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Abstract
Surface tension of solid wood surfaces affects the wettability and thus the adhesion of various adhesives and wood coatings. 
By measuring the contact angle of the wood, the surface tension can be calculated based on the Young-Dupré equation. 
Several publications have reported on contact angle measured with different test liquids, under different conditions. Results 
can only be compared if the test conditions are similar. While the roles of the drop volume, image shooting time etc., are 
widely recognized, the role of the wood surface moisture content (MC) is not evaluated in detail. In this study, the effect of 
wood moisture content on contact angle values, measured with distilled water and diiodomethane, on sanded birch (Betula 
pendula) surfaces was investigated, in order to find the relationship between them. With increasing MC from approximately 
6% to 30%, increasing contact angle (decreasing surface tension) values were measured according to a logarithmic function. 
The function makes possible the calculation of contact angles that correspond to different MCs.

1 Introduction

The surface of machined wood products may need to be 
treated with wood preservatives, stains, coatings, adhesives 
or other materials to improve their properties. The surface 
tension of solid wood surfaces (also known as surface-free 
energy) affects its wettability and thus the adhesion of vari-
ous coatings and adhesives. Increasing the surface tension 
of wood and/or at the same time decreasing the surface ten-
sion of the applied liquid are the ways to improve wetting 
and adhesion. Surface tension is not directly measurable, 
it is usually calculated from the Young Dupré equation, 
using the measured value of the contact angle (Zenkiewicz 
2007). Young (1805) stated that for a homogenous and ide-
ally smooth surface, the contact angle of a wetting drop is 
described by the following equation:

where γsv is the surface tension at the solid-vapour inter-
face, γsl is the surface tension at the solid–liquid interface 
and γlv is the surface tension at the liquid–vapour interface. 
The contact angle � is formed between a drop of liquid (a 
demi sphere) placed on a solid surface and the tangential 
drawn to the drop in the point of intersection. Contact angles 
greater than 90° (high contact angle) generally mean that 
wetting of the surface is unfavourable, whilst contact angles 
smaller than 90° correspond to high wettability and it can be 
expected that the liquid will spread well. The Young’s equa-
tion has more than one unknown, so different models were 
developed to offer a solution to calculate the surface ten-
sion of the solid: Fowkes theory, harmonic mean equation, 
Wendt Owens model, the acid–base model, the equation of 
state model,—also referred to as single liquid or Neumann’s 
model (Neumann et al. 1974), etc. The equation of state 
involves one single test liquid, the other theories involve at 
least two test liquids, a polar one and a dispersive one, the 
acid–base model involves at least three. Gindl et al. (2001) 
reported that the different methods result in different surface 
energy values. They found that tree methods offer relatively 
similar surface free energy values: the equation of state, the 
geometric mean and the acid base method. The literature 
shows that the harmonic mean and the geometric mean equa-
tions are often used to calculate the surface tension of a 
solid surface, for several different purposes. This was the 
reason why the Fawkes method was chosen to calculate the 
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surface tension of the solid. In all these theories, distilled 
water (DW) is one of the most suitable liquids to be used as 
polar component, and diiodomethane (DIM) (among other 
test liquids) is a commonly used dispersive test liquid (Ober-
hofnerova and Panek 2016; Qin et al. 2014; Mohammed 
Ziegler et al. 2006; Jankowska et al. 2018; Laskowska and 
Kozakeiwicz 2017). To allow possible comparison of the 
results, distilled water was chosen as the polar component 
and diiodomethane as dispersive component. As the different 
methods offer slightly different surface tension results, it is 
worth emphasizing that the surface energy of a solid is not 
an exact value. Rather, it is a value that depends on which 
liquid is selected for contact angle testing, and which surface 
energy theory is selected for data analysis. The calculated 
surface tension of a solid is primarily suitable for the evalu-
ation of differences occurring during an ongoing process, 
rather than being the absolute value of the surface tension 
(Krüss GmbH 1999).

Since distilled water is a polar liquid, and the wood itself 
is a hygrophilic material, it is expected that wood MC will 
also affect the shape of the contact angle. When searching 
in the literature, most of the time the MC of the samples is 
reported, but in the absence of a standard developed spe-
cially for contact angle measurement of wood surfaces (Mol-
nár et al. 2018), the values cover a wide range. Wood is 
sensitive to water, constantly changing its own MC accord-
ing to the water vapour content of the environment. Several 
results have been reported on different properties of wood, 
which are significantly influenced by the moisture content 
of the wood. Tudor et al. (2020) reported that the MC of 
larch wood bark, bonded with 5 different adhesives, had a 
more significant effect on the adhesion and formaldehyde-
emission of the decorative panels, than the size of the parti-
cle fraction. Qin et al. (2014) measured with distilled water, 
diiodomethane and formamide the wettability of differently 
machined poplar wood with the harmonic mean (WORK) 
method. The surface roughness of the samples was also taken 
into account by calculating the average roughness  Ra, whilst 
no data on the MC of the samples was reported. Jankowska 
et al. (2018) evaluated the effect of sawing, sanding and flat 
slicing on European oak samples with an MC between 7 and 
8% and calculated the surface free energy with the Wendt 
Owens model, based on contact angle measurements using 
distilled water, diiodomethane and formamide.Mantanis 
and Young (1997) reported measurement of surface free 
energy on samples of two softwood species: sitka sprouce 
and Douglas fir and two hardwood species: sugar maple and 
aspen. The samples had a moisture content between 6 and 
7%. Nzokou and Kasmdem (2004) investigated the effect of 
wood extractives on the wettability of two hardwoods (black 
cherry and red oak) and one softwood (red pine), on sam-
ples with 12% moisture content. Nussbaum (1999) examined 
surface wettability to evaluate wood surface inactivation, 

on Scots pine and Norway spruce samples of 16% MC. 
Korowska and Kozakiewicz (2016) investigated the wetta-
bility of gaboon wood samples of 9.6% average MC. Bekhta 
et al. (2018) investigated the dynamic contact angle of the 
tight and loose sides of thermally compressed and densified, 
tangentially cut birch veneer at 5% MC. Oberhofnerová and 
Panek (2016) exposed samples of 9 different wood species 
to natural weathering over a 12 month period. Wettability 
was monitored by sessile drop method, using distilled water. 
Because the samples exhibited different MC due to vary-
ing outdoor conditions, they conditioned the samples to a 
12 ± 2 % MC, prior to each contact angle measurement, as 
recommended by Kudela et al.(2015). Kudela et al. (2015) 
investigated the effect of moisture content on wettability and 
surface free energy of beech wood. It was found that the con-
tact angles increased with increasing moisture content of the 
wood over the bound water range. Surface free energy was 
calculated by the Neumann method, while the disperse and 
the polar components of the surface tension were calculated 
using equations proposed by Kloubek (1974) after detect-
ing the contact angle with distilled water, diiodomethane, 
ethylene glycol, formamide and α-bromonaphtalene. Sur-
face free energies were reported to decrease with increasing 
MC over the entire moisture range. De Meijer et al. (2000) 
reported contact angle measurements with diiodomethane, 
formamide and water, on spruce and meranti samples with 
7%, 12% and 25% MC. Increasing MC resulted in decreas-
ing contact angle when it was measured with water, but with 
diiodomethane the contact angle increased. This was not the 
case of meranti, where increasing MC was associated with 
increasing contact angle, both with water and diiodometh-
ane. Scheikl and Dunky (1998) also studied the influence 
of moisture content by wetting with water. They found that, 
apart from few exceptions, there was no decisive influence of 
the wood moisture content on the surface tension of various 
solid wood surfaces, in spite of rather lower contact angle at 
surfaces of higher wood moisture content. Finally, no con-
sistent trend was reported. To have comparable results, the 
generalized relation between the MC and the contact angle 
would be needed.

2  Materials and methods

In this study, the focus was on finding the relationship 
between the moisture content of the wood, (ranging from 
6 to 30%), and the apparent contact angle (Wenzel 1936), 
measured both with a polar (distilled water) and a disper-
sive liquid (diiodomethane). The surface tension values 
were calculated from the contact angle values of DW and 
DIM, according to Fowkes. To obtain the real trend of 
variation, it was attempted to exclude the distorting effect 
of a possibly increasing roughness during the moistening 
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of the samples. In this sense, all samples were soaked in 
distilled water prior to the measurements. The samples 
were placed in a drying chamber and taken out for meas-
urements during the drying process. This way the distort-
ing effect of roughness was minimised.

For this study, 50 samples were prepared, with tangen-
tial surfaces and dimensions of 50 mm × 80 mm × 20 mm, 
from birch (Betula pendula) wood, with an average den-
sity of ρ = 578.24 kg/m3 (STD = 0.31, var = 0.09). The 
surface of the samples was sanded with sand paper of grit 
size 120. For this study, a wood species was selected that 
has a relatively homogeneous anatomical structure, free 
from large open pores (which could have had a distortive 
effect on the contact angle) and sanded, because sanding 
is reported to result in a smooth surface (Magoss 2015; 
Gurau et al. 2009). To minimize the distorting effect of a 
continuously changing surface roughness during the meas-
urements, samples were soaked in distilled water above a 
moisture content of 30%. Following soaking, all the sam-
ples were placed into a climate chamber (programmable), 
at 60 °C ± 3. The MC of the samples started to decrease. 
A temperature-MC diagram was used, to set the drying 
time and to estimate the expected MC of the samples, but 
the actual MC of the samples was measured by the Kern 
MLB 50-3N Moisture analyzer instrument. This device 
is designed for fast and reliable determination of MC in 
porous or solid materials, by applying thermogravimet-
ric method. Thin slices from the sample’s sides were cut, 
using sharp slicer.

The slices were placed on the sample holder plate of the 
Kern MLB 50-3N Moisture analyzer instrument, which 
displayed digitally the actual MC value after 2–3 min, 
depending on the MC of the sample. Higher MC needed 
longer time. The contact angle was measured simultane-
ously on both sides of the sample: with distilled water on 
one side and diiodomethane on the other side. After meas-
uring the contact angle with DW and DIM, the surface 
tension of the surfaces was calculated by Fowkes method, 
using the following equations:

where: �D
S

 is the dispersive component of the solid, �P
S

 is the 
polar component of the solid, �D

L
 is the dispersive component 

of the liquid, �P
L

 is the polar component of the liquid, �
L
 = �D

L
 

is the dispersive component of the liquid as DIM has only 
dispersive component.

The contact angle was measured using PG-X Goniome-
ter and the sessile drop method. During the measurements, 
two similar PG-X goniometers were used, to reduce any 
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differences in test conditions between the distilled water 
and diiodomethane measurements. During the drying pro-
cess, the samples were tested at the following moisture 
contents: 29.97, 17.96, 16.20, 14.11, 12.16, 10.10, 7.99, 
6.03%. A total of 25 measurements were taken with each 
test liquid, for each moisture content. The size of the test-
ing droplet has to be adjusted prior to the measurements. 
The effect of droplet size on contact angle has always been 
an issue and appears to have a significant effect on rough 
surfaces (Amrei et al. 2017; Eid et al. 2018). In the actual 
study, a drop of 5 μl volume was used. The tests were per-
formed in dynamic mode. The apparent contact angle was 
recorded at 1 s. The surface roughness of the samples was 
also measured during drying, with a MAHR S2 Perthom-
eter instrument, having a stylus tip of 2 μm diameter. Ten 
roughness measurements were taken on 5 samples, in each 
moisture content range. On each tested sample, linear 
roughness measurements were taken perpendicular to the 
grain, with a 50 μm distance between the 10 consecutive 
measurements taken on the same sample, thus a “surface 
like” palpation of sample portion was achieved. The unfil-
tered P,- primary profile was evaluated by  Ra the aver-
age roughness (Magoss 2008), as per DIN EN ISO 4288 
(1998) standard. The average maximum peak to valley  Rz 
and the maximum roughness  Rmax were also measured.

3  Results and discussion

When measuring the roughness of samples soaked in 
distilled water and then artificially dried from a MC 
higher than 30%, the average  Ra roughness of the sam-
ples (Table 1), attributed to different moisture content lev-
els, showed a linear and mostly horizontal relationship, 
according to the equation:

where a = 5.55 and b = 9.69 (Fig. 1). The difference between 
the roughness belonging to the highest MC and the lowest 
one was 0.98 μm, being 8.61% difference.

Pairwise comparison of mean  Ra values shows that 
there is a significant difference between the 29.97% MC 
and 6.03% to 17.96% MC results. Linear regression analy-
sis (LRA) showed that between 6.03% MC and 17.96% 
MC there are no significant differences in the surface 
roughness values, but the roughness values of 29.97% MC 
differ significantly from the previous ones. The roughness 
results for 29.97% MC are significantly different from the 
other MC groups with one way ANOVA (Table 2) and the 
Fisher LSD test (Table 3) too (dependent variable: Ra).

(4)y = ax + b,
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The contact angle of sanded birch samples as a function 
of moisture content (MC), measured with distilled water 
(Fig. 2.a) showed a logarithmic relationship according to 
the following equation:

where  aDW = 11.251 and  bDW = 96.772. The determination 
coefficient  R2 = 0.97 suggests a strong correlation between 
the variables and the function.

When measured with distilled water, a 2% variation in 
MC from 6.03% to 7.99% resulted in a 5.58° deviation 
in the value of the contact angle, which corresponds to 
an increase of 8.17%. Taking the 6.03% MC as a refer-
ence value, an increase to 10.10% MC,- 12.16% MC,- 
14.11% MC,- 16.20% MC,- 17.96% MC,- and 29.97% MC, 
increased the contact angle value by 11.71; 15.75; 15.76; 
20.03; 21.08; and 29.29%, respectively. According to the 
measurements, the smallest difference between two contact 
angle data measured with distilled water was 0.25°, which 
was the difference between MC 12.16% and MC 10.10%. 
While increasing the MC by 2%, the highest difference in 
the contact angle values was recorded between 6.03% MC 
and 7.99% MC, being: 5.58°, causing a 7.99% increase 
in the contact angle (Table 4). All these differences are 
significant based on the pairwise analysis of the “t” test 
(p = 0.05).

The contact angle of sanded birch samples as a function 
of moisture content (MC), measured with diiodomethane 

(5)y = aDW ln (x) + bDW

Table 1  Ra average roughness 
(μm),  Rz the average maximum 
peak to valley (μm) and  Rmax 
maximum roughness (μm) of 
birch samples recorded during 
drying at different levels of MC 
(%)

6.03% 7.99% 10.1% 12.16% 14.11% 16.2% 17.96% 29.97%

Ra (μm)
 Mean 10.40 10.12 10.25 10.31 10.47 10.52 10.72 11.38
 SD 1.34 0.75 0.79 0.94 1.12 0.86 0.57 0.55

Rz (μm)
 Mean 58.182 60.03 61.91 63.03 65.96 67.72 69.63 77.68
 SD 9.80 9.83 8.48 7.03 8.13 5.34 8.47 6.72

Rmax (μm)
 Mean 81.88 83.67 85.22 87.91 90.55 93.54 95.02 108.08
 SD 25.55 14.87 14.05 16.99 13.24 13.66 6.61 11.49
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Fig. 1  Ra average roughness (μm) of birch samples recorded during 
drying, at different levels of MC

Table 2  One way ANOVA univariate test of significance for compari-
son of Ra vs MC

Source Sum of 
Squares

Degr. of 
Freedom

Mean 
Square

F p

ANOVA test for samples with MC from 6.03% to 17.96%)
 Effect 0.21425 1 0.214245 0.263086 0.609578
 Error 58.63336 72 0.814352

ANOVA test for samples with MC from 6.03% to 29.97%)
 Effect 11.37502 1 11.37502 13.96818 0.00037
 Error 58.63336 72 0.81435

Table 3   Fisher LSD test: Ra 
vs MC varying from 6.03% to 
29.97

MC% {1} {2} {3} {4} {5} {6} {7} {8}
10.092 10.118 10.254 10.306 10.472 10.515 10.722 11.385

1 6.03 0.949597 0.690211 0.598244 0.350055 0.298534 0.123129 0.002027
2 7.99 0.949597 0.73729 0.642736 0.383314 0.32855 0.138859 0.002454
3 10.1 0.690211 0.73729 0.897641 0.590573 0.519707 0.249925 0.006506
4 12.16 0.598244 0.642736 0.897641 0.682055 0.606133 0.306087 0.009278
5 14.11 0.350055 0.383314 0.590573 0.682055 0.915443 0.537563 0.026698
6 16.2 0.298534 0.32855 0.519707 0.606133 0.915443 0.609578 0.034446
7 17.96 0.123129 0.138859 0.249925 0.306087 0.537563 0.609578 0.104779
8 29.97 0.002027 0.002454 0.006506 0.009278 0.026698 0.034446 0.104779
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(Fig. 2b) showed a logarithmic relation according to the 
following equation:

where  aDIM = 22.90 and  bDIM = 94,94. The determination 
coefficient  R2 = 0.968 suggests the same strong correlation 
between the variables and the function.

Both the polar and the dispersive liquid is sensitive to the 
moisture content of the wood. Higher moisture content of the 
wood surface resulted in higher values of the contact angle.

When the contact angle was measured with diiodometh-
ane, the increase in MC from 6.03% to 7.99% resulted in 

(6)y = aDIW ln (x) + bDIW

a 1.94° deviation in the value of the contact angle. Con-
sidering the 6.03% MC as a reference value, the increase 
to 10.10% MC,- 12.16% MC,- 14.11% MC,- 16.20% MC,- 
17.96% MC,- and 29.97% MC, increased the value of the 
contact angle by 17.46; 36.78; 47.68; 52.48; 58.93; and 
106.39%, respectively (Table 4). All these differences are 
significant based on t test’s pairwise analysis (p = 0.05).

One way ANOVA showed that between 6.03% and 
29.97% MC, there is a significant influence of the MC 
on the values of the contact angle, while the differences 
between the surface roughness values are not significant 
in the 6–18% MC range. Analysis of variances proved 

Fig. 2  a Contact angle as a 
function of MC measured with 
DW. b Contact angle as a func-
tion of MC measured with DIM. 
c Surface tension of birch wood 
surfaces as a function of MC
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Table 4  Contact angle (°) and 
surface tension (mN/m) of birch 
samples at different MC

DW: distilled water; DIM: diiodomethane; ST: surface tension

MC birch 6.03% 7.99% 10.1% 12.16% 14.11% 16.2% 17.96% 29.97%

DW (°)
 Mean 64.13 69.71 71.43 71.69 74.24 76.98 77.65 82.92
 SD 4.74 6.74 4.83 6.40 8.00 10.41 8.40 16.32

DIM (°)
 Mean 33.95 35.89 39.88 46.44 50.14 51.77 53.96 70.07
 SD 4.79 5.63 7.88 10.20 9.53 11.90 7.30 9.45

ST (mN/m)
Mean 50.11 47.05 44.94 42.39 39.88 38.1 36.96 28.58
SD 2.73 3.69 2.82 8.98 5.03 7.06 3.42 8.86
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the correctness of all assumptions, as the variance was 
homogeneous.

The surface tension of sanded birch samples as a function 
of moisture content (MC), measured with distilled water and 
diiodomethane, showed a logarithmic relationship according 
to the equation (Fig. 2.c)

where  abirch = -13.36 and  bbirch = 13.47. The determination 
coefficient was  R2 = 0.99, suggesting a strong correlation 
between the variables and the function and showed that the 
contact angle of the wood surface is sensitive to the MC of 
the wood.

An increase in MC from 6.03% to 7.99% resulted in a 
3.06 mN/m deviation in the value of the surface tension. 
Considering the 6.03% MC as a reference value, an increase 
to 7.99% MC,- 10.10% MC,- 12.16% MC,- 14.11% MC,- 
16.20% MC,- 17.96% MC,- and 29.97% MC, decreased the 
value of the surface tension with 6.1,- 10.31,- 15.4,- 20.41,- 
23.96,- 26.24,- and 42.96%, respectively (Table 2). All these 
differences are significant based on t test’s pairwise analysis 
(p = 0.05).

These results cope with the results obtained with DIM 
by de Meijer et al. (2000) on spruce and meranti surfaces, 
which were tested at approximately 7, 12 and 25% MC, as it 
was reported, that increasing wood MC increases the DIM 
contact angle. For these wood species the results were con-
troversial when measured with water. The roughening effect 
of increasing MC was not discussed as possible cause. The 
upper results obtained for birch surfaces also are in line with 
the findings reported by Kudela et al. (2015). Radially cut 
beech wood surfaces were studied at MC of 3.9, 9.7, 12.9, 
19.4, 24, and 26.1% and it was reported with regard to DW 
and DIM that the surface free energy decreased with increas-
ing MC. It was also stated that the surface free energy of 
beech wood, determined with distilled water, was higher 
than with other test liquids. This statement also is in line 
with the current findings, although the beech wood’s surface 
tension calculation was done according to Kloubek (1974). 
The contact angle data published on beech wood cannot be 
precisely compared with the current values of birch wood, 
as for the evaluation of beech the contact angle �0 from the 
beginning of the wetting process was used (beside �

u
 , picked 

up at the moment when the drop’s receeding starts), contrary 
to the one used in this study, recorded at 1 s after release. 
A further difference is that a droplet of 1.8 μl volume was 
used, contrary to the 5 μl drop volume of the present study. 
No data on the beech wood surface roughness are reported, 
neither similar MC values, except the 12.9% MC. Despite 
the different conditions, a comparison of the results of both 
the studies was made around 12% MC. Contact angle meas-
ured with DW, on beech, is reported for an MC of 12.9% by 
Kudela et al. (2015) to be 70°, and in the actual study on 

(7)y = abirch ln (x) + bbirch

birch surfaces it is 71.69°, at an MC of 12.16%. The contact 
angle measured by Kudela et al. (2015) with DIM for an MC 
of 12.9% on beech wood is reported to be 38.5°, in the actual 
study it is 46.44°, at an MC of 12.16% on birch surfaces. 
There is no function reported for the relation of MC with the 
contact angle/surface free energy of beech surfaces. At the 
same time the logarithmic equations (Eq. 5 and Eq. 6) set 
for the contact angle of birch surfaces, fit the contact angle 
data of beech surfaces, with the complement that the “a” 
and “b” values differ from the birch wood’s constants. To 
set the equation for beech and other wood species, the same 
parameters must be measured under similar conditions. It is 
planned to widen the present studies by establishing this type 
of relationship for other wood species too.

4  Conclusion

Based upon contact angle measurements taken on similarly 
sanded birch (Betula pendula) surfaces, which had different 
MC, revealed that the variation of moisture content has a sig-
nificant effect both on the contact angle and on the surface 
tension values. The contact angle of sanded birch samples 
as a function of moisture content (MC), measured with dis-
tilled water and diiodomethane increases according to the 
following logarithmic relation: y = a ln(x) + b, (the “a” and 
“b” coefficients are specific to DW and DIM). The function 
makes it possible to calculate the contact angles correspond-
ing to different MCs. The surface tension of sanded birch 
samples as a function of moisture content (MC), measured 
with distilled water and diiodomethane, shows a decrease 
according to a logarithmic relation of the form y = a ln(x) + b 
(where a = − 13.46; b = 13.47). Analysis of variances proved 
the correctness of all assumptions, as the variance was 
homogeneous. The distorting effect of increasing MC was 
greater than 5% both for contact angles with distilled water 
and diiodomethane, and for surface tension too.
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