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Abstract: In order to compare the vibration and noise exposure of STIHL's battery-powered MSA
220 C and the combustion driven MS 201 C, a professional operator was monitored during a pre-
commercial thinning operation in a twenty-year-old hardwood stand. The vibration levels were
measured with a tri-axial accelerometer on the front and rear handle of both the chainsaws, and
assigned to five different work elements using a video documentation. Additionally, noise levels
were recorded in one-minute intervals, with a dosemeter worn by the operator. The results show that
battery-powered chainsaws, when compared to combustion-driven chainsaws, can reduce the daily
vibration exposure by more than 45% and the noise dose by about 78.4%, during pre-commercial
thinning tasks. Replacing combustion-driven chainsaws with battery-powered ones is therefore
generally recommended, to reduce occupational health risks for operators, in this respect. However,
the daily vibration exposure of about 2.42 m/s?, caused by the battery-powered chainsaw on the
front handle, is still very close to the daily exposure action value set by the EU directives for health
and safety requirements. The daily noise exposure of 89.18 dB(A) even exceeds the upper exposure
action value. Consequently, a further reduction in the vibration exposure during work is desirable.
With respect to noise exposure, additional measures must be implemented for conformity with the
current safety standards, making the use of hearing protectors mandatory for electric chainsaws, too.

Keywords: battery; chainsaw; vibration exposure; noise exposure; field study; pre-commercial
thinning; health and safety

1. Introduction

Forest operations are, and always were, tedious and accident-prone, classifying
forestry workers as an occupational group with a high risk of work-related injuries and
illnesses [1]. Even today, with high occupational health and safety standards in the forestry
sector, forest operations, in particular motor-manual tree felling, remain consistently dan-
gerous [2].

The increasing share of mechanized harvesting systems improved the efficiency of
operations, but also reduced the occupational health and safety risks, contributing to a
reduction in fatal accidents and work strain in general. In consequence, fully-mechanized
harvester-forwarder systems are state-of-the-art in commercial forest operations, outcom-
peting motor-manual operations in many European countries [3-5].

Yet, operational restrictions, such as terrain, legal regulations, stand size and structure,
or silvicultural regimes, can often compromise the efficiency of fully mechanized harvesting
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systems. Such constraints, for instance, limit the application of fully mechanized operations,
to only about 60% of the entire forest area in Germany [6]. Therefore, motor-manual
operations will remain relevant and are applied in early pre-commercial thinning up to the
final harvest of old growth stands [4]. However, the operators of motor-manual hand tools
are directly exposed to the work environment, potentially causing discomfort through, e.g.,
weather and vegetation, but also fatigue, by moving in difficult terrain, with associated
risks such as trip, slip and fall injuries [2].

Besides actual accidental risks, the long-term operation of motorized hand tools, in
particular chainsaws, are a major issue of occupational health and safety concerns, due to
ergonomic strain and physical fatigue [7]. Conventional chainsaws, with a combustion
engine, directly expose the operator to considerable vibrations, noise, and emissions [8-11].

Chainsaw engines cause oscillated motion exposure to their operator, commonly
known as vibration. The transmission to the operator, through the handles, is associated
with various vascular, neurological, and musculoskeletal disorders, collectively called the
“hand-arm vibration syndrome” [12]. Vibration-induced occupational risks are further
exaggerated by coupling forces that are related to the saw type, wood properties, the
individual biophysical traits, and the work technique of the operator [13,14]. The magni-
tude of these risks could already be reduced through the introduction of anti-vibration
units for chainsaws in the 1970s [11]. Yet, the main source of chainsaw vibration is the
back-and-forth movement of the piston [15], an indispensable component of conventional
chainsaws with combustion engines, and therefore it is not possible to fully eliminate.

Next to vibrations, the operator’s direct exposure to noise and emissions is determined
by the constructural design of a combustion chainsaw, too, and reduction measures are
limited. High-capacity chainsaws can cause engine noise levels up to 113 dB(A) at full
throttle, causing impairment of hearing during frequent exposure [16]. The combustion
process of the internal engine produces exhaust fumes, which, although reduced in risk
intensity through the use of alkylate fuels [17], induce direct strain to the operator [8],
especially under unfavorable stand and weather conditions.

Electric power tools have advanced over the recent years, in terms of engine power,
in particular with respect to batteries, and therefore seem to provide solutions to improve
the ergonomics of chainsaw works. Neri et al. [18] investigated, under rather controlled
conditions, vibration and noise exposure during log cross-cutting at the roadside, by two
battery-powered and two cable-supplied electric saws. Carrying on, Poje et al. [10] com-
pared the noise and vibration exposure of a battery-powered chainsaw and a conventional
combustion engine-driven chainsaw, even during operational conditions in small-scale
thinning. Both studies could already confirm reduced occupational health risks related to
noise and vibration exposure. However, the subject of these studies was consumer-grade
saws, intended for part-time users and not professional forest workers with high annual
operation hours.

The focus on consumer-grade saws during earlier studies was owed to the situation
that the battery saws that were available on the market were of low power and chain
speed. However, the latest generation of battery-powered chainsaws, such as the STIHL
MSA 220 C, with 36 V lithium-ion batteries and a chain speed of 23.3 m/s [19], promise
work capacities in the lower ranges of professional use, such as the tending of stands. A
recent unpublished trial with the STIHL MSA 220 C, comparing it with its combustion
counterpart MS 201 C, already confirmed its operational efficiency and competitiveness
with conventional chainsaws, as long as it is used in its capacity limits [20].

Hence, the potential occupational health and safety benefits of the progressing electric
counterparts of the current combustion engine-based tools must be assessed in further de-
tail. Insights need to be gained into the overall context of sustainable forest operations [21],
and improvement potentials need to be weighted. In order to contribute to this process, a
focus on vibration and noise exposure mitigation, during the professional use of battery-
powered chainsaws, is of special interest to the current study. Thus, the objectives of the
study are as follows: (1) to directly compare the operator vibration and noise exposure of
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professional-grade battery and combustion engine chainsaws in pre-commercial thinning;
(2) to quantify the ergonomic benefits for professional users, based on the daily exposure
values for vibration and noise on shift level; (3) to draw conclusions about the potential
of battery-driven chainsaws to replace combustion-driven ones in the near future, within
professional forest operations.

2. Materials and Methods
2.1. Setting

A pilot field trial was conducted with a professional operator (27 years of job experi-
ence), comparing STIHL’s high-performance battery-powered chainsaw MSA 220 C, and
its combustion-driven counterpart MS 201 C (Table 1), under operational conditions in a
pre-commercial thinning.

Table 1. Specifications stated by the manufacturer of the STTHL MSA 220 C and its lithium-ion
battery AP 300 S as well as of the STIHL MS 201 C [19,22-25].

STIHL MSA 220 C STIHL MS 201 C
Battery-powered chainsaw Petrol chainsaw with
Type with lithium-ion battery AP single-cylinder two-stroke
300S engine
3.6 kg 454 kg
Weight (with guide bar and saw (with guide bar and saw
chain, without battery and chain, without fuel and saw
saw chain adhesion oil) chain adhesion oil)
Qil tank capacity 021L 0.22L
Fuel tank capacity - 0.31L
Battery Weight 1.8 kg -
Voltage/Energy
content/Capacity according 36 V/281 Wh/7.2 Ah -
to IEC 61960
Engine power - 1.8 kW/2.4 hp
Guide bar length 35 cm 35 cm
Maximum chain speed
(6-tooth for 3/8” P) according 23.3m/s 26.0m/s
to ISO 11681
Total gross mass 5.64 kg 498 kg

The experimental plot consisted of a twenty-year-old hardwood stand, located on
a former windfall area within the forestry district Emmendingen/office Weisweil, in the
Upper Rhine plains, close to the city of Breisach/Germany. The geographic coordinates of
the plot are approximately 48°11'35"" N and 7°42'13"” E. Due to intensive post-disturbance
natural regeneration, stand-dominating tree species were European hornbeam (Carpinus
betulus) and sycamore maple (Acer pseudoplatanus), complemented by planted wild cherry
(Prunus avium) and common oak (Quercus robur).

The monitored operator was tasked to fell two or three trees next to each predefined
and marked so-called potential future crop tree within this stand. In addition, dominant
trees with negative characteristics were supposed to be cut, too. The diameter at base height
of the felled trees ranged from 6 cm to 26 cm with the mean being approximately 13 cm.

In order to create a practical and professional experimental set-up, the compared
chainsaws were not factory-fresh, but of low operational use, well maintained and in
excellent technical condition. Both chainsaws were equipped with new STIHL Oilomatic
Picco Micro 3 (PM3) 3/8”-P saw chains. While the MS 201 C was fueled by approved
alkylate fuel, the MSA 220 C was powered by STIHL's lithium-ion battery AP 300 S,
currently the brand’s highest capacity battery.

The MSA 220 C was chosen since it was, at the time of the study, the highest ranged
battery-powered chainsaw by STIHL, and therefore the one most likely to be used by
professional users. In accordance with this choice, the petrol chainsaw MS 201 C was
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selected since it is of similar size and weight, has a comparable performance and is intended
for similar areas of application.

During the 6th and 7th of June 2019, eight working cycles, four with each chainsaw,
were conducted by the selected operator and monitored accordingly. The duration of
one cycle was defined by the operating lifetime of one battery charge or one tank filling,
respectively. Operating cycle time for both, the battery-powered and the combustion-driven
saw, were very similar in duration as the preceding unpublished study already showed [20].
For the MSA 220 C, a new and fully charged battery was used for each cycle. Accordingly,
the MS 201 C was refueled completely by the operator before each cycle. While the noise
exposure was measured during all eight cycles, the vibration exposure was only recorded
on one handle during each cycle. On both days, the first cycle was used to measure the
vibrations on the front handle of the MSA 220 C and the second for the vibrations on the
rear handle. The third and fourth cycles were used to record the vibrations on the front
and rear handle of the MS 201 C, respectively. To avoid an influence of the condition of the
saw chain on the vibration measurements [26,27], a factory-fresh saw chain was used for
each cycle. It was mounted and tensioned each time by the operator himself.

2.2. Vibration Exposure

Vibration exposure measurements were conducted based on [28,29] (“Mechanical vibration
—Measurement and evaluation of human exposure to hand-transmitted vibration—Part
1: General requirements” and “Mechanical vibration—Measurement and evaluation of
human exposure to hand-transmitted vibration—Part 2: Practical guidance for measure-
ment at the workplace”). Yet, several adjustments had to be made, owed to the available
equipment and constraints caused by the field study character, not allowing controlled
conditions such as in a laboratory.

As requested by these standards, equipment that is in compliance with ISO 8041:2005
“Human response to vibration—Measuring instrumentation” was used for recording the
hand-arm vibrations, namely, the human vibration analyzer type 4447 from Briiel & Kjaer
(Brtiel & Kjaer Sound & Vibration Measurement A /S, Naerum/Denmark) in combina-
tion with Briiel & Kjaer’s triaxial, piezoelectric accelerometer type 4520-002 [30,31]. The
accelerometer measures the acceleration in three pairwise perpendicular directions simul-
taneously. It thereby records, among other data, the peak values and the RMS values (root
mean square values) in a time interval of one second [32]. These values are frequency-
weighted in accordance with ISO 8041:2005 [32]. The main quantities regarded in this study
are the RMS values in each direction and the RMS VTV (root mean square vibration total
value), which is defined as the square root of the sum of squares of the RMS values in the
three measuring directions, i.e., the following:

— 2 2 2
Ahv = \/ahwx + ahwy + Oz

where ay,, is the RMS VTV in m/s? and apyy, nwy and dp,, are the RMS values in the x-,
y- and z-direction in m/s?, respectively [28]. This means each of the measuring directions
is weighted equally as prescribed by [28].

The vibration level for N measurements is given by the following:

(hy

1y,

where N is the number of measurements, ay,, the resulting vibration level of the N measure-
ments in m/s?, Ahyj the RMS VTV of the jth measurement in m/s?, t; the duration of the ]'th
measurement in seconds and T the total duration of the N measurements in seconds [29].

Since the measuring interval of each measurement was one second, the right-hand
side of Equation (1) is reduced to the root mean square of the RMS VTVs of the single



Forests 2021, 12, 1120

50f23

measurements. The resulting vibration level is therefore referred to as RMS VTV of the
N measurements.

When assessing the health risk of hand—arm vibrations regarding a certain work, the
vibration total values are not sufficient. Another key factor is the exposure time. The higher
the vibration total values, the shorter the exposure time has to be to limit the health risks.
To quantify the risks and to be able to compare vibration exposures, the daily vibration
exposure value A(8) is used. It is defined as follows:

18,
_ T
To 1; Ohvili

where N is the number of different tasks performed, ay,; is the RMS VTV for the ith task
in m/s?, T; the duration of the ih task in minutes and Ty is the reference value of 480 min
(one standard working day of eight hours) [29]. Accordingly, for each task i, the partial
vibration exposure is defined as follows:

T:
Ai(8) = anyiy [ 7 [29]-
0
Therefore, the following applies:
A(8) = || Y A%(8)

As soon as the daily vibration exposure value exceeds the exposure action value of
2.5 m/s? the employer is obliged to take measures to reduce the vibration exposure to
a minimum. The daily vibration exposure must not exceed the exposure limit value of
5m/s? [33].

For the vibration measurements the accelerometer was mounted on Briiel & Kjaer’s
cube adapter UA-3017 [31], which in turn was clamped to the handle of the chainsaw by
cable ties as is proposed by [29]. On the front handle the sensor had to be placed at the
outermost part of the horizontal crossbar to avoid interference with the workflow of the
operator (Figure 1). The position is very close to the one prescribed by [34] (“Forestry and
gardening machinery—Vibration test code for portable hand-held machines with internal
combustion engine—Vibration at the handles”) and [35] (“Hand-held motor-operated
electric tools—Safety—Part 2-13: Particular requirements for chain saws”), but is a few
centimeters off to the right. Because of ergonomic and safety reasons, the accelerometer
could not be positioned in compliance with the two norms at the rear handle. Instead of
the position right above the user’s hand, a position proposed by [29], right underneath the
user’s hand, was chosen to measure the vibrations as close to the user’s hand as possible
(Figure 1). Since just one accelerometer was available, only the vibrations on one of the
handles could be measured at a time and the sensor had to be mounted anew before
each cycle.

A tool-based basicentric coordinate system, which was defined by the three measuring
directions of the accelerometer, was used to measure vibrations [34] (Figure 1). Since the
attachment of the sensor to the handles affected the orientation of the three measuring
directions, care had to be taken that the sensor was orientated correctly. On the rear handle,
the axes were in accordance with [34]. At the front handle, the measuring axes were offset
by several degrees due to the shape of the handle and the position of the sensor at the
handle. Additionally, it was necessary that the cable of the sensor would not interfere with
the workflow of the operator, nor get disconnected from the vibration analyzer attached
to his belt. For this reason, axes had to be interchanged compared to the DIN standard.
Nonetheless, one measuring direction was always in line with the measuring directions
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according to [34]. For comparability with other studies, the results were adjusted to fit the
naming of the axes used in the DIN standard, as is depicted in Figure 1.

Figure 1. Visualization of the basicentric coordinate system used for the vibration measurements when the sensor is

mounted on the rear and front handle. (a) Rear handle top view; (b) front handle top view; (c) rear handle side view;

(d) front handle side view.

To evaluate the vibration levels during different operating stages, a similar approach

as in [36] was used, as follows: The whole sequence of events of the cycles was filmed in
order to match the operator’s actions with the corresponding vibration values, using a
GoPro Hero 2, attached to the operator via a chest strap. The actions were grouped in five
work elements and the RMS VTVs, the exposure time and the partial vibration exposure
were determined for each of them. The definition of the different work elements was

as follows:

1.  Sawing: The period from pulling the throttle trigger of the chainsaw under load up to
releasing it.

2. Actions related to sawing: All actions that were directly related to the sawing process,
such as pressing the throttle trigger in mid-air before sawing or repositioning the
chainsaw between two consecutive cuts.

3. Walking and orientation: All periods when the operator oriented himself in the stand,
walked from one tree to another or walked to perform the next cut. During walking
the chainsaw was held by both hands.

4. Saw held on one handle: All periods when, due to the experimental set-up, the
chainsaw was held on only one handle. These periods mainly included actions, such
as, for example, pushing down sawn-off trees or laying them aside.

5. Interruptions of the productive work time and faulty measurements: All periods

during which the productive work time was interrupted, for example due to the
experiment or due to technical issues, e.g., when the saw chain had to be reattached
after jumping off. Additionally, all faulty measurements, such as, for example, when
a small branch hit the sensor.

Only correct measurements caused by the chainsaw and its handling and only actions

belonging to the productive work time were considered for the computation of the vibration
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exposure. Therefore, the actions belonging to work element five were excluded from the
evaluation. For work element four, only the exposure time was considered, since the
vibration values only occurred because of the experimental set-up [37]. The cable of the
measurement equipment, which connected the operator with the chainsaw, prevented
the prescribed workflow for example when starting the chainsaw or pushing down trees.
Because of ergonomic and safety reasons, the operator should normally put down the saw
during these activities [38], hence, he is not exposed to any vibrations of the chainsaw at
all. Therefore, the RMS VTVs during these activities were set to zero for the calculation of
the RMS VTV of the full working day and the calculation of the daily vibration exposure.
The cable was also the reason why it was hardly possible to carry the chainsaw with one
hand during work element three.

To calculate the daily vibration exposure, the exposure time during a full working
day needed to be assessed. Therefore, aside from the productive work time for the vibra-
tion exposure, which was determined from the video, delay and service times had to be
considered. A fixed percentage of about 40% of the productive work time was considered
for these times [20]. Leading to a relation of about 71.4% productive work time and about
28.6% delay and service times when regarding a full working day. It was assumed that the
operator was not exposed to any hand—arm vibrations during the delay and service times,
and therefore the RMS VTVs of these times entered the calculations with a value of zero.

2.3. Noise Exposure

In addition to the vibration exposure caused by the two chainsaws, the basic noise
exposure of the operator was examined. For this, the equivalent continuous A-weighted
sound pressure level Laeq of one-minute intervals as well as the peak C-weighted sound
pressure level Lcpeqk Of each interval were recorded. The equivalent continuous sound
pressure level Leq is defined by the constant noise level, which over the duration of the
measuring interval would contain the same amount of energy as the actual noise during
this interval [39]. It is A-weighted, i.e., the sound pressure levels are weighted according
to their frequency, taking the risks for human hearing and the annoyance perceived by
humans into account [40]. The peak sound pressure level Lcpeay is defined as the maximum
sound pressure level occurring during the measuring period. In contrast to the Laeq it is
C-weighted, i.e., low frequencies are weighted much higher than in the A-weighting [40].

As with the hand-arm vibrations, the exposure time is, aside from the equivalent
continuous sound pressure level, the decisive quantity to assess the health risks of noise
exposure. Similar to the daily vibration exposure value A(8), the daily noise exposure
level Ly g, is used to quantify the noise exposure during one working day. The definition
accounts for the logarithmic scale of the decibel as follows:

N
T‘ .
Lgygnh = 10-log <Z T; 1001 LAeq/z> @)

i=1

where N is the number of different tasks performed, T; the duration of the ith task in
minutes, Ty the reference value of 480 min (one standard working day of eight hours) and
Lpeq,i the equivalent continuous sound pressure level of the ith task in dB(A) [41].

If the Lg, gn exceeds the upper exposure action value of 85 dB(A), the employer is
obliged to take certain actions to reduce the noise exposure of the operator. Taking the
attenuation of hearing protectors into account, the operator shall never be exposed to a
daily noise exposure level above the exposure limit value of 87 dB(A) [42]. In Germany
the rules are even stricter. Considering hearing protectors, the “Larm- und Vibrations-
Arbeitsschutzverordnung-LarmVibrationsArbSchV” defines a maximum permissible daily
noise exposure level of 85 dB(A) at the ear [43]. The further results, however, relate to the
87 dB(A) exposure limit value defined by the European Union.

As measuring device for the noise exposure, Casella’s (IDEAL Industries Inc., Sycamore,
IL, USA) noise dosemeter CEL-35X with a fast time weighting was used. It was combined
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with Casella’s microphone CEL-252, which is classified as type 2, and with Casella’s
windshield CEL-6356 [39]. Altogether, the equipment allows measurements in compli-
ance with DIN EN ISO 9612:2009-09 “Acoustics—Determination of occupational noise
exposure—Engineering method” [44].

The dosemeter was fixed with a Velcro on a special shoulder strap, allowing a posi-
tioning of the measuring device at the top of the operator’s shoulder as defined in [41].

For the computation of the daily noise exposure level, an equivalent continuous sound
pressure level for the productive work time of each cycle was computed. Since each
measuring interval was of the same length, the equation for the equivalent continuous
sound pressure level [40] reduces in this case to the following:

N
1 . .
LAeq,CyCle = 10- log <Z Nloo'l LAeq,t)
i=1

where N is the number of measuring intervals for the productive work time of the cycle
and Laeq,i the equivalent continuous sound pressure level of the i measuring interval in
dB(A).

The productive work time for the noise exposure was mainly determined from the
video footage and partly from manually measured times. Since the length of the measuring
periods was one minute, several intervals included not only productive work time, but
also delay and service times or interruptions. Therefore, these intervals had to be excluded
from the evaluation to get the correct equivalent continuous sound pressure level of the
productive work time.

As for the vibration measurements, the delay and service times were considered with
a fixed percentage of 40% of the productive work time, too [20]. It was assumed that during
this time the operator was exposed to the environmental noise of the experimental plot,
which was estimated by using the average of the equivalent continuous sound pressure
levels recorded during breaks.

Using the equivalent continuous sound pressure level for the productive work time
and for the delay and service times, Equation (2) was applied to compute the daily noise
exposure level.

Additionally, the dose was considered using a criterion level of 87dB(A) and an
exchange rate of 3 dB, i.e., since discrete intervals were regarded, the dose D can be
calculated by the following:

N
100 %
D=Y — 22
L gh "

Lpeq,i—87 4B(4)
348

)

where D is the dose, N the number of measured equivalent continuous sound pressure
levels, t; the duration of the it measuring period in hours and Laeq,; the equivalent
continuous sound pressure level of the i" measuring period in dB(A) [45,46]. Accordingly,
a noise exposure with an equivalent continuous sound pressure level in the amount of the
exposure limit value of 87 dB(A), for a full working day of 8 h, corresponds to a dose of
100%. For the calculations of the dose no threshold was applied [46].

2.4. Analysis Tools

The basic data preparation was conducted in context of the master thesis of Robin
Feldmann [47] using the software “Vibration Explorer Software BZ-5623"” from Briiel &
Kjaer, “Insight” from Casella and “Microsoft Excel”. The data analysis and visualization
were performed using “Microsoft Excel” and the programming language and software
environment R together with the development environment RStudio [48,49]. For the part
written in R, aside from the standard R packages, the packages “openxlsx”, “ggplot2” and
“ggpubr” were used [50-52].
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3. Results

To be able to classify and interpret the vibration and noise exposure correctly, Table 2
gives an overview of the performance data captured during the trial. The data are separated
by the type of chainsaw and the position of the accelerometer, i.e., the data of the cycles one
and five, two and six, three and seven, as well as four and eight, are aggregated, leading to
four different configurations.

Table 2. Performance data for the eight cycles aggregated by the type of chainsaw and the position of the accelerometer [47].

Accelerometer Position Front Handle Rear Handle
Chainsaw MSA 220 C MS 201 C MSA 220 C MS 201 C

Area [ha] 0.37 0.35 0.35 0.24

Real productive work time [min] 75.58 61.90 73.55 77.55

Productive work time for vibration exposure [min] 75.58 56.48 73.55 70.27
Productive work time for noise exposure [min] 61 54 58 70

Workplace time [min] (28.6% delay and service times) 105.8 86.7 103.0 108.6
Number of trees felled 80 93 90 97

Mean diameter at base height [cm] 13.8 12.0 14.1 13.9
Number of cuts 237 239 236 264

At the end of the seventh and the beginning of the eighth cycle, technical issues arose.
Therefore, video material for the last 5.42 min of the seventh cycle and the first 7.28 min
of the eighth cycle is missing. Consequently, these sequences had to be excluded from
the in-depth analysis of the vibration values, reducing the productive work time for the
vibration measurements on the front handle and rear handle of the MS 201 C.

For the noise exposure, the missing, but necessary, data could be replaced by manually
measured data. However, due to the excluded measuring intervals, the real productive
work time is reduced by nearly 15%.

Since the further results for the vibration and noise exposure are based on relative
times and values, and not on totals, these missing data do not bias the results’ interpretation.

3.1. Vibration Exposure

The total productive work time that was assigned to each of the four relevant work
elements, as well as the resulting time share, is stated in Table 3. The time share differs
naturally for the four configurations, but its magnitude is roughly similar for each. About
half of the time, the operator is walking or orientating himself, while almost one third
of the time is spent sawing. For roughly 15% of the time, the saw is held with one hand,
because of the experimental set-up. The rest of the time is assigned to activities that are, in
a broader sense, connected to sawing.

Regarding the root mean square of the vibration total values for the different work
elements and configurations in Table 3, huge differences between the two chainsaws are
noticed. Only the vibration total value for the front handle when sawing is nearly identical
for both, differing by just 0.6%, with a slight advantage for the MS 201 C. On the rear
handle, the RMS VTV of the MS 201 C when sawing is 62.7% higher than the one of the
battery-powered MSA 220 C. For the third work element “Walking and orientation”, the
difference is the largest. The combustion-driven MS 201 C exceeds the values of the MSA
220 C by 622.7% and 632.6% at the front and rear handle, respectively. Considering the
RMS VTV of the MS 201 C for work element two “Actions related to sawing”, the values
of the MS 201 C are considerably higher, too, exceeding the ones of the MSA 220 C by
163.4% and 155.2% for the front and rear handle, respectively. As already mentioned, the
measured RMS VTVs of work element four were not considered for the evaluation, since
these values only occurred due to the experimental set-up. Instead, a vibration level of
zero was assumed.
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Table 3. Exposure time and RMS VTVs as well as the resulting partial vibration exposure for the different work elements divided by type of chainsaw and sensor position.
Work Element Total Sawing Actions R.elated to Wal.kmg .and Saw Held On One
Sawing Orientation Handle
Handle Front Rear Front Rear Front Rear Front Rear Front Rear
Chainsaw Handle Handle Handle Handle Handle Handle Handle Handle Handle Handle
Producti k time [min] MSA 220 C 75.58 73.55 25.80 27.73 445 5.58 34.10 34.75 11.23 10.48
rocuctive work ime tmin MS 201 C 56.48 70.27 16.72 22.95 3.68 2.63 26.65 35.98 9.43 8.70
Time share (productive work MSA 220 C 100 100 34.1 30.9 59 7.6 45.1 47.3 14.9 14.3
time) [%] MS 201 C 100 100 29.6 32.7 6.5 3.8 47.2 51.2 16.7 124
RMS VTV productive work MSA 220 C 2.86 2.36 4.64 3.94 2.79 2.23 0.88 0.92
time [m/s?] MS 201 C 5.37 6.16 4.61 6.41 7.35 5.69 6.36 6.74
Difference of RMS VTVs during ~ MS 201 C compared to
productive work time [%] MSA 220 C +87.8 +161.0 —0.6 +62.7 +163.4 +155.2 +622.7 +632.6
Partial /Daily Vibration MSA 220 C 242 1.99 2.29 1.85 0.57 0.52 0.50 0.53
Exposure [m/s?] MS 201 C 4.54 5.20 2.12 3.10 1.59 0.93 3.69 4.08
Difference in partial vibration MS 201 C compared to _
exposure [%] MSA 220 C +87.6 +161.3 74 +67.6 +178.9 +78.8 +638.0 +669.8
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(a)

Comparing the vibration total values of the work elements with the exposure action
and limit values for the daily vibration exposure, the MS 201 C exceeds the limit value at
the rear handle for each work element. At the front handle, only the RMS VTV for sawing is
beneath the limit value, but the difference is only about 8%. The situation changes when
working with the MSA 220 C. Its RMS VTVs are below the limit value for each work element
and both handles. For work element three, the values are not even close to the action value.
Yet, during sawing, the vibration total values by far exceed the action value and approach
the limit value, falling short of it by 7.8% at the front, and by 26.9% at the rear handle. For
the second work element, the values are very close to the action value, exceeding it by about
11% at the front handle and falling below it by about 11% at the rear handle.

A more detailed view for the three relevant work elements is displayed in Figure 2,
in the form of a box plot combined with a dot plot of the RMS VTVs for the front and
rear handle of both chainsaws, respectively. There, the high amount of RMS VTVs above
10 m/s2, measured at the front handle of the MS 201 C for work element two and at its rear
handle for work element one, especially stands out.
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Figure 2. RMS VTVs of both chainsaws separated by the type of activity (a) for the front handle (b) for the rear handle.
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Combining the exposure times and vibration values for the relevant work elements
and configurations, and considering the assumed 28.6% of delay and service times, results
in the partial and daily vibration exposures that are displayed in Figure 3. For work element
four, only the exposure time was considered, since its partial vibration exposure is assumed
to be zero under normal conditions.
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Figure 3. Partial daily vibration exposures of the different work elements and the resulting daily vibration exposure. The
dots mark the respective RMS VTV.

Since the time share for the three work elements does not vary much for the different
configurations, the difference in the partial vibration exposure of the MS 201 C, compared
to the MSA 220 C, is very similar to the difference of the vibration total values for the three
work elements (Table 3). Regarding the MSA 220 C, the work elements two and three
show a very similar partial vibration exposure, which is at least 75% and 71% below the
partial vibration exposure of work element one at the front and rear handle, respectively.
Consequently, the daily vibration exposure differs only slightly from the partial vibration
exposure of sawing. On both handles, the A(8) value is below the exposure action value,
but on the front handle it is only by about 3.3%.

For the MS 201 C, the partial vibration exposure of the third work element “Walking
and orientation” is predominant, exceeding the next highest work element by 74.1% on
the front handle and by 31.6% on the rear handle. Still, the partial vibration exposure of
the other two work elements is not negligible. For work element one “Sawing”, it even
surpasses the daily exposure action value by nearly 20%, and on the rear handle it is only
below it by about 18%.

The resulting daily vibration exposure on the rear handle exceeds the daily exposure
limit value by nearly 4%. On the front handle, it exceeds the daily exposure action value by
about 81.6% and falls short of the daily exposure limit value by roughly 10%.

3.2. Noise Exposure

For the comparison of the noise exposure caused by both chainsaws, the measured
noise levels of the four cycles performed with each chainsaw were aggregated, respectively.
The productive work time, which could be used for the calculation of the noise exposure,
the equivalent continuous sound pressure level during this time, as well as the mean and
maximum peak values of the one-minute intervals, are presented in Table 4.
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Table 4. Summary of noise measurements.

Difference
MSA220C MS201C (MS 201 C Compared to MSA 220 C)
Productive work time [min] 119 124 +5 min
Lpeq productive work time [dB(A)] 90.64 97.28 +6.64 dB(A)
Mean Lcpeai [AB(C)] 113.10 118.83 +5.73 dB(C)
Maximum Lcpeax [dB(C)] 122.1 121.5 —0.6 dB(C)
Ly gn [dB(A)] (28.6% delay and service
time with an Leq of 65.43 dB(A)) 89.18 9581 +6.63 dB(A)
Dose full working day [%] 165.5 767.4 +363.7% (relative difference)

The productive work time, and therefore the number of measurements, is very similar,
differing by about 4.2% only. The Laeq of the combustion chainsaw is about 6.64 dB(A)
higher than the one of the battery chainsaw, leading, for the same exposure time, to about
a 4.6-times higher dose. Regarding the mean Lcpe,y, a difference of 5.73 dB(C), in favor of
the battery-powered chainsaw, is detected. Nevertheless, the maximum peak value of the
MSA 220 C surpasses the one of the MS 201 C by about 0.6 dB(C).

A more thorough representation is given in Figure 4. It displays a box plot combined
with a dot plot of the peak sound pressure levels and of the equivalent continuous sound
pressure levels of the measuring intervals for both chainsaws. Especially noticeable is the
relatively large distance in mean Lcpeax and median Lepe,k for the MSA 220 C, which is
caused by several outliers, whose sound pressure level is considerably higher than the ones
of the other values. Looking at the Leq, there are nearly no outliers at the top, but several
at the bottom. Nevertheless, nearly all the measured values exceed the upper exposure
action value, and most often even exceed the exposure limit value.
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Figure 4. (a) Lcpeak values (b) Laeq values of the one-minute measuring intervals.

During the breaks, an equivalent continuous sound pressure level of 65.43 dB(A) was
measured. Therefore, presuming 71.4% of productive work time during an eight-hour
day, i.e., about 5:43 h, and assuming an equivalent continuous sound pressure level of
65.43 dB(A) during the remaining time, the daily noise exposure level for the MS 201 C
reaches 95.81 dB(A), whereas the one for the MSA 220 C reaches 89.18 dB(A). Even though
the dose for the battery-powered chainsaw for the full working day is less than one quarter
of the dose for the combustion-driven chainsaw, the Lgy g, for both the chainsaws exceeds
the legal exposure limit value of 87 dB(A) if no hearing protectors are taken into account.

Calculating the expanded uncertainty with an Excel program, associated with [41]
and provided by the “Deutsches Institut fiir Normung e.V.” (DIN), yields an expanded
uncertainty of 3.0 dB(A) for the MSA 220 C and of 3.1 dB(A) for the MS 201 C [41,53].



Forests 2021, 12, 1120

14 of 23

4. Discussion

Within this study, we compared the hand—arm vibration and noise exposure caused
by a battery—powered and a combustion engine chainsaw, during a professional pre-
commercial thinning operation. When interpreting the results of the trial, it is important to
keep the performance range of both the chainsaws in mind. Although the machine data
specify a similar classification for both units, allowing an appropriate comparison of the
chainsaws, the actual performance range of the MS 201 C exceeds the one of the MSA 220 C.
The manufacturer does not provide a rated power value for the MSA 220 C, but it is stated
to be situated between the MS 201 C (rated power of 1.8 kW) and the MS 211 C (rated power
of 1.7 kW) [54]. Regarding the chain speed, the MS 201 C has an advantage of about 11.6%
over the MSA 220 C. This benefit is, according to subjective assessments of the operator
and the participants of the unpublished preceding study [20], clearly noticeable during
work. Quantifying the influence of the performance difference on the vibration and noise
exposure caused by both the chainsaws is hardly possible, but one should expect the higher
performance to lead to slightly higher vibration and noise exposure. Similarly, the influence
of the weight difference is difficult to judge. Generally, one should always favor lighter
machines, as they lead to reduced strain for the operator. However, a reduced weight also
leads to higher measured vibration levels [55]. Since the MSA 220 C is, depending on the
fuel and the tank level, about 13-19% heavier than the MS 201 C, this puts the MS 201 C
at a further disadvantage, regarding its vibration total values, although its lesser weight
should be rated positively.

4.1. Vibration Exposure

The predominant activity during the productive work time was “Walking and orienta-
tion”. Therefore, the vibration total values during this time influence the daily vibration
exposure remarkably. There, the MSA 220 C shows its strength, since the chainsaw is com-
pletely turned off at this time, and, in return, virtually no vibration exposure is experienced
when walking or orientating oneself. The RMS VTV of about 0.9 m/s? results only from
tilting and moving the chainsaw. In contrast, the MS 201 C has nearly its highest vibration
total values during these activities. This is caused by the chainsaw running in idle mode,
which, for combustion-driven chainsaws, is generally the mode with the highest vibration
values [11]. These high RMS VTVs, combined with the relatively long exposure time, are
the main reason for the daily vibration exposure values of the MS 201 C being far above
the ones that were determined for the MSA 220 C.

The RMS VTVs for the front handle, while sawing, are very similar for both the
machines. The MS 201 C has a few outliers that are noticeably higher than the ones
of the MSA 220 C, which could be related to the higher performance and chain speed.
Nevertheless, the root mean square of the VTVs of the MSA 220 C is slightly higher than
the one of the MS 201 C, despite the performance and weight difference. The reason for
this might be the anti-vibration system of the MS 201 C.

At the rear handle, the vibrations that were measured on the MS 201 C are significantly
higher than the ones of the MSA 220 C. The difference cannot be explained by the differences
in performance. Instead, it seems to be caused by the ergonomics of the rear handles. On
the MS 201 C, the operator very frequently loosened his grip on the rear handle, while
sawing (Figure 5). In comparison, the grip on the MSA 220 C was way tighter (Figure 5)
and never loosened in the same way. This is due to the positioning of the trigger lock
(equivalent to the throttle lock of the combustion-driven chainsaw). The throttle lock of
the MS 201 C is on top of the rear handle (Figure 6) and is automatically unlocked when
putting the hand on the handle. The throttle can then be pressed by using the thumb, while
the other four fingers can loosen their grip. On the MSA 220 C, however, the trigger lock
must be pressed with the thumb, since it is positioned on the left side at the front of the
handle (Figure 6). Hence, the throttle is activated with the index finger, preventing the
operator from loosening his grip, which, in turn, leads to a slight bending of the wrist
(Figure 5). Holding this kind of position permanently during sawing, means an intensive
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ergonomic stress in a pre-commercial thinning, which requires frequent tilting movements
of the chainsaw.

Figure 5. Hand position on the rear handle (a) of the MSA 220 C and (b) the MS 201 C while sawing.

Figure 6. Position of (a) the trigger lock of the MSA 220 C and (b) the throttle lock of the MS 201 C.

This makes the comparison of the vibration exposure on the rear handle quite impossi-
ble. Although the RMS VTVs of the MS 201 C are much higher, the proportion of vibration
intensity, which is transmitted to the hand—arm system of the operator, are heavily reduced
because of the lower coupling force [56]. In general, higher coupling forces lead to a higher
transmission of the vibrations to the hand—arm system, and therefore techniques and work
tools that require lower coupling forces are preferred [57]. Especially amateurs, however,
tend to exert higher coupling forces compared to professionals [14], and thereby are more
prone to the risks caused by the chainsaw’s vibrations. An attempt to consider the coupling
forces, when regarding the vibration exposure, is to adjust the vibration exposure by a
given factor, which depends on the exerted coupling force [58]. Accordingly, to correctly
judge the vibration exposure in the given trial, it would have been essential to measure the
coupling forces. A notable influence of differing coupling forces for both the chainsaws
seems to be limited to the rear handle during the work element “Sawing” and some actions
of work element two “Actions related to sawing”. Nevertheless, measuring these forces,
e.g., through a hydro-electronic force meter [59], provides perhaps the largest potential to
enhance future studies.

The work element “Actions related to sawing” takes up only a small part of the
productive work time. Therefore, its influence on the daily vibration exposure is limited.
The main reason for introducing this work element is to avoid a distortion of the RMS VT Vs
for the first and third work elements. As many different actions fall into this work element,
there are several effects influencing the values. During longer periods, the battery-powered
chainsaw is turned off, whereas the combustion-driven chainsaw runs in idle mode. In
these cases, the high RMS VTVs of the idle mode are the predominant reason for the worse
results of the MS 201 C. Especially on the front handle, there are situations in which the
idle mode generates very high vibration levels. These are caused by the operator loosening,
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or even releasing, his grip on the handle for a short time, when tilting the chainsaw from a
vertical to horizontal position and vice versa, for example, before and after performing a
cut. Hence, the handle can vibrate freely for a very short period. For the MSA 220 C, the
effect only appeared when the chainsaw was running while being tilted, which happened
seldom. Again, the measurement of the coupling forces would have been beneficial to
correctly interpret the exposure.

The mentioned tilting and jerky movements, for example, when pulling out a trapped
chainsaw, caused additional accelerations that were measured by the sensor. However,
compared to the vibrations during idle mode, they are negligible. For the MSA 220 C, they
are the main reason for a large part of the measured RMS VTVs in this work element.

Regarding work element four “Saw held on one handle”, the procedure of considering
the measured exposure time and assuming a vibration level of zero is not entirely correct,
since the action of putting down the chainsaw and picking it up again is not considered.
This would have a slight impact on the vibration values and on the time share of the
different work elements. However, it would not change the general findings of this study.
For the comparison of both the chainsaws, and for the comparability of the results with
other studies, the procedure seems more adequate than considering the values measured
during these times. If, however, the values would be considered as they were measured,
considering the ones when no hand was touching the handle with an acceleration of
0 m/s?, the daily vibration exposures would slightly increase, but maximally by about
2.1%. Excluding the times entirely would increase the partial and daily vibration exposures
by about 6.8 to 9.6%, depending on the time share of the work element “Saw held on
one handle”.

Looking at the absolute values for the partial and daily vibration exposures, it becomes
obvious that the daily vibration exposure caused by the MS 201 C is not only high in
comparison to the MSA 220 C, but that it is problematic in general, as it exceeds the
daily exposure limit value at the rear handle. It does so partly because of the mentioned
loosening of the grip, which distorts the results, but above all because of the very high
partial vibration exposure of work element three “Walking and orientation”. Even if a
lower value would be considered for the first work element “Sawing”, the value would be
close to the limit. To illustrate this, assuming no other vibrations on a working day, about
4.4 h of “Walking and orientation” would already exceed the limit value, and the daily
exposure action value would already be reached after 1.1 h. The results on the front handle
are not considerably better.

As a daily vibration exposure that is in the proximity of the limit value poses consider-
able health risks, the employer must take actions to reduce the exposure. One could be to
reduce the exposure time, but as “Walking and orientation” makes up nearly half of the
time of the workflow of pre-commercial thinning, the operator quickly reaches the exposure
action value. The value is exceeded after about 1.85 h and 2.42 h of workplace time, at the
rear and front handle, respectively. This corresponds to a productive work time of about
1.32 h, i.e., a good two tank fillings, and 1.73 h, i.e., nearly three tank fillings, respectively.

Another possible action is the use of anti-vibration gloves, though their influence on
the vibration level is hardly possible to quantify, since it depends on many factors, such as,
for example, the operator, the specific gloves, the grip force, the age of the gloves, the vibra-
tion frequencies and directions, and the specific tool [60,61]. Theoretical calculations, based
on the vibration spectrum of a 4.9 kg heavy chainsaw in idle mode and the transmissibility
spectrum of an air bladder anti-vibration glove, estimate the reduction in the weighted
vibration transmission to be at about 14.2% for the vibrations transmitted to the palm and
at about 4.3% for the transmission to the fingers [62]. However, in practice, the reduction
might differ significantly and highly depends on the specific situation. Since there can
also be drawbacks with wearing anti-vibration gloves, such as, for example, an amplified
transmission, especially at low frequencies [63,64], higher coupling forces, or, because of
the thickness and soft material, a more insecure handling of the chainsaw [62,65], this
makes contemplating the use of anti-vibration gloves extremely difficult. This is further
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complicated by the fact that the recent standard glove test might overestimate the total
vibration reduction in anti-vibration gloves, while, at the same time, there are indications
that the low weighting of high frequencies in the weighted vibration level might lead
to an underestimation, especially when considering health risks for the fingers [62,64],
concluding that further studies on that issue are needed.

Therefore, it is currently recommended to use anti-vibration gloves only in certain
situations, in which a reduction in the vibration level has been proven or is actually to be
expected. However, as with all personal protective equipment, anti-vibration gloves should
only be considered as an additional measure, to contribute to a vibration reduction [66,67].

For chainsaws, perhaps the biggest positive impact of the anti-vibration gloves is
that they protect the hands from mechanical risks, and keep them warm and dry. This
leads to better blood circulation in the hands and fingers, which is supposed to be a factor
in reducing the risks caused by hand—arm vibrations. Obviously, this effect can also be
achieved by wearing conventional gloves [66,67].

There is no danger of reaching the daily exposure limit value when working with the
MSA 220 C, but the measured daily vibration exposure on the front handle of the MSA 220 C
is only barely below the daily exposure action value. Therefore, one should still have a close
look at the vibration exposure and at options to further reduce the exposure, especially
when considering the measurement uncertainty and the fact that other circumstances, such
as the condition of the saw chain or the species of the felled tree, can increase the vibration
levels [26].

In general, some drawbacks regarding the vibration measurements occurred, which
were mainly caused by the available equipment. If the vibrations were measured on both
handles at the same time, a much better comparison between the handles would have been
possible. Furthermore, a third accelerometer would have been needed, to always measure
the vibrations as close to the hand as possible. On the front handle, the frequent tilting
of the chainsaws, to a horizontal position, led to a relatively large distance between the
accelerometer and the hand (Figure 7). Because of the position of the sensor on the rear
handle, jerky movements, especially when a tree suddenly gave way under load, could
cause the operator to hit the sensor with his arm. This caused high peaks in the RMS VTVs,
which had to be excluded from the evaluation, yet, this happened very seldom.

Figure 7. Distance of the accelerometer to the operator’s hand on the front handle when the chainsaw
is tilted.

Another issue was the length of the recorded measuring intervals. Since the RMS
VTVs were only measured for one-second intervals, a precise assignment of the measured
RMS VTVs to one of the work elements was not always possible.

The issue of assigning the values to the correct work element was further compli-
cated by the fact that the time of the accelerometer and the camera were not running
synchronously. The time of the accelerometer sometimes fell behind, by about half a second
per minute. In most cases, the issue could be solved, but for the measurements on the rear
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handle of the MS 201 C, there were a few values for which the time difference prevented
an unambiguous classification.

Nonetheless, the influence of these inaccuracies on the results is relatively small
and does not change the general findings of this study, allocating the battery-powered
MSA 220 C a much better protection towards vibration-induced strain, compared to the
combustion counterpart MS 201 C. However, the constructional characteristics of the MSA
220 C bear potential to further reduce vibration exposure, as it does not have a built-in anti-
vibration system as the MS 201 C does. Yet, such an anti-vibration system should mainly
focus on coupling forces that are transmitted from the saw chain and guide bar during
sawing, and not from the piston movements, as it is required with the combustion engine
only. Hence, new ergonomic design principles are needed for electric tools in professional
use. The same applies to the handles and the trigger lock, having its origin in a consumer-
grade and arborist-focused product line, with special attention to high-safety functions. A
better solution for the trigger lock, allowing multiple position changes without causing
fatigue due to discomfortable wrist positions, is compulsory for professional utilization.

4.2. Noise Exposure

The Lcpeak measurements of both the chainsaws demonstrate an obvious advantage
of the battery-powered chainsaw, when considering the average peak sound pressure level
of the measuring intervals. However, the data show that the MSA 220 C can occasionally
reach quite high sound pressure levels, above 115 dB(C), and can even get as loud as the
MS 201 C. Yet, since the equivalent continuous sound pressure level was only recorded
for one-minute intervals, it is not possible to completely rule out that the outliers, and
especially the highest one, were not caused by chainsaw noise, but instead, for example,
by a branch hitting the microphone. Overall, the Lcpe,k values are far below the legal
requirements [42], and therefore are not of much concern by themselves. This is not true
for the equivalent continuous sound pressure levels.

For the combustion chainsaw, the Laeq of each measuring interval is higher than
90 dB(A), and thereby above the 87 dB(A) of the exposure limit value. Accordingly, the
Lgygnh of 95.81 dB(A) by far exceeds the upper exposure action value and, as long as
no hearing protectors are taken into account, the exposure limit value, too, even if the
lower bound of the interval that is defined by the expanded uncertainty of 3.1 dB(A) is
considered. In fact, the upper exposure action value is exceeded after not even half an hour
of productive work time of an eight-hour working day, if an equivalent continuous sound
pressure level of 65.43 dB(A) is assumed for the rest of the time. Using the MSA 220 C, this
time increases to a little more than two hours. This shows that although the Laeq of the
battery-powered chainsaw is far below the one of the MS 201 C, it is still not unproblematic.
Even if the measurement uncertainty is taken into consideration, the lower threshold of
the Laeq for the battery chainsaw, during the productive work time, is still right above the
exposure limit value. The lower border of the Ly gy, is just slightly under the limit, as long
as no hearing protectors are taken into account. However, the 86.18 dB(A) still surpass the
upper exposure action value. Accordingly, preventive measures have to be applied for
both the chainsaws, in order to protect the user [42]. However, it is important to mention
that the linear operating range of the measuring equipment is between 65.0 dB(A) and
140 dB(A). None of the single measurements were above this range, but many values were
below, causing a certain inaccuracy. This inaccuracy affected the values that were used for
the calculation of the equivalent continuous sound pressure level during the delay and
service times, as well as some measurements during the productive work time with the
battery-powered chainsaw. In particular, when the MSA 220 C was turned off, i.e., mainly
when the operator was walking or orientating himself, the sound pressure level was often
below 65.0 dB(A).

There is likely one main reason explaining the differences in noise exposure, which is
the combustion engine. The basic noise of combustion-driven chainsaws generally tops
that of electric ones, since, usually, the exhaust noise is the loudest part of a combustion



Forests 2021, 12, 1120

19 of 23

chainsaw. The intake noise and the chain noise are the next loudest noises [38]. Only the
latter one is present in battery-powered chainsaws and is usually the prominent noise of
such saws. As this chain noise is immanent to chainsaws, no matter what type of motor is
used, it also represents a bound for the possible reduction in the noise level.

Another factor that stands out immediately, but is far less relevant, is that the MSA
220 C is completely turned off when the operator is not sawing, while the MS 201 C is
still running in idle mode. A simplified calculation to estimate the effect of these periods
on the equivalent continuous sound pressure level, looks as follows: Regarding the time
shares, assume, generously calculated, that the battery-powered chainsaw was turned
off and the combustion-driven chainsaw was in idle mode for about two thirds of the
time, and that, therefore, the chainsaws were running about one third of the time. Further
presume that the noise exposure that was caused by the MS 201 C was 79 dB(A) in idle
mode and about 98 dB(A) at full throttle [68]. Then, calculating an equivalent continuous
sound pressure level yields a value of 93.34 dB(A). If the equivalent continuous sound
pressure level of the idle noise is replaced by an assumed background noise of 65 dB(A), the
equivalent continuous sound pressure level just reduces to 93.23 dB(A). This illustrates that
the periods during which the MSA 220 C emits no noise, have a rather small influence on
the total noise exposure. As the recorded noise levels in this trial were considerably higher
than the ones used in the calculation, and the utilized measuring equipment does not
provide the necessary information, a precise calculation of the influence on the recorded
values is not possible. However, even if a relatively loud idle noise is presumed, it accounts
for only a small part of the difference in the equivalent continuous sound pressure level
of both the chainsaws. Yet, the periods with no noise emission by the MSA 220 C were
subjectively judged as great relief by the people involved in this study and by probands of
the preceding one [20].

Certainly, the performance difference of both the chainsaws has an impact on the noise
difference, too, but, as already mentioned, it is hardly possible to estimate the quantity.
Though, its magnitude cannot explain the significant difference in noise exposure.

The biggest drawback of the noise measurements was the restriction in the Laeq
measurements of the one-minute intervals related to the available equipment. Because of
this, nearly 15% of the productive work time could not be used for the evaluation, since
the corresponding measuring intervals included productive work time, and delay and
service times, which could not be separated from each other. Additionally, it prevented the
filtering of possible outliers and an analysis of the noise levels during different activities,
as well as their influence on the daily noise exposure. Nevertheless, the results provide
important general insights into noise exposure during practical use. They show a significant
advantage of the battery-powered chainsaw compared to the combustion-driven chainsaw.
As expected, the advantage is far greater than the difference in the performance of both
the chainsaws. Therefore, the study provides further hints that replacing combustion
chainsaws with battery-powered ones reduces the health risks for workers. However, for a
full working day of pre-commercial thinning, the use of both chainsaws requires the user to
wear hearing protections. By utilizing appropriate hearing protectors, the daily exposure
value can be reduced to the desired level of 70 to 80 dB(A) for both the chainsaws [69].

4.3. Operational Remarks

Battery-powered chainsaws, already attracting urban arborists for some years, have
just entered the professional forestry sector, with the investigated STIHL MSA 220 C
being in the position to compete with well-established combustion models, at least in
the lower-capacity classes focusing on early thinning operations. Also, other well-known
manufacturers, such as the recently released Husqvarna 540i XP, with a capacity range
approaching the MSA 220 C, are targeting professional users in the forestry sector [70].
The confirmed ergonomic benefits, in terms of vibration and noise exposure, as well as
the obvious lack of exhaust fumes, are a release towards the occupational hazards of the
operator, although further constructional improvements are still possible.
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Yet, despite the introduction of more powerful electric drives and Li-ion batteries of
high voltage, with management systems to adapt the current for constant power supply [71],
the battery technology itself will remain a considerable shortfall for the work in the forest.
Being off the grid, recharging is a challenge, and the only feasible solution is, indeed, to
have multiple batteries available, to ensure constant work over the full day. That does not
necessarily mean much of a price premium, since electricity is cheap compared to alkylate
fuels, and the costs for additional batteries will be generated within professional use in
a reasonable time period. However, the pure handling in the terrain and under outdoor
conditions with exposure to moist or dust, but also hot or cold environments, will affect
the performance of the tools, and further, the workflow of the operator. Backpack batteries,
such as the STIHL AR 3000 L [72], or the Makita Portable Power Pack PDCO01 [73], are
intermediate solutions to increase the range of the operation period. However, the extra
weight of around 10 kg and the required cord adapter, will not only add a disturbing
feature, but it can also further cause additional strain on the muscular-skeletal system and
even safety risks. Therefore, certainly even more powerful battery saws, with numerous
benefits, will be available within the coming years, and further improve upon the human
factors of motor-manual forest operations. However, if no profound technical or logistical
solutions are developed, to solve the electric energy supply constraints in the forest, battery
saws will remain in the shade of combustion units.

5. Conclusions
The presented study allows the following key findings to be generally concluded:

e Battery-powered chainsaws can lead to a considerable reduction in vibration and
noise exposure;

e  The vibration and noise exposure of battery-powered chainsaws might often be un-
derestimated;

e Hearing protection and glove use is recommended during all operating times.

Therefore, from an occupational health and safety point of view, battery-powered
chainsaws should be given preference over combustion-driven ones whenever possible.
This applies, in particular, to tasks such as pre-commercial thinning or other tasks during
which the battery-powered chainsaw can be turned off frequently, whereas the combustion-
driven chainsaw would run in idle mode. During tasks where the majority of the time is
composed by sawing, the reduction in vibration exposure is expected to be far less, if it
exists at all, yet there will still be a considerable reduction in noise exposure.

Battery-powered chainsaws should, however, not be underestimated with respect to
the exposition of users to vibration and noise, as the saw chain inherently is a considerable
source of noise and vibration. The daily vibration exposure of the MSA 220 C, for a full
working day of pre-commercial thinning, still ends up in the neighborhood of the daily
exposure action value, and the daily noise exposure even exceeds the upper exposure
action value, making the use of hearing protectors necessary.
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