating the potential of property mapping by the tool

chain revealing within-disk differences in tension wood, density and lignin content.

Stem diameters ranged from 30 to 80 mm. Three adjacent disks: two with an

approximate thickness of 5 mm (A1 and A2) and one with an approximate thickness

of 50 mm (A3), were sawn from each stem and stored in a refrigerator, resulting in

three matching sets of 10 disks.

A second set (B) of 29 two-year-old poplar stems from P. x canadensis ‘‘Muur,’’

P. x canadensis ‘‘Oudenberg,’’ P. x canadensis ‘‘Vesten,’’ P. maximowiczii x P.

trichocarpa ‘‘Bakan,’’ P. maximowiczii x P. trichocarpa ‘‘Skado,’’ P. deltoides x (P.

trichocarpa x P. deltoides) ‘‘Grimminge’’ from a short rotation experiment were

sampled and used for the development of lignin and tension wood models.

Diameters ranged from 30 to 80 mm. From each stem, a 25-mm-thick disk was

sawn and stored in a refrigerator (set B).

Tension wood coloring

On the wood disks of set A1, tension wood was identified using a standard coloring

method with a � diluted zinc-chloro-iodine solution similar to the Schulze’s

solution, more specifically a mixture of 1 mL iodine solution (1 g I2 ? 10 g KI

dissolved in 37.5 mL H2O) and 30 mL saturated ZnCl2 solution (i.e., 4320 g L-1 at

25 �C). When this solution is brushed on freshly sawn stem disks, normal wood

turns light yellow to brown, whereas tension wood colors dark brown to orange

because of its higher cellulose content. The tension wood zones are then marked

with persistent ink. The second set of disks (A2) was used as verification of tension

wood zones based on the visible difference in shininess, since Badia et al. (2005)

found that tension wood coloring was not always as effective as required. For set B,

tension wood zones were only visually distinguished.

State-of-the-art tool chain

The disks of set A2 were used for the development of the NIR model for density and

to illustrate the tool chain, whereas the disks of set B were used for the development

of the NIR models for tension wood and lignin content. Holes were drilled at

preselected locations both in the A2 and B disks, and only the wood properties from

those drilled locations were used for model building. Selective drilling in normal or

tension wood provided binary tension wood data (0 = normal wood, 1 = tension

wood) for all drill hole locations. The lignin content of the drill holes of disks B was

determined by analytical pyrolysis of the drilled swarf. The analytical pyrolysis was

performed at the Centro de Estudos Florestais of the Universidade de Lisbon

(Portugal) according to Alves et al. (2011). As described there, each sample

(75–80 lg) was pyrolyzed at 600 �C for 5 s. Pyrolysis lignin was determined based

on the identification of pyrolysis products from previous in-house research. Finally,

all disks of set A2 were scanned with the tool chain before and after drilling the
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holes, whereas disks of set B were only scanned with the NIR setup. The

coordinates of the holes determined on the scans after drilling were used to extract

the data from the images taken before drilling. As such, on one and the same disk,

data on tension wood classification, lignin content, X-ray CT-derived density (cfr.

‘‘Helical X-ray CT (HXCT)’’ section) and the NIR spectra (cfr. ‘‘Near-infrared

(NIR) hyperspectral imaging’’ section) were collected for each of the drill hole

locations and this information was used for NIR model building.

Flatbed scanning

The freshly cut samples of set A2 were weighed to the nearest 0.0001 g using a

Sartorius precision balance. The disks were scanned with an Epson Perfection 4990

Photo flatbed scanner at 508 dpi, resulting in a pixel size of approximately 50 lm.

Semiautomated analysis of the images in MATLAB� resulted in the cross-sectional

area of the disk, whichwas used for calculation of the green volume, i.e., the volume of

the samples when the tree was freshly cut. The area and proportion of the bark and

wood were also obtained. Subsequently, the disks were dried for 24 h at 103 �C and

weighed again. Moisture content (%) and basic density (kg m-3), which is the oven-

dry mass of a wood sample divided by its green volume, were calculated.

Helical X-ray CT (HXCT)

The scanner used here, further referred to asNanowood, is a setup developed atUGCT,

the Ghent University Centre for X-ray Tomography (www.ugct.ugent.be) in collab-

oration with the company X-ray Engineering (XRE; www.xre.be). The scanner has a

generic in-house developed CT scanner control software platform (Dierick et al. 2010)

that allows full control of the scanner hardware. A detailed description and perfor-

mance assessment of Nanowood can be found in Dierick et al. (2014). All oven-dried

disks of set A2 were mounted in a custom-made sample holder and scanned using the

helical X-ray CT setup. Scans were performedwith an average voltage of 90 kV using

a 0.45-mm aluminum filter. Reconstruction was performed with Octopus, a tomog-

raphy reconstruction package for parallel, cone-beam and helical geometry

(Vlassenbroeck et al. 2007), currently licensed by InsideMatters (www.insidematters.

eu). The data volume was reconstructed with the helical Katsevich algorithm imple-

mented on GPU. As such, the 16-bit grayscale volumes of the 10 disks were available

with an approximate voxel pitch of 60-lm resolution. Each disk volumewas extracted

from the stack using Octopus Analysis, also licensed by InsideMatters, formerly

known as Morpho ? (Brabant et al. 2011), a software package for volume analysis.

Subsequently, the 16-bit grayscale values of the reconstructed disks were converted to

absolute densities in MATLAB�. The conversion procedure can be found in De

Ridder et al. (2011). Density in axial direction was averaged resulting in a 2D density

map of each disk. A cross-sectional view through the stack of disks is illustrated in

Fig. 2. Bark has a higher ash and mineral content compared to wood (Tharakan et al.

2003; Mézáros et al. 2004), which results in a different attenuation. Therefore, bark

shown in the disk reconstructions only serves as demarcation, and density values of

bark are as such not taken into account.
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Near-infrared (NIR) hyperspectral imaging

Hardware setup The custom-made setup for infrared imaging is schematized in

Fig. 3 and has the following components: stepper motor and drive (1), movable

stage with sample (2), light source consisting of tunable quartz tungsten halogen

lamps (3), lens (4), spectrograph (5), sensor (6) and computer (7).

The infrared line camera consists of an imaging spectrograph and detector for full

spectral information ranging from 800 to 2500 nm. The quartz tungsten halogen

Fig. 2 Cross section through the entire X-ray CT stack from set A2

Fig. 3 Schematic overview of the NIR scanner
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lamps are connected with a 12 V variable DC power supply. The light is focused by

the lens through a small slit, through the spectrograph and onto the sensor. A spatial

line is obtained with each scan, and the obtained image is an array of 320 pixels

spatially and 256 pixels spectrally. The spatial resolution in this setup was 0.5 mm,

whereas the width of one of the 256 wavelength bands was 6.64 nm.

Hardware control, i.e., camera control and sample translation, was implemented

in the LabView software platform which is also used as the interface for the X-ray

tomography scanner mentioned before (see Dierick et al. 2010). Acquisition was

scripted, automating synchronization of image acquisition and sample movement.

The sample was moved automatically with a 0.5 mm step size. The exposure time

for each image was 6 ms, and 50 frames were averaged for a single line. This

resulted in a total of 60 up to 160 line scans for a full scan of one disk. Each sample

as such consists of a three-dimensional volume, the third axis being the spectral

dimension ranging from 800 to 2500 nm. All samples were sanded to minimize

scattering due to surface roughness. The visible difference in shininess between

tension wood and normal wood disappeared on the sanded surface of the disks,

while at the other side of the disk, the shininess could be used to verify the tension

wood coloring.

Preprocessing All processing was implemented in MATLAB�. The following

preprocessing steps are included: transformation to correct for lens distortions,

normalization and transformation to absorbance values, noise filtering using a

dedicated spot filter and light intensity correction. Lens distortions were corrected

by imaging a grid of squares and calculation of the transformation matrix, which is

then applied to all images. This is a scan-independent but device-/lens-dependent

step and thus has only to be performed once. Normalization involved scanning a

dark image (Id) with the light switched off and a flat image of pure Teflon (If), used

as reference material. The position of the Teflon reference board was adjusted such

that its height was the same as the sample (Li et al. 2012). As such, all images (I)

were normalized (In) and transformed to absorbance values using the following

formula:

In ¼ � log10
I � Id

If � Id

� �
ð1Þ

In addition to the latter ad hoc intensity control, post hoc corrections were

performed by including a reference material in the field of view at all times during

scanning. Any light intensity fluctuations or possible heating was then corrected for

by using the hyperspectral information of the reference material. A standard

preprocessing procedure to correct for non-chemical biases such as inhomogeneous

sample surface (Gowen et al. 2007) was implemented, including detrending, mean

centering and taking the first derivative with Savitzky–Golay algorithm or the

second derivative to remove baseline-offset (Schimleck et al. 2001; Fujimoto et al.

2010). The outermost wavelength bands of the spectra were clipped because of the

lower sensor sensitivity at the extremes of the spectrum (see Arngren 2011).

894 Wood Sci Technol (2017) 51:887–907

123



Analysis All analysis steps were implemented in MATLAB� and are schemat-

ically summarized in Fig. 4. NIR hyperspectral disk images were segmented from

their background by using a magic wand tool-like function that groups pixels with a

similar tone and color. The NIR images of the same disk before and after drilling

were accurately aligned using a rigid body transformation. The same procedure was

used for aligning the X-ray images of the same disk before and after drilling of the

holes. The coordinates of the drill holes were used to extract data on exactly the

same locations from the images before drilling. The NIR spectra of those locations

could then be linked to the average X-ray-based density, the binary tension wood

data as determined visually on the set B wood disks (0 = normal wood, 1 = tension

wood) and the lignin content determined on the drill swarfs for those specific drill

locations.

Based on aforementioned dataset, models could be built for density, tension

wood and lignin content mapping using NIR images. The density model was built

based on the pixel spectra and density results from the 20 drill locations of 5 disks of

set A2. The tension wood and lignin models were built based on the pixel spectra

and binary tension wood classification and lignin content data of 60 drill locations of

20 disks of set B. The dataset is therefore divided in a calibration (66%) and

validation (34%) group. Using standard chemometrics, models were built for the

three properties. An automated iterative partial least squares (PLS) model building

Fig. 4 Extraction of calibration data for model building and model application
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script, with 30 cross-validation steps per PLS run, was used to determine the amount

of model components in an objective way. When plotted against R2, maximal

curvature, determined via gradient calculation, was used as criterion. Figure 5

illustrates this for the lignin model building. For the lignin model, the wavelength

bands 165 up to 186 (ca. 1889–2035 nm), attributed to water (Schwanninger et al.

2011), were removed.

An extensive set of statistical measures, as listed in Hein et al. (2011) and

suggested by Fujimoto et al. (2008) and Jones et al. (2006) compares models’

calibration and validation. The quality of the final models in this platform is

expressed as the coefficient of determination (R2) and root-mean-squared error

(RMSE) of the fitted versus observed data for the calibration as well as the

validation dataset. Additionally, an extra validation test was run for the lignin and

tension wood model for the nine disks of set B that were not used for model

building. Lignin and tension wood models were applied using the NIR spectra of the

27 drill holes of those nine disks, and an average value for each drill hole was

calculated.

Final models were applied to the NIR images of the 10 four-year-old disks of set

A2 to illustrate the potential of the NIR technique to visualize variability within and

between disks.

Lignin determination by chemical summative wet analysis

The disks of set A3 were used for chemical summative wet analysis including

determination of Klason and acid-soluble lignin contents. Therefore, all material

was debarked, ground and dried at 60 �C overnight and 100 �C for two hours before

the analyses. For each disk, two replicates were run determining the average lignin

contents of the stems of set A.

Klason and acid-soluble lignin contents were determined on material previously

extracted by three successive Soxtec extractions with 110 mL of dichloromethane,

ethanol and water for 1.5 h with each solvent using 2.0 g of wood. 3.0 mL H2SO4

(72%) was added to 0.35 g of extracted sample, and the mixture was placed in a

water bath at 30 �C for 1 h, after which the sample was diluted to a concentration

of 4% H2SO4 and hydrolyzed for 1 h at 120 �C and at 1.2 kg cm-2 pressure. The

sample was filtered under vacuum through a glass filter crucible (G3) and washed

Fig. 5 R2 and its curvature as a function of the number of model components in the lignin model
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with ultra-pure (Milli-Q) water. Acid-soluble lignin was determined on the

combined filtrate by measuring the absorbance at 206 nm using a Shimadzu UV-

160A UV–Vis spectrophotometer. Klason lignin was determined as the mass of

residue after drying at 100 �C. Measurements were reported as a mass percentage of

the original sample, and Klason lignin and acid-soluble lignin contents were

combined to obtain the total lignin content.

Results

Physical characteristics obtained via processing of the images of flatbed scanning

and differential weighing of the disks of set A2 are listed in Table 1. Pyrolysis

lignin values varied between 13.0 and 26.1% with an average of 21.9%. A

significant difference (Student’s t test, p = 0) in lignin content between tension

wood and normal wood was found (Fig. 6).

The results of the tool chain are illustrated in Fig. 7. Details of the final models

are listed in Table 2 and Fig. 8. The R2 and RMSE of the independent validation

sample set for lignin were 0.88 and 1.28%, respectively. The fitted versus

observed values for that model are added in Fig. 8. When applying the tension

wood model to the independent sample set, 24 of the 27 drill locations (i.e., 89%)

were correctly classified as tension or normal wood. Two misclassified regions

concerned small tension wood zones and probably contained both tension and

normal wood.

Table 3 contains the lignin content of the 10 stems from set A, on the one hand

determined by wet chemical analysis on disk set A3 and on the other hand

calculated as the average value of the NIR modeled disk reconstructions excluding

bark pixels from set A2.

Table 1 Physical characteristics of the wood disks of set A2

Disk ID Cross-sectional area (cm2) Bark portion (vol%) Green MCa (%) Basic density (kg m-3)

1 8.50 17.5 144 420

2 12.93 15.1 158 400

3 18.77 14.3 160 410

4 23.84 13.2 158 450

5 24.74 16.2 129 450

6 30.13 15.5 107 490

7 30.34 19.8 138 460

8 37.41 13.3 141 470

9 44.60 13.9 116 470

10 45.70 17.4 129 480

Average 27.70 15.6 138 450

SD 12.50 2.1 18 31

a MC of freshly cut wood
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Fig. 6 Lignin content for
tension wood and normal wood
samples determined using
analytical pyrolysis

Fig. 7 Density mapping-based on X-ray imaging; density mapping, lignin content and tension wood
mapping based on NIR scanning and tension wood coloring scans for five out of 10 disks
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Discussion

The different components of the tool chain described in this paper vary in

complexity as well as output. Flatbed scanning is a fast and cheap technique to

obtain accurate details on the shape and size of wood disks, particularly interesting

for irregularly shaped samples. Bark, heartwood and pith area can be computed

using image analysis, as well as shape-related parameters, and when including wet

and dry mass and thickness measurements, basic density and green moisture content

are easily calculated (Verlinden et al. 2013; Wassenberg et al. 2014; Hackenberg

et al. 2015). One can also use the information in the optical range of the spectrum,

thus to obtain device-independent color properties of the wood surface once

calibrated properly (i.a. León et al. 2006). Headlee et al. (2013) concluded that basic

Table 2 Details of the PLS models using NIR data to map density, chemical composition and tension

wood

Density Lignin Tension wood

Sample set A2 B B

Number of disks/total drilled holes 5/20 20/60 20/60

Number of pixelsa 336 563 563

Used derivative from the NIR spectra Second Second First with Savitzky–

Golay

Wavelength bands 15–220 30–155,

188–221

15–220

Number of components 4 6 4

R2 (cross-validated) calibration data 0.87 0.81 0.64

RMSE (cross-validated) calibration

data

19.54 kg m-3 1.12% 0.28

R2 validation data 0.90 0.79 0.60

RMSE validation data 17.46 kg m-3 1.18% 0.28

a 66% of the data is used for model calibration, 34% of the data for model validation

Fig. 8 Fitted versus observed values of the validation set for density (left) and lignin (right, squares for
the validation set, black filled circles for the independent validation set)
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density is influenced by the within-tree position, genotype 9 environment interac-

tions and taxonomic sections, species and genomic groups, and thus a high-

throughput method for measuring wood density is necessary i.a. for poplar breeding

studies. When high-throughput analysis of the tool chain is envisaged, at least 30

disks an hour can be scanned and analyzed. Use of a digital camera and integration

in the NIR setup could be an option as well, especially for larger stem disks, similar

to the approach for wood cores and stems employed by the LignoStationTM system

of Rinntech�. It can be noted that green moisture contents measured in this study

are in the ranges reported by Kenney et al. (1990). The density data of the sample

set in this study concurs too with that of other studies (Murphey et al. 1979;

Blankenhorn et al. 1992; Geyer et al. 2000; Semen et al. 2001; Headlee et al. 2013).

The bark portion is mostly reported as mass percentage (i.a. Guidi et al. 2008;

Tharakan et al. 2003), but determining the volumetric bark content on images of the

fresh disks is simpler and faster as physically separating bark from wood is avoided.

X-ray CT scanning results in detailed information on the 3D density distribution

of wood (i.a. De Ridder et al. 2011; Li et al. 2013). Helical scanning enables high-

resolution scans of an entire stack of disks without the artifacts of standard cone-

beam tomography. When using the same setup and settings as mentioned in this

paper, a total of 30 disks (0.5 cm thickness) can be scanned at once within

approximately 1 h. Other techniques, either based on high-frequency or X-ray

scanning (Schinker et al. 2003), such as LignoStationTM (developed by Rinntech�)

and Silviscan, respectively, are able to scan wood strips or disks to a certain extent,

but are limited to 2D. The same physical parameters can be calculated as obtained

from flatbed scans, but the equipment is more expensive, still less available, and

trained operators are needed, although due to its increased use, availability and user-

friendly usage are increasing. The entire platform presented in this paper is not yet

used for cores, but future adaptations for that purpose seem interesting and are

already in place for X-ray CT scanning aiming at tree ring analysis (Van den Bulcke

et al. 2014; De Mil et al. 2016).

Both flatbed and X-ray CT scanning do not directly relate to the chemical

composition of the disks. Although wet chemistry is still the pre-eminent technique

for chemical quantification, cost of analysis, both in terms of man power and time

and limited use when only smaller sample sizes are available, stresses the need for

other techniques such as NIR scanning. The alignment procedure presented in this

paper allows for extraction of different types of data from different imaging

Table 3 Lignin content of the poplar samples in % of the oven-dry mass determined by wet chemical

analysis (average of two replicates) and NIRS

Disk ID 1 2 3 4 5 6 7 8 9 10

Wet

chemical

analysis

Lignin 23.79 23.79 22.39 20.76 19.60 19.55 20.62 20.45 20.34 19.53

Klason 20.43 20.47 18.79 18.30 17.43 18.39 17.99 18.75 18.98 16.43

Acid

soluble

3.36 3.32 3.60 2.46 2.17 1.16 2.63 1.70 1.36 3.10

NIRS Lignin 19.25 19.59 18.34 18.21 19.99 19.39 18.77 18.63 18.72 18.49
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modalities at exactly the same locations as for calibration of the models. Meder

et al. (2010) have also reported on the use of a custom-built spatially resolved NIR

scanner for tree increment cores, while Mora et al. (2011) and Thumm et al. (2010)

reported on a system for scanning disks with a NIR camera to acquire a 2D mapping

of the chemical composition of Pinus radiata. Thumm et al. (2010) mentioned the

disk was seemingly composed of two separate halves, due to the rotational

movement implemented in their setup. A rotational movement is also possible in the

present system but, especially for smaller disks, a translation is beneficial and is

used here, as such avoiding aforementioned artifact. The NIR scan configuration

used here is a line scan, which has several advantages. The different wavelengths

are acquired simultaneously, as such limiting the influence of sample movement, the

signal-to-noise ratio is high enabling rather short exposure times, and only a line

light source is necessary (Arngren 2011; Williams 2009; Hyvärinen et al. 2008).

Scanned data were corrected to cover most of the issues regarding the calibration of

the NIR system. Lens effects are corrected for by use of a transformation matrix

based on a scan of a grid of squares, and the images were corrected for fluctuating

intensity during scanning and noise filtering as well. In almost all cases, spectral

pre-treatment is a crucial step before proper models can be built. However, Liu et al.

(2010) stated that the capability of spectral pre-treatment is limited. The effect of

implementing more advanced methods such as extended multiplicative scatter

correction (EMSC) is therefore not evaluated for the data of this article and is also

beyond the proof-of-concept objective of the platform illustrated here. Future

optimization could include pixel-by-pixel correction to compensate for nonlinear

response of each pixel to changing reflectance (Geladi et al. 2004). In this study,

scanning and processing the data took ca. 20 min per disk, although this depends on

the size of the disks. It should be noted that the newest infrared cameras can even

acquire spectral information of a full image at once and will enable even faster

characterization.

Linking the measured characteristics, such as chemical composition, with the

infrared spectra is the final aim of NIR scanning. In case of lignin, analytical

pyrolysis, which only needs 75–80 lg per sample, can be used for modeling (Alves

et al. 2011), thereby allowing calibration with data from the small drill hole

locations on the scans for high-resolution mapping. The most straightforward

approach is to select the determining wavelengths, for example by principal

component analysis (PCA) followed by the use of ratio images. This is exemplified

in Li et al. (2012) for citrus canker. The specific selection of a certain wavelength

range can also be useful for redundancy analysis (Hedrick et al. 2007). The PLS

method used in this paper is more complex, but still the most standard procedure of

a wide range of available chemometric methods (Wold et al. 2001; Via et al. 2014).

Chen et al. (2010) have already concluded that Fourier transform infrared (FTIR)

spectroscopy coupled to chemometrics can be used for the qualitative and

quantitative analysis of wood samples. Clipping the outermost wavelength bands

as well as those wavelength bands determined by water for the lignin model led to

small improvements in the models. R2 and RMSE in combination with the fitted

versus observed value curves of the validation data were evaluated for different

models varying in the wavelength intervals accounted for and the number of
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components. The number of PLS components is a crucial factor affecting the

accuracy of the model, as too many components would lead to over-fitting, while

too few would result in the loss of useful information (Kelley et al. 2004). The

objective way to determine the number of components in this study was to calculate

at which number of components the curvature of the R2 versus number of

components curve was maximized. Other calibration techniques for chemometrics

that have been developed in recent years are probably of use as well (Brinkmann

et al. 2002; Lestander and Rhen 2005; Mora and Schimleck 2010; Fang et al. 2011),

but are beyond the scope of the proof-of-concept objective of this paper. A larger

calibration set of accurate measurements will be important to optimize the models in

the future, yet the 2D mapping approach is proven to be very valuable. It is possible

to use the drilled holes as landmark points to align the images of different imaging

modalities to be able to extract more data apart from the specific drill holes, but

exactly on the same locations for all different imaging modalities. Figure 8

illustrates that more calibration data from poplar with lower density and with lower

lignin content are needed to improve the current models. Furthermore, using an

existing model on samples of a new site is not evident (Schimleck 2008) and rather

high prediction errors when estimating glucan, xylan, cellulose and lignin contents

with intact radial strips of wood by NIR can also be the result of the diverse origins

of the samples (Schimleck et al. 2006).

Differences between disk averages determined by wet analysis and by NIR

hyperspectral imaging (Table 3) show that the link between these averages is not

straightforward. Future research needs to identify the shortcomings and their

importance of both methods. Figure 7 proves that variability within as well as

between wood disks can be investigated with NIR. The denser zones coincide with

the tension wood zones and zones with a lower lignin content. From an anatomical

point of view, tension wood zones have cells with thicker cell walls containing a

G-layer. Only with recent techniques, one is able to detect the very small lignin

contents in that G-layer (Joseleau et al. 2004). Mapping the tension wood zones and

density variation within disks is example of how such a tool chain can contribute to

strength and stability assessment of wood. Species or clones that have wood with a

rather uniform density distribution and smaller tension wood zones evenly

distributed across the stem are preferred for material uses. Such trees have less

internal stresses, stresses that can lead to defects when dried and sawn (De Boever

et al. 2011). Comprehensive decision support tools dealing with economic and

silvicultural aspects of forest biomass utilization (i.a. Pasanen et al. 2008) can also

benefit from data generated by this tool chain concerning the variability between

disks, and by extension trees, clones or species. Correlations between various

parameters as illustrated in Fig. 7 profit from the combination of various imaging

techniques performed on one and the same disk which makes the investigation on a

smaller, more detailed level possible. By using poplar as an exemplary wood

species, proper model verification for tension wood mapping is possible. NIR-based

tension wood zones correlate more with zones with different shiny appearance than

with the resulting scans after tension wood coloring. This concurs with what is

reported by Badia et al. (2005) using zinc-chloro-iodine coloring solutions. The

technique can also be used for tension wood mapping of other species without

902 Wood Sci Technol (2017) 51:887–907

123



shininess difference, but only if there is another way to calibrate the model with

spectra of tension wood and normal wood of those species, for example by usage of

coloring methods, wet chemistry data or microscopic wood anatomy (Ritter et al.

1993).

The high-throughput character of the tool chain enables to generate large datasets

for different research disciplines. One can obtain data in the visual, NIR and X-ray

spectrum in less than 30 min, depending on the used hardware and the potential of

batch scanning. Preprocessing and applying the models takes only a few minutes.

This is why this high-throughput chain has potential for fast screening, for example,

of young breeding material. When low resolution is acceptable, mapping is possible

without the need for X-ray CT or time-consuming analyses that alter or even destroy

the samples such as wet analysis and tension wood coloring. NIR-based density

mapping is very similar to the X-ray density images, yet lower density regions are

less accurately predicted. Although the resolution of the NIR images is lower, small

distinctive zones are still visible.

Conclusion

The tool chain presented in this paper uses flatbed, X-ray and NIR scanning for

mapping physical and chemical wood properties. Flatbed scanning is a simple

technique providing general parameters such as shape and size of the disks,

heartwood, etc. With additional weighing, green moisture content and basic density

can be assessed. X-ray scans can be used for microdensitometry, and NIR spectra

were used for 2D tension wood and lignin mapping. NIR scans can also be used for

densitometry, if a lower resolution is sufficient or if an X-ray system is not

available.

The potential of the tool chain to map various wood properties without the need

for labor-intensive and sometimes difficult-to-interpret methods is proven. The

benefits of such a tool chain are multiple. The resulted mapping allows to illustrate

the variability of wood parameters within as well as between disks, which is

interesting i.a. for tree breeders and wood processing industry. Furthermore, various

properties can be assessed on one and the same disk, which is relevant for

correlation studies. Future developments can focus on seamless integration of X-ray

CT, NIR, optical imaging as well as imaging in other wavelength ranges to

complement the techniques used in this paper. Finally, conclusions can be drawn on

large sample sets thanks to the high-throughput approach.

Additional data collection in a broad spectrum database will improve the models

in the future. Furthermore, it would be interesting to apply the tool chain on other

tree species, but also on panels, beams or cores.
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