A new design of seat suspension using different models
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Abstract. Three models of seat suspension using the negative stiffness structure including steel
springs (SS), roller springs (RS), and tuned mass damper (TMD) are proposed and studied to
improve the driver's seat ride comfort. Based on the dynamic models of the SS, RS, and TMD,
their isolation efficiency and driver’s ride comfort are evaluated via two indexes of the root mean
square displacement and acceleration of the seat (z,,; and a,,) under two excitations of the
random road surface and bumpy road surface. The results show that under the random road
surface, the z,,¢ and a,,¢ with the seat's RS are reduced by 10.31 % and 20.32 % in comparison
with the seat’s SS; whereas the z,,; and a,,; with the seat's TMD are smaller than that of the seat's
RS by 19.15 % and 26.13 %; and the seat’s SS by 27.49 % and 41.15 %, respectively. Besides,
the seat's displacement and acceleration responses with the seat’s TMD are also lower than that of
both the SS and RS under the bumpy road surface. Therefore, the structure of the TMD should be
designed and added to the seat suspension to enhance the driver’s seat ride comfort.
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1. Introduction

To improve the driver’s ride quality, the suspension systems of the vehicle and cab were
optimized and controlled [1-4]. However, the structure of the semi-active or active suspension
systems was very complicated and expensive. Thus, it was limited in application on all vehicles
and the driver's ride quality was also limited. To further enhance the driver's ride quality of all the
vehicles, based on the isolation efficiency of the negative stiffness structure with its simple
structure [5-6], the seat suspension was added by the negative stiffness structure to reduce the
vibration of the driver’s seat [7-9]. The study results showed that the driver’s seat acceleration
was improved by up to 80 % in comparison with the passive seat suspension in both the time and
frequency regions. Besides, the different structures of the negative stiffness structure designed by
the steel springs (SS) and roller springs (RS) were researched and evaluated, respectively [6, 8-9].
Furthermore, another negative stiffness structure of the seat suspension using the tuned mass
damper (TMD) was also investigated to improve the driver's ride quality [10-12]. The design
parameters of the TMD were then also optimized to enhance its isolation efficiency [12]. The
studies also showed that the seat suspension equipped with the TMD remarkably improved the
driver's ride comfort compared to the traditional seat suspension.

However, in the existing research, the isolation efficiency of the seat suspension equipped with
the negative stiffness structure was mainly evaluated via the driver’s seat acceleration, the
isolation efficiency of the seat suspension equipped with the negative stiffness structure also needs
to be evaluated via the driver's seat displacement. Moreover, the isolation efficiency between the
SS, RS, and TMD has also not been evaluated in existing studies. Therefore, three models of seat
suspension using the negative stiffness structure designed by the steel springs (SS), roller springs
(RS), and tuned mass damper (TMD) are proposed and studied to improve the driver's seat ride
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comfort. Based on the dynamic models of the SS, RS, and TMD, their isolation efficiency and
seat's ride comfort are evaluated via two indexes of the root mean square displacement and
acceleration of the seat (z,,5 and a,,5) under two excitations of the random and bumpy roads.

2. Design of seat suspension using different models
2.1. Dynamic model of seat suspension

With seat’s SS: Based on the structure of the traditional seat suspension and negative stiffness
structure [7-9], the negative stiffness structure is designed by two symmetrical steel springs (SS)
with their stiffness parameter kg. The symmetrical spring and seat are connected via a hard bar
l,. The dynamic model of the seat’s SS is plotted in Fig. 1(a). Where my is the driver’s seat mass;
l; is the distance of the seat and well; [5 is the initial length of the SS; kg and ¢, are the stiffness
and damping coefficients of the traditional seat suspension; z; and q are the seat’s displacement
and vibration excitation of the seat’s SS model.

a) Seat’s SS

¢) Seat’s TMD
Fig. 1. Three different models of seat suspension

Under the excitation q from the road, the vibration equation of the seat's SS is written [7]:
mgZs = Foe = ¢5(q — 25) + ks(q — 2z5) + 2kes(Ass + 1)(q — 25), (1

where Ags = (I3 — 1)/ l% —(q —z)%

With seat’s RS: Based on the structure of the seat’s SS in Fig. 1(a), its two symmetrical steel
springs are then replaced by using two roller springs (RS), as plotted in Fig. 1(b). Where  and R
are the radius of the roller and curved wall; k,.¢ is the stiffness coefficient of the RS.

Under the excitation g from the road, the vibration equation of the seat's RS is written by [8]:

Zkrs(l + Arsl + Arsz)(q - Zs)

meZs = By = c(§ — 2,) + ks(q — z5) + - , )
s

where l=r+ l2 + l3, Zys = \/[l% - (q - Zs)z] + (q - Zs)za Arsl = _(lo + ll)zrs/

vV l% - (q - Zs)za and Arsz = \/(R + T‘)ZZES - (l3 - r)Z(q - Zs)z/\/l§ - (q - Zs)2~
With seat’s TMD: The seat’s TMD is designed by the tuned mass damper m,; connected with
the seat via the spring and damping coefficients of kg and c,; the mass m, connected with the two
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symmetrical springs via two hard bars [,; the seat is connected with the lower base via the spring
with its stiffness coefficient k,,. The model of the seat's TMD is plotted in Fig. 1(c). Where z; and
z,4 are the displacement of the seat and tuned mass damper; the q is vibration excitation.

Under the excitation q from the road, the vibration equations of the seat and tuned mass
damper are expressed as follows [11-12]:

mgZs = k,(q — z,) + ks(z4 — z5) + c;(Z4 — Z5),
mdzd = thd - ks(Zd - Zs) + Cs(Zd - Zs); (3)
L, -

L3
——————(q — za).
Vl%—(q—zd)z ‘

Based on the vibration equations of the seat’s SS in Eq. (1), the seat’s RS in Eq. (2), and the
seat's TMD in Eq. (3), the isolation efficiency of the seat's SS, RS, and TMD is then simulated
and evaluated under the vibration excitation of the road surface, respectively.

thd = sts 1-

2.2. Vibration excitation of seat suspension models

With the random excitation: In the actual condition of the vehicle moving on the road surface,
the vibration excitation of the vehicle was mainly generated by the random excitation [1-3, 13].
Thus, based on the power spectrum density R(s,) of the random road in ISO-8608 [13] and the
white noise signal w(t), the random vibration of the g could be expressed as follows [1]:

G + 2msov3q = 2msE\ R(sp)vow(t), 4)

where s, = 0.1 m™'is the reference spatial frequency and v, is the moving speed of the vehicle.
Assuming that the vehicle moving on the random surface of ISO level B with
R(sy) = 64x10°m? at v, = 20 m/s, thus, the excitation ¢ is simulated and plotted in Fig. 2(a).
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a) Random excitation b) Bumpy excitation

Fig. 2. The vibration excitation of three models of seat suspension

With the bumpy excitation: To fully evaluate the isolation efficiency between the SS, RS, and
TMD, a bumpy excitation of the road surface is also used for the simulation. Its equation could be
described as follows [14]:

21V,

q=0.05[1—cos< )], 03<t<05 ¢g=0 0<t<03 05<t, 4)

where v, = 3 km/h and L = 0.85 m. Thus, the simulation result of g is plotted in Fig. 2(b).
2.3. Evaluation indexes

In the existing studies of the vehicle’s ride comfort, the ride comfort of the driver was mainly
evaluated via the index of the root mean square acceleration of the driver’s seat (a,)
[1-2, 14-15]. However, the vehicle’s ride comfort was affected by the isolation efficiency of the
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suspension system, while the isolation efficiency of the suspension system was evaluated via its
root mean square displacement (z,,5). In this study, to evaluate the isolation efficiency of the seat’s
SS, RS, and TMD as well as the driver's ride comfort, two indexes of the z,,; and a,,; are chosen
and expressed as follows [15]:

T

T
z2s = T‘lf z2dt and a2, = T‘lf 72 dt, (6)
0 0

where z; and Z are the seat’s displacement and acceleration responses in the time of T'.
In order to evaluate the isolation efficiency of the seat’s SS, RS, and TMD, the smaller values
of the z,,; and a,, are chosen as the objective functions.

3. Results and analysis

Under the same design parameters of the seat's SS, RS, and TMD listed in Table 1 and random
excitation of the road surface in Fig. 2(a), three dynamic models of the seat's SS, RS, and TMD in
Fig. 1 are then simulated to evaluate their isolation efficiency, respectively. Both the seat’s
displacement and acceleration responses and their root mean square values (z,,¢ and a,,) are
plotted in Figs. 3(a), 3(b), and Table 2, respectively.

Table 1. Dynamic parameters of the seat's SS, RS, and TMD
Parameter | Value | Parameter | Value | Parameter | Value
mg (kg) 85 k, N/m) | 25000 [, (m) 0.23
¢; (Ns/m) 250 ke N/m) | 13600 l, (m) 0.17
kg (N/m) | 25000 | k. (N/m) | 13600 l; (m) 0.14

; ---SS —RS = TMD

z (mm)

10 20 30
Time (s) Time (s)
a) The seat displacement b) The seat acceleration
Fig. 3. The seat’s displacement and acceleration responses under the random excitation

Table 2. The values of z,,; and a,,,¢ of the seat’s SS, RS, and TMD

Values SS RS TMD
Zys (mm) | 2.7834 | 2.4963 | 2.0181
ays (m/s?) | 0.3050 | 0.2430 [ 0.1795

Figs. 3(a) and 3(b) show that both the seat’s displacement and acceleration responses with the
seat’s RS are lower than that of the seat’s SS; while these values with the seat's TMD are the
smallest. Based on these displacement and acceleration responses, the calculation results of the
Zys and a,,; with the seat’s RS are reduced by 10.31 % and 20.32 % in comparison with the seat’s
SS; whereas the z,,; and a,,; with the seat’s TMD are smaller than that of the seat's RS by 19.15 %
and 26.13%; and the seat’s SS by 27.49 % and 41.15 %, respectively. The results show that the
driver's seat ride comfort and isolation efficiency of the seat’s TMS are better than that of both the
seat's SS and RS. This may be due to the influence of the stiffness parameter of k,, and the tuned
mass damper m, of the seat TMD; in which the k, acts to increase the stiffness of the system
thereby reducing the displacement of the seat while the m, increases the damping force in the
system of the TMD [10-12].
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To further elucidate the isolation efficiency of the seat’s TMD, the power spectrum density
(PSD) values of the seat’s displacement and acceleration in the frequency region are also given
and analyzed, as seen in Figs. 4(a) and 4(b). The results of the PSD of z; and a, with the seat’s
RS are also reduced compared to the seat’s SS, while these results with the seat’s TMD are
strongly reduced in comparison with both the seat’s SS and RS, especially the PSD of a; in
Fig. 4(b). Therefore, the seat's TMS improves the driver’s seat ride comfort better than both the
seat’s SS and RS in both the time and frequency regions.

Similarly, under the same design parameters of the seat’s SS, RS, and TMD in Table 1 and
bumpy excitation of the road surface in Fig. 2(b), three dynamic models of the seat’s SS, RS, and
TMD in Fig. 1 are also simulated to assess their isolation efficiency. Both the seat's displacement
and acceleration responses are then plotted in Figs. 5(a) and 5(b), respectively.
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Fig. 4. The seat’s displacement and acceleration responses under the random excitation
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Fig. 5. The seat’s displacement and acceleration responses under the bumpy excitation

The simulation results also show that both the seat’s displacement and acceleration responses
with the seat’s RS are lower than that of the seat’s SS; while these results with the seat’s TMS are
the lowest. This means that the seat's TMS not only improves the driver's ride comfort better than
that of both the seat's SS and RS but also is stable under different simulation conditions of the
random road surface and bumpy road surface. The existing research of the seat’s SS, RS, and TMD
in Refs [6-12] showed that the isolation efficiency of the SS, RS, and TMD is better than that of
the seat's passive and semi-active suspension systems. However, the isolation efficiency between
the SS, RS, and TMS has not been researched. Based on the results of this study, the TMS should
be designed and applied to the seat suspension to enhance the ride quality of the driver.

4. Conclusions

Under the random road surface, the z,,; and a,,; with the seat’s RS are reduced by 10.31 %
and 20.32 % in comparison with the seat’s SS; whereas the z,,; and a,,; with the seat’s TMD are
smaller than that of the seat’s RS by 19.15 % and 26.13 %; and the seat's SS by 27.49 % and
41.15 %, respectively. Besides, the PSD values of the seat’s displacement and acceleration with
the seat’s TMD are strongly reduced in comparison with both the seat’s SS and RS, especially the
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PSD of the seat’s acceleration.

Under the bumpy road surface, the seat’s displacement and acceleration responses with the
seat’s TMD are also lower than that of both the SS and RS. Therefore, the structure of the TMD
should be designed and added to the seat suspension to enhance the driver's seat ride comfort.
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