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ABSTRACT

Balancing brush cutter was developed to be used safety and easy handling. In this study, we tried to
improve the vibration through subjective evaluation tests and the vibration analyses. In the first subjective
test, participants evaluated handle vibration feelings of some brush cutters and the frequency characteristic
to the vibration feeling was clarified. Subsequently, the handle vibration from 100 to 200 Hz was found to
be large and the handle pipe structure had high influence on the large vibration through measurements and
analyses of the handle vibration at the operational condition. We then applied several countermeasures
including modification of the handle pipe length to reduce the vibration. As a result, the handle vibration of
the brush cutter was reduced much and the vibration feeling was improved.
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1. INTRODUCTION

Small engine brush cutter is a kind of agricultural machine for cutting weeds, and a lot of people use the
machine all over the world by the low price and easy handling. However, many accidents by the opened
rolling cutter have been reported. Representative accident is “kick back™ that occurs when rolling cutter
attaches on the ground and brush cutter runs rapidly to the operator. In some cases, the rolling cutter comes
to the operator directly and his/her foot is seriously injured (1-3).

On the other side, operators are basically exposed the vibration by the rotating engine and the blade.
This may cause impairment of hand nerve through long-term operation. Hence, vibration reduction of brush
cutter is essential and has been attempted until now (4-8). In the vibration reduction procedure, total weight
of the product is generally increased if the countermeasures are applied to reduce vibration at wide
frequency range. The increase of the weight deteriorates usability in the operation. Therefore, focusing a
frequency band which deteriorates the vibration feeling strongly and measuring the vibration intensively is
important to be compatible the vibration with the light weight.

In this study, vibration improvement of a brush cutter was performed considering the operators’
response characteristics to the vibration through subjective vibration evaluation test and the actual vibration
reduction of the brush cutter.

2. QUANTIFICATION OF THE VIBRATION FEELING

For the quantification of the vibration feeling of brush cutters, operators evaluated vibration feelings to
several cutters and calculation method from the measured vibration acceleration to the vibration feeling
was considered.

2.1 Subjective vibration evaluation test

Subjective vibration evaluations were carried out to obtain vibration feeling of each brush cutter. Eight
people participated in the test. Each participant evaluated the handle vibration feeling of five brush cutters
(Type A, B, C, D, and E) in case the engine rotated at 4000, 6000, or 8000 rpm using paired comparison
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method. Firstly, a standard machine (Type E) was operated at 6000 rpm for about 15 s and then, the
evaluation target machine (Type A, B, C, D or E) was used at a constant engine speed (4000, 6000 or

8000 rpm). After this procedure, the participants evaluated how they felt the vibration of the target machine
by selecting a category from “very small,” “small,” “slightly smaller,” “unchanged,” “slightly large,” “large”
and “very large.” There are 14 evaluation pairs except for the evaluation of the standard machine. Each
participant iterated the evaluation three times. Therefore, each participant performed 42 evaluations and
there were 336 evaluations in all participants (8 participants x 42 evaluations).

Figure 1 (a), (b) and (c) show the obtained vibration feeling in each target machine averaged for all
participants when engine rotational speed is 4000, 6000 and 8000 rpm, respectively. Horizontal axis
indicates target machine and engine rotational speed. Vertical axis indicates the obtained vibration feelings.
Nothing that in case the value is small, the vibration was evaluated as small.
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(a) 4000 rpm (b) 6000 rpm (c) 8000 rpm
Figure 1 — Subjective vibration of brush cutters in each engine speed

As shown in the above figure, vibration feeling of type C machine was observed to be felt the smallest
vibration comparing to the other types. On the other hand, Type A machine was evaluated as large vibration.
In the following section, we considered an index which can estimate the obtained vibration feeling
accurately as shown in the above figure from the measured vibration at several points of the brush cutter.

2.2 Quantification of the vibration feeling

In order to quantify the vibration feeling from the measured vibration acceleration of the brush cutter,
we firstly measured handle vibrations of the five brush cutters. For the measurement, brush cutters were
hung by rubber strings and vibrations at left and right side handles (front-back and left-right directions)
were measured when the engine rotation speeds were 4000, 6000 and 8000 rpm. Subsequently, overall
levels were calculated from the measured vibration to investigate the relationship with the vibration feeling.
Here, a frequency weighting function was considered to be the overall level able to express the vibration
feeling accurately.

As the frequency weighting function, a function was proposed in 1ISO5341 (9), and the weighted overall
level was calculated using the function. Table 1 shows the correlation coefficient between the calculated
overall level using the weighting function in each position and the vibration feeling.

Table 1 — Correlation coefficient between vibration feeling and calculated overall using 1SO5341 weighting

Measurement position and direction Correlation coefficient
Left handle front-buck 0.17
Left handle left-right 0.23
Right handle front-buck 0.46
Right handle left-right 0.29

As shown in this table, all coefficients are very low and this result indicates the weighting function of
1ISO5341 has difficulty to express vibration feeling of brush cutter well. The weighting function was
established to assess the influence of various machine (mainly chainsaw) vibrations on the neurological
disorder of hand and arm. Therefore, this function is not considered to express the vibration feeling of
brush cutter well. Then, we considered various frequency weighting functions and applied them for making
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the overall level able to express the vibration feeling. As the result, a function mainly weighted from 50 to
500 Hz as shown in Fig. 2 showed good correlation with the vibration feeling.
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Figure 2 — Frequency weighting function for evaluation of vibration feeling

Table 2 shows the correlation coefficient between the calculated overall level using the function and
vibration feeling.

Table 2 — Correlation coefficient between vibration feeling and calculated
overall using 50-500 Hz weighting

Measurement position and direction Correlation coefficient
Left handle front-buck 0.78
Left handle left-right 0.82
Right handle front-buck 0.83
Right handle left-right 0.75

The result shows correlation coefficients became much higher than those using 1ISO5341 weighting. In
addition, the frequency function of 50-500 Hz was found to be able to express the vibration feeling very
well. From these results, it was clarified that the vibration from 50 to 500 Hz deteriorate the vibration
feeling of brush cutters strongly and it is important to reduce the vibration at the frequency range to
improve the feeling.

Subsequently, operators of brush cutters are supposed to evaluate all vibrations totally what they are
exposed. Hence, total vibration feeling level (Vibse) was calculated by adding all weighted overall levels
(left handle overall levels at front-back: LV, and left-right: LV, directions and right handle levels at
front-back: RV, and left-right RV, directions) as shown in Eq. (1). The two constant values in Eq. (1) were
used to adjust the calculated amplitude and average value as equal to the subjective vibration feeling
obtained in the previous subjective vibration evaluation test.

Vibfeel = 0-098x(|—vx_weight+ I—Vy_weight+ RVx_weight+ RVy_weight) —-959.74 (1)

To evaluate the accuracy of the calculated total vibration feeling level, we made a scatter diagram as
shown in Fig. 3. Horizontal axis denotes the vibration feeling of the five brush cutters at each engine speed
(4000, 6000 and 8000 rpm) obtained in the subjective evaluation test (subjective value) and vertical axis
denotes the total vibration feeling level (objective value) calculated from the measured vibration
accelerations. R value indicates the correlation coefficient between subjective and objective values.
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Figure 3 — Scatter diagram of subjective and objective vibration feeling
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From this result, the correlation coefficient is observed to be very high at 0.90. Therefore, quantified
value was found to be able to express the vibration feeling very accurately. In addition, we can estimate the
vibration feeling using the above quantification procedure using only measurement vibration acceleration
without subjective evaluation test. Furthermore, we can consider which frequency band and position of the
brush cutter should be measured intensively to improve the vibration feeling using the quantification
procedure.

3. VIBRATON IMPROVEMENT

In this section, a vibration improvement was attempted considering the vibration feeling characteristic
obtained in the previous section. A balancing brush cutter (10), that was developed to increase the
operability, was the target machine and the machine was assessed the vibration as high at the high engine
speed. Figure 4 shows the brush cutter.

Figure 4 — Balancing type brush cutter

3.1 Vibration measurement

At first, vibration of the brush cutter was measured and analyzed the feeling using the quantification
method. 50-500 Hz weighting overall levels were calculated using measured both side handles at each

direction and each engine rotational speed (4000, 6000 and 8000 rpm). The obtained overall levels are
shown in Fig. 5.
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Figure 5 — Weighted overall level of each position and direction
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Figure 5 (a) and (b) shows the left and right handle weighted overall levels, respectively. Solid line with
filled circle and dotted line with opened circle denote the vibration directions of left-right and front-back.
Also, the horizontal and vertical axes in both figures denote engine speed and the overall levels.

From these results, the vibration was found to increase largely when the engine speed was high at
8000 rpm. In addition, the right handle vibration along left-right direction was largest. Frequency analysis
was performed to find which frequency band in the right handle vibration should be measured. The result
of the analysis is shown in Fig. 6.
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Figure 6 — Right handle acceleration level along left-right direction at 8000 rpm
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As shown in the figure, the balancing type brush cutter is observed to have especially large vibration
level from 100 to 200 Hz. The frequency band is in the range which deteriorates the vibration feeling
strongly. Hence, the large vibration level from 100 to 200 Hz is considered to be a major factor to
deteriorate the vibration feeling at the high engine speed.

3.2 Handle and main pipes vibration characteristics

The balancing brush cutter uses various engines and cutters depending on the operated situation,
therefore, we tried to decrease the vibration sensitivity of the body (handle and main pipes) of the cutter for
the reduction of the vibration. Then, we performed a hammering test to obtain vibration transfer function of
the body. For obtaining the transfer function, the coupling point between the engine and the main pipe
along vertical direction was used as the input point and the vibrations at right handle left-right and
front-back directions were used as the response point. In addition, point inertance of right handle were
measured to obtain the vibration characteristic of handle itself. Figure 7 (a) and (b) show the measured
transfer function from engine to right handle and point inertance of the handle, respectively.
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Figure 7 — Transfer function of balancing type brush cutter

Solid and dotted lines in these figures indicate the inertance of left-right and front-back directions,
respectively. From the results, large vibration resonance is observed at 170 Hz band in both transfer
function from engine to handle and point inertance at handle. Therefore, the handle vibration characteristic
is considered to affect the vibration of the brush cutter largely, and vibration reduction of the cutter at high
engine speed is expected by the reduction of these transfer functions from 100 to 200 Hz.

4. VIBRATION REDUCTION

Countermeasures for the vibration reduction were considered through the modification of the body
structure. In the reduction procedure, we took care not to increase the total weight by the countermeasure
because light weight is one of the important appeal points of the machine.

4.1 Vibration reduction by the handle pipe modification

The handle pipe could be assumed a lateral vibration of a beam as following equation;
R R (P
1 an 2 pA ( ) (2)

Where,

fi - Natural frequency,

o . Eigenmode,

I : Pipe length,

E : Young's modulus,

J : Second moment of area,

p . Density,

A: Cross-sectional area.

From the above equation, we can see the pipe length has highest influence on the natural frequency.
Hence, in order to move the natural frequency higher, length of the right handle was shortened 80 mm.
Figure 8 shows the comparison of the transfer function from engine to right handle before and after the
change of the length.
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Figure 8 — Comparison of transfer function before and after the modification of handle pipe

As shown in the above figure, the transfer function could be reduced significantly from 100 to 200 Hz
by shortening the right handle length. However, there is a slight vibration peak at 120 Hz and, the inertance
at 190 Hz was increased by comparing to the inertance of the original handle. Then, we applied the other
three countermeasures as follows.

1. Change of the handle pipe attachment point on the main pipe
(Coupling position was advanced to engine side for 110 mm, where the vibration node of the main
pipe.)

2. Change of the handle angle

(Handle pipe angle was inclined 15 degrees to rotary cutter side.)
3. Inserting rubber mat

(Rubber mat was inserted between joint point between handle and main pipe.)

Figure 9 shows the comparison between the original transfer function from engine to right handle
(left-right direction) and the transfer function after applying these four countermeasures.
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Figure 9 — Comparison of transfer functions before and after applying all countermeasures

From this result, the inertance peak at 120 Hz and the increase of inertance at 190 Hz are observed to be
reduced, and the inertance from 100 to 200 Hz could be reduced very much by these countermeasures.
Then, we measured the vibration at the operating condition again to verify the vibration reduction at the
condition. The comparison of the right handle vibrations along left-right direction before and after
modification when the engine speed was 8000 rpm is shown in Fig. 10.
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Figure 10 — Comparison of right handle vibration at 8000 rpm before and after
applying all countermeasures

As shown in Fig. 10, the vibration level from 100 to 200 Hz could be reduced largely by the
countermeasures. The vibration feeling is expected to be improved by the vibration reduction at this
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frequency band. On the other hand, there is a possibility of vibration increase at the other engine speeds
(4000 and 6000 rpm). To assess them, we measured the right handle vibration at these engine speeds and
calculated 50-500 Hz weighted overall level in each condition. The calculated overall levels are shown in
Fig. 11.
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Figure 11 — Weighted O.A. before and after countermeasures

From the results, the overall level at 8000 rpm was found to be reduced significantly as expected and
the levels at 4000 and 6000 rpm were not increased largely. Subsequently, we calculated the total vibration
feeling level using the calculation procedure proposed in the second section to estimate the improvement of
the vibration feeling. The result is shown in Fig. 12.
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Figure 12 — Total vibration feeling levels before and after modification

For comparison, total vibration feeling levels of the other five brush cutters used in the subjective
evaluation test were calculated and added in Fig. 12. From the result, the level of the balancing brush cutter
at 8000 rpm was decreased largely by the modification and the level approached to the level of type C
brush cutter that was evaluated lowest vibration. Also, the levels at 4000 and 6000 rpm were not increased
so much. These results indicate operators will perceive the vibration improvement significantly by the
modification.

4.2 Subjective evaluation to verify the vibration improvement

In the previous section, the handle vibration at 8000 rpm was reduced and the vibration feeling was
expected to be improved. Consequently, subjective evaluation test was performed again to confirm whether
operators can determine the vibration improvement or not, and to verify the accuracy of the quantified total
vibration feeling levels. The experimental procedure was almost same conducted in the first subjective
evaluation. In this test, only the comparison of vibration feeling between original and modified balancing
brush cutters at 8000 rpm was performed. Six people participated in the test, and each participant iterated
the comparison three times. Averaged score of the vibration feeling for the six participants is shown in
Fig. 13 (a). Figure 13 (b) shows the difference of the calculated total vibration feeling levels between
original and modified cutter for the comparison. Here, the level of original balancing brush cutter is set as
zero in both figures to compare the relative difference.
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Figure 13 — Vibration feeling difference between original and modified brush cutter at 8000 rpm

From these results, the vibration feeling at 8000 rpm was actually improved by the modification, and the
improved level was almost same as the expected level by the quantification procedure. This indicates the
quantification method for the vibration feeling of brush cutters is very accurate.

5. SUMMARY

In this study, vibration improvement of a brush cutter was performed considering operators’ response
characteristics to the vibration feeling. We firstly carried out subjective vibration evaluation tests using
several brush cutters to obtain the characteristics and quantify the vibration feeling. As a result, vibration
feeling was found to be affected by the front-back and left-right directions of the both side handles’
vibrations. Especially, vibration acceleration from 50 to 500 Hz was found to affect the vibration feeling
largely.

Subsequently, we tried to improve the vibration feeling of a balancing brush cutter using the obtained
vibration feeling characteristics. Through the vibration measurement at the operational condition and the
frequency analysis, the handle vibration was large from 100 to 200 Hz, where the vibration feeling was
deteriorated strongly. Accordingly, we tried to reduce the vibration taking into account the total weighting.
As the countermeasures, the length of the right handle, attachment point of handle and main pipe, handle
pipe angle were modified in addition to inserting a rubber mat at the attachment point. As the result, the
handle vibration could be reduced very much and the vibration feeling was verified to be improved. From
these procedures, we finally could improve the vibration of the new developed balancing brush cutter
considering operators vibration feeling characteristics.
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