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Seat test standards require human subjects to be used for measuring the vibration
isolation of vehicle seats. Anthropodynamic dummies, based on passive mass-spring-
damper systems, have been developed for testing seats but their performance has been
limited at low excitation magnitudes by non-linear phenomena, such as friction in the
mechanical components that provide damping. The use of an electrodynamic actuator to
generate damping forces, controlled by feedback from acceleration and force transducers,
may help to overcome these limitations and provide additional benefits. The
transmissibilities of five foam cushions have been measured using an actively controlled
anthropodynamic dummy, in which damping and spring forces were supplied by an
electrodynamic actuator. The dummy could be set up to approximate alternative
single-degree-of-freedom and two-degree-of-freedom apparent mass models of the seated
human body by varying motion feedback parameters. Cushion transmissibilities were also
measured with nine human subjects, having an average seated weight similar to the dummy.
At frequencies greater than 4 Hz, mean cushion transmissibilities measured with subjects
were in closer agreement with the transmissibilities obtained with a two degree-of-freedom
dummy than with a single degree-of-freedom dummy. However, at frequencies between
2 and 4 Hz, cushion transmissibilities obtained with the two-degree-of-freedom dummy
showed consistently larger differences from mean transmissibilities with subjects than
single-degree-of-freedom dummies, indicating a need for further development of human
apparent mass models to account for the effects of magnitude and spectral content of the
input motion. Vertical vibration isolation efficiencies (SEAT values) of the five foams were
measured with four input motions, including three motions measured in a car. The SEAT
values obtained using the active dummy were highly correlated with the median SEAT
values obtained with the nine human subjects, with the two-degree-of-freedom apparent
mass dummy giving the highest agreement.

© 2002 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

It is desirable that vehicle seats isolate vehicle operators and passengers from vibration and
shock. The optimization of vehicle seats therefore involves the measurement of their
vibration isolation.

The transmission of vibration through a seat depends on the dynamic properties of the
seat and the dynamic response of the body supported by the seat. The dynamic response of
the human body is complex, and differs from that of a rigid mass of the same weight, so
current standards for measuring seat transmissibility require the use of human subjects
(e.g., reference [1]). However, the use of human subjects can be inconvenient and costly:
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Figure 1. Mechanical models representing the apparent mass of seated subjects: (a) single-degree-of-freedom
model (60 subjects) after Fairley and Griffin [3]; (b) single-degree-of-freedom model (24 men) after Wei and Griffin
[47; (c) two-degree-of-freedom model (24 men) after Wei and Griffin [4].

laboratory seat tests with human subjects require the use of specially designed simulators
and experimental procedures so as to minimize the risk of injury or impairment to
health [2].

1.1. APPARENT MASS MODELS OF THE HUMAN BODY

The dynamic response of the human body can be characterized by driving-point
frequency response functions, such as mechanical impedance or apparent mass. These
characteristics differ between individuals and also vary within the same individual,
depending on sitting posture and vibration magnitude [3]. These differences between and
within subjects introduce variability in the results of seat tests and make it necessary to
conduct measurements with a range of subjects so as to obtain representative results.

Fairley and Griffin [3] showed that the mean normalized apparent mass of 60 subjects,
seated on a hard flat seat and vibrated with broadband (0-25-20 Hz) motion at a magnitude
of 1-0m/s? rms., could be represented by an ideal single-degree-of-freedom
mass-spring—-damper system with a natural frequency of 5 Hz (Figure 1(a)). The theoretical
apparent mass of the single-degree-of-freedom model was within + 1 standard deviation of
the mean normalized apparent mass at most frequencies between 0 and 20 Hz. Wei
and Griffin [4] reanalyzed the apparent mass data gathered by Fairley and Griffin [3],
fitting the parameters of both a single-degree-of-freedom model (Figure 1(b)) and
a two-degree-of-freedom (Figure 1(c)) models to the 60 subjects and, separately, for the men
(24 subjects), the women (24 subjects) and the children (12 subjects) within the group. These
studies suggest it should be possible to replace human subjects in a seat test by either
a one-degree-of-freedom mechanical dummy or a two-degree-of-freedom mechanical
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dummy. The use of a mechanical dummy, with a fixed apparent mass characteristic, would
provide standardized load conditions and circumvent the need for safety precautions and
repeated tests with several human subjects.

1.2. ANTHROPODYNAMIC SEAT TEST DUMMIES

Studies with prototype passive mechanical dummies have shown that they can give
similar measurements of vertical seat isolation to those obtained with human subjects on
laboratory simulators [5-10] and in an automobile [11]. However, a mechanical dummy
suitable for measuring seat transmissibility in laboratory conditions and in vehicles (on and
off-road), would need to be capable of representing the driving point frequency response of
human subjects over a wide range of vibration magnitudes. Mechanical suspension
components, such as dampers, tend to have limitations that modify their dynamic
performance when the excitation magnitude is lower, or higher, than an optimum operating
range and result in non-linearities in mechanical dummies [12]. These mechanical
non-linearities differ from the large non-linearities that occur in the driving point apparent
mass of human subjects.

The use of an electrodynamic actuator to generate damping forces, controlled by
feedback from acceleration and force transducers, can provide a mechanism with low
mechanical friction, as well as making it possible to change the response of a dummy by
switching feedback parameters. Since the resonance frequency and damping of the human
body varies systematically with changes in vibration magnitude, it may be desirable to vary
the response of a seat test dummy for different applications, such as for cars with low
vibration magnitudes and for off-road vehicles with high vibration magnitudes. In addition,
the requirements of some current seat test standards to obtain measurements with subjects
having a range of weights might be achieved with an active dummy in which there was
compensation for variations in mass without changes to spring and damper components.

Preliminary measurements with a prototype single-degree-of-freedom active dummy, in
which the damping force and part of the spring force were provided by a power amplifier
and electrodynamic actuator, have been previously reported [13]. The driving signals for
the spring and damper forces were derived from the displacement and velocity of the spring
mass relative to the dummy frame. The spring stiffness and viscous damping of the dummy
could be varied by changing, respectively, the displacement feedback gain and velocity
feedback gain. The vertical transmissibilities of five foam cushions, with different dynamic
stiffnesses, were measured while they were loaded by the prototype dummy. The
transmissibility of each cushion was also measured while loaded with a human subject.
Figure 2 compares transmissibilities measured with the subject and with the dummy having
a natural frequency and damping as in the Fairley and Griffin [3] model. The peak
transmissibilities measured with the dummy, and the frequencies at which they occurred,
followed the corresponding values for the human subject. The measurements with the
dummy overestimated the seat transmissibility with the subject between about 4 and 6 Hz,
and slightly underestimated the seat transmissibility with the subject at higher frequencies.
The phase lag in the transmissibilities was greater with the dummy than with the subject at
all frequencies above 4 Hz.

A re-analysis of the apparent mass data upon which the Fairley and Griffin model was
based has shown that the use of a two-degree-of-freedom model provides a better fit to the
phase of the apparent mass at frequencies greater than 8 Hz and an improved fit to the
modulus of the apparent mass at frequencies around 5 Hz [4]. The addition of a second
degree-of-freedom to the dummy may therefore bring the shapes of the resulting cushion
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Figure 2. Measured transmissibilities of five different foams with a single-degree-of-freedom active dummy
and with a human subject (after Lewis [13]). Measured with 1-30 Hz broadband acceleration at 1-0 m/s? r.m.s.
dummy; —— subject.

transmissibility curves closer to those measured with human subjects. The mechanical
complexity associated with adding an additional mass-spring—-damper system is likely to
increase costs and calibration problems and decrease reliability, however, active control
may provide a means for approximating a two-degree-of-freedom response without
additional components.

In this study, the transmissibility of foam cushions was measured with nine human
subjects and compared with the transmissibility measured using a modified prototype
active anthropodynamic dummy. The dummy was modified so as to approximate to both
a one-degree-of-freedom apparent mass model and a two-degree-of-freedom apparent mass
model of the seated human body. The cushion transmissibilities were measured in the
laboratory using motions recorded in vehicles and synthetic signals.

2. MATERIALS AND METHODS

2.1. ACTIVE DUMMY TEST RIG

The active dummy comprised a single moving mass, which was constrained to move in
the vertical direction relative to a rigid frame by linear ball bushings running on steel shafts
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Figure 3. Elevation of the active dummy and test rig.

(Figure 3). Most of the moving mass was provided by the permanent magnet of an
electrodynamic actuator (Gearing and Watson model M50). The moving part of the
actuator was fixed to the top of the dummy frame. The armature of the actuator was
immobile with respect to the frame. A linear variable differential transformer (LVDT: RDP
electronics type D2/200A) displacement transducer and a linear velocity transducer (LVT:
Trans-Tek type 0101-0000) were fixed between the frame and the moving mass so as to
provide motion feedback signals to drive the actuator (Figure 4). Accelerometers with a DC
response (Setra 141A: range + 2g) were fixed to the moving mass and to the frame.

The dummy was supported on the test cushions by a SIT-BAR shaped seat indenter [ 14]
(Figure 5), and constrained to move in the vertical axis by a light swinging arm, which
pivoted from a rigid stand (see Figure 3). The cushion was supported by a rigid plate that
was attached to a Derritron VP180LS electrodynamic shaker.

The driving point force, f,, at the base of the dummy is given by:

Jo(t) = moXo (1) + myXy (2). (1
The total force acting on mass m; is

mXq(t) = — fa () — kquy(t), (2
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Figure 4. Schematic diagram of the active anthropodynamic dummy.

where f; is the force developed by the electrodynamic actuator, which is derived from

Sa(t) = zaiy (1) + zuy (1) 3)

and u; = x; — Xo.

For the present study, the control system was modified to approximate
a two-degree-of-freedom mechanical system by the addition of an all-pass filter, H,(w), in
the velocity feedback (see Figure 4) where

—0° +j0/q5 + o3

H.(0) = . .
(@) — 0 +jo/qy + o3

)

The frequency and magnitude of the second resonance in the apparent mass are determined
by w, and q,,/q., respectively.
The vertical apparent mass, M(w), of the dummy shown in Figure 4 is then given by

Fo ()

Miw)=— ®*X o ()

ijc(w)Zc + Zk + kl > (5)

=mo+m -
0 1<_('02Wll +_]0)HC(w)Zc+Zk+k1

where F(w) and X, (w) are Fourier transforms of f;, (t) and x, (t) respectively.

Three settings of the dummy were used in the experiment. The first setting corresponded
to the same one-degree-of-freedom response as in a previous study [13]. With the velocity
feedback filter omitted, the values of z; and z, were adjusted to give the same dummy
natural frequency, f,, and damping ratio, {, as in the Fairley and Griffin [3] model
according to the following relationships:

1 Kk
[ e s VS T R R —— VUL 6, 7)
21 my 2/ (zi + ky) my
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Figure 5. Design of the SIT-BAR (Seat Interface for Transducers indicating Body Acceleration Received) seat
indenter, from Whitham and Griffin [14].

Due to mechanical constraints, there were some differences between the masses of the
dummy and those of the Fairley and Griffin model (m; was 46-5 kg and m, was 124 kg
compared to 456 kg and 6:0 kg in the model).

The other two settings of the active dummy approximated the Wei and Griffin [4] one-
and two-degree-of-freedom model for 24 male subjects. The average seated mass of the 24
males was close to the 59 kg total mass of the prototype dummy, unlike the Fairley and
Griffin [3] response for 60 men, women and children, which has an average seated mass of
52kg.

The parameters of equation (5) were optimized (apart from the masses, which were
constrained to the actual masses of the dummy) to fit the apparent mass curves
corresponding to the Wei and Griffin [4] models at frequencies up to 30 Hz. The parameters
were optimized to minimise the mean-square error between the apparent mass moduli using
the Nelder-Mead simplex search procedure provided by MATLAB software (version 5.3).
The fitted parameter values are shown in Table 1.

2.2. TEST CUSHIONS

Five test cushions were used in the study, consisting of identically shaped blocks of
different polyurethane foams. The dynamic stiffness of each foam block was measured using
the method described by Fairley and Griffin [15], using a preload force of 600 N and
a 0-25-30 Hz broadband stimulus at 1:0m/s? r.m.s. The dynamic stiffness of a cushion is
a complex function of frequency which, over small displacements, is equivalent to

S(w) = ko (@) + joco (w) t)
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TABLE 1

Dummy parameters used in the experiment

Same f, and { Optimized to Optimized to Wei
as Fairley and Wei and Griffin and Griffin [4]

Griffin [3] single- [4] single- two-degrees-
degree-of-freedom degree-of- of-freedom
Description Parameter model freedom model model
Moving mass (kg) mo 465 465 465
Frame mass (kg) my 12-35 12:35 12-35
Equivalent stiffness (N/m) zk + kq 45894 48123 61814
Equivalent viscous damping
(N's/m?) Z 1387 1197 820
Natural frequency (Hz) fu 5-:00 512 5-80
Damping ratio 4 0-475 0-400 0-242
Second resonance (Hz) w2/21 — — 10-0
Selectivity of zero pair q: — 0-415
Selectivity of pole pair dp — — 0733

where k, (w) is the equivalent spring stiffness and ¢, (w) is the equivalent viscous damping
provided by the foam at frequency w. The real and imaginary parts of the vertical dynamic
stiffness of each test cushion are compared in Figure 6.

2.3. MEASUREMENT OF VIBRATION ISOLATION

The cushions were supported on a Derritron VP180OLS electrodynamic shaker, having
a maximum displacement of + 25 mm. Four different input motions were generated. One
signal comprised broadband motion with an approximately flat spectrum between 2 and
30 Hz. The other three signals were recorded at the seat rail of a small car on different road
surfaces. The duration of each signal was 60s. Figure 7 shows the acceleration power
spectral densities of the four signals measured on the shaker platform. The recorded signals
were high-pass filtered to attenuate the signals below 2 Hz because of the displacement
limitations of the shaker, and low-pass filtered at 30 Hz, the upper design target of the
dummy. Characteristics of the four signals are summarized in Table 2.

The driving signal for the shaker was generated, and the accelerations of the shaker
platform, dummy frame and moving mass were digitized simultaneously at 256 samples/s
using an HVLab data acquisition and analysis system (version 3.81). The acceleration
signals were low-pass filtered (8 pole Butterworth) at 60 Hz to remove high-frequency
components that could cause aliasing. The vertical transmissibility of the foam cushion,
H, (w), was calculated from

GpO (CU)

HO((’U)ZG ((D),

©

where G, (w) is the cross spectral density of the accelerations on the shaker platform and
the dummy frame, and G,, (w) is the power-spectral density of the acceleration on the
shaker platform. Power and cross-spectral estimates were calculated from overlapping
Fourier transforms, using a Hamming spectral window, with a resolution of 0-125 Hz and
32 degrees-of-freedom.
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Figure 6. Dynamic stiffness of five different foams measured with a preload force of 600 N. Resolution = 0-35 Hz.
—, foam 1; ====, foam 2; ——, foam 3; ----, foam 4; ----- foam 5.

The usefulness of a seat vibration isolation characteristic depends on both the input
spectrum and the transmissibility, since the seat only needs to provide isolation at
frequencies that are present in the input. Seat isolation performance was indicated by the
SEAT value, which can be calculated from frequency-weighted r.m.s. accelerations, or
vibration dose values:

W, weighted r. m. s. acceleration on cushion

SEA Tr ms. — . N ) 10

o W, weighted r. m. s. acceleration under cushion (19
Wy, weighted VDV on cushion

SEATypy = , 11

VPV W, weighted VDV under cushion (b
where
1/4
VDV = <Ja$(t) dt> . (12)

W, is the frequency weighting defined for evaluation of vertical vibration on the seat surface
in BS 6841:1987 [16] and a,,(t) is the frequency-weighted acceleration. Current standards
[16, 17] recommend that r.m.s. accelerations are used to evaluate ride comfort unless the
crest factor is high, in which case the use of the vibration dose value, VDV, which gives more
weight to the peak values of an acceleration time history, is preferred.
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TABLE 2

Characteristics of the four vibration signals used in the study. The duration of each signal was
60 s and measurements were made with a bandwidth of 60 Hz. Wj is the frequency weighting
defined for evaluation of vertical vibration on the seat surface in BS 6841:1987 [16]

Unweighted r.m.s. W, weighted r.m.s. Crest factor of

acceleration acceleration W, weighted
Signal (m/s? r.m.s.) (m/s? r.m.s.) acceleration
1. Broadband random 1-00 0-78 37
2. 70 mph, motorway 0-82 0-65 52
3. 40 mph, A road 0-71 0-61 67
4. 30 mph, B road 0-59 0-49 85
The vertical apparent mass of the dummy, M (w), is equivalent to
Fo(w
M (w) = Fol ), (13)
Xo(w)

where F,(w) and X, (w) are Fourier Transforms of the driving point force, f, (t), and the
acceleration, X, (t), on the dummy frame. It is evident from equations (1) and (13) that, if the
masses are known, the apparent mass can be estimated from the accelerations on the frame
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Figure 8. Modulus and phase of three published apparent mass models, compared with corresponding dummy
responses (resolution 0-125 Hz). —, foam 1; ====, foam 2; ——, foam 3; ----, foam 4; ----- foam 5.

and the moving mass:

_ Xi(w) _ Goi ()
M(w) = mo + my Ko@) mo + my Goo (@)’

(14)

where G () is the cross-spectral density of the accelerations measured on the dummy
frame and the moving mass, and Gy, (w) is the power-spectral density of the acceleration
measured on the frame.

3. PROCEDURE

The transmissibility of each of the five foams (see Figure 6) was measured with all three
dummy settings shown in Table 1, as well as with the dummy suspension locked out to
provide a 59 kg rigid mass. The base of the cushion was excited by the broadband
acceleration signal (see Figure 7). The vertical transmissibility of the foam cushion was
calculated from the accelerations on the cushion base and cushion surface using equation
(10). The vertical apparent mass of the dummy was also estimated using equation (14).

Figure 8 compares the measured apparent masses of the alternative active dummies with
their theoretical apparent masses (calculated from the active dummy settings shown
in Table 1) and the target apparent masses (of the original mechanical models shown
in Figure 1). The apparent masses were measured indirectly during the cushion
transmissibility measurements, from the accelerations of the moving mass and the frame
mass, using equation (14). The measurements shown in Figure 8 were made on foam 3, but
the same responses were obtained on the other foams. The theoretical and measured
apparent mass of dummy (a) was higher than the Fairley and Griffin [3] target model due to
the high frame mass. The theoretical and measured responses of dummies (b) and (c) closely



306 C. H. LEWIS AND M. J. GRIFFIN
TABLE 3

Standing and seated weights of the nine subjects used in the study

Subject Standing height (m) Standing weight (kg) Seated weight (kg)
1 173 89 70
2 1-83 86 63
3 1-85 82 67
4 1-75 66 54
5 1-76 77 55
6 1-85 85 58
7 1-74 86 65
8 1-70 73 53
9 1-80 87 65

Mean 1-78 81 61

followed the moduli of the target models at frequencies between 2 and 30 Hz. The
parameters of these models were optimized according to the apparent mass modulus; the
phase responses departed from the ideal models above 5 Hz, but followed a similar pattern.
The phase departures were primarily caused by the high frame mass of the prototype
dummy compared with the original models. This might be reduced in a production version
by the re-design of the structure and the use of lighter materials.

The transmissibility of each of the five test cushions was also measured with nine male
human subjects (see Table 3). The subjects sat in an erect posture on the foam block, which
was supported on the VP180LS shaker platform, as for the measurements using the dummy.
The feet of the subjects were supported by a stationary footrest. The vertical acceleration on
the cushion surface was measured using a rigid SIT-BAR [14] (see Figure 4), placed between
subjects and the foam block. A rigid SIT-BAR was used to standardize the contact
conditions between dummy and subjects, so as to ensure that measured differences were
only due to differences in apparent mass and not confounded with contact conditions. The
SIT-BAR has been shown in other studies to give similar seat transmissibilities to those
obtained using a standard flexible seat pad [1].

The vibration isolation of each of the five foams was calculated, using equations (10) and
(11), for all four input signals defined in Table 2 and Figure 7. The SEAT, ;. and SEATypy
values were calculated for all three dummy settings in Table 1, for the rigid mass, and for
each of the nine human subjects.

4. RESULTS

4.1. TRANSMISSIBILITY MEASUREMENTS

Figure 9 compares the means of foam transmissibilities measured with the subjects with
transmissibilities measured using the dummy. Data are shown for each of the four dummy
settings and for foams 1 and 4 (the most stiff and the least stiff of the five foams at low
frequencies: see Figure 6).

With the dummy suspension locked, to provide a rigid mass, the transmissibility peak
was higher by a factor of more than two, and occurred at a higher frequency, than with the
subjects. At frequencies above 10 Hz the cushion provided more attenuation when loaded
with the mass than when loaded with subjects.
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Figure 9. Mean cushion transmissibility measured with nine subjects compared with cushion transmissibilities
measured with a rigid mass, and with the three dummy configurations shown in Figure 8. Broadband random
excitation at 1-0 m/s? r.m.s. (signal 1 in Figure 7). Resolution = 0-125 Hz.

With each of the three active dummy settings, the cushion resonance occurred at
a slightly lower frequency than with the subjects, and the transmissibility at resonance was
higher than with subjects. This was particularly the case for the two-degree-of-freedom
dummy. However, between 4 and 30 Hz, the cushion transmissibility measured with the
two-degree-of-freedom dummy was closest to the median values measured with the
subjects. The single-degree-of-freedom responses were close to the subject data over much
of the frequency range, but there were some departures at frequencies around 7 Hz, around
12 Hz, and above 25 Hz.

The frequency of the main cushion resonance was about 5% higher with foam 1 than with
foam 4, but the differences in seat transmissibility between the dummies and the subjects
were similar for both foams.



308 C. H. LEWIS AND M. J. GRIFFIN
TABLE 4

Proportion of frequency points, between 2 and 30 Hz, at which the foam transmissibility with
the dummy, measured with broadband acceleration (signal 1 in Table 2), was within the 95%
confidence interval for the mean transmissibility with the subjects

Dummy setting Foam 1 Foam 2 Foam 3 Foam 4 Foam 5

59 kg rigid mass 8% 8% 7% 4% 2%
One degree-of-freedom [3] 48% 47% 47% 44% 30%
One degree-of-freedom [4] 46% 72% 72% 67% 54%
Two degree-of-freedom [4] 83% 87% 87% 87% 77%

The data suggest that it may be desirable to adjust the frequency and damping of the first
resonance of the two-degree-of-freedom model so as to improve the agreement with data
from subjects at frequencies between 2 and 4 Hz. The models used to establish the dummy
parameters were based on data from subjects exposed to 1 m/s? r.m.s. broadband (0-20 Hz)
acceleration on a hard, flat seat. The apparent mass of human subjects varies with input
vibration magnitude, and the difference in vibration magnitude on the seat may have
contributed to the differences seen in Figure 9. The broadband input vibration (at 1-0 m/s>
r.m.s., unweighted) in the current study was modified by the response of the cushion so the
parameters of the apparent mass model may not be optimum for the motion that occurred
on the cushion surface. Active control makes it feasible to account for systematic changes in
human response by varying the parameters of the mechanical model based on appropriate
motion feedback. However, further research is needed to determine suitable relationships
between optimum dummy parameters and motion characteristics.

Ninety-five percent confidence intervals were computed for the means of the
transmissibilities measured with the subjects, using the Student’s t distribution. The
confidence intervals were calculated for each of the five foams, at 0-125 Hz intervals between
2 and 30 Hz. The transmissibilities with each of the four dummies were then compared with
the confidence intervals to determine the frequencies at which there was no statistically
significant difference between the cushion transmissibility measured with a dummy and the
mean transmissibility measured with subjects (i.e., frequencies at which a dummy provided
a statistically satisfactory estimate of the average transmissibility obtained with subjects).
Table 4 shows the proportions of the frequency points at which the transmissibility with
each dummy was within the 95% confidence interval for the mean transmissibility with
subjects. It can be seen that, with each of the five test foams, the rigid mass provided
estimates of the transmissibility within the 95% confidence interval for less than 10% of the
frequencies, while the two-degree-of-freedom dummy setting provided estimates within the
95% confidence interval over more than 75% of the frequency range.

4.2. SEAT VALUES

Figure 10 shows the isolation efficiency of the five foam cushions, as indicated by SEAT
values. The SEAT value takes into account the spectrum of the input motion, giving an
indication of the overall severity of the motion on the seat surface compared with that at the
seat base. SEAT values were calculated for all 20 combinations of four input signals and five
foams, with each of the four dummy settings. For each dummy setting, the SEAT values
measured with the dummy are plotted against the means of the SEAT values measured with
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Figure 10. SEAT, ;. and SEAT)yp, values measured with the dummy, plotted against mean values for nine
subjects, for all 20 combinations of four input signals and five foam cushions.

TABLE 5

Correlation (Pearson r), intercept and slope of the linear regression line between SEAT values
with dummy and the mean SEAT value with subjects, over all combinations of five foams and
four input signals

Dummy setting r Intercept (%) Slope r Intercept (%) Slope
59 kg rigid mass 091 79 322 0-81 —30 2:16
One degree-of-freedom [3] 092 14 077 093 10 0-85
One degree-of-freedom [4] 093 22 0-61 092 16 0-75
Two degree-of-freedom [4] 097 4 097 097 1 1-03

the subjects. With the rigid mass, the SEAT values are all higher, and more scattered, than
with subjects. The three active dummy settings all appear to give useful estimates of the
vibration isolation provided by the cushions. Pearson product-moment correlation
coefficients between the dummy data and the mean subject data showed that there was
a highly significant (p < 0-01) association between the SEAT values with all dummies
(including the rigid mass) and the mean SEAT values for the subjects (Table 5), but the
two-degree-of-freedom dummy gave the closest correlation with the subject data, both
when SEAT values were calculated from r.m.s. acceleration and when they were calculated
from vibration dose values (see equations 10-12).
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Calculations were also made of the intercept and slope of the least-squares regression line
between the mean SEAT value with subjects and SEAT values with the dummy. A slope
close to unity, with an intercept close to zero and a high correlation coefficient, indicates
that SEAT values with the dummy were close estimates of mean SEAT values with subjects
over the whole range of investigated vibration inputs and foam dynamic stiffness. The
values shown in Table 4 indicate that the two-degree-of-freedom dummy gave the closest
agreement with the subject data, with a slope of 0-97 for SEAT, .. values and a slope of
1-03 for SEATy py values.

5. CONCLUSIONS

Active control offers the ability to vary spring and damper forces in a
single-degree-of-freedom seat test dummy as a function of frequency, making it possible
to generate an apparent mass characteristic that departs from that of a single
degree-of-freedom system without the complexity of adding more moving parts.

Measurements of the effective vibration isolation provided by foam cushions with the
active dummy were highly correlated with median measurements from nine human subjects.
A dummy approximating a two-degree-of-freedom apparent mass characteristic gave
a higher agreement with the median data from nine subjects than a single-degree-
of-freedom dummy. This was consistent with the two-degree-of-freedom dummy providing
the best estimate of seat transmissibility, with a better fit to the subject data, at frequencies
between 4 and 30 Hz.

At frequencies between 2 and 4 Hz, cushion transmissibilities obtained with the
two-degree-of-freedom dummy showed consistently larger differences from the mean
transmissibilities measured with subjects, compared with single-degree-of-freedom
dummies. This indicates a need for further investigation and optimization of apparent mass
models of the body, accounting for the effects of the magnitude and spectral content of the
input motion.

A mechanical dummy with a suitable apparent mass characteristic may provide
a standard measurement condition that avoids the need for human subjects in seat testing
and eliminates the random error caused by inter-subject variability. If an appropriate
relationship can be defined between changes in human dynamic response and motion
characteristics, active control should also make it possible to produce an adaptive dummy
that will simulate the driving point response of human subjects over a wide range of
different input motion magnitudes.
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