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Wood powder characteristics of green milling with the multi-blade 
shaft mill 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Investigation of wood powders made 
from green wood via a new one-step 
technology. 

• Produced powders had much finer par-
ticle sizes than from attritional milling 
techniques. 

• Particle properties include large surface 
area, more spherical shape and high 
porosity. 

• Finer particles with spherical shapes had 
an influence on bulk density. 

• The technology enables tailor-made 
particle size distributions for down-
stream processes.  

A R T I C L E  I N F O   

Keywords: 
Powder technology 
Pinus sylvestris L. 
Aspect ratio 
Sphericity 
Image analysis 
Particle morphology 

A B S T R A C T   

The quality of wood powders depends on the size reduction technology used to produce them. The pre-drying, 
chipping, and conventional (impact and attritional) size reduction steps, commonly employed in industry, act to 
degrade wood and diminish its full potential as a renewable feedstock. In this study, the effect of using a new 
green (i.e. freshly harvested) milling technology, the multi-blade shaft mill (MBSM), on wood powder properties 
was investigated. Particle size distribution (PSD) and shape properties were measured by two-dimensional image 
analysis and surface area analysis was performed. The results showed that the MBSM can produce much finer 
powders compared to hammer milling, with particles demonstrating unique morphology and high specific sur-
face area. Green wood milling yielded particles with the highest sphericity (0.64), aspect ratio (0.58), and 
micropore diameter (4.5 nm). Finer particles with spherical shapes enhanced the bulk density. Moreover, mill 
settings permit tailor-made powders according to the desired PSD.   

1. Introduction 

The transition from the fossil-based economy to a circular and sus-
tainable bioeconomy relies on greater utilisation of renewable 

biomaterials and the phasing out of fossil-based feedstock [1]. Wood 
powders are used in many different industrial applications such as 
refinement of bio-based platform chemicals [2,3], additive 
manufacturing (3D printing) [4], paperboard production [5], paper 
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making [6], water treatment [7,8], fuel pellet production [9] and the 
manufacture of wood-based composites, wood plastic composites (WPC) 
and particleboard [10–12]. In these applications, their physical struc-
ture and chemical composition are often important considerations. 

Wood powders consist of particles of different shapes and sizes; the 
application sets the requirements for the desired particle specifications. 
The size reduction method leaves its signature on particle morphology, 
including the surface distribution of wood's macromolecular compo-
nents, an influential factor in applications [13]. A large specific surface 
area and high porosity enhance reaction chemistry by facilitating 
penetration of chemicals and enzymes [14]. As particle size decreases, so 
does cellulose crystallinity [15] and this increases specific surface area 
[14] and has benefits, for example, when converting cellulose to glucose 
via hydrolysis. Improved conversion of glucose has also been observed 
from finely milled oak [16] and loblolly pine [3] compared to courser 
powders. Improved isolation of macromolecular components is corre-
lated to the fineness of wood particulates [17] and are important for the 
extraction of lignin [18,19]. 

Particle size is also important for thermal conversion processes using 
wood as it affects heat transfer and the rate of devolatilisation. Effective 
(pulverised-fuel) boiler performance in co-firing wood, requires that 
particles should be <1 mm in diameter for optimal combustion effi-
ciency [20]. During pyrolysis, particle size influences reaction and 
heating rates [21] and directly affects carbon yield in the char product 
[22]. Smaller particle diameters lead to enhanced bio-oil [23] and tar 
yields [21] due to a reduction in vapour-phase residence time and the 
suppression of char-forming reactions [24]. 

Wood powders can be produced from a range of mill types that 
usually operate with pre-dried feedstock. The resulting particle size 
distribution (PSD) of a powder depends on the comminution technology 
employed [25]. For example, the particle size can be controlled to some 
extent using different rotation speeds and actuators in hammer mills (e. 
g. the number of hammers [26]). The common two-stage hammer mill 
can generally produce a wood powder with PSD below 1 mm (sieving, 
mass basis) from pre-dried wood chips [20]. Knife mills can also reduce 
pre-dried chips to a powder with PSD below 1.5 mm [27]. 

Hammer mill powders have narrow elongated particles with angular 
profiles; this shape could be classified as a regular shape for wood 
powders. Knife mills, on the other hand, yield particles with rectangular 
shapes [28]. The bulk densities of powders are affected by their particle 
morphologies. Thin and long or hook-shaped particles increase the 
tendency of the powder to bridge [28]. This and large interparticle voids 
can lead to low packing efficiency. Although optimal packing is a 
complex problem, smaller particles diameters, tending towards spher-
ical shapes, increase packing because of their ability to more freely move 
and fill gaps [29]. Therefore, in addition to the particle density and 
porosity, shape also plays a role in the bulk density of wood powders. 

Due to the large data sets that come with studying PSDs of powders, 
statistical tools have been used to develop models on powder quality. 
MODDE Pro-12 software has been employed for investigating wood 
powder properties, i.e., PSD and bulk density using multi-linear 
regression (MLR) models [30]. The authors have used MLR models to 
investigate the effect of moisture content, feeding speed, and sawblade 
speed on energy requirements, PSD, and bulk density. Tukey's model 
with SAS 9.0 software has been used by Jiang et al. [31] to study the 
effect of moisture content in the feedstock material on powder PSD. 
Others have used Levenberg-Marquardt's non-linear regression model to 
investigate the correlation and model fitness for energy consumption, 
Hausner ratio, and Carr-compressibility index in relation to particle size 
[32]. Artificial neural network (ANN) models using back propagation 
(Levenberg-Marquardt) algorithms have been described to understand 
the relationship between energy consumption, powder moisture con-
tent, and powder size [29]. 

In this study, the impact of a new type of green milling technology on 
wood powder properties was investigated. The influence of shape 
properties on the bulk density of powders was studied. The effect of 

wood moisture content, at the time of milling, on wood powder prop-
erties and the relationship between shape properties and bulk density of 
wood powder were analysed using a statistical tool. The shape, size, 
surface area, and porosity of powders were characterised. The effect of 
green versus dry milling of wood on particle properties and the bulk 
density of powders was also examined. 

2. Materials and methods 

Pine (Pinus sylvestris L.) wood powders used in this study were ob-
tained from a series of designed experiments using a prototype multi- 
blade shaft mill (MBSM) [30]. There were nine types of powders cor-
responding to nine different mill settings. The ranges of experimental 
used parameters for wood moisture contents, feeding speeds and blade 
speeds were 10–50% (wet basis), 1.3–2.6 m min− 1 and 52–72 m s− 1, 
respectively. Hammer mill powders were produced from a single setting 
for the purpose of comparison. 

2.1. Representative material sampling 

The wood powder samples were sieved by a sieve shaker (Analysette 
3, Fritsch, Germany) set at 1.5 mm amplitude for 10 min to obtain ≤1.0 
mm particles prior to sampling by rotary sample divider for image, 
surface area and porosity analyses. 

2.2. Two dimensional image analysis 

Particle size distributions and shapes of powders were characterised 
with a 2D image analyser (CAMSIZER XT Particle Analyser, Microtrac 
RETSCH GMBH, Germany) with a designed size detection range of 0.001 
to 3.0 mm at the Department of Engineering Sciences and Mathematics, 
Luleå University of Science and Technology, Luleå, Sweden. The image 
analyser used CAMSIZER XT 6.3.10 software (Microtrac RETSCH 
GMBH, Germany). 

Three replicate samples were used for each powder type, resulting in 
81 experiments with the image analyser, each producing a spectrum of 
data on power particle size distribution (PSD) and particle shape factors. 
In the analysis, the three replicates data sets were averaged. The sample 
sizes used in this study were 2.8–6.1 g. The software calculated the PSD 
and shape factors using the following relations [33]. 

The frequency distribution over Xc min was used to analyse the results 
of particle size defined by Eq. (2): 

Q3(Xc min) =
dQ3(Xc min)

X(Xc min)
(1) 

In which Xc min is the shortest chord among several chords of a par-
ticle (Fig. 1a), Q3 is the cumulative size distribution based on volume. 

P3(Xc min) = dQ3(Xc min) (2) 

Where, P3 is particle size distribution based on volume. 
The aspect ratio and sphericity were used to characterise the shape of 

particles. The aspect ratio is the ratio of particle width (Xb) to particle 

Fig. 1. Shape quantification parameters a) chord of the particle and b) 
Feret diameter. 
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length (Xl) defined by Eq. (3). 

Aspect ratio =
Xb

Xl
(3) 

Where, Xb is the Xc min and Xl is the XFe max. Xc min is used to represent 
the width or breadth of a particle [33] whereas XFe max is considered as 
the length of the particle [33,34]. Feret maximal diameter (XFe max) is the 
longest Feret diameter (The distance of two tangents placed perpen-
dicularly in the measuring direction) (Fig. 1b) [33]. 

The sphericity ψ (dimensionless) of a particle expresses the deviation 
in shape from a sphere and depends on the area of a particle projection 
(XA) and the measured circumference (XP). The closer the value is to one, 
the more spherical the particle. It was calculated by the following Eq. 
(4): 

ψ =
4ΠXA

XP
2 (4)  

2.3. Geometric surface area 

For a spherical particle, the simple geometric surface area A (m2) and 
particle volume V (m3) are calculated using (5) and (6) in which r (m) is 
the particle radius. 

A = 4πr2 (5)  

V =
4
3

πr3 (6) 

The ratio of surface area to volume of a particle, with common terms 
eliminated, is (7) 

A
V
=

4πr2

4
3 πr3 =

3
r

(7) 

As the radius of the particle approaches zero, the ratio approaches 
infinity. It follows that for a finite volume of material, the greater the 
reduction in particle size, the greater the generated surface area. The 
surface area of a powder Ap (m2) consisting of n (particles) with a 
diameter d (m) is calculated with (8), in which Ad (m2) is the surface area 
of a single particle with diameter d. 

Ap = Ad1nd1 +Ad2nd2 +Ad3nd3… =
∑

d
Adnd (8) 

The number of particles of diameter d can be estimated from a par-
ticle size distribution determined through sieve analysis of a represen-
tative powder sample (9) where Md (kg) is the mass fraction of sieved 
particles at diameter d (from a unit mass sample) and md (kg) is the mass 
of a single particle. 

nd =
Md

md
(9) 

The particle mass md is found from the relationship between volume 
(6) and material density (10) ρ (kg m-3) with the substitution r = d/2, 
resulting in (11). 

md = ρ V (10)  

nd =
Md 6
ρπd3 (11) 

With elimination of common terms, the surface area of the powder 
(8) can then be rewritten as (12). 

Ap =
∑

d
Adnd =

∑

d

[
4π(d/2)2

][ Md6
ρπd3

]

=
6
ρ
∑

d

Md

d
(12) 

The surface area generation Å (m2 kWh− 1) of size reduction can be 
calculated from the specific milling energy eM (kWh t− 1) on a dry mass 
basis (13). 

Å = eM∙A− 1
p (13)  

2.4. Measured surface area and porosity 

Specific surface area (i.e. BET) of powders and porosity were deter-
mined for three powder types; i) the MBSM powder from wet wood with 
lowest bulk density, ii) the MBSM powder from dry wood with highest 
bulk density and iii) the hammer mill powder. Sample sizes ranged from 
1.1 to 1.3 g. Analysis was carried out by Celignis Analytical, Ireland, 
using a NOVA 2200e series surface area and pore size analyser (Quan-
tachrome Instruments, Boynton Beach, USA). 

2.5. Statistical analysis 

Wood powder properties, i.e., aspect ratio and bulk density were 
evaluated by orthogonal partial least squares projections to latent 
structures (OPLS) [35] and orthogonal partial least squares discriminant 
analysis (OPLS-DA) [36] using SIMCA 16 software (Umetrics, Umeå, 
Sweden). Prior to model construction of shape factors, the PSD was 
limited to 50 to 500 μm because of having poor statistics beyond the 
range (suggestion from expert of Microtrac RETSCH GMBH). All data 
were subsequently mean centred and scaled to equal variance (denoted 
UV-scaling in SIMCA). In the following modeling, the image analysis 
data (aspect ratio) was put in a matrix (X), and the measured responses, 
i.e., powder bulk density, were arranged in a matrix (Y). Moreover, the 
observations were divided into two groups (denoted class 1 & 2) based 
on initial wood moisture content. An initial principal component anal-
ysis (PCA) was conducted on each specific dataset (X) to evaluate gen-
eral trends and patterns in the data and outlier detection. Cross- 
validation (venetian blinds) was used for evaluating the calibration 
(OPLS) and discriminant models (OPLS-DA) by the following di-
agnostics; R2 (coefficient of determination, describing the amount of 
explained variation in X), Q2 (coefficient of multiple determination, 
describing the amount of variation in the cross-validated subsets pre-
dicted by the model) and RMSECV (root mean square error using cross- 
validation, using seven cross validation groups and same number of 
iterations). 

3. Results and discussion 

3.1. Particle size distribution 

The particle size distribution of MBSM powders and hammer mill 
powder is presented in Fig. 2. The peaks of the MBSM distributions occur 
in the range of 30 to 300 μm. The magnitudes of the peaks for MBSM 
powders are much greater and substantially narrower than that of the 
hammer mill powder, indicating substantially finer powders. The cu-
mulative volume percent (insert graph) of particles <0.5 mm in MBSM 
powders was therefore much higher; 68.4 to 87.5% for MBSM versus 
48.2% for hammer mill. In other words, there were almost twice the 
amount of finer particles in MBSM powders. The >1.0 mm particles for 
MBSM powders were 5 to 18% only depending on the mill settings and 
wood moisture content. 

The two narrowest PSDs (C and H) were observed from both low and 
high moisture content wood with high blade speed and low feeding 
speed. The broadest PSD was observed for the MBSM settings of low 
moisture content with low blade speed and high feeding speed (B). BS 
and FS affect the PSD (peak width) and gradual transition from I to E are 
results of their different settings. 
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These results (volume basis) generally agree with those from me-
chanical sieving analysis (mass basis) of MBSM powders [30]. They 
show that the wood moisture content and the MBSM blade speed pro-
duce similar effects on produced powders and that these differences are 
small compared to the differences between MBSM and hammer mill 
powders. 

3.2. Particle shape analysis 

The aspect ratio and sphericity of powders are presenting in Fig. 3, in 
which MBSM data is coloured according to the moisture content of the 
wood used in milling (i.e. green and brown representing above and 
below fibre saturation point, respectively). MBSM powders obtained 
using different milling parameters did not show significant shape dif-
ferences. The values of aspect ratio and sphericity of MBSM powders 
were higher than hammer-milled powders. The range of aspect ratio and 
sphericity were 0.54–0.61 (0.57) and 0.51 to 0.75 (0.63), respectively 
for MBSM powders across MBSM parameter settings. The mean aspect 
ratio and sphericity of hammer-milled powders were 0.41 and 0.54, 
respectively. 

The moisture content during milling is the primary factor that de-
termines particle shape factors of MBSM powders. This is evident by 
observing how high (green) and low (brown) moisture content data is 
differentiated from each other in two discrete bundles of curves (Fig. 3). 
For both shape factors, there is a clear crossover point in the data at 
approximately 200 μm (crossover region 150–250 um). Above this 
point, high moisture content yields powders with greater aspect ratio 
and sphericity. Below the crossover, low moisture yielded greater aspect 
ratio and sphericity. The shape factors for the experimental mid-point 
(dotted line) in the experiments were approximately intermediate 

between the bundles. Both shape factors of hammer-milled powders 
display similar behaviour and slope at different particle sizes. 

The method of drying of wood powders may be a factor in this 
behaviour. Uneven moisture distribution in wood during drying causes 
internal stress due to moisture gradient leading to wood deformation 
[37]. This is analogous to the warping of pine boards due to internal 
stress while drying [38]. Trubetskaya et al. [39] observed that pine 
wood particles became both more spherical during rapid de- 
volatilsation and more porous with more inner cavities. Despite the 
lower temperature used in drying herein, this explanation may aid the 
understanding of how particle shape is affected by moisture removal. 
Further studies are needed to investigate the morphological change of 
the smaller particles below the size of crossover region. 

The obtained MBSM powders had higher aspect ratio and sphericity 
compared to those in previous studies. Aspect ratios and sphericity in 
hammer mill pine powders were found to be 0.21–0.22 and 0.44–0.45 
for a particle size distribution of 3.2–25.4 mm [32]. Kobayashi et al. [40] 
found aspect ratio 0.20–0.33 for 0.02–0.5 mm pine powder milled in a 
vibration mill (rod and ball mill). 

3.3. Surface area, porosity and powder bulk density 

The measured results of surface area and porosity by BET analysis for 
the MBSM powders with the lowest (green wood) and highest (dry 
wood) bulk density and that of the hammer mill powder are presented in 
Table 1. The MBSM powder (green wood) showed 3.2 times higher 
specific surface area compared to hammer mill powders (1.378 vs. 
0.4291) and 2.5 times higher surface area than MBSM powder (dry 
wood) (1.378 vs. 0.5573). 

MBSM powders from green wood demonstrated 2.7 times (0.002759 

Fig. 2. Particle size distribution (P3) of powders obtained from the multi-blade shaft mill and hammer mill. The inserted graph is the cumulative particle size 
distribution (Q3). Symbols refer to M = moisture content (% wet basis). BS = blade speed (m s− 1) and FS = log feeding speed (m min− 1). 
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a

b

MBSM (dry wood)

MBSM (wet wood)

Hammer mill 

MBSM (centre point)

MBSM (dry wood)

MBSM (wet wood)

Hammer mill 

MBSM (centre point)

Fig. 3. Aspect ratio (a) and sphericity (b) of multi-blade shaft mill (MBSM) and hammer mill powder.  

Table 1 
Results from surface area and porosity analysis.  

Sample description Sample 
mass (g) 

BET specific 
surface area 
(m2 g− 1) 

Pore 
volume 
(cm3 g− 1) 

Average 
pore dia. 
(nm) 

BJH 
method 
dia. (nm) 

QSDFT 
micropore 
dia. (nm) 

Specific milling 
energy, dry mass 
(kWh t− 1) [30] 

BET surface area 
generation (m2 

kWh− 1) 

Geometric surface 
area generation 
(m2 kWh− 1) 

MBSM, N17L31 
(green wood, 
lowest bulk 
density) 

1.13 1.378 0.002759 8.012 3.542 4.52 197.4 6981 354 

MBSM, N27L13 
(dry wood, 
highest bulk 
density) 

1.32 0.5573 0.001035 7.428 3.536 1.611 197.2 2826 374 

Hammer mill 1.06 0.4291 0.001037 9.666 3.539 1.478 86.0 4990 588  
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vs 0.001037) greater pore volume and 3.1 times larger micropore 
diameter than hammer-milled powders (4.52 vs. 1.478). The porosity of 
MBSM green wood powders was 2.8 times higher than MBSM dry wood 
powders and 3.1 times higher than hammer mill powder. This indicates 
high porosity, which directly influences the bulk density of a material; 
the higher the porosity, the greater the volume occupied by the particles 
and the lower the bulk density of the material. 

According to BET analysis, the milling of green wood in the MBSM 
yielded the greatest surface area per input of milling energy (Eq. 13), 
40% more than hammer milling; the surface area generation was found 
to be 6981, 2826 and 4990 m2 kWh− 1 for green wood, dry wood MBSM 
powders and hammer mill powders, respectively (Table 1). Based on the 
sieve results, this can be compared to the calculated geometric surface 
area generation which were found to be an order of magnitude lower 
(354, 374 and 588, respectively). This is only to be expected of smooth 
(pore-free) spheres, on which this simple calculation is based. However, 
it demonstrates the importance of porosity and particle morphology in 
the generation of surface area in powders. 

Nopens et al. [41] have measured the specific surface area of Scots 
pine (Pinus sylvestris) wood. The authors used an original wood sample 
with a thickness of 1.5 mm. The obtained result showed a BET surface 
area of 1.533 m2 g− 1. This value is similar to MBSM powders obtained 
from the green wood, although the instrument is different. It indicates 
that green milling can preserve the native structure of wood. This may 
contribute to a higher yield of value-added products, i.e., biochemical in 
the downstream process. 

Earlier results showed that the bulk density of dry MBSM powders 
was only dependent on the wood moisture content at the time of milling 
(Table S). OPLS analysis of the bulk density mirrored this finding and 
showed that data form two distinct groups of green (above fibre satu-
ration point) and dry wood (below fibre saturation point) (Fig. 4a,b). 
OPLS-DA analysis showed that the aspect ratio of powder obtained from 
dry wood was clearly separated from wet (Fig. 4a). The aspect ratio was 
higher for smaller particles from dry wood, while it was higher for 
bigger particles from green wood. This trend can also be observed in 
Fig. 3, where powder from dried wood had a higher aspect ratio for 
smaller particles. The produced models show that aspect ratio and bulk 
density (R2 = 0.87, Q2 = 0.80, and RMSEcv = 17.31) (Fig. 4b) and 
particle number and bulk density (R2 = 0.86, Q2 = 0.84, and RMSEcv =
15.58) are well correlated (Fig. S). The bulk density increased with the 

increase of aspect ratio and powder sourced from dry wood showed 
higher aspect ratio and bulk density (Fig. 4b). 

The large differences in bulk density are attributed to the differences 
in aspect ratio between powders. It could also be influenced by packing 
efficiency, being a function of differences in particle shapes, but the 
evidence for this is absent in this study. For example, others have found 
that smaller particles can move easily and have the ability to fill up the 
spaces between the bigger particles [29]. In this study, the number of 
smaller size particles were higher for powder obtained from dry wood. 
Although the aspect ratio was higher and lower for dry and green wood 
(Figs. 3 and 4a), the higher number of smaller particles with higher 
aspect ratio was comparatively more for powders obtained from dry 
wood (for the size range 20–150 μm, there were approximately 67,000 
particles g− 1 from the driest wood compared to 38,000 particles g− 1 

from green). Therefore, the finer particles with more spherical shape 
(and less porosity) in powders from dry wood enhance the homogenous 
distribution by filling the gaps between the bigger particles and increase 
the compactness of powder leading to a higher density. 

Nevertheless, the inherent chemical composition, for example due to 
varying amounts of extractives present with moisture in the wood, due 
to using dry and green materials may have an impact on the findings in 
this study. Future microscopic studies combined with chemical analysis 
methods may shed more light on these possible factors. 

4. Conclusions 

This study showed that multi-blade milling enabled unique powder 
production from a single-step size reduction operation. Produced wood 
powders were much finer with unique particle morphology compared to 
a reference hammer mill powder. They exhibited a higher aspect ratio, 
sphericity, specific surface area, pore volume, and micropore diameter. 
Moreover, the higher aspect ratio and sphericity of MBSM powders were 
observed, for the majority of the studied particle size distribution, when 
milling green wood. Finer particles with spherical shapes had influential 
factors enhancing the packing effectiveness leading to the bulk densities 
values. Furthermore, the multi-blade mill operational parameters did 
not affect, to any great extent, the shape factors of powders – leading to 
the conclusion that the observed particle morphology is a characteristic 
of this size reduction technology. Future research is needed to fully 
characterise the microstructure of MBSM powders but the evidence 

Fig. 4. (a) Score plot derived from class discriminant analysis (OPLS-DA) of AR dependence on moisture content (dry (class 1, green) and wet (class 2, blue), and (b) 
OPLS calibration model for aspect ratio (X) and bulk density (Y) displaying measured bulk density (kg m− 3) versus model predicted bulk density (kg m− 3). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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suggests that their observed low bulk density from green milling can be 
attributed to significant differences in particle morphology and porosity. 

Nomenclature 

A geometric surface area (m2) 
Ad geometric surface area of single particle of diameter d (m2) 
Ap geometric surface area of a powder (m2) 
Å surface area generation of size reduction (m2 kWh− 1) 
ANN artificial neural network 
BS blade speed (m s− 1) 
d particle diameter (m) 
eM specific milling energy, dry mass (kWh t− 1) 
FS log feeding speed (m min− 1) 
M moisture content of wood (%) 
MBSM multi-blade shaft mill 
MLR multi-linear regression 
Md mass fraction of sieved particles at diameter d (kg) 
md mass of a single particle (kg) 
nd number of particles of diameter d (particles) 
OPLS calibration model 
OPLS-DA discriminant model 
PSD particle size distribution 
P3 volume based particle size distribution 
Q2 coefficient of multiple determination 
Q3 volume based cumulative distribution (% passing) 
dQ3 difference of two consecutive values of Q3 
R2 coefficient of determination 
r particle radius (m) 
RMSECV root mean square error using cross-validation 
V particle volume (m3) 
XA area of a particle projection (mm2) 
Xb particle width (mm) 
Xc min width (mm) 
XFe max particle length (mm) (Feret maximal diameter) 
Xl particle length (mm) 
XP measured circumference 
ψ sphericity (dimensionless) 
ρ material density (kg m-3) 
WPC wood plastic composites 
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