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Abstract: In many activities, chainsaw users are exposed to the risk of injuries and several other
hazard factors that may cause health problems. In fact, environmental and working conditions
when using chainsaws result in workers” exposure to hazards such as noise, vibration, exhaust gases,
and wood dust. Repeated or continuous exposure to these unfavourable conditions can lead to
occupational diseases that become apparent after a certain period of time has elapsed. Since the
use of electric tools is increasing in forestry, the present research aims to evaluate the noise and
vibration exposure caused by four models of electric chainsaws (Stihl MSA160T, Stihl MSA200C
Li-Ion battery powered and Stihl MSE180C, Stihl MSE220C wired) during cross-cutting. Values
measured on the Stihl MSA160T chainsaw (Li-lon battery) showed similar vibration levels on both
right and left handles (0.9-1.0 m s 2, respectively) and so did the other battery-powered chainsaw,
the Stihl MSA200C (2.2-2.3 m s~ 2 for right and left handles, respectively). Results showed a range of
noise included between 81 and 90 dB(A) for the analysed chainsaws. In conclusion, the vibrations
and noise were lower for the battery chainsaws than the wired ones, but, in general, all the values
were lower than those measured in previous studies of endothermic chainsaws.

Keywords: forest operation; professional disease; health and safety; vibrations white finger;
chainsaw; batteries

1. Introduction

Motor-manual tree felling, processing, and pruning by chainsaws, powered by internal
combustion engines, are still very common in many countries [1-5] due to its multifunctional use and
low financial investment [6-8]. However, the use of chainsaws results in the exposure of workers to
hazards such as noise, hand-arm vibrations (HAVs), exhaust gases, and wood dust [9,10]. Chainsaw use
shows one of the highest accident rates in professional and non-professional work [11-14] and causes
several types of occupational diseases due to the repeated or continuous exposure to unfavourable
environmental conditions. Some of these hazards, such as vibrations and noise, are underestimated by
workers since they do not represent an immediate risk to human health. Indeed, disease symptoms
can appear several years afterwards. However, this is not a reason to ignore the problem as the
consequences of being exposed to noise and vibrations can be very serious [15]. Regarding vibrations,
the signs and symptoms related to the use of chainsaws in forests are reported in many studies [16-19]
and are known collectively as the hand-arm vibration syndrome (HAVs). HAVs consists of disturbances
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in the circulation of the fingers (Vibration White Finger, VWF) and the peripheral nerves of the
hands and arms. In addition, muscle fatigue and bone and joint degeneration have been reported,
but their association with HAVs is not well founded [20-23]. There is an association between vibration
acceleration, latency, and the prevalence of HAVs [22]. The international standard of a model predicting
the prevalence of VWF has been updated in 2001 [24]. According to the standard, the risk is related to
the total vibration energy, i.e., the magnitude and duration of exposure. The risk also depends on the
frequency of the vibration. Numbness of the hands and arms or a tingling in fingers and deterioration
of finger tactile perception have been detected in workers exposed to vibration [25-27]. Numbness
may generally affect the arms during and after exposure, especially during the night-time [22,27].
Carpal-tunnel syndrome was also investigated since 1990 as it has always been associated with HAVs
exposure [25,28-30]. Bovenzi et al. [31] observed the dose—effect relationship between vibration
exposure and the bicipital tendinitis and epicondylitis in forestry workers. Another epidemiological
study has also revealed several associations between physical workload factors and some common
upper limb disorders [32].

The other aspect considered in this study is the exposure to noise. In fact, this is an important
and preventable cause of hearing loss [33], currently imposing a heavy burden on society at a global
level [34]. Noise-induced hearing loss can be caused by short exposures to extremely high sound levels
or by repeated exposures to moderate levels. The main effect of high-intensity sound is manifested in
the form of a temporary or permanent loss of sensitivity and acuity [35-37].

In recent years, the major brands that produce tools for forestry and green maintenance have
started to develop tools powered by electricity and Lithium-Ion batteries in order to protect the
environment and the operator’s health. Battery-powered chainsaws are able to decrease the number
of specific risks, which makes them ideal for use in pruning operations, urban green maintenance,
and arboriculture, where occupational hazards are high and it is important to minimize them [38-43].
Electric instruments technology has been developed deeply, but is newly introduced in the urban
green areas management because of the need to have a relatively high power that is away from the
public network [44,45], and present during the total duration of the working day.

The recent development of batteries provides a sufficiently high level of power and durability
that is suitable for this purpose, with considerably reduced weights compared to older types of battery.
Moreover, Lithium-ion batteries could now be recycled with an efficiency of 97% w/w of the valuable
battery active materials [46,47]. In the only accessible previous study on chainsaws powered by
alternative sources [38,48], it was established that the use of battery-powered chainsaws may decrease
the exposure to noise and onset of HAV when compared with the use of petrol chainsaws. No recent
studies have focused their attention on noise and vibration exposure by wired electric chainsaws in
comparison to Li-Ion batteries models.

In order to fill the gap in knowledge and to have a comprehensive framework on the exposure of
workers to vibrations, field surveys during the cross-cutting operations of conifer logs with chainsaws
were carried out in Central Italy. The objectives of this study were to evaluate the exposure to vibration
among forest workers and other categories of workers that might have some work restriction due to
noise and vibrations and to evaluate the operator’s behaviour during chainsaw handling that may
influence the amount of vibrations measured.

2. Materials and Methods

2.1. Occupational Exposure Limits

In relation to vibration exposure, the EU Directive 2002/44/CE “Vibration” refers directly to
the Standards ISO 5349-1:2001 and ISO 5349-2:2001 [49,50], which incorporate the state-of-the-art
procedures concerning the measurement and assessment of vibration at the workplace. These standards
and the requirements of the Vibration Directive provide several amendments and changes. Among
others, they require a risk assessment, the informing of the employees, and the initiation of a program
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for the reduction of vibration exposure. According to the EU Directive, vibration is measured as the
frequency-weighted acceleration on the handles of the power tool. The assessment of the vibration
exposure is calculated in relation to a standardised 8 h daily exposure level A(8). Depending on the
daily exposure action value (2.5 m s~2) and the daily exposure limit value (5 m s~?2), the Directive
requires different actions by the employer.

If the operator’s daily exposure to vibration is kept below the Exposure Action Level, it should
help him avoid vibration related diseases. If the operator’s daily exposure exceeds the Exposure
Limit Value, then there is a significant increase in the risk of developing vibration related diseases.
Whenever an employee is affected by a vibration exposure A(8) exceeding the daily exposure action
level of 2.5 m s~2, the employer has to carry out a risk assessment of the operation that the employee is
carrying out and introduce control measures for vibrations exposure as well as for noise. For this last
aspect, the European Union has set clearly defined exposure limit values on the daily noise level and
peak sound pressure. According to Directive 2003/10/EC, daily exposure should not exceed 87 dB(A)
or 140 dB(C) under any circumstances. The same directive also sets the upper exposure action value at
85 dB(A) or 137 dB(C), and the lower exposure action value at 80 dB(A) or 135 dB(C).

2.2. Sampling and Analysis

Manual cross-cutting tests with wire-electric and battery-powered chainsaws were carried out
in the Apennine mountain range in Tuscany (Central Italy—43°44'03.3” N, 11°33/22.9” E). The study
included two electric chainsaws powered by Li—lon batteries and two electric chainsaws (wired models)
produced by the Stihl company (Table 1; Figures 1 and 2). The chainsaws’ weight, guide bar length,
and chain type are shown in Table 2. The test site was located close to electric network plugs. Silver fir
(Abies alba Mill.) and douglas fir (Psudotsuga menziesii Franco) logs with a diameter ranging between 18
and 32 cm were used for the test. Before starting, the logs were placed horizontally at about 1 m from
the ground by means of a wooden support. Measurements were made during the cross-cutting of the
5 cm (approximate) thick slice of wood (Figure 3) following a vertical direction (from the top to the
bottom of the log).

The tests were carried out by three forest workers (A, B, and C) with high training level and
long-lasting experience in chainsaw use (more than 5 years).

Table 1. The characteristics of chainsaws tested during the study.

Chainsaw Type Year of Production Power (kW) Weight (kg)
Stihl MSA160T  Li-Ion accumulator 2014 na 360
Stihl MSA200C  Li-Ion accumulator 2014 na 47@
Stihl MSE180C Electric/wired 2008 1.8 4.6
Stihl MSE220C Electric/wired 2011 2.2 6.7

M Accumulator AP115, 118 Wh; @ Accumulator AP180, 178 Wh.

(@) (b)
Figure 1. The Li-Ion batteries chainsaws: (a) Stthl MSA160T and (b) Stihl MSA200C.
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Figure 2. The wired chainsaws models: (a) Stihl MSE180C; (b) Stihl MSE220C.

Table 2. The technical characteristic of the chainsaws and their accessories, together with log
characteristics (species and diameter).

. Cutting Species and
Chainsaw  BarLength  Real Length Chain Type  Chain Pitch (") Tooth O of Cut
Model (cm) of Cut (cm) X
Profile Logs (cm)
Stihl P . Douglas fir,
MSA160T 30 25 RSC3 3/8 Square chisel 1819
Stihl o .o Silver fir,
MSA200C 35 30 PS3 3/8” Picco Semi-chisel 28-29 5
Stihl . .o Silver fir,
MSE180C 40 35 PM3 1/4 Semi-chisel 27985
Stihl . .o Silver fir,
MSE220C 45 40 PM3 1/4 Semi-chisel 30-32

Figure 3. The measurements during cross-cutting.

The crosscut was repeated 8 times for both handles for each chainsaw and for each and every one
of the 3 operators. In total, 192 measures were collected, half for the left handle and half for the right
handle. HAVs exposures on the feller were measured in accordance with the ISO 5349:2001 standard
using a vibration meter and accelerometer. To determine the daily exposure values of HAV, A(8)
frequency-weighted acceleration values were used, which combined all three measuring axes at each
handle. In detail, ISO 5349-1 “Part 1: General requirements” specifies the general requirements for the
measurement and the record of the exposure to mechanical vibrations transmitted to the hand on the
three orthogonal axes (x, y, z). It defines the weighting frequency and the band filters in order to obtain
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a uniform and standardized comparison of the measurements. The obtained values can be utilized
to calculate the negative effects of the vibrations transmitted to the hand for the one-third-octave
band mid-frequency interval (6.3 Hz to 1250 Hz) according to ISO 5349-2: 2001 [50] specifications.
Furthermore, the normative defines the Cartesian axes system orientation. The orthogonal reference
system starts at the head of the third metacarpal segment, being the “z” axis parallel to the hand axis,
the “y” axis perpendicular to the plane delimited by the “x” and “z” axes with a right-left orientation.

In agreement with ISO 5349-1 [49], the equation we used to calculate A(8) was the following;:
T, 1/2

where:
Te: total daily vibration exposure (6 h in the present study);

1/2
2 2 2
A(w)sum : (awx + Ay + awz)

Ay Ay duz: TOOt Mean square values of frequency-weighted acceleration (m s72) on the x, y, and z axes
(Figure 4).

Figure 4. Graphical representation of the three orthogonal axes (x, y, z) defined to measure hand-arm
vibration (taken from Reference [47]).

Vibrations were measured with

- a three-channels vibrometer Larson Davis mod. HVM100, equipped with a triaxial accelerometer
SENO021-sensitivity 10 mV g, Figure 4;
- acalibrator for accelerometer APTechnology Mod. AT01;

The accelerometer was fixed by plastic ties to the right handle first, and after measurement, to the
left handle. The instruments were placed whilst paying attention to not interfere with the normal
working positions. In Figure 5, a Larson Davis vibrometer was mounted on the left handle.

Figure 5. The accelerometer fixed by plastic ties for measurement with the Larson Davis mod. HVM100.
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In parallel, noise measures were carried out to define the equivalent continuous A-weighted sound
pressure level (Laeq). The measurements of noise exposure were conducted according to the European
Directive 2003/10/EC [51] and international standards ISO 9612:2011 [52] and ISO 11201:2010 [53]
by using a noise meter and microphone. The “task-based measurement” option was chosen from
among the three alternative strategies proposed by ISO 9612:2011 [52] because it fit the experimental
design better. Three random noise measurements were collected for each chainsaw. The instrument
used in this study was a four-channel analyzer 01 dB mod. Harmonie, with a microphone 01 dB mod.
MCE212, calibrated by an acoustic calibrator 01 dB mod, Cal21. The following noise load indicators
were measured: equivalent continuous A-weighted sound pressure level (Laeq) with a full sound
frequency spectrum in 1/3 octave bands and a maximum value of the C-weighted instantaneous
sound pressure (LCpeak). Noise exposures were successfully recorded during cross-cutting operations.
The assessment of the noise exposure was calculated in relation to a standardised 8 h daily exposure
level (Lgx, 8 h).

Lgx, at 8 h was calculated with equation

1
LEX, 8h =10 log [T
0 1

n
;10910
=1

where

T; is the daily exposure time in minutes (360 min in the present study);
L; is the continuous equivalent level (Laeq) of the noise source;
Ty is the daily working time of 8 h.

2.3. Statistical Analysis

Considering the applied methodologies to assess the vibrations and noise exposures, only data
related to vibrations were allowed to compute a statistical analysis. Daily exposure values of vibration
A(8) recorded during the cross-cutting test were analysed in order to investigate the differences
between the electric chainsaw models. Inter-operators variability to the vibration exposure was also
tested to provide an evaluation of the influence of worker behaviour during the cross-cutting operation.
Analyses were computed with the open-source statistical software R version 3.4.4 (R foundation,
Vienna, Austria) [54]. The normality of data distribution was checked by Bartlett’s test and the
homogeneity of variances was measured by Levene’s test in order to define the appropriate statistical
method to investigate the differences in the vibration exposure. Due to the non-normal distribution of
the data collected, a Kruskal Wallis test was applied [55]. This non-parametric method is a rank-based
test used to determine statistically significant differences between two or more groups of independent
variables (different operators and different chainsaw models) on a continuous or ordinal dependent
variable [56], in this case, the recorded values of the daily exposure of vibration during the cross-cutting
of the logs. After the Kruskal Wallis test, in order to provide multiple comparisons of each group
analysed, a Dunn’s rank sum test was performed [57]. To control the family-wise error rate (FWER),
a Holm-Sidék adjustment was applied [58], a step-up reiteration procedure of Dunn’s test with a
progressively increased p-value threshold assuming the dependence between tests.

3. Results

In the first step, a statistical analysis was applied to investigate the intra-operator (considering
the same operator in cutting) and inter-operator (differences between operators) variability in daily
exposure values of vibrations. The intra-operator exposure values varied between 10% and 27%, while
the inter-operator variability was always under 10%. Figure 6 showed an inter-operator distribution
and an absence of statistically significant differences was confirmed by the Holm-Sidak Pairwise
comparison matrix results reported in Table 3.
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Figure 6. The graphical representation of the A(8) distribution by the operator.

Daily exposure values to vibrations A(8) for both Li-lon batteries and electric wired chainsaws
are reported in Table 4. Looking at electric wired chainsaws, a considerable difference between the
median values of acceleration in right and left handles were recorded. The median values were about
52% and 44% lower in the left handle in Stih]l MSE180C and Stihl MSE220C, respectively. In both the
battery powered chainsaws, the difference between the handle was about 5%, with a higher median
value in the left handle. The lowest values of acceleration were recorded for the Stihl MSA160T for
both handles (Table 4). The differences shown in the daily vibration exposure values were confirmed
by the results of the statistical analysis (Table 5). The null hypothesis, verified by Dunn’s test, was that
there were no differences among the median values for each group. The adjusted p-values are marked
with an asterisk if the results of the comparison reject the null hypotheses at the specified significance
level (Table 5). On the basis of this analysis, it is possible to highlight that the Stihl MSA160T showed
significantly lower values than all the other chainsaws.

The noise measurements are shown in Figure 7 (Laeq). On the basis of these data, the daily
exposure level (Lgx, 8 h) can be determined. The results highlighted the lower values in the Li-Ion
battery chainsaws than in the wired ones. The “Lgx, 8 h” values were 79.5 dB(A) for Stihl MSA160T,
1.1 dB(A) for Stihl MSA200C, 82.1 dB(A) for Stihl MSE180C, and 89.2 dB(A) for Stihl MSE220C.

Table 3. The Holm-Sidak Pairwise comparison matrix of A(8) by chainsaw operators (alpha = 0.05;
reject Hy if p < alpha/2).

Operator/Operator A B
B 0.155p =0.438
C —0.411p=0.566 —0.571p =0.633

Kruskal-Wallis chi-squared = 0.3484, df = 2, p-value = 0.84.
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Table 4. The daily vibration exposure values (A(8) in m s72) reported for each chainsaw model recorded

on the left and right handles.

Vibration Daily Exposure (A(8) in m s ~2)

Handle n Mean sd Median Min Max
s 96 %0 om0z 12w
osome 8 3108 0m 3w
soseoc 24130 o 1m
sz 31T 1 a1

Table 5. The comparison between the different chainsaw models on vibrations daily exposure: results

of Dunn’s Test (Holm-Sidak adjustment) after the Kruskal-Wallis test. Significant differences are

marked with *.

Stihl MSA160T

Stihl MSA200C  Stihl MSE180C

Stihl MSA200C
Stihl MSE180C
Stihl MSE220C

—8.521 p = 0.000 *
—8.702 p = 0.000 *
—8.613 p = 0.000 *

—0.135p = 0.446 -
0.160 p = 0.683 0.299 p =0.765

Kruskal-Wallis chi-squared = 111.152, df = 3, p-value = 0. Holm-Sidédk comparison by group: & = 0.005; reject Hy if

p<a/2

Laeq(dB(A))
84 88 90
| 1

82
1

80

— ]

I
MSA160T

Figure 7. The graphical representation of the noise measurements (Laeq) Of the tested chainsaw.

4. Discussion

T
MSA200C

T I
MSE180C MSE220C

The first clear result of our study was that the average acceleration values recorded for electric
chainsaws are lower than those measured in previous studies for endothermic chainsaws [38]. It was
quite obvious that the machine powers, uses, and construction technologies were completely different.
Considering the A(8) values (Table 4), the ones measured on Stihl MSA160T (Li-Ion battery) showed
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similar vibrations values, about 1.0 m s~2 for both handles, the Stihl MSA200C also showed similar
values for both handles (around 2.2 m s~2 for both handles). On the contrary, the wired models showed
significant differences between the left and right handles; in fact, in Stihl MSE180C, the mean values
on the right handle were almost double than the left ones. Additionally, in Stihl MSE220C, the HAV
values were significantly higher for the right handle. Similar differences between the right and left
handles have been recorded by a study conducted on endo-thermic chainsaws [59].

The differences in daily exposure that emerged between the two models powered by batteries were
likely due to the different power, bar length, and the diameter of the logs. The Stihl MSA200C values
were also close to those measured for the wired models, probably because of the similar construction
design. According to ISO 5349-2 [50], the value to be considered was the highest one measured between
the left and right handles. Our findings showed that the maximum values of acceleration were well
below the daily exposure limit of 5 m s~2 reported in the EU Directive 2002/44 /CE “Vibration” for
each model of electric chainsaw considered. One model (MSA160T) of the examined battery-powered
chainsaws gave a maximum daily exposure vibration value lower than 1.3 m s=2. Our findings
were also consistent with the preliminary data reported by Poje et al. [38], which compared Li-Ion
battery and petrol chainsaws. No studies have tried to compare different electric models powered by
different sources.

Another aspect to be considered was the operator’s behaviour during the chainsaw handling.
Our results did not show significant differences between the three operators (A, B, C), demonstrating
that in our study operator behaviour did not affect the vibration exposure.

4.1. Comparison of Obtained Results with the Information Declared by Constructor

The information about vibrations and noise emissions included in the use and maintenance
manual of chainsaws were reported in Table 6. In relation to vibrations, the measured values showed
some differences to those reported in the user manual by the manufacturer. We can state that the
differences observed could be due to the fact that we applied the UNI EN ISO 5349 standards [24,49,50]
for measuring the vibrations in working conditions, while the manufacturer would have usually
measured them in laboratory conditions or by using different standards (e.g., ISO 22867:2011) [60].
For this reason, the differences could be due to the type of wood cut, the type of chain used, and the
number of samples. Anyway; it is interesting to notice that for wired chainsaws, the declared values by
the manufacturer were similar between the left and right handles, while our measurements showed
significant differences between the handles (Table 6). For this reason, further research could be required
to better understand the handle influence on vibration measures.

The results of the noise emissions analysis showed that, for Li-Ion battery chainsaws, the values
are in line with the ones declared by the manufacturer, while for wired types, the measured emissions
were about 5 dB(A) lower than the values reported in the user manuals (Table 6). However, these noise
emissions were considerably lower than the noise levels produced by endothermic engines, which are
at least 15-20 dB(A) higher [38].

Table 6. The noise and vibration emissions of the tested chainsaws; comparison between the max
measured values and the values declared by the manufacturer.

Noise dB(A) Lgx, 8 h Vibrations m s 2

Chainsaw Model Left Handle Right Handle
Declared Measured

Declared Measured Declared Measured

Stihl MSA160T 81 —1.9% <25 —51% <25 —52%
Stihl MSA200C 84 —3.5% 4.5 —38% 4.0 —33%
Stihl MSE180C 92 —10.7% 22 —12% 2.7 +66%

Stihl MSE220C 95 —6.1% 23 —23% 25 +44%
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4.2. Potential Role of Electric Chainsaws in Forestry

The few studies available at present [38,48] have made comparisons between electric and
traditional endothermic chainsaws and the results have clearly shown lower emissions of both
vibrations and noise in electric chainsaws than in the others, but these cannot be used in the same
operations. In forest conditions, wired chainsaws are obviously inappropriate due to their need of an
electric connection, while battery chainsaws can be used in specific operations only, such as delimbing
and the cross-cutting of small-diameter trees, but not in felling and the processing of medium and
large diameter trees. Nevertheless, a great advantage could be provided by battery chainsaws in
pruning operations and arboriculture, especially in urban areas. In fact, in this operative context,
there is a lower requirement of power and production in terms of quantity, but it is important to
guarantee safe work conditions. In this case, the improvement of health and safety standards does
not affect the productivity of the work. Moreover, the different starting system between traditional
and electric engines allow for a safer and more comfortable use with electric solutions, especially
for on-tree works. Electric engines may be operated by pressing a button, while in endothermic
chainsaws, a manual recoil starter is needed. In some conditions, this difference may be strategic
because it may be complicated and dangerous to start a chainsaw engine whilst working on trees
(e.g., tree-climbing). Moreover, in such situations, there are many working phases when the chainsaw
is not used and several starting manoeuvres may be needed in a workday, thus suggesting that battery
powered solutions are ergonomically better. From a technological point of view, it is interesting to
highlight that the vibration exposure using electric chainsaws is considerably lower in comparison
with the endothermic ones, even if the anti-vibrations systems (tools that physically separate the
handle part of the machine from the engine and cutting tools) are not present in electric models.
In this context, a further reduction of vibration levels could be obtained in electric machines by adding
anti-vibration systems.

5. Conclusions

We investigated the exposure of forest workers to noise and vibrations during the manual
cross-cutting operations by electric chainsaws. The machines were chosen between Li-lon batteries
and wired models powered by an electric network. Our findings clearly showed lower emissions of
both vibrations and noise by Li-Ion batteries chainsaws. Similar to other fields, the results confirmed
a positive impact of research on the alternative power supply of hand tools. The development of
electric tools for forestry is expected to intensify with the development of more powerful batteries,
autonomously being the actual major bottleneck. At present, these machines could be considered as an
alternative to internal combustion engine chainsaws in case of pruning and first thinning operations in
conifer stands or in gardening activities or for those people that have some work restriction due to
noise and vibrations. If technology will be able to improve autonomy, it is reasonable to plan the use
of this light tools also in other small-scale forestry operations.
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