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Abstract-- Whole body vibration (WBV) is traditionally
monitored using accelerometry, but optical motion analysis
techniques may provide a means to investigate both vibration
exposure and kinmatic joint motions simultaneously. While each
method has strengths and weaknesses, the objective of this work
is to combine these methods into an efficient and effective
methodology to obtain three dimensional motion data for WBV.
Optical motion capture systems and accelerometers have been
used in this article to collect three dimensional (3D) motion data
from three seated heavy machinery subjects under five rides that
simulate off-road whole body vibration scenarios using a
platform motion simulator. 3D displacement data obtained from
mar kers are smoothed and then double differentiated using a five
point central finite difference method to obtain linear
acceleration values. A number of filtering and smoothing
techniques have been implemented to obtain realistic linear
acceleration from the markers data. These methods include low
pass digital filtering (LPF), B-spline approximation (BSA),
wavelet decomposition and reconstruction (WDR) and singular
spectrum analysis (SSA). By using four markers and one
accelerometer on each segment, the 3D angular velocity and
angular acceleration values have been deter mined. The process of
using markers has been designed to achieve two goals. The first
goal was to obtain local coordinate system to guide the
accelerometer throughout thetrial, and the second, wasto help in
finding the angular velocity and angular acceleration of the
segment. The goal of using accelerometers was to define a guide
for subsequent filtering operations. The effectiveness of filtering
was compar ed to the accelerometer data in the frequency domain
in terms of 1/3-octave band-pass filtering and power spectrum.
The results demonstrate the significance of using optical motion
capture markers with a minimal number of accelerometers to
obtain realistic 3D motion data in a whole body vibration
environment.
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|. INTRODUCTION

in aircrafts, ships, automobiles, farming machinery
construction equipments, army’s vehicles, and othering
environments. Many recently published articles tahe that
there is strong epidemiological evidence for a ti@hship
between occupational exposure to WBV, low back faiP)
and back disorders, Hand-arm vibration syndromd, \@hite
finger syndrome [1-3].

In WBV, domestic and international guidelines/stami$
and European Commission laws dictate exposuredlibased
on measurement of vibration at the interface betwtbe seat
and the operator’s buttocks using seat-pad accabdry [4-
7]. This is historically based on the assumptioat the only
major source of vibration is transmitted through teat pan.
However, vibration may also be imparted to the hesadi neck
via the steering wheel and/or arm-rest controlsanelatively
rigid upper body. Therefore, in order to better enstand
whole body response to vibration, it is importamtcbnsider
all degrees of freedom of each body segment witigla order
of details.

Accelerometers have been proven to be effective in
collecting motion data in WBV field. Theoreticallyto
describe the three-dimensional motion of each ksmiyment,
six accelerometers should be used. Yet, due todinelinear
relation between the linear and angular kinematargables,
and the influence of the gravity-related terms, tipld
accelerometers (9-12) placed in a specific confiton are
needed to resolve its complete kinematics [8]. Téwsls to a
very high number of sensors required for monitonmgole
body motion analysis and may impact the subjectemal
movements. In addition, angular and linear disphaent
estimated by using double integration of accelenstidata are
often perturbed by the drift and movement artifaelonging
to the acceleration signals and requires knowledfyghe
initial conditions [8].

An alternative effective and efficient way to caclle

Human discomfort and health related issues due tébjective data for motion analysis is to use motaapture

vibration exposure are one of the major problemsnamny
occupational fields. Humans are normally exposeexternal
forces, motions, and accelerations such as thoseuetered

systems. Motion capture systems today have many
applications in biomechanical studies [9, 11]. Maoticapture
systems have been shown to be accurate, repeataie,



consistent [12] and as an additional benefit, there pain or
risk involved in using such systems. In the mota@pture
process, a number of reflective markers are atthokier bony
landmarks on the participant’'s body, such as thewe| the
clavicle, or the vertebral spinous processes. Asptirticipant
walks or carries out a given physical task or finct the
position history of each marker is captured usingagray of
infrared cameras.

There are many advantages to using optical moaptuce
systems to collect motion data in WBV environmerfisst,
the markers are passive sensors, meaning thatatteepnly
reflective surfaces and they can be attached ewséyy area
on the body of the subject without the need forewito
connect them to a data collection system. Sectedyétically
only three markers are
dimensional velocity and acceleration of each bsegment;
however, four markers were used in this work tovjgte for
the most accurate results [13]. In the WBV envirentm
however, markers can not be used alone to obtdititye and
acceleration data due to the level of noise preseat various
frequencies. Therefore, a guide such as an acoceddeo is
needed for subsequent filtering and smoothing djpam

A potential problem with passive markers, though,

were borrowed from real machines and were usechim t
study. With each seat, three types of controlewsed which
include: seat mounted armrest control, steeringelyhand
floor mounted armrest control. In all tests, tipe@tors were
instructed to put their feet on the pedals and thands on the
controls. Sixty passive reflective markers weradted over
bony landmarks on the operator upper extremitydhh&aso,
and lower extremity. Time history of the locatiof these
markers was collected at rate of 200 frames pebrgkc
Additional markers were also used to define thation of the
platform, seat, and steering wheel.

A Data Smoothing
Smoothing and differentiation techniques to 3D wmoti
data have been widely implemented in the literature

required to define the threedifferent forms and in various practical fields J14n this

study, four methods were used to smooth marker#iqos
data before obtaining velocity and accelerationaddthe
smoothing methods include low pass digital filtgri.PF, 18

Hz cut-off), B-spline approximation (BSA), wavelet
decomposition and reconstruction (WDR) and singular
spectrum analysis (SSA). The goal of using thes¢hats
was to study the behavior of each method throughbet
tested range of frequencies (up to 40 Hz in therecur
experiments). For all smoothing techniques, programere

occlusion, where the markers do not appear in enough of theritten in a Matlab environment except for the S8lere the

camera shots due to blockage of the line of sighiveen the
marker and the cameras by objects in the scene ather
parts of the subject’s body. The research team ekiewy has
obtained experience in dealing with problems such
occlusion. In this regard, the research team usedndant
markers (more than the minimum required in the dsach
protocol) to compensate for occluded markers. \Wathundant
markers, methodologies are available to fill in thetion data
from occluded markers with information from the wedant
markers. Further, there are numerous post-protgsgitions

Matlab embedded functions were used [15].

aB' Velocity and Acceleration

Fig. 1 shows the markers location for one trial. l@dst
four markers were attached to each body segmerg. tn
axial accelerometer was attached to a marker orhe¢lael of
the subject, one tri-axial accelerometer was a#dcto the
seat pan, and one vertical uni-axial acceleromeserattached
to a marker on the seat base, rigidly fixed to thetion

available to digitally filter and differentiate thmotion data.  platform.
Particularly in a vibration and shock environmenthas not ] ) . )
previously been shown which methodology is most The three-dimensional velocity and acceleration

appropriate.

components of any point on a rigid segment can liairwed
by knowing the linear velocity and accelerationooie point

The objective of the present work was to use obticapn the segment and the angular velocity and angular
motion capture data to determine 3D linear and &mgu acceleration of the segment. The linear velocityd an
velocity and acceleration components of various ybod 5cceleration of any point can be obtained by difiéiating the

segments in whole body vibration environment. Widkga
collection for such an environment is very seneitito
frequency and noise, at least one accelerometerneeded
for each segment to be used as a reference foswrsequent
filtering or smoothing operations. The head segme&at
considered in this work, as an example, to dematestthe
effectiveness of the proposed approach.

l. METHODS

A six-degree of freedom man rated shaker table wgasl
to simulate rides from five heavy construction maek
conducting tasks in real sites. Three subjects [508p, and
95 percentile in height] were used in the testifigrasigning
informed consent documents, as dictated by theozpprof
the project by the Human Subjects Office at Theversity of
lowa. Two types of seats with their damping uniseasbly

time history of a marker’s position at that location WBV,

the displacement data is normally very noisy and ivery
hard to filter out the noise without prior knowledgf the
frequency spectrum and the noise level. Thereftoe,the

head segment, as an example, a tri-axial accel¢eormes
attached to a marker on the head and was usedjaisie for
noise detection and smoothing operations. Nevarsiselthere
is a potential difficulty associated with the meaasnent of the
acceleration components in three-dimensional motioe to
the influence of the gravity component. One waydsolve
this problem is to determine the time history oé tlocal
coordinate system of the accelerometer with respedhe
global coordinate system; in this case, it becopwssible to
remove the gravity component from the system. is skudy,
three markers were used to define a local cooreliggstem
for the segment with respect to the global coortdireystem



(Tue). and the sensor axes were used to define the loca The three dimensional angular acceleration andcitglof
the head segment can be obtained by writing (1) (@hdor

coordinate system for the acceleromet&j ), as shown in any relative position vectors that may be formetiieen the
Fig.2. Since the two local coordinate systems idly fixed ~ four markers [13]. The over-determined system d&mntbe
to each other, they share the same rotation m@Rix solved using the least square method.

Te = RxT)e 3)

Tle =RxThg (4)
where i and j represents two static tilting positio
Mathematically, if more than three distinct statitting

positions are measured, (4) becomes an over-detedmi
system, which can be solved using optimization riaplkes.

Once T,gis obtained, the time history of the acceleration

orientation in gravity field can be readily detened. The
time history of the 3D motion data of four markens any
body segment forming six relative position vectguations
can be used to obtain the angular velocity and langu
acceleration of the segment [12]. From the fourkers on the  Fig. 2, Global and local coordinate systems forabeelerometer and the
segment, it is possible to determine the velocityd a marker set
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acceleration of poim, a,, is the acceleration of point, and

0. is the angular acceleration of the of the segment. Fig. 3: The resulting Arms with frequency bandswarious filtering
techniques
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Fig. 4: Power spectrum analysis showing the distidim of power density
with frequency for the accelerometer and variousathing techniques

Il.  RESULTS ANDDISCUSSION

The measured acceleration from accelerometersaodlated
acceleration from markers were compared in terms of
frequency distribution and banded RMS acceleratkig.3).
As can be seen from the figure, all filtering teicjues
Fig.1: Marker locations on various parts of the pedegments, seat, steering perform similarly and efficiently in the frequencgnge up to

wheel, and platform. The above figure shows thetista position in each  8Hz; however, they start performing differently sbothat
trial, and the lower figure depicts an intermedfaéene in the trail




range. The wavelet filtering technique produced tbast
similar acceleration time history profile, whered® other
three techniques produced qualitatively similarultss and
this was consistent with the power spectrum amalyisown in
Fig. 4.
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Fig. 5: Original and smoothed marker displacemeité d
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Fig. 6: The time history of acceleration obtaineshf accelerometers and that
obtained from markers using various smoothing tegles

Fig. 5 shows the performance of the various smagthi
techniques in time domain. All the methods havewsho
realistic behavior. However, and after
displacement have been double differentiated toainbt
acceleration values (Fig. 6), each method behaveelatively
similar manner except for the wavelet method. Tdwe pass
filter behaved nicely in the beginning and theméar down
after reaching the cutoff frequency of 16 Hz.

This study has demonstrated the advantage of addi
accelerometers to the marker set in WBV environment
obtain more accurate velocity and acceleration aapts,
and the methodology to extract realistic informatfoom the
accelerometer and use it as a guide for subsediltening
operations.
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