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Abstract

Transmittance and reflectance of visible light by sugi wood (Cryptomeria japonica) were investigated in the longitudinal
(L) and tangential (7) directions. Transmittance was the highest in the L direction and reflectance was the highest in the T
direction, suggesting that structural anisotropy influences transmittance and reflectance. Intra-ring variations observed with
a microspectrometer indicated that 7 transmittance was higher for latewood than for earlywood, but there was no such trend
in for L transmittance in which the highest levels occurred near the annual ring boundaries, on either the earlywood or late-
wood side, and the lowest at the transition from earlywood to latewood. Dependence of L transmittance on wavelength also
showed variations according to the intra-ring position. The increasing of transmittance of earlywood at wavelengths <500 nm
with increasing wavelength was observed, but this was not confirmed for latewood because of absorption by lignin. These
observations supported a previously published finding, which was based on measurements in the radial direction, that the
number of internal cell wall reflections, rather than density, determines wood lightness. Indeed, in the L direction, most of
the incident light passes through lumens in earlywood and through cell walls in latewood, while it is subjected to numer-
ous internal reflections at the interface between lumens and cell walls. This was further confirmed by the transmittance of
earlywood being greatly decreased by radial compression.
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Introduction

Owing to its esthetic characteristics, wood is used for the
manufacture of many high-value products [1]. Therefore,
the appearance of wood, such as its texture, grain patterns,
or color, has been studied. Studies investigating the light-
ness of the wood surface have also been conducted by many
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researchers [2—5], and in general, it is believed that wood
with higher density tends to be darker in terms of light
absorption. However, this could not always be explained
well by the density dependence of wood lightness. Palvi-
ainen et al. [6] investigated the influence of density on dif-
fraction using 30 wood species. They showed that samples
with lower densities are likely to produce more scatter-
ing. However, such samples of different species also have
different anatomical features. In a previous study [7], we
measured total light transmittance and total reflectance of
sugi (Cryptomeria japonica) compressed at various levels.
The results showed that in medium- and long-wavelength
regions, the relationship between transmission and reflec-
tion is strong because the influence of cell wall absorption
is small. That is, the effect of reflection on lightness in the
long-wavelength region is as comparable to that of absorp-
tion by the cell wall.

The Kubelka—Munk (KM) theory based on specific scat-
tering coefficient and specific absorption coefficient is fre-
quently used for paper or powder [8] to understand the spec-
troscopic characterization. However, KM theory only deals
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with the propagating energy of incident light from the front
to the rear, parallel to the direction of propagation in the
case of a material that is homogeneous along its thickness;
it may thus be difficult to apply to wood given its inhomoge-
neous structure [9, 10]. Moreover, this theory supposes that
the incident light mainly pass the substance. In wood, the
volume ratio of air to cell wall varies greatly depending on
the species and tree part, so that light might pass through air
in lumen as much as through the cell wall, in a proportion
depending on that ratio. Therefore, we need a model for light
transmission and reflection considering not only the cell wall
material [11] but also cell structure.

In a previous study, focused on the influence of density on
the transmittance/reflectance of visible light, the compres-
sion and measurement directions were fixed in the radial
direction. In this study, to examine the influence of cell
structure, the transmittance and reflectance of light were
measured in both longitudinal and tangential directions.
Light properties in earlywood and latewood were compared
using a microspectrometer. Moreover, to examine the effect
of compression treatment, measurements in a direction dif-
ferent from that of the compression were performed, along
with observation using microtomography.

Materials and methods
Sample preparation

Wood blocks were taken from sugi (Cryptomeria japon-
ica) sapwood. The sample dimensions were 64 mm in the
tangential direction (7) X47 mm in the radial direction
(R)x 142 mm in the longitudinal direction (L). To measure
density, one portion of 10 mm in the L direction was cut
from each of these blocks, and the remaining parts were
used for visible light spectroscopy measurements. Density
was measured by the double-weight method. Prior to vis-
ible light spectroscopy, some specimens were subjected to
compression treatment: after being steamed at 100 °C for
2 h, they were compressed in the R direction using a press
machine (Denki Netsuban; SHINTO Metal Industries Corp.)
equipped with a flat heating metallic die polished to a mirror
finish. Neglecting the deformation in the T direction result-
ing from the compression, we defined a compression ratio
(CR) varying from zero for an uncompressed state to unity
for a fully compressed state as follows:

CR = (dy—d)/(do—dp) x 100,

where d,,, d, and d;_are the original, compressed, and limit
heights of the specimen, respectively. The limit height is
calculated by dry weight divided by cell wall density of 1.5
and by base area.

After being compressed to the predefined thickness, each
sample was left for 24 h and then left to stand in a desiccator.
After 1 week, the dimensions and weight were measured.

For visible light spectroscopy measurement, compressed
samples were cut by a rim saw into 10 specimens of various
thicknesses of 0.3—1.5 mm in the L direction; the remaining
parts were also cut into 10 specimens of various thicknesses
of 0.3-1.5 mm in the T direction.

Visible light spectroscopy measurement

The total light reflectance and total light transmittance in
the wavelength range from 350 to 800 nm were measured at
20 °C using a UV-Vis spectrophotometer (V-670; JASCO
Co. Ltd.) equipped with an integrating sphere.

Irradiation light energy within a bandwidth of 5 nm of
this device in the visible light region was about 1 pW and the
spot diameter was about 5 mm. The samples were cut into
15-mm squares to fit the cell. A barium sulfate white plate
was used as the reference sample.

Image analysis by X-ray CT

The images were observed using an X-ray CT scanner (Sky-
scan 1272 Bruker MicroCT). After spectroscopy measure-
ment, the samples were cut into sections of 5 mm in the T
direction. The observation conditions were 50 kV, 200 pA,
0.2° rotation, and 1.2 um pixel size at a temperature of 20 °C
and relative humidity of 60%. The obtained data were recon-
structed using NRecon software. CTVO software was used
for 3D visualization.

Transmittance measurement using UV-Visible/NIR
micro-spectrometers

The transmittance at the micro-scale in the visible light
region was measured by UV-Visible/NIR micro-spectrome-
ters (MSV-5200; JASCO Co. Ltd.). The measurement diam-
eter was 100 um. Four points in earlywood and four points
in latewood were measured for each specimen. Further, for
the uncompressed L sample, 20 points were measured along
two annual rings.

Results and discussion

Difference of transmittance and reflectance
between L and T directions

Figure 1 shows the influence of sample thickness on total
light transmittance (z) and reflectance (p) of sugi wood in the
L and T directions at the wavelength of 750 nm. Although
the reflectance of the L sample did not exhibit a clear trend,
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Fig. 1 Influence of sample thickness on total light transmittance (r)
and reflectance (p) of sugi wood in the longitudinal direction (filled
circles) and tangential direction (open filled circles)

7 decreased and p increased when the thickness increased,
as reported previously. Moreover, 7 of the L sample was
larger than that of the T sample. p showed the opposite trend.
These results suggest that 7 and p properties are affected by
the anisotropy of wood cell structure.

The annual ring structure is the most clearly recognized
wood feature involving a contrast of brightness. Therefore,
we started by comparing the difference of = between early-
and latewood, as observed using micro-spectrometers. 7 of
all samples was small at short wavelengths up to 400 nm.
Moreover, 7 of latewood in all 7 samples was larger than
that of earlywood. Typical results of the 7" sample with a
thickness of 5 mm are shown in Fig. 2. In previous paper
[7], we predicted the 7 by the expression of the number of
the cell wall/lumen interfaces. In T samples, the incident
light will pass through a series of cell wall/lumen reflection
interfaces, especially in earlywood, as can be predicted by
the expression. However, in latewood, where cells have a
thick cell wall and a small lumen diameter, in addition to
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Fig.2 Comparison of wavelength dependence of total light transmit-
tance (7) between earlywood (solid line) and latewood (dashed line)
in the T direction for a thickness of 0.52 mm

being well aligned in both R and T directions, the incident
light often passes through the cell wall without encounter-
ing the interface. This explains why 7 of latewood is higher
than that of earlywood. On the other hand, this trend was not
observed in the L sample. This suggests the possibility that
other mechanisms are involved in the L direction.

Figure 3 compares the cell structure image obtained by
micro-CT scanning and the corresponding 7 measured by a
microspectrometer, at the wavelength of 750 nm. The trans-
mittance greatly varied depending on the measurement loca-
tion. From the pith (right) side, 7 of the earlywood (EW) was
over 35%; it dropped to <35% in the transition zone (TW),
increased up to 45% in the latewood (LW) toward the bound-
ary of the annual ring (LWb), and then recovered to the same
level of >35% in the next EW zone. 7 most likely depends
on the location even within the same LW.

Figure 4 shows the dependence of 7 in the L direction on
wavelength in sugi wood at various locations and its loga-
rithmic curves. For short wavelengths up to 500 nm, there
was an increase of 7 in EW with increasing wavelength in the
curves, but this was not confirmed for TW and LW. There-
fore, the light path differs between EW and LW; higher val-
ues of EW transmittance are possibly because of lower light
absorption. It is assumed that absorbance at wavelengths up
to 600 nm is because of the existence of lignin [12]. Lower
7 of TW and LW than that of EW suggests that the light in
TW and LW passes through the cell wall more than that
in EW. In contrast, for long wavelengths, the 7 of LW is
greater than that of EW. In TW, at the transition from EW to
LW, 7 is the lowest. Tsuchikawa and Tsutsumi showed that,
for short wavelengths in the near-infrared region, in other
words, for long-wavelength visible light, scattering occurs
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Fig.3 Cell structure image by
X-ray CT of L sample with a
thickness of 0.60 mm and total
light transmittance (7) at given
positions of the same sample
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Fig.4 Dependence of total light transmittance (7) in the L direction
on wavelength at the positions shown in Fig. 3

in a direction perpendicular to that of incident light [13].
Therefore, the light path in this part is longer than that in
other parts due to the occurrence of substantial scattering.

For long wavelengths, the 7 of LW is greater than that of
EW because the light passes through the cell wall with less
numerous interfacial reflections. Furthermore, light passing
through the cell wall may hardly diffuse because of total
reflection at the cell wall/lumen interface.

This can be qualitatively confirmed by image evaluation.
Figure 5 shows an image with the light from the photo-
graphing side (left) and from the back of the sample (right).
The former corresponds to reflected light and the latter to
transmitted light. In the left image, LW is darker than EW,
whereas in the right image it is lighter and more scattered;
in particular, the light is most visible close to annual ring

between 7 and p and the thickness in the L and T directions
of radially compressed samples with various compression
ratios is shown in Fig. 6. Both 7 and p of compressed
samples were lower than those of uncompressed wood.
These results are contrary to those in a previous paper
[7]. The light in the compressed part may have been scat-
tered toward the outside of the integrating sphere. For a
given thickness, the interfaces of refraction and the con-
sequent increasing of light pass are increased by compres-
sion treatment. To investigate the relationship between the
change of cell structure resulting from the compression
and the light properties, images of cell structure obtained
by X-ray CT scanning are shown in Fig. 7 and 7 in T direc-
tion of earlywood of compressed samples measured by
microspectrometer is shown in Fig. 8. Calculated values
are shown for comparison, based on the following model
[7]. We considered the case of a regular arrangement of
cells with a square cross section of width 30 um and thin
cell wall (which is the case of sugi wood). We neglect
the direct transmission of light through the thin cell walls
disposed parallel to the light direction, and only consider
the reflection occurring at the interface between lumens
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Fig. 5 Comparison of an image
of L sample with a thickness

of 0.76 mm with the light from
the photographing side (left)
and from the back of the sample
(right)

and transverse cell walls. The sample thickness being D
(um), the number of such reflections equals D/15 and the
total transmittance (7) can be described by

D
T=17, (1

where the transmittance of each interface (r;) is given by

LA ,
Yt m) @

assuming a refractive index for the cell wall (n;) of 1.6 [14]
and for air (n) of 1.

Comparing the compressed and uncompressed samples
in terms of end grain, the cell wall of earlywood collapsed
in an intricate way.

This change of cell structure may have increased the num-
ber of diffused reflections in the earlywood per measurement
area because of more numerous interfaces resulting from
the intricate cell wall even so steaming treatment affects ¢
[15]. The lower p values of compressed samples than that of
uncompressed samples are in good agreement with practical
appearance of lightness of earlywood (Fig. 9).

Conclusion

To investigate the effects of cellular structure and densi-
fication on total light transmission and reflection in the
visible light region, the anisotropy of total light transmit-
tance (7) and reflectance (p), as well as the micro-local 7 of
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uncompressed and compressed wood, was measured. Based
on the obtained results, the following conclusions can be

compressed samples than that of uncompressed samples
are in good agreement with practical appearance of light-
ness of earlywood.
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Fig.9 Images of the L samples
(upper) and the T samples
(lower) with compressed treat-
ment (right) and uncompressed
(left). Measured light properties
at framed red squares
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