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ORIGINAL ARTICLE

Influence of wood anatomy on fiber 
orientation measurement obtained by laser 
scanning on five European species
Benoît Besseau* , Guillaume Pot, Robert Collet and Joffrey Viguier

Abstract 

In order to obtain high production rates of sawn timber, the sawmilling industry can use laser scanning, allowing knot 
detection and machine strength grading. In particular, laser scanners measure grain angle using the so-called tracheid 
effect on wood surface where an elliptic scattering of the laser light can be observed. This paper aims to describe the 
light scattering obtained by a laser beam projection on wood surface and to assess the accuracy of such fiber orienta-
tion measurement on five European species. Firstly, fiber orientation measurement error was assessed by rotating 
samples. Secondly, the description of the scattering effect was done considering ellipse axis ratios and areas. This was 
studied according to several parameters such as wood surface machining, moisture content, and orthotropic planes 
of symmetry. Fiber orientation measurement was successfully performed on all the tested species. The measurement 
error was below 1.6°, except for oak longitudinal–radial (LR) plane showing an error up to 3.1°. For most of the species, 
the error was higher in LR plane because of the influence of medullary rays. Despite the observation of major vari-
abilities in laser light scattering, it was possible to measure the grain angles with a good accuracy for all investigated 
species.
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Introduction
In wood industry, the integration of scanners in produc-
tion lines is more and more common because they can 
help to pilot automatic crosscutting and both aesthetical 
and mechanical grading of wood pieces. Such scanners 
include several types of sensors like, for example, color 
cameras, X-ray detectors measuring local density, but 
also systems based on laser dots that are able to measure 
locally the fiber orientation of wood timber.

The latter technology uses the fact that the light scat-
tering is higher in the longitudinal direction of fibers than 
across. A circular laser dot projected perpendicularly to a 
wood surface takes an elliptic light shape oriented along 
the fibers [1, 2]. In the literature, this phenomenon is 
called “tracheid effect”, because it was mostly developed 

for softwoods [1, 3]. The shape of this scattered light 
spot can be fitted by the equation of an ellipse with some 
mathematical algorithm [4–6], the orientation of the 
major axis giving the local fiber orientation in the plane 
of the considered surface. Indeed, fiber orientation is a 
3D phenomenon, but tracheid effect only allows meas-
urement of the projected fiber orientation at the scanned 
surface [6]. In the present paper, only the in-plane fiber 
orientation is studied. This angle is the main parameter 
studied in the literature, especially for the settings of 
strength grading methods [7, 8].

Other ellipse parameters, like axis ratio and area, are 
less often studied, while they can also characterize the 
light scattering effect. Nevertheless, [2] used a shape fac-
tor of the ellipses to estimate the fiber diving angle (out 
of the ellipse plane), but this method appears not precise 
enough [6]. [5] Measured the length of ellipse minor and 
major axes on Japanese beech (Fagus crenata Blume) and 
sugi (Cryptomeria japonica D.Don) on sawn and planed 
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wood surfaces, while rotating samples. They showed that, 
for both species, the grain angle measurement error on 
the planed samples was lower than on rough-sawn sam-
ples (maximum error of 4.6° for rough-sawn sugi), which 
is in accordance with [9] on Douglas fir. In [5], no analysis 
was provided regarding the major and minor axis length 
for the two species and two surface machining, and only 
one laser dot was used [10]. Used ellipse eccentricity to 
detect knots [11] determined that ellipses are bigger on 
wet wood than on dry wood and proposed a physical 
model. On the same topic, [12] showed that the ellipse 
size increases with moisture content (MC) of beech and 
poplar veneers.

This literature review shows that parameters such 
as surface machining, MC and wood species influence 
ellipse shape, and thus potentially the accuracy of fiber 
orientation measurement. Nevertheless, only [5] sug-
gested there is a relationship between ellipse shape and 
the measurement accuracy of ellipse angle. Moreo-
ver, there is no wide comparison of the tracheid effect 
between species, except in [13] concluding that a split 
laser with a wavelength of 660 nm and power of 100 mW 
do not provide satisfactory results on oak (Quercus spp. 
L.).

The objectives of this paper are to analyze laser light 
scattering and to design an accurate fiber orientation 
measurement at the surface of several European soft-
woods and hardwoods species: Douglas fir (Pseudotsuga 
menziesii Mirb. Franco), poplar (Populus), beech (Fagus 
sylvatica), sweet chestnut (Castanea) and oak (Quercus 
petraea and Quercus robur L). Oak species were studied 
in more detail. The measurement error of fiber orienta-
tion was assessed by measuring angles for several known 
sample rotations. The description of the scattering effect 
was done using axis ratios and ellipse areas. Both of these 
topics were studied according to several parameters such 
as surface machining, MC and orthotropic planes of sym-
metry. To the best of authors’ knowledge, no paper has 
been published regarding this last parameter, while wood 
anatomy is obviously significantly different because of 
radial growth and rays orientation.

Material and methods
Sampling
Five wood species have been studied: sweet chestnut 
(Castanea sativa), Douglas fir (Pseudotsuga menziesii 
Mirb. Franco), poplar (Populus), beech (Fagus sylvatica) 
and oak (Quercus petraea and Quercus robur L).

For each species, 10 samples (100 × 100 × 20  mm3) 
were selected from 5 quarter-sawn boards and 5 flat-sawn 
boards, in order to obtain, respectively, 5 samples with 
their faces in the longitudinal–radial plane (LR plane) 
and 5 with their faces in the longitudinal–tangential 

plane (LT plane) (Fig. 1). All samples were made of clear 
wood. Tests on sweet chestnut, Douglas fir, poplar and 
beech were performed on samples at room MC equilib-
rium (MC between 8 and 12%); their surfaces have been 
planned with an industrial planing machine to obtain low 
surface roughness.

Each of the oak samples has been studied at three dif-
ferent MC/surface machining states: (i) “green oak” state, 
just after sawing at a MC above fiber saturation point 
(FSP) (around 90% MC measured after weighting samples 
once they had dried) and a rough sawn surface; (ii) “dry 
oak” state, the same samples having been naturally dried 
being still with the rough sawn surface finish; (iii) “sanded 
oak” state, the dry oak samples being then sanded to be 
studied with a smoother surface.

In addition, 4 samples of high-density fiberboard 
(HDF) were chosen for their almost isotropic properties 
for comparison with solid wood samples.

Scanner
Fiber orientation was measured with BobiScan, a labora-
tory scanner developed in Arts et Métiers Cluny (France). 
This device is equipped with a near-infrared camera 
(Basler acA2000-340  km NIR, 2048 × 1088 pixels, 340 
frames per second), recording images of the light scatter-
ing effect obtained with infra-red laser rays (wavelength 
of 1064 nm and power up to 1 W) with an exposure time 
of 1800 µs and a gain of 33. The incident laser light had 
an advertised diameter of 2 mm and was divided in sev-
eral rays 10  mm spaced by a diffractive optic element 
(Fig. 2c). A software was developed to record the position 
of each laser dot while the board was moved in a longitu-
dinal direction on a conveyor below the scanning system, 
resulting in a resolution of 1 mm in this direction.

The power of each laser dot was measured at the sur-
face sample level with a compact USB power meter 
(Thorlabs’ PM 16–121) for two different input powers of 
laser source (Table 1). Indeed, laser power was adjusted 
at setting 1 for all the samples except for green oak and 
poplar ones, ellipse major axis obtained in these cases 
reaching sometimes up to 10 mm, which was the distance 
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Fig. 1 Description of orthotropic planes of symmetry: example of 
oak samples
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b The ten samples of one species scanned in one passage in the scanner 

Scan direction

c  

Laser 
dot 

Laser 
line 

Camera 
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Configuration of ellipse  

        0°         10°       20°       30°       40°       50°      60°      70°       80°       90° 

Fixed pin 

Removable pins 

Rotations 
from 0° to 90° 

by 10° step 

a    Nominal Sample Orientations (NSO).  

On the support board, each sample had been successively placed and scanned at 
these nominal orientations.  

Fig. 2 Schematic drawing of the experimental procedure: representation of the sample orientation system (a) and an image of samples on the 
support board (b). Drawing of lasers and camera in the scanner (c). Raw image of light scattering for one laser dot on wood surface (d), binarization 
(yellow areas), fitted ellipse contour (green line) (e) and configuration of ellipse k: area, ratio, axes and different angles (f)

Table 1 Power (mW) of incident laser rays for the two settings of the laser source

Dot 1 Dot 2 Dot 3 Dot 4 Dot 5 Dot 6 Dot 7 Dot 8 Dot 9 Dot 10 Dot 11 Dot 12 Dot 13 Dot 14 Dot 15

PW (mW)

 Setting 1 5.84 6.28 5.94 7.09 7.39 5.8 7.26 2.36 8.33 6.17 6.75 6.09 6.67 6.02 7.02

 Setting 2 3.07 3.36 3.12 3.64 3.81 3.03 3.77 1.21 4.28 3.18 3.51 3.21 3.45 3.19 3.72
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between two laser dots. To prevent light spot overlap 
when fibers were oriented near 90° in relation to the scan 
direction, laser power was reduced at the setting 2.

Because of a gap observed between the power of the 
central dot (dot 8 in Table 1) and the others due to laser 
dividing system, the data coming from this dot were 
deleted in the following analysis.

In order to detect the scanned piece edges, a laser line 
was placed next to the laser dot line, oriented perpen-
dicularly to the scan direction (Fig. 2c). The same camera 
was used to catch the two sets of laser.

Experimental measurements
A set of 10 samples per species was placed on a sup-
port board (Fig.  2b) in which 10 holes had been CNC 
machined in a circular direction from 0° to 90° by 10° 
step around a central hole. The non-scanned face of each 
sample had been bored in their middle and in a corner to 
receive two position pins, so that the scanned surface was 
free from hole. Each sample was then removable to make 
possible the sample rotation around the central pin from 
0° to 90° by 10° step (Fig. 2a).

The support board was placed on the scanner conveyor 
along a guide in order to keep the same transversal posi-
tion for each scan. Therefore, for each nominal orienta-
tion, the same laser dots have scanned each sample at the 
same transversal position.

In order to assess fiber orientation measurement, sam-
ples were scanned at 10 orientations defined in the list 
NSO (nominal sample orientations):

The 10 samples were all scanned at the same nominal 
orientation i in one scan (Fig. 2b). For each sample orien-
tation i in NSO, the real sample orientation—named βi—
was calculated by means of the laser line image, which 
gave the position of the edges of each sample in camera 
coordinate system 

(

xcamera, ycamera

)

 (Fig.  2f ). This was 
done to correct possible small positioning deviations of 
samples or of the support board during scanning.

Calculation of ellipse parameters
Laser dots on the wood surface were transformed in quasi-
elliptically shaped light spots (Fig.  2d). 8-bit grayscale 
images of the ellipses were recorded and then binarized 
(Fig.  2e) with the same threshold of 80, regardless of the 
laser settings. The contour of the binarized image was then 
fitted to an ellipse equation in the least square sense (green 
ellipse in Fig. 2e). From each ellipse, three parameters can 
be analyzed (Fig.  2f): the ellipse area ( s ), the ellipse axis 
ratio ( r ) (the major axis divided by the minor axis), and the 
angle ( α ) between the major axis and the scan direction in 
camera coordinate system 

(

xcamera, ycamera

)

 . Axes length of 

NSO = [0◦; 10◦; 20◦; 30◦; 40◦; 50◦; 60◦; 70◦; 80◦; 90◦]

measured ellipses were approximately between 20 (minor 
axis) and 70 pixels (major axis), that was equivalent to 2.3 
and 8 mm, respectively.

The region of interest was 70 × 70  mm2 centered on the 
sample, in order to prevent boundary effect and taking into 
account the drying shrinkage of oak samples. For each sam-
ple at each nominal orientation i , there were, on this region 
of interest, N  measurements of ellipse area, ratio, and 
fiber orientation named si,k , ri,k and αi,k , respectively, with 
1 ≤ k ≤ N  . N  was on average equal to 406.

Calculation of sample parameters
Because of fiber orientation variations occurring even on 
“clear wood” sample, the mean fiber orientation, named 
Ai of each sample at the orientation i had to be computed: 
Ai is the average of the N  ellipse angles measured on the 
sample region of interest (Eq. 1). The mean sample ratio Ri 
and the mean sample area Si were calculated in a same way 
from, respectively, ri,k and si,k (Eqs. 2 and 3):

The ellipse orientation in sample coordinate system 
was defined as ωi,k = αi,k − βi , and the mean fiber ori-
entation θi = Ai − βi . Because of the 10° sample rotation 
between two successive scans, the measurement points 
were shifted 10° on the sample surface. Therefore, because 
from one scan to another the orientation measurements 
were not done on the same fibers, there were some dif-
ferences between the ten θi of a same sample. As a con-
sequence, it was decided to define the reference value of 
fiber orientation of each sample in sample coordinate sys-
tem 

(

xsample, ysample

)

 as the mean of the ten θi (Eq. 4). For 
ratios and areas, the reference value Rref , respectively, Sref , 
was also defined as the mean of the ten Ri , respectively, Si 
(Eqs. 5 and 6):

(1)Ai =
1

N
∗

N
∑

k=1

αi,k ,

(2)Ri =
1

N
∗

N
∑

k=1

ri,k ,

(3)Si =
1

N
∗

N
∑

k=1

si,k .

(4)θref =
1

10

∑

i∈NSO

(Ai − βi)

(5)Rref =
1

10

∑

i∈NSO

Ri
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Measurement error calculation
For a given sample scan, the measurement error δi (Eq. 7) 
is the difference of measured mean fiber orientation in 
camera coordinate system ( Ai ) and the theoretical ori-
entation value, which was defined as the addition of the 
sample reference value ( θref ) and the sample orientation 
( βi ). In other terms, it is the difference between the mean 
fiber orientation in the sample coordinate system for the 
i nominal angle ( θi ) and the mean reference fiber orienta-
tion of this sample ( θref):

For each species, there were two groups of 5 sam-
ples for each orthotropic plane of symmetry (LT or LR), 
with each sample scanned 10 times between 0° and 90° 
nominal orientation. Thus, there were for each species 
and orthotropic plane of symmetry 50 measurements 
of error. The root mean square of these errors was com-
puted as in Eq. 8:

where i is the nominal sample orientation, and j the 
sample number.

Results
Fiber orientation measurements
Figure 3 shows the mean angles Ai (experimental points) 
for one typical sample of each species and each ortho-
tropic plane of symmetry. The solid and dashed lines 
represent the theoretical rotation angle (θref + βi) , for LT 
plane and LR plane, respectively. For oak, the presented 
results came from the same LT and LR samples at three 
different states, namely green, dry and sanded.

For wood species scans at 0° sample orientation, fiber 
orientation was not exactly equal to 0°. Even if a wood 
piece seems to be straight-grained at a visual apprecia-
tion, there are still small fiber deviations.

By rotating by 10° and scanning solid wood samples, 
mean fiber orientation increased by approximately 10°, as 
shown in Fig.  3. For all tested wood species and ortho-
tropic planes of symmetry, the evolution of mean meas-
ured angles was close to the theoretical values obtained 
from sample orientation. It is not the case for the HDF 
sample: the mean measured orientation was between 30° 
and 50°, whatever the orientation of the sample.

(6)Sref =
1

10

∑

i∈NSO

Si.

(7)δi = Ai − (θref + βi) = θi − θref.

(8)RMSE =

√

√

√

√

1

50

5
∑

j=1

∑

i∈NSO

δ2i,j ,

Measurement error
Figure  4 shows the measurement error values (RMSE) 
per orthotropic plane of symmetry for each species 
group. The RMSE of HDF samples was 24.2°. For solid 
wood samples, LT plane RMSE was lower than LR 
plane RMSE, except for poplar for which they were the 
same and sweet chestnut for which LT plane RMSE was 
slightly higher than LR plane RMSE (around 0.1°). For 
oak, the errors were approximately twice as large on LR 
plane as on LT plane. Except for oak LR plane samples, 
for which error reached 3.1°, the measurement error 
was less than 1.6°. For sweet chestnut, Douglas fir and 
poplar, error was near 0.9°.

Considering the oak sample states, the lowest RMSE 
were obtained for dry oak. In comparison, green oak 
RMSE were, respectively, 0.1° and 0.6° higher for LT 
and LR planes, and sanded oak RMSE were, respec-
tively, 0.2° and 0.4° higher for LT and LR planes.

Ellipse shape parameters
From one scan to another, the measured points were 
not exactly at the same positions because of the sam-
ple rotation. For each sample, the data from the 10 
sample orientations were merged and plotted on data-
maps (Fig.  5) with a higher resolution (1 × 1  mm2 on 
interpolated data-maps in Fig.  5d–g). Examples of the 
data-maps obtained for ωi,k , the ellipse orientations in 
sample coordinate system, along with the ratios ri,k , 
and areas si,k , are shown in rough maps in Fig.  5c–g 
respectively, and interpolated (with the nearest neigh-
bor method) maps in Fig. 5d–h, respectively. This is an 
example of sweet chestnut LT plane sample. The pixel 
color gives the value of the studied parameter. However, 
data coming from laser dot 8 being not considered, a 
lack of rough data was generated in the central part of 
samples. This had only an impact on the interpolation, 
all results being based on rough data.

Figure  5b and d shows that almost no fiber was ori-
ented at 0° in sample coordinate system 

(

xcamera, ycamera

)

 , 
despite the visually clear wood material. For this sweet 
chestnut sample, variations between 0° and 12° have been 
observed.

Figure 6 shows some typical interpolated data-maps of 
Douglas fir LT plane, sanded oak LT plane and sanded 
oak LR plane. On the Douglas fir sample, the variations 
of ratios appeared to be clearly dependent on the initial 
wood and latewood areas visible in this LT plane (Fig. 6a 
and c). No clear pattern appeared considering the areas 
(Fig. 6d). Angle variations were small for the Douglas fir 
LT plane sample and the oak LT plane sample (Fig.  6b 
and f ), but some great variations were locally observed 
for angle and ratio interpolated data-maps of oak LR 
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plane (Fig. 6j and k). The latter is a result of the big med-
ullary rays, typical of oak (Fig. 6i).

In order to compare visually all the results, data were 
sorted by species and represented by means of violin 
plots (Fig. 7). This graph tool allows to display data dis-
tribution curves for LT plane on the left side and for 
LR plane on the right side. The median value for each 

group is drawn with horizontal black bold line and the 
25th and 75 th percentiles are drawn with horizontal 
black dashed lines. A representative ellipse for each 
orthotropic plane of symmetry and species has been 
drawn from reference ratio Rref and area Sref (Fig. 7b). 
This representation gives an overview of the laser light 
spot on samples during the measurement. For HDF, the 

Fig. 3 Results of fiber orientation measurements coming from scans at the ten-sample orientations
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light spot was visually circular, while for poplar, e.g., it 
was a long and narrow ellipse. There was no clear ellipse 
size difference between green oak and dry and sanded 
oak because the green oak samples were scanned at 
lower laser power in order to not have too big ellipses. 
Poplar ellipses would have been also too big if the same 
power as the other samples was used.

Ratio analysis enables to describe and quantify ellipse 
geometry and shows if light spots are more circular 
or elliptic. The more light spots are circular, the more 
fiber orientation measurement is difficult. HDF ratios 
were very low, 95% of them staying below 1.12. Laser 
light spots on this material were almost circular, which 
means light was not scattering in a specific direction. 

The wood species scanned here did not reach such low 
values, except oak in LR plane: for green oak, 8.5% of 
the ratios were lower than HDF 95th percentile, 9.4% 
for dry oak and 8% for sanded oak.

For all species, ellipse ratios were always lower for 
LR plane in comparison to LT plane. A similar behav-
ior could be observed regarding ellipse areas, but with 
a lower order of magnitude, and excepting poplar for 
which ellipse areas were higher for LR plane than LT 
plane. Considering the samples scanned at the setting 1, 
the average of HDF ellipse areas was the smallest with 
6.5  mm2, while the average of ellipse areas was near 11 
 mm2 on dry oak and sanded oak, 14  mm2 on beech, 
13.5  mm2 on sweet chestnut and 17.5  mm2 on Doug-
las fir. Considering the samples scanned at the setting 2, 

1.4

3.1

1.3

2.5

1.5

2.9

0.9 0.8
1.1

1.6

0.7 0.9 0.9 0.9

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

LT LR LT LR LT LR LT LR LT LR LT LR LT LR

Green oak Dry oak Sanded oak S. Chestnut Beech Douglas fir Poplar HDF

RM
SE

 (°
)

Measurement error: RMSE 24.2 

Fig. 4 Measurement error: RMSE sorted by species and orthotropic planes of symmetry

Fig. 5 Data from sample: color image (a), histogram of raw angles (b) and data-maps of sweet chestnut LT plane sample: raw angles ωi,k (c) and 
interpolated (d) angles ωi,k , raw ratios ri,k (e) and interpolated (f) ratios ri,k, raw areas si,k (g) and interpolated (h) areas si,k . In data-maps, the color level 
of pixels shows the value of relevant parameter
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the average of green oak ellipse areas was near 10  mm2 
while on poplar, it was near 12 mm2.

Poplar presented the highest ratios and that despite 
the reduced laser power, especially for LT plane (median 
ratio equal to 2.4). The second higher median ratios were 
that of Douglas fir, but with a very large scattering of val-
ues. Indeed, two different distributions are visible for LT 
plane. Oak was the species with the smallest ratios. Glob-
ally, ratios were similar between the three oak sample 
states and that despite the reduced laser power for green 
oak. The difference of surface machining quality did not 

introduce changes of ellipse ratio, and this was espe-
cially noticeable for dry oak and sanded oak which were 
scanned at the same laser power.

Relationship between ellipse ratios and RMSE of angle 
measurements
Figure  8 shows the relationship between the reference 
value of ellipse ratios Rref and RMSE of angle measure-
ments. Bolt points in Fig.  8 represent data of sample 
groups previously described. Triangles represent data 
coming from each of the three states of LR plane oak for 

Color image  
(70x70 mm²) 

Angles (°) Ratios Areas (mm²) 

Douglas fir, LT plane sample 
a 

 

b c d 

Sanded Oak, LT plane sample 
e 

 

f g h 

Sanded Oak, LR plane sample 
i 

 

j k l 

 
Fig. 6 Data in the form of maps: color image and interpolated data-maps (70 × 70  mm2) of angles, ratios and areas for LT plane sample of Douglas 
Fir (a–d), LT plane sample of sanded oak (e–h) and LR plane sample of sanded oak (i–l)
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which measurement errors were calculated with only 
ellipse ratios ri,k higher than 1.12, threshold value equal 
to the 95th percentile of HDF ellipse ratio.

The measurement error clearly depended on the ratio: 
RMSE were higher for lower ratios. For green oak, dry 

oak and sanded oak LR plane, measurement error was 
lower when lower ratios were removed (GO2-LR, DO2-
LR and SO2-LR). Reference ratios higher than 1.7 made 
it possible to have errors lower than 1° or very close. 
There was no improvement in the RMSE for ratios 
higher than 1.7.

Fig. 7 Ellipse comparison between species: Ellipse RATIO by species displayed by violin plots (a): data from LT plane in blue, data from LR plane in 
orange (colors not relevant for HDF), medians (bolt lines) and 25th and 75th percentiles (dashed lines). Reference ellipse drawing from Rref and Sref , 
sorted as (a, b). Ellipse AREA data represented by species by means of violin plots, sorted as (a, c)
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Discussion
For all the solid wood samples, the measured angles were 
well correlated to sample rotations (low RMSE), while as 
expected for HDF, there was not such a correlation (high 
RMSE). This shows it is possible to make a reliable meas-
urement of the fiber orientation on all the species tested. 
This latter result is different from that of [13], who did 
not find satisfactory results for oak (Quercus spp. L.). This 
discrepancy should come from the different material set-
ups and method used.

Although HDF-measured angles were not correlated 
with sample rotation (Fig.  3), thus there was no spe-
cific grain direction, the significant size of ellipse areas 
showed nevertheless a light scattering effect, but in all 
directions. Despite quasi-circular light spots, the applied 
binarization and fit ellipse method was able to find an 
ellipse angle, constant even when rotating the sample, 
which can be explained by the imperfect roundness of 
the incident laser dots. Thus, it was the initial orientation 
of the laser dots which was actually measured by project-
ing them on an isotropic surface like HDF.

Influence of parenchyma
According to the ellipse analysis for LT and LR planes 
(Fig. 7), ratio appears as the more sensible parameter, in 
particular to the orthotropic plane of symmetry. As Fig. 8 
shows, there was a genuine correlation between angle 
measurement error and ratio. Several phenomena can 
explain that.

Ellipses with low ratios, close to those obtained on 
HDF, were numerous on LR plane of oak samples, which 
is in accordance with the fact that these solid wood sam-
ples presented the highest errors of fiber orientation 

measurements. According to the observation of the color 
images and the data-maps of these samples, lower ratios 
were located in specific areas with large medullary rays, 
a distinctive characteristic of oak (Fig.  6i, j). This could 
be explained by the fact that rays are parenchyma cells 
oriented in the radial direction, but not in longitudinal 
direction as fibers [14]. Thus, they may scatter the laser 
light in perpendicular direction to wood fibers, or scat-
ter less light. Anyhow, what appears clearly is that they 
locally disturb the fiber orientation measurement, which 
increases the RMSE. For these samples, if ratios under 
the HDF 95th percentile value were removed, RMSE 
would decrease to 2.3° for green oak, to 2.1° for dry oak 
and to 2.2° for sanded oak, instead of 3.1°, 2.5° and 2.9°, 
respectively (Fig.  8). It is as if big medullary rays have 
been removed. In LT plane, medullary rays have no 
such impact because their “longitudinal” direction does 
not appear in this plane. The errors obtained on sweet 
chestnut, wood having the same anatomical structure as 
oak but without any visible medullary rays, confirm this 
interpretation of the result. Moreover, beech was the spe-
cies with the second lowest ratios ( Rref = 1.45) and the 
second highest RMSE (1.6°), which confirms also this 
interpretation, beech having on LR plane the most visible 
medullary rays after oak.

The other species have also parenchyma cells in LR 
plane, but they are less visible than oak massive rays. 
In the point of view of light scattering, these cells, ori-
ented across fiber direction, could contribute to increase 
slightly light scattering in the radial direction and then to 
interfere and decrease it slightly in the longitudinal direc-
tion. This would be a first explanation of the higher minor 
axis and lower major axis visible in reference ellipses in 
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Fig. 8 Correlation between measurement error and ellipse ratios: RMSE as a function of mean ratio Rref (only solid wood samples)
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Fig. 7b, hence the smaller ratios. A second possible expla-
nation could be an orthotropic behavior of light scatter-
ing due to radial growth, as it is the case for mechanical 
properties. These two assumptions could explain why on 
beech, poplar and oak, the ratio differences between LT 
and LR plane were very pronounced.

Influence of annual growth
Figure 7 shows some other anatomic particularities. On 
Douglas fir samples, the two visible ratio populations 
clearly came from the difference of light scattering on 
early wood and late wood. Ratios seem to be bigger for 
late wood than for early wood (Fig. 6a and c). This phe-
nomenon was more visible on LT samples because late 
wood, for which ratios were higher, was present in big-
ger areas than for LR plane samples. Sweet chestnut LT 
samples presented also similar differences of ratio popu-
lations, for a similar reason with ellipse ratios smaller 
when laser beam was on initial porous area. Neverthe-
less, ellipse ratios on these two species were high enough 
to have a low measurement error.

Comparison between oak sample states
About the ellipse size comparison between the different 
states of oak samples, the influence of surface MC was 
not clearly visible because of the use of reduced laser 
power for green oak sample scans. There was no signifi-
cant difference between dry and sanded oak. Regarding 
the fiber orientation measurement, and considering the 
settings used in this study, moisture content and rough-
ness of scanned oak surfaces did not significantly affect 
the fiber orientation measurement. Indeed, when tak-
ing into account sample surfaces free from big medul-
lary rays, RMSE differences between green and dry oak 
were only 0.1° and 0.2° for LT and LR planes, respectively, 
and the RMSE differences between dry rough sawn oak 
and dry sanded oak were only 0.2° for LT and LR planes. 
These similar RMSEs did not highlight any influence 
of MC and surface machining on oak fiber orientation 
measurement. In the literature, authors like [9] and [5] 
have yet showed that a better surface machining gener-
ated better fiber orientation measurements by laser light 
scattering. However, it was observed in species other 
than oak, i.e., Douglas fir for the first one and sugi and 
Japanese beech for the second one and using different 
material setups. That may explain these different results 
in this study.

Conclusion
With the sample rotation method used in this paper, the 
error of fiber orientation measurement on clear wood 
have been successfully calculated for different Euro-
pean hardwoods and one softwood species. For most of 
them, the RMSE were higher on LR plane compared to 
LT plane, which highlights the influence of wood anat-
omy on the laser light scattering (often called “tracheid 
effect” in the literature). The reason of this behavior, 
which seemed to be unreported in the literature until 
now, would be the more circular shapes of ellipse in LR 
plane because of the presence of parenchyma cells.

Moreover, ellipse shape analysis showed that the 
measurement error was correlated to ellipse axis ratio, 
ellipses with smaller ratio giving higher errors. It seems 
possible to measure grain angle with ellipse even with 
rather small ratios (near 1.35) with an acceptable error 
(near 3°). For ellipse with ratio higher than 1.5, meas-
urements with an error less than 1.5° are possible.

In a general manner, RMSE was below 1.6°, apart for 
oak LR plane, whatever its states (green, dry or sanded). 
This was due to the fact that measurement were highly 
affected by medullary rays, leading to a RMSE of 3.1°. 
Nevertheless, these error levels seem compatible with 
efficient measurements used for strength grading and/
or knot detection. As a result, fiber orientation meas-
urement was successfully performed on all the tested 
species.
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