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SUMMARY

Laboratory experiments with 21 male subjects were performed in order to examine human
biodynamics during exposure to single-axis and multi-axis translational random whole-body
vibration with different magnitudes. Effects of the factors vibration magnitude and number of
axes were analysed. The results are presented as average apparent mass curves and
transmissibilities with the associated coherencies. An existing anatomy-based numerical finite
element model was extended to predict the load on the spine from combinations of static and
dynamic compressive and shear forces arising from body posture and whole-body vibration.
The model was validated by comparisons with experimental biodynamic data of FIOSH and
partners. Based on representative postures and anthropometric data of European drivers
obtained by partners, the basic model was modified in order to reflect typical postures and
scaled to altogether 10 classes of body mass and body height, subdivided into two groups with
a different body mass index. The model was applied to representative time histories measured
in WP5. Model calculations were performed for different exposure conditions provided by
partners, considering different postures and personal characteristics. The resulting forces
acting on 6 different levels in 3 directions of the lumbar spine illustrate the significance of

posture and personal characteristics for the prediction of spinal stress.
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Whole-Body Vibration - Experimental Work

1 Laboratory experiments

Two experimental studies involving 21 subjects were performed. For both studies the
exposures were generated by the control system of the hexapod simulator modified for human
experiments. The requirements of ISO 13090-1 were considered. For safety reasons a hip belt
was used in all experiments.

To characterize the human biodynamics, the ways in which the vibration exposure is
transmitted to and through the body were studied. Human biodynamics was quantified by the

apparent masses at the seat- and feet-interface and the seat-to-head transmissibilities.

1.1  First experimental study

1.1.1  Exposure Conditions and Subjects

In the first study 13 subjects were exposed to single-axis vibration in X-, Y-, and Z-axis at three
vibration magnitudes, dual-axis vibration in X- and Y-axis as well as three-axis vibration in X-,
Y-, and Z-axis simultaneously at two vibration magnitudes. The excitation axes are marked by
capitals, but measuring directions by lower-case letters (e.g. ax X means acceleration
measured in x-direction during the excitation in X-axis). The subjects were exposed to random
whole body vibration (nearly flat spectrum from 0.25 to 30 Hz for 60 s) with unweighted root
mean square values (rms) of E1=0.26 ms?, E2=0.83 ms?, and E3=1.57 ms? The twofold
presentation of the vibration magnitudes and directions was balanced across the subjects.

The 13 male subjects had body masses between 61.3 and 103.6 kg (mean value (MV) 79.3
kg), and body heights between 173.5 and 197.0 cm (MV 184 cm). A total of 26 anthropometric
parameters in the standing and 12 parameters in the sitting posture were measured. The
subjects sat on the force plate, which was integrated in a rigid seat, with their ischial
tuberosities approximately 20 to 30 cm from the front edge of the force plate and with the
hands on a rigid support (cf. Figure 1, left). They were asked to adopt a comfortable, upright
posture with normal muscle tension for the duration of each test. The feet were supported on a
plate, 48.5 cm below the top surface of the force plate, with lower legs nearly vertical. The

distance between the seat plate and feet plate was constant for all subjects.

1.1.2 Data acquisition

A force plate (Kistler 9396 AB) capable of measuring forces in three directions simultaneously
was mounted as seat surface in order to measure forces in the fore-and-aft (x) direction, lateral
(y) direction and vertical (z) direction. The force plate (60x40x20 cm) consisted of four tri-axial

quartz piezoelectric transducers of the same sensitivity located at the four corners of the plate.



Signals from the force plate were amplified using an eight-channel amplifier (Kistler 9865 B).
The feet were support by a second force plate (Kistler 9281 B12, SN 124804, 60x40x20 cm)
together with an electronic unit (Kistler 9807).

The time series of the measured forces were corrected by subtracting the product of the mass
of the plate resting on the force sensors and the acceleration measured at the seat plate for all
conditions tested. This method was verified by measurements with rigid masses on the plates.
Accelerations in three translational directions (x, y, and z) were measured at the force plates
using three capacitance accelerometers (ENDEVCO 7290A-10) mounted on special blocks for
them (ENDEVCO 7990 block). The blocks were fixed on the right side of each of the Kistler
force plates. The data acquisition was performed by a WaveBook (WBK16, lotech).

A motion analysis system (Qualisys) was used to register the movements of body points

(spinal process of C7, acromion process, elbow joint, wrist, pelvic, iliac crest, hip joint, knee

joint, and ankle).

Figure 1 Subjects sitting on a rigid seat with an integrated force plate during the first
experiment (left) and during the second experiment (right).

1.1.3 Data processing

The forces in the three translational directions were related to the input accelerations in the

same direction and location.



The apparent mass (AM) is defined as the complex ratio of force amplitude (F) and
acceleration amplitude (a) in the same direction (x, y, z) as a function of frequency (f). The
apparent mass was calculated by dividing the cross spectral density function between the force
(F) and the acceleration (a) by the power spectral density (P) of the seat acceleration using a

MatLab routine.

_Fx(f) _Fy(f) _Fz(f)
AMX(f )= (1) AMy(f )= o (1) AMZ(f)= =0 (1)
The associated coherence was calculated as
2 _IFxax(f)P, _IFyay(H) P, _ |Fzaz(f) [’
e = O P R e = PV R = O P

The mean values of the moduli of the individual apparent masses were calculated by the usual
averaging method. The calculations were performed for the apparent mass at the seat
interface (AMS) and at the feet interface (AMF).

1.1.4 Results
1141 AMS

The mean curves of the modulus determined by usual averaging show a clear dependence on
the vibration magnitude for the single axis vibration (Figure 2, top).

The different amounts of shifts towards the lower frequencies with increasing vibration
magnitudes are proportional to the differences of the levels of exposure intensities. The values
of the coherency functions were in the range between 0.6 and 0.99 with the lower values at the
higher frequencies (Figure 3, top).

The mean peak moduli tend to increase slightly across the intensities and directions. The main
peak frequencies decreased with the increasing vibration magnitude.

The results during the dual- and three axis excitations showed that the apparent mass
functions in the three measuring directions shifted to lower frequencies when the number of
excitation axes increased from one to two or three (Figure 2, Hinz et. al, 2006). This
phenomenon could have been caused by an increase of the vibration magnitude of the vector
sum. The coherencies were in the same order as during the single axis excitation (Figure 3,

middle and bottom).

1142 AMF

The apparent masses at the feet showed comparable results with those of Nawayseh and



Griffin (2003) during the single Z-axis excitation and with those of Nawayseh and Giriffin (2005)
single X-axis excitation. The mean values of the apparent masses occurred at lower
frequencies (Figure 4, top) for all conditions tested. The peak magnitudes decrease with the
increasing vibration except during the single axis exposure in z-direction. During the dual- and
three axis excitation similar changes were observed as for the AMS (Figure 4, middle and
bottom).

The coherencies of AMF (Figure 5) reach lower values at lower frequencies as the coherencies
of AMS. But in the range of the maxima of AMF the coherencies were found to be between 0.9
and 1.0.



Table 1. Minimum, maximum, mean values (N=26) and standard deviations (SD) for the
frequencies (f) at which the maximum (max.) normalized (norm.) moduli of the apparent
mass function (JAMS]) occurred in x-, y-, and z-direction during single-axis (X, Y, Z), dual-
axis (XY), and three-axis (XYZ) excitations with the vibration magnitudes E1, E2, and E3.

Minimum Maximum Mean SD

Exposure 1 (E1)

f (max. |JAMS]) X x 2.38 4.00 294 0.42
f (max. |AMS]) XY x 2.00 450 294 0.57
f (max. |JAMS|) XYZ x 2.00 4.00 2.82 0.46
f (max. |JAMS|) Y y 1.13 2.75 2.04 0.31
f (max. |JAMS]) XY y 1.63 2.75 2.1 0.29
f (max. |JAMS|) XYZ y 1.75 2.75 2.19 0.29
f (max. |AMS|) Z z 3.38 6.63 5.14 0.96
f (max. |JAMS|) XYZ z 3.13 6.25 4.71 0.89
Exposure 2 (E2)

f (max. |AMS]|) X x 1.75 3.00 245 0.28
f (max. |AMS]|) XY x 1.13 3.00 2.29 0.36
f (max. |JAMS|) XYZ x 1.25 4.00 240 0.44
f (max. |JAMS|) Y y 1.13 2.38 1.62 0.32
f (max. |AMS]|) XY y 1.13 2.38 1.66 0.38
f (max. |JAMS|) XYZ y 1.13 225 1.61 0.29
f (max. |JAMS|) Z z 35 5.88 4.69 0.77
f (max. |AMS|) XYZ z 3.38 5.63 4.31 0.85
Exposure 3 (E3)

f (max. |JAMS]) X x 1.63 2.50 2.18 0.19
f (max. |JAMS|) Y y 1.13 1.75 1.37 0.19
f (max. |JAMS|) Z z 3.25 5.63 4.41 0.69
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Figure 2. Mean values (MV) of the apparent masses in x- (left), y- (middle), and z-direction (right) at the seat interface (AMS) during the single-
axis excitation (X, Y, Z - top), dual-axis excitation (XY - middle), three-axis excitation (XYZ - bottom). E1 ( ), E2 ( O ), E3 (.).
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Figure 3. MV of coherencies associated with the apparent masses in x- (left), y- (middle), and z-direction (right) at the seat interface (AMS)
during the single-axis excitation (X, Y, Z - top), dual-axis excitation (XY - middle), three-axis excitation (XYZ - bottom). E1 ( ), E2 ( O ),
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Figure 4. Mean values (MV) of the apparent masses in x- (left), y- (middle), and z-direction (right) at the feet interface (AMF) during the single-
axis excitation (X, Y, Z - top), dual-axis excitation (XY - middle), three-axis excitation (XYZ - bottom). E1 ( ), E2 ( O ), E3 (@).
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1.2 Second experimental study

1.2.1  Exposure Conditions and Subjects

In the second study 8 subjects were exposed at three vibration magnitudes to single-axis
vibration in X, Y, and Z axis and to three-axis vibration in X, Y, and Z axis simultaneously. The
excitation axes are marked by capitals, but measuring directions by lower-case letters (e.g. ax
X means acceleration measured in x-direction during the excitation in X axis). The subjects
were exposed to random whole body vibration (nearly flat spectrum from 0.25 to 20 Hz for 65
s) with unweighted rms values of 11=0.45 ms?, 12=0.90 ms®, and 13=1.80 ms™. The twofold
presentation of the vibration magnitudes and directions was balanced across the subjects.

The 8 male subjects had body masses between 64 and 105.9 kg (mean value (MV) 85 kg),
and body heights between 173.5 and 197.0 cm (MV 185 cm). A total of 26 anthropometric
parameters in the standing and 12 parameters in the sitting posture were measured. The
subjects sat on the force plate, which was integrated in a rigid seat, with their ischial
tuberosities approximately 20 to 30 cm from the front edge of the force plate and with the
hands on a support. They were asked to adopt a comfortable, upright posture with normal
muscle tension for the duration of each test. The feet were supported by a second force plate.
The seat height was individually adapted by additional plates (aluminium sandwich
construction "ALUCORE Aluminiumverbundplatten, mejo Metall Joslen GmbH&Co.KG")
mounted on the feet plate to get a constant body angle between thighs and lower legs of about

90 degrees (cf. Figure 1, right).
1.2.2 Data acquisition

A force plate (Kistler 9396 AB) capable of measuring forces in three directions simultaneously
was mounted as seat surface in order to measure forces in the fore-and-aft (x) direction, lateral
(y) direction and vertical (z) direction. The force plate (60x40x20 cm) consisted of four tri-axial
quartz piezoelectric transducers of the same sensitivity located at the four corners of the plate.
Signals from the force plate were amplified using an eight-channel amplifier (Kistler 9865 B).
The feet were support by a second force plate (Kistler 9281 B12, SN 124804, 60x40x20 cm)
together with an electronic unit (Kistler 9807).

The time series of the measured forces were corrected by subtracting the product of the mass
of the plate resting on the force sensors and the acceleration measured at the seat plate for all
conditions tested. The masses of additional plates were considered, too. This method was
verified by measurements with rigid masses on the plate.

Accelerations in three translational directions (x, y, and z) were measured at each force plate

13



using six capacitance accelerometers (ENDEVCO 7290A-10) mounted on two special blocks
for them (ENDEVCO 7990 block). Each block was fixed on the right side of each of the Kistler
force plates.

Translational accelerometers mounted on a bite bar (material: titan) to measure head motion
were full bridge piezo-resistive (strain gauge) type accelerometers (2 EGAXT3-M-10 and 1
EGAXT-10, Entran). The bite bar was held by the teeth via an individually produced bite plate
(Impression Compound, SPOFA-Dental, Praha). The head accelerations were measured in
three directions (cf. Figure 6).

The data acquisition was performed by a WaveBook (WBK16, lotech).

A motion analysis system (Qualisys) was used to register the movements of body points
(spinal process of C7, acromion process, elbow joint, wrist, pelvic, iliac crest, hip joint, knee

joint, and ankle).
1.2.3 Data processing

The forces in the three translational directions were related to the input accelerations in the
same direction and location.

The apparent mass (AM) is defined as the complex ratio of force amplitude (F) and
acceleration amplitude (a) in the same direction (x, y, z) as a function of frequency (f). The
apparent mass was calculated by the cross spectral density method using a MatLab routine
according to formula (1) and (2). The mean values of the moduli of the individual apparent
masses were calculated by the usual averaging method. The calculations were performed for
the apparent mass at the seat interface (AMS) and at the feet interface (AMF).

The translational head accelerations were measured by the three dimensional accelerometers.
The accelerations of the centre of gravity of the bite bar were calculated using the six
measured accelerations with the associated distances /;, I5, Is and the inverted transformation

matrix considering the coordinates of the accelerometer (origin: centre of gravity, cf. Figure 6).

z]1 o0 1 -1, I; of[a,
%11 00 0 0 I, ||a
| (0010 0 0 0 ||& -
Z,| [0 01 -1, 0 0 ||ax
%/ [1 0 0 0 0 -lgf|a,
23] |0 01 I3 0 0 ]|a,]

The calculation using the inverted matrix delivered the translational (a) and rotational head

accelerations (ay):
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ay = [l3#X,- X3*1,]/ (13- 13) Ayx = (23- 25) /(13- 15) (4)

a, =Y A,y = (21~ 2,)/1; )

a, = [l 23~ 2, %13]/(I3- 15) a,, = (X2~ X3)/ (I3~ 15) (6)

[, 105 mm

X2 Y20 2o L
A A 3 ..
\C\l
=
KE) K Support for bite plate
o0
< \(")

[

Counterweight

Figure 6. Photography of the bite bar with the main information about the locations of
accelerometers, distances between them. The hole in support can prevent relative
movements between the support and the bite plate especially if the mass of the bite plate is
pressed into the hole.

All possible seat-to-head transfer functions were calculated by dividing the cross spectral
density functions (CPSD) between the seat acceleration (a) and the head acceleration (ha) by
the power spectral density (PSD) of the seat acceleration (7). The according coherencies were

determined according to equation (8).

T(f)=CPD (@ ha) 2 (1 (CPSD (a. ha) ?

= (7, 8)
PSD (a) P(a, a) P(ha, ha)

The mean values of the magnitudes of the individual seat-to-head transfer functions were
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calculated by the usual averaging method.
1.2.4 Results
1.241 AMS

The mean values of the AMS during the single- and three axis excitations confirmed the results
of the first experiment concerning the dependence of the moduli of AMS on the vibration
magnitude as well as on the number of axes of the excitation (Figure 7). The peak values of
AMS were higher than in the first experiment, possibly caused by the different vibration
magnitudes exposed, the higher masses of the subjects and/or the changed posture of the
legs (constant angle between thigh and lower leg).

Lower values than in the first experiment were registered for the coherencies especially for the
excitation in X-axis above 3 Hz and for the excitation in Y-axis above 2 Hz. In the range of the

maxima of AMS the values of coherencies were in the range between 0.9 and 1.0 (Figure 8).

1242 AMF

The mean values of AMF showed in the horizontal direction slightly higher values and in z-
direction slightly lower values than in the first experiment (Figure 9). The dependence of the
frequencies at which the maximum of AMF occurred on the number of axes was more distinct
than in the first experiment (cf. Figure 9, top and bottoms).

The coherencies were not lower than 0.8 in the whole frequency range (Figure 10) except in y-
direction around 3 Hz (Figure 10 middle, top and bottom). These higher coherencies may
result to a certain amount from the better contact of feet with the force plate caused by the

constant knee angle.

1.2.4.3 Transmission of vibration to the head

1.2.4.3.1 Transmission of single-axis seat vibration to the head (X, Y, Z)

This section describes the transmission of single-axis seat vibration (ax, ay, az) to the
translational and rotational head movements (hax, hay, haz; rothax, rothay, rothaz). During the
excitation in X-axis the peak values of the mean head transmissibility hax/ax occurred around
1 Hz with magnitudes between 1.2 and 2.3 with the lower values at the higher vibration
magnitudes (Figure 11, top, left). The values of the peak magnitudes of the transfer functions
were slightly higher than those reported by Paddan and Griffin (1988b), whereas the peak
frequencies coincided. The transmissibility hay/ax (Figure 11, top, middle) meets the results of
Paddan and Griffin (1988b), but the peak magnitudes were in the order of 0.2 occurring around

2 Hz. The results of the associated coherency indicate a relatively small reliability in this
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transmission (Figure 12, top, middle). The transmissibility haz/ax showed a clear dependence
on the vibration magnitude (Figure 11, top, right).

Excitations in X-axis were described (Paddan and Griffin, 1988b) to result in head motions
within the mid-sagittal plane (x-z plane). The transmissibilities rothay/ax (Figure 15, top,
middle) showed mean peak magnitudes between 5 and 12 rad/m with the lower values at the
higher vibration magnitudes supported by mean coherencies of about 0.8 in the range of peaks
around 2 Hz (Figure 16, top, middle). The maxima of the mean magnitudes of the
transmissibilities rothax/ax (Figure 15, top, left) and rothaz/ax (Figure 15 top, right) occurred in
the same frequency range, but the magnitudes were lower than 1.8. The coherencies with

mean values lower than 0.5 indicate a relatively low reliability (Figure 16 top, left and right).

During the excitation in Y-axis the peak values of the mean transmissibility hay/ay (Figure 11,
middle, middle) occurred around 1 Hz with magnitudes between 1.5 and 2.4. The
transmissibilities hax/ay (Figure 11, middle, left) and haz/ay (Figure 11, middle, right) delivered
no characteristic patterns and magnitudes of the transfer functions below 0.4 and 0.2,
respectively. The low values of the mean coherencies (Figure 12, middle, left and right) —
below 0.5 — hint to a missing relation between the input at the seat and the output at the head.
The results of Paddan and Griffin (1988b) showed also very low values, but the coherencies
were not discussed.

Excitations in Y-direction resulted in head movements around the X-axis and - to a clearly
lower extent - around the z-axis. The mean values of the transmissibility rothax/ay (Figure 15,
middle, left) reached maximum values between 4 and 10 rad/m in the frequency range
between 1 and 2 Hz. The mean coherencies supported the results by values around 0.8 in the
range of the peak (Figure 16, middle, left). The transmissibility rothaz/ay (Figure 15, middle,
right) reached mean maximum magnitudes below 5 rad/m, but these values were relatively
constant between 2 and 4 Hz. In this frequency range the associated mean coherencies were
in the order of 0.5 to 0.6 (Figure 16, middle, right). The relation rothay/ay delivered very low
values (Figure 15, middle, middle) accompanied by mean coherencies around 0.2 (Figure 16,
middle, middle) Paddan and Griffin (1988b) came to similar results, but with slightly lower

magnitudes.

During the excitation in Z-axis the mean peak values of the transmission haz/az occurred in the
range between 1.8 and 2.4 at frequencies around 6 Hz (Figure 11, bottom, right). The
dependence of the vibration magnitude confirmed earlier results (Paddan and Giriffin, 1988a,
Hinz et al. 2001). A second smaller peak was detected between 10 and 15 Hz. The mean
coherencies were nearly 1 during all three vibration magnitudes in the whole frequency range
tested (Figure 12, bottom, right). The transmissibilities hax/az and hay/az (Figure 11 bottom,

left and middle) have the peak frequencies around 5 Hz, too. But the maximum magnitudes
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were clearly lower with mean values below 0.6. The mean values of the coherencies were a
sign of certain reliability (Figure 12, bottom, left and middle).

During the excitations in Z-axis head motions occurred in the x- and z-direction combined with
rotations mainly around the Y-axis (Paddan and Griffin, 1988a). This finding can be confirmed.
For the transmissibilities rothay/az maxima of mean magnitudes in the range between 7 and 11
rad/m were found (Figure 15, bottom, middle). The values showed a clear dependence on the
intensity. The mean peak frequencies were registered between 5 and 7 Hz. The mean
coherences amounted to about 0.7 to 0.9 for frequencies higher than 4 Hz. For the mean
values of the transmissibilities rothax/az and rothaz/az were registered clearly lower maximum
magnitudes with values between 1 and 2.8 rad/m. Peaks occurred around 5 Hz (except of
rothax/az during the lowest vibration magnitude). The mean values of the coherencies in the

order of 0.5 to 0.8 speak for a certain reliability of the results.

1.2.4.3.2 Transmission of three-axis seat vibration to the head (XYZ)

This section describes the transmission of three-axis seat vibration (ax, ay, az) to the
translational and rotational head movements (hax, hay, haz; rothax, rothay, rotahz). In general
the curves of seat-to-head transmissibilities during the three-axis vibration have a jagged
course compared with the seat-to-head transmissibilities during single-axis vibration. For the
majority of conditions tested sharp points in the curves at the very low frequencies were
associated with relatively low coherencies.

Compared with the single-axis inputs, the dependence of the transmissibilities on the vibration
magnitude remained nearly unchanged, but the increased number of axes seems to have an
additional effect due to an increase of the vibration total value.

In comparison wit the coherencies at the single-axis excitations the mean values of the
coherency functions were lower during the three-axis excitations in the whole frequency range
tested or in the range of higher frequencies only.

To the author's knowledge a comparison between the seat-to-head transmissibility during one-
and-three axis excitation has not been reported so far.

During the excitation in XYZ-axis the peak values of the mean head transmissibility in x-
direction hax/ax in the range between 1.2 and 2.4 occurred around 1 Hz (Figure 13, top, left).
In the range of the peak values the mean coherencies amounted to about 0.7 (Figure 14, top,

left). The mean transmissibilities haz/ax showed the same pattern as during single-axis

excitation, but the curves were more rugged (Figure 13, top, right). The coherencies reached in
the peak range maximum values around 0.5 (Figure 14, top, right). For the mean
transmissibilities hay/ax the values were lower than 1 (Figure 13, top, middle) and the
associated coherencies indicated an insufficient reliability (Figure 14, top, middle).

During the excitation in XYZ-axis the transmissibilities rothay/ax (Figure 17, top, middle)
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showed mean peak magnitudes between 4 and 10 rad/m with the lower values at the higher
vibration magnitudes supported by mean coherencies of about 0.8 in the range of peaks
around 2 Hz (Figure 18, top, middle). The magnitudes during the three-axis vibration were
lower than during single axis vibration. For the transmissibilities rothax/ax and rothaz/ax the
dependence on the frequency had an unclear profil (Figure 17, top, left and right) and the
mean values of coherencies were lower than 0.2 (Figure 18, top, left and right).

During the excitation in XYZ-axis the mean head transmissibility in y-direction hay/ay had no
remarkable peaks, but increased continuously from 2 to 0 Hz (Figure 13, middle, middle). The
coherencies reach acceptable values of about 0.8 in a very narrow frequency range between
about 0.7 and 1.7 (Figure 14, middle, middle). The transmissibilities hax/ay and haz/ay
reached relatively low values (Figure 13, middle, left and right) accompanied by coherencies
around 0.1 (Figure 14, middle, left and right) — similarly to the relation during single axis
excitation in Y-direction.

During the excitation in XYZ-axis the head transmissibilities rothax/ay and rothaz/az showed

nearly the same pattern (Figure 17, middle, left and right) as during single axis vibration. The
expected differences concerning the shift of curves to the lower frequencies seem to occur.
Also the coherencies (Figure 18, middle, left and right) were nearly in the same range as
during the single axis excitation at frequencies below 6 Hz.

During the excitation in XYZ-axis the main peak values of the mean head transmissibility in z-
direction haz/az occurred between 5 and 6 Hz (Figure 13, bottom, right) with a lower
magnitude than during single-axis vibration. The second peak remained nearly unchanged
concerning the magnitude. Both peaks occurred at lower frequencies than during the single
axis excitation during each vibration magnitude. The coherencies were in the expected range

above 4 Hz (Figure 14, bottom, right). The transmissibilities hax/az show relatively low

maximum values of nearly 0.6 rad/m (Figure 13, bottom, left) associated with mean
coherencies in of about 0.7 to 0.8 in the frequency range of these peaks around 5 Hz (Figure
14, bottom,left). The coherencies were lower than 0.5 for the transmissibility hay/az (Figure 14,
bottom, middle) and indicated a less reliability of these transmissibilities (Figure 13, bottom,
middle).

During the excitation in XYZ-axis the head transmissibility rothay/ax demonstrated the peak
values between 2 and 3 Hz, i.e. at lower frequencies than during single-axis vibration. Also the
magnitudes were lower (Figure 17, top, middle). The coherencies remained nearly unchanged
in the frequency range of the peaks (Figure 18, top, middle). The transmissibilities rothax/ax
and rothaz/ax had high small narrow peak magnitudes (Figure 17, top, right and left), but the
coherencies below 0.5 hint to a low reliability of the data (Figure 18, top, right and left).
Compared with the single-axis excitation the shape of the transmissibilities rothax/ay and

rothaz/ay during the three-axis excitation was nearly unchanged with slightly lower magnitudes
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(Figure 17, middle, left and right). Also the coherencies were slighty lower (Figure 18, middle,
left and right). The transmissibilities rothay/y seem not to be caused by the input vibration
(Figure 17, middle, middle) due to the coherencies lower than 0.2 (Figure 18, middle, middle).
The peak magnitudes of the transmissibilities rothay/az were lower than 9 rad/m and occurred
around 5 Hz with a shift of the curves to lower frequencies with increasing vibration magnitudes
(Figure 17, bottom, middle). A similar effect can be observed by a comparison with the same
transfer functions during single-axis excitation (Figure 15, bottom, middle). The coherencies
were in the range between 0.5 and 0.8 (Figure 18, bottom, middle). The transmissibilities
rothax/az and rothaz/az showed numerous narrow peaks (Figure 17, bottom, left). The
associated coherencies were no higher than 0.5 indicating a less reliability of these

transmission values (Figure 18, bottom, left).
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Figure 14. Mean values (MV) of the coherencies associated with the seat-to-head transfer functions during three-axis vibration simultaneously
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Figure 15. Mean values (MV) of the magnitudes