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Abstract. The article addresses results of the research on the structure and propagation of
vibration of vehicle for different parameters of suspension damping system. Long term exposure
to whole-body vibration in transport may cause health risk and many diseases. Suspension is the
most important system of vehicle for vibration control of level of wave emission to car-body and
passengers. Thus the research on structure and propagation of vibration were conducted for
different damping parameters of shock absorbers. For the sake of the analysis of exposure to
whole-body vibration signals of general vibration were recorded at locations where vibration
penetrated the human organism by the feet inside the vehicle. The vibrations have to be analyzed
in the domains of amplitudes, time, frequency and time-frequency. Chosen estimators were
defined and compared for the sake of the analysis of vibration propagation in terms of energy and
dynamics. To evaluate the exposure to vibration it is important to analyse the dynamics of
phenomena and main frequency components of vibration. For the spine response in vertical
direction calculation of the model presented in 1SO 2631 was used. The calculations of
acceleration dose and equivalent static compressive stress for the assessment of health effects were
done. Due to the large capacity of information in vibration signal the scope of presented research
can be used for active diagnostics experiments on determining of estimators of technical condition
of suspension elements.
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1. Introduction

The consequences of the impact of vibration on humans are all kinds of adverse effects in the
body, resulting from exposure to vibration. Range and process behavior of these changes depends
largely on where they penetrate into the body. A very large group of persons exposed to general
vibrations comprises car drivers, passengers, tram drivers or building and road machinery
operators. Vibrations propagate into the human organism through vehicle seats via the pelvis, the
back and lateral parts of the body as well as through the vehicle floor panel via feet. The most
harmful to people vibrations are those input frequency of which is close to the free vibration
pulsation of human organs. The scope and the procedure of handling them depend to a
considerable extent on the location where they penetrate the organism [1-6].

Vibration can be considered in many terms, as effects of different generators and linear or
nonlinear functions of propagation [7-10]. Vibrations perceived as internal phenomena reduce the
efficiency of transport processes as well as transport safety and comfort [11, 12]. It is more and
more common that vibrations, being undesirable residual phenomena, are used in machinery
monitoring and diagnostics [13-18]. A vehicle suspension system, which consists of damping,
springing and steering elements, is responsible to a considerable extent for damping of vibrations
generated by road roughness [11]. The purpose of every shock absorbing system and element is
to minimise the impact exerted by vibrations on other systems as well as on the persons inside the
vehicle. It can be considered as vibration control system [19, 20]. Oscillatory waves propagate
and influence people via the vehicle structure, i. e. the frame or the body. Changes in the structure
and composition of material may affect its capacity for the oscillatory wave propagation and
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materials properties, so all physical relation have to be considered [21-24]. General vibrations are
mainly transferred on men via lower extremities as well as the middle and lower section of the
spine.

As far as random vibration phenomena are concerned, the signals recorded are of non-
stationary nature which requires that the signal distribution is observed in the domains of time and
frequency simultaneously [25].

2. Research method

For the car moving at a speed of ca. 80 km/h the most energy of the vibration signal is
contained in the band up to 20-30 Hz with the assumptions of secondary roads class and an average
wavelength of existing roads.

The active research experiments were conducted on real passenger car. The vehicle was
excited to vibration by special kinematic excitation machine with an inductor controlled with a
frequency converter. It enabled the system to be excited to vibrate within the chosen band of
stabilised frequencies band. The range of the frequency of the forced vibrations was set as dynamic
linear increase up to ca. 21 Hz, excitation with constant frequency (ca. 21 Hz) for 5 seconds and
once the testing station had been switched off, this made it possible to analyse the free damping
vibrations. This set up allows analysis of bands of sprung and unsprung masses resonances.
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Fig. 2. Chosen applied damping characteristics of hydraulic shock-absorber:
black — damping characteristics corresponding to the shock absorber with 60 % of fluid volume,
red — 70 % of fluid volume, blue — 80 % of fluid volume, green — 90 % of fluid volume,
yellow — 100 % of fluid volume
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The scope of the research allows analysis of quantity of vibration isolation by suspension
system. For the sake of the analysis of exposure to general vibration signals they were recorded at
locations where vibration penetrated the human organism by the feet inside the vehicle. The
research method and location of measurement points has been depicted in Fig. 1.

It was assumed that the main factor of technical condition of the vibration damping element is
the degree to which the shock absorber cylinder is filled with shock absorbing fluid [26]. Some of
the results of damping characteristics of shock absorbers with different volume of fluid have been
depicted in Figure 2.
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Fig. 3. Distribution of acceleration of vibration of floor panel under the feet of passengers
(shock absorber with 100 % of fluid volume)
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(shock absorber with 50 % of fluid volume)

1682

© VIBROENGINEERING. JOURNAL OF VIBROENGINEERING. DECEMBER 2013. VOLUME 15, ISSUE 4. ISSN 1392-8716



1079. RESEARCH ON STRUCTURE, PROPAGATION AND EXPOSURE TO GENERAL VIBRATION IN PASSENGER CAR FOR DIFFERENT DAMPING
PARAMETERS. RAFAL BURDZIK, LUKASZ KONIECZNY

3. Research results

Due to the complexity resulting from nonlinear and random nature of vibration phenomena in
automotive vehicles, the analysis in question is multidimensional. The vibration is analyzed in the
domains of amplitudes, time, frequency and time-frequency.

3.1. General vibration propagation

Research on general vibration propagation has been conducted and the vertical vibrations of
floor panel have been measured. The measurement points have been placed at locations where
vibration penetrated the human organism by the feet inside the vehicle (Fig. 3 and 4). For the sake
of the analysis of vibration propagation in terms of energy the values of RMS (Root Mean Square)
were calculated and compared (Fig. 5).
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Fig. 6. Spectrums of vibration of floor panel under the feet of passengers
(blue line — shock absorber with 100 % of fluid volume,
green dash-dot line — shock absorber with 50 % of fluid volume)
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Fig. 7. Time-frequency structure of vibration signals of fléor panel under the feet of passengers
(shock absorber with 100 % of fluid volume)
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It can be observed that RMS values of the vibration signal with shock absorber with 50 % of
fluid volume are greater. Especially vibration for the 20-25 seconds of signal period. For the
analysis of the dynamics of the vibration the spectrum of the signals, calculated by Fast Fourier
Transformation (FFT), have been depicted in Figure 6. As it is seen the vibrations of vehicle with
shock absorber with 50 % of fluid volume have many more of frequency components in wider
range of frequency band. For the signals of vibration with shock absorber with 100 % of fluid
volume it can be assumed that vibrations are strongly correlated with frequency of constant
excitation.

3.2. Structure and exposure to general vibration

To evaluate the exposure to vibration it is important to analyse the dynamics of phenomena
and main frequency components of vibration. It is necessary to analyse structure of vibration
signals as multidimensional. The vibrations have to be analyzed in the domains time-frequency.
Simultaneous extraction of information concerning the time-frequency structure of a signal being
analysed is possible owing to a Short Time Fourier Transform (STFT). Application of this method
allows identifying with good precision the time when the resonance occurs. The resonances are
well noticeable as the local increase of the amplitude of vibration, both in time and frequency
domains (Fig. 7 and 8).
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Fig. 8. Time-frequency structure of vibration signals of floor panel under the feet of passengers
(shock absorber with 50 % of fluid volume)

Based on the time-frequency distribution (structure) of the signals it can be calculated the time
exposure to vibration in specified frequency correlated to the free vibration pulsation of human
organs.

The International Organization for Standardization and Technical Committee ISO/TC 108
prepared the standards 1SO 2631 1-5 — Mechanical vibration and shock — Evaluation of human
exposure to whole-body vibration. For the sake of the analysis of human exposure to general
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vibration the methods of quantifying vibration containing multiple shocks in relation to human
health have been used. Adverse effects on the lumbar spine are the dominating health risk.
Therefore the analysis is concerned with the lumbar spine response. For the spine response in
vertical direction calculations of the model presented in 1ISO 2631-5:2004 (chapter 5.2.3) were
used. The calculations of acceleration dose and equivalent static compressive stress for the
assessment of health effects were done (see Table 1).

Some of the results of spine response and acceleration dose and equivalent static compressive
stress of vibration of the floor panel under the driver feet have been depicted in Figure 9.

Table 1. Estimators of human exposure to whole-body vibration (1ISO 2631-5:2004)

Acceleration Average daily Equivalent static Daily equivalent static
dose dose compressive stress compressive stress
1/6 1/6
. 1/6 (! /6
D, = ZAik Dzq =D, [t_] Se = Z (myDy)® Sea = Z (MiDra)®
i m k=x,y,z k=x,y,z

Ajp is the ith peak of the response acceleration, k is direction of acceleration (Z in calculation),
tq is the duration of the daily exposure (30 min in calculation),

t,, is the period over which Dy, has been measured (0.75 min in calculation),

m,, is direction of vibration factor (for Z axis m;, = 0.032).
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Fig. 9. Measured results of vertical vibration of floor panel under the driver feet (left) and
response in the spine calculated by the non-linear model presented in 1ISO 2631-5:2004 and
estimators of human exposure to whole-body vibration (right) —
the upper results of the 100 % of shock absorber fluid, the lower results of the 50 % of shock absorber fluid

4. Conclusions

Designers of automotive vehicles strive to limit the vibrations of sprung masses, trying to
maintain sufficient rigidity of the suspension system at the same time, so that suitable steerability
is ensured. Consequently, material properties and metallurgical technologies applied in the
automotive industry and repair technology are gradually growing in importance [27-32].

The presented results showed that there are many of frequencies of occurred vibration,
especially during the time of passing the resonances. The vibrations registered in research on
shock absorber with 50 % of fluid are higher. It can be strongly recognized in resonances phase.
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For the purpose of analysis of vibration propagation in vehicle construction it is important to
determine the energy and dynamics of the vibration. The global estimators of energy as RMS can
be useful for preliminary evaluation of level of vibration exposure on passengers by floor pan. On
the human perception the frequency of vibration is very important. The analysis of spectrum of
the signals (FFT) allows to determine the dominant frequency component.

The attempts to use the acceleration dose and equivalent static compressive stress for the
assessment of health effects of general vibration according to methods from 1SO 2631-5 have been
successful. The vibration measurement requirements included in 1ISO 2631-1 are to measure in 3
orthogonal directions on driver seat. The presented calculation was for measurement only in one
vertical direction on floor panel, but it still corresponded with general vibration and adverse effects
on the lumbar spine. According to ISO 2631-5 assessment of adverse health effect at lifetime
exposure are acceptable where S, is below 0.5 and very dangerous when it is above 0.8. The
obtained results for the shock absorber with 100 % of fluid (S,; = 0.32142) and 50 % of fluid
(Seq = 0.79909), with notification that the results are only for the vertical vibration, show huge
impact of damping parameters on human exposure to vibrations in a passenger car. If the
horizontal vibration (x, y axis) is counted the probability of an adverse health effect will be very
high.

Based on STFT transformation some sensitive estimators of exposure to whole-body vibration,
based on general vibration can be calculated. Thus it can be calculated that the sum of the energy
of the vibration in chosen frequency bands corresponds to the free vibration pulsation of human
organs. It can be very useful for vehicle car vibration monitoring and active control of vibration
system. The results of previous and conducted research show some possibilities to develop the
active system for monitoring and decreasing human vibration exposure in passenger cars.
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