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‘Proposal of a design guxdelme for the improvement of dynamic comfort of a vehicle seat
and its appllcatlon
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1. Int.roduction‘

The function of vehicle seating is to provide a driver
with safety, practicality and comfort. While a basic
seating design scheme to secure both ﬁractical_ity and
safety has already been secured, seating design
considering comfort is comparatively  less systemized
because ‘performance’ and ‘safety’ have been the
concerns of highest priority throughbut the history of
vehicle development. Since ‘performance’ and ‘safety’
have been stabilized through continuous technological
development, vehicle comfort has recently become an
important theme having great potential to enhance the
competitiveness of a vehicle. Among the components of
which a vehicle is comprised, the seat is the primary
medium tlirough which a driver contacts with the vehicle.
Therefore, it has a large impact on the overall comfort
level”. The comfort of a seat can be further divided into
static comfort and dynamic comfort. In particular, after

the 1990’s, the majority of studies for the improvement
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In particular, after the 1990’s, the majority of studies for
the - improvement of seating comfort have been
concentrated on dynamic comfort. However, as Ayet, no
specific design guideline for dynamic comfort has been
established. |

This study presents an innoQative design guideline for
the improvement of the dynamic comfort of vehicle
seating and its evaluation method, which is believed to
have a strong point in the practical viewpoint.
Applicability of the design and the method has been
verified by applying them to the improvement of the
actual vehicle seat. To beign with, the problem with the
currently used evaluation method of the dynamic comfort
using resonance frequency and maximum vibration
transmissibility of the ‘seat-human body’ system was
discussed. As a solution to this problem, the seat
dynamic characteristics determination method to
improve the dynamic comfort of a seat in a vehicle
environment was presented. The superior seat as
proposed by this study was constructed and the effect of
the improvement was examined through the results of a

driving test.
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2. The Characteristics of Vibration Transmitted
to the Seat under the Driving Environment
of a Vehicle '
2.1. Measurement and Analysis of Vibration
Transmitted to Seat
(1) Conditions for Vibration Measurement
Vibration occurring at the seat rail, which supports
the - seat, .was measured for various- vehicles while
running on both special and general road surfaces. The
measurement conditions are shown fn"fable 1A iBelgian
road having a singular type of road surface was one of
the roads used to test the vehicle for its characteristics in
the course of developing"/a ﬁe.w vehicle. It was selected
for the test because it -was expected that high magnitude
vibration with a wide frequency band would be
generated due to the characteristics of the road. A general
road was also selected because it was thought to have
road conditions similar to. the ’acmal -condition under
which many .vehicles'opcrate Also chosen was a coarse
asphalt road havmg a surface condltlon similar to that of
an asphalt road prior to compactmg with a roller after the
first layer of pavement is laid. Its surface is coarser than
the general type asphalt road. However, it develops
various frequency components compared 'to smooth
asphalt. As well, a rough concrete road was also selected
since it is a type of road that is used in back streets or as
local diétfiét roadways. Although it is rarely seen in
commdn cities, it has been sclected for the test
considering the possibility that it may develop the
resonance component of the seat-human body system.
Among-vehicles A, B, C,D and Ejin TaBIe 1, v vehicles A,
B, C and vehicles D and E have a plston dlsplacement of
2000cc oo i
Vibration was measured at the rear side of the right
seat rail of the driver's seat. Acceleration data was
recorded for 30 seconds while driving the vehicle at
constant speed, and ﬁhcn it was converted into a

frequency speéfrurﬁ. A B&K 4383 ’acvceler'ometer and a

B&K 2635 amplifier were used to measure the
acceleration. © Since - the piezoelectric accelerometer
experienced change in the semsitivity below 1 Hz, only
the frequency components above 1 Hz are shown in the

figure.

Table 1. Condition for the Measurement of Seat Support
Vibration of a Driving Vehicle

Type of ‘Driving . 1. | Drivin
oad “Road Vehicle Speed
i . A 40km/h
§ 2(;1511 Belgian‘road
B 40km/h
Coarse
asphalt’ A,B,C 60km/h
General Rough ) 30,50
Roads concrete D.E km/h -
: Smooth S 70, 90.
asphalt km/h

(2) Results of Vibration Measurement

Fig. 1 shows the acceleration signal spectrum
measured at the seat rail while vehicles A and B- were
running on the Belgian road at 40 km/h and 60km/h,
respectively. It can be seen from Fig. 1 that both vehicles
generated high magnitude vibration in the range of 8~20
Hz.
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Fig.1 Characteristics of the vibration at the seat
installation point under various driving conditions;
Vehicle A at 40 km/h (Thick line) and vehicle B at 60
km/h (Thm line) on the Belglan road.

It also:shows that when vehicle A was running at
40kmv/h, the magnitude of vibration increased a little in
the vicinity of 1 Hz. However, the vibration magnitude

increased greatly above 10 Hz and the vibration
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magnitude is relatively very low in the vicinity.of 5 Hz,
where the resonance of the ‘seat-human body’ system
exists,

Fig. 2 .shows the results of measurement.while test
vehicles were driving on the general road. When vehicles
A, B and C ran on the coarse asphalt road at 60km/h, the
vibration spectrum [Fig. 2(a)] indicated that the high
vibration magnitude values were concentrated  within. a
10~15 Hz frequency band. Figures 2(b) and (c) illustrate

the vibration spectrum measured .at the seat rail when

vehicle D and E ran on the asphalt road with a well

paved surface at 90 km/h and 70 km/h and vehicle E ran
on the rough concrete road at 50 km/h and 30 km/h,

respectively. These two figures indicate that in the case.

in which the vehicle ran on the asphalt road at 90 km/h
the vibration magnitud_e correspoﬁding to the primary
resonance of the vehicle suspension device was relatively
high and the vibration within 10~15 Hz was low. It was
also known that the primary resonance component of the
suspension -device was not shown when vehicles ran on
the same road at 70 kmvh, however, the frequency
components of 10~18 Hz and above increased to a great
extent. In figures 2(b) and (c), it can be seen from the
thick and dim line depicting the results when the vehicle
ran on the rough concrete road at 30 km/h that the
vibration magnitude near 5 Hz was relaﬁvely high and
that the vibration magnitude within the 10~15 Hz

frequency range was as high as the magnitude near 5 Hz

although the magnitude differs depending on the vehicles.

This may be due to the fact that when driving on an
unevenly surfaced road at low speed, the vibration
exciting component generated by the uneven road
surface profile was transmitted to the vehicle chassis
without being reduced by the suspension device
sufficiently. When driving on the rough concrete road at
50 km/h, the vibration magnitude within the 10~15 Hz
band rapidly increased while the 5 Hz band reduced

relatively.
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(a) Vehicles A, B and C at 60 kmv/h on the coarse asphalt
road (Thin line: Vehicle A, Thick line: Vehicle B, Thick
de_lshed line: Vehicle C)
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(b) Vehicle D driving at 70 and 90 km/h on the smooth
asphalt and at 30 and 50 km/h on the rough concrete road
(Thin line: at 90km/h on'smooth asphalt, Thick and dark
solid line: at 90km/h on smooth asphalt, Thin dashed
line: at S50km/h on rough concrete, Thick and dim solid
line: at 30 kim/h on rough concrete).
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(c) Vehicle E driving at 70 and 90 km/h on the smooth
asphalt and at 30 and 50 km/h on the rough concrete road
(Thin line: at 90km/h on smooth asphalt, Thick and dark
solid line: at 90km/h on smooth asphalt, Thin dashed
line: at 50km/h on rough concrete, Thick and dim solid
line: at 30 kmv/h on rough concrete).

Fig.2 Characteristics of the vibration at the seat
installation point under various test conditions

2.2. Test Result Analysis Considering the Vehicle
Characteristics
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The analysis results in Fig. 1 and Fig. 2 may be
insufficient to account for all the vehicle-driving
conditions. Moreover, since the vibration characteristics
of the vehicle chassis varies depénding on the driving
speed, it is necessary to perform the test at various
driving speeds. However, the above test results depict
typical vibration characteristics of the chassis of general
passenger cars driving on various types of roads at
various speeds. Therefore, from the results of tests
performed in this study, it is possible to derive the
following conclusions:

First, the primary resonance component with
frequency close to 1 Hz of the vehicle suspension device
was generated when the vehicle ran on the smooth
surface road at high speed. It seems that this ‘was

generated due to the vibration component having an long

wavelength generated from the road. It was found that

the frequency component within 10~15 Hz relating to the -

secondary resonance of the vehicle suspension’ device
and engine mounting frequency was generated obviously
under all driving test’ conditions. The vibration
component having a frequency near 5 Hz where the
resonance frequency of the system comprised of ‘both
seat and human body was rarely generated when driving
on the well paved freeways or national highways.
Alternatively, it was frequently generated when driving
on the roads with uneven surfaces at low speed. However,
vehicles rarely drive on such roads and if they do, it is

usually for a limited period of time.

2.3. Improvement of the'Method for Evaluating
Dynamic Comfort of a Seat

This study examined whether it is necessary to
seriously consider the transmissibility of vibration
having a frequency near 5 Hz where the resonance of the
seat-human body system exists when evaluating the
dynamic comfort level of vehicle seating. It can be seen
from the measurement results of the above d.riving tests

that, except for the case of driving on the rough concrete

road at low speed, the vibration magnitude near the
frequency of 5 Hz was relatively very low. Such
tendency results from the structural characteristics of
general p'aSsenger cars, which signify that the primary
and secondary resonance frequencies are slightly higher
than 1 Hz and 10 Hz, respectively. It is inevitable that the
vibration component with a frequency near to 5 Hz
(which is 4~5 times as high as the primary resonance
fre;quency), where the resonance frequency of the seat-
human body system exists, becomes very low. Actually,
this can be the reason that the resonance frequency of the
seat-human body system is approximately 5 Hz.

In order to evaluate the dynamic comfort of a vehicle
seat under a driving environment, this study proposes to
use the vibration transmissibility with its frequency in
the range of 10~18 Hz as a base for seat comfort
evaluation instead of utilizing resonance frequency or

maximum vibration transmissibility. The sensitivity of

the human body to the vibration frequency shall be

considered in determining the frequency component of
certain bands as an object for vibration réduction. For
general passenger cars, in order to cover the frequency
band where the second resonance of the suspension

device and the engine mounting frequency exist, it is

- necessary to consider the frequency component of and

above 10 Hz. The difficulty lies in determining the upper
bound of frequency range to be considered. The
sensitivity of the seated human body to vertical vibration
is determined using the frequency-weighting factor in
Fig. 3 as proposed by ISO 2631-1?, The frequency
range where the gain becomes 0.7 is 3~18 Hz. In order to
improve the dynamic comfort level of seating, focus
shall be placed on reducing the vibration magnitude in
this range. In the case of actual vehicles, the frequency
component above 18 Hz is frequently generated.
However, since its sensitivity decreases due to the
characteristics of the human body, the design policy is to
reduce the magnitude by up to 10~18 Hz.
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Fig.3 Frequency Weighting for the evaluation of human
response to vertical vibration of a seated human body

3. Improvement of dynamic comfort through
reduction of vibration damping capacity of a seat

This study attempts to analyze the vibration damping
effect- by applying the method to reduce the damping
capacity of the seat foam to an actual vehicle in order to
obtain the vibration red.uction,in the frequency range of

10~18 Hz.

3.1 Ground for.reduction of damping.capacity of
seat foam

As can be seen from the study performed by Cho and
et al.?®, the characteristics of the frequency transmission
function of the system comprising seat and human body
peak around 5 Hz with only very limited peak above 10
Hz. . Of course, this system includes non-linear
characteristics. However, the behavior of this system is
similar to the one degree-of-freedom vibration system
within a certain input range. In this study, the concept of
the one degree-of-freedom vibration -system is utilized in
order to explain the effect by damping reduction of the
foam. When representing the seat-human body as a one
degree-of-freedom system, the human body corresponds
mass and the seat to spring and damping, respectively.
Figure 4 ~depicts the vibration transmission
characteristics curve of the one degree-of-freedom
vibration system to which base motion is input. The
resonance frequency of this system is. 5. Hz -and .its

vibration attenuation range exists above 7 Hz.
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Fig.4 Vibration transmissibility of the one degree-of-
freedom system under various damping condmons
(arrow means increase of damplng)

As can.be seen from Fig. 4, if system damping is
increased, transmissibility decreases in the resonance
range (A range), but vibration transmission increases
above the resonance range (B range). Conversely, if
system damping is reduced, the maximum vibration
transmissibility. increases, but the vibration transmission
decreases in the B range. Therefore, if the seat damping
is reduced under the vehicle environment where the
vibration of B range is generated, it is expected that it
will actually reduce the vibration transmitted to the
human body. In this study, as an effective means to
reduce seat damping, the damping by seat foam was
reduced.by 33% as compared to existing products. For
reference, the low damping foam used in this study is a
type. of high-resilience (HR) foam widely used by
vehicle industries in advanced countries including Japan
for the improvement of seat comfort. It has the advantage
of being able to reduce the damping value without

impacting the basic static characteristics of the seat.

3.2. Test and Performance Evaluation for Improved
Seat

For -the seat test, two types of seats were used, the

existing type of seat and another type comprised of

improved seat foam. Both types were installed in the test

vehicle with a displacement of 2000cc. With the seats

. being installed in the same vehicle in turn, the vibration
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isolation characteristics of the two seats were compared
for two types of driving conditions. For these conditions,
two types of roads with rough concrete pavement on
which the vehicle ran at 50 km/h and asphalt pavement
on ‘which vehicle ran at 90 km/h were selected from
among those in the above Section 2. A vehicle different
from the one used in the above Section 2 was used for
the test. The, vibration transmission performance of the
seat was evaluated by obtaining the transmissibility
between the vertical acceleration measured at the seat
rail and the acceleration measured with the seat pad
accelerometer installed between the seat and the hip of

the driver.
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(a) Dri\}'ing at 50 km/h on the rough concrete road
(dashed line: Original seat, Solid line: Modified seat)
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(b) Driving at 90 km/h on the asphalt road (dashed line:
Original seat, Solid line: Modifted seat)

Fig.5 Comparison of vibration transmissibility of the
original seat and the modified seat with lowered
damping coefficient of 33% under two types of test
conditions.

Fig. 5 shows the evaluation results. Figures 5(a) and

(b) indicate the vibration transmissibility when the test

vehicle ran on the rough concrete road at 50 kivh and on
the asphalt road at 90 km/h, respectively. The dotted line
and full line specify the results of the test performed for
the existing seat and the seat containing the damping
reduced foam, respecti\;ely.

The significant point of the transmissibility curve in
the above two test conditions is that the vibration
attenuation performance was improved in the frequency
range above 7 Hz when the damping capacity was
reduced. Fig. 5(a) shows that the transmissibility at 10
Hz was improved from 0.77 to 0.54 while Fig. 5(b)
indicates that it was improved from 0.83 to 0.56. Each is
an about 30% improvement in the transmissibility.
However, It can be seen from Fig. 5(b) that the
maximum vibration transmissibility increased by
approximately 25% from 1.6 to 2.0. A specific critical
transmissibility value at resonance frequency has not yet
been defined. Howevér, if maximum transmissibility is

less than 3, corresponding industries consider it

‘ accepfable. Generally, it falls between 2.5 and 3.

Therefore, it can be said that the increase in the
maximum vibration transmissibility as shown in the test
results is not so much as to create any problem. In both
of the

characteristic curves in the vicinity of resonance

two transmissibility function curves, the

frequency are in the instable form. It can be inferred that
the vibration transmitted to the seat support point in the
corresponding frequency range is too small. That is, the
S/N (Signal to Noise) ratio is very small.

As can be seen from the above ﬁgures; transmissibility
increased in the resonance range and decreased above the
resonance range. In order to examine what impact these
results had on the dynamic comfort of a driver, the effect
of seat improvement was evaluated by obtaining the
vibration transmission rate of the seat, that is, the SEAT
value considering the perception characteristics of the
human body. Using equation (1) the SEAT values for
seats before and after the improvement under two driving
conditions were calculated and shown in Table 2.

Griffin® proposed the SEAT (Seat Effective Amplitude
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Transmissibility) that was able to represent the vibration

isolation. characteristics of -a seat quantitatively. as

follows:

SEAT(‘y‘)'_ 'jG,,(f)-WZ(f)df l_lleoo @
| Je (N ndr

Where,

X)) Gy(f): Acceleration power spectrum at seat
cushion and floor, respectively

W(): Function of frequency weight factor: due to
vibration of the human body, which is provided from

1SO 2631-1(1997)

Table 2 SEAT values of the two seats at the two test

conditions
Test | S0km/honthe | 90 kmvhon
condition rough concrete | the asphalt
S road road
eat
Original seat 0.88 0.88
Modified seat . 0.78 0.77

The second and third columns of Table 2 show the
SEAT value for the existing seat and the improved seat,
respectively, indicating that the SEAT values were
reduced by 11% and 12% under two driving conditions.
As can be. seen from Fig.5(b), the SEAT value was

decreased despite the increase in the vibration magnitude.

This is thought to be due to the fact that the magnitude of
vibration with frequency concentrated on the attenuation
range (B range in Fig.4) was reduced to a greater extent
than the increase in the vibration magnitude in the
resonance range (A range in Fig.4) while the sensitivity
of the human body to vibration was maintained high in

the frequency range of approximately 3 ~ 18 Hz.

4, Conclusions and Discussion

This study was initiated by examining the existing

evaluation method using seat resonance frequency and

maximum vibration transmissibility for the evaluation of

the dynamic comfort of a seat. Problems with this system

‘were highlighted .in order to.determine how to make

improvements. - It can be ‘seen :from the results of
analyzing the vibration characteristics of the seat support
point that were measured with various types of vehicles
under various driving conditions that the method to
improve the dynamic comfort of a seat by controlling the
maximum vibration ° transmissibility is inappropriate
because the possibility of vibration generation having a
frequency near that of resonance frequency is very low.
Therefore, this study proposes a2 new design guideline
for the evaluation of the dynamic comfort level of
vehicle seating, which proclaims that the factors for seat
design should be determined so that the transmissibility
of vibration having a 10~18 Hz fréquency band can be
reduced. For this purpose, this study attempted to
improve the dynamic comfort- of seating by reducing the
damping capacity of the seat, and verified this effect
experimentally. Foam with low damping capacity was
constructed and insfalled in a vehicle and seat
performance improvement was then analyzed and
compared with the performance of the existing seat. The
analysis result indicated that the maximum vibration
transmissibility of the seat-human body system was
increased, but the vibration attenuation characteristics in
the frequency range above the resonance range were
improved. It also demonstrated that the seat dynamic

comfort was improved by approximately 11% upon

comparison using SEAT value, which is the vibration

transmissibility of a seat that considers the perception
characteristics of the human body.

This study proposes the method to improve the seat
performance focusing on the improvement of its dynamic
comfort. The comfort of a seat is greatly influenced by
the dynamic characteristics as well as the static
characteristics. Therefore, the improvement of the
comfort level shall be evaluated using various design
factors®™, However, since the high resilience foam that is

widely used for seating has higher modulus of elasticity
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than existing foam, it not only provides a superior sitting
feeling, but also improves the dynamic comfort of a seat
because of its low dampingrcapacity as démonstrated by
this study. In this study the static comfort of a seat is not

mentioned separately because it does not decrease even

though foam having a low damping capacity has been-

used.
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