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Abstract

The transmission of vibration to the occupant of a car seat has been studied using the multiple vibration
inputs to the seat. Twelve input signals at the seat base (tri-axial vibration at the four corners) and six
output signals (tri-axial vibration at the backrest and seat pan) were measured while driving. The results
showed that vibration inputs to the seat varied between the four positions at the seat base. The two fore-aft
input accelerations at the left-hand side of the seat base and the two fore-aft input accelerations at the right-
hand side of the seat base were highly correlated with each other. There was also a high correlation between
the two pairs of lateral acceleration inputs at the front and rear of the seat base. A computer program for
studying seat vibration transmission via multi-input channels was developed to allow the calculation of seat
transmissibility with up to 12 different inputs. The transmission of multi-axis seat base vibration to fore-aft
seat backrest vibration was investigated using single-input, two-input, six-input and eight-input models.
Results showed that the fore-aft vibration and the vertical vibration, but not lateral vibration, at the four
corners of the seat base contributed to fore-aft vibration of the backrest. The primary peak of the fore-aft
backrest transmissibility occurred around 4–5Hz. The coherency was improved when using the multi-input
models, although the characteristics of the transmissibility remained similar. The transmission of lateral
vibration at the seat base to lateral vibration at the backrest was studied using single-input and two-input
models. With single-input models, the transmission of lateral acceleration at the seat base to lateral
acceleration at the backrest was amplified between 18 and 35Hz, with a peak at 26Hz. Coherency was
greater at frequencies above 20Hz than at lower frequencies. The coherency at low frequencies was
increased with a two-input model. The transmission of vertical vibration to vertical vibration at the
backrest was investigated using single-input, four-input and six-input models. The results showed that
vertical acceleration at the four corners of the seat base was highly correlated with vertical acceleration at
the backrest. The results are consistent with previous findings that a single-input model is not sufficient to
study the transmission of vibration to the seat back in the horizontal directions, while for the transmission
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of vertical vibration a single-input model is probably sufficient, especially when low frequencies are of main
concern.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The vibration experienced when riding in a vehicle may be greatly affected by the manner in
which the vibration is attenuated or amplified by the seat [1,2]. It has often been assumed that the
vertical vibration transmitted through the seat cushion is the main contribution to vibration
discomfort. Various studies have shown that in many cars seat cushions amplify vertical vibration
below about 6Hz, and have a resonance around 4Hz [1]. The minimization of vibration
discomfort in a car involves the optimization of the seat dynamics so as to minimize the seat
transmissibility at the dominant frequencies of vertical vibration in the vehicle, taking account of
the variation in sensitivity of people to vibration at different frequencies. This commonly involves
the calculation of the SEAT value, either from the results of field tests or laboratory simulation
with either subjects or dummies, or from mathematical simulation using the impedance of the seat
and the impedance of the human body [3–8].
Apart from vertical vibration on the supporting surface of a seat, another main contributor to

vibration discomfort in cars can be the fore-aft vibration on the backrest [2]. Few studies have
investigated the transmission of fore-aft vibration through a seat backrest. Doolan and Mannino
[9] measured seat back responses for four different seats using modal tests, resonance impact
testing and multi-axis shaker table test methods. They observed different fore-aft resonance
frequencies for the four seats, ranging from 6.3 to 19.75Hz. The transmission of fore-aft vibration
to a car seat has recently been studied in the field and in the laboratory [10,11]. In these studies,
fore-aft and vertical vibration was measured at a single point at the seat base; a single-input
single-output model and a two-input one-output model were employed to compute the
vibration transmissibility of the seat. The results showed fundamental resonances of the seat
backrest-person and the seat pan-person systems at about 4 or 5Hz. The results also indicated
that fore-aft vibration on the seat pan and the backrest were induced not only by fore-aft
vibration at the car floor but also by vertical floor vibration, partly due to the inclination of the
seat pan and backrest.
Due to rotational motions and non-rigidity of the car floor, the vibration may not be identical

at the four corners by which a car seat is normally secured to the car floor. It was hypothesized
that in order to better understand the transmission of vibration to the occupant of a car seat, the
vibration should be measured at several positions at the seat base, and not only a single point. A
multi-input model involving as many inputs as necessary should then be employed to compute the
seat transmissibility.
This paper investigates the transmission of fore-and-aft, lateral and vertical vibration to the

backrest of a car seat using multi-input methods. Vibration measurement was conducted in field
tests in which the vibration inputs at the four corners of the seat and the vibration outputs at the
backrest were measured in the three directions. Following the development of a suitable computer
program, various multi-input models were employed to investigate the seat transmissibility in the
fore-aft, lateral and vertical directions.
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2. Vibration measurements and the motion at the seat base

2.1. Vibration measurements

Vibration measurements were undertaken in an experimental car (Ford Focus, Zetec, 2.0L,
V817 LAR). The car was right-hand drive and had a mass of 1300 kg and a wheelbase of
2615mm. The tests were made on a street road (in the City of Southampton, UK where driving is
on the left) and in several other road conditions. Two subjects (drivers) participated in the tests.
The weights and heights of the two subjects were 80 kg and 183 cm for subject A, and 70 kg and
170 cm for subject B. The driving speed was 35–45 miles per hour in the street road while the cars
were in 4th gear. In this paper, only data associated with the street road condition obtained with
subject A are presented (the data obtained with the other subject and in other driving conditions
were broadly similar).
The installation of the transducers is shown in Fig. 1. A ‘‘SAE pad’’ conforming to ISO 10326-1

with built-in tri-axial accelerometers was used to measure accelerations on seat backrest in x; y

and z directions. The pad, which weighed approximately 250 g including the built-in
accelerometers, was fixed to the backrest using double-sided adhesive tape. Four transducer
blocks were located in each corner of the seat base, as can be seen in Fig. 1, so as to measure
accelerations at the four corners in the x; y and z directions. The four transducer blocks are
identified as 1, 2, 3 and 4 in clockwise order starting from the front left corner. Each block was
equipped with three piezoresistive accelerometers orientated in the three orthogonal directions.
The four blocks were mounted such that they were co-axial with the four bolts that firmly pinned
the seat rail to the car floor. The accelerometers were therefore mounted to the car floor; there was
potential for free play due to gaps between the seat guide and the rail mechanism but this was
small. Whereas the accelerometers used for blocks 1 and 2 (in the front of the seat base) were
Entran EGCSY-240D�-10-type, miniature accelerometers Entran (EGA-125F�-10D/V10/L2M)
were used for blocks 3 and 4 in order to accommodate the limited installation space encountered
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at the rear of the seat base. In order to test whether the use of different types of transducers would
influence the vibration measurements at the seat base, the 12 transducers were placed on the table
of a vibration simulator and subjected to vertical random vibration (0.2–50Hz). Transfer
functions between each pair of transducers showed responses as expected. The measurements were
also checked by comparison with data from a similar set of measurements (with a different
transducer arrangement) in a parallel study.
So as to allow multi-input analysis, the input and output signals were measured simultaneously.

In each test, a total of 15 acceleration signals (3 outputs from the seat backrest, plus 12 inputs
from the seat base) were acquired to an HVLab data acquisition and analysis system (version
3.81). The test duration was 60 s and acceleration was sampled at 200 samples per second via
67Hz anti-aliasing filters. Frequency analysis was performed for the acceleration inputs (at the
seat base) and the acceleration outputs (at the backrest and the seat pan) after sampling the 60 s
time histories at 200 samples per second to give 12,000 samples, which were divided into segments
(with 100% overlapping) of 256 samples which were each multiplied by a Hamming spectral
window. The frequency resolution was 0.78Hz (i.e., 200/256) and there were 188 degrees of
freedom (i.e., 4� 12000/256).
Stationarity of the data was checked using a run test (a non-parametric approach) [12,13]. The

60 s records were divided into 20 time intervals of equal length. A mean square value for each
interval was computed and the number of runs of mean square values above and below the
median value of the series was counted. The results of this simple test suggested that the
hypothesis of stationarity could be accepted for all signals (p > 0:05).

2.2. Vibration inputs at the seat base

Acceleration in the fore-aft direction at the seat base was mainly distributed over the frequency
range from 5 to 30Hz with a distinctive peak around 10Hz (Fig. 2). Acceleration in the lateral
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Fig. 2. Power spectral density functions measured in a street road, 35–45 miles per hour.
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direction was rich in the frequency range 5–30Hz. Moreover, there was vibration up to 50Hz in
the case of the rear lateral acceleration (y3 and y4). For vertical acceleration, the input vibration
was rich in the frequency range 2–30Hz.
For the power spectral density functions at the seat backrest (Fig. 2), the fore-aft acceleration is

mainly in the range 1–10Hz. In the lateral acceleration there is a peak around 25Hz. The vertical
acceleration is principally located in the frequency range below 40Hz.
From Fig. 2, it can be seen that vibration inputs varied from corner to corner on the seat base.

Table 1 lists the unweighted r.m.s acceleration and unweighted vibration dose values (VDV)
computed from the measured signals. In general, the largest difference in the lateral acceleration is
between the rear and the front of the seat base, while the differences between the fore-aft
accelerations at the four corners seems to be less. For fore-aft acceleration, two signals (x1 and x4)
at the left-hand side are similar and the other two (x2 and x3) at the right-hand side are similar (see
Figs. 2 and 3). For lateral acceleration, a similar situation exists between the front signals (y1 and
y2) and the rear signals (y3 and y4) with the latter appearing more obvious. For vertical vibration,
the accelerations at the four corners were quite distinct from each other. The situation can be seen
more clearly from inspection of the transmissibility between each pair of inputs.
Figs. 3–5 show the transmissibilities and corresponding ordinary coherence functions calculated

between each pair of input signals in the fore-aft, lateral and vertical directions, respectively, using
a single-input and single-output model. In these figures, Hij represents the transmissibility from
the acceleration at position i to the acceleration at position j: If the transmissibility between each
pair of signals is different from unity, it means the vibration inputs at the seat base differed.
It can be seen from Fig. 3 that the two fore-aft accelerations at the left-hand side (x1 and x4)

and the other two at the right-hand side (x2 and x3) are similar to each other (the transmissibility
between the components in each pair is close to unity). Furthermore, coherencies between the
signals x1 and x4 and between the signals x2 and x3 are close to unity, indicating high correlation
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Table 1

Unweighted r.m.s. accelerations and frequency-unweighted VDV

Acceleration r.m.s. (m/s2) VDV (m/s1.75)

x1 0.312 1.264

x2 0.333 1.338

x3 0.338 1.363

x4 0.301 1.227

y1 0.442 1.779

y2 0.464 1.782

y3 0.529 2.170

y4 0.515 2.132

z1 0.560 2.303

z2 0.595 2.516

z3 0.615 2.617

z4 0.596 2.453

xb 0.428 1.748

yb 1.224 5.013

zb 0.683 2.975
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between the signals. In Fig. 4, a high correlation can be seen among the three lateral signals at the
front left (y1), the rear right (y3) and the rear left (y4) corners. Later, it will be seen that high
correlation between inputs affects the calculation of seat transmissibility when using a multi-input
model. Fig. 5 shows that the four vertical acceleration inputs were distinctly different from each
other.
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Fig. 3. Transmissibilities and coherencies between each pair of fore-aft seat inputs.
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3. General multi-input and single-output model and computational algorithm

The general multi-input and single-output model for the original inputs is shown in Fig. 6,
whereas an alternative conditioned multi-input and single-output model is shown in Fig. 7 [12]. In
these figures, the terms Xiðf Þ; i ¼ 1; 2;y;m; are computed Fourier transforms from the original
input signals xiðtÞ. The terms Xi:ði�1Þ!ðf Þ; i ¼ 1; 2;y;m; represent Fourier transforms correspond-
ing to the conditioned inputs xi:ði�1ÞðtÞ: For any i; the subscript notation i:ði � 1Þ! represents the ith
record conditioned on the previous (i � 1) records, that is, when the linear effects of x1ðtÞ; x2ðtÞ; up
to xi�1ðtÞ have been removed from xiðtÞ by optimum linear least squares prediction techniques.
Note that these ordered conditioned input signals are mutually uncorrelated. Hiyðf Þ and Liyðf Þ (to
be determined) are constant-parameter linear frequency response functions for the original and
the conditioned inputs, respectively. The term Nðf Þ represents the Fourier transform of the
unknown independent output noise and Y ðf Þ is the Fourier transform of the output signal yðtÞ:
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3.1. Conditioned spectral density functions and optimum systems for conditioned inputs

To compute the optimum systems (transfer functions) for the original and the conditioned
inputs and the partial coherence functions, the conditioned spectral density functions are
required:

Gij:r! ¼ Gij:ðr�1Þ! � LrjGir:ðr�1Þ!; for all i > r and j > r; ð1Þ

where Gij:r! are the conditioned cross-spectral density functions between Xi:r! and Xj:r!; when iaj
with both i > r and j > r: The constant-parameter linear system Lrj represents the optimum linear
system to predict xjðtÞ from xrðtÞ taken in that order. From the above equation fGij:r!g can be
computed from knowledge of fGij:ðr�1Þ!g and the fLrjg systems. In particular, it shows that the
fGij:1g terms follow from knowledge of the fGijg terms and the fL1jg systems. Then the fGij:2!g
terms follow from knowledge of the fGij:1g and the fL2jg systems, and so on. The fLrjg systems
are to be determined.
Since the inputs in Fig. 7 are mutually uncorrelated, each optimum system Liy for conditioned

input xi:ði�1Þ!ðtÞ is defined by the ratio of the cross-spectral density function between its input and
the output divided by the autospectral density function of its input:

Liy ¼
Giy:ði�1Þ!

Gii:ði�1Þ!
; i ¼ 1; 2;y;m: ð2Þ

The conditioned cross-spectral density functions Giy:ði�1Þ! between conditioned input Xi:ði�1Þ! and
output Y can be computed using following equation:

Giy:r! ¼ Giy:ðr�1Þ! � LryGir:ðr�1Þ!; for all i > r: ð3Þ

The conditioned autospectral density functions ðGii:ði�1Þ!Þ of the conditioned input ðXi:ði�1Þ!Þ can
be computed via the equation:

Gii:r! ¼ Gii:ðr�1Þ! � LriGir:ðr�1Þ!; for all i > r: ð4Þ

It is still necessary to determine the fLrjg systems. This can be done by extending the
interpretation of the optimum fLiyg systems of Eq. (1) for the inputs X1; X2:1; X3:2! up to Xm:ðm�1Þ!

with output Y : In place of Y ; consider any output Xj; where j ¼ 1; 2;y; ðm þ 1Þ: Let the inputs be
X1; X2:1; X3:2! up to Xr:ðr�1Þ!; where r can be any integer roj, that is, r ¼ 1; 2;y; ðj � 1Þ.
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Conceptually, this creates new conditioned multiple-input and single-output models where the
associated optimum linear systems fLrjg through the derivation of the optimum fLiyg systems
must be such that j replaces y and r replaces i to give the result:

Lrj ¼
Grj:ðr�1Þ!

Grr:ðr�1Þ!
; r ¼ 1; 2;y; ðj � 1Þ and j ¼ 1; 2;y; ðm � 1Þ: ð5aÞ

3.2. Optimum systems for original inputs

The optimum linear systems fHiyg for the original inputs (Fig. 6) are in practice more
complicated to compute than the optimum fLiyg systems. Fortunately, the difficulty can be
overcome by deriving the relations existing between the fHiyg and fLiyg systems as below:

Liy ¼
Xn

j¼i

LijHjy; i ¼ 1; 2;y;m and jXi: ð5bÞ

From this equation a general procedure to determine the fHiyg systems from the fLiyg systems
by working backwards is thus established:

Hmy ¼ Lmy;

Hiy ¼ Liy �
Xm

j¼iþ1

LijHjy: ð6Þ

3.3. Partial and multiple coherence functions

Having calculated the conditioned power spectral density functions in Eq. (1), partial and
multiple coherence functions can be defined.
Ordinary coherence functions between any input xi for i ¼ 1; 2;y;m and the output y are

defined by

g2iyðf Þ ¼
jGiyðf Þj2

Giiðf ÞGyyðf Þ
: ð7Þ

Partial coherence functions between any conditioned input xi:1 for i ¼ 2; 3;y;m and the output
y are defined by

g2iy:1ðf Þ ¼
jGiy:1ðf Þj

2

Gii:1ðf ÞGyy:1ðf Þ
: ð8Þ

Partial coherence functions between any conditioned input xi:2! for i ¼ 3; 4;y;m and the
output y are defined by

g2iy:2!ðf Þ ¼
jGiy:2!ðf Þj2

Gii:2!ðf ÞGyy:2!ðf Þ
ð9Þ
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and so on up to

g2my:ðm�1Þ!ðf Þ ¼
jGmy:ðm�1Þ!ðf Þj2

Gmm:ðm�1Þ!ðf ÞGyy:ðm�1Þ!ðf Þ
: ð10Þ

Associated multiple coherence functions for any multi-input and single-output model can be
determined in terms of the partial coherence functions. For the single-input and single-output
model,

g2y:1ðf Þ ¼ 1�
Gyy:1ðf Þ
Gyyðf Þ

� �
¼ 1� ð1� g21yÞ ¼ g21y: ð11Þ

For the two-input and single-output model,

g2y:2!ðf Þ ¼ 1�
Gyy:2!ðf Þ
Gyyðf Þ

� �
¼ 1� ð1� g21yÞð1� g22y:1Þ ð12Þ

for the three-input and single-output model,

g2y:3!ðf Þ ¼ 1�
Gyy:3!ðf Þ
Gyyðf Þ

� �
¼ 1� ð1� g21yÞð1� g22y:1Þð1� g23y:2!Þ ð13Þ

and so on. For an m-input and single-output model, the multiple coherence function is given by

g2y:m!ðf Þ ¼ 1�
Gyy:m!ðf Þ
Gyyðf Þ

� �
¼ 1�

Ym

i¼1

ð1� g2iy:ði�1Þ!Þ: ð14Þ

3.4. Computational algorithm

An algorithm for computing the vibration transmission to a car seat via a multi-input and
single-output model based on Eqs. (1)–(4), (5a), (5b), (7), (10) and (14) was defined. The algorithm
is described in Table 2.
Based on this algorithm, a computer program was developed using MATLAB (version 5.3).

The program has a modular structure and consists of 12 modules with each individual
representing a single-input and single-output model (after signal conditioning). Study of seat
vibration transmission of an m-input and single-output model can be realized by calling first m

modules via a master program. Up to 12 inputs can be available in the currently available
program.

4. Seat vibration transmission via multiple input channels

The multi-input technique was employed to compute seat transmissibilities for the test car,
using various models varying from single input to eight inputs. In the remainder of this paper,
only the seat transmissibilities from the motion of the seat base to the motion of the backrest in
the fore-aft, lateral and vertical directions are presented and discussed.
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4.1. Transmissibility to the seat backrest in the fore-aft direction

4.1.1. From individual components of fore-aft vibration at the seat base to the fore-aft motion at the
backrest: single-input and single-output model

Seat transmissibility from individual components of fore-aft vibration at the seat base to
fore-aft vibration of the backrest was computed, first using a single-input and single-output
model. Fig. 8 shows four sets of transmissibilities and coherencies calculated from the individual
measures of fore-aft vibration at the four corners of the seat base. The results indicate that the
transmissibility to the seat backrest differed between the four fore-aft vibration inputs at the seat
base. The primary peak of the transmissibility occurs around 4–5Hz. The coherence functions are
poor: the coherencies are in most cases less than 0.5 over the frequency range (0–50Hz) (Fig. 8).
It appears to be insufficient to consider only a single fore-aft input at the seat base when

studying the transmission of fore-aft vibration to the seat backrest. The model should include the
effect of all fore-aft input signals at the four corners of the seat base. Multi-input models are thus
needed in order to take into account the effects of the multiple inputs on the vibration at the seat
backrest.

4.1.2. From fore-aft inputs at the seat base to fore-aft output at the backrest: two-input and

one-output model
The initial intention was to compute the fore-aft transmissibility of the seat backrest from fore-

aft vibration at the four corners of the seat base. However, it has been noticed that the coherence
functions between the input signals x1 and x4 on the left-hand side and between the signals x2 and
x3 on the right-hand side were close to unity (Fig. 3), which means each pair of inputs contained
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Table 2

Algorithm for a multi-input and single-output model

1 Define number of inputs m: Assign input signals to x1; x2;y;xm and output signal to y:
2 Compute autospectral and cross-spectral density functions with the input and output signals to cover all the

components:

G11 G12 G13 ? G1m

G22 G23 ? G2m

G33 ? G3m

& ^

Gmm

2
6666664

3
7777775
; Gyy and

G1y

G2y

G3y

^

Gmy

2
6666664

3
7777775
:

3 Compute optimum system L1y and ordinary coherency g1y for single-input and single-output model. Reserve the

results and set i ¼ 2 to proceed with next step.

4 For i-input and single-output model, compute conditioned spectral density functions Gii:ði�1Þ!; Giy:ði�1Þ! and

Gyy:ði�1Þ! using Eqs. (1), (3) and (4), optimum systems L1i up to Lði�1Þi and Liy with Eqs. (2), (5a) and 5(b) as well

as partial coherency g2iy:ði�1Þ! with Eq. (10). Reserve the results for proceeding to next step.

5 Set i ¼ i þ 1 and go to step 4, until i ¼ m:
6 Compute optimum systems Hiy ði ¼ 1; 2;y;mÞ for the original inputs using Eq. (6) by working backwards and

compute the multiple coherency g2y:m! using Eq. (14).
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redundant information. One of the pair of inputs should be excluded from the model in order to
allow the distributed input systems to be studied as discrete inputs. Hence, a two-input and one-
output model, making use of input signals x1 and x3; was adopted for this purpose.
With m input signals, it is possible to formulate a total of m! different ordered conditioned

multi-input and single-output models. For example, in the current 2-input and 1-output model,
m ¼ 2 will involve 2!=2 different models. When m is a large number the situation becomes
extremely cumbersome and even intolerable. Fortunately, in practice, only a few possible
orderings make physical sense. In the current case, the two inputs were arranged as x1 and x3:
They are ordered according to the ordinary coherence functions between each input signal and the
output signal in descending order over the frequency range of interest. In the remainder of this
paper, input signal ordering will be given straightforwardly in a similar manner without re-
mentioning unless indicated otherwise.
Computational results are shown in Figs. 9 and 10. A distinctive resonance can be seen at about

5Hz from the resultant optimum systems for the original and the conditioned inputs (Fig. 9). The
ordinary coherency (associated with input x1) and the partial coherency (associated with input x3)
in Fig. 10 indicate that both inputs contributed to the fore-aft motion of the seat backrest.
Comparing the multiple coherency (which shows how well the two inputs together linearly
account for the measured output) in Fig. 10 with the coherence function obtained from single-
input and single-output models (in Fig. 8), it can be seen that the vibration transmission of the
backrest system was better represented by the two-input and one-output model than by the single-
input and single-output models. However, because the above multiple coherency was not close to
unity it implies that there must be some other causes of fore-aft backrest vibration that have not
been taken into account.
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A previous study of vibration transmission to a car seat [9,10] showed that the poor coherency
phenomenon encountered with a single-input and single-output model was also due to the
inclination of the backrest. In other words, the transmissibility in one direction was not only
induced by the input in that axis but also affected by vibration in another direction. To improve
the coherence function, a more appropriate multi-input model that takes into account the above-
mentioned cross-axis effect is considered.
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4.1.3. From fore-aft and vertical vibration at the seat base to the fore-aft motion at the backrest:
six-input and one-output model

A six-input and one-output model was adopted in which the six inputs were considered in turn
as: the two fore-aft motions at the front left (x1) and the rear right (x3) corners and the four
vertical motions at the rear left (z4), the rear right (z3), the front left (z1) and the front right
corners (z2), respectively. The computed optimum systems for the original and conditioned inputs
are shown in Fig. 11 and the ordinary, partial and multiple coherence functions are plotted in
Fig. 12. While the characteristics (frequency content) of the transmissibilities remained similar to
those from the single-input single-output and the two-input one-output models, the coherence
function was significantly improved. It can be seen from the ordinary and partial coherencies in
Fig. 12 that, in addition to the fore-aft input vibration, the four vertical motions of the seat base
had a significant effect on the fore-aft motion of the seat backrest. Moreover, a very strong
coherence (generally greater than 0.9) was observed in the multiple coherence function after
adopting the six-input and one-output model.

4.1.4. From fore-aft, vertical and lateral vibration at the seat base to the fore-aft motion at the
backrest: eight-input and one-output model

To check the effect of lateral inputs at the seat base on the fore-aft motion of the backrest, the
above six-input and one-output model was extended to an eight-input and one-output model by
including extra two lateral inputs (y2 and y3). The computational results are shown in Figs. 13 and
14. As can be seen from the corresponding partial coherence functions g27y:6! and g28y:7! in Fig. 14,
that the lateral inputs had a rather small effect on the fore-aft motion at the backrest.
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4.2. Transmissibility to the seat backrest in the lateral direction

4.2.1. From individual components of lateral vibration at the seat base to lateral vibration at the
backrest: single-input and single-output model

Seat transmissibility from the lateral vibration measured at each of the four corners at the seat
base to the lateral vibration at the backrest was investigated using a single-input and single-output
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model. The obtained transmissibilities and coherencies are shown in Fig. 15. As can be seen in this
figure, for each lateral input the vibration at the backrest was amplified between about 18 and
35Hz, with a distinctive peak around 26Hz. The coherency was generally low.
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4.2.2. From lateral inputs at the seat base to lateral output of the backrest: two-input and one-output

model
A two-input and one-output model was adopted for studying the vibration transmission from

lateral inputs (y2 and y3) at the seat base to the lateral output on the backrest. Lateral inputs y1
and y4 were not included since a high correlation was found among the three lateral signals at the
front left (y1), the rear right (y3) and the rear left (y4) corners (see Fig. 4). The computed optimum
systems for the original and conditioned inputs and the ordinary, partial and multiple coherence
functions are shown in Figs. 16 and 17. The characteristics of the transmissibility (Fig. 16)
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appeared similar to that from the single-input model, with a distinctive resonance at about 26Hz.
From the multiple coherency in Fig. 17, it can be seen that the low coherency at low frequencies
observed in the previous single-input model was slightly improved. One of the reasons for the
coherency remaining low may be that some other input causing lateral vibration of the backrest,
such as roll motion at the seat base, was not included. This will be investigated in future work [14].

4.3. Transmissibility to the seat backrest in the vertical direction

4.3.1. From individual components of vertical vibration at the seat base to vertical vibration at the

backrest: single-input and single-output model
Seat transmissibility in the vertical direction was studied first using a single-input and single-

output model. The transmissibilities and coherencies from individual components of vertical
vibration at the four corners of the seat base to the vertical vibration at the backrest are shown in
Fig. 18. Compared to the transmissibility in fore-aft and lateral directions from a single-input
model, the ordinary coherency for vertical vibration was better, indicating that each vertical
vibration at the four corners of the seat base was well correlated with the vertical vibration at the
backrest. However, the four vertical transmissibilities to the backrest shown in Fig. 18 differ.

4.3.2. From vertical vibration at the seat base to vertical vibration at the backrest: four-input and
one-output model

It is shown in Fig. 5 that all ordinary coherence functions between each pair of vertical inputs
were well below unity at most frequencies. Since the four vertical inputs were not coherent with
each other, they can have individual contributions to the vertical vibration at the backrest. A
four-input (z4; z3; z1 and z2 in order) and one-output (zb) model was thus adopted to study the
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vibration transmission to the backrest. Figs. 19 and 20 show the optimum systems for the original
and conditioned inputs and various types of coherence functions computed using this model. It is
noteworthy that a very high multiple coherence function was obtained (Fig. 20).

4.3.3. From vertical and fore-aft vibration at the seat base to vertical vibration at the backrest:

six-input and one-output model
A six-input and one-output model for studying the transmission of vibration from the

combined vertical and fore-aft inputs (z4; z3; z1; z2; x1 and x3) at the seat base to the vertical
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output at the backrest was adopted. The computed results from the model are shown in Figs. 21
and 22. The results show that vertical vibration at the backrest was caused not only by vertical
vibration at the seat base but also by fore-aft vibration at the seat base. Each input considered in
the current six-input model contributed to the output motion, as confirmed by the partial
coherence functions in Fig. 22. An extremely good multiple coherency was obtained with this
model.
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4.4. Discussion

Refer to Fig. 7, for an illustrative diagram of an m-input and single-output model for
conditioned inputs. Since the output terms v1ðtÞ; v2ðtÞ; y, vmðtÞ and nðtÞ are mutually
uncorrelated, the measured output auto-spectrum Gyðf Þ is the sum of m auto-spectra terms,
with no cross-spectra terms

Gyðf Þ ¼ Gv1ðf Þ þ Gv2ðf Þ þ?þ Gvm
ðf Þ þ Gnðf Þ; ð15Þ

where

Gv1ðf Þ ¼ jL1yðf Þj
2G11ðf Þ;

Gv2ðf Þ ¼ jL2yðf Þj2G22:1ðf Þ;

Gvm
ðf Þ ¼ jLmyðf Þj2Gmm:ðm�1Þ!ðf Þ: ð16Þ

In the above equations, Gvi
ðf Þ ði ¼ 1; 2;y;mÞ is the auto-spectrum of the linear output viðtÞ as

shown in Fig. 7, Gnðf Þ represents the auto-spectrum of the unknown noise nðtÞ, and Gii:ði�1Þ!ðf Þ ði ¼
1; 2;y;mÞ indicates the auto-spectrum of the conditioned input xii:ði�1Þ!ðtÞ as computed in Eq. (4).
It is possible to compute the auto-spectra Gyðf Þ and the summation

Pm
i¼1 Gvi

ðf Þ ¼ Gv1 þ Gv2 þ
?þ Gvm

and compare the two results. It is expected that the summation
Pm

i¼1 Gvi
ðf Þ should be

close to the output spectrum Gyðf Þ if the m input signals have all contributed to the output signal.
The above calculation was carried out for: (i) the six-input one-output model of vibration

transmission in the fore-aft direction (Section 4.1.3), (ii) the two-input one-output model in the
lateral direction (Section 4.2.2), and (iii) the six-input one-output model in the vertical direction
(Section 4.3.3). The auto-spectra Gvðf Þ for the single-input and single-output model (which
corresponds to

Pm
i¼1 Gvi

ðf Þ in the m-input and one-output model) for the above three cases were
also obtained. The results are presented in Figs. 23–25 for the three cases, respectively. For
vibration transmission in the fore-aft direction, the single-input (x1; fore-aft motion at the front
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left corner of the seat base) model did not truly reflect the total of the vibration transmission from
the seat base to the backrest. As can be seen in Fig. 23, there exists a large discrepancy between
Gvðf Þ (dashed line) and GXb

ðf Þ (thin continuous line, the auto-spectrum of the fore-aft (output)
motion at the backrest). However, the vibration transmission from the seat base to the backrest in
the fore-aft direction was well represented by the six-input and one-output model, as may be seen
from the close agreement between the two curves:

P6
i¼1 Gvi

ðf Þ (thick solid line) and GXb
ðf Þ (thin

continuous line).
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In the lateral direction (see Fig. 24), the two-input model (y2 and y3; lateral motion at the front
right and the rear right corners) better represented vibration transmission from the seat base to
the backrest than the single-input model. However, the discrepancy between

P2
i¼1 Gvi

ðf Þ and
GYb

ðf Þ is clear. It is again evident that lateral vibration at the seat base was not the only input
source for lateral vibration at the backrest; transmission of rotational motion from the seat base
needs to be considered.
In the vertical direction (in Fig. 25), the

P6
i¼1 Gvi

ðf Þ curve coincided almost exactly with the
curve of the output auto-spectrum GZb

ðf Þ: This means the six-input (z4; z3; z1; z2; x1 and x3) model
almost perfectly represented the vibration transmission from the seat base to the backrest in the
vertical direction. Even the single-input model yielded satisfactory results, as the difference
between Gvðf Þ and GZb

ðf Þ was rather small, especially at low frequencies.
The overall findings support the previous conclusion [10] that a single-input and single-output

model is not sufficient to study vibration transmission to the backrest in the horizontal direction,
while for vertical vibration transmission, the single-input model is sufficient, especially when low
frequencies are of main concern.

5. Conclusions

The transmission of vibration in a car to the seat backrest via multi-input channels showed that
vibration inputs in the fore-aft, lateral and vertical directions varied from position to position at
the seat base. It was found that the two fore-aft accelerations at the left-hand side and the two
fore-aft accelerations at the right-hand side of the seat base were highly correlated with each
other. A similar situation existed for the two pairs of lateral accelerations on the left-hand side
and the right-hand side of the seat base.
A computer program based on multi-input and single-output theory was developed to study the

transmission of vibration to the seat backrest. The program, with a modular structure based on
MATLAB, allows calculation of seat transmissibility with up to 12 different inputs.
Transmission of vibration to the seat backrest in the fore-aft direction was investigated using

single-input single-output and multi-input single-output models. The results obtained when using
a single-input model showed that the transmissibilities to the seat backrest from individual fore-
aft vibration inputs at the four corners of the seat base were different. The primary peak of the
transmissibility occurred around 4–5Hz. The coherence function was low.
A two-input and one-output model that made use of the two least-correlated fore-aft input

signals at the seat base was used to quantify seat transmissibility. Results showed that both inputs
contributed to the fore-aft motion of the seat backrest. Nevertheless, the multiple coherency was
not high, suggesting the need for a more appropriate multi-input model to include the cross-axis
effect of vertical vibration, possibly caused by inclination of the backrest.
Allowing that the vibration on the seat in one direction may not only be induced by inputs in

that axis, but may also be induced by vibration in other directions, a six-input and one-output
model was employed with the six inputs being the two fore-aft motions and four vertical motions
of the seat base. The coherence function was significantly improved.
An eight-input and one-output model was further introduced by adding the additional two

least-correlated lateral inputs to the six-input model, in order to check the effect of lateral inputs
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at the seat base on the fore-aft transmissibility of the backrest. As expected, results showed that
the lateral inputs had a rather small effect on the fore-aft motion of the backrest.
Seat transmissibility from individual components of lateral vibration at the four corners of the

seat base to the lateral vibration of the backrest was first investigated using a single-input and
single-output model. Each lateral input vibration reaching the backrest in the same direction was
amplified at frequencies from 18 to 35Hz, with a peak around 26Hz. The coherency was generally
low but appeared higher at frequencies above 20Hz. A two-input and one-output model was
further adopted for studying the vibration transmission from lateral inputs at the seat base to the
lateral output at the backrest. The characteristic of the transmissibility appeared similar to that
with the single-input model. The low coherency at low frequency observed with the single-input
model was improved. However, the improvement seemed limited by only considering
translational vibration at the seat base. Rotational vibration may need to be considered in
future work.
Transmissibility to the seat backrest in the vertical direction was first studied using a single-

input and single-output model. The results showed that each of the four components of vertical
vibration at the corners of the seat base was well correlated with the vertical vibration at the
backrest. A four-input and one-output model was used to study the vibration transmission from
vertical vibration at the four corners of the seat base. A very high multiple coherence function was
obtained. A six-input and one-output model was further used to investigate vibration
transmission from combined vertical and fore-aft inputs at the seat base to vertical vibration at
the backrest. The results showed that the vertical motion on the backrest was affected not only by
vertical but also by fore-aft vibration at the seat base.
The results are consistent with a previous finding that a single-input and single-output model is

not sufficient to study vibration transmission to a backrest in the horizontal direction but, for the
transmission of vertical vibration, a single-input model is applicable, especially when low
frequencies are of most interest.
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