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Abstract
The experimental results of the study focused on the effect of drying processes of modified air drying and warm air-steam 
mixture drying of pine and beech wood on the size of sawdust particles created in cutting using PRW-15M sash gang saw, 
are presented in the paper. Particle size analysis of dry sawdust was performed using two methods—sieving method and 
laser diffraction analysis. The results showed that the drying process did not affect the general particle size distribution of 
the sawdust, but the content of very fine dust particles in beech wood sawdust is many times higher when the beech wood 
was dried in the warm air-steam mixture drying process and sawn at a feed per tooth of 0.105 mm.

1  Introduction

Industries of material processing and the use of natural 
waste to produce energy are the main sources of dust emis-
sions (Wilnhammer et  al. 2017). Dust produced during 

sharpening, sanding or polishing surfaces is the most harm-
ful to human health (Tong et al. 2018). The properties of dust 
depend primarily on the species of the raw material that was 
processed. Wood dust is particularly harmful, especially the 
dust of hardwood species such as oak and beech, which are 
considered as carcinogenic. Beech wood is one of the most 
dangerous materials used in the production of furniture and 
other wood products (Baran and Teul 2007; Jacobsen et al. 
2010). This is confirmed by the International Agency for 
Research on Cancer, which classified wood dust to group 1, 
i.e. to substances with proven carcinogenic effect for humans 
(IARC 2012). Dust particles smaller than < 10 µm are con-
sidered to be particularly harmful to the respiratory system. 
Even particles smaller than 100 µm remain dispersed in the 
air, and can easily settle in the eyes, nose, skin and even 
penetrate the respiratory system. Epidemiological studies 
have shown a causal relationship between the incidence of 
nasal and paranasal sinuses cancers and wood dust exposure 
of woodworking industry employees (Pakulska et al. 2017). 
Therefore, air dustiness resulting from mechanical wood 
processing is one of the most important problems occurring 
in woodworking industry.

In addition to the type and dimensions of the material, 
the amount of waste generated and the content of fine dust 
particles is also influenced by the processing method, type 
of tool, the sharpness of cutting tools and technological 
parameters of the process, i.e. feed per tooth (Dzurenda 
and Kučerka 2005; Dzurenda et al. 2006; Očkajová et al. 
2006, 2014, 2016; Hlásková et al. 2015, 2016; Mračková 
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et al. 2016; Pałubicki and Rogoziński 2016). Bejlo-Lučič 
et al. (2005) compared the particle sizes resulting from the 
processing of wood and wood-based materials on seven dif-
ferent machines: a belt sander, manual belt sander, band saw, 
drill, circular saw, multi-circular saw and a four-side planer. 
By far the largest amount of harmful dust < 100 µm is gen-
erated on sanding workstations compared to the results of 
other woodworking processes. Wood dust containing more 
than 90% of the particles with size ≤ 80 µm is generated 
when grinding hardwood. Therefore, it is considered as 
one of the most dangerous to health and safety (Očkajová 
et al. 2018). CNC milling is another method of woodwork-
ing associated with the risk of dust. The milling process 
on the CNC machining center produces dust particles with 
size < 125 µm in an amount of 1.4% for beech wood, 1.95% 
for oak and 3.8% for softwood, while dust particles < 32 µm 
have not been determined by the sieve analysis (Kminiak 
and Banski 2019).

Recently, much attention has been paid to studies on the 
influence of high temperature on the formation of fine dust 
during the machining of wood that has been thermally modi-
fied or dried. Kminiak and Dzurenda (2019) investigated 
the effect of heat treatment on changing the particle size of 
maple wood chips created in milling. Size analysis showed 
that more than 2/3 of the chips created were a fraction with 
a particle size above 1 mm. Inhalable dust particles smaller 
than 125 µm did not exceed 2.5%. Kučerka and Očkajová 
(2018) have done thermal modification of oak and spruce 
wood in accordance with ThermoWood technology. From 
the analysis of the dust obtained as a result of sanding modi-
fied wood, they showed that the proportion of dust frac-
tion ≤ 80 µm obtained in these experiments is comparable 
with the results of natural wood (Očkajová and Kučerka 
2017; Dzurenda and Očkajová 2003). On this basis, it was 
concluded that the content of fine dust fraction decreases as 
the temperature increases. This means that the thermal treat-
ment of wood does not have negative impact on the dustiness 
in the working environment.

On the other hand, Dzurenda et al. (2010) and Dzurenda 
and Orlowski (2011) indicated that sawdust formed dur-
ing sawing of thermally modified oak and ash wood on 
the PRW-15M sash gang sawing machine using two rates 
of feed per tooth, has the fraction of particles in the size 
range 32–125 µm slightly smaller than the unmodified 
oak and ash wood. Similar dependencies were observed 
by Očkajová et al. (2020) for thermally modified oak and 
spruce wood processed at 160 °C using the milling and 
sanding processes. Dzurenda and Kučerka (2005) per-
formed a comparative analysis of dry and wet spruce saw-
dust and found that as a result of hot air drying, the coarse 
fraction (125–1000 µm) increases by 7% and the fine 
fraction ≤ 125 µm by 6.2%. On the other hand, Orlowski 
et al. (2019) indicated that sawing pine and beech wood, 

regardless of the drying method, mainly produces saw-
dust with the size < 500 µm. Sawing beech wood dried 
with a mixture of warm air and steam at 105 °C causes an 
increase in the content of fine dust compared to wood dried 
in air. Based on particle size analyzes of sawdust gener-
ated from pine and beech wood processed on a sash gang 
saw, no fraction < 32 µm was found. The results of these 
studies are not conclusive. They were obtained by apply-
ing sieve analysis. However, this is an unreliable method 
for very fine wood dust (Rogoziński and Očkajová 2013). 
Therefore, it was decided to investigate the influence of 
drying method of various wood species on the content of 
fine dust in sawdust using two complementary methods of 
particle size analysis.

2 � Materials and methods

2.1 � Materials

The investigation was carried out for samples of pine wood 
(Pinus sylvestris L.) and beech wood (Fagus sylvatica L.) 
originating from the Baltic Natural Forest Region (PL) (the 
Pomeranian District, Poland). The wood specimens used in 
the sawing experiments were prepared as blocks in dimen-
sions of W (Width) = 60 mm × Hp (Height) = 60 mm × Lp 
(Length) = 500  mm in the sawmill PHU Drew-Met, 
Kiełpino, Poland. Samples of beech wood were marked as 
BH, and samples of pine wood were indicated as PN. Exam-
ined samples were dried with different modes in industrial 
and laboratory conditions.

2.2 � Drying processes

2.2.1 � Warm air‑steam mixture drying process

The drying process was conducted in an experimental 
semi-industrial kiln that was designed by employees of 
Gdansk University of Technology and manufactured by 
ASM Elektronik CLP, Szczaniec, Poland. The mentioned 
kiln is located at the Gdansk University of Technology. The 
methodologies of the experimental warm air-steam mixture 
drying process were described in detail by Baranski et al. 
(2017), Klement et al. (2018) and Baranski (2018). The dry-
ing process was carried out as a two-stage drying process 
and supervised by a control system. In the first stage, the 
drying medium temperature in the drying kiln was increased 
to 65 °C and in the second stage to 80 °C. The final moisture 
content was obtained at around 10%. Samples of wood dried 
in the warm air-steam mixture drying process were addition-
ally marked with S.
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2.2.2 � The modified air‑drying process

This process was conducted outside the workshop, at the 
Campus of the Gdansk University of Technology (Gdansk, 
Poland). The samples were stored under the sloped roof to 
keep from rain. Humidity and temperature were variable 
and dependent on weather conditions. At the end of the first 
process stage, the moisture content in dried material was 
approximately 16%. The second stage of the modified air-
drying process was the conditioning of wood samples in 
a laboratory room (GUT laboratory), where thermal-flow 
conditions, such as temperature and air velocity, ensured 
reaching the final value of moisture content of around 10%. 
This modification allowed to receive values of moisture con-
tent similar to values obtained from other analyzed drying 
processes. Samples of wood dried in the modified air-drying 
process were marked with A.

2.3 � Sash gang saw and saw blade

Cutting tests were conducted on the sash gang saw PRW15M 
(a prototype designed at the Department of Manufacturing 
Engineering and Automation. GUT, PL; manufactured by 
REMA-Reszel, PL) with a hybrid dynamically balanced 
driving system and elliptical teeth trajectory movement, as 
described by Wasielewski and Orlowski (2002). The sash 
gang saw and saw blade settings are shown in Table 1. Sam-
ples of wood, which have been sawn at fz1, were marked F1, 
and samples of wood, sawn at fz2 were marked F2.

The re-sawing methodology was described in the work 
by Orlowski et al. (2019), in which the only varying cutting 
parameter was feed speed, which was applied at two levels: 
vf1 ≈ 0.9 m min− 1 and vf2 ≈ 1.72 m min− 1. This corresponds 
to a feed per tooth (fz) of ~ 0.105 mm and ~ 0.2 mm, respec-
tively (Table 1). The actual value of the feed per tooth was 
calculated based on the sawing time taken from the plots 
of time changes of electrical power consumption (Fig. 1). 
The mean value of feed per tooth for a sash gang saw is 
calculated as:

where: nRP is stroke number of the frame in min− 1, HRP is 
stroke of the frame in mm, P is a tooth pitch in mm, and vf 
in m min− 1 is calculated as:

 where: Lp is length of the sample in m and tc is the real cut-
ting time in s, taken from the plot, (Fig. 1).

2.4 � Wood dust particle size analysis

Determination of the content of the smallest dust particles 
in sawdust was carried out in accordance with the methodol-
ogy previously described by Rogoziński et al. (2015, 2017), 
Hlásková et al. (2016), and Piernik et al. (2019). This meth-
odology contains two complementary methods to determine 

(1)fz =
1000 ⋅ vf ⋅ P

nRP ⋅ HRP

(2)vf =
60 ⋅ Lp

tc

Table 1   Sash gang saw and saw 
blade settings for performed 
cutting tests

Name of parameter Symbol Value Unit

Machine tool setting
 Number of strokes of saw frame per min nF 685 spm
 Saw frame stroke HF 162 mm
 Number of saws in the gang m 5 –
 Average cutting speed vc 3.69 m s− 1

 Feed speed vf1 ~ 0.9 m min− 1

vf2 ~ 1.72 m min− 1

 Feed per tooth fz1 ~ 0.105 mm
fz2 ~ 0.202 mm

Tool setting
 The sharp saw blades with stellite tipped teeth – – –
 Overall set (kerf width) St 2 mm
 Saw blade thickness s 0.9 mm
 Free length of the saw blade L0 318 mm
 Blade width b 30 mm
 Tooth pitch P 13 mm
 Tool side rake angle γf 9 °
 Tool side clearance αf 14 °
 Tension stresses of saws in the gang σN 300 MPa
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particle size distributions of dust. There are sieving and laser 
light scattering. The set of sieves with standardized mesh 
sizes of 2, 1, 0.5, 0.25, 0.125 mm was used, and the particle 
mean diameter was calculated as follows:

 where: q3i is the density distribution by mass, unitless, xi is 
the average value of particle size class in µm, n is the number 
of particle size classes, N is the the sum of the distribution 
by mass, unitless.

The standard deviation was calculated as:

Laser particle sizer Analysette 22 Microtec Plus (Fritsch. 
Germany) with a measuring range of 0.08–2000 µm was 
used for determination of the mass content of the finest par-
ticles in the whole mass of sawdust. Three particle sizes of 
2.5, 4 and 10 µm were used to estimate the concentration of 
very fine particles in the whole mass of sawdust.

3 � Results

The results of the sieve analysis of the obtained sawdust are 
presented in Figs. 2 and 3. The arithmetic mean of the par-
ticle diameter and standard deviation were calculated based 

(3)−

x=

∑n

i=1

�

xi ⋅ q3i
�

N

(4)
� =

�

�

�

�

∑n

i=1

�

xi−
−

x
�

⋅ q
3i

n − 1

on the distributions shown there. The results of calculat-
ing these statistical parameters are presented in Table 2. A 
comparison of mean particle diameters of sawdust generated 
during sawing at two feed speeds indicates, to some extent, 
that sawing at a lower feed per tooth value results in smaller 
sized waste. It did not occur only in beech wood dried in the 
modified air-drying process.

The drying method does not affect the particle mean 
diameter of sawdust created when sawing at a feed per tooth 
of 0.202 mm. In the case of sawing at a feed per tooth of 
0.105 mm, there was some variation in the value of the mean 
diameter of the particles, nevertheless, it is difficult to find 
any relationship based on the sieve analysis.

Comparing the cumulative distribution curves and the 
average dimension of sawdust by the type of wood species, 
it can be stated that generally beech sawdust is finer. In the 
case of pine wood, the smallest sawdust particles (mean par-
ticle diameter 550.3 µm) were formed from wood dried in 
the modified air drying process while sawing with lower feed 
speed. The curve corresponding to this sawdust is shifted to 
the left of the diagram scale (Fig. 2). Generally, the small-
est mean particle diameter (489.9 µm) was measured for 
sawdust from beech wood dried in warm air-steam mixture 
drying process sawn at a slower feed speed. The cumula-
tive distribution curve of this sawdust is hence located on 
the graph in the smaller particle size range (Fig. 3). This 
phenomenon may be associated with differences in the val-
ues of material properties, such as fracture toughness, that 
were shown by Chuchala et al. (2020) for beech wood air-
dried and using a warm air-steam mixture drying process. 

Fig. 1   Time changes in electri-
cal power consumption while 
sawing at two levels of feed 
speed vf1 and vf2 of beech sam-
ples BH-A-F1 and BH-A-F2, 
which were dried in the experi-
mental kiln at the GUT​
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Although no statistically significant differences in fracture 
toughness values were shown, these properties noticeably 
affected the differences values of the estimated shear angle 
for slow feed rates. The higher values of shear angle and 
lower values of fracture toughness can be the reason for the 

noticeably higher proportion of smaller sawdust particles 
obtained (Fig. 3) while sawing the beech wood dried in the 
experimental kiln with a lower feed speed. Moreover, for 
both species pine (Pinus sylvestris L) and beech (Fagus syl-
vatica L.), a decrease in fracture toughness as a result of 

Fig. 2   Particle size distributions 
of pine wood dust—by sieve 
analysis method as a function 
of both drying method and feed 
per tooth
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Fig. 3   Particle size distributions 
of beech wood dust—by sieve 
analysis method as a function 
of both drying method and feed 
per tooth
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accelerated drying in the kiln was also observed (Orlowski 
and Wierzbowski 2010; Chuchala et al. 2017). This phenom-
enon may indicate greater fragility of the processed material, 
and thus the appearance of finer particles in the tested chips.

Nonetheless, due to the large standard deviation values 
for all mean particle sizes, all these differences are not statis-
tically significant. Therefore, sieve analysis of sawdust could 
only be a method of a preliminary evaluation of sawdust in 
terms of the content of the finest particles that may pose a 
health risk to woodworking employees. Respirable fraction 
particles have a much smaller size than the mean diameters 
measured by sieve analysis. Consequently, methods making 
it possible to measure the content of particles of this size 
should be used to evaluate the particle size distribution of 
sawdust in this regard.

In this study, the particles collected < 125 µm were sub-
jected to laser diffraction analysis. The particle size distri-
butions of this fraction obtained in this way are shown in 
Figs. 4 and 5. Similarly to the results of the sieve analysis, 
the mean particle diameter and standard deviation were 
also calculated for the sawdust fraction < 125 µm (Table 3). 
These values also indicate that beech sawdust is slightly 
finer than pine sawdust. Furthermore, the lower feed per 
tooth 0.105 mm causes the creation of finer sawdust (except 
for air-dried pine wood). However, due to the high standard 
deviation values, the differences between the mean values 
are not statistically significant. Nevertheless, due to the large 
range of the laser particle size, it is possible to determine 
the content of particles, which due to their small sizes can 
penetrate deeply into the human respiratory system.

The results of the content calculation of the finest dust 
particles taking into account the fractions with character-
istic dimensions of 0.08–2.5 µm, 2.5–4 µm and 4–10 µm 
are shown in Fig. 6. The content of these fractions of dust 
particles in pine sawdust is negligible. The total content of 
these dust fractions is less than 0.01% except for sawdust 
created from the pine wood dried in the modified air-drying 
process sawn at a feed per tooth of 0.105 mm, where it is 
about 0.04% of the total mass of sawdust. It is different for 
beech wood sawdust, where the content of these fine parti-
cles is much higher and depends on both the feed per tooth 
and the drying method. The total content of particles with 
sizes below 10 µm for wood dried in the modified air method 
and a feed per tooth of 0.202 mm is around 0.07%, and a feed 

Table 2   Statistics of particle size distributions obtained by the sieve 
analysis method

Sample Arithmetic mean diameter SD

PN-A-F1 550.3 201.7
PN-A-F2 812.0 238.0
PN-S-F1 770.1 251.1
PN-S-F2 816.2 249.4
BH-A-F1 729.5 285.4
BH-A-F2 663.2 256.9
BH-S-F1 489.9 196.5
BH-S-F2 661.0 351.8

Fig. 4   Particle size distributions of pine wood dust fraction < 125 µm as a function of both drying method and feed per tooth
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per tooth of 0.105 mm adequately equals to 0.25%. However, 
for wood dried in the warm air-steam mixture, the content of 
these dust particles is already more than 4.5 times. Nearly 
0.33% of particles with sizes below 10 µm were found in 
sawdust from sawing of such beech wood. The formation 
of such small particles of beech wood during the cutting 
process introduces a significant risk of these particles get-
ting into the air in the space where humans are (operators of 
machine tools). These particles, when dispersed in air, may 
pose a potential hazard to occupational health and safety 
(Aro et al. 2019; Beljo-Lučić et al. 2011). This threat is exac-
erbated by the carcinogenicity of this wood species.

Fig. 5   Particle size distributions of beech wood dust fraction < 125 µm as a function of both drying method and feed per tooth

Table 3   Statistics of particle size distributions of wood dusts frac-
tion < 125 µm

Sample Arithmetic mean diameter SD

PN-A-F1 117.51 68.61
PN-A-F2 106.16 74.17
PN-S-F1 110.36 68.84
PN-S-F2 140.51 132.85
BH-A-F1 106.69 75.84
BH-A-F2 111.08 67.44
BH-S-F1 101.55 80.59
BH-S-F2 113.29 74.66
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Fig. 6   Content of the finest particles m in the total mass of sawdust
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4 � Conclusion

Based on these studies, it can be concluded that:

•	 the drying mode does not affect the mean particle diam-
eter of sawdust created in the sawing process of pine 
and beech wood on a PRW-15M sash gang saw;

•	 the finer dust was created in the sawing process carried 
out with a feed per tooth of 0.202 mm; nevertheless, the 
difference is insignificant;

•	 the beech wood sawdust was also finer. However, in 
this case the difference between wood species also was 
insignificant;

•	 the content of the finest dust particles with size < 10 µm 
was many times larger in the beech wood sawdust than 
in the pine wood sawdust. The highest content was 
found in the sawdust created in sawing wood dried in 
the warm air-steam mixture drying process using the 
feed per tooth rate of 0.202 mm.

The particle size analyses of sawdust from pine and 
beech wood showed that the sawing of beech wood dried 
in warm air-steam mixture can be a source of very fine 
dust particles, especially when the sawing is carried out 
at a low feed per tooth rate.
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