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Abstract: Public transport bus drivers are exposed to a wide range of hazards which can endanger their
occupational safety and health. Risks of possible traffic accidents, stress (due to traffic jams, pace of
work, conflicts with passengers and other road users, etc.), fatigue, long sitting hours, vibration, noise,
exposure to air pollution, adverse microclimatic conditions are just some of the factors that can en-
danger a driver’s health and are characterized by a different likelihood of occurrence and consequence
severity. Whole-body vibration transferred to human over many years of exposure have the potential
to endanger health with respect to the onset of musculoskeletal disorders, especially in synergy with
prolonged sitting. In addition, whole-body vibration exposure is a possible source of discomfort, which,
combined with other factors, can contribute to the negative effect on the general physical and mental
state of the driver, and therefore the occurrence of fatigue and stress.
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In order to manage the exposure of bus drivers to vibration, it is necessary to evaluate the exposure,
using methodologies defined by international standards, based on expert analysis and measurements.
The paper presents the dominant health risks arising from the whole-body vibration of professional bus
drivers, the parameters of exposure evaluation, measurements and evaluation procedure in accordance
with European Directive 2002/44/EC and ISO standards, as well as an overview of the precautions to
be taken in to reduce the risk associated with bus drivers occupational whole-body vibration exposure.
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INTRODUCTION

Vibration in the work environment are physical agents
that are divided into three basic categories from the
point of view of human response: vibration transmit-
ted by the hands and arms (HAYV), vibration transmit-
ted by the whole body (WBV) and vibration that cause
motion sickness, which actually belong to the subset
of whole-body vibration and occur when persons are
exposed to very low frequencies, usually below 1 Hz.

Whole-body vibration occurs when the body is
supported on a surface that is vibrating (e.g., sitting
on a seat that vibrates, standing on a vibrating floor
or lying on a vibrating surface). Whole-body vibration
occurs in transport (e.g., road, off-road, rail, air and
marine transport) and when near some machinery [1].
Bus drivers are included in the working population,
who, due to the nature of their work, are exposed to
whole-body vibration on a daily basis, and this expo-
sure is usually long-term, that has multiannual and
decade-long character. Whether it is bus drivers in
urban, suburban or intercity bus services, exposure to
WBYV depends on a variety of variables related to the
condition and performance of the vehicle, road char-
acteristics and driving modes: age of bus, bus mainte-

nance, position of the bus engine, bus suspension type,
low-floor or high-floor bus, seat design and its suspen-
sion, road type (smooth freeway, rough freeway, city
streets, speed humps, etc.), roads’ conditions, moving
speed [2-7]. On the other hand, the degree of manifes-
tation of the negative effects of WBV is also influenced
by factors related to the driver itself: age, body size and
weight, body dynamic response, gender, experience,
fitness [1] as well as vibration dose accumulated over
a lifetime [8]. Due to the complexity and heterogeneity
of the various effects on the exposure of whole-body
vibration bus drivers, a systematic approach to ex-
posure assessment is necessary in order to obtain the
most relevant results. This is a prerequisite for later se-
lection of the best whole-body vibration management
strategies and programs in this workplace.

Basically, the effect of whole-body vibration on
humans is considered from the aspect of positive and
negative effects. Exposure to whole-body vibration
for therapeutic purposes is present in medical prac-
tice for many age-related chronic conditions including
balance and gait deficiencies, fibromyalgia, multiple
sclerosis, cystic fibrosis, Parkinson’s disease, and pe-
ripheral neuropathy [9]. On the other hand, exposure
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to vibration in the work environment is an undesirable
phenomenon, since it can lead to lasting effects on the
safety and health of professionally exposed persons
and have a negative impact on work performance and
comfort.

Numerous epidemiological studies have exam-
ined the relationship between exposure to WBV and
their health effects. Although there are not yet fully
proven doubts that WBV contributes to the develop-
ment of a number of systemic diseases, studies to date
have shown that exposure to WBV is primarily associ-
ated with an increase in lower back, neck and shoulder
pain. Along with vibration, other exposure factors that
may induce musculoskeletal pain in workers include
maintaining statistical positions for a long period of
time and twisting or torque while seated. These fac-
tors, along with the vibration from the vehicle and
the impact from driving on rough roads, can result in
compression of the disks and soft tissue strain, which
both contribute to back pain [5,10].

In accordance with current knowledge, Direc-
tive 2002/44/ EC in the definition of WBYV lists the
possible health risks, dwelling only on musculoskel-
etal disorders (MSDs): the mechanical vibration that,
when transmitted to the whole body, entails risks to
the health and safety of workers, in particular lower-
back morbidity and trauma of the spine [11]. The risks
are greatest when the vibration magnitudes are high,
the exposure durations long, frequent, and regular,
and the vibration involves severe shocks or jolts [12].
The inevitable prolonged sitting and possible other
contributions to not applying ergonomics behavior are
factors that are associated with whole-body vibration
increasing the risk of musculoskeletal disorders.

In addition to possible work-related illness and
traumas, whole-body vibration has a direct and indirect
impact on occupational safety and health in terms of
contributing to increased stress and fatigue, as well as
reducing concentration. The appearance of such effects
not only endangers the safety of bus drivers but also
passengers. Of course, the effects of whole-body vibra-
tion on these phenomena should not be overestimated,
but given their importance and possible consequences,
they should be taken into account when designing a
drivers vibration exposure management program.

Compared to other groups of professionally ex-
posed persons (machine operators in the mining,
construction, agriculture etc.), bus drivers are usu-
ally exposed to lower values of vibration magnitude.
A review of the literature related to field studies of
bus drivers whole-body vibration exposure [2,4-7] in-
dicates that exposure values are generally below the
limit but near or above the action and recommended
values. Such results indicate the need for regular mon-
itoring of WBV exposure, as well as monitoring bus
drivers health status regarding the risk of WBV.

BASIC PARAMETERS OF EXPOSURE
EVALUATION TO WBV

The influencing factors that determine how the vibration
is transmitted and how they affect on humans are: vibra-
tion magnitude, vibration frequency, vibration direction
and vibration exposure duration.

Vibration magnitude in the field of human vibra-
tions is expressed by r.m.s (root-mean-square) value of
acceletation (in m/s*for translational acceleration). This
value is generally the most useful because it is directly
related to the energy content of the vibration profile and
thus the destructive capability of the vibration and also
takes into account the time history of the wave form.

From the point of view of the adverse effect of vibra-
tion on health, not all frequencies have the same effect.
Therefore, frequency weighting curves are introduced,
which have the function of weighting the significance
of frequency ranges in accordance with the harmfulness
to the human body or in accordance with the sensitiv-
ity of the human body to them. They are defined by ISO
2631-1 [13]. As the vibration direction has an impact on
the manifestation of the WBV effect, certain weighting
curves for the vertical direction (z direction, frequency
weighting curve W,) and for horizontal directions (x and
y directions, frequency weighting curve W) are deter-
mined. Frequency weighting curve for vertical direction
gives utmost importance to frequencies between 4 Hz
and 13 Hz, while frequency weighting curve for verti-
cal direction gives utmost importance to frequencies be-
tween 0.5 Hz and 2 Hz. These curves are for principal
frequency weightings, and there are also curves for addi-
tional weightings. There are specific additional multiply-
ing factors for each of the directions (axes), which will be
discussed in a later section of the paper.

In the European Union, the area of vibration occu-
pational exposure management is governed by Directive
2002/44/EC [11], which defines the minimum require-
ments for safety and health at work caused by vibration.
The daily exposure value depends on the frequency-
weighted r.m.s (root mean square) value of the vibration
acceleration and the actual time of the daily exposure. A
supplementary parameter that can be used in assessing
WBYV exposure is the vibration dose value (VDV). The
VDV calculation performs the duration weights as it is
accumulated and automatically incorporates a method
of giving more weight to occasional peaks (shocks) in the
motion. The Directive relies on the ISO 2631-1 standard,
both in terms of WBV exposure parameters and in the
evaluation of exposure to WBV.

The daily exposure limit value of WBV and the
daily action value of exposure to WBV, standardized to
the eight-hour reference period, are respectively 1.15 m/
s?and 0.5/s% VDV limit and action values are 21 m/s!7”
and 9.1 m/s'?, respectively. The exposure action value
(EAV) is a daily amount of vibration exposure above
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which employers are required to take an action to con-
trol exposure, and the exposure limit value (ELV) is the
maximum amount of vibration an employee may be ex-
posed to on any single day.

ISO 2631-1, on the other hand, defines the two
health guidance zones (HGZ) shown in Figure 1 with
respect to a combination of weighted r.m.s acceleration
values and exposure duration, which almost coincide
when the WBV exposure time is between 4 and 8 hours.
For exposures below the zone, health effects have not
been clearly documented and/or objectively observed;
in the zone, caution with respect to potential health risks
is indicated and above the zone health risks are likely
[13]. From the foregoing, it is clear that the standard does
not define safe whole-body vibration exposure values. It
can be seen in Figure 1 that the vibration exposure values
for a period of 8 hours are somewhat more rigorously set
than in Directive 2002/44, since the upper limit of HGZ
is lower than ELV. As stated by Griffin [14] while exces-
sive magnitudes at short durations when using r.m.s.
evaluation were avoided in ISO 2631, they are “allowed”
in the Directive. In the Directive, these high magnitudes
at short durations are controlled when using the VDV
evaluation method (that is, 9.1 m/s'”® and 21 m/s'%) but
not when using r.m.s. measures (that is 0.5 and m/s* and
1.15m/s?).
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Figure 1. Health guidence zones according to ISO 2631-1 [15]

Apart from the health guidance zones, the stan-
dard provides ranges of daily exposure values rela-
tive to comfort (Table 1), noting that these values give
approximate indications of likely reactions to various
magnitudes of overall vibrations total values in pub-
lic transportation [13]. Principal frequency weightings
are applied to the seated persons and therefore the bus
drivers, the same as when assessing the health effects
of WBYV, with the difference that each axis is considered
equally influential.

Table 1. Comfort reactions to whole-body vibration environment
according to 1SO 2631-1

Daily WBV exposure value Comfort experience

Less than 0,315 m/s? not uncomfortable

0,315 m/s*t0 0,63 m/s? a little uncomfortable

0,5 m/s*to 1 m/s? fairly uncomfortable

0,8 m/s*to 1,6 m/s? uncomfortable

1,25 m/s?t0 2,5 m/s? very uncomfortable

Greater than 2 m/s? extremely uncomfortable

WBV EXPOSURE EVALUATION PROCEDURE

The assesment of the level of exposure may be car-
ried out on the basis of the information provided by
the manufacturers regarding the emission level of the
work equipment used, and based on the observation
of specific work practices or measurement [11]. How-
ever, in the process of assessing the WBV exposure of
a bus driver, the only justifiable procedure is based on
field measurements, since vehicle vibration emission
data (if any) do not represent a sufficient source of in-
formation. Other very important parameters (driving
style, type and condition of the road, etc.) also influ-
ence the level of vibration magnitude, so only with the
results obtained from the measurements can the WBV
exposure assessment of the bus driver be considered
relevant. Accordingly, as well as Directive 2002/44 and
ISO 2631-1, the procedure should include the follow-
ing basic methodological steps: bus driver whole-body
vibration analysis, vibration measurement and daily vi-
bration exposure calculations.

Exposure analysis should cover operations, sourc-
es and modes of vibration exposure, as well as typical
actual exposure time. Also, depending on the mode of
operation, the required measurement time will depend.
Daily vibration exposure does not match daily working
hours, as it should exclude all periods (breaks) when vi-
bration exposure is absent. Certain job cycles (and their
contribution to exposure time) need to be identified,
such as driving between public bus terminals, driving to
different intercity bus stops, etc. In this way, during the
subsequent analysis of the results, it may be possible to
identify characteristic exposures related to, for example,
the type and condition of the road.

Instrumentation that meets the requirements of ISO
8041-1 Human response to vibration - Measuring instrumen-
tation - Part 1: General purpose vibration meters is used for
measurements, since this instrumentation integrates all
the necessary functions, such as r.m.s. averaging vibra-
tion magnitude and frequency weighting. Also, modern
instruments equipped with triaxle accelerometers allow
simultaneous measurements in all three directions.
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Vibration magnitude is measured simultaneously
in defined orthogonal directions (Figure 2), by placing
accelerometers at the point where it is estimated that
there are vibration transmission to a person. In order
to evaluate the vibration exposure of the whole body of
the sitting person, in Figure 2 the measurement axes are
shown, i.e. the required orientation of the accelerometer.

Figure 2. Direction of measurement [12]

The measurement point, or accelerometer position,
can be on the seat pan, on the backrest or next to the seat,
i.e. on the floor of the bus. The most reliable results of
the vibration exposure of the bus driver are obtained by
measurements on the seat pan. For this purpose, man-
ufacturers provide specially designed accelerometers,
which are built into the rubber pad. In order to deter-
mine seat transmissibility, measurements are made with
two accelerometers simultaneously on the seat pan and
on the floor of the bus near the driver’s seat. This makes
it possible to determine the SEAT (Seat Effective Ampli-
tude Transmissibility) parameter. This value is the ratio
of the frequency-weighted acceleration on the driver’s
seat and the frequency-weighted acceleration on the bus
floor. SEAT value below 1 (or 100%) implies that the seat
is attenuating vibration. The measurement duration may
cover the entire working day, but from a previous ad-
equate exposure analysis, this period can be minimized.

The calculation of daily exposure to whole-body
vibration is based on the measurements results. Accord-
ing to the directions of vibration propagation, the daily
exposure is calculated by the equation:

T,

A(8) =k xay;x | ;_I-” (1)
3 ‘o
where A (8) is daily exposure in direction x, y or z, k is
multiplying factor (for x-axis and y-axis: k = 1.4; for z-ax-
is: k =1.0), a,,; is frequency-weighted r.m.s. accelerations
by axe x, y or z, T, is daily duration of exposure and T,
is reference duration of eight hours.

When partial observation is made in the measure-
ment against different conditions having different contri-
bution to vibration exposure (e.g. different road type) dur-
ing working hours, it is possible to determine partial daily
vibration exposure A _(8), A, (8), A_(8) for each i task:

Y1 z,1

| TPI?.I i

A;i(8) = k xay i % I (2)

where a, . is frequency-weighted r.m.s. accelerations by
axex,yorz T, . isdaily duration of exposure for task i
and T, is reference duration of eight hours. The multiply-
ing factors are equal as in the equatation (1). Total vibra-
tion exposure by single axe j for tasks i to N is:

A (8) = ﬂl’.q}L(sJ +A2,8) + -+ A2y (3)

Finally, daily whole-body vibration for bus operater
is the highest value of daily exposures by each direction:

A(8) = max{A,(8).4,(8).A,(8) } (4)

Vibration dose value (VDV) is a cumulative dose,
based on the fourth root of the fourth power of the accel-
eration signal. VDV determination method is more sensi-
tive to peaks than previously described A(8) method. It’s
value depends on measurement time:

1/4

VDV = J‘[nh.{t]];‘dt (5)

where a (t) is instanteneous frequency-weighted accel-
eration, and T is duration of measurement. Sum of VDVs
when there are i tasks (for example, task 1 driving on
freeway, task 2 driving on city streets, etc. or some other
criteria for tasks analyzes) is:

VDVigea = ¢ ) VDV (6)
o i

The parameters described are necessary to evaluate
the vibration exposure in accordance with the Directive
2002/44. For other additional daily exposure determina-
tion methods as well as vibration comfort evaluation see
ISO 2631-1.

The International Standards Organization devel-
oped one more standard for the evaluation of WBV ex-
posure and it offers a method for the evaluation of vi-
bration containing multiple shocks (ISO 2631-5: 2018).
New parameters are the daily compressive dose of the
lumbar spine and risk factor. As Bovenzi states, “the
derived metrics for the risk assessment of the lumbar
spine are expressed in terms of daily compressive dose
S,, (MPa) and risk factor R (non-dimensional units) cal-
culated from the static gravitational force acting on the
vertebral endplates , the vibration related peaks of the
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dynamic compressive vertebral forces, and other factors
such as the individual characteristics (age, body mass,
body mass index, the size of the bony vertebral end-
plates), the duration of vibration exposures and the pos-
tures of the drivers [16]. ” These parameters take into ac-
count the cumulative exposure of WBV and its effect on
the lumbar spine and allow estimation of the probability
of low back disorders [16,17]. Frequent and intense mul-
tiple shocks are unlikely to be expected under normal
bus driver working conditions. Previous studies on bus
drivers WBV exposure therefore largely did not take into
account these parameters, i.e. methods of determining
them. Nevertheless, Lewis and Johnson [5] suggest that
for a more comprehensive understanding of the vibra-
tion exposure of bus drivers, the methods of both ISO
standards, 2631-1 and 2631-5, should be used.

MANAGING RISKS OF BUS DRIVERS WBV
EXPOSURE

Considering all the limitations and specifics when it
comes to the exposure of bus drivers, risk management
methods should necessarily include the choice of seats
that effectively reduce whole-body vibration, vehicle
maintenance programs, providing relevant informa-
tion and training for drivers, appropriate organization
of work with the necessary rest time as well as health
surveillance. Although limiting exposure time is one of
the most effective measures when it comes to vibration
exposure, its applicability in the workplace in question
is difficult in practice. Of course, this measure would be
necessary if exposure exceeded ELV, but no such cases
were expected.

Adequate choice of seats is affected by vehicle sus-
pension, road type [2], noting that poor maintenance and
years of operation can reduce the degree of seat attenua-
tion. The bus driver seats also have the primary function
of supporting the occupant in a comfortable seated pos-
ture [4], which must be taken into account when selecting
a seat, which should be adjustable. Drivers” awareness of
the risks should be accompanied by appropriate train-
ing, which would primarily indicate ergonomic princi-
ples for reducing the risk of musculoskeletal disorders.

By Directive 2002/44 provisions all bus drivers
found to have a daily WBV exposure level greater than
EAV, must undergo medical examinations, which should
be specific to the possible degenerative changes that are
caused or contributed by WBV. When hiring new work-
ers, particular attention should be paid to their possible
exposure to WBV in an earlier period and/or the exis-
tence of another risk factor for low back disorders [16].
Periodic medical examinations are desirable, regard-
less of the intensity of the exposure, especially bearing
in mind that bus drivers are at risk of musculoskeletal
disorders due to the full range of factors, primarily the
non-ergonomic position of the body.

CONCLUSION

Whole-body vibration which drivers in all forms of bus
transport are exposed to require attention. Epidemiolog-
ical studies imply that there is a wide range of adverse
health effects, which development can occur due to WBV
exposure. The possible development of musculoskeletal
disorders is the most important aspect when it comes to
preserving the health of the driver, but it is not the only
topic that matters.

Achieving oscillatory comfort gives drivers the
opportunity to reach full work productivity, with slow
development of fatigue and concentration over long
driving hours. For bus companies, it is vital not only the
comfort of the drivers, but also of the users i.e. the pas-
sengers.

Previous studies has evolved in two basic, inter-
connected, directions. One is related to epidemiological
studies that attempt to establish a dose-response relation-
ship, i.e. the health outcome produced by whole-body
vibration exposure. Another direction is finding the best
technical, organizational and other ways for prevention
and control of whole-body exposure risk.

The prospect of future research could move to-
ward modeling the prediction of WBV bus driver
exposure, based on a multi-criteria evaluation of the
impact attributes of WBV exposure. In this way, bus
companies could more easily manage vibration expo-
sure through the selection of the most effective risk
control methods. Certainly, like any other model, it
would be necessary to perform the verification and
possible modifications before the final application.
The main activities are the establishment of the model,
its iterations and verification supported by vibration
measurements and evaluation in accordance with the
international standards.

REFERENCES

[1]  Griffin, J. M. Vibration and Motion. In Handbook of Human Factors and
Ergonomics. ed. G. Salvendy, ch. 22, pp. 616-637. John Willey and Sons
Inc., New Jersey, USA, 2012.

[2] Blood, R. P., Ploger, J., Yost, M., Ching, R. P. Johnson, P. Whole body
vibration exposures in metropolitan bus drivers: A comparison of three
seats. Journal of Sound and Vibration. 329 (1), 2010, pp. 109-120.

[3] Cvetkovi¢, M., Baptista, J., Vaz, M. Occupational vibration in urban bus
and Influence on Ddiver’s lower limbs: a review. U. Porto Journal of
Engineering. 4(1), 2018, pp. 56-66.

[4] Jonsson, P., Rynell, Patrik., Hagberg, M., Johnson, P. Comparison of
whole-body vibration exposures in buses: effects and interactions of
bus and seat design. Ergonomics. 58(7), 2014, pp 1-10.

[5] Lewis, C. A., Johnson, P. Whole-body vibration exposure in metropoli-
tan bus drivers. Occupational medicine (Oxford, England). 62(7), 2012,
pp. 519-524.

[6] Thamsuwan, O., Blood, R., Ching, R., Boyle, L., Johnson, P.. Whole body
vibration exposures in bus drivers: A comparison between a high-floor
coach and a low-floor city bus. International Journal of Industrial Ergo-
nomics. 43(1), 2013, pp. 9-17.

[7] Zanol, E., Miguel, L., Becker, T. Whole-Body Vibration Exposures in Ur-
ban Bus Drivers: The Influence of Road Type, SAE 2014 Brasil Interna-

27



Nebojsa Curcié:
Bus Drivers Whole-body Vibration Exposure, Evaluation Procedures, Prevention and Control

TTTP (2020) 5(1):23-28

(8]
[l

(10]

(11]

(12]

(13]

tional Noise and Vibration Conference, 2014.

Palmer, K. T., Bovenzi, M. Rheumatic effects of vibration at work. Best
Practice and Research Clinical Rheumatology. 29(3), 2015, pp. 424-439.

Kessler, N., Kim, S., Mcgeehan, M., Hong, J. Applications of whole body
vibration therapy in the clinical setting: A brief review. International
Journal of Therapy and Rehabilitation. 19(7), 2012, pp. 405-413.

Krajnak, K. Health effects associated with occupational exposure to
hand-arm or whole body vibration. Journal of Toxicology and Environ-
mental Health. 21(5), 2018, pp. 320-334.

European Council. Directive 2002/44/EC of the European parliament
and of the Council of 25 June 2002 on the minimum health and safety
requirements regarding the exposure of workers to the risks rising from
physical agents (vibration). Official Journal of European Communities
L177.

European Commission. Non-binding guide to good practice for imple-
menting Directive 2002/44/EC (Vibrations at Work), Directorate-Gener-
al for Employment, Social Affairs and Equal Opportunities, 2007.
International Organization for Standardization. ISO 2631-1:1997 Me-
chanical vibration and shock - Evaluation of human exposure to whole-
body vibration - Part 1: General requirements.

(14]

[15]

[16]

(17]

Griffin, M. Minimum health and safety requirements for workers ex-
posed to hand-transmitted vibration and whole-body vibration in the
European Union; a review. Occupational and Environmental Medicine.
61(5), 2004, pp. 387-397.

Coyte, J., Stirling, D., Du, H., Ros, M. Seated Whole-Body Vibration
Analysis, Technologies, and Modeling: A Survey. IEEE Transactions on
Systems, Man, and Cybernetics: Systems. 46(6), 2016, pp. 725-739.

Bovenzi, M. Health effects of occupational exposure to mechanical vi-
bration. In Occupational Exposure and Health Risks. Public Health in the
21st Century. ed. E. Oddone, ch 8, pp. 218-240. New York: Nova Science
Publishers, Inc, 2016.

De la Hoz-Toress, M. L., Aguilar-Aguilera, A. J., Matrinez-Aires, M. D.,
Ruiz, D. P. Asessment of whole-body vibration expoure using ISO 2631-
1:2008 and ISO 2631-5:2018 standards. Inter.noise 2019. June 16-19,
Madrid, Spain, 2019.

28

http://www.tttp-au.com/



