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Abstract. Information on the relationship between cambial age-related changes in stem size and wood
properties is essential for promoting plantation forestry and utilization of fast-growing tree species. In this
study, cambial age-related changes in radial growth increments of stems and wood properties were prelimi-
narily examined using mixed-effects modeling of �25-yr-old Paulownia tomentosa trees planted in
Fukushima, Japan. A Gompertz model was well-fitted to cambial age-related changes in stem diameter.
The cambial ages showing the maximum current annual increment and mean annual increment estimated
by the radial growth model were 5.4 and 7.3 yr, respectively. Although radial growth decreased after a
certain cambial age, the mean annual increment value was still more than 2 cm per year until 25 yr. Most
anatomical characteristics increased from the pith and stabilized toward the cambium. On the other hand,
physical and mechanical properties were stable from the pith toward the cambium: the fixed-effect parame-
ter estimates in the selected y-intercept model were 0.29 g�cm23 for air-dry density, 4.02 GPa for MOE,
and 40.3 MPa for MOR. Thus, a large volume of xylem with low and stable physical and mechanical prop-
erties values was produced for more than 20 yr, suggesting that the rotation age of plantations of this spe-
cies can be determined from the viewpoint of wood quantity. In addition, the wood can be used where low
density, but stable properties is an advantage at any age in this species.

Keywords: Anatomical characteristics, physical properties, mechanical properties, mixed-effects
modeling, Paulownia tomentosa.

INTRODUCTION

Woody biomass production from fast-growing
plantations is desirable to meet the increasing
demands for wood resources. Because fast-
growing trees can store massive carbon from the

atmosphere in a short time, planting these trees
also has merit for solving environmental issues.
Therefore, promoting the establishment of planta-
tions and wood utilization of fast-growing tree
species is important not only to sustainable wood
resources but also to minimize global warming by
sequestering atmospheric carbon dioxide. At pre-
sent, among several fast-growing tree species
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including Melia azedarach L., Cunninghamia
lanceolata (Lamb.) Hook., Liriodendron tulipi-
fera L., and Eucalyptus spp. have been considered
as candidates for plantations in Japan (Hirohashi
et al 2012; Yokoo et al 2021; Nezu et al 2022;
Ido et al 2023).

The relationships between radial growth incre-
ments of the stem and anatomical characteristics
have been examined in several broad-leaved tree
species concerning trade-offs between quantity
and quality of wood (Tsuchiya and Furukawa
2008, 2009a, 2009b, 2009c). Generally, the
growth stages of trees can be divided into young,
middle, and old based on the cambial age-related
changes in radial growth increments of the stem
(Fig 1, Kataoka 1992; Salas-Eljatib et al 2021).
The young stage occurs from the beginning of the
radial stem increments to the age t1 at the point of
the maximum current annual increment (CAI).
The middle stage is from age t1 to age t2 at the
point of the mean annual increment (MAI). The
old stage is over age t2. Age t1 corresponds to the
inflection point of the S-shaped growth curve of
the radial stem increment, and age t2 is when CAI
equals MAI (Kataoka 1992). To estimate the
cambial age at the maximum point of CAI and
MAI, the regression model based on the Gom-
pertz growth function is fitted to the stem diame-
ter or cumulative ring width over time in several
broad-leaved tree species (Tsuchiya and Furu-
kawa 2008, 2009a, 2009b, 2009c). On the other
hand, a nonlinear regression model based on a
quadratic function with a plateau was applied to
describe cambial age-related changes in anatomi-
cal characteristics (Tsuchiya and Furukawa 2008,
2009a, 2009b, 2009c). The maturation age of
each anatomical characteristic was regarded as
the cambial age reaching a plateau value in the
regression model. As a result, the maturation age
of anatomical characteristics, such as wood fiber
length and vessel lumen diameter, is similar at
ages t1 or t2 in broad-leaved tree species (Tsu-
chiya and Furukawa 2009a). Tsuchiya and Furu-
kawa (2009b) also investigated the relationships
between the maturation ages of the wood fiber
length, vessel element length, and vessel lumen
diameter and the boundary age between the stages

of diameter growth in Populus simonii and Popu-
lus 3 beijingensis planted in China. In addition,
the relationship between the maturation age of
vessel lumen diameter and radial growth was also
elucidated in 30 different broad-leaved tree spe-
cies grown in Japan (Tsuchiya and Furukawa
2009c). The 30 species were classified into three
types: 1) maturation age similar to age t1 rather
than age t2 (13 species), 2) maturation age similar
to age t2 rather than age t1 (15 species), and 3)
no relationships between cambial age-related
changes in vessel lumen diameter and radial

Figure 1. Schematic of the developmental stage of radial
growth increment (modified from Kataoka 1992; Salas-
Eljatib et al 2021): Upper graph, S-shaped growth curve fitted
to the radial growth; lower graph, curves of the current annual
increment (CAI) and mean annual increment (MAI); t1, age
showing maximum CAI; t2, age showing maximum MAI.
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growth (two species). Studies of several broad-
leaved tree species (Tsuchiya and Furukawa
2008, 2009a, 2009b, 2009c) suggest that there is a
trade-off between radial growth increments of the
stem and anatomical characteristics: the wood
with mature anatomical characteristics might be
formed after radial growth rate slows. Suppose
this trade-off is adapted for the fast-growing tree
species used for plantation development. In that
case, the balance between the quantity and quality
of wood obtained from the fast-growing tree plan-
tations may be controlled by some silvicultural
treatments. In addition, to utilize the wood
obtained from the fast-growing tree plantations
for value-added products, such as solid wood, the
trade-off concepts should be evaluated for the
other qualities of wood, such as density and
strength properties.

Recently, the relationships between radial growth
increments of stems and multiple wood properties
were clarified in a fast-growing tree species,
L. tulipifera planted in Japan using mixed-effect
modeling of cambial age-related changes in these
properties (Nezu et al 2022). The maximum CAI
and MAI determined by stem diameter were
found at 4.9 and 7.4 yr, respectively. In addition,
all measured wood properties changed near the
pith before becoming stable toward the cambium
(Nezu et al 2022). The changing ratio of multiple
wood properties at 1-yr intervals became stable
after a cambial age of 9 yr (Nezu et al 2022).
These results suggest a trade-off between radial
growth increments of stems and wood properties
in L. tulipifera: the tree produces a large volume
of wood with lower wood properties, and the
wood with greater and more stable properties
forms as growth slows compared with the initial
growth. The trade-offs in this species suggest that
wood that forms before a cambial age of nine can
be used for utility applications and wood thereaf-
ter can be used for structural applications (Nezu
et al 2022). Thus, wood utilization based on this
trade-off concept should be evaluated for other
fast-growing tree species.

Trees in the genus Paulownia are native to East
Asia, where they are particularly widespread in
South Korea, China, and Japan (Young and

Lundgren 2023). They also have been introduced
to many other areas globally, including the United
States and Europe in the mid-19th century
(Young and Lundgren 2023). Paulownia tomen-
tosa (Thunb.) Steud. has historically been planted
for furniture and musical instruments in Japan
(Kumakura 1957; Nagata et al 2013). For exam-
ple, a tree of this species was planted at the birth
of a daughter and harvested for making chests of
drawers when she married in Japan (Kumakura
1957; Nagata et al 2013). This old custom
indicates not only the cultural importance of
Paulownia in Japan but also the fast-growth char-
acteristics that produced enough wood to make
chests of drawers. The Japanese Forestry Agency,
Ministry of Agriculture, Forestry, and Fishery
considers the wood of P. tomentosa a ‘special for-
est products’: wood from this species has not
been recognized as wood produced from forestry
species in Japan. Recently, the declining number
of traditional provenances of P. tomentosa has
been a serious problem in Japan. Focusing on the
fast-growth characteristics of P. tomentosa might
allow this species to be used as a plantation tree
species to produce wood for construction and
interior uses as well as biomass for fuel helping to
achieve both sustainable wood production and the
traditional uses of Paulownia.

Many researchers have reported MAIs of stems
and wood properties of P. tomentosa (Kitamura
and Imata 1955; Kitamura 1956; Wood Mechan-
ics of Wood Technology Division 1957; Taka-
shima et al 1959; Olson and Carpenter 1985;
Nasir and Mahmood 2000; Koman et al 2017;
Tomczak et al 2023). Kitamura and Imata (1955)
reported that MAI, air-dry density, MOE, MOR,
and compressive strength were 1.9 cm�yr21,
0.253 g�cm23, 5.18 GPa (52,900 kg�cm22), 36.3
MPa (370 kg�cm22), and 20.4 MPa (208
kg�cm22) in three trees of 6-yr-old P. tomentosa
planted in Niigata, Japan. In 7- and 12-yr-old
P. tomentosa trees grown in the United States,
MAI, basic density, and wood fiber length were
1.85 cm�yr21, 0.274 g�cm23, and 0.81 mm, respec-
tively (Olson and Carpenter 1985). Koman et al
(2017) reported that air-dry density, MOE, MOR,
and compressive strength were 0.30 g�cm23,
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3.49 GPa, 41.5 MPa, and 22.1 MPa in P. tomen-
tosa at the age of less than 10 planted in Hungary.
They also reported cambial age-related changes in
wood properties in young (less than ca. 10 yr)
P. tomentosa trees (Kitamura and Imata 1955;
Olson and Carpenter 1985; Koman et al 2017).
However, the cambial age-related changes in radial
growth increments of stems and wood properties
estimated using the modeling approaches, and
their relationship have not been elucidated yet in
P. tomentosa.

In the present study, radial growth increments of
stems and wood properties (anatomical character-
istics, and physical and mechanical properties)
were measured in P. tomentosa planted in
Fukushima, Japan. The objectives of this study
were 1) to evaluate the cambial age-related
changes in these properties using linear or non-
linear mixed-effects modeling and 2) to clarify
whether the trade-off between radial growth
increments of the stems and wood properties in
L. tulipifera is adapted in P. tomentosa.

MATERIALS AND METHODS

Materials

Four trees of P. tomentosa (Thunb.) Steud. were
used in the present study. The trees were grown

in Kaneyama, Fukushima, Japan (37�2196299N,
139�2698499E, and 412 m above sea level), which
is a traditional Paulownia wood production site.
Seed origin and age were unknown. The annual
ring number at 0.4 m above the ground was 24
or 25 (Table 1). Disks (about 30 cm long) were
collected from 0.1 to 0.4 m above the ground
in each tree. Bark-to-bark radial strips with pith
(about 5 cm in width) were collected from a
random position (without any eccentric growth)
on each disk. The radial strips were cut again
into two strips (1 cm thickness in the longitudinal
direction) for measuring annual ring width and
anatomical characteristics with the remaining (�)
16 cm section used for preparing specimens for
static bending properties and compressive strength
parallel to the grain.

Annual Ring Width and Anatomical
Characteristics

The radial strips were sanded, and then transverse
images of the strips were obtained by an 800 dpi
image scanner (GT-9300; Epson, Nagano, Japan)
(0.032 mm�pixel21). Annual ring width was mea-
sured from the pith to the bark side using ImageJ
(National Institute of Health, Bethesda, MD). The
cumulative ring width was calculated using the
annual ring width.

Table 1. Anatomical, physical, and mechanical properties of four P. tomentosa trees.

Property

Tree no.

Mean SD CV (%)1 2 3 4

Number of annual rings 24 25 25 24 25 1 4.0
Annual ring width (mm) 8.15 9.79 9.77 10.06 9.44 0.87 9.2
Stem diameter (cm) 39.1 49.0 48.9 48.3 46.3 4.8 10.4
Wood fiber length (mm) 1.01 1.05 0.97 1.01 1.01 0.03 3.0
Vessel element length (mm) 0.81 0.85 0.77 0.80 0.81 0.04 4.9
Vessel frequency (No�mm–2) 7.3 6.1 6.4 5.8 6.4 0.6 9.4
Vessel diameter (mm) 128 134 132 143 134 6 4.5
Wood fiber diameter (mm) 26.5 28.2 26.4 28.6 27.4 1.1 4.0
Wood fiber wall thickness (mm) 1.7 1.5 1.5 1.5 1.6 0.1 6.3
Air-dry density (g�cm–3) 0.32 0.28 0.27 0.29 0.29 0.02 6.9
MOE (GPa) 4.42 3.81 3.93 3.96 4.03 0.27 6.7
MOR (MPa) 44.1 40.4 39.7 37.1 40.3 2.9 7.2
Compressive strength parallel to grain (MPa) 14.3 14.6 17.1 15.6 15.4 1.2 7.8

SD, standard deviation; CV, coefficient of variation; MOE, modulus of elasticity; MOR, modulus of rupture. Number of annual
rings, annual ring width, and stem diameter were measured at 0.4 m above the ground. To calculate each statistical value in a
wood property, the individual mean was obtained by averaging the value at each cambial age within an individual.
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To determine the anatomical characteristics,
transverse sections (20 mm in thickness and 10
mm in tangential direction) were successively
obtained at 5-cm intervals from pith to bark by a
core microtome (WSL, Birmensdorf, Switzer-
land). The sections were stained with safranin,
dehydrated through an ethanol series, dipped into
xylene, and then put on slide glasses and mounted
with a few drops of 75% glycerol and a coverslip.
Transverse images were taken by a digital camera
(CD-30C; Mitutoyo, Kanagawa, Japan) and a
microscope (V-12B; Nikon, Tokyo, Japan). Photo-
micrographs of transverse images at the cambial
ages of 2 and 24 in tree no. 2 are shown in Fig 2.
The xylem of this species consisted of vessels,
wood fibers, axial parenchyma, and ray paren-
chyma (Fig 2). The wood is semi-ring-porous
(Fig 2). In this study, the anatomical characteristics
(vessel frequency, vessel diameter, wood fiber
diameter, and wood fiber wall thickness) were
determined in every annual ring by ImageJ. Small
wood specimens (1 [R] 3 1 [T] 3 10 [L] mm)

were collected from each annual ring from the pith
in the strips. Sticks from the innermost and outer-
most positions within an annual ring were macer-
ated with Schultze’s solution (100 mL of 35%
nitric acid containing 6 g of potassium chloride).
The macerated vessel elements in the pore zone
and wood fiber in the outer pore zone were pro-
jected on a profile projector (V-12B; Nikon,
Tokyo, Japan), and then cell length was measured
by a digital caliper (CD-30C; Mitutoyo). A total of
30 vessels and 50 wood fibers were measured in
each annual ring.

Physical and Mechanical Properties

Bending and compression tests were conducted
according to the method described in Nezu et al
(2022), which was partially modified from JIS Z
2101:2009 (Japanese Industrial Standards 2009).
Bending (10 [R] 3 10 [T] 3 160 [L] mm) and
compression test specimens (10 [R] 3 10 [T] 3
20 [L] mm) were successively collected from pith

Figure 2. Photomicrographs of transverse sections: (a) the pore zone at the cambial age of two; (b) the outer-pore zone at the
cambial age of two; (c) the cambial age of 24. V, vessel; Wf, wood fiber; Rp, ray parenchyma; arrowhead, annual ring bound-
ary; double arrowheads, axial parenchyma; bar, 500 mm.
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to bark from the strip. The specimens were condi-
tioned to constant weight at 24�C and 65% RH
for around 2 wk. The static bending test was con-
ducted on a universal testing machine (MSC-5/
200-2; Tokyo Testing Machine, Tokyo, Japan).
The load was applied at the center of the radial
section of the specimen with 140 mm of span at 2
mm/min. After the bending test, a block (10 [R]
3 10 [T] 3 10 [L] mm) without any visual
defects, such as knots or cracks, was cut from
each specimen and oven-dried to determine MC
and air-dry density. The compression test was
also conducted by the same testing machine with
a 0.3 mm/min load speed. The average MC was
9.1 6 1.7% in the static bending test and 9.6 6
1.7% in the compression tests, respectively. The
MOE, MOR, and compressive strength parallel to
the grain were calculated using load–deflection
data (Nezu et al 2022).

Statistical Analysis

Statistical analysis was conducted using R
(Version 4.2.2) (R Core Team 2022). Cambial
age-related changes in stem diameter and wood
properties were evaluated using regression models
developed based on the linear mixed-effect model
using the packages “lmer” and “lmerTest” (Bates
et al 2015) or nonlinear mixed-effects models using
the package “nlme” (Pinheiro and Bates 2000).

The stem diameter (excluding bark) in relation to
cambial age was regarded as twice the value of
the cumulative ring width at 0.4 m above the
ground in each individual tree. The regression
model of cambial age-related change in stem

diameter was developed based on the Gompertz
function (Table 2). In each model, stem diameter
was the response variable, cambial age was the
explanatory variable, and the individual tree was
the random effect. The best of the three models
was selected based on the Akaike information cri-
terion (AIC) (Akaike 1998). Based on the selected
model, the CAI and MAI were calculated by Eqs
1 and 2:

CAI cm � yr–1
� �

5a0a2e
a1�a2CAe�ea1�a2CA (1)

MAI cm � yr–1
� �

5
a0e�ea1�a2CA

CA
(2)

where a0, a1, and a2 are parameters obtained
from the selected model for radial growth model,
and CA is cambial age. The cambial age showing
maximum CAI and MAI was calculated.

The cambial age-related changes in wood proper-
ties were evaluated using regression models based
on only y-intercept (Eq 1), linear (Eqs 2 and 3),
logarithmic (Eqs 4 and 5), or quadratic functions
(Eqs 6-8) with the explanatory variable of cambial
age, response variable of each wood property, and
random effect of the individual tree (Table 3). The
model with the lowest AIC value was considered
the best model. In the selected model for cambial
age-related changes in stem diameter and wood
properties, the ratio of the variance component of
random-effect parameters to the total variance was
calculated (Nakagawa and Schielzeth 2010).

The relationships between cambial age-related
changes in radial growth increments of stems and
wood properties between P. tomentosa and
another fast-growing tree species L. tulipifera

Table 2. Comparison of AIC values among three models for cambial age-related change in stem diameter.

Eq Formula Explanation about random-effect parameter AIC

I Dij 5 a0 1Tree0jð Þe�ea1�a2CAij
1«ij Asymptotic value 365.53

II Dij 5a0e
�ea1 1Tree1j�a2CAij

1«ij Start position of the curve 477.62

III Dij 5a0e
�e

a1� a2 1Tree2jð ÞCAij
1«ij Slope 416.35

Dij, stem diameter at 0.4 m above the ground at the ith cambial age of the jth individual tree; CAij, the ith cambial age of the jth
individual tree; a0, a1, and a2, fixed-effect parameters; Tree0j, Tree1j, and Tree2j, random-effect parameters at the jth individual
tree level; «ij, residuals. The bold value represents the minimum AIC value among the developed models.
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were examined for physical and mechanical prop-
erties estimated at 1-yr intervals based on the
optimum radial variation models with only fixed-
effect parameters (Nezu et al 2022). The specific
MOE and MOR were calculated by dividing the
estimated MOE and MOR by air-dry density from
the pith toward the cambium at 1-yr intervals.

RESULTS

The mean stem diameter of sample trees was
46.3 cm with about 25 annual rings (Table 1).
Table 2 shows the comparison of AIC values in
the models for cambial age-related change in stem
diameter. The model with random effects of the
individual tree on asymptote value (Eq I) was opti-
mum among the three models. Figure 3 shows the
regression curves of cambial age-related changes
in stem diameter, CAI, and MAI based on the
selected model (Table 2) with only fixed-effect
parameters (Table 4). CAI increased until the cam-
bial age of 5.4 yr, and MAI increased with increas-
ing cambial age until 7.3 yr (Fig 3) then both
indicators decreased toward the cambium. The
stem diameters were around 17 and 23 cm at the
cambial age showing maximum CAI and MAI
values, respectively. Values were more than
2 cm�yr21 until 25 yr (Fig 3), especially for MAI.

Individual mean anatomical, physical, and
mechanical properties from pith to cambium were
1.01 mm in wood fiber length, 0.81 mm in vessel
element length, 6.4 No�mm22 in vessel fre-
quency, 134 mm in vessel diameter, 27.4 mm in
wood fiber diameter, 1.6 mm in wood fiber
wall thickness, 0.29 g�cm23 in air-dry density,
4.03 GPa in MOE, 40.3 MPa in MOR, and
15.4 MPa in compressive strength parallel to the
grain, respectively (Table 1). Among the eight
developed models for radial variation of wood
properties, the logarithmic model (Eq 4 or 5) was
well-fitted for all anatomical characteristics except
for vessel frequency (Table 3). The y-intercept
model (Eq 1) was an optimum model for explain-
ing the radial variation of physical and mechani-
cal properties except for compressive strength
(Table 3). The linear model (Eq 2 or 3) fitted
well for vessel frequency and compressive

strength (Table 3). The selected model included a
random intercept of individual trees for almost
all wood properties, whereas the model with
the random slope was selected for vessel fre-
quency and wood fiber diameter. Based on the
model selection, radial variations of measured
anatomical characteristics and wood properties
are shown in Fig 4 with regression lines or curves
of only fixed-effect parameters (Table 4). For
the selected models about cambial age-related
changes in stem diameter and wood properties,
the highest variance component ratio for individ-
ual trees was obtained for stem diameter
(88.6%), followed by air-dry density (84.1%),
MOE (49.1%), wood fiber wall thickness
(30.7%), wood fiber length (26.6%), MOR

Figure 3. Cambial age-related changes in stem diameter and
annual increment: Circles, squares, triangles, and diamonds rep-
resent measured values of the stem diameter in each individual
tree. The solid curve in the upper figure represents the regres-
sion curve based on the selected model with only the fixed-
effect parameters (Tables 2 and 4). Solid and dashed curves in
the lower figure indicate CAI and MAI based on the selected
model (Model I in Table 2) with only fixed-effect parameters.
Solid and dashed lines in the vertical direction indicate cambial
age showing maximum CAI (5.4 yr) and MAI (7.3 yr).
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(20.3%), compressive strength (15.2%), vessel
diameter (12.3%), wood fiber diameter (4.9%),
vessel element length (2.7%), and vessel fre-
quency (0.1%) (Table 5).

Figure 5 shows the cambial age-related changes
in MOE, MOR, AD, specific MOE, and specific
MOR based on the selected radial variation model
with only fixed-effect parameters listed in Table 4
for P. tomentosa and a reference for L. tulipifera
(Nezu et al 2022). The air-dry density, MOE, and
MOR in P. tomentosa were lower from the pith to
the cambium and almost half of the values in the
outermost compared with L. tulipifera. On the
other hand, the specific MOE and MOR values
were almost the same between these species over
the time.

DISCUSSION

Cambial Age-Related Changes in
Wood Properties

The mean values of wood properties in the pre-
sent study (Table 1) were within the range of

those in the previous studies (Kitamura and Imata
1955; Olson and Carpenter 1985; Tomczak et al
2023), although the tree age and sampling place
differed among studies.

Several studies have examined radial variations of
anatomical characteristics and wood properties at
young ages (less than ca. 10 yr) of P. tomentosa
planted in several countries (Kitamura and Imata
1955; Olson and Carpenter 1985; Tomczak et al
2023). Kitamura and Imata (1955) investigated
air-dry density, MOE, MOR, and compressive
strength of heartwood and sapwood in 6-yr-old
plantation trees of P. tomentosa grown in Niigata,
Japan. MOE and MOR did not differ between
heartwood and sapwood, although heartwood had
lower air-dry density and higher compressive
strength than sapwood. Wood fiber length
increased from the pith toward the cambium,
reaching a length of 0.85-0.90 mm at 8 yr, and
then decreased until 12 yr at 0.1 m above the
ground in P. tomentosa naturally grown in south-
ern Kentucky, United States (Olson and Carpenter
1985). Tomczak et al (2023) reported that wood
fiber length, vessel element length, and vessel

Table 4. Estimated values of the fixed-effect parameters of the selected models in each property in relation to cambial age.

Property Eq Parameter Estimates SE t-value p-value

Stem diameter I a0 45.686 1.828 24.988 ,0.001
a1 1.092 0.031 35.695 ,0.001
a2 0.203 0.005 36.992 ,0.001

Wood fiber length 5 b0 0.0814 0.0070 11.615 ,0.001
b1 0.8215 0.0220 37.295 ,0.001

Vessel element length 5 b0 0.0133 0.0025 5.308 ,0.001
b1 0.1717 0.0062 27.511 ,0.001

Vessel frequency 2 b0 0.16 0.04 4.389 0.003
b1 4.39 0.34 12.744 ,0.001

Vessel diameter 5 b0 16.45 1.95 8.421 ,0.001
b1 95.73 5.28 18.123 ,0.001

Wood fiber diameter 4 b0 1.110 0.245 4.532 ,0.001
b1 24.855 0.474 52.457 ,0.001

Wood fiber wall thickness 5 b0 0.235 0.020 11.583 ,0.001
b1 1.022 0.067 15.321 ,0.001

Air-dry density 1 b0 0.2930 0.0130 22.500 ,0.001
MOE 1 b0 4.0150 0.1873 21.430 ,0.001
MOR 1 b0 40.250 1.444 27.870 ,0.001
Compressive strength 3 b0 0.133 0.048 2.769 0.007

b1 14.002 0.723 19.357 ,0.001

SE, standard error; MOE, modulus of elasticity; MOR, modulus of rupture. Fixed-effect parameters were estimated by the
selected model (Tables 2 and 3).
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Figure 4. Cambial age-related changes in anatomical, physical, and mechanical properties: MOE, modulus of elasticity;
MOR, modulus of rupture. Circles, squares, triangles, and diamonds represent measured values of each wood property. The
solid line or curve represents the regression line or curve based on the fixed-effect parameters in the selected model (Tables 3
and 4).

122 WOOD AND FIBER SCIENCE, OCTOBER 2024, V. 56(3)



Table 5. Variance component ratios of individual trees of the selected models in each property.

Property VTree VE VTree (%)

Stem diameter 12.888 1.662 88.6
Wood fiber length 0.7875 3 1023 0.2169 3 1022 26.6
Vessel element length 0.7826 3 1025 0.2794 3 1024 2.7
Vessel frequency 0.29 3 1022 2.14 0.1
Vessel diameter 20.83 149.13 12.3
Wood fiber diameter 0.087 1.699 4.9
Wood fiber wall thickness 0.811 3 1022 0.183 3 1021 30.7
Air-dry density 0.6704 3 1023 0.1269 3 1023 84.1
MOE 0.1319 0.1365 49.1
MOR 6.660 26.150 20.3
Compressive strength 0.795 4.429 15.2

VTree, variance component of individual tree; VE, residual variance; VTree (%), variance component ratio of the individual tree to
the total variance. MOE, modulus of elasticity; MOR, modulus of rupture. Fixed-effect parameters were estimated by the
selected model (Tables 2 and 3).

Figure 5. Cambial age-related changes in estimated physical and mechanical properties in P. tomentosa and L. tulipifera:
MOE, modulus of elasticity; MOR, modulus of rupture; solid line, P. tomentosa; dotted curve, L. tulipifera. The MOE, MOR,
and AD were estimated by the selected model with only fixed-effect parameters (Table 4 in this study for P. tomentosa and
Nezu et al (2022) for L. tulipifera). Specific MOE and MOR were calculated by dividing MOE and MOR by estimated air-dry
density.

123Nezu et al—RADIAL GROWTH AND WOOD PROPERTIES IN PAULOWNIA TOMENTOSA



diameter increased from the 1st to 4th annual
rings in 4-yr-old P. tomentosa planted in Poland.
In the present study, the model selected showed
that all anatomical characteristics, except for ves-
sel frequency, increased near the pith and then
became stable toward the cambium (Fig 4). Ves-
sel frequency and compressive strength gradually
increased from the pith toward the cambium,
while air-dry density, MOE, and MOR did not
change with increased cambial age. The radial
variation patterns of anatomical characteristics,
MOE, and MOR in aged trees in the present study
were similar to those previously found in younger
trees (Kitamura and Imata 1955; Olson and Car-
penter 1985; Tomczak et al 2023). On the other
hand, radial trends in air-dry density and com-
pressive strength differed between the present
study and those by Kitamura and Imata (1955).
However, the ratios of mean values in heartwood
to sapwood for air-dry density and compressive
strength were 1.00:0.96 (0.259 and 0.249 g�cm23

in heartwood and sapwood) and 1.00:1.05 (19.6
and 18.6 MPa [200 and 190 kg�cm22] in heart-
wood and sapwood), respectively, in the previous
study (Kitamura and Imata 1955). The results
suggest that there might be small differences in
air-dry density and compressive strength among
different radial positions. The result is similar to
that of the present study (Fig 4). In summary, the
xylem with uniform density and strength proper-
ties might be formed over the time in this species.

The selected model for explaining cambial age-
related changes in wood properties included a
random intercept of individual trees for almost all
wood properties (Table 3). In addition, high vari-
ance component ratios (around 50% and more) of
individual trees were found with air-dry density
and MOE (Table 5). These findings suggest that
although the patterns in all wood properties over
the time were among individual trees, density and
MOE might differed at the individual tree levels
in P. tomentosa.

Ishiguri et al (2024) found that the MOR of 23 4
P. tomentosa lumber (38 3 89 mm 3 1820 mm)
from Tochigi, Japan with a 5% lower tolerance
limit with a 75% confidence level was 12.1 MPa.
MOR values of 2 3 4 lumber for construction,

standard, and utility grades in the Notification of
Ministry of Land, Infrastructure, Transport and
Tourism No. 910 were 14.8, 8.2, and 3.9 MPa,
respectively, in JS-II (Cryptomeria japonica),
which is the most common plantation species in
Japan (Japan 2 3 4 Lumber JAS Council 2023).
Thus, the MOR values for P. tomentosa reported
by Ishiguri et al (2024) exceeded values for utility
grade but were lower than those for construction
grade in JS-II. Since the MOR was stable from
the pith to the cambium (Fig 4), wood for utility
applications might be obtained at any radial posi-
tions in the stem.

Specific MOE and MOR values from pith toward
the cambium were almost the same between
P. tomentosa and L. tulipifera (Fig 5) suggesting
a common ratio of xylem strength values to unit
xylem volume among fast-growing tree species.
To clarify this hypothesis, exploring cambial age-
related changes should be conducted for other
fast-growing tree species.

Relationships between Cambial Age-Related
Changes in Radial Growth Increments of
Stems and Wood Properties

We previously examined the relationships
between the cambial age-related changes in radial
growth increments of stems and wood properties
in fast-growing tree species, L. tulipifera has
grown in Japan (Nezu et al 2022). As a result,
xylem maturation started at 9 yr after reaching the
maximum CAI and MAI at 4.9 and 7.4 yr, respec-
tively: a trade-off between radial growth rate and
wood properties existed in L. tulipifera (Nezu et al
2022). Cambial ages showing the maximum CAI
and MAI in P. tomentosa were similar to those in
L. tulipifera (Nezu et al 2022)(Fig 3). To compare
the volume at the same age between these two
species, stem diameter at 15 yr (the maximum
age of sampled trees for L. tulipifera in the previ-
ous study [Nezu et al 2022]) was estimated by
substituting 15 for the explanatory variables in
the best model with only the fixed-effect para-
meters for cambial age-related changes in stem
diameter in each species. The estimated values of
stem diameter at 15 yr were around 40 cm in
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P. tomentosa and 20 cm in L. tulipifera, respec-
tively. Therefore, the time to maximum CAI and
MAI were almost the same between these species,
but the stem diameter of P. tomentosa might be
twice that of L. tulipifera.

Based on the radial variation modeling for each
wood property, radial variations for anatomical
characteristics, except for vessel frequency, were
similar for both species (Fig 3, Nezu et al 2022),
with each characteristic increasing from the pith
outward and then stabilizing. On the other hand,
the radial variations of air-dry density, MOE, and
MOR in P. tomentosa (Fig 5) were stable from
the pith toward the cambium, while they
increased and then became stable in L. tulipifera.
In addition, these properties in P. tomentosa were
lower than those in L. tulipifera. Larjavaara and
Muller-Landau (2010) stated that wood density
generally mediates a trade-off between strength
and economy of construction, with higher wood
density providing higher strength but at a higher
cost. They also hypothesized that a large trunk of
low-density wood could achieve greater strength
at a lower construction cost than a thin trunk of
high-density wood. The trade-off supposed by
Larjavaara and Muller-Landau (2010) might be
related to the ability of P. tomentosa consistently
form xylem with lower wood density, MOE, and
MOR to achieve a faster radial growth compared
with L. tulipifera.

CONCLUSIONS

In this study, cambial age-related change in stem
diameter was well-fitted to the model with the
Gompertz function. CAI and MAI reached their
maximum at 5.4 and 7.3 yr, respectively. Based
on the model selection for cambial age-related
changes in wood properties, most anatomical
characteristics increased from the pith and stabi-
lized toward the cambium. On the other hand, air-
dry density, MOE, and MOR did not change with
increase in cambial age. The estimated fixed-
effect parameters in the selected model were
0.29 g�cm23 for air-dry density, 4.03 GPa for
MOE, and 40.3 MPa for MOR, respectively.
These results suggest that xylem with low but

stable values of air-dry density, MOE, and MOR
is formed for more than 20 yr in P. tomentosa.
On these findings, in contrast to L. tulipifera,
there might not be a trade-off between quantity
and quality of wood for P. tomentosa: xylem with
low and stable physical and mechanical properties
is produced to keep a faster radial growth rate.
Thus, the physical and mechanical properties of
this species might be uniform regardless of
whether the tree is in the young, middle, or old
stages. Therefore, the rotation age of plantations
of this species can be decided from the viewpoint
of the quantity of wood. In addition, the wood
obtained from the plantation can be used for the
same final products (ie utility applications) at any
growth stage. Based on the results of the present
study, plantation forestry and wood utilization
using fast-growing tree species are recommended
based on the relationships between cambial age-
related changes in quantity and quality of wood at
the species level.
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Abstract. Bamboo fiber is an environmentally friendly elastic material and its application in sofa uphol-
stery material could minimize the environmental problems associated with traditional polyurethane foam.
To explore the feasibility of bamboo fiber core board (BFCB) as a sofa cushion material, the indentation
hardness, support factor, deformation recovery, and constant-load impact fatigue loss of two types of
BFCBs were analyzed. The mechanical properties of BFCBs were compared with polyurethane foam com-
monly used as padding material for sofa upholstery. Yellow-BFCBs (Y-BFCBs) had better resilience,
lower indentation hardness, better support performance, and less performance loss after fatigue than Moso
bamboo. In addition, the thickness loss of Y-BFCB after fatigue treatment was greater than that of PU
foam, while the loss of hardness was lower, and the loss of elasticity performance was the same as that of
medium-soft foam. Moreover, the resilience of the Y-BFCB was the same as that of medium-soft sofa
foam with a density of 35 kg/m3. Y-BFCB has the potential to replace sofa polyurethane foam cushion
material in practical applications. This study analyzed the mechanical properties of BFCBs and provided a
theoretical basis for the application of bamboo fibers in sofa cushion materials.

Keywords: Bamboo fiber core board, compressive properties, resilience, fatigue loss.

INTRODUCTION

Sofas are an indispensable part of the living and
socializing environment, and the type and combi-
nation of cushion material directly affect the
mechanical properties and durability of the sofa.

Polyurethane (PU) foam is the main raw material
used in the production of sofa cushions due to
its excellent mechanical properties and comfort
(Chen et al 2017; Liu et al 2021). However, PU
foam undergoes creep behavior under prolonged
use, which leads to defects such as collapse and
deformation of sofa cushions (Xu et al 2015). The
main components of PU foam include polyols,* Corresponding author
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isocyanates, foaming agents, and catalysts that
can potentially release hazardous gases. While
closed-loop recycling and biodegradation of PUs
have been extensively researched, they are still
unsolved (Liu et al 2023). Therefore, it is impor-
tant to explore environmentally friendly materials
with favorable properties to replace traditional PU
foam for sofa padding.

Numerous studies have been conducted on the
application of plant fiber materials such as jute,
bamboo, straw, luffa, and latex as padding materi-
als in upholstered furniture. The majority of plant
fiber cushions require adhesives to bond the dis-
persed fibers, which gives the cushions a high
degree of hardness, poor ventilation, and incorpo-
ration of harmful substances such as formalde-
hyde (Chen et al 2018a, 2018b; Richely et al
2022). The use of thermoplastics as adhesives in
cushion production reduces the use of chemical
adhesives. Bamboo fibers showed promise in
combination with thermoplastics in polymer com-
posites, resulting in superior mechanical and
physical properties of bamboo fibers (Yeh and
Yang 2020). In addition, China is rich in bamboo
resources, with 6.42 million hectares of bamboo
forests producing more than 150 million tons of
bamboo timber annually (Xiong et al 2020). Bam-
boo fiber composites have seen applications in
mattresses, vehicle interiors, decoration, textiles,
and other fields (Rocky and Thompson 2020).

Bamboo fiber core board (BFCB) is a newly
developed composite material produced from
raw bamboo fiber and low-melting-point polyes-
ter staple fiber (4080) by thermal pressing. Raw
bamboo fiber obtained by milling and separating
bamboo material retains the structure of bamboo
fiber and has excellent thermal, antibacterial, and
moisture absorption properties (Chan et al 2023).
Low-melting-point fibers have excellent melt
bonding and thermal stability and can be recycled
by melt regeneration. Numerous studies have
advanced the development of bamboo-fiber-
reinforced thermoplastic polymer composites to
improve the properties of bamboo fiber materials
(Mahmud et al 2021; Radzi et al 2022). Yu et al
(2023) evaluated bamboo-based upholstery blended
with Ethylene-propylene side by side fibers and

found that the modulus of elasticity of the unit
had a significant effect on the change in the static
seating pressure distribution of the upholstery
and the subjective comfort. Wang and Young
(2022) examined the mechanical properties of
woven bamboo fiber-reinforced polypropylene
composites and found that the tensile strength
of composites increased after alkali treatment of
bamboo fibers, while moisture-heat aging reduced
the mechanical properties of the composites.
Jitkokkruad et al (2023) investigated the effect of
bamboo leaf fiber content on foam structure,
mechanical properties, cushioning properties, and
biodegradability of eco-friendly foam mats made
of bamboo leaf fiber and natural rubber latex.
Variations in fiber content affected the bulk
density, indentation hardness, deformation charac-
teristics, compressive properties, and cushioning
coefficient of the foam mat. Bamboo fiber compo-
sites have great potential for application as sofa
padding materials. Most of the above studies were
related to the preparation process and properties of
bamboo fibers; however, feasibility studies on the
application of bamboo fibers in sofa cushions are
almost nonexistent. The objective of this work
was to develop bamboo fiber cushions as an alter-
native to PU foam.

In this study, the mechanical properties of two
types of BFCB were tested for resilience, indenta-
tion hardness, support factor (SF), deformation
recovery, and constant-load impact fatigue loss
compared with those of PU foam. The possibility
of replacing PU foam with BFCB as a sofa cushion
was analyzed. The preferred material parameters
for BFCB application to sofa cushions were
identified.

MATERIALS AND METHODS

Materials

BFCB made from Yellow BFCB (Y-BFCB) and
Moso BFCB (M-BFCB), are commonly produced
in the Chinese market (Fig 1). Moso bamboo fibers
are slender and stiff, with small cavities thick
walls, and smooth inner and outer walls (Fig 1;
Lian et al 2021; Li et al 2023).
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BFCB and PU foam used for mechanical prop-
erties testing in this study were provided by
Changsheng New Material Technology Co., Ltd.
(Sichuan, China). BFCBs were prepared by hot
pressing bamboo fibers and 4080 fibers at a 2:1
ratio. 4080 fiber is a low melting point fiber that
mainly plays the role of bonding and curing bam-
boo fibers. This fiber can maintain the original
network structure and physical and chemical
properties of bamboo fibers. The fibers were uni-
formly blended, and the large clumps of fibers
were loosened into smaller pieces. A carding
machine was used to comb the small pieces of
fiber into reticulated fiber layers. The fiber layers
were evenly laid by a mesh-laying machine and
repeatedly stacked to form a nonwoven blanket
of a certain thickness. The nonwoven mats were
thermoformed in a hot press at 180�C and
50 KPa for 5 min. The molded BFCBs were cut
into pattern sizes for specific tests.

The densities and types of PU materials com-
monly used in the production of sofa padding
layer materials in the enterprise were selected.
Y-BFCBs and M-BFCBs with an apparent den-
sity of 80 kg/m3 were selected. PU samples were
selected as 35 kg/m3 medium-soft foam (M-PU)
and 37 kg/m3 high-resilience foam (H-PU).
According to the test standard GB/T 10807 (2006);
the test specimen sizes were 1003 1003 50 mm.
All specimens were conditioned at 21-25�C and
45-55% RH before testing. Three blocks of each
sample were tested, and each block was tested
three times.

Experimental Design and Statistical Analysis

A one-way analysis of variance general linear
model was used to analyze the mechanical
properties of BFCBs. All significance levels
were set at p, 0.05.

Load-Strain Curve and Indentation
Hardness Test

Load-strain curves and indentation hardness of
the materials were tested according to Chinese
standard GB/T 10807 (2006) on a HD-F750A
Foam Indentation Hardness Tester (Guangdong
Province Dongguan Haida Instrument Co., Ltd.,
China). The specimen was positioned in the cen-
ter of the support plate, aligned with the circular
indenter above. The indenter descended on the
upper surface of the specimen applying a force of
3-5 N. The preliminary thickness of the specimen
was measured and recorded. The indenter contin-
ued to descend at a uniform speed of 100 mm/
min.

The test concluded when the indentation thickness
reached 95% of the original specimen thickness.
The results were used to construct a load-
displacement curve. Values were specifically
recorded at 25%, 40%, and 65% of the original
specimen thickness. The force value F40, mea-
sured at 40% deformation was the indentation
hardness index of the material. After unloading,
the samples were allowed to recover in the
experimental environment for 24 h. The SF and

Figure 1. Examples of (a) yellow bamboo fiber (left); and Moso bamboo fiber (right).
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deformation recovery (E) of the material were
calculated by Eqs 1 and 2.

SF5F65=F25 (1)

E5 ðD22D1Þ=ðD02D1Þ3 100% (2)

where F25 is the value of the indentation force
measured when the specimen is deformed by
25%; F65 is the value of the indentation force
measured when the specimen is deformed by
65%; E is the rate of shape recovery after 24 h;
D2 is the thickness of the specimen after 24 h of
recovery from deformation (mm); D1 is the thick-
ness of the specimen after deformation (mm); and
D0 is the initial thickness of the specimen (mm).

Resilience Tests

The resilience test was conducted on a HD-F754
Foam Ball Rebound Tester (Dongguan Haida
Instrument Co., Ltd.) by Chinese standard GB/T
6670 (2008). The test standard specifies that each
sample is tested three times and the median is
selected as the final resilience result for that sam-
ple. Three samples were evaluated for each mate-
rial, and the mean value of the three samples was
selected for statistical analysis. The specimen was
positioned in the built-in groove of the Ball
Rebound Tester to ensure that both the specimen
and the instrument’s transparent tube were
placed horizontally. A 16 mm diameter steel ball
(16.86 1.5 g) was placed 500 mm vertically from
the center of the test sample. The ball was released,
and the value of the initial rebound height was
recorded. The data were invalidated if the rebound
hit the inner wall of the transparent tube. Resilience
(R) was calculated by Eq 3.

R5
H
H0

3 100% (3)

where H is the bounce height of the ball (mm).
H0 is the height of the ball drop (mm).

Constant Load Impact Fatigue Test

Constant load impact fatigue of the sample mate-
rial was determined by Chinese standard GB/T
18941 (2003). The sample was placed on the plat-
form with ventilation holes of the HD-F750-1

Foam Fatigue Tester (Dongguan Haida Instru-
ment Co., Ltd.). The vertical distance between the
indenter and the upper surface of the specimen
was adjusted to be the same as the thickness of
the specimen. The indentation parameter was set
at 7506 20 N. The specimen was subjected to
impact testing at a rate of 70 cycles per minute.
The test was terminated after 80,000 load cycles
provided the sample remained centered on the
circular indenter within the test period. The speci-
mens were removed for 10 min of natural recov-
ery under stress-free conditions. The test standard
specifies that each sample is tested three times
and the median is selected as the final resilience
result for that sample. As the initial properties of
the BFCB and PU foam materials differed widely,
the absolute value of the performance reduction
after testing also differed. The visual differences
in fatigue loss were difficult to accurately mea-
sure. We compared the percentage of material
fatigue loss. The fatigue loss rate for thickness,
indentation hardness, and resilience were calcu-
lated from Eqs 4 to 6.

l5 ðL2L0Þ=L3 100% (4)

f 5 ðF2F0Þ=F3 100% (5)

r5 ðR2R0Þ=R3 100% (6)

where l is the fatigue loss rate of the thickness of
the sample; f is the fatigue loss rate of the hardness
of the sample; r is the fatigue loss rate of the resil-
ience of the sample; L is the initial thickness of
the sample measured by vernier calipers(mm); L0
is the thickness of the sample after constant load
impact fatigue(mm); F is the initial indentation
hardness value of the sample (N); F0 is the inden-
tation hardness value of the sample after constant
load impact fatigue (N); R is the initial resilience
of the sample (%); and R0 is the resilience of the
material after constant load impact fatigue (%).

RESULTS AND DISCUSSION

Load-Strain Curves

Figure 2(a) and (b) illustrate load-strain curves for
the two types of BFCBs. Similar to latex and
palm fiber mats, the stress-strain curve of BFCB
displayed two stages (the plateau phase and the
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densification phase; Liu et al 2022). The stress-
strain curves of Y-BFCB samples had a narrower
range and more consistent compression character-
istics. Load-strain curves of M-BFCBs tended to
be dispersed, and the test results obtained from
different samples varied considerably. M-BFCB
will require further stabilization before utilization
as an elastic padding material due to the poor sta-
bility of its compressive mechanical properties.

Indentation performance was more uniform for
high-resilience foam compared with medium-soft
foam (Fig 2[c]), and the trend of stress increase
during compression was stronger for high-
resilience foam (Fig 2[d]). In comparison with
BFCBs, the stress-strain curve of PU foam dis-
played three phases (linear, plateau, and densifica-
tion phases). Due to the softness of the two PUs

in the study, the PU samples underwent low stress
at the start of the compression phase. Compressive
stress progressively increased after the sample
reached the plateau stage. The results revealed that
the stress-strain curves of the BFCBs exhibited pat-
terns similar to those of the foam materials and that
the degree of deformation was linearly correlated
with the magnitude of the force. The pore space of
the fibers shrank as the degree of deformation rose,
and the material eventually moved into the densifi-
cation phase. The internal fiber structure was
destroyed as a result of the indentation deformation,
which also caused a substantial rise in stress.
M-BFCBs contain more and finer bamboo fibers
than Y-BFCBs at the same density. M-BFCBs
entered the densification stage early due to the
greater resistance between the fibers during
compression.

Figure 2. Stress-strain curves of (a) yellow bamboo fiber core boards, (b) Moso bamboo fiber core boards, (c) medium-soft
foam, and (d) high-resilience foam.
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Indentation Hardness

An independent samples t-test for the indentation
hardness of the two types of BFCBs is shown
in Table 1. The mean indentation hardness of
Y-BFCBs was 229.14 N, and that of M-BFCBs
was 322.17 N. The indentation hardness of
M-BFCB was significantly higher than that of
Y-BFCB (p-value, 0.001), and its mean indenta-
tion hardness value was 1.41 times higher than
that of Y-BFCB. The type of raw bamboo mate-
rial had a significant effect on the indentation
hardness of BFCB. Yeh and Yang (2020) studied
the effects of different bamboo-fiber-reinforced
PP composites and also showed that bamboo spe-
cies influenced the mechanical properties of com-
posites and attributed the effects to differences in
crystallinity and lignin content.

The average indentation hardness of the 35 kg/m3

medium soft foam was 42.7 N, and that of the
37 kg/m3 high resilience foam was only slightly
lower at 41.2 N (Fig 3). The indentation hardness
of both Y-BFCBs and M-BFCBs was higher than
those of the two PU foam materials. M-BFCB
had the highest indentation hardness, which was
7.61 times higher than that of medium-soft foam.
The indentation hardness of the Y-BFCB was 5.20
times higher than the medium-soft foam. Indenta-
tion hardness is a visual reflection of the load-
bearing properties and surface softness of flexible
porous materials. Indentation hardness reflects the
compactness and firmness of the buffer layer in
compression. Gu et al (2016) used 25% and 65%
indentation hardness and SFs to evaluate the
mechanical properties of rattan cushions. The higher
the indentation hardness value of the material, the
higher the support capacity, but with less softness.

Comparative analysis of BFCB and PU foam
indicated that the indentation hardness of the two
types of BFCBs was greater than PU foam, which
was mainly due to the internal fiber structure of
the BFCBs. The BFCB had higher indentation
hardness and better load-bearing capacity than
PU. The development of padding material for
sofa cushions made of BFCB provides increased
support capacity and meets the comfort needs of
sofas for some populations. BFCBs need to be
softened before application.

Support Factor

The SF gauges the ability of a material to support
people using the furniture, which is directly pro-
portional to the support force and the resistance
against deformation. The SF of comfortable uphol-
stery material is required to be greater than 2.8.
As shown in Fig 3, the average SF values of
M-BFCB, Y-BFCB, medium-soft foam, and high-
resilience foam samples were 8.13, 8.82, 1.55, and
1.62, respectively. The average SF of the overall
BFCB was 5.35 times higher than that of the PU
foam. The mean SF of Y-BFCBs was significantly
higher than that of M-BFCBs (Table 1). The SF
of the BFCB was considerably higher than that
of the foam material, which satisfied the support
requirements of the sofa production standard for
padding material. The BFCB was still in the lin-
ear phase when it was compressed to 25% of its
thickness. The larger pores in the material were
not completely compressed, with relatively minor
values of F25. The material entered the densifica-
tion stage when the compression thickness of
the BFCB reached 65%. The pores between the
fibers were fully compressed, the force required
for indentation increased dramatically, and the
value of F65 far exceeded the value of F25. Yu
et al (2023) analyzed the hardness and supported
the performance of the PU by using the indenta-
tion hardness and SF. The results showed that the
PU samples were in the stabilization stage when
compressed to 25% and 65% of their thickness.
Due to the uniformity of PU materials, the differ-
ence between the values of F25 and F65 of PU
samples was relatively minor, which made the
SF values of the PU foam relatively small.

Table 1. The independent sample t-test results for indenta-
tion hardness and support factor of BFCB.

Mean (SD)

t-test p-valueM-BFCB (N 5 9) Y-BFCB (N 5 9)

F40 322.17 (32.67) 229.14 (12.98) 8.034 0.000**
SF 8.13 (0.72) 8.82 (0.62) 22.594 0.018*

*p, 0.05.
**p, 0.01.

BFCB, bamboo fiber core board; M-BFCB, Moso-BFCB;
Y-BFCB, yellow-BFCB.
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Therefore, the support performance of BFCB
was better than the medium-soft and high-
resilience foam used in the test.

Deformation Recovery Rate

The deformation recovery rate reflects the ability
of a material to regain its shape after use. The
higher the deformation recovery rate, the better
the ability of the sample to regain its shape after

loading. The deformation recovery rates of differ-
ent BFCBs and PU foam samples are shown
in Fig 4(a). The mean deformation recovery
rates of M-BFCB and Y-BFCBs were 29.6%
and 40.5%, respectively. The mean deformation
recovery rates of medium-soft PU foam and high-
resilience PU foam were 56.2% and 63.2%,
respectively. Table 2 summarizes the independent
sample t-test results for the deformation recovery
rate of BFCBs. Which showed significant

Figure 3. The mean F25, F40, and F65 values of BFCB and PU foam samples (a-c) and (d) mean SF of BFCB and PU foam
samples. BFCB, bamboo fiber core board; H-PU, high-resilience foam; M-BFCB, Moso-BFCB; M-PU, medium-soft foam;
PU, polyurethane; SF, support factor; Y-BFCB, yellow-BFCB.
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differences in the deformation recovery rates of
the two types of BFCBs (p-value, 0.001). This
is attributable to the fact that the BFCB had
entered the densification stage; the pores between
the fibers were compressed, and internal fiber
deformation occurred when the sample was com-
pressed to 65% of its thickness. After stress
unloading, the bamboo fibers in compression
slowly recovered from the deformation of the
sample due to its internal stress. During the pres-
surization process, M-BFCBs were comparatively
less able to recover from deformation due to the
distortion of the fibers inside the boards. This was
mainly due to the development of numerous
microcracks as well as larger cracks appearing on
the surface of fiber bundles and between fiber cells
when bamboo fibers were compressed to the dense
stage. These cracks would loosen the structure of
bamboo fiber bundles (Chen et al 2017).

The lowest deformation recovery rate in the test
samples was obtained from the M-BFCB, and the
highest was obtained from the high-resilience PU
foam. The average deformation recovery rate of
medium-soft foam was 1.39 times higher than
that of Y-BFCB and 1.90 times higher than that
of M-BFCB. The overall deformation recovery
rate of BFCB material was lower than that of PU
foam, and the ability to return to shape after force
was weaker than that of PU foam. The deforma-
tion recovery ability of BFCB was higher and
closer to PU. Therefore, it has more potential to
replace PU as cushion-filling material.

Resilience

The difference in the resilience of BFCB and PU
foam was investigated in Fig 4(b). The average
resilience of Y-BFCB, M-BFCB, medium-soft
foam, and high-resilience foam was 41.2%, 18.6%,

Figure 4. The mean (a) deformation recovery and (b) resilience of BFCB and PU foam samples. BFCB, bamboo fiber
core board; H-PU, high-resilience foam; M-BFCB, Moso-BFCB; M-PU, medium-soft foam; PU, polyurethane; Y-BFCB,
yellow-BFCB.

Table 2. The independent sample t-test results for deformation recovery and resilience of BFCB.

Mean (SD)

t-test p-valueM-BFCB Y-BFCB

Deformation recovery 29.60 (8.4) 40.50 (5.00) 26.113 0.000**
Resilience 18.35 (1.30) 41.2 (1.61) 233.073 0.000**

**p, 0.01.
BFCB, bamboo fiber core board; M-BFCB, Moso-BFCB; Y-BFCB, yellow-BFCB.
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44.4%, and 51.6%, respectively. The resilience
of M-BFCB with a density of 80 kg/m3 was con-
siderably lower than that of the other three mate-
rials. The content of 4080 fibers in M-BFCB was
slightly higher than that in Y-BFCB. Compared
with yellow bamboo, Moso bamboo had denser
interfiber pores and a larger volume of individual
pores. The interior of the large-volume pores was
not supported by a fibrous structure. As a result,
the Moso bamboo fibers were unable to provide
sufficient resistance to the reaction force when
impacted, and the M-BFCB was less resilient.
Y-BFCB had a higher resilience, which was sim-
ilar to that of medium-soft foam with a density of
35 kg/m3, and the value was only 6.10% lower
than that of medium-soft foam.

Table 2 shows the results of the independent sam-
ple t-tests for the resilience of BFCBs. The variety
of raw materials used in BFCBs had a significant
effect on resilience. The resilience of the Moso
fiber core board was significantly lower than that
of Y-BFCB (p-value, 0.001). According to Chi-
nese industry standard QB/T 1952.1 2012 for the

manufacture of upholstered furniture, the resil-
ience performance of Grade A foam used in sofas
should exceed 45%, that of Grade B foam should
exceed 40%, and that of Grade C foam is sup-
posed to exceed 35%. The resilience of Y-BFCB
satisfied the standard of sofa padding, whereas
the resilience of M-BFCB failed to reach the stan-
dard of sofa padding material. Y-BFCB was more
applicable to upholstered sofa cushion material.

Constant-Load Impact Fatigue Loss

The mean loss of properties after constant load
fatigue for the BFCB and PU foam samples are
shown in Fig 5, while Table 3 illustrates the
results of independent sample t-tests on the post-
fatigue performance loss of BFCBs.

The rate of thickness reduction for M-BFCB was
4.0 times higher than that for medium-soft foam,
while that for Y-BFCB was 4.6 times higher than
that for medium-soft foam (Fig 5). The thickness
reduction value of Y-BFCB was 1.2 times higher
than that of M-BFCB, and the thickness reduction
rate of medium soft foam was 1.4 times higher

Figure 5. Mean constant load impact fatigue loss of BFCB and PU foam samples. BFCB, bamboo fiber core board; H-PU,
high-resilience foam; M-BFCB, Moso-BFCB; M-PU, medium-soft foam; PU, polyurethane; Y-BFCB, yellow-BFCB.
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than that of high-resilience foam. There were no
significant differences in the postfatigue thickness
reduction of the two types of BFCBs (Table 3).
Thickness reduction after the fatigue of BFCB
was greater than that of PU foam material. BFCB
specimens entered the densification stage under
the repeated extrusion of the instrument indenter
and the internal fiber structure was severely dam-
aged. The internal force direction of the fibers of
BFCB was complicated, making it difficult to
return to the initial form after testing.

Hardness reduction rates of M-BFCB, Y-BFCB,
medium-soft foam, and high-resilience foam were
43.6%, 32.3%, 47.8%, and 42.5%, respectively
(Fig 5). There were significant differences between
the hardness reduction values of the two types of
BFCBs (p-value5 0.008; Table 3). The hardness
reduction value of M-BFCB was 1.34 times higher
than that of Y-BFCB. The hardness reduction
values were the highest for medium-soft foam
while those for Y-BFCB were the lowest, which
was 0.67 times the hardness reduction value of
medium-soft foam. The analysis revealed that the
Y-BFCBs had the least hardness loss and outper-
formed the other three materials.

Resilience reductions of M-BFCB, Y-BFCB,
medium soft foam, and high resilience foam were
40.7%, 33.0%, 32.6%, and 27.1%, respectively.
There were significant differences in postfatigue
resilience reduction of the two types of BFCBs
(p-value5 0.032; Table 3). Resilience loss after
fatigue treatment of M-BFCB material was 1.23
times higher than the Y-BFCB while that for
Y-BFCB was slightly higher than that of PU
foam material, which was 1.01 times higher than
that of medium-soft foam.

Y-BFCB performed better than the M-BFCB after
being fatigued. The Y-BFCB had a slightly higher

rate of thickness loss than the two types of PU
foam that are frequently used in sofa cushions, a
lower rate of hardness loss than the PU foam, and
a resilience performance loss that was equivalent
to the medium-soft foam. The deformation rate of
BFCB was smaller than that of Moso bamboo
fiber after long-term use. Y-BFCB represents a
better choice than M-BFCB for the development
of bamboo fiber cushions. The production process
of BFCB should be improved to reduce the
fatigue loss rate.

CONCLUSIONS

1. Resilience, indentation hardness, compres-
sion deformation characteristics, deformation
recovery, and constant-load impact fatigue
loss of BFCBs were significantly influenced
by bamboo species. The mechanical proper-
ties of Y-BFCB were better than those of
M-BFCB.

2. The indentation hardness and SF of Y- and
M-BFCB were noticeably higher than those
of the PU foam, indicating that the BFCBs
had better support properties but lower sur-
face softness.

3. The thickness loss rate of Y-BFCB after con-
stant load impact fatigue was greater than
that of PU foam commonly used for sofa
filler layers, but the loss of hardness was less
than that of the PU foam, and resilience loss
was comparable to medium-soft PU. In addi-
tion, the resilience of Y-BFCB complied with
the standards for cushion-filling materials in
the sofa manufacturing industry and had the
potential to be applied as a sofa cushion-filling
material.

4. Deformation recovery of BFCBs was lower
than PU foam. Further studies are needed to
produce softer BFCBs and analyze the dynamic

Table 3. The independent sample t-test results for constant load impact fatigue loss of BFCB.

Mean (SD)

t-test p-valueM-BFCB Y-BFCB

Thickness reduction 0.21 (0.02) 0.25 (0.01) 2.612 0.059
Indentation hardness reduction 0.43 (0.03) 0.32 (0.02) 4.928 0.008*
Resilience reduction 0.41 (0.04) 0.33 (0.02) 3.235 0.032*

*p, 0.05.
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cushioning properties of these upholstery mate-
rials to model pressure and human comfort.
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Abstract. Most wood cladding, in North America, is coated with paint or stain. Key performance para-
meters include durability, dimensional stability of the wood, and adhesion and color stability of the coating.
Changes in wood MC below the FSP result in dimensional changes. This creates stresses in the wood
which may manifest as checks and cracks. These impact the appearance of wood products and limit the use
of wood in some applications. Many chemical treatments to improve wood stability have been developed,
though they are generally only applied to wood species with high permeability. The present work investi-
gates several commercial-scale and lab-scale modification treatments for their ability to stabilize white
spruce, a refractory softwood species typically produced as boards containing both sapwood and heartwood
for cladding applications. Modified white spruce was evaluated for weight percent gain after treatment,
dimensional stability in humidity and immersion, total color change after accelerated UV exposure, and
coating adhesion before and after UV exposure. All treatments improved stability with antiswelling effi-
ciency between 11 and 59%. However, these treatments were also associated with increased color change
after accelerated UV exposure and poorer adhesion of an acrylic water-based stain. The improvements in
dimensional stability were generally lower than those reported for permeable species, and it is unclear if
they would meet end-user expectations for cladding performance. Additional research is needed to further
enhance performance and overcome the resulting photostability and coating adhesion challenges.

Keywords: Cladding, dimensional stability, spruce, wood modification.

INTRODUCTION

Dimensional stability is particularly important in
exterior applications, such as cladding and deck-
ing, where wood is exposed to large and rapid
changes in MC, and for which checking and
cracking negatively impact the esthetic value of
the wood. In eastern Canada, white spruce

(Picea glauca (Moench) Voss) is commonly used
for exterior cladding applications. Refractory soft-
woods are the most abundant wood products in
Canada and make up a significant proportion of
the fiber available in many parts of the world.
Many of these species, including most Abies and
Picea species, have heartwood with low natural
durability (Scheffer and Morrell 1998). These
wood species are less competitive in certain exte-
rior above-ground applications such as cladding,* Corresponding author
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due to their low natural durability and stability,
and the difficulty of applying preservatives or
chemical modification treatments. Anatomically,
spruce differs from pine by its pit structure and by
the diameter of its resin canals. Indeed, the
piceoid pits found in spruces are a lot smaller
than the pinoid pits of yellow pines (Wheat et al
1996), and the diameter of the resin canals of
spruces are also a lot smaller than those of pines
(Panshin and de Zeeuw 1980). In addition, the
epithelial cells located inside the longitudinal and
transverse resin canals of pines have thin walls
(possibly nonlignified), whereas those of spruce
have thick walls (more lignified). Together, these
factors explain why liquid diffusion is more diffi-
cult in refractory species compared with perme-
able ones.

Wood stability is influenced by physical, ultra-
structural, and chemical factors that affect
wood–water relationships (Hillis 1984). Wood
has a dynamic and complex relationship with
water, continually absorbing and desorbing water
as environmental conditions change. Moisture
gain associated with exposure to liquid water or
water vapor results in swelling until the FSP is
reached. Similarly, wood shrinks as it dries below
the FSP. This fundamental behavior limits the
applications where wood can be used and impacts
performance (Sargent 2019). This dimensional
instability must be considered in applications
where wood may be exposed to liquid water or
significant changes in humidity. Fluctuating MC
creates stresses in the wood that can result in
checks and cracks. These checks and cracks affect
the appearance of wood and can also lead to
changes in mechanical properties. Wood that is
naturally more stable, or treated to be more stable,
may have a more natural uniform appearance val-
ued by end users (Høibø and Nyrud 2010).

Treatments to improve the dimensional stability of
wood have been studied for many years (Tarmian
et al 2020). Physical approaches, such as kerfing or
incising, do not alter the stability of the wood mate-
rial but they can relieve moisture-induced stresses
that lead to checking and cracking. These
approaches have been shown to work on railway
ties (Brentlinger 1960) and deck boards (Cheng and

Evans 2018), but they are not applicable to all
products.

Thermal modifications have been extensively
studied for their ability to improve wood material
properties (Stamm and Hansen 1937; Hill et al
2021). Improved dimensional stability is consis-
tently reported for several different modification
processes and species (Esteves and Pereira 2008;
Militz and Altgen 2014; Sandberg and Kutnar
2016). This improvement is caused by chemical
reactions in hemicellulose and lignin that result in
increased crosslinking (Tjeerdsma et al 1998).
One of the advantages of thermal modification is
that it is not dependent on chemicals moving into
the wood. This enables the stabilization of larger
dimension pieces of refractory wood species
(Zelinka et al 2022). Researchers have also
explored chemical treatments to catalyze the ther-
mal degradation reactions and enable them to
occur at lower temperatures (Qu et al 2021; Wang
et al 2022). Pretreatments with different alumi-
num solutions before thermal treatment were
shown to significantly improve the dimensional
stability of Chinese fir (Cunninghamia lanceolata
(Lamb.) Hook) and Chinese white poplar (Popu-
lus 3 tomentosa Carri�ere) wood at relatively low
temperatures (130-160�C). The stability achieved
was similar or better than the dimensional stabil-
ity achieved with only thermal treatment under
high temperatures. Nevertheless, such pretreat-
ments require penetration into the wood and may
not be as effective on refractory species.

Water-repellent coatings or surface treatments
that enhance hydrophobicity can improve dimen-
sional stability by reducing the uptake of liquid
water or atmospheric moisture. However, this is a
potentially risky approach as any damage to the
coating will expose wood that is susceptible to
moisture and movement. Some coatings may also
inhibit the drying of wood once it gets wet, which
can create conditions that increase the risk of
decay (Norton and Francis 2008; Schauwecker
et al 2010).

Cell wall bulking treatments have been explored
to stabilize wood. Rowell (1988) describes three
types of chemical bulking treatments: nonbonded
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and leachable, nonbonded and nonleachable, and
bonded and nonleachable. Sugars, salts, and poly-
ethylene glycol (PEG) are nonbonded and leach-
able. PEG has been extensively studied for its
ability to stabilize wood (Stamm 1959; Schneider
1969) but has limited applications due to its
leachability and hygroscopicity. Nonbonded and
nonleachable treatments include treatments that
form polymers in the wood, such as phenol-
formaldehyde (Furuno et al 2004). Bonded and
nonleachable treatments include chemical reac-
tions with the cell wall. These include well-
known chemical modification techniques, such as
acetylation and furfurylation (FUR).

Acetylation results from the reaction of acetic
anhydride with the hydroxyl groups in wood. The
acetyl groups are less hygroscopic and leave the
wood in a permanently swollen state. This
reduces the ability of wood to absorb water. A
20% acetyl content has been reported to reduce
shrinkage by about 70% (Stamm and Tarkow
1947). Acetylation of spruce has been reported,
though test materials were limited to 1/8 in.
(3.2 mm) thick (Tarkow et al 1955). Baird (1969)
found vapor phase treatments with acetic anhy-
dride and butyl isocyanate that could modify and
stabilize wood, though it was noted that these
would likely only be effective on thin materials.

Treatment of wood with furfuryl alcohol resin,
catalysts, and heat has been reported to stabilize
and enhance the properties of several wood spe-
cies (Stamm 1977; Schneider 1995). The proper-
ties of furfurylated wood depend on the uptake
and reaction of the furfuryl alcohol polymer with
the wood cell wall. At high modification levels
there is increased dimensional stability, mechani-
cal properties, and resistance to biodegradation
(Lande et al 2004). Detailed studies on the reac-
tions between furfuryl alcohol polymer and the
wood cell wall found evidence of condensation
reactions between uncrowded ring positions and
lignin side chains (Shen et al 2021).

Wood modification with dimethyloldihydrox-
yethyleneurea (DMDHEU) has been used to
enhance wood properties, including dimensional
stability (Militz 1993; Emmerich et al 2019).

Research on DMDHEU treatments has focused
on relatively permeable species (Militz and Nor-
ton 2013; Derham et al 2017).

Several organosilane treatments have been
applied to permeable species (Schneider and
Brebner 1985; S�ebe and J�eso 2000; Mai and
Militz 2004). These treatments are associated
with improved antishrink efficiency, lower mois-
ture uptake, and increased durability (Donath et al
2004). Research into the mode of action has
found that organosilanes influence the rate of
moisture uptake, but do not reduce the maximum
swelling (De Vetter et al 2010). This explains
some of their poor results in laboratory decay
tests yet good performance in field tests where
moisture conditions are variable (De Vetter et al
2009). Improvements in the dimensional stability
of white spruce impregnated and reacted with
organosilanes have been reported (Schorr and
Blanchet 2020).

More recently, wood modification with citric acid
and sorbitol has been shown to improve dimen-
sional stability and biological resistance (Larnøy
et al 2018; Mubarok et al 2020). Lower EMC has
been associated with covalent bonding and cross-
linking of the polyesters with wood polymer con-
stituents (Kurkowiak et al 2021). High molecular
weight sorbitol-citric acid polyesters in the wood
result in cell wall bulking (Kurkowiak et al 2023).
Studies on wood modification with citric acid and
sorbitol have been largely limited to permeable
species such as pine (Pinus sylvestris L.) and
beech (Fagus sylvatica L.) (Beck 2020; Mubarok
et al 2020).

Chemical modification methods for enhancing the
dimensional stability of wood have been exten-
sively reviewed (Mai and Militz 2004; Rowell
2006; Kocaefe et al 2015; G�erardin 2016; Sand-
berg et al 2017; Sargent 2019). Most stabilization
treatments, particularly those involving chemical
impregnation, have focused on permeable woods
or very thin specimens. It is unclear to what
extent refractory wood species’ anatomy affects
the capacity of chemical treatment to improve
dimensional stability.
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This paper reports on selected modifications of
white spruce lumber. White spruce is a North
American softwood that generally has a thin band
(approximately 3 cm, Qui~nonez-Pi~n�on and Valeo
2017) of relatively permeable sapwood surround-
ing larger volumes of refractory heartwood. Thin
white spruce boards (.25 mm) milled for clad-
ding or decking applications are often cut from
the outer parts of the log and contain a mixture of
sapwood and heartwood. This can manifest as
sapwood corners, a sapwood edge, or a sapwood
face depending on the cutting pattern employed.
It is generally not feasible to cut pure sapwood
boards from white spruce due to the relatively
low volumes of sapwood present. The present
work evaluated the dimensional stability and coat-
ing performance of commercially milled mixed
sapwood-heartwood white spruce boards, modi-
fied with a series of commercial-scale and lab-
scale treatments.

MATERIALS AND METHODS

Kiln-dried boards from a mix of heartwood and
sapwood of white spruce (Picea glauca (Moench)
Voss) without any knots or defects from Bois
d’oeuvre Cedrico (Quebec, Canada) were used
for this study.

Commercial Treatments

For all these commercial treatments, the processes
are proprietary and some information cannot be
disclosed.

Furfurylation treatment. FUR treatment
parameters were described by Boivin and
Schorr (2022). Ten white spruce boards
(5.9 mm 3 127 mm 3 1219 mm) were treated
by FUR using a commercial process. This pro-
cess used furfuryl alcohol, which is manufactured
industrially by catalytic reduction of furfural. It
included a wood impregnation step with furfuryl
alcohol and catalysts, followed by a curing step
where the furfuryl alcohol was polymerized
within the wood cell walls. The treatment is a
vacuum pressure process and a heating treatment.

Citric acid: sorbitol treatment. Treatment
parameters were described by Schorr et al (2024).
Ten white spruce boards (19 mm 3 152 mm 3
1200 mm) were vacuum-treated for 1 h at 40 mb
and then pressure-treated for 2 h at 8 bars with an
aqueous citric acid and sorbitol solution in a pilot
plant in Norway. Heat treatment at 140�C for
12 h was then initiated.

Thermal modification. The thermal modifica-
tion was performed by a commercial producer in
Quebec, Canada on five white spruce boards
(25.6 mm 3 152 mm 3 2438 mm) in a closed
system (atmospheric pressure and oxygen-free)
with a maximum temperature of 220�C. After
modification, the wood was steam conditioned to
a final MC between 3 and 7%.

Laboratory Treatments

Organosilanes and metal treatments. Four
laboratory treatments were evaluated in this work.
These included an organosilanes treatment (SiTT)
and organosilanes treatment followed by impreg-
nation with aluminum (SiTT 1 Al), as the litera-
ture suggests that inorganic solutions, in particular
aluminum solutions, can be used as thermal cata-
lysts (Ximenes and Evans 2006; Qu et al 2021;
Wang et al 2022). Two inorganic treatments were
also evaluated without organosilanes treatment:
aluminum treatment alone (Al) and magnesium
treatment alone (Mg). Methyltrimethoxysilane
(MTMS) (.98%) and hexadecyltrimethoxysilane
(HDTMS) (95%) were provided by Gelest, Inc.
(Morrisville, PA) and glacial acetic acid (.99%),
ethyl alcohol, and aluminum sulfate (Al2(SO4)3)
(.97%) were provided by Sigma-Aldrich
(Toronto, Canada) and magnesium chloride
(MgCl2) (.99%) by Laboratoire MAT (Quebec,
Canada). The organosilanes solution was pre-
pared by mixing MTMS, ethyl alcohol, glacial
acetic acid, and HDTMS in a 1:3.9:0.05:0.33
mass ratio, respectively. First MTMS was mixed
with ethanol, then, glacial acetic acid was slowly
added to the solution, which was stirred at 60�C
for 30 min. Finally, HDTMS was added, and the
solution was stirred for 60 min. Treatment para-
meters are described by Schorr et al (2022).
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Inorganic treatment alone with aluminum or mag-
nesium cycle impregnation was also evaluated on
white spruce wood to assess the possibility of
using these inorganic treatments along with mild
temperature thermal treatment instead of higher
temperature thermal treatment. For the aqueous
inorganic treatment, the solution was prepared
with Al2(SO4)3 or MgCl2 in distilled water. The
concentration of the Al2(SO4)3 was 0.44 M. The
concentration of the MgCl2 solution was 1.57 M.

Fifteen white spruce boards of 19 mm3 88.9 mm
3 254 mm were subjected, for each laboratory
treatment, to a 20-min vacuum and then 2 h pres-
sure treatment cycle with organosilanes solutions
and/or aluminum or magnesium solutions (see
sequence in Table 1). After 24 h at ambient tem-
perature, all treated samples were heat treated at
120�C for 24 h.

Weight Percent Gain

All boards before and after treatment were condi-
tioned at 20�C and 50% RH. The weight of the
boards before and after treatment was measured,
and weight percent gain (WPG) was calculated
using the following equation:

WPG5
W12W0

W0
3 100 (1)

where W0 is the weight of the samples before
treatment (stabilized in a conditioning room at
20�C and 50% humidity) and W1 is the weight of
the samples after treatment and after stabilization
in a conditioning room at 20�C and 50%
humidity.

Dimensional Stability

Humidity. Fifteen specimens were taken from
the boards of each treatment. For laboratory

treatments, one specimen was cut from each
board treated. For commercial treatments, two or
three specimens were cut from each board (three
samples from each thermally treated boards of
2438 mm long and two samples from each chemi-
cally treated boards of 1219 mm long). All test
specimens (50 mm 3 50 mm 3 16 mm) were
placed in a conditioning chamber at 20�C/50%
RH until mass was constant (difference of less
than 0.2% after 24 h) and dimensions constant
(difference of less than 0.1 mm after 24 h). Once
stable, the mass of the samples was recorded, and
radial, tangential, and longitudinal dimensions
were measured using a caliper. The same speci-
mens were then placed in a conditioning chamber
at 20�C/90% RH. When the masses were con-
stant, the radial, tangential, and longitudinal
dimensions were measured using a caliper. The
samples were then returned to 20�C/50% RH.
This cycle was repeated three times.

Dimensional stability was determined by anti-
swelling efficiency (ASE). A higher ASE indi-
cates greater dimensional stability. ASE is calcu-
lated from the swelling coefficients of treated and
untreated samples, subjected to different condi-
tions, according to equations taken from DIN
52184 (DIN 1979)

Swctrl5
Vctrl902Vctrl50

Vctrl50

� �
3 100 (2)

Swtr 5
Vtr902Vtr50

Vtr50

� �
3 100 (3)

ASE %ð Þ5 Swctrl2Swtr

Swctrl

� �
3 100 (4)

where Vctrl90 is the volume of the sample
untreated at 90% RH; Vctrl50 is the volume of the
sample untreated at 50% RH; Vtr90 is the volume

Table 1. Details of the different impregnation cycles done with organosilanes, aluminum, or magnesium solution on white
spruce wood for each treatment.

Treatments Cycle with organosilanes Cycle with aluminum Cycle with magnesium

SiTT (organosilanes) � — —

SiTT 1 Al (organosilanes 1 aluminum) � � —

Al (aluminum) — � —

Mg (magnesium) — — �
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of the sample treated at 90% RH; and Vtr50 is the
volume of the sample treated at 50% RH.

Immersion. Fifteen specimens were taken from
the boards of each treatment. For laboratory treat-
ments, one specimen was cut from each board
treated. For commercial treatments, two or three
specimens were taken from each board (three spe-
cimens from each thermally treated boards of
2438 mm long and two specimens from each
chemically treated boards of 1219 mm long). All
test specimens (50 mm 3 50 mm 3 16 mm)
were placed in a conditioning chamber at
20�C/50% RH until mass was constant (differ-
ence of less than 0.2% after 24 h) and dimensions
constant (difference of less than 0.1 mm after
24 h). Once stable, the mass of the samples was
recorded, and radial, tangential, and longitudinal
dimensions were measured using a caliper. The
same samples were then immersed in a distilled
water bath at 22�C. When the masses were con-
stant (difference of less than 0.2% of mass after
24 h), the radial, tangential, and longitudinal
dimensions were measured using a caliper. The
samples were then returned to 20�C/50% RH.
The immersion cycle was repeated twice. Dimen-
sional stability was calculated based on initial and
final dimensions, compared with those obtained
for untreated samples using the same calculations
presented above for dimensional stability.

Preparation of Finished Samples

Three treated and untreated samples (76.2 mm 3
76.2 mm) were finished with a semitransparent
acrylic stain. Two coats of stain were applied in
accordance with the manufacturer’s recommenda-
tions. Specimen surfaces were previously sanded
with P80 abrasive paper. For specimens placed in
an accelerated UV exposure chamber, the sides
and back were sealed with epoxy.

Accelerated UV Exposure

Accelerated UV exposure tests were conducted
over a period of 2000 h on three unfinished and
three finished specimens (76.2 mm 3 76.2 mm)
per series (untreated, organosilanes, organosilanes

1 aluminum treated, furfurylated, and esterified
white spruce). The samples were placed in a
Q-Sun from Q-Lab (Westlake, OH) according to
ASTM G155-21 (ASTM 2021). Cycle 1 was fol-
lowed based on the parameters listed in Table 2.

Color measurements were taken initially, after
250, 500, 1000, and 2000 h of accelerated UV
exposure using a Check3 Spectrophotometer
from Datacolor (Lawrenceville, NJ), which was
quantified using the CIE L*a*b* color space
coordinates (Eq 5). The samples were scanned at
the same intervals.

DL� 5L�
12L�

0

Da� 5 a�12a�0
Db� 5 b�12b�0

(5)

The total color change (DE*ab) was calculated
using the equation as follows:

DE�
ab 5 ðDL�Þ2 1 ðDa�Þ2 1 ðDb�Þ2

h i1=2
(6)

Crosshatch Test

Coating adhesion performance was assessed
before and after accelerated UV exposure, pursu-
ant to ASTM D3359-2023 method B (ASTM
2023) using a precision knife (X-ActoVR knife)
and a Gardco Temper II template. Three repli-
cates were performed per series. This test was
performed on the finished samples only. The sam-
ples were rated (from 0B, no adhesion to 5B,
perfect adhesion) based on the classification pre-
sented in Table 3. Visibility of the underlying
wood structure indicates poor coating adhesion.

RESULTS AND DISCUSSION

Application of Stabilization Technologies to
White Spruce

White spruce boards were modified with seven
treatments to find which treatment is the most
suitable to improve the durability and stability of
this refractory species for cladding applications.
Some treatments are commercially available,
such as thermal modification, FUR, and citric
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acid sorbitol esterification (SOR), which are
mostly used on permeable species. White spruce
boards were also treated, at the lab scale, with dif-
ferent noncommercial treatments; organosilanes
(SiTT), a combination of aluminum and organosi-
lanes (SiTTAl), aluminum aqueous solution (Al),
magnesium aqueous solution (Mg).

Table 4 presents the WPG after treatment on white
spruce. Lab scale treatments all showed a WPG of
15% or lower. Low WPG was expected for all lab-
oratory treatments, as the solution strengths were
low. Moreover, treatments were not meant to fill
the lumen. The low WPG for the aluminum aque-
ous solution can be explained by the fact that it is
mostly used as a thermal catalyst, so it does not
react to the wood (Qu et al 2021). Indeed, in Schorr
and Boivin (2023), the leaching test on aluminum-
treated wood showed that it was leachable.

Commercial treatments with a vacuum-pressure
process (FUR and SOR) show similar WPG of 26
and 25%, respectively. For FUR treatment, stud-
ies on permeable species, such as Scots pine,

have shown that WPG could vary between 15 and
47% depending on the properties needed (Westin
et al 2004). For pine (Pinus pinaster), a WPG
of 38% was obtained (Esteves et al 2011). For
Norway spruce, an average WPG of 63% was
observed with FUR treatment, but this is due to
the small size of the 14 mm diameter cylindrical
samples or 13 403 40 mm3 samples used (Thy-
gesen et al 2010). For citric acid SOR treatment,
permeable species, such as Scots pine, showed a
high WPG of 62%. For another refractory species
(Norway spruce, Picea abies (L.) H. Karst.), a
similar WPG as white spruce was obtained (24%)
(Schorr et al 2024). Higher WPG was observed
for commercial treatments for white spruce in
comparison with one obtained with the laboratory
scale treatments. This can be explained by the
fact that the commercial treatments are meant to
fill the lumens and create cross-linking within
the wood, which results in a weight increase.
WPG for the thermal modification process was
not presented as this is not an impregnation
process.

Table 2. Cycle 1 parameters following standard ASTM G155-21.

Exposure duration (h) 2000
Filter Daylight
Irradiance W/(m2

� nm) 0.35
Wavelength (nm) 340
Step 1 102 min light, 50% RH at 63�C (black panel

temperature), air chamber temperature at 44�C
Step 2 18 min light, water spray at a rate of 5 s/min. RH and

black panel not controlled. Air chamber temperature
at 44�C

Table 3. Classification of adhesion test results according to ASTM D3359-23 (method B).

Classification Description

5B The edges of the cuts are completely smooth; none of the squares of the lattice is detached.
4B Small flakes of the coating are detached at intersections; less than 5% of the area is affected.
3B Small flakes of the coating are detached along the edges and at intersections of cuts. The area

affected is 5-15% of the lattice.
2B The coating has flaked along the edges and on parts of the squares. The area affected is 15-35%

of the lattice.
1B The coating has flaked along the edges of cuts in large ribbons and whole squares have detached.

The area affected is 35-65% of the lattice.
0B Flaking and detachment are worse than grade 1.
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Dimensional stability. Figure 1 shows the
humidity and immersion volumetric dimensional
stability (ASE) of white spruce samples treated
with each of the lab scale and commercial treat-
ments (FUR, SOR, and thermal modification).
Organosilanes lab scale treatments had a WPG of
11% and showed the lowest dimensional stability
(between 21 and 33%). Donath et al (2004) evalu-
ated the stability of wood modified with several
organosilanes and found WPG between about
10 and 25% and ASE values up to approximately
30% in treated beech wood. This is comparable
to the values found in the present study. The

inorganic lab scale treatments (Al and Mg) are
the ones that show the highest humidity and
immersion ASE (.50%) with a WPG of 4% for
aluminum and 15% for magnesium treatment.
Ximenes and Evans (2006) reported high ASE
(between 45 and 105%) for Scots pine (Pinus syl-
vestris L.) sapwood treated with aluminum
hydroxide and magnesium aluminate . Wang et al
(2022) observed, for Chinese white poplar (Popu-
lus 3 tomentosa Carri�ere), dimensional stability
in the radial and tangential direction of between
35 and 62% depending on the concentration of
aluminum chloride (AlCl3) used. These authors

Table 4. Average weight percent gain (WPG) in white spruce after each treatment.

Chemical treatment WPG after treatment (%)a

Lab scale treatment Al (aluminum) 4 (5)
Mg (magnesium) 15 (4)
SiTT (organosilanes) 11 (5)
SiTTAl (organosilanes 1 aluminum) 12 (6)

Commercial treatment FUR (furfurylation) 26 (7)
SOR (esterification) 25 (19)

aStandard deviations appear in parentheses.

0% 10% 20% 30% 40% 50% 60% 70%

Al (Aluminium)

Mg (Magnesium)

SiTT (Organosilanes)

SiTTAl (Organosilanes + aluminium)

FUR (Furfurylation)

Thermal modification

SOR (Esterification)

ASE immersion ASE humidity

Figure 1. Average volumetric antiswelling efficiency (ASE) under humidity conditions and after immersion for white spruce
treated with different treatments.
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explained that the aluminum solution impregnated
into the wood before treatment was used as a ther-
mal catalyst. They concluded that the hydrolysis
of polysaccharides was accelerated by AlCl3 acid.
Depolymerization and repolymerization of lignin
in this AlCl3 environment during heat treatment
could be promoted. The high antiswelling effi-
ciency observed for magnesium and aluminum
treatment (43-59%) under humidity and immer-
sion conditions for white spruce mixed heartwood
and sapwood is similar to the results obtained in
those studies.

For the commercial treatments, the highest stabil-
ity was obtained with the FUR treatment and
thermal modification (around 40%). The FUR
modification of white spruce had an average
WPG of 26% with volumetric ASE of 40% with
changes in RH. There was considerable variabil-
ity likely due to variation in the proportion of
sapwood and heartwood within this specimen. In
previous work on Cryptomeria japonica sap-
wood, Baysal et al (2004) reported an ASE of
85% at a WPG of 122%. In previous work on
Pinus pinaster, Esteves et al (2011) reported an
ASE of 46% at a WPG of 40%. Westin et al
(2004) reported an ASE of 30-35% at a WPG of
15% for Scots pine sapwood. By increasing the
WPG up to 47% in the furfurylated Scots pine,
the ASE was up to 70% (Westin et al 2004). For
Scots pine sapwood, Lande et al (2004) reported
an ASE of approximately 50% at a WPG of 32%.
Lande et al (2004) evaluated ASE at four different
WPG levels and observed a correlation between
WPG and ASE with higher uptakes associated
with higher degrees of stabilization. The limited
uptake achievable with white spruce will likely
limit the degree to which the wood can be stabi-
lized. However, based on the reported uptake, the
ASE obtained for white spruce was slightly lower
than that reported on other species. The present
study did not control for the source of the white
spruce evaluated. Previous research on Norway
spruce has shown significant differences in fur-
furyl alcohol uptake based on the growth condi-
tions, tree characteristics, location within the
stem, and drying method (Lande et al 2010). Sim-
ilar variations in white spruce may occur but were

not assessed as part of the present work. The SOR
modification of white spruce had an average
WPG of 25% with volumetric ASE of 24% with
changes in RH. Studies on European beech
(Fagus sylvatica) sapwood at comparable WPG
(22%) found ASE between 44 and 52%
(Mubarok et al 2020). For Scots pine sapwood
with sorbitol and citric acid, the ASE was 72%
with a WPG of 62% (Schorr et al 2024). These
are approximately double the ASE that we found
in this study for the white spruce, which is
explained because of the mixed sapwood and
heartwood present in the white spruce samples
studied.

Thermal modification showed slightly lower sta-
bility than the FUR treatment for refractory spe-
cies but is still at 42% (humidity) and 39% (in
immersion). Thermal modification is one of the
most promising technologies for refractory spe-
cies because it does not require the penetration of
chemicals into the wood. The dimensional stabil-
ity of refractory species can be significantly
improved by thermal modification (Bekhta and
Niemz 2003; Lekounougou and Kocaefe 2014).
However, improvements in decay resistance are
limited to above-ground applications, and the
wood remains susceptible to termites (Shi et al
2007; Candelier et al 2017; Mubarok et al 2019).

Combined thermal modification and chemical
treatments have been studied (Salman et al 2014;
Wang et al 2018; Qu et al 2021) and may be able
to overcome these technical challenges, though
lower-cost solutions may be needed to commer-
cialize this approach. Moreover, this approach
would likely not be suitable for refractory species
as the chemical pretreatments would still require
deep penetration into the wood.

The use of chemical modification technologies
remains confined to a few species with wide, per-
meable sapwood. The present work has shown
that chemical modification technologies can
improve wood properties in refractory species
where full penetration is not achieved. However,
this improvement may not be sufficient to meet
end-user expectations or to compete with chemi-
cally modified permeable wood species. There is
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a lack of information on the degree of stabiliza-
tion that is required for various applications. The
development of performance-based standards for
material stability could help to identify appropri-
ate technologies for specific end users, and spur
innovation of new products to meet these
specifications.

Accelerated UV exposure. Wood surfaces are
susceptible to photochemical degradation when
exposed to weathering. Stable wood color is one
of the most important requirements for cladding
in North America. Figure 2 presents the Da* for
treated and untreated, finished, and unfinished
samples from 0 h to 2000 h of accelerated UV
exposure. Unfinished untreated and organosilanes-
treated samples showed an increase in Da* up to
250 h compared with the other samples, then a
decrease in Da*, becoming negative after 2000 h.
In fact, all unfinished treated samples showed a
lower negative Da* after 2000 h than unfinished

untreated wood, becoming greener with acceler-
ated UV exposure. The finished esterified samples
(SOR) also showed a negative Da* after 2000 h
compared with all other finished treated and
untreated samples which maintained a Da* greater
than 0. Table 5 shows the total color change
(DE*ab), DL*, Da*, Db* for treated and untreated,
finished and unfinished samples after 2000 h of
accelerated UV exposure. Tables 6 and 7 show the
pictures of the unfinished and finished, treated and
untreated white spruce samples. Most of the treat-
ments studied resulted in a darkening of the wood.
However, after accelerated aging, most materials
had a similar color and appearance. The larger
color changes associated with many of the treat-
ments reflects the loss of color associated with the
treatment rather than a greater change in the color
of the underlying wood.

All treatments applied to white spruce negatively
impacted the DE*ab when the samples were not
finished with a stain. Unfinished samples show
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Figure 2. Da* evolution for treated and untreated, finished (F) and unfinished (UF) white spruce samples over a period of
2000 h of accelerated UV exposure.
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high DE*ab with values higher than 16. The high-
est DE*ab was obtained with the FUR treatment
with a value of 44.7. Since the North American
cladding market values color stability, even after
UV exposure, the use of a semitransparent stain

was important to assess whether the color change
was limited to coated treated wood. The use of a
semitransparent stain helped slow down the effect
of photodegradation on treated and untreated sam-
ples and reduce DE*ab, especially for untreated

Table 5. Total color change (DE*ab), DL*, Da*, Db* for treated and untreated, finished and unfinished white spruce
samples after 2000 h of accelerated UV exposure.

Unfinished Finished

Treatment DEab* DL* Da* Db* DEab* DL* Da* Db*

Untreated 16.3 2.1 22 215.8 0.9 0.4 0.1 0.1
Lab scale

treatment
Al (aluminum) No data No data
Mg (magnesium) No data No data
SiTT (organosilanes) 22.0 4.7 22.2 221.4 1.4 20.4 1.0 0.3
SiTTAl (organosilanes 1

aluminum)
39.5 31.2 210.3 221.4 1.5 20.1 0.1 20.2

Commercial
treatment

FUR (furfurylation) 44.7 40.8 29.5 229.2 4.4 0.1 1.0 9.4
Thermal modification No data No data
SOR (esterification) 21.4 13.8 24.5 215.5 3.3 20.03 22.6 21.4

Table 6. Pictures of treated and untreated white spruce unfinished before and after 2000 h of accelerated UV exposure
without semitransparent stain.

Initial pictures Pictures after 2000 h of UV exposure

Untreated

Aluminum
Magnesium
SiTT (organosilanes)

SiTTAl (organosilanes
aluminum)

Furfurylation

Thermal modification
SOR (esterification)
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and organosilanes treatment with DE*ab of 1 or
2. However, even with the semitransparent stain,
both commercially finished treated wood (FUR
and SOR) show a DE*ab. 3 that may be visible
to the naked eye.

Coating adhesion. As accelerated UV expo-
sure tests have shown in this study, all the treated
white spruce wood studied should be finished to
retain its color unchanged to the naked eye after
at least 2000 h of accelerated UV exposure. How-
ever, to maintain good finish protection, coating
adhesion must be good after application and after
aging. For this reason, coating adhesion was an
important test to perform on finished treated
wood. Table 8 presents the stain adhesion values
obtained for the various coated, treated white
spruce samples. The untreated samples present

the highest adhesion value. The only treatment
that had fair adhesion, before UV exposure, was
the FUR. Poor adhesion was obtained with the
organosilanes treatment, as well as for thermal
modification. All other treatments show no stain
adhesion, even before exposure to UV. There was
no value presented for the magnesium treatment
as the stain was not adhering to the sample sur-
face during sample preparation. After 2000 h of
accelerated UV exposure, all treated samples
showed no coating adhesion, whereas untreated
samples still had fair adhesion. The treatments
investigated may have increased the hydrophobic-
ity of the wood surface which could reduce adhe-
sion with the water-based semitransparent stain.
In addition, mechanical anchoring may have been
hampered by changes in lumen filling and, as Jaic
et al (2014) presented in their study, adhesion

Table 7. Pictures of treated and untreated white spruce coated with a semitransparent stain before and after accelerated
UV exposure.

Initial pictures Pictures after 2000 h of UV aging exposure

Untreated

Aluminum
Magnesium
SiTT (organosilanes)

SiTTAl (organosilanes 1
aluminum)

Furfurylation

Thermal modification
SOR (esterification)
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Table 8. Average adhesion of a semitransparent stain applied on treated and untreated white spruce.

Average initial adhesion

Example of pictures before
2000 h of UV aging

exposure
Average adhesion after 2000
h of UV aging exposure

Example of pictures after
2000 h

Untreated 4B 3B

Aluminum 0B — —

Magnesium — — — —

SiTT (organosilanes) 2B 0B

SiTTAl
(organosilanes 1
aluminum)

0B 0B

Furfurylation 3B 0B

Thermal modification 2B — —

SOR (esterification) 0B 0B
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between an aqueous-phase coating and the wood
substrate is primarily based on mechanical bond-
ing (entanglement) compared with a solvent-
based coating whose adhesion may be based on
other bonding mechanisms.

CONCLUSIONS

The dimensional stability of white spruce boards
containing a mixture of sapwood and heartwood
was improved following cyclical exposure to high
humidity and water immersion. The degree of sta-
bilization varied within and between treatments
and was generally lower than reported values for
more permeable wood types, such as pine sap-
wood. All treatments were associated with greater
color change than unmodified wood following
accelerated UV exposure. The application of a
semitransparent stain reduced the color change of
the modified materials. However, all modifica-
tions were associated with greatly reduced stain
adhesion. The limited improvement in stability
and poor performance as a coating substrate limit
the commercial applications for these technolo-
gies on white spruce. Further work is required to
enhance the permeability of refractory species
that resist chemical modification. Additionally,
there is a need to identify or develop coatings that
can adhere effectively to the wood modified by
these treatments.

ACKNOWLEDGMENTS

The authors acknowledge financial support
from Natural Resources Canada, NRCan, under
the Transformative Technologies Program. The
authors would also like to thank Erik Larnøy
and Stig Lande for their support and collabora-
tion in these experiments.

REFERENCES

ASTM (2021) Standard G155. Standard practice for oper-
ating xenon arc light apparatus for exposure of non-
metallic materials. ASTM, West Conshohocken, PA.

ASTM (2023) Standard D3359. Standard test methods for
rating adhesion by tape test. ASTM, West Consho-
hocken, PA.

Baird BR (1969) Dimensional stabilization of wood by vapor
phase chemical treatments. Wood Fiber Sci 1:54-63.

Baysal E, Ozaki SK, Yalinkilic MK (2004) Dimensional
stabilization of wood treated with furfuryl alcohol cata-
lysed by borates. Wood Sci Technol 38:405-415.
https://doi.org/10.1007/s00226-004-0248-2.

Beck G (2020) Leachability and decay resistance of wood
polyesterified with sorbitol and citric acid. Forests 11(6):
650. https://doi.org/10.3390/f11060650.

Bekhta P, Niemz P (2003) Effect of high temperature on
the change in color, dimensional stability and mechani-
cal properties of spruce wood. Holzforschung 57(5):
539-546. https://doi.org/10.1515/HF.2003.080.

Boivin G, Schorr D (2022) Effect of furfurylation treat-
ment on the performance of three Canadian wood spe-
cies. in Proceedings, International Research Group on
Wood Protection. Document No. IRG/WP/22-40925,
May 29-June 2, 2022, Bled, Slovenia.

Brentlinger PD (1960) Methods of retarding the mechani-
cal wear of ties, including stabilization of wood, and
the splitting of cross and switch ties. Pages 1-12 in Pro-
ceedings, Annual Convention American Railway Engi-
neering Association, March 14-16, 1960, Chicago, IL.

Candelier K, Hannouz S, Th�evenon MF, Guibal D,
G�erardin P, P�etrissans M, Collet R (2017) Resistance of
thermally modified ash (Fraxinus excelsior L.) wood
under steam pressure against rot fungi, soil-inhabiting
micro-organisms and termites. Eur J Wood Prod 75(2):
249-262. https://doi.org/10.1007/s00107-016-1126-y.

Cheng KJ, Evans PD (2018) Manufacture of profiled
amabilis fir deckboards with reduced susceptibility to
surface checking. J Manuf Mater Process 2(1):7. https://
doi.org/10.3390/jmmp2010007.

Derham B, Singh T, Militz H (2017) Commercialisation
of DMDHEU modified wood in Australasia. in Proceed-
ings, International Research Group on Wood Protection.
Document No. IRG/WP/17-40772, June 4-8, 2017,
Ghent, Belgium.

De Vetter L, Stevens M, Van Acker J (2009) Fungal
decay resistance and durability of organosilicon-treated
wood. Int Biodeterior Biodegrad 63(2):130-134. https://
doi.org/10.1016/j.ibiod.2008.08.002.

De Vetter L, Van den Bulcke J, Van Acker J (2010)
Impact of organosilicon treatments on the wood-water
relationship of solid wood. Holzforschung 64(4):463-
468. https://doi.org/10.1515/hf.2010.069.

DIN (1979) Standard 52184. Testing of wood; determina-
tion of swelling and shrinkage. Deutsches Institut fur
Normung, Berlin.

Donath S, Militz H, Mai C (2004) Wood modification
with alkoxysilanes. Wood Sci Technol 38(7):555-566.
https://doi.org/10.1007/s00226-004-0257-1.

Emmerich L, Bollmus S, Militz H (2019) Wood modifica-
tion with DMDHEU (1.3-dimethylol-4.5-dihydroxyethyle-
neurea)–State of the art, recent research activities and
future perspectives. Wood Mater Sci Eng 14(1):3-18.
https://doi.org/10.1080/17480272.2017.1417907.

Esteves BM, Pereira HM (2008) Wood modification by
heat treatment: A review. BioRes 4(1):370-404.

151Schorr et al—TREATMENTS TO IMPROVE THE DIMENSIONAL STABILITY OF WHITE SPRUCE CLADDING

https://doi.org/10.1007/s00226-004-0248-2
https://doi.org/10.3390/f11060650
https://doi.org/10.1515/HF.2003.080
https://doi.org/10.1007/s00107-016-1126-y
https://doi.org/10.3390/jmmp2010007
https://doi.org/10.3390/jmmp2010007
https://doi.org/10.1016/j.ibiod.2008.08.002
https://doi.org/10.1016/j.ibiod.2008.08.002
https://doi.org/10.1515/hf.2010.069
https://doi.org/10.1007/s00226-004-0257-1
https://doi.org/10.1080/17480272.2017.1417907


Esteves B, Nunes L, Pereira H (2011) Properties of
furfurylated wood (Pinus pinaster). Eur J Wood Prod
69(4):521-525.

Furuno T, Imamura Y, Kajita H (2004) The modification
of wood by treatment with low molecular weight
phenol-formaldehyde resin: A properties enhancement
with neutralized phenolic-resin and resin penetration
into wood cell walls. Wood Sci Technol 37(5):349-361.
https://doi.org/10.1007/s00226-003-0176-6.

G�erardin P (2016) New alternatives for wood preservation
based on thermal and chemical modification of wood—
A review. Ann For Sci 73(3):559-570. https://doi.org/
10.1007/s13595-015-0531-4.

Hill C, Altgen M, Rautkari L (2021) Thermal modifica-
tion of wood—A review: Chemical changes and hygro-
scopicity. J Mater Sci 56(11):6581-6614. https://doi.
org/10.1007/s10853-020-05722-z.

Hillis WE (1984) High temperature and chemical effects
on wood stability: Part 1: General considerations. Wood
Sci Technol 18(4):281-293. https://doi.org/10.1007/
BF00353364.

Høibø O, Nyrud AQ (2010) Consumer perception of
wood surfaces: The relationship between stated prefer-
ences and visual homogeneity. J Wood Sci 56(4):276-
283. https://doi.org/10.1007/s10086-009-1104-7.

Jaic M, Palija T, Djordjevic M (2014) The impact of sur-
face preparation of wood on the adhesion of certain
types of coatings. Zas Mat 55(2):163-169. https://doi.
org/10.5937/ZasMat1402163J.

Lande S, Høibø O, Larnøy E (2010) Variation in treatabil-
ity of Scots pine (Pinus sylvestris) by the chemical
modification agent furfuryl alcohol dissolved in water.
Wood Sci Technol 44(1):105-118. https://doi.org/10.
1007/s00226-009-0272-3.

Lande S, Westin M, Schneider M (2004) Properties of
furfurylated wood. Scand J For Res 19(sup5):22-30.
https://doi.org/10.1080/0282758041001915.

Larnøy E, Karaca A, Gobakken LR, Hill CAS (2018)
Polyesterification of wood using sorbitol and citric acid
under aqueous conditions. Int Wood Prod J 9(2):66-73.
https://doi.org/10.1080/20426445.2018.1475918.

Lekounougou S, Kocaefe D (2014) Effect of thermal
modification temperature on the mechanical properties,
dimensional stability, and biological durability of black
spruce (Picea mariana). Wood Mater Sci Eng 9(2):59-
66. https://doi.org/10.1080/17480272.2013.869256.

Kocaefe D, Huang X, Kocaefe Y (2015) Dimensional sta-
bilization of wood. Curr Forestry Rep 1(3):151-161.
https://doi.org/10.1007/s40725-015-0017-5.

Kurkowiak K, Emmerich L, Militz H (2021) Sorption
behavior and swelling of citric acid and sorbitol
(SorCA) treated wood. Holzforschung 75(12):1136-
1149. https://doi.org/10.1515/hf-2021-0068.

Kurkowiak K, Hentges D, Dumarçay S, G�erardin P, Militz
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Abstract. This comparative review of the anatomical and chemical properties of indigenous tree species to
determine their suitability for pulp and paper production, a sector crucial for industrial and economic develop-
ment. Recognizing the critical gap in comprehensive documentation on the wood properties essential for paper
production, this paper aims to serve as a benchmark for future research, guiding pulp, and paper producers in
selecting the most appropriate materials. It delves into the global and Indian scenarios, highlighting the press-
ing need for sustainable materials in the face of escalating greenhouse gas emissions from the building sector
and the burgeoning demand for wood amidst dwindling supplies. By examining a variety of species, such as
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Albizia lebbeck, Albizia falcataria, Gmelina arborea,Melia dubia, Leucaena leucocephala, Acacia auriculifor-
mis, and Dalbergia sissoo. The study not only explores their potential in pulp and paper production but also
considers their ecological values, thereby emphasizing a holistic approach to resource utilization.

Keywords: Indigenous tree species, wood properties, sustainable utilization, anatomical and chemical
composition.

INTRODUCTION

Various studies have extensively documented the
crucial role of forests in maintaining ecological
stability and preserving biodiversity, as well as
the challenges they face due to deforestation. For-
ests play a vital role as habitats for diverse species
and are indispensable for providing a wide array
of ecosystem services essential for human well-
being. Recent research increasingly demonstrates
the importance of biodiversity in sustaining the
functioning of forest ecosystems and the delivery
of ecosystem services, including but not limited
to biomass production, habitat provision, pollina-
tion, seed dispersal, and carbon sequestration
(Brockerhoff et al 2017). Additionally, global for-
ests, which are crucial for supplying resources
like energy, building materials, and food, and for
offering services such as carbon storage and cli-
mate regulation, are at risk due to factors such as
climate change, air pollution, and the spread of
invasive pests (Trumbore et al 2015).

In India, the situation reflects a global trend where
deforestation has been a major concern until legis-
lative actions, such as the Forest Conservation
Act of 1980; helped to mitigate the loss. The
reduction in forest cover not only jeopardizes eco-
logical balance but also underlines the significant
gap between the supply and demand for wood,
leading to environmental instability. The Forest
Policy of 1988 aimed to address these issues by
mandating sustainable sourcing for forest-based
industries, highlighting the need for sustainable
forest management practices to reconcile the
demand for forest products with the necessity of
conserving forest resources

The invention of papermaking and the widespread
use of paper products illustrate the critical role
forests play beyond their ecological importance,
influencing every aspect of human life from com-
munication and information dissemination to

personal hygiene. This underscores the challenge
of balancing the demand for paper and other for-
est products with the imperative of conserving
and sustainably managing forest resources to
ensure their continuous ability to fulfill vital eco-
logical functions and support economic prosperity
(Liang et al 2016).

A thorough understanding of the properties of any
material is crucial for optimizing its use, a princi-
ple that holds particularly true for wood due to
its cellular composition and intricate cell wall
structure. As stated eloquently by renowned archi-
tect Frank Lloyd Wright in 1928, “We may use
wood with intelligence only if we understand
wood” (Jozsa and Middleton 1994). Consequently,
resource managers and foresters aiming to enhance
forest values must grasp not only the fundamen-
tals of tree growth but also the macroscopic and
microscopic characteristics influencing wood qual-
ity (Jozsa and Middleton 1994).

Wood is most likely one of the first natural
resources that have ever been used by humans
(Anoop et al 2011). Wood, a dense fibrous sub-
stance present in numerous tree species, has
served various purposes such as fuel, construc-
tion, and industrial resources for millennia. Com-
prising cellulose fibers intertwined with lignin, a
sturdy compound resistant to compression, wood
is often classified as the secondary xylem within
tree stems (Riki et al 2019). Its significance lies in
being the primary resource for pulp and paper
production, thus contributing significantly to a
nation’s industrial and economic advancement.

Amidst numerous factors contributing to the sig-
nificance of wood as a valuable raw material for
pulp and paper production, particular emphasis is
placed on its anatomical and chemical composi-
tion. While extensive research has explored the
potential of various wood species for pulp and
paper manufacturing, a comprehensive overview
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of their anatomical and chemical characteristic,
crucial for guiding researchers and industry pro-
fessionals in material selection, remains lacking.
This study aims to fill this gap by reviewing the
principal anatomical and chemical properties of
wood and their practical implications in pulp and
paper production. It is anticipated that this review
will serve as a valuable resource for pulp and
paper producers, researchers, and aspiring scien-
tists seeking guidance in the evaluation of ligno-
cellulosic materials for papermaking purposes.

GLOBAL SCENARIO

The total global production of pulp for paper
stood at 198.57 million metric tons in 2022—an
increase of over 1% from the previous year. The
annual production of pulp for paper has increased
massively since the 1960s, though output has slo-
wed in recent decades. The United States was the
largest pulp for paper producer in 2022; account-
ing for roughly a quarter of global production.
In 2022; worldwide pulp production for paper
reached 198.57 million metric tons, marking a
growth of more than 1% compared with the year
before. Since the 1960s, there has been a signifi-
cant rise in the production of paper pulp, although
the rate of increase has decelerated in the later
years. The United States emerged as the top pro-
ducer of paper pulp in 2022; contributing approxi-
mately 25% to the global output paper in 2022;
contributing approximately 25% to the global out-
put (Statista 2024). In Europe, the production of

paper and paperboard saw a 4.9% decrease in
2022; dropping to 95.5 million tons due to the high
costs of energy and raw materials affecting the
region. Despite these challenges, the apparent con-
sumption of paper and paperboard remained stable
at 89.9 million tons. The latter part of 2022 wit-
nessed several shutdowns of paper machines attrib-
uted to reduced demand, spurred by increased raw
material costs and decreased advertising budgets
for printed materials, with this trend extending into
2023 (FAO 2023).

Wood pulp production in 2022 decreased by
1.6% to 39.0 million tons, with a notable decline

Figure 1. Europe: Paper production, trade and consumption
2018-2022 (FAO 2023).

Figure 2. EECCA: Paper production, trade and consump-
tion 2018-2022 (FAO 2023).

Figure 3. North America: Paper production, trade, and con-
sumption 2018-2022 (FAO 2023).
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in chemical grades by 1.9%. Despite closures,
many mills kept their integrated pulp lines opera-
tional, selling excess tonnage on the market. Mar-
ket pulp production fell by 3.6% to 14.4 million
tons, attributed to high energy prices and reduced
log availability from the Russian Federation,
prompting a 4.9% increase in woodpulp imports
to 20.3 million tons. Woodpulp exports grew by
2.8% to 16.6 million tons, as mills without
operational paper machines sold off their pulp.
The apparent consumption of woodpulp slightly
decreased by 0.1% to 43.0 million tons, whereas
market pulp consumption saw a 3.1% rise to
16.9 million tons (FAO 2023).

The recycling sector also faced challenges in 2022;
with a 6.4% reduction in paper recycling utilization
to 47.5 million tons, driven by decreased packag-
ing production and high costs for electricity, gas,
and CO2, which disproportionately impacted recy-
cling mills. Paper collection dropped by 5.0% to
52.6 million tons, and the recycling rate decreased
to 70.5% from 72.8% in the previous year. This
underscores the ongoing need for substantial green
investments to align with the EUs climate goals
(FAO 2023).

In 2022, the Eastern Europe, Caucasus, and Cen-
tral Asia (EECCA) region experienced a slight
decline in paper and paperboard production, fall-
ing by 1.5% to 11.3 million tons, with apparent
consumption also decreasing by 2.4% to 10

million tons. Notably, the production of sanitary
and household papers saw a small increase of
1.3% to 893,000 t, and their consumption rose by
2.0% to 877,000 t. However, packaging material
production dropped by 2.2% to 7.6 million tons,
and its consumption decreased by 2.1% to 6.9
million tons. Specifically, case material produc-
tion fell by 3.4% to 5.3 million tons, whereas car-
ton board production barely decreased by 0.3% to
1.1 million tons. Consumption patterns reflected
these production changes, with case materials
consumption decreasing by 4.4% to 4.4 million
tons, while carton board consumption grew by
3.7% to 1.8 million tons. Wood pulp produc-
tion and consumption remained steady at 9.1
and 6.7 million tons, respectively. Exports
stayed constant at 2.7 million tons, but
imports saw a 4.6% reduction to 323,000 t,
with significant trade focused between the
Russian Federation, Belarus, China, and India
(FAO 2023).

In North America, paper and paperboard produc-
tion slightly declined by 0.3% to 76.5 million tons
in 2022 due to market shifts and unplanned down-
time, including the shutdown of high-cost facilities.
Despite this, apparent consumption marginally
increased by 0.3% to 71.2 million tons, spurred by
postpandemic market recovery and the reopening
of trade routes between Canada and the United
States. Graphic grade production remained steady,

Figure 4. Production of pulp and paper worldwide from 1961 to 2021 (Statista 2024).
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while there was a modest rise in uncoated wood
free and coated papers, but newsprint and sanitary
paper production declined. Packaging material pro-
duction also saw a slight decrease. Interestingly,
the consumption of graphic grades and uncoated
wood-free paper increased, suggesting a recovery
from the pandemic, though consumption of
newsprint significantly dropped. Packaging
materials consumption remained stable with a
minor decrease, reflecting adjustments in the
market. Wood pulp production decreased by
1.1%, but exports of chemical market pulp
increased, indicating a shift toward selling pulp
in the global market. Overall, the industry faced
challenges from higher prices and shifting con-
sumption patterns, leading to closures and adjust-
ments in production strategies (FAO 2023).

Meanwhile, Brazil’s pulp production rose by
10.9% to 25.0 million tons in 2022; fueled
by capacity expansions, with exports climbing by
22.1% to 19.1 million tons, primarily of bleached
eucalyptus kraft pulp. Conversely, Chile faced a
competitive squeeze, notably from Brazil’s capac-
ity increase, leading to a 5% decline in market
pulp exports to 4.1 million tons. However, exports
of specific pulp types like bleached radiata pine
and unbleached kraft saw increases, despite over-
all challenges including high prices and expansion
projects affecting the market dynamics. This sce-
nario underscores the competitive and rapidly

evolving nature of the global pulp and paper
industry, with significant developments in China,
Brazil, and Chile impacting international market
trends and trade flows (FAO 2023).

INDIAN SCENARIO

India’s paper and pulp sector is witnessing the
most rapid expansion globally. There is a consistent
rise in the need for various paper commodities,
encompassing packaging materials, writing and
printing papers, as well as niche paper products.
India’s paper sector is at the forefront of recy-
cling endeavors, advocating for the use of repur-
posed paper to safeguard natural assets and lessen
ecological footprints. Renowned for its eco-
friendly methods, the industry in India is also
recognized for its commitment to sustainability
and utilization of renewable resources. Globally,
410 million tons of paper are used each year, and
India’s usage accounts for 22.05 million tons of
this total, representing 4.72% of worldwide paper
consumption. India’s paper usage has been on an
upward trajectory, correlating with the country’s
economic growth starting in the early 1990s.
From 2010-2011 to 2019-2020, paper consump-
tion in India increased from 13.96 to 22.05 mil-
lion tons. However, the international paper and
pulp mills sector has seen a slight downturn in
the last half-decade, largely due to the adoption

Figure 5. Indian vs World Pulp and Paper Market (MMR 2023).
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of digital media and a move toward paperless
communication in many advanced economies.
The market value of the Indian paper and pulp
sector stood at USD 14.75 billion in 2023; and it
is projected to grow to USD 35.57 billion by
2030. This growth is anticipated to occur at a
compound annual growth rate (CAGR) of 13.4%
throughout the forecast period (MMR 2023).

Figure 5 presents an overview of the Indian paper
and pulp market within the global context for
the year 2022; indicating India’s modest but
significant presence in the industry, with a partic-
ular emphasis on various market segments such
as printing and writing, packaging, specialty
papers, and newsprint. It shows India’s market
size for paper and pulp with an optimistic growth
forecast, projecting a substantial increase in
market value from 2023 to 2030; highlighting

a robust CAGR, signaling a rapidly expanding
sector within the Indian economy. The dis-
played data suggests a narrative of India as an
emerging player in the paper and pulp industry
with expectations of continued growth and
increased influence on the global stage over the
coming years.

DEMAND AND SUPPLY

Since the conclusion of World War II, there has
been a fluctuating demand for wood, reaching its
zenith in 1973 at 120 million m3 before declining
to less than 95 million m3 between 1981 and 1986.
However, a resurgence occurred in 1987; attributed
to a surge in new home construction driven by
domestic economic policies and heightened paper
demand stemming from increased office automa-
tion. Despite a temporary downturn due to eco-
nomic recession, the demand rebounded to 111.93
million m3 in 1995; primarily fueled by renewed
paper and paperboard demand. Domestic wood
supply dwindled to 22.92 million m3, a mere fifth

Table 1. Location of large paper units (both integrated and
nonintegrated) across different states in India (MMR 2023).

Name of state No of units

Andhra Pradesh 4
Gujarat 10
Himachal Pradesh 1
Karnataka 1
Maharashtra 3
Odisha 2
Punjab 4
Tamil Nadu 7
Telangana 1
Uttar Pradesh 9
Uttarakhand 2
West Bengal 2

Table 2. Showing the estimated number of wood-based
industries in India (Kant and Nautiyal 2021).

Industry Number of units

Sawmilling and planning industry 27,680
Veneer sheet, plywood, laminated

board, particleboard, and
other panels industry

47,403

Carpentry and joinery industry 2599
Packing case industry 16,580
Pulp, paper and paperboard industry 24,880
Corrugated paper and paperboard industry 92,871
Manufacture of other articles of paper

and paperboard industry
26,894

Total 238,907

Table 3. Showing the annual estimated wood production in
India (Shrivastava and Saxena 2017).

Source of wood production
Production

(in million m3)

Timber production from forest
(excluding Forest Development
Corporation [FDCs])

1.205

Timber production from FDCs 1.97
Annual production of timber from Tree

outside the forest (TOF)
44.34

Bamboo production in India 5.38
Imports (all timber and allied products) 18.01
Fuel-wood production 385.25
Total 456.15

Table 4. Showing the annual estimated wood consumption
in India (Shrivastava and Saxena 2017).

Source of wood consumption
Consumption
(in million m3)

Construction, furniture, and
agricultural implements

48.0

Plywood and panel 8.47
Paper, paperboard, and newsprint 12.52
Fuel wood consumption 333
Total 402
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of the total supply in 1995; owing to constraints in
domestic forest resources and hindered supply
capacity due to delays in wood production infra-
structure development. The import share of wood
surged from over 50% in 1969 to approximately
70% by 1979.

According to the economic survey by the Minis-
try of Finance in 2011; forestry and logging con-
tributed 1.2% to India’s GDP. In the same year,
the Indian forest products industry generated a

total revenue of $65,844.6 million, indicating a
CAGR of 5.5% from 2007 to 2011. Consumption
volumes within the industry saw a marginal
increase, with a CAGR of 0.2% from 2007 to
2011; reaching 355.4 million m3 in 2011. Projec-
tions suggest a further acceleration in industry
performance, with an anticipated CAGR of 7.7%
from 2011 to 2016; poised to elevate the industry’s
value to $95,467 million by the close of 2016.
Annually, approximately 405 million tons of paper
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Figure 7. Production of paper and paperboard in selected countries worldwide in 2022 (in 1000 t) (Statista 2024).

Figure 6. Production volume of paper and paperboard worldwide from 2010 to 2022; by type (in 1000 t) (Statista 2024).
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and paperboard are manufactured, accounting for
about 13-15% of the world’s total wood usage. As
the demand for paper goods rises, it is projected
that worldwide output may reach twice the current
amount by the year 2050. The paper manufacturing
industry has a considerable environmental impact;
it ranks as the fourth highest in terms of energy
use. Furthermore, the production of paper necessi-
tates a substantial volume of water, which varies
with the mill’s efficiency, and it exceeds the water
consumption of other sectors such as steel and oil
(Sunny 2018).

VARIOUS INDEGENIOUS WOOD

Albizia lebbeck

The Albizia genus encompasses around 150
taxonomically recognized species, found exten-
sively across Asia, Africa, Australia, and tropical/
subtropical regions of the Americas (He 2020).
Albizia lebbeck, primarily found in the Indian
subcontinent and Myanmar (Burma), has a broad
distribution spanning Western and Southeast
Asia, Australia, Northern and West Africa, the
Caribbean, Central America, and parts of South
America (Fig 1) (Parrotta 2006). In forestry,
A. lebbeck plays a crucial role in reforestation
and afforestation projects, especially in tropical
and subtropical regions. Stems of A. lebbeck were

easily pulped with Alkaline Sulphite Anthra qui-
none and Methanol, yielding high viscosities, low
kappa numbers, good to exceptional physical char-
acteristics, and high yields (Elzaki et al 2012).

The environmental benefits of A. lebbeck extend
beyond its utility in paper production (Balkrishna
et al 2022). Research on A. lebbeck has explored
its potential in forestry and pulp and paper pro-
duction, highlighting its versatility and benefits.
One study explores the delignification of refiner
mechanical pulp from A. lebbeck using the soda
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Figure 8. Paper consumption worldwide from 2021 to 2032*(in million metric tons) (Statista 2024).

Figure 9. Albizia lebbeck (CABI Digital library 2017).
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process, demonstrating that high-yield pulps with
comparable strength properties to conventional
chemical pulps can be produced, highlighting
the wood’s potential for sustainable pulp produc-
tion (Kalra 1990). Additionally, the restoration
potential of A. lebbeck has been examined, show-
ing its superior performance in improving soil
properties, biomass accumulation, and net primary
production in mine spoils, which could indirectly
benefit forestry and pulp and paper industries by
enhancing raw material quality and availability
(Singh et al 2004).

Albizia falcataria

Albizia falcataria, also known as Falcataria
moluccana, is a tropical hardwood tree extensively

utilized in Southeast Asia for its significant value
in timber production. It is renowned for its rapid
growth and adaptability to a range of environmen-
tal conditions, making it an excellent candidate for
reforestation and afforestation projects. Research
highlights its wide adaptability and suitability for
social forestry, particularly in areas with high rain-
fall, due to its minimal soil demands (Bahuguna
et al 1989). The wood’s physical properties have
also been enhanced through densification, addres-
sing its low-density limitations for commercial
applications (Julian et al 2022). For the pulp and
paper industry, A. falcataria presents a viable and
sustainable raw material option. The tree’s fast
growth rate and high cellulose content make it an
excellent source for pulp production, contributing
to meeting the global demand for paper and paper-
board products. The pulp derived from falcataria
is known for its high quality, which is suitable for
producing a wide range of paper products, includ-
ing writing paper, packaging materials, and tissue
papers. Heartwood is a commonly used material
for lightweight packaging materials, lightweight
buildings, paneling, cabinets, and furniture. It is
also easily worked and ideal for pulping, paper,
and matchsticks (Rojas-Sandoval 2009).

The utilization of A. falcataria in the pulp and
paper industry also aligns with environmental sus-
tainability goals. The cultivation of A. falcataria
for pulp production can be integrated into agrofor-
estry systems, promoting land use efficiency and
providing additional income sources for farmers.

Figure 10. Global distribution of Albizia lebbeck (L.) Benth (Balkrishna et al. 2022).

Figure 11. Albizia falcataria (https://www.ecured.cu/index.
php/Falcata_Albizia_falcataria).
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Furthermore, as the industry seeks to reduce its
reliance on traditional wood sources and increase
the use of more sustainable raw materials, A. fal-
cataria offers a pathway to achieve these objec-
tives without compromising on the quality of the
final paper products (Setyawan et al. 2018). Stud-
ies on the utilization of A. falcataria specifically
for forestry, pulp, and paper industries are not
directly available. However, related research
offers insights into the broader context of pulp-
wood plantation, genetic modifications for pulp
production, and the use of hybrid species for
increasing forest biodiversity and supporting the
pulp/paper industry. For instance, Kr€oger and
Nylund (2012) applied ethical analysis to assess
conflicts in the expansion of pulpwood plantations
in Brazil, highlighting the complexities of social,
ecological, and economic dynamics in large-scale
forestry investments. Unnikrishnan and Guru-
murthy (2015) reviewed genetic modifications in
major tree species used in India’s pulp and paper
industry, aiming to enhance growth, wood charac-
teristics, and stress tolerance. Sunarti and Nirsat-
manto (2021) discussed the use of interspecific
Acacia hybrids in Indonesia for pulp/paper indus-
try support and forest biodiversity increase,
emphasizing the development of hybrids with fast
growth, good wood properties, and tolerance to
pests and diseases. These studies reflect the
broader research efforts and considerations in the
domain of forestry, pulp, and paper production,
which may inform the utilization and manage-
ment of A. falcataria in related contexts. Albizia
falcataria can be employed in generating pulp
and paper making (Olufunmilayo 2013). Albizia
falcataria is one hardwood species that works
well for producing high-quality, high-yield kraft
pulp (Akhtaruzzaman and Chowdhury 1991).

These studies collectively underscore the multifac-
eted importance of Albizia falcataria in forestry,
ecological studies, and industrial applications,
highlighting its potential for future research and
utilization.

Gmelina arborea

Gmelina arborea, commonly known as yemane,
is a fast-growing hardwood species valued for

its timber. It is extensively used in furniture, con-
struction, and paper production due to its desir-
able properties. Research on G. arborea has
highlighted its significant mechanical properties
and adaptability, making it a preferred choice in
forestry and agriculture. For instance, studies con-
ducted on Nigerian-grown G. arborea revealed
variations in wood properties with age and sam-
pling position, indicating increases in strength
properties with age, which is crucial for its utili-
zation in construction and furniture making
(Ogunsanwo and Akinlade 2011). In Bangladesh,
designated forestlands are planted with Gamari
(G. arborea) to produce pulpwood (Sarwar Jahan
et al 2018). Similarly, extensive research on the
mechanical properties of G. arborea for engi-
neering design underscored its potential for load-
bearing structures, comparing favorably with
European softwood species and highlighting its
suitability as a construction material (Iwuoha et al
2021). Gmelina arborea is one of the hardwoods
found in Nigeria’s forest reserves. About 50 yr
ago, several plantations of the tree were planted,
primarily in southern Nigeria, with the intention
of providing pulp wood for the paper industry
(Akeem Azeez et al 2016). Additionally, the
impact of soil moisture regimes on the growth
and wood properties of G. arborea seedlings has
been studied, providing insights into its adapt-
ability and the quality of paper produced from its
wood, which is crucial for pulp and paper
manufacturing (Ogbonnaya et al 1992). Studies
on G. arborea have explored its significance in
forestry and the pulp and paper industry,
highlighting its utility based on geographical var-
iations, growth characteristics, and suitability for
pulp production. For instance, research by Soosai
Raj et al (2017) examined the pulping properties
of G. arborea from different regions in Tamil
Nadu, India, identifying trees with favorable
traits for pulp and paper manufacturing due
to their superior slenderness ratio and fiber
dimensions (Soosai Raj et al. 2017). Research
by Olufunmilayo (2013) compared the pulp
and paper-making suitability of G. arborea with
other species, highlighting its advantages and
proposing methods for identifying suitable hard-
wood species for the industry. Gmelina arborea
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Roxb. deciduous tree species is indigenous to
Bangladesh and grows quickly. It has been
widely planted in Bangladesh’s hilly regions
for the commercial production of pulpwood
since 1992 (Khushi et al 2019). These studies
collectively underscore the potential of G. arborea
in enhancing forestry, pulp, and paper production
through genetic selection, growth modeling, and
comparative analysis with other species.

Melia dubia

Melia dubia, also known as Malabar Neem, is a
fast-growing tree species valued for its diverse
applications ranging from agroforestry to the tim-
ber industry. Its wood properties, including basic
density, fiber dimensions, and chemical composi-
tion, vary with age, influencing its suitability for
pulp and paper production. Sinha et al (2019)
highlighted that the wood’s basic density, fiber
length, cellulose, and lignin content increase with
tree age, making it suitable for high-quality pulp
and paper at ages 4 and 5. Moreover, Chavan et al
(2021) discussed its economic viability in agro-
forestry systems in India, noting its high biomass
production and profitability, making it a favored
species for wood-based industries. Additionally,
Gupta et al (2019) reported on the wood’s work-
ing qualities, indicating its potential in the ply-
wood industry due to its satisfactory planning and
shaping properties. Goswami et al (2020) empha-
sized its rapid growth and high demand in various
industries, alongside its notable medicinal and
pharmacological properties. Research on M. dubia

has highlighted its potential for forestry, pulp, and
paper industries, with studies focusing on its
growth performance, wood properties, and suit-
ability for pulp production.Melia dubia is unique
among traditional raw materials used in the pulp
and paper industry because of its exceptional
fiber strength and excellent pulp recovery (Dhaka
et al 2020).

Sinha et al (2019) found that M. dubia exhibits
favorable wood properties for pulp and paper qual-
ity, with basic density, fiber dimensions, and cellu-
lose content improving with tree age, suggesting
the optimal harvesting period for high-quality pulp
is at 4 to 5 yr. Melia dubia is a species that can be
used in agroforestry and farm forestry plantation
programs due to its many uses, including pulp-
wood, timber, fuel wood, and plywood (Saravanan
et al 2013). These studies collectively emphasize
the significant potential ofM. dubia in contributing
to sustainable forestry practices and supporting the
pulp and paper industries through its fast growth,
quality wood properties, and versatility in applica-
tions. These studies collectively underscore. In
India, the Melia genus is making a comeback and
gaining popularity as a substitute for eucalyptus
and poplar as an indigenous source of pulp and
plywood (Chavan et al 2021).

Melia dubia significance in sustainable forestry
and agroforestry practices, highlighting its poten-
tial for economic and environmental benefits.

Leucaena leucocephala

Leucaena leucocephala, commonly known as the
White Leadtree, demonstrates versatile applications
and environmental benefits, particularly in the
contexts of agroforestry, phytoremediation, and
material production. Its ability to rapidly metabo-
lize soil and groundwater contaminants such as
ethylene dibromide and trichloroethylene posi-
tions it as an effective tool for environmental
cleanup, especially in tropical regions (Doty et al
2003). Additionally, L. leucocephala suitability
for biomass and paper production, even from its
varieties like giant leucaena, underscores its
potential for sustainable agroforestry and as a
renewable energy source, supporting industriesFigure 12. Melia dubia (IBDP 2015).
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ranging from timber and paper pulp to biofuel
production (Bageel et al 2020). Research on
L. leucocephala has demonstrated its potential in
the forestry and pulp and paper industries due to
its rapid growth and suitable wood properties.
L�opez et al (2008) evaluated Leucaena species
for biomass and paper production, finding
L. leucocephala among others to show good
adaptation and productivity, with properties
favorable for papermaking, such as lower lignin
content and suitable cellulose levels. Shaik et al
(2009) focused on optimizing a regeneration
system for L. leucocephala, which is crucial for
genetic engineering aimed at modifying lignin
content to improve paper quality. Bhola and
Sharma (1982) demonstrated that L. leucoce-
phala could produce high yields of unbleached
kraft pulp with low alkali consumption, suggest-
ing its suitability for sustainable pulp production.
Leucaena leucocephala is a good choice for
making unbleached kraft pulp because of its
medium basic density and medium-sized fiber
length (Gillah and Ishengoma 1993).

Kumar et al (2013) identified and characterized
cinnamate 4-hydroxylase genes from L. leucoce-
phala, providing insights into the genetic basis for
its growth and wood properties, which are rele-
vant for pulp and paper production. Leucaena has
drawn a lot of attention due to its widespread use
as a raw material in the pulp and paper industries
as well as in the production of packaging

materials (Pandey and Kumar 2013). Leucaena
leucocephala is a versatile, quickly growing
legume tree that can be used for pulp, paper, leaf
compost, and fodder (Shaik et al 2009). These
studies collectively underscore the versatility and
potential of L. leucocephala in contributing to the
forestry sector, particularly for pulp and paper
manufacturing, through its favorable growth char-
acteristics and wood properties.

Acacia auriculiformis

Acacia auriculiformis, commonly known as ear-
leaf acacia, is recognized for its significant contri-
bution to the timber and pulpwood industry due
to its desirable wood properties. Research has
highlighted the genetic variation in wood stiffness
and strength, which are crucial for structural and
appearance-grade timber applications. Studies
from southern Vietnam demonstrate significant
variation among clones in static bending stiffness
and strength, indicating the potential for genetic
improvement (Hai et al 2010). Additionally,
investigations into the wood property variation in
11-yr-old A. auriculiformis grown in Bangladesh
revealed that basic density, fiber length, and com-
pressive strength increase with radial distance
from the pith, suggesting the potential for tree
selection to enhance wood quality through breed-
ing (Chowdhury et al 2009). Moreover, the ana-
tomical and physico-mechanical properties of the
species to age and soil type in Benin, West

Figure 13. Leuceana leucocephala (M�onica S�anchez).

Figure 14. Acacia auriculiformis (Aggarwal 1988).
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Africa, emphasize the influence of environmental
factors on wood density and structural integrity,
which are key considerations for timber use
(Tonou�ewa et al 2020). The leaf of A. auriculifor-
mis contains lignin, hemicellulose, and cellulose.
Acacia auriculiformis has lignin contents ranging
from 19 to 20% (Abdullah et al 2021). These
findings underscore the importance of A. auriculi-
formis in forestry and wood industries, highlight-
ing its adaptability and the potential for targeted
genetic and environmental management to opti-
mize wood properties for various applications.
Auriculiformis cultivated in many regions of the
world had nearly identical features to that of
A. auriculiformis planted in social forestry pro-
grams in Bangladesh and other nations. This spe-
cies holds great potential for pulp production in
Bangladesh and other Southeast Asian nations
(Haque et al 2021).

Dalbergia sissoo

Dalbergia sissoo, a prominent deciduous tree, can
ascend to heights of 30 m with a girth of 80 cm,
forming a notable presence with a wide, sparse
canopy. Its gray bark, etched with longitudinal
furrows, tends to peel. The tree develops a central
taproot and spreading lateral roots in its youth.
Known for its robust growth, D. sissoo bark,
roots, and young shoots demonstrate its adaptabil-
ity, with a crown supported by strong limbs, mak-
ing it a significant species both ecologically and
economically (Hossen et al 2023). Dalbergia sis-
soo, a significant tree species, boasts considerable
economic value. Its heartwood is characterized by
its brown hue and dark streaks, noted for its

hardness, strength, and long-lasting quality. Rec-
ognized as one of India’s four main timbers—
alongside Tectona grandis (Teak), Shorea robusta
(Sal), and Cedrus deodara (Cedar)—it is prized
for its robustness, flexibility, and endurance,
making it a preferred material for construction
and various other utilities. Dalbergia sissoo is
also an ideal species for reforestation projects
in challenging environments, such as saline and
alkaline terrains, mining areas, and eroded land-
scapes. Its resilience makes it suitable for restoring
degraded woodlands, contributing to environmental
conservation efforts (Singh 2015). Research on D.
sissoo (Indian rosewood) has explored various
aspects of its potential in forestry and the pulp and
paper industry, focusing on its growth performance,
wood properties, and disease susceptibility. Hannan
et al (2001) investigated the physical properties
of sound and disease-affected D. sissoo wood,
revealing significant differences in shrinkage and

Figure 15. Dalbergia sissoo (Singh 2015).

Table 5. Anatomical properties of indigenous wood property (Anoop et al. 2011).

Species Fiber length (mm) Fiber diameter (mm) Lumen diameter (mm) CellWall thickness (mm) Vessel element presence

Albizia lebbeck 0.8-1.5 15-25 5-10 2-5 Moderate
Albizia falcataria 1.0-1.8 20-30 10-15 2-4 Sparse
Gmelina arborea 0.9-1.4 18-28 8-12 1.5-3.5 Moderate to High
Melia dubia 0.6-1.2 10-20 5-10 1-3 Sparse to Moderate
Leucaena leucocephala 0.7-1.3 15-25 7-13 2-4 Moderate
Acacia auriculiformis 0.5-1.0 10-20 4-8 1.5-3 High
Dalbergia sissoo 1.0-1.5 15-25 6-11 2-4.5 Moderate

In a study by Vennila and Parthiban (2021) they studied various properties of Indigenous species for pulp and paper production
given in Tables 6 and 7.
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specific gravity that affect its timber quality. This
study underscores the importance of managing
disease to maintain the wood’s value for con-
struction and utility purposes (Hannan et al
2001). These studies collectively highlight the
significance of D. sissoo in forestry and the pulp
and paper industry, its ecological and economic
benefits, and the challenges it faces, including
disease and the need for accurate species identifi-
cation to prevent illegal trade.

PROBLEMS AND CONSTRAINTS

Studying the anatomical properties of indigenous
tree species for pulp and paper production pre-
sents a range of challenges and constraints, both
scientific and practical. One of the primary diffi-
culties is the variability in wood properties not
only between species but also within a single
species due to environmental factors, age, and
growth conditions. This variability can signifi-
cantly impact the reliability of comparative studies,

making it challenging to draw definitive conclu-
sions about the suitability of a particular species
for pulp and paper production (Downes et al
1997).

Moreover, access to representative samples can
be a constraint. Many indigenous tree species are
found in remote or protected areas, complicating
sample collection efforts. Additionally, there are
ethical and legal considerations regarding the use
of indigenous species, especially those that may
be endangered or hold cultural significance (FAO
Report 2011). These factors necessitate careful
planning and consultation with local communities
and regulatory bodies, which can prolong the
research process.

Another significant challenge is the technological
and economic feasibility of utilizing new or under-
utilized species for pulp and paper production.
The existing pulp and paper industry infrastructure
is optimized for a few well-studied species.
Incorporating new species into the production

Table 6. Physical characteristics of hardwood chips (Vennila and Parthiban 2021).

Sl. No. Species

Moisture
(%) as
received

Bulk density
(OD basis)
(kg/m3)

Basic density
(OD basis)
(kg/m3)

Chips
classification:
145 mm

18 mm
(over thick)

17 mm
(accepts)

13 mm
(pin chips)

23 mm
(dust)

1 Albizia lebbeck 9.0 266 530 Nil 3.9 81.2 14.2 0.7
2 Dalbergia sissoo 9.6 280 580 Nil 4.8 79.8 14.6 0.8
3 Erythrina indica 9.9 266 438 Nil 4.8 79.5 15.3 0.4
4 Grewia tillifolia 10.3 220 485 Nil 5.1 78.6 15.7 0.6
5 Melia dubia 9.1 240 520 Nil 6.2 79.2 14.2 0.4
6 Melia composita 9.9 190 505 Nil 6.5 82.6 10.1 0.8
7 Neolamarckia

cadamba
8.5 160 380 Nil 4.1 79.8 15.6 0.5

8 Sterculia alata 10.9 240 510 Nil 6.2 77.8 15.4 0.6

Table 7. Chemical characteristics of hardwood chips (Vennila and Parthiban 2021).

Sl. No. Species
Ash content

(%)
Acid insoluble
lignin (%)

Pentosans
(%)

Hollo
cellulose (%)

Solubility in (%)
– Hot water 1% NaOH

Alcohol
benzene

1 Albizia lebbeck 0.54 24.1 18.2 71.5** 2.75 12.5 3.2
2 Dalbergia sissoo 0.62* 23.9 17.6 70.4 3.05 15.7** 3.8*
3 Erythrina indica 0.61 24.3 17.2 69.4 2.80 14.2 4.2*
4 Grewia tiliifolia 0.66** 23.7 17.2 68.9 3.75 16.1** 2.7
5 Melia dubia 0.64** 22.5 18.7 72.8** 2.75 13.7 3.8*
6 Melia composita 0.53 24.5 18.5 69.5 3.65 16.8** 3.4
7 Neolamarckia

cadamba
0.74** 25.5** 20.4** 70.5 3.12 11.8 3.6

8 Sterculia alata 0.54 23.5 16.7 63.5 3.60* 15.9** 2.8

168 WOOD AND FIBER SCIENCE, OCTOBER 2024, V. 56(3)



cycle may require adjustments in processing
techniques and equipment, which could be cost-
prohibitive (Hendarto 2006). Moreover, the lack
of existing knowledge on the best practices for
cultivating, harvesting, and processing these spe-
cies adds another layer of complexity.

Current laws forbid leasing property to private
persons, businesses, or joint sector projects.
Examples of these laws are the Property Reforms
Act of several states, the Forest Conservation Act
of 1980; and the National Forest Policy of 1988.
Fearing that such land would be permanently
taken away, the corporate sector has refrained
from actively participating in afforestation (Sharda
et al 2000).

Finally, modern technologies and procedures are
continually being created in the paper business
to increase quality, production, and efficiency.
The industry participants may find themselves at
a competitive disadvantage if they are unable
to keep up with these technical improvements.
One of the numerous issues facing the business is
the absence of domestic plant and machinery
manufacturing capacity.

THE WAY FORWARD

The way forward in leveraging indigenous tree
species for pulp and paper production necessitates
a multifaceted and sustainable approach. Critical
to this endeavor is the advancement of research
and development focused on understanding the
specific anatomical and chemical properties of
these species to optimize their use in paper

manufacturing processes. This involves not only
detailed scientific studies but also the develop-
ment of innovative technologies that can effi-
ciently process diverse wood properties while
minimizing environmental impact. Collaboration
between academia, industry, and government
agencies is essential to ensure that the cultivation
and harvesting of these species are done sustain-
ably, incorporating best practices for forest man-
agement and conservation. Moreover, engaging
with local communities and indigenous peoples is
crucial to respecting rights and traditions, ensur-
ing equitable benefits, and fostering the sustain-
able management of forest resources. Developing
policies that support the sustainable commerciali-
zation of indigenous tree species, coupled with
investments in infrastructure that can adapt to a
wider range of raw materials, will be key. Ulti-
mately, a holistic approach that balances economic
viability with environmental sustainability and
social equity will pave the way for the responsible
expansion of the pulp and paper industry using
indigenous tree species. This path forward pro-
mises not only to enhance the sustainability of the
industry but also to contribute to biodiversity
conservation and the economic development of
regions rich in these native species.

CONCLUSION

The comparative review underscores the impera-
tive for a sustainable, multifaceted approach in har-
nessing indigenous tree species for pulp and paper
production. It highlights the necessity of advancing
research to uncover the distinct anatomical and

Table 8. Strength characteristics of hardwood chips (Vennila and Parthiban 2021).

Species
Tensile
strengh

Tensile index
(Nm/g)

Breaking
length (M)

Tear
strength

Tear index
(mNm2/g)

Tear
factor

Bursting
strength

Burst index
(kPam2/g)

Burst
factor

Albizia lebbeck 1270 20.95 2038 180 3.0 30.29 78 1.3 13.12
Dalbergia sissoo 1380 22.81 2257 190 3.1 32.04 74 1.2 12.48
Erythrina indica 1120 18.18 1877 168 2.7 27.81 82 1.3 13.57
Grewia tiliifolia 1150 18.98 1877 184 3.0 30.98 68 1.1 11.45
Melia dubia 1310 22.47 2195 190 3.3 33.24 92 1.6 16.10
Melia composita 1080 18.60 1833 185 3.2 32.49 102 1.8 17.92
Neolamarckia

cadamba
1110 17.76 1797 169 2.7 27.58 88 1.4 14.36

Sterculia alata 1210 20.79 2023 175 3.0 30.68 78 1.3 13.67
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chemical traits of these species, which are pivotal
for their optimal use in the paper manufacturing
industry. The collaboration across academia,
industry, and governmental bodies is emphasized
as crucial for ensuring the sustainable cultivation
and harvesting of these resources. Furthermore,
the study advocates for engagement with local
communities and indigenous peoples to ensure
that the exploitation of these species is equitable
and respects cultural traditions. The development
of supportive policies and the investment in
adaptable infrastructure emerge as essential com-
ponents for facilitating the sustainable commercial-
ization of indigenous tree species. This approach
not only aims to improve the sustainability of the
pulp and paper industry but also contributes to bio-
diversity conservation and the economic upliftment
of areas endowed with these native species, mark-
ing a significant step toward environmental stew-
ardship and sustainable development.
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Abstract. Almost all woodworking processes involve mechanical friction and contact electrification, ie
triboelectrification, between the wood surface and the woodworking tool. An electric charge is transferred
from one solid surface to another when two materials come into contact with each other. Currently, there is
no continuous inline-capable electrical surface charge measuring devices. The goal of this work was to cre-
ate a measurement setup that can be used with a variety of woodworking processes. The proposed continu-
ous surface charge detection (ConSurChaD) device connects an electric fieldmeter to a Faraday cage-style
measuring box. Individual elements of the box can be mounted or dismounted to fit various woodworking
processes. The application of electrostatic induction principles permitted quantification of the electrostatic
surface charge by measuring the accumulated electric field strength generated, expressed in kV/m.
The device was compared with a reference method using a commercial discontinuous detection approach.
Measurements were made simultaneously using an electrostatic voltmeter, a hand-held instrument that
measured the surface charge in volts. The validation confirmed the accuracy of the ConSurChaD device
ensuring the applicability for continuous measurement of electrostatic surface charges. This approach
allows for a more efficient and targeted application of triboelectrification to wood surfaces, leading to
improved surface coatings and other enhancements.

Keywords: Contact electrification, electric fieldmeter, electrical field strength, triboelectrification,
woodworking.
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INTRODUCTION

When materials with solid surfaces come into con-
tact, an electric charge is transferred from one
surface to the other, a phenomenon called frictional
electricity, contact electrification, or triboelectric
charging. The imbalance of the electrostatic
charge becomes evident when the materials are
again separated. As equal and opposite charges
result on the two charging partners, the polarities
depend on the effective surface work functions of
the two materials (Lowell and Rose-Innes 1980;
Greason 2013). The surface work function is the
minimum amount of energy required to remove
an electron from a solid (Kelly and Spottiswood
1989; Kittel 1996). The consequence of this elec-
tron transfer is that the participating materials
become oppositely charged. Matsusaka et al
(2010) proposed that the amount of net transferred
charge, denoted as DqC, is determined by the prod-
uct of the capacitance between the two contacted
materials, and the contact potential difference. The
net transferred charge DqC can be therefore calcu-
lated, according to Harper (1951; Eq 1):

DqC5 C0
�ðØw � ØmÞ

e
(1)

where Øm is the surface work function of the col-
liding processing tool and Øw is the effective
work function of the given material. The effective
surface work function differences between two
surfaces drive the charge transfer, and this charge
transfer will cease when the energy levels of the
two materials become equal (Matsusaka et al
2010). Although extensive research exists on con-
tact electrification, or triboelectric charging, of
metals or polymers, very little is known about the
triboelectric surface charging of wood, which is
reviewed as follows.

Triboelectric Charging of Wood Surfaces

According to Skaar (1988), wood is semiconduc-
tive with the conductivity varying with wood den-
sity and MC. When it contacts a machine, wood
acts mainly as an insulator. Previous studies
showed that contact electrification occurs during
wood sawing, cutting, chipping, shredding, or
defibrating (Myna et al 2021a, 2021b). We further

found electrical surface charges on the wood are
generated when the surfaces are brushed (Leiter
et al 2022).

The triboelectric series provides insights into the
behavior of any material in various applications
involving static electricity and charge transfer.
A triboelectric series is a list of materials that are
ranked by their tendency to gain or lose electrons,
and how effectively these charges are exchanged
relative to their position within the list (Diaz and
Felix-Navarro 2004; Park et al 2008; Burgo et al
2016; Zou et al 2019). The position of a material
in the triboelectric series indicates the polarity
of the generated charge when two materials are
contacted and again separated (Zou et al 2019).
A material that donates an electron becomes posi-
tively charged and appears on the positive side of
the colliding partner. Materials positioned further
apart in the series have been found to show higher
specific charges (Diaz and Felix-Navarro 2004).
Wood is generally positioned near the middle of
the triboelectric series, which means it tends to be
relatively neutral but can behave as either an elec-
tron donor or acceptor, depending on the other
materials it comes into contact with (Diaz and
Felix-Navarro 2004). For example, Greason
(2013) reported that wood becomes charged posi-
tively when colliding with a metal.

The underlying triboelectric charging mecha-
nisms, particularly concerning semi insulating
materials, including wood, are discussed by
Karner and Urbanetz (2013). Myna et al (2021b)
discussed triboelectric charging of wood dust
particles generated during hand-held circular
sawing. Further, Myna et al (2021a) have shown
that selected saw blade surface coatings reduce
dust formation during wood processing, an idea
that was also patented (EP 3 881 958 A1). Leiter
et al (2022) modified the measurement setup
introduced by Myna et al (2021b), for examining
solid wood surfaces instead of wood dust parti-
cles, to investigate triboelectric surface charges
caused by surface brushing. The following meth-
ods can be listed to accurately measure surface
electrification: 1) Electrostatic voltmeter mea-
surements: This contactless method measures the
electrostatic potential on the material surface
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after contact or friction, providing direct insights
into the triboelectric charge accumulation (Pandey
et al 2009). 2) Faraday cup experiments: An iso-
lated conductor (Faraday cup) captures charges
transferred during contact or separation from a
material, measuring the total transferred charge
directly to quantify triboelectric charging. Using a
Faraday cage is a well-established measuring
method for triboelectrification (Chen et al 2023).
3) Surface charge density measurements: Techni-
ques such as kelvin probe force microscopy can
map the surface potential at the microscale,
revealing charge distributions and densities
resulting from triboelectric charging (Noras and
Pandey 2010). The charge-to-mass ratio works
well for the investigating particles or smaller
samples however, it is inappropriate for examin-
ing a 3D material’s surface charge (Zou et al
2019). They suggested a technique that excludes
air pockets at the surface-to-surface contact
between two solid materials by using liquid mer-
cury. 4) Current and voltage measurements: this
method refers to directly measuring the current
or voltage generated between two materials during
or after contact (Ziegler et al 2009). 5) Electron
spectroscopy methods, including X-ray photoelec-
tron spectroscopy, auger electron spectroscopy, or
UV photoelectron spectroscopy, which all analyze
emitted electrons (Rivi�ere 1990; Michler 2023).
Finally, 6) X-ray powder diffraction can visualize
charge distributions following triboelectrification
(Kato and Tanaka 2016).

Triboelectric charging of wood surfaces holds
potential as a process parameter for controlling
surface properties such as conductivity and fric-
tion, thereby improving adhesion during coating
or surface finishing. This approach requires con-
tinuous monitoring of the surface charge status to
ensure optimal results. Current surface charge
detection devices are unsuitable for continuous
measurements and cannot be integrated into inline
production processes. We introduce continuous
surface charge detection (ConSurChaD) device,
capable of being used in woodworking processes.
The device was designed to be mobile, and capa-
ble of continuously recording triboelectric charges
near equipment such as saw blades, brushes, or
sanding belts. We have developed a universally

applicable method, which is described here in
detail and compared with a commercially avail-
able, discontinuous detection method. We hypoth-
esize that this new continuous detection device
can deliver reliable data, ensuring its suitability
for use in woodworking processes.

DEVICE DEVELOPMENT

The main element of the ConSurChaD device
consists of a 153 20 cm aluminum measuring
box, built as a Faraday cage to shield the electro-
static charge. The different elements of the box,
as well as the wings and legs, are individually
mounted or dismounted with screws. The box has
a ground distribution to ensure that all elements
are constantly grounded, and an arm through
which the connected cables (Bayonet Neill-
Concelman (BNC) connector and ground) can be
passed to ensure safe operation. The device is
equipped with an electric fieldmeter (EFM) 115
electrostatic fieldmeter (Kleinw€achterVR , Hausen im
Wiesental, Germany), for contactless detection of
electrical surface charges. This compact and sen-
sitive fieldmeter accumulates voltage readings,
based on the field-mill principle (Boldyrev et al
2016). Figure 1 displays the device: (1a) top
view, (1b) elevation view, and (1c) side view, as
well as a (1d) 3D model and in (1e) the elements
of the measuring box. The connector head to
attach the EFM via a BNC cable was linked to
the metal detection plate. As the Faraday casing
was electrically isolated, the detected electrical
charges were shielded from potential electrostatic
charges of the surroundings. The detection plate
has a thickness of 3mm. Electrostatic induction,
which is the displacement of charges (electrons)
in the metal plate, occurs when an electrically
charged surface including wood emits an electric
field (Donnevert 2020). This charge displacement
was transmitted by the metal cylinder to the con-
nector head and then to the EFM via the BNC
cable. The fieldmeter was attached to a personal
computer, which operated the readout software
(EFMXX5_ReadOut, Kleinw€achterVR ). The mea-
surement range was set to either 5 kV/m or
25 kV/m, based on pretests, with a zero-calibration
that had to be performed before every second
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set of measurements. Grounding was engaged
throughout, to ensure that only wood surface
charges were recorded, without measuring electric
fields from the conveyor belt or the surroundings.
Thus, a photo sensor was also installed between
the triboelectrification tool (eg brushes) and the
ConSurChaD device to deactivate and activate

grounding. Surface charges were measured, and
the grounding was turned off when the photo sen-
sor detected a moving sample on the conveyor.

The electric circuits of the device are illustrated in
Fig 2. The photo-sensitive barrier ensured a con-
tinuous flow of protons between the transmitter
and the receiver of the photo sensor. The control

Figure 1. Continuous surface charge detection device (a) top view, (b) elevation view, (c) side view, (d) 3D model, and (e)
elements of the measuring box with the dimensions of 153 20 cm (top to bottom): connector head to attach the EFM, insulat-
ing polytetrafluorethylene cube, Faraday casing, insulating polymer cube, and detection plate – connected to the top box along
the dotted lines. EFM, electric fieldmeter.

Figure 2. Electrical circuits of the continuous surface charge detection device.
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light barrier sent a signal to the grounding control
when a wood sample interrupted the proton flow.
As a result, the measuring plate’s grounding was
turned off, allowing triboelectric field strength
measurements. The proton beam was built up
again when the wood sample left the area of the
light barrier, and the control light barrier notified
the grounding control to reactivate the measuring
plate grounding, and thus stop field strength mea-
surement. The accumulated electrostatic surface
charges were measured at a resolution of 65V/m
as the electric field strength.

The adjustable ConSurChaD device allowed pre-
cise positioning above-measured wood surfaces at
set distances by mounting suitable wings and legs.
Two variables impacted the results: the distance
between the detection device and the measured
object, and the sample size. First, the detected sur-
face charge weakened when the measuring dis-
tance exceeded the initial setting and strengthened
when it was shorter. Second, the devices used
to measure surface potential assumed the object
under measurement had an infinite size. The
device delivered repeatable values when the

measured objects were noticeably larger than
the ConSurChaD device detection area.

VERIFICATION RESULTS

Three Norway spruce (Picea abies (L.) Karst)
samples 25mm wide, 600mm long, and 25mm
thick, were prepared. Samples were conditioned
at 20�C and 65% RH. Mechanical friction was
applied to triboelectrically charge the solid-wood
surfaces using a commercial brushing machine
(TWINGO 300 B, Houfek a.s., Czech Republic).
Figure 3 shows the installed ConSurChaD device
as used in the conducted experiments. The experi-
mental design included five sets of three samples
(n5 15), which were brushed at four different
machine settings, two different brush pressures,
and at two different feed rates: 1) high brush pres-
sure and fast feed rate, 2) high brush pressure and
slow feed rate, 3) low brush pressure and fast
feed rate, and 4) low brush pressure and slow
feed rate. The wood samples were sanded and set
aside between each of the five sample sets to
ensure that the next set started with a fresh,

Figure 3. An experimental setup was used to measure the surface charges of wood samples caused by surface brushing:
(a) side view and (b) elevational view. ConSurChaD, continuous surface charge detection.
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charge-free surface. As shown in Fig 4, surface
charge measurements were simultaneously taken
directly after brushing, using the new ConSurChaD
device as well as an SK-H050 electrostatic voltme-
ter (Keyence, Belgium) as the reference method.
The SK-H050 made it possible to measure the
minimum and maximum surface charge over a
period as well as the charge at the end of the

measurement period. Unfortunately, the measured
values between starting and ending the measure-
ment could not be continuously stored. The
SK-H050 measured the surface charge in volts at
the set distances of 25mm for higher accuracy, or
100mm for a larger detection field, at an accuracy
of 610 and 625V, respectively, depending on
the chosen distance (Keyence Corporation 2010).

Figure 4. The top view of simultaneous measurement shows the ConSurChaD device and the Keyence SK-H050 reference
(a); the elevational view of the brushing machine with the surface-charge measurement, with the installed Keyence device
(b). ConSurChaD, continuous surface charge detection.

Figure 5. Setup (left) and data plot as produced with the readout software (right) plotting the electric field strength [kV/m] of
three samples getting brushed twice.

178 WOOD AND FIBER SCIENCE, OCTOBER 2024, V. 56(3)



Since higher measurement accuracy was attained,
the measuring distance of 25mm was chosen as
the baseline setting for verification.

Figure 5 shows the measurement of the cumulated
electric field strength of three samples getting
brushed twice. Outcomes from the ConSurChaD
and reference methods are displayed in Table 1.
The reference data were converted into kV/m
for better comparison. It became evident that the
two methods did not differ significantly, by a
two-way ANOVA using SPSSVR Statistics 26
(IBM Deutschland GmbH, B€oblingen, Germany)
(p. 0.05). However, significant differences
(p, 0.05) were found between the settings
(Fig 6). The validation showed that the range of
measurement inaccuracies was the only difference

between the two results. Overall, it can be con-
cluded that our hypothesis was confirmed. The
new continuous detection device delivers reliable
data, ensuring its suitability for woodworking
processes.

CONCLUSIONS

The correct determination of the electrostatic sur-
face charge on wood was achieved using a self-
designed ConSurChaD device. A comparison
with readings from a discontinuous reference
method showed that the differences were within
the range of measurement variations, confirming
the accuracy of the ConSurChaD device. This
enables applications in continuous woodworking
processes, allowing triboelectric charging to be

Table 1. Verification of the self-designed ConSurChaD device with the electrostatic voltmeter SK-H050 (Keyence,
Belgium) (n5 15).

Measurement method ConSurChaD Reference

Brush pressure High High Low Low High High Low Low
Feed rate Fast Slow Fast Slow Fast Slow Fast Slow
m [V] — — — — 139.5 172 67 136.5
s [V] — — — — 31.4 25.8 12.8 19.5
m [kV/m] 5.81 6.73 2,84 5.31 5.58a 6.88a 2.68a 5.46a

s [kV/m] 1.6 1.36 0.55 0.9 1.67a 1.49a 0.53a 1.11a

aConverted into kV/m by dividing trough the distance of 25mm.
ConSurChaD, continuous surface charge detection.
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applied to wood surfaces to enhance their proper-
ties, such as surface conductivity, surface friction,
or enhance adhesion for coatings or finishes.
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Errata

Nop, P., Cristini, V., Zl�amal, J., Vand, M. H., �Seda, V., and Tippner, J. Dynamic Properties of
Wood Obtained by Frequency Resonance Technique and Dynamic Mechanical Analysis. Wood
and Fiber Science, 55(2), 2023; pp. 131-142. (https://doi.org/10.22382/wfs-2023-12):

Equation 1 contains a typographical error (l2 instead of l3). The correct formula used for the
MOEDFRT calculation is:

MOEDFRT5
2f

2:25p

� �2
ml3

I
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Science and Technology, Faculty of Forestry and Wood Technology, Mendel University in Brno,
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Pressley, G.N. and Konkler, M.J. Copper migration from treated wood garden boxes into soil
and vegetable biomass. Part I. The first two growing seaosns after installation. Wood and Fiber
Science 56(2):91-99. (https://doi.org/10.22382/wfs-2024-09):

Abstract. Pressure-treated wood is a commonly used material for constructing gar-
den boxes and concerns about metal leaching into garden soils and garden vegetables
persist among the public. This study describes efforts to quantify copper migration
from copper azole-treated garden bed frames into garden soil and vegetable biomass.
Two garden bed frames were constructed from copper azole 2 3 12-inch nominal
Douglas-fir lumber and two were constructed with untreated Douglas-fir lumber before
filling with a mixture of native soil and compost. An assortment of common garden
vegetables was planted in identical patterns in each of the beds for two growing sea-
sons. During this 2-yr study, we found no difference in copper concentrations between
identical vegetables grown in beds constructed with treated or untreated lumber. After
1 and 2 yr, average copper concentrations in soil 0-25 mm from the bed frames were
about 23 ppm and 21 ppm higher than soils in the same location in untreated beds,
respectively (p , 0.05, Tukey’s HSD). Elevated copper levels were not detected in
beds constructed with treated lumber at 76-102 mm from the frames or the bed center,
indicating that metal migration was limited. This study shows use of treated wood gar-
den beds did not lead to increases in copper concentrations in vegetables grown in those
beds. Treated bed materials did lose some copper to garden soil but increases in copper
are limited to about 20 ppm immediately next to the treated wood frames and were not
detectable at any greater distances from the wood.
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Wood, K.C., Konkler, M.J., and Morrell, J.J. Preservative treatment of Tasmanian plantation
Eucalyptus nitens using supercritical fluids. Wood and Fiber Science, 55(1), 2023; pp. 83-93.
https://doi.org/10.22382/wfs-2023-08

Correction in formula converting retention from%m/m to g/m3:

Retention g=m3
� �

5
retention g=m3

� �
3 oven dry timber density ðkg=m3Þ

0:1
Correction in Average g/m3 by assay zone and total g/m3 in cross section:

Table 1. Average g/m3 of propiconazole/tebuconazole in E. nitens timbers treated using supercritical carbon dioxide.a

Sample thickness (mm) Assay zone Average g/m3 by assay zoneb Total g/m3 in cross sectionb

19 Outer 0-5 mm 277 (68) 191
Inner 6-14 mm 104 (26)

25 Outer 0-5 mm 248 (77) 181
Inner 6-19 mm 113 (28)

35 Outer 0-5 mm 265 (52) 168
Middle 6-11 mm 113 (32)
Inner 12-24 mm 127 (35)

aSamples were treated to the spruce target retention of 120 g/m3 of the azole/IPBCmixture.
bg/m3 is a less precise treatment measure as SCF treatments can solubilize wood extractives during the process while

simultaneously depositing the biocides, potentially resulting in net weight losses. Values represent analyses of 30 replicates per
assay zone for three board thicknesses, and 60 or 90 analyses for the combined cross sections for the 19/25 mm and 35 mm
thick samples, respectively. Values in parentheses represent one standard deviation.
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