Open access

Preliminary note

https://doi.org/10.5552/crojfe.2026.4051

Levels of Vibration Exposure and Cutting
Efficiency in Cross-Cutting Operations

by Chainsaw: Are They Affected by
Lowering of Chain Depth Gauge Height?

Cristiano Foderi, Andrea Laschi, Fabio Fabiano, Giovanni Galipo, Enrico Marchi, Niccolo
Frassinelli, Elena Marra, Nicola Stacchini, Andrea Bogi, Francesco Picciolo, Francesco Neri

Abstract

Tree felling with a chainsaw is one of the most dangerous operations, but it cannot be replaced
by machines in many areas. Operators are exposed to many hazards including accidents, fa-
tigue, fumes, dust, noise and vibration. This research focuses on vibration exposure and on
how it is affected by the accuracy of saw chain maintenance. Although chain sharpening must
be carried out according to the manufacturer’s instructions, it is common practice to make
errors in sharpening angle and chain depth gauge lowering. The aim of the study is to inves-
tigate the variations in both cutting efficiency and vibration exposure, considering three dif-
ferent depth gauge lowering levels (standard: 0.65 mm, over-standard: 1.0 and 1.3 mm) when
cross-cutting several square beams of two species: European beech (high density) and silver
fir (low density). The results show that the increase in cutting efficiency at higher depths was
statistically significant for silver fir beams but limited overall (about 10%). On the other hand,
the over-standard lowering of the depth gauge did not reduce the cutting time on beech. On
the contrary, vibration exposure increased significantly from a minimum of 64% to a maxi-
mum of 133% compared to the standard level. These results show that the practice of lowering
the depth gauge beyond the standard level is dangerous for the operator and has no real ben-
efit in terms of cutting performance.
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1. Introduction

In forest operations, despite the development of
technology and the introduction of high mechanisa-
tion levels, the use of chainsaws in tree felling and
processing operations is still very common in many
countries around the world, (Karjalainen 2001, Mon-
torselli et al. 2010, Vusi¢ et al. 2013, Moskalik et al.
2017, Labelle and Lemmer 2019, Lundback et al. 2021,
Landeki¢ et al. 2023, Antonié et al. 2023). Furthermore,
the low initial investment and versatility of these mo-
tor-manual tools allow a wide use in forest operations
especially in private forests (Jourgholami et al. 2013,
Liepins et al. 2015, Koutsianitis and Tsioras 2017).
Many other activities related to pruning operations,
gardening and agriculture are performed using this

tool, which implies high risks for the operators. In-
deed, chainsaw use, carried out outdoors and without
a protective cab as in machines, exposes workers to
many hazards such as noise, exhaust fumes, hand-arm
vibrations (HAV), wood dust, cutting wounds, and
heavy workload (Calvo 2009, Neri et al. 2016, Marchi
etal. 2017, Cheta et al. 2018). In addition, chainsaw use
causes a high injury rate (Klun and Medved 2007, Las-
chi et al. 2016), often due to professional diseases de-
veloped in the medium and long term use. Occupa-
tional diseases are due to prolonged exposure to
dangerous operational conditions; in many cases, such
as vibration exposure, the operators’ risk perception is
limited because the negative effects on health appear
after some years of exposure (Monarca et al. 2008, Pa-
pandrea et al. 2022). Many researches have focused on
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the consequences of vibration exposure (Barnes et al.
1969, Miura et al. 1966, Iftime et al. 2020, Masci et al.
2021) and the main symptoms are described as hand-
arm vibration syndrome (HAVs) (Newington et al.
2015, Nilsson et al. 2017). The main problems due to
vibrations affecting the hand-arm system consist of
disorders of neurological functions and movements of
the hand and arm (Matache et al. 2020) and blood flow
dysfunction in the fingers (Vibration White Finger
VWEF) (Albizu-Urionabarrenetxea et al. 2013, Neri et
al. 2018). In detail, these disorders consist of worsening
of the fingers tactile perception, fingers tingling, hands
and arms numbness (Seppaldinen 1972, Brammer and
Pyykko 1987). The hand-arm system is affected by
these problems both during and after the exposure and
especially during the night (Seppaldinen 1972, Farkkila
et al. 1985). Other researches (Koskimies et al. 1990,
Bovenzi et al. 2000) highlighted numerous associations
between HAV exposure and health problems in for-
estry workers, such as carpal-tunnel syndrome, bi-
cipital tendinitis and epicondylitis. Frequency, ampli-
tude, and direction of vibrations and daily exposure
are factors that affect the risk of developing these dis-
eases (Dos Santos Depoi et al. 2022). Nowadays mod-
ern chainsaws transmit lower vibration levels than
models manufactured ten or twenty years ago. How-
ever, itis important to consider that the basic source of
vibrations in a chainsaw is due to its engine, the recip-
rocating movement of its piston and the interactions
between the chain and the wood during the cut (Rot-
tensteiner et al. 2012); for this reason, it is not possible
to definitively eliminate the vibration exposure (Sowa
and Leszczynski 2000). Furthermore, studies done by
Goglia et al. (2012) and Yovi and Yamada (2019) have
demonstrated that other factors like the geometry of
cutting elements (depth gauge), chain tension, bar
length, fuel quantity in the tank, and operator’s experi-
ence affect the level of vibrations transmitted.

Chainsaw cutting performance and in particular
the cutting efficiency are affected by many factors,
such as the wood density, i.e. tree species, moisture
content, chain filing and type (Otto and Parmigiani
2015, Kuvik et al. 2017, Maciak et al. 2017, Marence et
al. 2017). In detail, the higher the wood density, the
higher the cutting force requirements. Cutting effi-
ciency is expressed as the ratio of the cut surface area
to the required cutting time; the better the cutting ef-
ficiency, the lower the cutting time (Gorski 1993, Ma-
ciak et al. 2017). The cutting efficiency, safety and er-
gonomic aspects of working with a chainsaw are
influenced by condition of the saw chain, but nowa-
days there is still a lack of knowledge and specific
training about the maintenance practices that can af-

fect both efficiency and health risks (Gendek et al.
2018).

The cutting chain is formed by three different links:
cutter links, tie straps and drive links. The wood cut is
performed by the cutter links that consist of two dis-
tinct elements: a cutter and a depth gauge. The depth
gauge feeds the cutter, and the thickness of the re-
moved chip depends on its lowering level (Otto and
Parmigiani 2015). The correct sharpening and chain
maintenance is fundamental for an efficient and safe
work and these practices must be carried out accord-
ing to the manufacturer’s instructions. However, in
practice many errors in sharpening angle and depth
gauge lowering are common, with negative conse-
quences for safety and cutting efficiency. Considering
the vibration exposure, a research conducted by Sowa
(Sowa 1998) showed that the exposure depends on the
measuring axis (x, y, z) and handle (front or rear), and
that other factors affecting the vibration levels are the
pushing force applied to the chainsaw and the depth
gauge lowering level. The force applied to the handles
depends on the operator, while his working technique
and the depth gauge lowering level to be maintained
are recommended by the manufacturer. Unfortunate-
ly, in real working conditions chain maintenance is
rarely performed according to the manufacturer’s in-
structions; in fact, it is confirmed by Trzcinski (Trzcin-
ski 1995) that only 15% of chains investigated had the
correct depth gauge lowering level. An over-standard
depth gauge lowering together with a powerful en-
gine often causes a considerable increase in vibrations
and the possibility of kickback (Dabrowski 2012, Ar-
nold and Parmigiani 2015, Dabrowski 2020). Kickback
is one of the most dangerous inconveniences for a
chainsaw operator. It consists of a quick and unex-
pected movement of the chainsaw and its guide bar
toward the user which can be injured especially to the
upper part of the body and the face. It often occurs
when the operator starts the cut using the upper part
of the tip of the guide bar and this circumstance is
particularly frequent among novice operators. More-
over, the excessive depth gauge lowering can cause
breakages to the chainsaw and its lifespan reduction
(ForestWorks 2009).

For all these reasons, the instructions provided by
the manufacturer in terms of sharpening angles and
depth gauge lowering level should be the only ones
that guarantee the greatest cutting efficiency and safer
working conditions. However, relations between the
depth of cut and both the vibration levels and the cut-
ting efficiency have not yet been studied.

Furthermore, the vibration exposure varies de-
pending on the wood species cut because of different
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wood densities and structure, as it was established
that wood density has a significant effect on hand-arm
vibration exposure (Rottensteiner et al. 2012). In addi-
tion, as investigated by Kuvik et al. (2017) and Neri et
al. (2022), the presence of wood defects in softwood
(knots, scar calluses due to cracks) reduces the chain-
saw performance, increasing the cutting times and the
vibration levels (Kuvik et al. 2017, Huber et al. 2021,
Neri et al. 2022).

In this context, despite the training and safety rec-
ommendations, forestry operators generally tend to
lower the depth gauge beyond the manufacturer-rec-
ommended level, because of the common belief that
the lower the depth gauge, the better is the cutting
efficiency (Trzcinski 1995, ForestWorks 2009, Marence
et al. 2017).

Considering all these premises, the aim of this
study is to assess the expected variations of both the
cutting efficiency and the operators’ vibration expo-
sure at standard and higher depth gauge lowering
levels in cross-cutting operations. Moreover, to con-
sider the effects of wood density, the assessment was
developed on two wood species (Fagus sylvatica L. and
Abies alba Mill.) and, to consider the variability due to
the operator, cross-cutting was carried out by four for-
est operators.

A further analysis has been focused on the values
of vibration measured for each operator and on the
operators’ grip strength on the chainsaw handles to
evaluate the behaviour in handling the tool. The com-
parison between the vibration values measured and
the manufacturer’s declaration was also conducted to
highlight any deviations from safety and technical rec-
ommendations to provide guidelines to simplify the
risk assessment procedures.

2. Materials and Methods

2.1 Vibration Exposure Limits

In Europe, the vibration exposure at the workplace
must be investigated according to the EU Directive
2002/44/CE »Vibration«, which is related to the ISO
5349-1:2004 and ISO 5349-2:2015 Standards (Interna-
tional Organization for Standardization, 2004, 2015,
Pandur et al. 2021). Furthermore, the technical report
ISO/TR 18570 provides a supplementary method for
assessing vascular disorders (International Organiza-
tion for Standardization 2017). These directives de-
scribe several procedures and recommendations fo-
cused on the risk assessment, the employees’ training
and on vibration exposure reduction. These regula-
tions provide guidelines for vibration measurements

stating that the frequency-weighted acceleration on
tool handles must be investigated. The total daily ex-
posure level A(8) of a conventional 8-hours working
day is determined considering an exposure time of 3
hours and the maximum vibration value recorded
across the two chainsaw handles. Indeed, the vibration
exposure time in chainsaw use must be investigated
for a maximum of three hours per day, according to
FprCEN/TR15350:2020 (European Committee for
Standardization 2020). This statement agrees with
many researches (Poje 2011, Bacic¢ et al. 2023, Laschi et
al. 2023), where it is highlighted that in tree felling and
processing activities, the use of a chainsaw comprises
30-65% of the gross working time, and therefore the
operator is not continuously engaged in using the
chainsaw for more than 3 or 4 hours.

In terms of daily exposure limits, the EU Directive
considers the action value (2.5 ms?) and the daily ex-
posure limit value (5 ms?®). These values must be con-
sidered by the employer in the risk assessment, with
the action level being the value below which the inci-
dence of vibration-related diseases is low. On the con-
trary, this risk increases over the limit value. For this
reason, the risk assessment and the adoption of preven-
tive and organizational measures to reduce to a mini-
mum the vibration-related risk are mandatory if the
vibration exposure A(8) goes over the action level of 2.5
ms> In any case, it must be emphasized that, in addi-
tion to the limit and action values, the European direc-
tives also state that exposure to physical agents must
be eliminated or at least reduced to the lowest level
possible (International Organization for Standardiza-
tion 2004, Pandur et al. 2021). Indeed, this general pre-
vention principle leads to the need for the employer to
choose the equipment and to promote the maintenance
practices that produce the lower level of exposure to
physical agents such as vibrations. Therefore, the haz-
ard evaluation focused on vibration exposure must
consider the tool that provides harmful working condi-
tions and determine which are the most commonly
used. For this reason, in this study the cross-cuts were
performed using a petrol-powered chainsaw (Fig. 1),
instead of an equivalent battery-powered model. In
fact, battery-powered chainsaws, as investigated in
previous studies, produced lower levels of vibration
than traditional petrol-powered models (Neri et al.
2018, Huber et al. 2021, Neri et al. 2023, Mergl and
Stanék 2025, Pandur et al. 2025, Stan€k et al. 2025).

2.2 Sampling and Analysis

Cross-cutting operations were carried out on a flat,
outdoor service area of »Reparto Carabinieri Biodiver-
sita of Vallombrosa« in the Forest of Vallombrosa
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(province of Florence, Tuscany, Italy, 43°44'04.4"N = each chain was used to collect 8 measurements
11°33'22.2"E). To assess the influence of operators’ be- (2 per operator) and then it was replaced so, in
haviour on vibration exposure, four forest operators total, 96 measurements were collected (12 chains
with the same level of experience and training, but x 8 measurements) per tree species. Considering
different physical attributes (Table 1) operated in the that a valid vibration measurement consists of
studied area. approximately one minute of cutting, which

corresponds to at least 4 or 5 sections (cuts), a

total of 848 -cut f d duri
Table 1 Physical attributes of 4 operators ot o cross-cuis were performed during

the study
Height, cm Weight, kg Age, years = a professional sharpener (Stihl USG) used to
Operator 1 (op1) 170 75 61 lower the depth gauge
Operator 2 (op) 187 9 8 = a feeler gauge to verify the correct depth gauge
1 ing level
Operator 3 (op3) 168 73 41 owering ?Ve . .
Operator 4 (opd) 175 ™ 19 = a human vibration meter (six-channels) Svantek
pereror op mod. 106 (Fig. 2), fitted with two triaxial accel-
erometers SV 105AF, (Svantek, with a sensitiv-
The vibration exposure survey was conducted us- ity of 0.661 mV/ms™ at 79.58 Hz - Fig. 3), with
ing the following equipment: valid calibration at surveys time
= 1 petrol-powered chainsaw (the Stihl MS261 = a Canon EOS 600D camera f.or video rgcor(.iing
C-M, Fig. 1); the choice of this specific model each measurement to determine the cutting time.
was made because it is very common among
professional forest workers. In fact, chainsaws Table 2 Chainsaw technical specifications
included in the same segment (technical speci-
fications shown in Table 2) are commonly used Model Stihl MS 261 C-M
to fell and to delimb small and medium diam- Power 41 KW
eters and branches. The chainsaw was well-

. R . i . Saw-bar length 40 cm
maintained and in perfect technical condition tha Helf-chisel
during the study. Seven wood beams — section afn tYpe ”a “onise
of 20 x 20 cm, about 4 meters long — of two dif- Chain pitch 0.325" (0.8255 cm)
ferent tree species (Silver fir, Abies alba M. and Drive-link thickness 1.3 mm
European beech, Fagus sylvatica L) were provid- Number of drive links 67
ed for the study; these came from trees harvest- Fuel supply Mixed (gasoline +oil)
ed in the Vallombrosa Forest (province of Flor- Maximum chain speed (IS0 11681) 6ms
ence, Tuscany, Italy) and from authorized Total weidh 6 T
worksites. Wood basic density was measured otal weight 19
according to ISO 13061-2:2014 as the ratio be- *Including saw bar, chain, fuel and chain lubricant
tween oven-dry weight and fresh volume of
several samples. These were chosen from three To maintain homogeneous conditions during each
sections done along each beam. The wood prop- cut and to prevent unexpected movements and vibra-

erties are reported in Table 3

= 24 new chains (12 per species), half-chisel, 67
links, chain pitch 0.325”; 3 depth gauge lower-
ing levels on the cutter links (8 chains per each
lowering level): i) »Standard« lowering level —
0.65 mm, ii) »Larger« lowering level — 1.00 mm
and iii) »Extreme« lowering level — 1.30 mm, the
maximum lowering level (1.3 mm) was fixed as
the lowest limit impressed on the chain, which
corresponds to the depth gauge level at the end
of a chain life in normal conditions; it was not
further lowered to avoid excessive risks for op- N T N
erators (chainsaw kickback) Fig. 1 Stihl MS 261C, used in the study for cross-cutting
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Fig. 4 Tractor holds a wood beam on wood supports while the
operator performs cross cutting

Four experienced operators performed the cross-
cuts by applying the following procedures:

= 1. The cross-cut (2 cm thick) was done perpen-
dicularly to the longitudinal beam axis (Fig. 5)

= 2. The cross-cut was done starting at full throttle
and at the maximum chain speed

= 3. During the cut, the chainsaw was not pushed
in the cut direction but just supported

= 4. Both refuelling of the chainsaw and tension-
ing of the chain were done when needed or at
the beginning of the cross-cutting of a new tree
species. In case of interruptions due to lack of
fuel, the cut was repeated after refuelling

Fig. 3 Accelerometers fixed on both the front and rear handles

Table 3 Characteristics of wood beams used for the study = 5. To guarantee equal cutting conditions, cutting

Wood beams characteristics teeth have never been sharpened during the
survey
Wood species n. | Basaldensity kym® | Humidity, % = 6. To avoid differences between operators, a
1 505 28.1 planned sequence of cuts was followed to allow
2 444 36.1 each operator to cut under the same conditions
Silver fir 3 196 10 as the others. The operators alternate themselves
: cross-cutting the same beam. With each chain, a
4 422 321 different sequence of operators was followed
1 729 433 during the cuts. In this way each operator was
Furopean beech 2 700 454 able to cut with a new chain for each depth
gauge lowering level. In addition, to consider
S 6% 40 the possible variability of the wood density

along the beam and between the beams, the cuts

tions of the beams, these were previously positioned on the same beam were performed alternating

horizontally at about 1 m from the ground on strong the chains with different depth gauge lowering
and stable wood supports (Fig. 4). A tractor with a levels

front hydraulic lift equipped with forks was used to = 7. This procedure was followed starting from the
move and hold the beams on the two supports (Fig. 4). silver fir beams and then continuing on the
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Fig. 5 Vibration measurements during cross-cutting

beech ones. In detail, the square beams were cut
by 4 operators that alternatively used 4 chains
with a standard depth gauge lowering level
»Standard — 0.65«, 4 with an intermediate level
»Larger — 1.00« and 4 with a lower level »Ex-
treme — 1.30«. The same procedure was followed
for the beams of both tree species.

The ISO 5349-1:2004 standard was followed to de-
termine the exposure of forest operators to HAV (In-
ternational Organization for Standardization 2004).
The daily exposure values of HAV were determined
based on the A(8) frequency-weighted acceleration
measures and on the values recorded on the three axes
on each handle. The right procedures to determine the
vibration exposure on the three orthogonal axes (x, y,
z) are described by ISO 5349-2:2015 (International Or-
ganization for Standardization 2015). It defines the
weighting frequency and the band filters to guarantee
measurement comparison.

The results allowed us to identify the vibration ef-
fects on the hand based on the average frequency
range of the one-third octave band (6.3 Hz to 1250 Hz)
according to the standard ISO 5349-2: 2015 (Interna-
tional Organization for Standardization 2015). In ad-
dition, the standard defines the orientation of the Car-
tesian axes on which the measures will be recorded.
The validated scheme considers the beginning of the
third metacarpal sector, the »z« axis being parallel to
the hand axis, and the »y« axis being perpendicular to
the plane bounded by the »x« and »z« axes in left ori-
entation. In accordance with ISO 5349-1 (International
Organization for Standardization, n.d.), A(8) was cal-
culated using Eq. [1]:

A@®)=A L 1)

w-sum
8

Where:

Ay cum = afvx + agvy + afvz 2)

and:

A(8) 8-hour equivalent continuous vibration accele-
ration, m s

A, .am total frequency-weighted acceleration from the
three orthogonal axes, m s~

Ayrs Ay Ay, TOOt-mean-square (RMS) values of the
frequency-weighted accelerations along the x,
y, and z axes, m s™

T, total daily vibration exposure duration, hours.

The additional weighting frequency described in
the ISO/TR 18570 was also investigated (International
Organization for Standardization 2017). The equip-
ment was chosen following the standards ISO 2631-
1,2,5,1SO 5349 and the Directive 2002/44/EC; it permits
measurements of parallel hand-arm vibrations on both
chainsaw handles. The accelerations on both handles
were measured and vibrations were then calculated
(Sakakibara et al. 1989). The accelerometers were fixed
by tape on the chainsaw handles (Fig. 3). Since the
operators may have different behaviours in holding
the chainsaw during cutting (Sowa 1998), the vibration
accelerometer was also used, by an integrated force
gauge, to collect the values related to the grip strength
applied by the operators during the cut. To evaluate
the cutting performance achieved across the three
depth gauge levels and two tree species, cutting effi-
ciency (Gorski 1993, Maciak et al. 2017) was calculated.
This metric was defined as the ratio of the surface area
(400 cm’) to the cutting time measured for each sec-
tion. Since the cutting surface was always the same,
only the cutting time was taken into consideration to
evaluate the cutting efficiency. To determine cutting
time, each measurement (4 or 5 cross-cuts) was video
recorded using the digital camera fixed on a tripod.
The video-editing software Openshot Video Editor
was used to analyze each short clip, and the cutting
time per section was then reported. The videos were
analyzed frame by frame and the beginning and end
of each cut were identified with a recording precision
of 4/100 of a second (25 frames per second). The begin-
ning of the cut was identified when the first wood chip
was thrown away, and the end of the cut when the cut
wood slice moved (started to fall). The cutting time
was then calculated as the difference between the end
and the start times. Before each cross-cut, in case of
evidence of knots or wood defects, it was decided to
exclude these beam portions to avoid unequal cutting
conditions.
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2.3 Statistical Analysis

Three levels of analysis were performed. The first
focused on a general evaluation of cutting time to
analyze differences between the two species, four op-
erators and three depth-gauge lowering levels. The
second analysis focused on evaluating daily vibration
exposure (A(8)) as the tree species and chain depth
gauge lowering level varied. The third analysis as-
sessed differences in operators’ behaviour in relation
to grip strength and vibration values measured on the
chainsaw handles.

The Lilliefors test and the Levene test were used to
test the data distribution and comparability of vari-
ances, respectively. Due to the normal distribution and
homoscedasticity of the data relating to cutting time
and vibration exposure, a parametric ANOVA and a
post hoc Fisher's Least Significant Difference (LSD)
test were applied. LSD test permits the comparison of
differences between treatments based on group
means, with default alpha level of 0.05. It returns p-
values adjusted using Holm’s methods to correct the
false-positive rate (FPR).

3. Results

During the study, 95 and 96 vibration measure-
ments during cross-cutting were collected for silver fir
and beech, respectively. It resulted in 848 cross-cuts
and, since one measure of vibration corresponds to
one minute of cut (i.e. 4 or 5 cross-cuts), more sections
were needed for silver fir (466) than for beech (382). As
silver fir had a lower density than beech, the average
cutting time per section was shorter; therefore, a high-
er number of cuts was required, as confirmed by the
results in Table 4.

C. Foderi et al.

3.1 Effects of Depth Gauge Lowering on Cutting
Times

The values related to cutting times are shown in
Table 4 and Fig. 6. Results show that in some cases the
depth gauge lowering level statistically affects the cut-
ting times (Table 4). In particular, considering first all
the measures on both species and later on silver fir
only, the cutting times resulted lower when cutting
with a »Larger — 1.00« and »Extreme — 1.30« depth
gauge lowering level than with a »Standard — 0.65«
level; the further reduction of cutting time between

0.65
=K
6 o E1.3
o
8
, 8
o}
@ © O
£ 8
‘é, 6
3
5
4
&l
Beech Silver Fir
Species and depth

Fig. 6 Cutting time varying wood species and depth gauge lowering
level. Different colours show »Standard« (light grey), »Larger« (dark
grey) and »Extremex (black) depth gauge lowering levels

Table 4 Overall analysis of cutting times by all the operators reported considering the two species. In »Mean« column, different letters evidence
statistical differences between the 3 depth gauge lowering levels. The percentage reduction of cutting times is referred to the »Standard —

0.65« depth gauge lowering level

Species | Depth gauge lowering, mm Mean, s (ref ,Pglfairggﬁf'_%_%«) Std dev, s Samples, n Min, s Max, s

Standard — 0.65 b33a - 0.84 280 3.64 8.52
All Larger —1.00 5.03b -5.6 0.80 284 3.12 8.12
Extreme — 1.30 5.03b 5.6 0.86 284 3.48 7.80
Standard — 0.65 510a - 0.91 152 3.64 8.52
Silver fir Larger—1.00 465b -8.8 0.7 157 3.12 6.64
Extreme —1.30 450b -11.8 0.66 157 3.48 6.56
Standard — 0.65 5.61ab - 0.64 128 4.56 8.16
Beech Larger — 1.00 550b -2.0 0.65 127 4.48 8.12
Extreme — 1.30 5.68b +1.4 0.59 127 4.56 7.80
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Table 5 Cutting times performance of different operators on both species. In »Mean« column, different letters evidence statistical differences

between the 3 depth gauge lowering levels per each operator

Operator n. Depth gauge lowering, mm Mean, s Std dev, s Samples, n Min, s Max, s
Standard — 0.65 55Ta 0.74 68 4.24 8.12
1 Larger —1.00 5.10b 0.72 72 3.96 7.28
Extreme —1.30 5.13b 0.77 72 3.96 6.80
Standard — 0.65 4954 0.70 69 3.64 7.52
2 Larger—1.00 4.72 ab 0.70 72 3.60 6.36
Extreme —1.30 464b 0.78 Al 3.48 6.32
Standard — 0.65 6.01a 0.82 72 4.48 8.52
3 Larger —1.00 557b 0.80 70 3.80 8.12
Extreme —1.30 5.62b 0.74 69 432 7.80
Standard — 0.65 485a 0.48 71 3.80 5.96
4 Larger —1.00 474 a 0.71 70 3.12 6.40
Extreme —1.30 475a 0.82 72 3.68 6.88

»Larger — 1.00« and »Extreme — 1.30« level measured
for silver fir is not statistically significant. Regarding
beech, the differences between the correct depth gauge
lowering level and the others, in terms of cutting time,
are not statistically significant.

Focusing on the effects of operators’ behaviour on
the cutting time on both species, results show that only
the operator number 4 did not report statistically sig-
nificant differences in cutting times varying the three
depth gauge lowering levels, while all the others show
a statistical difference in their performance between
the »Standard — 0.65« and the »Extreme — 1.30« levels,
but not between the »Larger — 1.00« and the »Extreme
— 1.30« levels (Table 5). A further investigation was
carried out to evaluate any differences in cutting times
between operators for each depth gauge lowering
level and for each species. No statistically significant
differences were recorded (Table 5).

No statistically significant differences were record-
ed in cutting times between operators for each depth
gauge lowering level and for each species.

3.2 Effects of Depth Gauge Lowering on
Vibration Exposure

The vibration exposure was calculated considering
the standard 8 h working day exposure level A(8) and
the highest vibration value measured among the rear
and front handles. According to FprCEN/TR
15350:2020 (European Committee for Standardization
2020), T,, the total daily vibration exposure for profes-
sional chainsaw use should not exceed three hours per

day. This limit takes into account only the effective
time during which the chainsaw is actually used. So
long, as shown in Table 4, the difference in cutting time
among the various depth gauges does not significant-
ly affect the results, the A(8) calculation being useful
for comparing the results with the exposure limit val-
ues. The comparison with the European Directive ac-
tion value and exposure limit was conducted focusing
on the mean values of vibration exposure recorded
(Table 6). Considering together all the operators, daily
exposure values to vibration A(8), for both species,
handles and different depth gauge lowering levels are
shown in Table 6. The vibration exposures were al-
ways higher on the rear handle than on the front one.
The vibration exposure resulted always significantly
higher for both »Larger — 1.00« and »Extreme — 1.30«
depth gauge lowering levels than for »Standard —
0.65«level, with an increasing percentage of A(8) from
64% to 133% (Table 6). Moreover, only in the case of
»Standard — 0.65« level, both the means and the maxi-
mum values of vibration exposure were under the
daily exposure limit established by the law in 5 ms™
On the contrary, the vibration exposure exceeded this
limit for the »Extreme — 1.30« level (Fig. 7) on beech.
On both species, the vibration exposure was over the
action value of 2.5 ms” for both »Larger — 1.00« and
»Extreme — 1.30« depth gauge lowering levels (Fig. 7),
confirming that the chain must be sharpened in ac-
cordance with the manufacturer's instructions.

Analyzing the mean vibration levels measured on
the front and rear handles (Table 7) and considering
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Table 6 Vibration exposure levels A(8) depending on wood species, handles and depth gauge lowering level. In »Mean« column, different
letters evidence statistical differences between the 3 depth gauge lowering levels considering the same species and handle. The percentage

increases of vibration exposure are referred to the »Standard — 0.65« depth gauge lowering level

Wood 2 Difference, % 2 R 2
el Handle Depth gauge level | Mean, ms (ref. »Standard — 0.65¢) Std dev, ms Samples, n Min, ms Max, ms
Standard — 0.65 1.55b - 0.25 31 1.17 2.20
Front Larger —1.00 291a +88 0.59 32 1.93 4.29
Extreme — 1.30 2.67a +72 0.50 32 2.04 457
Silver fir
Standard — 0.65 1.85¢ - 0.22 31 1.48 2.67
Rear Larger —1.00 344 a +86 0.66 32 2.46 5.20
Extreme —1.30 3.03b +64 0.30 32 2.45 3.65
Standard — 0.65 1.86¢c - 0.29 32 1.44 247
Front Larger — 1.00 3.73b +100 0.72 32 1.98 5.54
Extreme — 1.30 429a +130 0.90 32 2.96 6.75
Beech
Standard — 0.65 219¢ - 0.26 32 1.82 2.64
Rear Larger —1.00 4.46 b +104 0.57 32 2.62 5.88
Extreme — 1.30 511a +133 0.90 32 3.62 753
8 the four operators, the results show no statistically
o) 065 significant differences between operators for the front
w7 =g handle but do for the rear handle. Furthermore, vibra-
§ E513 tion values are higher for the rear handle.
2 6 4 5 } As reported in the introduction, the different op-
3 erators’ behaviour using chainsaw can affect the vibra-
é ; J o) tion measurements; for this reason, a comparison of
g mean vibration levels measured between operators
3 was carried out. Indeed, on the rear handle, the meas-
= ured mean levels of vibration were not statistically
e Soisley [P i different between operators, while on the front handle,
S 31 which is the one that supports the chainsaw during
2 | | the cut, they were (Table 7).
g Since the four operators registered different mean
vibration levels on the front handle, the operators’ grip
1 strength on the handles was investigated to under-
Beech Silver Fir stand if the different level of vibrations recorded could
be related to this parameter. In fact, the grip strength
Species

= = = Daily Exposure Limit
= = = Manufacturer's declared value
Action value

Fig. 7 Distribution of vibration exposure values measured on rear
handle, depending on wood species and depth gauge lowering
level. The three lines represent the vibration daily exposure limit
of 5 ms™ (dash-dotted), the action value of 2.5 ms? (continuous)
and the vibration value declared by the manufacturer of 3.5 ms?
(dashed)

during cutting is a good indicator to measure the force
applied by the operator in holding the chainsaw. The
results show (Table 8) an evident difference between
operators in terms of grip strength on both front and
rear handle, but these differences lead to statistically
significant differences in vibration values (between
operators) only on the front handle. Moreover, the
eventual role of different depth gauge lowering levels
was investigated, but results show not significant dif-
ferences due to this variable.
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Table 7 Vibration levels depending on wood species, handles and operators. In »Mean« column, different letters evidence statistical differences
between the 4 operators considering the same species and handle

s\p/)\(/eocci)gs Handle Operator n. Mean, ms™ Std dev, ms™ Samples, n Min, ms™ Max, ms™
1 4.11ab 1.08 23 2.33 6.01
2 3.93ab 1.27 24 2.27 7.15
Front
3 355h 1.00 24 2.06 5.42
4 432a 1.55 24 1.96 7.62
Silver fir
1 4453 1.23 23 2.46 7.07
2 495a 1.58 24 2.59 8.67
Rear
3 448a 1.20 24 2.67 6.51
4 466a 1.33 24 2.85 8.15
1 590a 1.86 24 2.88 8.27
2 473 b 1.39 24 2.43 7.24
Front
3 476 1.68 24 2.40 7.16
4 6.57a 2.66 24 2.75 11.25
Beech
1 6.65a 2.29 24 3.03 9.86
2 6.26 a 2.00 24 3.19 9.79
Rear
3 599a 2.29 24 3.03 10.85
4 7124 a 2.70 24 3.47 12.55

Table 8 Grip strength depending on wood species, handles and operators

WO(.)d Handle Operator n. Mean, N Std dev, N Samples, n Min, N Max, N
species
1 9.76 ¢ 8.59 23 0.890 43.26
2 4899 a 6.79 24 37.68 60.80
Front
3 1483 ¢ 9.79 24 2.26 52.46
4 31.43b 7.64 24 13.58 45.08
Silver fir
1 22.74 b 6.29 23 14.14 40.62
2 48.36 a 7.98 24 20.81 54.49
Rear
3 14.63 ¢ 5.41 24 3.43 29.72
4 27.83b 5.21 24 16.80 39.53
1 2.38¢ 8.12 24 1.18 40.22
2 3760a 9.40 24 7.11 52.21
Front
3 12.45b 6.05 24 1.13 23.43
4 19.99b 5.92 24 6.28 29.74
Beech
1 2461¢c 5.03 24 14.13 40.40
2 4382 a 4.94 24 33.05 53.87
Rear
3 25.15¢ 5.37 24 12.34 42.87
4 30.49b 4.64 24 22.42 42.25
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4. Discussion

This study aimed to investigate the variations of
both the vibration exposure and the cutting efficiency
in cross-cutting operation, which was carried out at
different depth gauge lowering levels (correct and
over-standard levels).

The evaluation of cutting efficiency was carried out
by measuring the cutting time of each processed beam
section at the same time as the vibration exposure
survey.

4.1 Cutting Efficiency

The results show that, in some cases, the depth
gauge lowering statistically reduced the cutting times
(Table 4); it is coherent with the findings of other stud-
ies (Arnold and Parmigiani 2015). In detail, taking all
measures into account, a 5.6% reduction in cutting
time was recorded for both the »Larger — 1.00« and
»Extreme —1.30” depth gauge lowering levels in com-
parison to the »Standard — 0.65” level.

Looking in more detail at the cutting times for each
species, the reduction is most pronounced for silver fir,
while it is minimal or even negative for beech. In the
first case, the differences were statistically significant,
while in the second case they were not. Specifically, in
the case of silver fir, the reduction in cutting time was
8.8% and 11.8% in »Larger — 1.00« and in »Extreme —
1.30« levels, respectively, compared with »Standard —
0.65«level. In summary, according to the results, it can
be stated that, with a medium-size chainsaw (50 cc),
the depth gauge lowering gives a benefit in terms of
cutting efficiency of approximately 10% for low-den-
sity species, while there is no significant variation and
therefore no benefit for medium-high-density species.
The difference in cutting efficiency due to wood den-
sity could be related to the fact that, as the density in-
creases, the difficulty for the chain to remove the chips
increases (Otto and Parmigiani 2015, Kuvik et al. 2017,
Andrade et al. 2022, Neri et al. 2022). This difficulty
further increases as the depth gauge lowering level
increases because the chips to be removed are thicker
(Arnold and Parmigiani 2015, Otto and Parmigiani
2015, Maciak et al. 2018). It is therefore conceivable that
with a more powerful chainsaw this difficulty is re-
duced, and an advantage in cutting efficiency can be
obtained even with beech and, in general, with high-
density wood species (Marence et al. 2017).

However, our findings demonstrated that the ex-
pected improvement in cutting performance, which
leads many forest operators to excessively lower the
depth gauge, is not justified by the actual reduction in
cutting time, which at best remains limited or even
non-existent.

4.2 Vibration Exposure

Decreasing the depth gauge below the recom-
mended standard demonstrated a trade-off: a limited
(or occasionally absent) improvement in cross-cutting
performance alongside a substantial increase in vibra-
tion exposure.

Analysis across the two tree species confirmed this
trend:

= Silver Fir: Comparing the »Standard — 0.65« and
»Larger — 1.00« depth gauge lowering levels,
cutting time was reduced by 8.8%, while vibra-
tions increased by 86% (rear handle). An even
greater reduction in cutting time (11.8%) was
observed when comparing the »Standard —
0.65« and »Extreme — 1.30« levels, correspond-
ing to a 64% increase in vibrations (rear handle).

= Beech: The trend was more pronounced. Rela-
tive to the »Standard — 0.65« level, the »Larger
- 1.00« level showed a 2.0% decrease in cutting
time and a 104% increase in vibrations. For the
»Extreme — 1.30« level, a marginal increase in
cutting time (1.4%) was recorded, combined
with a significant 133% increase in vibrations
(rear handle).

For all comparisons, the rear handle was used as
the reference point for vibration levels, in compliance
with ISO 5349-2, which mandates considering the
maximum value measured between the two chainsaw
handles (Goglia et al. 2012, Yovi and Yamada 2019).

In relation to the vibration exposure measured
with three different depth gauge lowering levels, our
findings revealed that the action value of 2.5 ms” set
by the EU Directive 2002/44/CE is exceeded on both
species, for the two wrong levels of depth gauge low-
ering (»Larger — 1.00« and »Extreme — 1.30«) (Table 6)
and that the vibration exposure is always lower when
the depth gauge is correctly set at »Standard — 0.65«
lowering level. Cutting with the »Standard — 0.65«
depth gauge lowering level, mean and maximum val-
ues of vibration exposure are always under the daily
exposure limit value of 5 ms™ for both species and
handles, while for beech the mean values of vibration
exposure are over the daily exposure limit value of 5
ms~ for the »Extreme — 1.30« depth gauge lowering
level.

Even working on beech with the »Extreme — 1.30«
depth gauge lowering level, no vibration measure-
ments for the rear handle under the action value of 2.5
ms? were recorded, with the minimum value of 3.62
ms” being registered. Therefore, in these cases, accord-
ing to European Directives, being the vibration expo-
sure A(8) over the action level of 2.5 ms?, the risk
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assessment and the adoption of preventive and orga-
nizational measures to reduce to a minimum the vi-
bration-related risk are mandatory.

For all these reasons, it is recommended to keep the
depth gauge lowering at the standard level, as recom-
mended by the manufacturer, as an excessive lowering
leads to higher levels of kickback probability
(Dabrowski 2012) and greater vibration exposure
(Dessureault et al. 1988, Hutton and Brubaker 1993).

According to our findings, wood density has a sig-
nificant effect on hand-arm vibration exposure, as re-
ported in previous studies (Goglia et al. 2012, Rotten-
steiner et al. 2012). In fact, for beech approximately
18.5% higher vibrations were recorded than for silver
fir on the rear handle for the »Standard — 0.65« depth
gauge lowering level. Furthermore, the depth gauge
lowering increases the vibration levels, which resulted
higher for beech than for silver fir. This confirmed that
the higher the basal density of wood, the higher were
the effects of bad habits of depth gauge lowering,
which increased the probability of kickback, as stated
by many authors (Dabrowski 2020, Kaliniewicz et al.
2018) and chainsaw lifespan reduction (ForestWorks
2009), without any improvement in terms of cutting
efficiency (Table 4). Since the vibration levels may be
affected by many different factors, including also the
operators’ behaviour in holding and managing the
chainsaw (Goglia et al. 2012, Yovi and Yamada 2019),
the study also investigated the operators’ grip strength
on both handles, to understand if the different vibra-
tion values measured could be related to this param-

eter. In fact, the grip strength during cutting is a good
indicator to measure the force applied by the operator
in holding the chainsaw (Koskimies 1993). The results
show (Table 8) some differences between operators in
terms of grip strength on both front and rear handle,
but these differences only lead to statistically signifi-
cant differences in vibration levels (between opera-
tors) on the front handle.

These results demonstrate unequivocally that the
depth gauge lowering under the manufacturer’s rec-
ommendations exposes operators to excessive levels
of vibrations, therefore exceeding the exposure limits
established by the regulations. Moreover, it implies
more chainsaw power requirements, higher fuel con-
sumption and weight (Marence et al. 2017) and there-
fore must be considered as incorrect and dangerous
practice.

4.3 Manufacturer’s Declarations

The vibration levels reported in the technical man-
ual of the chainsaw (Stihl MS261C) are shown in Table
9 together with the comparison with our results. It is
important to note that the manufacturer does not dis-
tinguish between different tree species in the measure-
ments and that the chain used is maintained in accor-
dance with safety and standard recommendations. In
fact, the mean vibration levels recorded in this study
at the »Standard — 0.65« depth gauge lowering level
differ slightly (from —26% to 4%) from those published
in the technical manual, depending on the tree species
and the handle considered. These deviations may also

Table 9 Comparison between vibration levels measured for each species, on both handles and for each depth gauge lowering level and

values declared by manufacturer (Stihl MS261C)

\Wood 5 5 Variation
species Handle Depth gauge level Declared, ms Measured Mean, ms (0 el = O — s Bl
Standard — 0.65 2.58 —26%
Front Larger —1.00 35 485 +39%
Extreme —1.30 4.45 +27%
Silver fir
Standard — 0.65 3.08 —12%
Rear Larger —1.00 35 573 +64%
Extreme —1.30 5.05 +44%
Standard — 0.65 3.1 -11%
Front Larger —1.00 35 6.21 +77%
Extreme —1.30 7.15 +104%
Beech
Standard — 0.65 3.65 +4%
Rear Larger — 1.00 35 743 +112%
Extreme —1.30 8.52 +143%
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be due to the application of two different standards:
the UNI EN ISO 5349 (International Organization for
Standardization 2004, 2015) used in this study to mea-
sure the vibrations in working conditions, and the
standards (e.g., ISO 22867:2011-EN62841-4-1) (Rukat
and Jakubek 2017) applied by the manufacturer to
measure vibrations under laboratory conditions.
Therefore, the wood species, the type and mainte-
nance level of the chain used, and the number of sam-
ples may have been different in the two investigations.
However, similar values between the two handles, the
two species and applying the »Standard — 0.65« depth
gauge lowering level were recorded comparing the
manufacturer’s declarations and our findings.

The largest deviations, (from 77% to 143%), from
the values described by the manufacturer were re-
corded for beech on the front and rear handle varying
the depth gauge lowering level from the »Standard —
0.65«level to the other two levels (»Larger — 1.00« and
»Extreme — 1.30«).

Considering that the technical manual of a tool is
the first document to be evaluated by the employer for
the risk assessment, and taking into account the above-
mentioned European Directives, which state that risks
related to physical agents should be eliminated at
source or reduced to a minimum, any maintenance
practice that leads to an increase in vibrations, com-
pared to the manufacturer’s declarations, must be con-
sidered incorrect and dangerous.

5. Conclusions

Considering the performances achieved by the
chainsaw investigated in this study, the differences
and the improvements recorded in cutting efficiency
do notjustify the drawbacks that the depth gauge low-
ering implies in terms of vibration exposure and
chainsaw lifespan reduction. For all these reasons, the
manufacturer’s instructions for the chain sharpening
must be followed carefully. All these recommenda-
tions together with our findings can be useful to pro-
vide good operational practices in chainsaw training
activities: the practice of the depth gauge lowering
must be opposed by describing its disadvantages.

Therefore, to prevent occupational diseases related
to vibration exposure, the use of personal protective
equipment (PPE), such as gloves, together with the
application of the correct techniques during the work
and in chainsaw maintenance, is mandatory.

Gloves protect the hands from mechanical risks by
keeping them warm and dry, and they can also reduce

the risks associated with hand-arm vibrations by im-
proving blood circulation in the hands and fingers.

Finally, given that modern chainsaws are becom-
ing more powerful, errors in sharpening could sig-
nificantly increase operators' exposure to vibrations.
Therefore, it would be interesting to extend the study
to include chainsaws with greater power.
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