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Abstract. Frequent use of vibrating hand-held tools and atp@m of machinery can result in
various chronic diseases. Operators of machineey aiten afflicted with peripheral and
systematic disorders. The statistical data colteoteer several decades clearly indicate the lack
of operator’s safety from exposure to vibrationse Tauses and impacts of vibration effects on
humans are reviewed in annual reports by healthsafety experts in many countries. One of
the most common occupational diseases that hasflesprently reported is the musculoskeletal
disorder due to extended exposure to mechaniceitidims. The influence of vibrations during
time periodt can be described by vibro-energy laait. If this load value over a specified
time period does not exceed the permissible le¥dl, it will not induce negative effects on
human health. This approach was used in the prestady for the prediction of hands and
whole body vibration effects on operators of vasieibration inducing machinery. Agricultural
operators were selected as test subjects, sincaubigral tractors and other mobile machinery
emit high levels of vibration. Vibration data wesbtained from statistical reports developed in
the time period from 1988 to 2008. It was foundt theajority of agricultural machinery does
not guarantee proper vibration safety. Thus orgdiumal prevention methods should be
developed and implemented. Reduction of vibratibgsvarious technical methods and/or
reduction of vibration exposure could be costlyt they are needed in order to provide
effective solutions in reducing vibration risk tpeyators.

Keywords: vibration load, vibration risk, whole-body vibrati, hand-arm vibration.

Introduction

Disregard of vibration safety is one of the mosnowon causes of occupational diseases at
present. The extensive list of occupational diseas®l statistical data show large numbers of
vibration caused diseases. A rapidly increasing bemof musculoskeletal diseases and their
effects on human health are widely reviewed inaiscientific papers [1, 2]. Vibration risk is
especially noticed by operators of self-propelleaichinery and hand-held tools, where vibro-
energy interaction is a continuous process. RepoftsEuropean Foundation for the
Improvement of Living and Working Conditions sholat 24 % of all EU-27 workers report
exposure to vibrations more than a quarter of theirk time. About 63 % of workers in the
construction sector and ~44 % in manufacturing maining industries are exposed to whole-
body vibrations (WBV) and/or hand-arm vibrationsAW4), while one in three workers in
agriculture report that they are mainly exposedW®8V. Statistical data of occupational
diseases in Lithuania during the time period 2@03009 also indicate inadequacy of vibration
safety (Fig. 1).

Influence of vibration in balanced circumstances loa described as follows:

Em:Ek+EP+ E]’ (1)

whereE,, is the average vibro-energy flow of the machiBgjs the kinetic energyk, is the
potential energyE, = nV2is the dissipated energy, where dissipation cdefite; describes the
absorption properties of the system oscillating apeed.

The average energy flol, = - E, and the energy dissipated over the human body fhem
perspective of "Man — Machine" system fault cardbscribed as [3, 4]:
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E, =7T[Vdt @)

whereT is the absorption duration (interval) of cumulatergergy.
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Fig. 1. Occupational diseases in Lithuania during the 20089 time period: 1 — diseases of connective
tissue and musculoskeletal system, 2 — ear diseasegdiseases of nervous system

ParameterE, describes human response to vibration and it hatose relationship to
vibration dose. Vibration dose expressed in terfnthe speed parameter can be written as

Da=w§-D, and by the amplitude of vibration acceleratiancan be written asaf, —
characteristic frequency of human body parts):

D, =]'a2dt=(%jE,] =(£) E. (3)

m

ParameteD, refers to the quantity of energy dose receivedhleyoperator during the time
period T, which acts on its mass unit. Vibration dose can be also used for objectivk ris
prediction (its acceptance or inadmissibility) oorleers that mainly depend on environmental
and individual properties (Fig. 2).

Effects of vibration on humans are strongly inflaed by the factors shown in the above
figure. Individual properties of the operator coulidnificantly increase or decrease vibration
risk. However, one of the most prevailing factashie exposure duration. Approximately 50 %
of occupational diseases caused by vibration wéagndsed for operators with long-term
exposure. This was proved by Matvejev [3], wherechkeulated the probability of expected
vibrational syndromes when working with hand-heldquipment. Compound effects of
vibrations were noticed on humans if they are siamgously exposed to intense noise or low
temperature. llgakojis et al. [5] found that operatare more sensitive to vibration from 1.5 to
3.5 times, if the exposure continues for more th@ryears together with effects of noise of 95
to 100 dBA and low temperatures. This clearly iaths that the degree of risk depends not
only on the characteristics of a machine and tigatad energy, but also on other environmental
and individual properties.

When the values or tendencies of parameters showquation (1) are known, it becomes
possible to apply any preventative solutions far tbduction of vibration risk to workers. This
leads to an improvement of occupatiogafety in workplaces [5, 6].

The aimof this investigation was to analyze the vibratiomaergy interchange between the
machine and the operator from the perspective ohdm health. This was achieved by
considering functional parameters of agriculturaktrinery.
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Conditions and causes

Physical load Conditions of psychology Exposure
Amplitude Active and (or) passive protection Daily
Harmony (disharmony) Body position Yearly
Oscillation directivity Degree of skills Pauses
Impact directivity

Additional loads (noise, cold weather conditions)

Individual human properties:
o Sex Effects:
o Occupational experience Acute or chronic loads via
o Physique vibration

o Susceptibility to disease

Fig. 2. Factors influencing vibrational risk on human lte#B]

Methodology

Under the balanced conditions of vibro-energy exg®e between the machine and the
operator (analogous to expressions (2) and (33)atrerage quantity of kinetic enerdg, is
proportional to vibration dos@,=w,’-D and is calculated as follows:

o (2T e (4)
Da—_([adt—(ijk af D,

wherewyis the specific frequency of human body parts oclmaeical system.

The integral paria,®t for discrete time intervals = T; describes human response to
vibration, i.e. vibro-energy load. This integralrgaeter is also important for estimating
vibration riskR. Conforming to Matvejev [3], whole body and handiavibration risk can be
calculated by using the equations:

Ry =0.0258,,, 92(1/T)"* . (5a)
Ry =0.28,0, 2 (7/ T2, (5b)

whereRRyay, Rypy are the hand-arm and whole-body vibration riglspectively, over the time
period z; p — probability of vibration risk over the time pediz; T, — duration of vibration
exposure (day, week, yeagy, av. — weighted acceleration of hand-arm and/or whole-body
vibration over the time period

In calculating the overall vibration dose receivmdthe operator, attention must be directed
to synergic hand-arm and whole-body vibration dffecThe overall effect of these two
members can be expressed as their arithmetic sum:

2

2
Bul | &l 1 ©)
ahw, ribTO aN rib -IE)

whereT, is the duration of standard work shift (8 hours).

By using the method of fault tree analysis desdim [7] for the assessment of mechanical
vibrations and by the expressions of (5a), (5b) @dlependencies, we can assess the risk of
vibration on human health. This can be implemeigdsing the statistical data over the time
periodz:

<_ P
= , 7
T = (7)

whereR ' is the individual marginal risk marker.
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By using the quantitative value of risk, we capress:

R= pU, (8)
whereU is the degree of damage.

Approximate levels of vibration risk were defined klatvejev [3]. It was determined that
only a small risk is reached when the valueRpf, < 0.02, menace level is 0.02Rs, < 1.0 and
considerable risk is wheR;,, > 0.2. It should be noted that the above indicatddes ofR;,
can be used when vibration is the only detrimefaator in the working environment. If the
operator is under the influence of intensive noiséd environment or high humidity, the effect
of vibration on risk can increase by several magtgs (i.e. 100 dBA noise level during time
periodr = 10 years, increases risk by a factor of 1.5.[Phen, the vibration dose received by
the operator can be described as follows:

D=D,+> " AD, (9)

where: D,, is the measured or calculated vibration dasB; is the level of risk effects on
vibration, defined by determining the excess ofraflon dose in comparison to permissible
level.

This leads to increased sensitivity to vibratidfe&s. It was found by Jankauskas [8] that a
period of 33 to 35 years of working in a vibratemyvironment is enough for the appearance of
symptoms of vibration induced disease. It is alsovin that impulse-type and low-frequency
sound { < 50 Hz) is also a contributing factor to the dweénmtal effect of vibrations. The
condition of energy interaction between the operatal the machinery usually causes critical
situations (both hand and whole body vibrations espp especially if the mechanical
impedance of human body coincides with the ampditadd frequency of vibration [6]. These
conditions must be taken into account when theevafip is being determined. This also
requires analysis of statistical data, i.e. prap&rpretation of this data guarantees increased
reliability of the results. Analysis of statisticdhata of agricultural machinery in Lithuania
during the 1988 to 2008 time period was not sudfitito perform a full analysis because some
of the machinery was not accounted in statistiegorts. For this reason, we analyzed
additional data from the reports of agriculturalentory and from import/export tendencies.

Results and discussion

The lack of vibration safety is evident in techrgital processes, where mobile agricultural
machinery or hand-held equipment is operated [&].5Causalities of vibration risk on human
health were analyzed in this study. The obtainedlfiresults to vibration exposure were
indicative to be the symptoms of vibration dised3aily vibration acceleratiorafgy andayay)
was taken at time factor = T,,.

As regulated by the legal requirements, permissiblels of vibration pef, = 8 h time
period area, < 5 m/$ for HAV anda < 1.1 m/$ for whole-body exposure. In determining these
conditions over the time period of 1988-1998, thractural changes in the machinery’s stock
were taken into consideration. The results fromltliBuanian registry of “tractors, propelled
and agricultural machinery and their trailers” icatie the domination of machinery made in CIS
countries. This machinery is known as having insigft vibration safety. It was clearly
evident that the vibro-acoustic climate in the oabof these tractors is more intense when
compared to modern machinery [6]. Vibration measenets were performed on several new
tractors (see Table 1). The results show tangilfferdnces in vibration levels between the
machinery made in EU countries and those madedteeacountries. For this comparison, we
have tested tractors of the same pulling classilairoonstruction and similar engine power.
Bruel&Kjaer vibration analyzer type 4447 with teidal accelerometer (type B&K 4524-B-001
384
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Delta Tron) and seat accelerometer (type B&K 45180R) were used. Hand-arm vibration
measurements were carried out according to I1SO -23®01, while whole-body
measurements were obtained under the requiremel8©d2631-1:1997.

Table 1. WBV and HAV acceleration values at operator woakel under various conditions

WBV RMS values (m/$) HAV RMS values (m/$)

X | Y | z | A® X | Y | z | A®B)
Madein CISon asphalt paving at:
10 km/h 3,851 | 2,725 4,723 5392 | 1,936| 0,756] 1,754 2,720
15 km/h 4,176| 4,015 7,564 7,564 | 1,481| 1,041 1,279 2,217
On gravel paving at:
10 km/h 3,813| 2,815 4,554 5,339 | 1,532| 1,352| 1,904 2,795
15 km/h 6,358 | 3,934 7,29¢ 8,901 | 1,202| 0,920 1,097 1,870

Free-running (1800 rpm) 0,759 0,483 1,241,292 | 1,741| 0,280 1,69¢ 2,443
Made in EU on asphalt paving at:

10 km/h 1,607| 2,233 2,339 3,126 | 0,274| 0,379 0,359 0,590
15 km/h 2,894| 2,908 5,204 5,208 | 0,343| 0,484 0,551 0,814
On gravel paving at:

10 km/h 2,284 2,673 4,233 4233 | 0,357| 0,575 0,597 0,902
15 km/h 2,732| 3,379 5,004 5,002 | 0,390 0,500; 0,679 0,930

Free-running (1800 rpm) 0,366 0,624 0,34 0,873 | 0,272| 0,393 0,274 0,553

During the time period of 1999-2008, functionalanbes in the stock of machinery
influenced the overall situation, i.e. more modenachinery was registered. However, this
change did not significantly affect the overallusiion — CIS made machinery is still more
common and in general vibration loads are highafc(dated by equation (6)) than those
permissible (Fig. 3). It should be taken into cdesation that vibration levels in obsolete
tractors are constantly increasing, which also ddpeon tractor's operation duration
cumulative hours.

Data in Table 1 clearly indicates vibrations offatient intensity. The most intense
vibrations are in the direction @ axis (5 to 9 dB) either at a loaded mode or a-frenning
conditions. The predicted difference betwégn, andLygyis much larger (20-23 dB and 16-
20 dB overZ andX axis, respectively) for the case of hand-arm tibra In addition, the risk
to the operator is much more significant when tperator is under the influence of whole-
body vibration. If the energy excess, comparech&éorhaximum allowable is 5 to 6 dB higher
for hand-arm vibration and 8 to 10 dB higher forokbody vibration, risk is attributed to
menace, but it is still acceptable. In accordamceduations (5a) and (5b), tRaay and Rysy
ratio IevelLR =10 |g RWB\/RHAV) =10 |g (0025 5/0.2. 11) =25dB andf”_WBv—ALHAV =
3...4 dB. Similar tendencies were observed durinddter time period (1999 to 2008).
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Fig. 3. Vibration induced risk of agricultural machinenydits risk to operators’ health
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Analyzing the levels of hand-arm and whole- bodyations in agricultural tractors, it was
found that operation of standard duration, i.e.hd@irs per day can be insecure. It was
determined that 80 % of all tractors reach the valukl4 dB (or 0.50 mfy, and approximately
35 % of all tractors exceed the maximum permissiiiieation level of 1.15 mfs(or 122 dB).
About 23 % of all agricultural tractors are excegdthe preventative vibration level on the
steering wheel (0.5 nf)s The WBV daily exposure (1.15 riysvas exceeded at about 25 % of
lorries and trucks, while HAV values higher thaf &/< were found at 2.5 % of all working
places. Values of daily vibration exposure andrtheerpretation as a risk fact®; enabled to
calculate and predict the level of risk and to decabout its acceptance [7]. By using
expressions (5a) and (5b), the probability of Miloraimpact was calculated considering the
allowable value of daily vibration acceleratian,y = an andawgy = a;ip, WhenRyay = Rijp =
0.017 =Rwey Employing the value of vibration risk, the probiy of vibration risk can be
calculated for HAV and WBYV cases, respectivelyiv= (0.017/(0.02%))*= 1.810? andpway
= (0.017/(0.021.1)F = 6102

The probability values calculated are good indicafor the prediction of vibration risk on
operators. If the vibration acceleration is gredktem the value allowed or wheti.y and
ALwgy are high enough, it is possible to predict thelef risk R) as a function of acceleration
incrementdL and tocompare to the reference level (Fig. 4). ValueRgf, andRygydepend on
the severity of vibration acceleratiati.. Values of4L less than 2-3 dB have no significant
influence on vibrational riskR). Inadmissibility of vibration risk is significalytaffected when
the value of4L increases by more than 5-6 dB. The level of riskhis case exceeds the
acceptable risk leveR(= 0.2), but it is below the maximum permissibleuealR = 1). High
levels of vibrations were found in the cabs of @Gi&de tractors, wherdl_ > 5-6 dB higher than
for those tractors made in EU countries. Considgetire mix of tractors that are registered in
Lithuania, it can be stated that only insignificanprovement in overall vibration safety can be
achieved. This is also because old tractors offer pibro-acoustic comfort and their numbers
are still dominant. Better tendencies are obsermeghodern machinery, where together with
technological advantages and better working cammiti vibration safety is of a higher level.
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Fig. 4. Dependence of vibration risRY and intensity &av, awgy) as a function of permissible (reference)
levels: 1 — level of unacceptable high risk; Rygy = 0.22:18%aysy P 3 — vibration impact on
human health when probability value is acceptable: Ryay = 0,017-18%%a, . pios; 5 — level of
potentially harmful vibration effect

Calculated value oRygy indicates better vibration safety, i.e. vibratidsk is up to 1.5-2
times higher in CIS made tractors. Considering ¢h¢ained results, it can be stated that
organizational means should be applied to keepatqersafe and healthy.
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Conclusions

Adopting a vibro-energy interchange of vibratiegf,) and permissiblea(,*To) loads with
regard to °1,)/(ain°To), qualitative method of predicting vibrational &ff on human health
was developed. Allowable hand-arm and whole-bodyation by the means of evoked risk
equivalency, the probability of negative vibrati@ffect increases by a factor of 3. This
indicates that the expectancy of negative wholeybabration occurs up to three times more
frequently. Excess in vibration intensityl < 2-3 dB from daily vibration exposure is
satisfactory, while an increasft. > 5-6 dB is considered as an unacceptable vibraigin
Only a quarter of all tractors operated in Lithuiasatisfy acceptable risk to human health, if the
duration of work shift is at least 8 hours.
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