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Abstract

Wood is a multiscale heterogeneous natural composite material with properties
depending on its growing conditions and its genetic heritage. This variability is
challenging for industries that work to perform homogeneous and reliable products.
In industry, different non-destructive testing methods are in use to classify, grade,
and select wood products to optimize their usage. Among them, the use of lasers
to detect fiber orientation with different wavelengths. This orientation significantly
influences the mechanical behavior of wood, including stress limits and stiffness.
According to our knowledge, the use of laser diffusion still is limited to grain angle
measurement. Our objective in this paper is to realize transmission light scattering
maps for wood samples from several wood species (poplar, oak, Douglas fir, beech),
and then identify the most suitable wavelength to study light diffusion in wood,
depending on the property that will be measured. A supercontinuum laser is used
over a wavelength range from 500 to 800 nm, allowing precise adjustment of the
wavelengths. It was found that near-infrared light better scatters in the studied wood
species than lower wavelength. However, the wavelength that gives the best contrast
between earlywood and latewood depends on the sample studied and is not necessar-
ily in the near infrared rays.
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Introduction

Wood is a living material, influenced by its growth conditions, which makes it
a highly variable material. It has a complex multi-scale structure (Schoch et al.
2004; Trouy 2015), and its anatomical structure depends on the species to which
it belongs. Softwoods are made up of cells called tracheids. They are 3—-5 mm
long and 15-80 pm wide, depending on their position in the growth ring. Hard-
woods, on the other hand, are made up of more differentiated cells, the vessels,
which are very large in diameter and serve to conduct sap, while the fibres con-
tribute to mechanical strength. The fibres are between 1 and 2 mm long and
between 10 and 50 pm wide (Tsoumis 1991; Niemz et al. 2023). This complexity
poses challenges in industrializing the material to achieve standardized proper-
ties. In particular, woods that grew up in temperate regions are more likely to
have large knots or strong density gradients, so the use of non-destructive testing
is all the more important to enhance the value of this secondary quality resource.
These characteristics should be measured using efficient and fast non-destruc-
tive methods. Among the different physical properties that can be measured, the
local density and the moisture content are very important since they influence the
mechanical wood properties. To measure the wood density with accuracy at an
industrial scale, X-ray appears to be the most used technology (Benson-Cooper
and Knowles 1982; Funt 1985; Viguier 2015). Terahertz wave measurement tech-
nology also offers interesting prospects for measuring moisture and density in
wood (Inagaki et al. 2014).

Apart from its local density, one of the most important parameters of wood
heterogeneity is the orientation of its fibers, as a variation of this orientation
has a significant influence on its local mechanical properties (Hankinson 1921).
Understanding the local orientation of wood grain is essential for a comprehen-
sive assessment of the wood’s local strength characteristics, as discussed in pre-
vious studies. This knowledge is essential for predicting bending strength and
stiffness, a point underscored by Olsson et al. (2013). Additionally, it serves as
valuable insight into the identification of specific wood defects, including knots,
which was studied by Tormanen and Makynen (2009), and the determination of
the pith’s location, as explored by Briggert et al. (2016).

The fiber direction at the surface of wood can be determined using the so-
called tracheid effect (Nystrom 2003; Kienle et al. 2008): when a laser beam illu-
minates a wooden surface, the light is scattered and leads to a halo of light with
an elliptical shape whose major axis follows the wood fibers (Fig. 1). The light
ellipse visible at the surface of the sample is then captured by a camera and the
image processed.

The majority of studies investigating the “tracheid effect” has predominantly
concentrated on a single wood species or a limited number of species. These stud-
ies consistently utilize a laser with a fixed wavelength, typically ranging between
630 and 680 nm, and operate on the wood’s surface (Nystrom 2003; Hu et al.
2004; Simonaho et al. 2004; Jolma and Mikynen 2008; Tormanen and Makynen
2009; Briggert et al. 2018). Several studies have demonstrated that the elliptical
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Fig. 1 Illustration of tracheid effect

appearance and the information extractable from it may vary depending on the
wood species and its physical specific characteristics [Example of the differ-
ence in the appearance of the light ellipse on earlywood (Fig. 2a) and latewood
(Fig. 2b)]. In other words, the elliptical shape appears to be strongly correlated
with wood physical properties but the underlying mechanism is never explained.
Besseau et al. (2020) showed that the appearance of the ellipses obtained var-
ied according to the species used and the moisture conditions of the sample. Purba
et al. (2020) showed that the area of the ellipse increased as its moisture content
increased. Tan et al. (2023) compared the ellipses obtained with two lasers of dif-
ferent wavelengths and assessed the relevance of their use, taking into account the
cost and material constraints associated with industrial use. All these studies dem-
onstrate the direct link that exists between the wood microstructure and wood com-
position at the cellular scale and the phenomenon of light wave diffusion. A better
understanding and explanation of the light diffusion mechanism could thus allow

(a) (b)

Fig.2 Illustration on a Douglas fir (Pseudotsuga menziesii) sample of the difference in appearance of
the scattering ellipse depending on where the laser is aimed (a) on earlywood (b) on latewood in the LR
plane
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for the measurement of further properties beyond fiber orientation, such as moisture
content or density. Indeed, the literature is sparse in the field of light transmission
through wood (Sugimoto et al. 2018). This mechanism is necessary to understand
the proportions of light that are reflected, absorbed, scattered, and transmitted. This
is in order to optimize the usable light intensity once the light has passed through
the wood material while ensuring sufficient interaction with it. It would be interest-
ing to better understand and explain the mechanisms governing this “tracheid effect”
in order to fully exploit it, not only for determining the direction of fibers projected
onto the observed surface since its reflection.

As a result, this study aims to examine how the wavelength affects light transmit-
tance. The goal is to identify a specific wavelength that can emphasize particular
wood properties using the tracheid effect, while staying within visible wavelengths
to prioritize both operator safety and cost-effectiveness.

In the following section, the wood samples used and the different elements of the
set-up used to make the measurements are presented. The results obtained show bet-
ter transmittance in the near-infrared range for the four studied species, and a notice-
able contrast between earlywood and latewood around 600 nm. Their representative-
ness and reliability will be discussed.

Materials and methods
Wood samples

The studied species are beech (Fagus sylvatica), Douglas fir (Pseudotsuga men-
ziesii), poplar (Populus), and oak (Quercus). These species are chosen due to their
encompassment of diverse microstructures, including softwood, diffuse pore and
initial porous zone hardwood species. Additionally, these four species constitute
the vast majority of locally available wood types in Burgundy (France). Two differ-
ent grain orientations, radial and tangential, are studied among the three principal
planes of wood (Fig. 3), to analyze the most common situation available in the wood
industry (approximatively radial and tangential in sawing, tangential in peeling).

For each of the two orientations and four species, sawn timber was planed until
samples with a thickness of 1 mm and 3 mm were obtained. They were then sawn to
a width and height of 50 x 50 mm. A total of 16 samples were produced.

Experimental set-up

The purpose of this setup is to capture the light transmitted through the sample by
placing it on a movable support. The operation is repeated at various positions of the
specimen to observe the influence of wood structure on diffusion.

Figure 4a shows a schematic of the experimental setup. The light source is
a supercontinuum laser (Leukos electro-VIS), emitting within the spectral wave-
length range of 400-2400 nm. The laser operates in a single-transverse mode,
with a total power of 1 W. The power is manually adjustable. The pump source for
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Tangential sample
(LT plane)

X

Radial sample
(LR plane)

Fig.3 Representation of the orientation of the samples used and the orientation of the laser beam inci-
dent on them

the supercontinuum is a high-power pulsed laser diode operating at 1064 nm. The
focused beam has a diameter of approximately 10 micrometers when it reaches
the sample. The source is followed by an adjustable wavelength filter (Leukos
Bebop) controlled by a computer. In all experiments, the bandwidth is set to
10 nm, with the central wavelength varying from 500 to 800 nm in 25 nm incre-
ments. To mitigate the high power from the pump source, two additional short-
pass filters (Thorlabs NENIR20A) are positioned behind the adjustable filter.

The sample is clamped between two thin aluminum plates, each with a square
central opening measuring 10 mm by 10 mm. A long working distance objective
(MPLFLN20x) is employed to focus the light onto the surface of the sample. A
large sensitive surface photodiode (Thorlabs FDS10X10) (10 x 10 mm) allows
for the measurement of the transmitted light power through the sample. The laser
light is directed onto the center of the sensitive surface of the photodiode. The
photodiode is positioned as close as possible to the sample. Tests have shown that
in this configuration, all the light is collected by the photodiode despite the dif-
fusivity caused by the wood. Two translation stages (PI V-528.1AA) allow scan-
ning the sample perpendicularly to the laser. In this configuration, only the sam-
ple moves, while the laser and the photodiode remain fixed. The entire setup is
integrated into a fully light-tight box.

The photodiode is made of silicon (350-1100 nm spectral wavelength range)
and exhibits a dark current of 200 pA at ambient temperature. It is reverse-biased
with a series load resistor (Fig. 4b). In this configuration, the photocurrent is pro-
portional to the incident light power. Thus, the voltage across the resistance is
proportional to the incident light power and sent to the computer via a 14 bits
National Instrument USB data-acquisition interface. The spectral responsiv-
ity S(4) of the photodiode is provided in the datasheet but has been measured
for the wavelength range from 500 to 800 nm. The output power is determined
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(a) Experimental set-up for measuring the transmittance of wood samples

\

Photodiode

USB data- To computer
acquisition —>

stage

Battery

(b) Process of acquiring transmittance data via the photodiode

Fig.4 Experimental set-up and acquisition process

by measuring the voltage to the resistor terminals. The value of the resistor is
adjusted so that the photodiode is never in a saturation state.

Methods

The transmittance of the sample is defined as the ratio between the output light
power and the input light power:

P out
Tr,wood = P (1)

in

where P, is the output power measured by the photodiode and P;, is the input
power measured at the output of the microscope objective (just before the sample).
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P,, is measured by an optical powermeter (Thorlabs PM100D) not shown on the
schematic. P, is defined by:

out

Vv
P()Ltl‘ - S(A)R (2)

where V is the measured voltage across the resistor, S(4) is the spectral responsivity
of the photodiode and R the value of the resistor. Thus, the sample transmittance is
determined by:
Vv
T, =—
r,wood PmS(ﬁ)R 3)

Before each sample scan, the output power P;, from the objective is measured at
every wavelength. Subsequently, the wavelength is held constant while the sample
undergoes precise movement using point-to-point translation stages. At each spa-
tial coordinate, the voltage value V across the resistance is recorded. Consequently,
the output power P, is determined for each coordinate, leading to the calculation
of the transmittance. These procedural steps are iterated across the entire spectrum
of wavelengths, spanning from 500 to 800 nm with increments of 25 nm. Moreo-
ver, for each wood species examined and each wavelength, a surface area measuring
10 X 10 mm is scanned with a resolution of 0.1 mm. In order to optimize measure-
ment time, 10 consecutive measurements are performed in the range of 500-650 nm
(range with low signal) in the way to increase signal to noise ratio. For the range
of 650-800 nm, only 2 measurements are taken per point (range with the highest
signal).

Results and discussion
During measurements, the assumption was made that light passing through the wood

exits at the same location on the other side. However, depending on how light is
reflected and absorbed within the wood, this assumption may not hold true (Fig. 5a).

Laser beam

Earlywood Latewood

-\Hll

Measured light

Wood
sample

(a)

Fig.5 a Impact of light diffusion in wood on the measurement and b example of light scattering varia-
tion in a Douglas fir sample
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Fig.6 Transmission (7, ,,,,) evolution at multiple points of radial (a) and tangential (b) Douglas fir sam-
ples as a function of wavelength

The curves illustrating the evolution of transmittance as a function of wavelength
at each point of the scan for the 1 mm radial Douglas fir sample are visible in Fig. 6a
and b. A clear difference is observed between the average curves for the two wood
orientations. However, in both cases, the measurements obtained exhibit significant
noise, even though the average remains well centered within the cluster of curves.
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Fig.7 Transmittance (7, ,,,,,) of 1 mm thick samples

The averaged transmittance values of the measurement campaign with respect to
the emitted wavelength is shown on Fig. 7. It can be seen that the 8 curves show the
same general trend, i.e. a higher transmittance in the near infrared (800 nm) than in
the near ultraviolet (500 nm). A slight difference in the shape of the curves is visible
between poplar/Douglas fir and oak/beech. The transmittance of the first two spe-
cies seems to start stabilising or at least growing more slowly around 800 nm while
the transmittance of the other two species continues to grow. This may simply be a
translation, but measurements beyond 800 nm are needed to confirm this. The trans-
mittance in tangential section is higher than the transmittance in radial section for all
the four species. The transmittance ratio for the two orientations is up to 2 at 800 nm
for Douglas fir and poplar. This ratio is smaller for oak and beech, with a maximum
of approximately 1.2 at 800 nm.

The results obtained seem to show trends, but are not generalizable and require
further investigation, given that they average values for earlywood and latewood and
may therefore overlook local particularities, so more complementary measurements
on smaller, homogeneous areas within the same sample are needed.

The maps obtained allow us to recognize patterns visible to the naked eye
(Fig. 8), such as wooden rays or color differences between earlywood and latewood.
The hypothesis of greater scattering in the near infrared than in the lower wave-
lengths is confirmed on the measured transmittance maps (Fig. 9) which is made.

However, better transmission does not necessarily mean better highlighting on
the specificities of the sample: Fig. 10 shows two transmittance maps made on the
same sample and on the same grid of points with two different wavelengths (600
and 800 nm). While the overall transmittance of the 800 nm map is higher than
that of the 600 nm map, the latter highlights contrasts between the rings that are
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Fig. 8 Representation of the scanned Douglas fir samples within the setup mount

525 nm 550 nm 575 nm 600 nm
0.06
0.05
0.04
0.03

0.02

0.01

0.00

Fig.9 Transmittance (7,,,,,) of the 3 mm thick Douglas fir sample at different wavelengths

not visible on the other map. This means that within the context of ring detec-
tion or sawn boards position within the log (Li et al. 2023), the use of lighting
at this wavelength could improve measurements. Given that wood is a biological
material, it can be assumed that interactions are specific around 600-650 nm, as
is the case, for example, with the skin (Cheong et al. 1990). A unique interaction
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Fig. 10 Transmittance (T,,,,,) maps at a 600 nm and a 800 nm wavelength for the 3 mm thick Douglas

fir in the LR plane

between the refractive indices of wood and air in this range of wavelengths can

also be considered.

Specifically, two lines corresponding to earlywood and latewood were isolated
from the radial 1 mm Douglas fir sample measurements, and these are formalized
in the map shown in Fig. 11c. The bundles of curves corresponding to the evolution
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of transmittance as a function of wavelength are shown for the earlywood line in
Fig. 11a and for the latewood line in Fig. 11b.

It is noteworthy that among the four woods studied, Douglas fir exhibits a signifi-
cant contrast between earlywood and latewood rings, making it the wood most likely
to highlight transmittance differences associated with this parameter, if they exist.
The average curves obtained for earlywood and latewood appear similar, suggest-
ing no apparent correlation between wood type and transmittance measurements.
However, it should be noted that transmittance measurements, conducted using a
photodiode, involve averaging the diffusion ellipse without considering its shape and
specific characteristics.

We also looked at the evolution of transmittance as a function of wavelength for a
measurement line parallel to the wood rings and a line perpendicular to them, shown
in Fig. 12c. A dark pencil point at the intersection of the two lines, vertical and
horizontal, serves as a control. The curves in Fig. 12a and b, corresponding respec-
tively to the horizontal and vertical lines of the mapping, are again scattered around
800 nm. The few curves that stand out from the beam in both cases correspond to
the pencil point values. While we might expect more variability in the cluster of
curves on the horizontal line, given that the area covered is made up of woods of
widely varying densities, this is not what is observed. The variability of the vertical
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Fig. 12 Transmittance (7, ,,,,) evolution for one line of a horizontal, b vertical, ¢ transmittance map
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line is similar to that of the horizontal line, while the area covered is homogeneous
in density.

Given that the measurements are carried out using a photodiode, both the local
resolution and the provided information are limited. Additional measurements are
therefore necessary to reach conclusions. A larger number of samples need to be
studied to ensure the reliability of the measured values, especially in discrimi-
nating more finely the impact of the transition from earlywood to latewood on
transmittance.

Conclusion

In this study, we conducted transmittance measurements on samples of various spe-
cies with distinct microstructures across a wavelength range from 500 to 800 nm.
These measurements revealed an overall improvement in transmittance at 800 nm
for the four species under investigation. However, the measurements exhibited sig-
nificant noise. Notably, a heightened contrast between earlywood and latewood was
observed for specific species at 625 nm. The origin of this contrast has not yet been
determined, although it is plausible that it arises from refractive indices.

In future research, efforts will focus on comprehending the observed differences
by combining experiments with simulations. This involves examining a wider vari-
ety of wood species and exploring additional factors like moisture content and den-
sity. Additionally, the next experimental phase includes replacing the photodiode
with a lens and a camera to analyze scattering ellipses rather than just transmittance
values. Simultaneously, light scattering simulations in simplified wood models are
planned to explore parameters influencing the tracheid effect and to compare simula-
tion outcomes with experimental data.
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