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Low frequency vibrations occurring in ground transportation are of interest in research of the driver’s and the passenger’s 

comfort and in seating dynamics research. Piezoelectric accelerometers commonly used for vibration measurement are not well 
suited for the analysed frequency range. Hence, other sensors capable of measuring accelerations down to the sub-Hertz region 
have to be used. MEMS acceleration sensors are particularly suitable for such purposes. A compact measuring system employing 
two three-axial MEMS accelerometers interfaced via a USB data acquisition unit to a laptop was designed and constructed. 
The digitised data were then processed by scripts in Matlab® with the aim of analysing both the effect of vibration on a seated 
person and the dynamic properties of the seat. Preliminary results of a test run with a passenger automobile are presented.  
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1.  INTRODUCTION 

NE OF THE AREAS in which low frequency 
vibrations occur is ground transportation. The 
frequency content may vary from well below 1 Hz 
up to 80 Hz. Exposure to low frequency vibrations 

and shocks may affect human comfort and in some cases 
prolonged exposition to excessive vibrations may impair 
health. In many industrial vehicles, forestry and agricultural 
machinery, building and mining vehicles and machinery, 
due to their principle of operation, it is not possible to use 
axis suspension for vibration suppression, as it is the case in 
passenger cars, buses, railway vehicles, etc. It is necessary 
to undertake technical measures to minimize the effects of 
the vibration influence on workers by designing suitable 
driver’s seats. Various national and international regulations 
limit the vibration exposure of workers. In Europe, this 
important issue is regulated by the Physical Agents 
(Vibrations) Directive 2002/44/EC [1]. According to this 
Directive, there are vibration exposure limits for workers 
subjected to the whole body vibration for a standardised     
8-hour shift, which must not be surpassed. The particulars of 
measurement of exposition to vibrations are governed by the 
standard [2]. 

One of the contemporary approaches to the seat 
development is the seat suspension system modelling and 
simulation. Simulation models of various complexities are 
employed for this task. The models can be excited by 
artificial signals, e.g., sweep harmonic signal, narrow band 
random signal or by acceleration time history data gathered 
in real field operating conditions. The last type of signals 
serves best for the description of the real operating 
conditions. Hence, it is important to have suitable 
instrumentation at hand for the acquisition of the vibration 
data in field conditions.  

Various means for the acquisition of the vibration data in 
the field conditions are used, i.e. in-vehicle analogue data 
loggers, telemetry systems, instrumentation grade tape 

recorders, instrumentation carried in an escort vehicle [3]. 
Recently, instead of instrumentation grade tape recorders, 
solid-state memory cards based field recording instruments 
were introduced by renowned companies [4], [5]. 

All these approaches are rather complex and costly and are 
usually limited to the use in specialised test establishments, 
on test tracks of large vehicle or seat manufacturers, where 
their extensive daily use is warranted and the capital cost 
incurred is well justified. Their use in academic research 
environment is sometimes limited due to the costs, 
complexity and the need of a knowledgeable specialist fully 
occupied with the tests. Even so, errors in the field 
measurements due to miss-connections of the sensors, 
contact/earthing problems, and electromagnetic interference 
may spoil the costly and extensive field test results, 
performed often under heavy and stressful conditions in a 
short time span available for tests. Quite often, later it is 
established that some data files are unsuitable for further 
analysis, say, due to electro-magnetic interference, excessive 
cross-talk failures of the sensors or of the cabling.  

In most cases the vibration transmission from the vehicle 
floor (seat base) to the seated driver via the driver’s seat and 
the driver’s buttocks is in the centre of attention. In general, 
translatory and rotational vibration components are present; 
however, the translatory components in mutually 
perpendicular coordinate axis are the most often measured 
and evaluated.  

Wireless vibration monitors [6], [7] were recently 
introduced to monitor the real vibration loading of the 
workers in the field conditions. For attended measurements, 
companies dealing with the measurement and the analysis of 
the vibration provide the so-called human vibrometers. 
These special-purpose vibration measuring instruments have 
to comply with the ISO 8041:2005 standard [8]. 

To facilitate the three-axial vibration measurement in field 
conditions, a low-cost apparatus from the commercially 
available MEMS acceleration sensors was developed in 
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collaboration with the Institute of Measurement of the 
Slovak Academy of Sciences. The aim behind the project 
was to have the in-house facilities to perform the field 
measurements within reasonable costs without the need for 
the specialised equipment and for the specialised test 
engineer. The purpose of this system is:  
1. To gather real-time field vibration data for the future use 

in the seat suspension system simulation research. 
2. To have the means to analyse the seating dynamics 

concurrently in three mutually perpendicular axes. 
In this way, the various interactions could be analysed in 
each vehicle. The research effort could then focus on the 
vibration mitigation in the axis of the highest influence 
(acceleration value). This is not necessarily in the 
vertical axis. 

A contemporary state-of-the-art field vibration acquisition 
system [9] consists of: 

- Tri-axial ICP piezoelectric accelerometer – one mounted 
under the seat, the other one in a specifically designed 
seat-pad according to ISO 10326-1:1992 [10], i.e. 
EN 30326-1:1994 [11] located between the buttocks of 
the seated test subjects. As described in these standards, 
it serves to measure the vibratory input with respect to 
the seated person. 

- Two professional human vibrometers (vibration data 
loggers) for amplifying the accelerometer signals.  

- A pocket Personal Digital Assistant (PDA) with an 
auxiliary battery pack and an extended memory with an 
external PCMCIA data acquisition card. 

- A Global Positioning System (GPS) integrated within 
the PDA to supply the positional data for use in the 
laboratory. 

The continuous data streams acquired in various test runs 
in a metropolitan bus were stored in the PDA and 
downloaded to a PC equipped with LabVIEW after each 
testing to process the raw collected data according to the 
standards used in the assessment of the human body 
vibration influence and in the seating dynamics research, to 
be described below.  

The extent and complexity of the instrumentation used is 
obvious from this short description. It has to be stressed that, 
except for the GPS auxiliary data, only four channels of 
vibration data were processed by the professional human 
vibrometers working as accelerometer conditioning 
amplifiers for the PCMCIA data acquisition card. It was 
possible to analyse the vertical vibration transmission only. 
Vibration transmission in other directions was not analysed. 
Given the large number of performed test runs, statistical 
analysis of the raw data was possible, as described in detail 
in [9]. The aim of this extensive study was to thoroughly 
characterise and select the best of the three different driver’s 
seats tested.  

Even more sophisticated instrumentation apparatuses were 
used in the field test made within the European project with 
the acronym VIBSEAT [12], described in a greater detail in 
the relevant field test reports. Some of the large-scale 

measurements in difficult conditions were not very 
conclusive either. Hence, it is necessary and worthwhile to 
pay attention to the improvement of methods and devices for 
gathering of field vibratory data for laboratory analysis and 
evaluation, as well as an excitation signal for simulation. 

 
 

2.  SPECIFICS OF THE VIBRATION MEASUREMENT IN 
TRANSPORT MEANS 

It should be noted that in the ground transportation the 
acting forces are of primary interest, followed by the relative 
movement of various vehicle parts. As a result, the preferred 
measurand is the absolute acceleration followed by the 
relative displacement. Despite a well-defined physical 
relation between both characteristics, experience 
shows [13]-[15] that the errors introduced by the real 
measuring systems are of such a magnitude that excludes the 
practical usage of this relation. In practical situations, it is 
advisable to complement one measuring system by another 
one and to use data fusion [13].  

It is known from experience that the vibratory 
acceleration av observed in the ground transportation is 
smaller than standard gravity acceleration gN ≈ 9.81 m s-2. 
It is also well known that the measured accelerations are of 
random nature with periodic components. Often, shocks are 
encountered, the peak acceleration magnitude which may be 
as large as 30 - 40 m s-2 (3- to 4-times gN), gives rise to crest 
factors of the excess of eight. Vehicles are, in general, 
subjected to traverse on arbitrary curvilinear trajectory with 
non-constant traversing velocity. Moreover, the vehicle 
chassis plane may be inclined with respect to the horizontal 
plane. Both effects give rise to a quasi-static acceleration at, 
which is superimposed onto the mechanical vibrations due 
to the road/track unevenness and/or the engine influence. 
The quasi-static acceleration influences the equilibrium 
position of the seat suspension system and so it is of interest 
in the seating dynamics research: A seat is a non-linear 
oscillatory system, whose properties strongly depend on the 
operating point in the equilibrium. Thus, it is worthwhile to 
posses a measuring system that is able to measure both 
acceleration components.  

The quasi-static translatory acceleration at frequency 
content extends down to the sub-Hertz frequencies. 
Measurement of the total acceleration aT = at + av poses 
some practical problems, as treated at length, e.g., in [13], 
[14]. The use of the standard piezoelectric accelerometers 
with their well-known inherent low frequency limits is not 
feasible. Other accelerometer types, capable of measuring 
the quasi-static acceleration have to be considered. The 
current state of the art is to use sensors based on the so-
called servo-accelerometer principle and produced using 
contemporary semiconductor manufacturing technologies, 
i.e. Micro-Electro-Mechanical Systems (MEMS), as 
described, e.g., in [13], [16]-[18]. The use of one type of the 
MEMS type servo-accelerometer for this purpose will be 
illustrated further on. A detailed description of this sort of 
acceleration sensor may be found in the above-mentioned 
references. Some information on the noise issues pertinent 
to the MEMS accelerometers is given in [19], [20]. 
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Fig.1.  Photo of the sensors (a) and the box with the laptop (b). 

 
3.  THE COMPACT MEASUREMENT SYSTEM  

The compact vibration measuring system consists of the 
following parts (see Fig.1): 

A/ Two identical three-axial MEMS accelerometers;  
B/ An analogue acquisition unit with a USB output; 
C/ A standard laptop with an acquisition program. 
A/ The three-component MEMS accelerometer type 

CXL04LP3, made by Crossbow [21], is enclosed in a plastic 
box 19×47.6×25.4 mm of the mass of 46 g. The measuring 
range is ± 40 m s-2 (4×gN); the output voltage is approx. 
2.5 V for the zero acceleration and sensitivity is 
≈ 50 mV/m s-2. According to the manufacturer, the 
frequency range extends from DC to fM = 100 Hz. The 
accelerometer is factory calibrated; hence no field 
calibration is needed.  

The accelerometer is fixed either to a 2 mm thick steel 
plate of 120×100 mm (the base/floor sensor, denoted as 
“sensor A” (index “b”)) or to a steel disk of a diameter of 70 
mm, located in a rubber disc “sensor B” (index “s”); 
Fig.1(a). The rubber disc is made according to the 
requirements of ISO 10326-1 standard, i.e. EN 30326-1 
[10], [11] (see Fig.2). No compensation of the temperature 
variation was foreseen because a high-pass filter eliminates 
any incurred low frequency drift. 
 

 
Fig.2.  The test disc to be positioned under the seated driver. 

 
B/ The analogue acquisition unit with USB 2.0 

communication interface, type DT 9816, made by Data 
Translation [22] consists of 8 input channels, each equipped 
with 16-bit sigma-delta convertors with sampling frequency 
of up to 50 kHz and a full span of ± 5 V. The 8 channels are 
timed simultaneously (aperture match better than 5 ns), thus 
facilitating reliable phase/time delay estimation. The control 
is facilitated by a microcontroller. The acquisition software 
enables sampling of either 32000 data points into a memory 
file or a continuous storage of a much larger amount of data 

on the disk. For chosen sampling frequency fs of 200 Hz, the 
first method facilitates measurement duration of 150 s, 
which was deemed as sufficient at this stage.  

Compact integration of the above-mentioned units was 
facilitated. Since the sensors rely on a constant voltage 
supply of 5.0 V with required stability, a stabilisation circuit 
of ADP 3607 type was used. To increase the system 
reliability no connectors were used. The cables of the 
sensors and the USB cable enter the compact box via rubber 
bushings, thus facilitating a partial dust-proofness, Fig.1(b). 
These measures improve the reliability of the device and 
simplify the measurement set-up in the field.  

To make the experimental conditions more transparent, a 
straight traverse is assumed. This condition calls for a 
specific field measurement conduct: the vehicle stands in a 
standstill with the engine running for a while, while the data 
acquisition is already running, then accelerates to the 
velocity required, maintains a straight course at a given 
constant velocity and then decelerates to the standstill. This 
measurement organisation facilitates proper data analysis for 
the seat suspension system performance assessment in the 
equilibrium position. 

C/ The data analysis program is written in the Matlab® 
environment. The program first acquires the raw data, 
including the interval at the beginning of the measurement 
when the vehicle is at a standstill. The signal is subjected to 
a low-pass filtration by a FIR low-pass filter of the 100th 
order with a cut-off frequency of 0.2 Hz. In this way, the 
translatory acceleration at is obtained and displayed 
(Figs.3(a), 3(b)). The program calculates the sensor 
inclination angles, which may be of use in seat design. In the 
illustrative example, the most pronounced inclination is for 
the seat sensor B in the fore-and-aft direction (some 14°, 
causing the observed offset), whereas the other values are 
about 2° and hence negligible. These DC components are 
then subtracted from the time sequence to provide a 
correction for sensor inclination and temperature drift.  

The operator can assess from Fig.3 the time interval when 
the vehicle was travelling with a constant speed (base at in 
the fore-and-aft direction is approx. zero). In the next step, 
the time interval during which the signal is assumed to be 
stationary is selected. In this example, this is between the 
32nd

 s and the 38th
 s.  
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(a) 
 

(b) 
 
Fig.3.  Pre-processing of the acceleration signals: (a) on the seat 
base; (b) and on the seat surface: (▬▬▬) x - direction;  
(• • • •) y - direction; (─ ─ ─) upward direction (z - direction). 
 

Signals from the selected time interval are then subjected to 
a further band-pass filtration by a FIR filter of the 100th 
order to extract the vibratory acceleration av in the 
frequency band 0.50 Hz to 80 Hz in each sensor axis (Fig.4), 
in accord with the ISO 8041 standard [8]. The data pre-
processed like this are subjected to calculation of the 
acceleration power spectral densities (PSDaij), modules of 
the transfer function estimates (TFEj) and respective 
coherence functions γj by Matlab® functions, Fig.5. This is 
the standard time history data processing used in the 
analysis of mechanical vibrations. 

 

 
(a) 

 
(b) 

 
(c) 

 
Fig.4.  Vibratory acceleration signals in mutually perpendicular axes: (a) x, (b) y, (c) z; seat base (▬▬▬), seat (▬▬▬). 

 
 

4.  PRELIMINARY RESULTS  

The data used for the performance assessment were 
gathered in preliminary test runs with three voluntary test 
persons seated in a Škoda sedan car on the premises of the 
Slovak Academy of Sciences. Due to the limitations of the 
straight traverse with a constant speed in the test area, 
analysed time intervals are very short and the traversing 
speed rather low (some 10 to 15 km/h). No test track closed 
to public traffic was available; hence more field tests were 
not yet possible. 

The acceleration RMS values were low; however, still 
more than 12 dB above the sensor’s noise floor. For 
estimation of the acceleration power spectral densities 
(PSDaij), transfer function estimates (TFEj) following 
parameters for the FFT routine were used: M = 512 data 
points, i.e. frequency resolution Δf = 0.391 Hz, 50 % overlap 
of adjacent data blocks and Hanning weighting, Fig.5. Due 
to short time history, the number of averaged blocks ranged 
between 2 and 5.  

 
5.  DISCUSSION  

The described compact vibration measuring system for the 
in-vehicle applications should fulfil different purposes. It 
was developed for the specific use in the academic research 
environment with limited means, not for industrial use on 
test tracks. The vibration measuring system was not 
calibrated and tested to comply with the ISO 8041 standard, 
as this was not required. The authors fully relied on the 
sensor calibration data supplied by the sensor manufacturer.  

On the other hand, the compact measuring system fully 
utilises the available hardware, unlike the instrumentation 
used,   e.g.,  by  [9].   The  software   can  be  tailored  to  the  

 
 
specific tasks, i.e. to the driver’s seat performance analysis 
or for the evaluation of vibration influence on the seated 
driver or for the field vibratory data acquisition.  
   There is a need of a person to operate the laptop during 
data acquisition. However, the data acquisition is quite 
simple and does not require sophisticated skills. Thus, a 
trained driver is able to perform the recordings by himself. 
When using a human vibrometer supplied by a specialist 
company, the measurement technician has to travel on the 
machine tested and operate the vibrometer by himself, 
anyhow. This may psychologically adversely influence the 
driver’s performance and hence the measured results. 
However, the circumstances of the particular measurements 
can be minutely recorded to be used later in laboratory, e.g., 
for comparison of simulation results with those measured. 
This is often of a paramount importance. Moreover, the 
presence of the test technician enables to identify erroneous 
measurements and repeat the respective test run without 
much extra effort on the spot, directly in the field. 

Presence of another person is nearly completely eliminated 
by wireless systems [6], [7] which are designed for a long-
term unattended operation. However, they gather just the 
RMS acceleration values, i.e. time integrals of the 
accelerations in the three mutually perpendicular directions, 
not the raw acceleration signals. Hence, the stored data are 
not suitable for supplying any simulation program. 
The same is true for the professional human vibrometers. 
None of these instruments are suitable for acquisition and 
storage of the data required for detailed scientific research.  

This is possible with the described compact vibration 
measuring system and with the apparatus used in the 
references [3], [9]; but at a higher cost.  
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(c) 

 
Fig.5. Typical seat base and seat surface acceleration PSDa, the coherence functions γ and the TFEs  

for the three perpendicular axes: (a) x, (b) y, (c) z; seat base (▬▬▬), seat (▬▬▬). 
 

6.  CONCLUSIONS 
To facilitate the three-axial vibration measurement in the 

field conditions, an apparatus from commercially available 
MEMS acceleration sensors was developed. The aim was to 
have instrumentation for field measurements of vibrations at 
a reasonable cost without the need of specialised equipment. 
The use of this system is twofold: 

1. To gather the field vibration data in real time for future 
use in a seat suspension system simulation research. 

2. To have the means to analyse driver’s seat performance 
in the three mutually perpendicular axes.  

The developed system fully utilises the hardware used and 
seems to be well suited for the academic type of research. 
The fitting of the apparatus into the vehicle is fairly easy and 
straight forward, as no cable connections are necessary. By 
suitable programming in the laboratory, the gathered field 
data can be processed according to the tasks required. 
Preliminary results demonstrate the feasibility and the 
capabilities of the described measuring system.  
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