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Abstract
This study measured the polarised light reflected from the surface of thermally modified Scots pine (Pinus sylvestris L.)
wood using a Stokes imaging polarimeter. The data were analysed using the Mueller matrix method. The Scots pine boards
were heat treated in an oven at temperatures of 160 ºC, 200 ºC and 220 ºC, with a heat treatment time of 3 h at the maximum
temperature. The results indicated that the chemical composition of the thermally modified wood underwent a permanent
transformation, leading to a change in the degree of polarisation of the reflected light. The presented method provides useful
information for inspecting the quality of thermally modified wood products.
Keywords Light polarization method · Heat treatment wood · Degree of polarization (DOP) · Imaging stokes polarimeter ·
Mueller matrix

1 Introduction
Wood is an environmentally friendly, multipurpose material.
However, some properties of wood are not optimal, such as
its dimensional stability. The characteristics of wood can
be modified using different treatment methods, including
thermal treatment, which is used to improve its durability,
its resistance to mould and decay fungi, its dimensional
stability, its weather resistance and its visual appearance
[1–4]. In 2017, thermal modification at a typical temperature range of 185–215 °C was the industrial process that was
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applied to approximately 200,000 m3 of the sawn timber
in Finland (Thermowood® 2017 production statistics) [5].
The heat treatment process takes about 48–72 h. However,
the heat treatment process is different for pine and birch.
Increased production volumes have created a practical need
for an inexpensive, easy-to-use and rapid analysis method
for defining the treatment condition of wood specimens after
thermal modification, and to monitor the quality of thermally
modified wood available in the marketplace. Traditionally,
the quality classification of thermally modified wood is monitored using colour, mass loss and Young’s modulus [6].
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Colour information can be used to define various classifications of thermally modified wood (degrees of heat treatment)
[7]. Sandak et al. [8] suggested that the Fourier transform
near infrared (FT-NIR) spectroscopy technique could be
used to control the quality of the final product. Wood mainly
consists of hemicelluloses, cellulose and lignins. Hemicelluloses and cellulose are polysaccharides, while lignins are
highly complex, mainly aromatic, polymers of phenylpropane units. Wood also contains small amounts of extractives,
such as resin, fatty acids, fats, waxes, fatty alcohols, phenols,
terpenes and steroids [9]. The crystalline cellulose found
in wood contains long-chain polysaccharides composed of
β-1,4-linked d-glucose rings that cause rotation of linearly
polarised light, which results from the birefringence of a uniaxial cellulose crystal [10]. The birefringence of thermally
modified wood has been investigated by measuring the effective refractive index of wood using the immersion matching
method [11]. The disadvantage of the immersion matching
method is that measurement requires sample preparation.
Moreover, the measurement process takes a long time, and
immersion liquids with a high refractive index are typically
expensive and toxic. The light polarisation technique has
been used to determine the degree of heat treatment of wood
based on changes in the birefringence properties of wood
[12]. The disadvantage of the light polarisation technique
is that determination is based on a small area (diameter of a
laser beam) on the board.
This study aimed to investigate the change in the birefringence properties of the thermally modified wood by
measuring light reflection with a Stokes imaging polarimeter based on the Mueller matrix method. There are several advantages to using a Stokes imaging polarimeter; the
instrument provides high repeatability and accuracy, as well
as information about the shape and texture of the reflecting
surfaces. The results are also robust, the capture is reusable,
and the image provides a visual perception. The polarimeter
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is comparatively easier use than other instruments, and it
provides a large field of view on the sample. However, a
Stokes imaging polarimeter is expensive, which is its main
disadvantage.

2 Materials and methods
The thermal modification of the timber used in this study
was performed according to the Thermowood® process [13].
Scots pine (Pinus sylvestris L.) boards samples were modified in a special kiln, which has a capacity of 1/2 m3. The
boards with dimensions of 63 (H) × 75 (W) × 2000 (L) mm
were treated at 160 °C, 200 °C and 220 °C, with a heat treatment time of 3 h at the maximum temperature. The boards
were sawn from trees that were grown in Central Finland,
approximately between 64–65º N and 27–28º E. The boards
contained both heartwood and sapwood. After modification,
the boards were cut and planed into 4(H) × 20 (W) × 80 (L)
mm samples for the measurement. After the heat treatment
process, boards are stabilized to room temperature before
measurement. The wood samples were measured in a laboratory that was conditioned at 22 °C and 75% relative humidity.
The polarisation state of light can be characterised by
four measurable parameters known as the Stokes polarisation parameters. The first parameter, S0, expresses the total
intensity of the light. The remaining three parameters, S1,
sS2, and S3, describe the polarisation states, which express
the intensity of the horizontal linear polarisation, 45 º linear polarisation and right circular polarisation, respectively.
These parameters are usually expressed as a column vector
known as the Stokes vector [14]. The Stokes vector is a complete representation of the polarisation state. The detection
system used in our study consists of a dual rotating speed of
a retarder and an analyser at a ratio of 1:3 (as seen in Figs. 1
and 2) [15]. A Prosilica GS1380 charge coupled device

Fig. 1  Experimental setup of
the Stokes imaging polarimeter
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ao ∕2 = I0 ∕2 ⋅ S0in
a2 = I0 ∕2 ⋅ sin2 (𝛿∕2) ⋅ S1in
b2 = I0 ∕2 ⋅ sin2 (𝛿∕2) ⋅ S2in
b4 = I0 ∕2 ⋅ sin2 (𝛿∕2) ⋅ S3in

(4)

a6 = I0 ∕2 ⋅ cos2 (𝛿∕2) ⋅ S1in
Fig. 2  The rotating retarder and analyser used to analyse the reflected
light

(CCD) camera, with a resolution of 1360 × 1024 pixels, was
used. The wavelength of the light source was 632.8 nm. The
measured light can be represented as:
(1)

Sout = A(3𝜙) ⋅ R(𝜙, 𝛿) ⋅ Sin ,

where A(3I(𝜙)) and R(I(𝜙), δ) are indicated as the Mueller matrix of the analyser and the retarder at angle I(𝜙) and
retardance δ, respectively. Sin and Sout represent the Stokes
parameters of the incident and the reflected light, respectively. Using the corresponding Mueller matrix of each element, Eq. (1) can be expressed as:

⎡ S0 ⎤ ⎡ 1
cos 6𝜙
sin 6𝜙
⎢ S out ⎥ ⎢
2
cos
6𝜙
cos
6𝜙
cos
6𝜙 sin 6𝜙
⎢ 1out ⎥ = ⎢
sin2 6𝜙
⎢ S2out ⎥ ⎢ sin 6𝜙 cos 6𝜙 sin 6𝜙
⎢S ⎥ ⎣ 0
0
0
⎣ 3out ⎦

b6 = I0 ∕2 ⋅ cos2 (𝛿∕2) ⋅ S2in .
Taking into account each coefficient, the retardance can
be retrieved as:
)
(√
(
) (
)
−1
𝛿 = 2 ⋅ tan
a2 − b 2 ∕ a6 + b 6 .
(5)
Finally, the Stokes parameter can be written as:
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With the Stokes parameters, the degree of polarisation
(DOP) is defined as the ratio of the sum of the intensity of
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The intensity I(𝜙) detected by the CCD camera can be
obtained as:

I(𝜙) =

I0 [
⋅ S0in + sin2 (𝛿∕2) ⋅ S1in ⋅ cos 2𝜙
2
+ cos2 (𝛿∕2) ⋅ S1in ⋅ cos 6𝜙 − sin2 (𝛿∕2) ⋅ S2in ⋅ sin 2𝜙
]
+ sin 𝛿 ⋅ S3in ⋅ sin 4𝜙 + cos2 (𝛿∕2) ⋅ S2s ⋅ sin 6𝜙
(3)

By analysing the Fourier transform of the intensity, its
corresponding coefficients can be obtained as:
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(6)

(2)

the polarised light to the total intensity. Then DOP can be
expressed as:
√
s21 + s22 + s23
(7)
, (0 ≤ DOP ≤ 1).
DOP =
s0
Crystalline materials are often utilised, especially in the
field of optics, due to their ability to modify light. Often
these materials divide a light beam into two beams; thus,
the material is referred to as being optically birefringent.
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Fig. 3  Stokes image (DOP) of Scots pine wood: a untreated; b treatment at 160 °C; c treatment at 200 °C; d treatment at 220 °C

Fig. 4  Average DOP value of untreated and thermally modified pine
as a function of temperature. The line segments display standard
deviations of the measurements (n = 6)

Birefringence generates and alters light polarisation. The
state of polarised light is measured by the DOP (DOP = 1
for perfectly polarised light and DOP = 0 for unpolarised
light). At the microscopic scale, native untreated timber
also contains crystalline structures. Here, it is assumed that
the heat treatment alters/destroys the crystalline structures;
consequently, the polarisation properties (e.g., the DOP) of
the polarised light that interacts with the wood changes. We
have developed calculations using the LabView program to
reconstruct the two-dimensional intensity images as well as
the corresponding Stokes vector and the different polarisation parameter images.

3 Results and discussion
The DOP values, as a function of temperature for the
untreated and thermally modified Scots pine samples, are
presented in Figs. 3 and 4. Figure 4 shows the mean values
of the images shown in Fig. 3. However, the outer borders
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(width: 10 pixels) of each image were removed while calculating the mean value to reduce error. In Fig. 3, the light
and dark stripes represent the annual growth rings. The
density of the summer wood (the wider, darker stripes seen
in Fig. 4) is higher than the density of the spring wood
(thinner, lighter stripes). Moreover, the summer wood has
a higher concentration of cellulose than the spring wood.
Due to its crystalline nature, cellulose is less affected by the
heat treatment process. This is shown in Fig. 4 as a darker
stripe. Furthermore, as seen in Figs. 3 and 4, the DOP of
light increases when the treatment temperature increases.
This could be because the wood fibre loses its birefringence property. Also, the age of the wood can affect the
softwood to the heartwood ratio. The temperature and treatment time influence differently heartwood and softwood
such as weight loss. Heartwood is almost always darker as
the softwood after the heat-treatment process. In addition,
pine heartwood generally contains significantly more wood
protecting compounds than pine softwood, which is why
pine heartwood decay resistance is better. The ordinary and
extraordinary refractive indices of crystalline cellulose are
1.5956 and 1.5312, respectively; thus, the birefringence is
+ 0.0644 at a wavelength of 589 nm [16]. Niskanen et al.
[11] determined the refractive indices of thermally modified
Scots pine using the immersion liquid technique in untreated
samples and samples treated at 180 ºC, 200 ºC and 230 ºC,
resulting in refractive index values of 1.553, 1.557, 1.587
and 1.596, respectively. The refractive index of thermally
(230 ºC) modified Scots pine approaches the maximum ordinary refractive index of cellulose, which is 1.596. Therefore,
the birefringence property of wood can disappear at a high
temperature. A similar result was reported by Deguchi et al.
[17]; that study investigated the birefringence property of
cellulose in water at a temperature around 320 °C and a
constant pressure of 25 MPa.

4 Conclusion
Heat treatment causes changes to occur in the crystalline
structure of cellulose. That can be observed by measuring
the DOP using Stokes imaging polarimeter analysis. There
are several major advantages to using a Stokes imaging polarimeter. The method is sensitive, it provides a large field
of view on the sample, the capture image is reusable, the
image provides a visual perception and it is possible to conduct a non-contact analysis of the samples. We believe that a
Stokes imaging polarimeter is a useful tool for conducting a
quality inspection of thermally modified wood. Understanding the changes in the optical properties of cellulose is an
important step in developing better control systems for the
thermal treatment process.
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