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Abstract. Unwanted vibrations of vehicles are regarded as harmful threats to human
health in biomechanical and psychophysical terms. Road roughness is considered as the
main cause of unwanted vibrations of bus vehicles. Vertical seat vibrations were found
via simulating a 10-Degree-Of-Freedom (10-DOF) model of an intercity bus vehicle under
harmonic and random excitations caused by road roughness.
vibrations, mass-spring-damper passive absorbers were proposed in a 13-Degree-Of-

To suppress undesirable

Unwanted vibrations;

Seat comfort;
Tunable vibration
absorbers.

Freedom (13-DOF) model of the bus. Following the optimization of the characteristics of
embedded passive absorbers under each seat and implementation of the designed absorbers,
the vertical displacement amplitudes in the frequency responses of the seats were reduced,
especially near the resonant frequencies of the bus. In addition, vertical displacement and
acceleration amplitudes decreased in the random excitation of road roughness. According to
the results, optimized mass-spring-damper absorbers were proposed as a practical solution
to suppress the effects of unwanted vibration on bus vehicles.

(© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Professional bus drivers are the occupants that operate
vehicles for many driving hours and passengers expe-
rience unwanted vibrations mainly due to road surface
excitations [1]. The unwanted vibrations of vehicles are
concentrated in relatively low frequencies (0.5-25 Hz),
exposing the driver and passengers to a condition called
Whole Body Vibration (WBV) [2-4].

WBYV at low frequencies can be harmful to hu-
man body since the resonant conditions have been
reported to occur at natural frequencies of the viscera
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distributed in the low-frequency range of 4-10 Hz [5,6].
Several studies have shown that WBV encompasses a
wide range of health risks from biomechanical damages
such as musculoskeletal, cardiovascular, nervous, gas-
trointestinal, etc. to psychological damages including
fatigue, stress, sleep disorder, etc. [5,7-9].

Furthermore, exposure to WBV leads to Lower
Back Pain (LBP) in the long run [10-12] which has
been repeatedly reported as a significant health risk
among professional bus drivers [13-15]. Moreover,
LBP is the main reason for long sick leaves in gen-
eral [7,10,11,16]. The exposure-response relationship
between WBV and LBP has been extracted from
numerous studies [17-22]; however, the mechanism by
which WBYV leads to the LBP has not been thoroughly
identified [5,23,24].

Given that isolating the vibration of vehicles is
more efficient when achieved locally than globally [25],
various main strategies have been proposed in numer-
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ous studies to isolate the vibration and reduce the
transmission of vibration effects on the seats. In dif-
ferent vehicles, these methods can include approaches
such as passive control, semi-active control, and active
control.

Maciejewski et al. developed a modified passive
suspension system for working machine seats through
modification of a viscous-elastic passive seat using
air-springs and shock absorbers. In their study, the
acceleration of the operator and relative displacement
of seat suspension were two opposing criteria used for
obtaining optimal solutions in the frequency range of
0-4 Hz [26].

In a study conducted by Verros et al., Single
Degree of Freedom (SDOF) and 2-DOF non-linear
and linear-quarter models of the vehicle were studied.
These models were subjected to random road exci-
tations to extract a methodology for optimizing the
characteristics of passive suspension such as damping
and stiffness [27].

Optimization of passive vibration absorbers can
be challenging due to the varying conditions of a vehicle
and amplification of the vibrations near the resonant
frequencies [28]. Conversely, in semi-active approaches,
seat suspension can be achieved sufficiently in different
conditions of a vehicle [29]. Eason et al. [30] introduced
a dynamic absorber with passive and semi-active tuned
masses in series to reduce the vibration in a 3DOF
system in the wider range of frequencies. Choi et al.
studied the application of Magneto-Rheological (MR)
dampers in vehicles such as trucks [31].

Despite their capability to optimize functionality
in varying conditions, semi-active systems are known
to have poor performance at relatively low frequen-
cies [32]. Besides, ideal models of semi-active vibration
isolation do not apply to actual systems due to some
attributes of the real operating conditions such as
hysteresis of dampers and time delays [1].

Active seat suspension, which is characterized by
utilizing an external energy source, leads to a better
vibration isolation performance at low frequencies [29].
Numerous studies have been conducted to incorporate
this approach in vehicle suspension. Stein [33] proposed
a driver’s seat with an electro-pneumatic active sus-
pension system using a pneumatic spring. Maciejewski
et al. [34] designed an active seat suspension using an
adaptive control strategy with high robustness against
varying loads. Gan et al. [29] presented an active
seat suspension system by considering the time-varying
form and non-linearity of the system to isolate single
and multiple frequency excitations.

Although numerous studies have considered the
advantages of the active control for isolating seat
vibration [35-37], an active system should technically
incorporate measurements of the velocity and rela-
tive displacement, thus creating unnecessary compli-

cations for the system and resulting in lower reliability.
Moreover, using pneumatic systems in active control
suspension may cause shortcomings such as the need
to implement a large energy source to maintain the
required air pressure and less reliability due to the
complex controllability of the active system [38].

In some studies, the three afore-mentioned control
strategies have been compared. Orecny et al. [39]
reported that compared to the passive seat, the ideal-
ized semi-active control of the seat vibration isolation
was improved approximately by 7%. Bouazara et
al. [40] performed a comparison among the passive,
semi-active, and active vehicle models and concluded
that the suspension was improved by approximately
50% in both active and semi-active methods.

Choosing a control strategy can become more of
a trade-off problem in an actual design. While, based
on the comparisons, active control seat suspension
may result in better vibration cancellation, applying
such systems to intercity bus seats was not feasible in
commercial terms. The complexity of the system and
costs of the design and operation of semi-active and
active methods can be compromised with the simplicity
and practicability of passive approaches at the expense
of lower vibration cancellation in some cases.

In this research, the dynamics of an intercity was
modeled using a 10-DOF mechanism. The vibrations
of three specific seats, including the driver’s seat and
two passengers’ seats, were evaluated by harmonic
and random excitations caused by the asphalt road
profile. The multiple-degree-of-freedom model of the
problem facilitates a more accurate simulation of the
real condition to examine the vibration transmission
responses to the seats. Then, additional mass-spring-
damper passive absorbers were tuned for each seat
with optimized characteristics to reduce the effects
of vibration transmission to the seat, which would
finally lead to a modified model of the bus with passive
absorbers including thirteen degrees of freedom.

The efficacy of the optimized passive absorbers
was then evaluated using two criteria including relative
vibrations and accelerations of the seats. Implemented
passive seat absorbers decrease relative vibration am-
plitudes in random excitations and conditions close
to natural frequencies of the bus (under resonant
conditions). Accelerations were also reduced in random
excitations, resulting in lower force transmission to the
seats.

According to this model, vibration amplitudes
and accelerations in passengers’ seats decreased to a
greater degree than those in the driver’s seat. There-
fore, vibration cancellation with passive absorbers is
quite a pragmatic and low-cost solution for passengers’
seats on a bus and it is highly recommended to ensure
greater seating and riding comfort for passengers. On
the contrary, adopting the passive control strategy for
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the driver’s seat is not recommended considering long
working shifts and more frequent exposure to unwanted
vibrations; however, using passive absorbers for the
driver’s seat facilitates the enhancement of vibration.

2. Mathematical modeling of the intercity bus
vehicle with vibration absorbers

2.1. Dynamaics of the intercity bus vehicle as a

10-DOF model
To study the dynamics and vibrations of the bus, a
10-DOF model is used in the simulations according to
the mathematical model proposed by Sekulié et al. [41].
The considered bus has stiff front rear axles attached
to the vehicle body by two suspension airbags and four
telescopic shock absorbers in the front axle with four
suspension airbags and four telescopic shock absorbers
on the rear axle. A pneumatic elastic suspension and a
shock absorber are embedded in the driver’s seat and
the passengers’ seats are stiff-suspended. The bus has
two wheels on the front axle and four wheels on the rear
axle, which is common in most heavy road vehicles.
Furthermore, the bus is considered to be fully loaded.

Three locations considered for examining the vi-
bration effects on the driver’s and two passengers’ seats
are selected that represent three different parts of a bus
with different experiencing modes of the transmitted
vibrations in the front overhang, rear overhang, and
middle part of the bus (Figure 1).

As shown in Figure 2, ten independent motions of
this model comprising six vertical and four rotational
motions are described as follows:

Vertical motions related to:
1. Driver’s seat located in the front overhang (Z,);

2. Passenger’s seat located in the middle of the bus
(Zp1);

3. Passenger’s seat located in the rear overhang
(Zp2);

Figure 1. Schematic view of three objective seat
locations for vibrational study in the bus model [41].

4. Center of gravity of the bus suspension system (Z);
5. Center of gravity of the front axle (Z);
6. Center of gravity of the rear axle (7).

Rotational motions describing the orientation of a
Cartesian frame located at the:

7. Center of gravity of the bus suspension system
about the z axis (¢);

8. Center of gravity of the bus suspension system
about the y axis (6);
9. Center of gravity of the front axle about the x1
axis (¢1);
10. Center of gravity of the front axle about the x2
axis (¢2).
For the sake of simplicity, the model is assumed to
have a constant speed movement along the z-axis with
steady contact between the wheels and road. Front
and rear axles are considered rigid bodies and the
vibration characteristics of the model are linear. All
sizes and vibrational characteristics of the model have
been extracted from the catalog of technical data of
the bus [42]. Geometrical parameters, mass properties,
and oscillatory parameters of the model are given in
Tables 1, 2, and 3, respectively.
By applying Lagrange’s equations, the motion
equations for the vertical and rotational degrees of
freedom can be extracted as follows (Eqgs. (1)—(10)):

For vertical motions:
Lyt

mvév + bst.v + CsyZy — bst. — Csy%

- 51bsq,gb—slcsvgo—l—szS,,é—l—chSUG:O, (1)
Z

pl:
Mp1Zp1 + bsp12p1 + Csp12p1 — bsp1 2 — Cop12
_83b5p29.9_8305171%0_54{)5;)19_5405;)19207
(2)
szf
mp2.z:p2 + bsp2z.p2 + Csp22p2 — bsp2z. — Csp2%
_53b5p2¢_S3Csp299_54b5p29_5405p29:Ov
(3)
Z.

mZ + (bso + bspr + bpa + 2b, +2b.)2
+ (Csp + Csp1 + Cop2 + 2¢p +2¢,) 2
+ (Slbsv - 33bsp1 + 85bsp2) (’9

+ (81Cs0 — 53Csp1 + S5Csp2) @
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Table 1. Geometrical parameters of the model.
Parameter Description Value
l Distance from the front wheel to rear wheel 5.65 m
a Distance from the front axle to the bus center of gravity 3.61m
b Distance from the rear axle to the bus center of gravity 2.04 m
f1 Distance from the front right and left wheel to the front axle center of gravity 1.00 m
o Distance from suspension element on the front axle to the front axle center of 0.70 m
gravity and longitudinal z-axis
fi Distance from the rear right and left wheel to the rear axle center of gravity 1.00 m
o Distance from suspension element on the rear axle to the rear axle center of 0.80 m
gravity and longitudinal z-axis
s1 Distance from the driver seat to longitudinal z-axis 0.65 m
ED Distance from the driver seat to transverse y-axis 5.45 m
S3 Distance from the seat of passenger 1 to longitudinal z-axis 0.80 m
S4 Distance from the seat of passenger 1 seat to transverse y-axis 0.50 m
S5 Distance from the seat of passenger 2 seat to longitudinal z-axis 0.40 m
S6 Distance from the seat of passenger 2 seat to transverse y-axis 4.20 m
Ta Distance from the rear axle suspension elements to the rear axle 0.30 m
Table 2. Mass properties of the model.
Parameter Description Value
My Mass of the driver and seat 100 kg
mp1 Mass of passenger 1 and seat 90 kg
Mp2 Mass of passenger 2 and seat 90 kg
m Elastic-suspended mass of the fully loaded bus 15890 kg
Mpm The front axle mass 746 kg
Mam The rear axle mass 1355 kg
Je The suspended mass moment of inertia relative to the z-axis 13000 kg.m>
Jy The suspended mass moment of inertia relative to the y-axis 150000 kg.m?
Jz1 The front axle moment of inertia relative to the x1 axis 350 kg.m2
S22 The rear axle moment of inertia relative to the z2 axis 620 kg.m2
Table 3. Oscillatory parameters of the model.
Parameter Description Value
Csw Spring stiffness of the driver seat suspension system 10000 N/m
bsw Shock-absorber damping of the driver seat suspension system 750 Ns/m
Csply Csp2 Seat stiffness of the seats of passengers 1 and 2 40000 N/m
bsp1, bsp2 Damping of the seats of passengers 1 and 2 220 Ns/m
Cp Single air bag stiffness on the front axle 175000 N/m
b1 Single shock-absorber stiffness on the front axle 20000 Ns/m
by Equivalent shock-absorber damping on the left and right sides of the front axle 40000 Ns/m
c2 Single air bag stiffness on the rear axle 200000 N/m
Cz Equivalent air bags stiffness on the left and right sides of the rear axle 408650 N/m
ba Single shock-absorber damping on the rear axle 22500 Ns/m
b. Equivalent shock-absorber damping on the left and the right sides of the rear axle 45973 Ns/m
Cpp Single tire stiffness on the front and the rear axle 1000000 N/m
Czp Equivalent tire stiffness on the left and right sides of the rear axle 2000000 N/m
bpp Single tire damping on the front and the rear axle 150 Ns/m
bp Equivalent tire damping on the left and right sides of the rear axle 300 Ns/m
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Zp2

Figure 2. 10-DOF model of the bus including vertical and rotational motions [41].

— (82bsy + S4bsp1 — Sebsp2 + 2ab, — sbb.) 0 MamZa + 2(bs 4+ bop)io + (¢ + €2p)za — 2022
— (82Csy + S4Csp1 — S6Csp2 + 2ac, — sbc,) 0 —2c,2 + 2abp9 + 2acpl = b.pEra + Cperd
— bsvZy — CsvZu — bsp1Zp1 — Csp1 Zp1 — Dsp2épn + b.pEa + Ccopear (6)
—Cspazpa—2bpt1 —2¢,21 —2b, 20 — 20,20 =0, (4) For rotational motions:

Zy: @p:
Mpm 1+ 2(by +byp)21 + (€5 + epp) 21 — 202 Jo + (830, + $3by1 + 52byy + 2630, + 2€3b.)¢

. 2 2 2 2 2
2,z + 2bb.6 + 26,8 = byyE i + CopEpa + (81650 + 85Csp1 + 85Cop2 + 2€1¢p + 2630 )0
+ bppépl + CppEopl, (5) - Slbsvév — 81Csp @y T+ SBbSpIZ"pl — $3Cspl Zpl

ZQ: - 55bsp22p2 — 85Csp22p2
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Table 4. Natural frequencies of the intercity bus vehicle.

n 1 2 3 4
wn (Hz) 64 69 7.9 10.2

6 7 8 9 10

21.2 213 56.2 59.7 788 854

+ (Slbsv - SBbspl + S5bsp2> Z
+ (81€sv — 83Csp1 + 85Csp2) 2
— (8152bs0 + 5354bsp1 — 8586bsp2)é

2 .
— (5152Csy + 5354Csp1 — S556Csp2) 0 — 2€1bpip1

— Qeilchcpl — Qegbngg — Zegczgag =0, (7

Jy0 + (52bey + 52bp1 + 52baps + 2a%, + 20%b.)0

+ (83Csw + sicspl + sgcspg + 2a2cp + 2b%b.)6
+ 59b50 2y + 52Cs0 2y + Sabsp1Zp1 + SaCsp12p1
— 86bsp2ép2 — 56Csp22p2
+ (52bsy + Sabsp1r — Sebsp2 + 2ab, — 2bb,) £
+ (82¢sy + 84Csp1 — S6Csp2 + 2ac, — 2bc,) z
- (SISQbsv - S3S4bspl - 85sebsp2) @
— (8152€50 — $384Csp1 — S586Csp2) ¢
— 2abpt1 — 2acpz — 2bb. %o — 2bc, 2z =0, (8)
¥1:
To11 + 2(e3by + fibap)2 + 2(efey + fiep)on
- Zefbpé —2eic,0 = — Fibypépa + fLCppEpd
+ f1bppEpt + frlppept, (9)
P2
Tuapa +2(e3b + f3bpp) 1 + 2(he. + f3ep) oo
— Qegbzé — Qegczﬁ = —fob.pE.q + foCipEpd
+ fibzpezr + frezpea (10)
After extracting a system of differential equations by

Lagrange’s equations for each degree of freedom, these
equations can be written in the matrix form as follows:

[M]iox10 {#}19x1 + [Cliox10 {& 1051

+ [Kliox10{®}10x1 = {F}ox1- (11)

In this matrix fOI'IIl7 [M]10><107 [0]10><107 and [Ar]loxlo
are the mass, damping, and spring stiffness coefficient
matrices. In addition, {..%"}10><17 {Q}}loxh and {37}10><1
denote the acceleration, velocity, and displacement
of the degrees of freedom. Matrix {F}igx1 is the
external force effect, which is representative of the
effect of displacement excitation due to the road surface
profile in this problem. These equations can be solved
in the modal space, e.g., through the Runge-Kutta
numerical method. Natural frequencies of the intercity
bus vehicle model are given in Table 4.

2.2. Dynamics of the intercity bus vehicle with
vibration absorbers

To suppress the unwanted vibrations in the bus, the
passive strategy is used in this study. As shown in
Figure 3, a mass-spring-damper is embedded under
each seat of the model. By implementing the three
vertical vibration absorbers under the driver’s seat
(Zex ») and each of two other passengers’ seats (Zexp,
Zexp2), the model becomes a 13-DOF one.

The dynamic equations of the intercity bus with
passive absorbers (as 13-DOF model) can be obtained
via Lagrange’s equations (Egs. (12)—(17)). Additional
terms appear in the equations due to an increase in the
system’s degrees of freedom. These new terms are il-
lustrated in the following expressions (with blue color):

For vertical motions of each seat:
Ly

mvév +Csvz.v +ksvzv _csvé_ksvz_slcsvgb_slksv@

+ SZCsvé + 52ksve - Cexvz.exv - Cexukexv = Oa
(12)

Seat

ik

Figure 3. Schematic view of the passive absorber used
for the seats.
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Z

j2

Mp12p1 + CsplZpl + ksplzpl — CsplZ — ksplz

+ S3Csp1¢ + Sgkspl(p + S4CSp1t9 + 84k5p19

— Cex léex 1 — kex 1%ex pl = 0. (13)
p p p p

Z

p2*

mp25p2 + Csp22p2 + kspQZpl - Cspré - kspQZ
+ SBCspZSb =+ SSkspZQD + 5405;1)29 + 54ksp29

- CeprZepr - kepoZexp2 =0. (14)
For vertical motions of the damper under each seat:
A

mexvzexv + Cex’uzexv + kexvzexv - CeX’U’ZU

- kexvzv = Oa (15)

V4

pl*

Mex pl Zex pl + Cex pl Zex pl + kex plRex pl

- Cexplépl - kexplzpl = 07 (16)

Z

P2
Mex p2 Zex p2 + Cex p2Rex p2 + kex p2Rex p2

- Cexp22p2 - kexp22p2 =0. (17)

In the case of rotational motions, the equations are
similar to those of the 10-DOF model (Egs. (7)—(10)).
Similar to the 10-DOFs system, differential equations
can be written in the matrix form and then solved
through a numerical approach; for instance consider
the Runge-Kutta method in the modal space:

[M]isx13 {Z}1351 + [Chiaxiz {E}5.

+ [Klisxis{z}isx1 = {F }1izxa. (18)

2.3. Random model of the road profile

Road roughness profile can be modeled as a stochastic
phenomenon. The stochastic model proposed by Jo-
hannesson et al. [43] is used in this study to define the
vertical displacement of a single point on the road track
as follows:

N
() = Aicos(2nit + o). (19)

=1

In this formulation, £ is the temporal displacement of
a single point on the road described as a summation of

harmonic functions with A; amplitudes, ; frequencies,
and «; phase degrees which are distributed randomly
in [0 — 27]. Frequencies (£2;) are calculated as follows:

Q=0+ (z - ;) AQ, (20)

Q'u._ﬂl

AQ =
N 9

(21)
where AQ is the frequency step. The frequency
bounds are considered to be Q, = 50 Hz for the
upper frequency bound and Q; = 0.5 Hz for the lower
frequency bound. The amplitudes (4;) are described
as follows:

A; = 1/28()AQ, (22)

where ®¢(1;) denotes the road roughness coefficient
and is calculated in the following by means of Power
Spectral Density (PSD):

w—1 Vo w

() = Vo ecw) () - (23)
where ®¢(vp) is the road roughness coefficient for
the reference spatial frequency and w is the fitted
PSD exponent. The values for these parameters are
extracted for an asphalt concrete road with a good
condition as w = 2.2 and ®¢(rp) = 1.3 for vy = 1.
Moreover, the speed is assumed to be V' = 80 km/h =
22.23 m/s in the simulations.

After generating a random profile for vertical
displacements of two front wheels (£,4, 1) in the bus,
the vertical displacements of the rear wheels can be
calculated with a time delay of [/V seconds due to the
constant speed of the bus. Figure 4 presents this time
shift for a randomly generated profile.

0.02

Time (s)

Figure 4. A random generated vertical displacement of
the front wheels (—) and rear wheels (- - -) for left (upper
profile) and right (lower profile) wheels sets.



248 A. Rezazadeh and H. Moradi/Scientia Iranica, Transactions B: Mechanical Engineering 28 (2021) 241-254

3. Dynamic response of the intercity bus
model without passive absorbers

3.1. Time response of the 10-DOF model
under random excitation

Dynamic study of the 3-DOF model is of significance
and it includes the driver’s seat located in the front
overhang (Z,), a passenger’s seat located in the middle
of the bus (Z,1), and a passenger’s seat located in
the rear overhang (Z,2). The related time responses
of these locations under random road excitations are
shown in Figure 5.

3.2. Time response of the 10-DOF model

under harmonic excitation
In an approach distinct from the random excitation
model, harmonic excitation of the road profile can
be used to extract the maximum amplitude of the
displacement of each degree of freedom in the frequency
domain called the frequency response of the model. In
this approach, the amplitude of harmonic excitation
is assumed 2 cm, which is approximately equal to the
maximum vertical displacement in the random profile
of the road roughness, as shown in Figure 4.

Similar to the random profile of the road rough-
ness, the harmonic profile is calculated for the front

0.04 T T

Z (m)

.Zpl (m)

Time (s)
(b)

Zp2 (m)

-0.04 1 L 1 L 1
0 5 10 15 20 25 30

Time (s)
()
Figure 5. Vertical displacement of (a) the driver’s seat,
(b) the passenger’s seat P1 (middle seat), and (c) the

passenger’s seat P2 (rear seat) under a random excitation
of the road profile.

wheels on each side of the vehicle and then, the profiles
of the rear wheels are calculated with a time delay of
1/V seconds.

To elaborate on the effects of the designed ab-
sorbers on the vibrations of the driver and passengers,
two distinct models are considered in this study. In the
next simulations, one model is employed in the presence
of the bus suspension parameters (damped model) and
the other one is utilized in the absence of the suspension
absorption parameters (undamped model), for which
the absorption characteristics of the suspension system
b1, by, b2, and b, are assumed zero.

Natural frequencies of the system are distributed
in the frequency range of 0-100 Hz, as listed in Table 4.
The frequency responses of the 10-DOF model without
suspension for driver’s and passengers’ seats are given
in Figure 6.

According to Figure 6, resonance phenomenon
occurs in the lower frequency range of 0-30 Hz, as
already expected. Therefore, further simulations are
concentrated in this frequency domain of the system.

|Zo| (m)
o
o
=~

0'000 10 20 30 40 50 60 70 80 90 100

Frequency (Hz)

(a)

| Zp1| (m)

40 50 60 70 80 90 100
Frequency (Hz)

©)

|Zyp2| (m)

40 50 60 70 80 90 100
Frequency (Hz)

(c)
Figure 6. Frequency response of (a) the driver’s seat, (b)
the passenger’s seat P1 (middle seat), and (c) the
passenger’s seat P2 (rear seat) in the 10-DOF model.
Vertical lines are the natural frequencies of the model.
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For the frequency range of 0-30 Hz, a comparison
between the frequency responses of the 10-DOF's model
in the presence and absence of the suspension system
is shown in Figure 7.

The effect of the bus suspension system is clearly
shown in Figure 7. As observed, the vibration am-
plitudes transmitted to the driver’s and passengers’
seats are reduced in the presence of the suspension
system, especially near the natural frequencies where
the resonance occurs. One objective of this study is to

0.08

0.07t !‘ 1

|Z,| (m)

P

5 10 15 20 25 30
Frequency (Hz)

(a)

0.030

0.025}

0.0201

0.015¢

[Zp1] (m)

0.010+

0.005

0.000
0

Frequency (Hz)

(b)

0.045
0.040} -
0.035} .
0.030f 1
0.025} -
0.020} :

|Zp2| (m)

0.015¢
0.010+

0.005F

0.000
0

Frequency (Hz)

(c)

Figure 7. Frequency response of (a) the driver’s seat, (b)
the passenger’s seat P1 (middle seat), and (c) the
passenger’s seat P2 (rear seat) in the 10-DOF model in
0-30 Hz for the undamped model (—) and the damped
mode (- - -).

significantly reduce these amplitudes by means of the
embedded mass-spring-damper absorbers to decrease
the health risk and increase the comfort of the driver
and passengers.

4, Optimum design of tunable passive
vibration absorbers

The characteristics of the absorbers can be optimized
through different methods. The 13-DOF dynamic
model of the intercity bus including the three passive-
mass-spring-damper shock absorbers embedded under
each of the three seats is considered. The design
method used in this study is an iterative optimization
method used for decreasing the vertical vibration am-
plitudes in the driver’s and passengers’ seats. Three
vibrational characteristics include the mass, spring
stiffness, and damping. Of note, the damping factor
was not optimized since an increase in this factor would
lead to a decrease in the vertical vibration amplitudes
of the seats. Thus, the damping value has been set to
a commonly used value of ¢ = 10 Ns/m in practice.

The algorithm employed in this paper was first
choosing initial values for mass (m = 10 kg) and
damping factors (¢ = 10 Ns/m) for each of the three
seats. Then, the maximum amplitudes of the vertical
displacement for each of the three seats were recorded
for different values of spring stiffness k in the domain
of 100-1000 N/m by running the harmonic simulation
of the undamped model in the frequency range of
0-30 Hz. The spring stiffness that resulted in the
minimum vertical displacement amplitude was then
reported as the optimum value of the stiffness of the
absorber for each seat. Figure 8 shows the optimum
point of spring stiffness for the absorbers of each of the
three seats. Optimization algorithm in this stage leads
to an optimum stiffness value equal to 410 N/m for the
driver’s seat absorber and also, to the stiffness value of
620 N/m for the passengers’ seats.

After extracting the spring stiffness, the same
optimization algorithm was performed for the mass of
the absorbers to find the mass values, thus yielding
the minimum vertical displacement of the seats. This
iterative algorithm for optimizing stiffness and mass
is practicable if the final vibrational characteristics
are not significantly different from the initial values.
Figure 9 demonstrates the optimum ahsorber mass for
each of the three seats in the undamped model.

The results showed the optimum mass values of
15 kg and 10 kg for the driver’s and the passengers’
seat absorbers, respectively. Note that the final mass
values of the absorbers are not significantly different
from their initial values at 10 kg; therefore, the
iterative optimization method is practicable and the
optimum values for vibrational characteristics are given
as follows:
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Figure 8. Maximum vertical displacement of (a) the
driver’s seat, (b) the passenger’s seat P1 (middle seat),
and (c) the passenger’s seat P2 (rear seat) by changing
the absorber’s stiffness value. The vertical line shows the

optimum point.
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Figure 9. Maximum vertical displacement of (a) the
driver’s seat, (b) the passenger’s seat P1 (middle seat),
and (c) the passenger’s seat P2 (rear seat) by changing
the absorber’s mass value. The vertical line shows the
optimum point.

Mex v = 15 kga mexpl = mexp2 = ]-O kgv

kexv =410 N/m,  Kexp1 = Kexp2 = 620 N/m,

Cexv = Cexpl = Cexp2 = 10 Nsm. (24)

5. The effect of designed optimum absorbers
on suppression of vibrations

The effects of the passive absorbers embedded un-
der the three seats can be evaluated by comparing
frequency responses, time responses of the vertical
displacements, and vertical accelerations of the driver’s
and the passengers’ seats in the 10-DOF and 13-DOF
models.

5.1. The effect of designed optimum absorbers

on the frequency response of the system
By applying the optimum vibrational characteristics
of the absorbers in the 13-DOF model, harmonic
responses can be calculated for both damped and
undamped models. Figure 10 shows the effect of
embedding absorbers on the response of the undamped
model. Figure 11 shows the same effect on the response
of the damped model.

According to a comparison made between the
model with the absorbers and that without them,
in both damped and undamped cases, embedding
passive absorbers under the seats reduces the maxi-
mum amplitude of seat vibrations, especially near the
natural frequencies. Although the amount of vibration
reduction is considerable for all seats, it has been
more significant for the passengers’ seats than the
driver’s.

5.2. The effect of designed absorbers on time
response of the system under random
excitation

The effect of implementing passive absorbers can be

evaluated under random excitations caused by road

roughness. Figure 12 shows the effect of the designed
absorbers on suppressing the vibrations in the driver’s
and passengers’ seats.

Of note, according to the simulation results,
similar random functions of road excitation are used
in the models with/without absorbers to provide the
same condition, which finally resulted in a more ac-
curate comparison. Figure 12 demonstrates a total
reduction in the amplitudes of displacements in random
excitation and this reduction is more significant in the
passengers’ seats than the driver’s.

5.3. The effect of designed absorbers on the
vertical acceleration of the system under
random excitation

By calculating the second time derivative of the vertical

displacements of the seats under the random exci-
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Figure 10. The effect of passive absorbers on the
frequency response of (a) the driver’s seat, (b) the
passenger’s seat P1 (middle seat), and (c) the passenger’s
seat P2 (rear seat) for undamped models without
absorber (—) and with absorber (- - -). Vertical lines are
the natural frequencies of the model.

tation, vertical accelerations of the seats are calcu-
lated. Vertical acceleration corresponds to the vertical
force transmitted from the seat to the human body.
The comparison of the vertical acceleration of the
driver’s and passengers’ seats in the undamped model
with /without absorbers is shown in Figure 13.

After embedding the absorbers and according to
these significant reductions in the amplitudes of the
vertical accelerations, it is expected that lower vertical
forces be transmitted from the seat to the human body.
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Figure 11. The effect of passive absorbers on the
frequency response of (a) the driver’s seat, (b) the
passenger’s seat P1 (middle seat), and (c) the passenger’s
seat P2 (rear seat) for damped models without absorber

(—) and with absorber (- - -).

6. Conclusions

A passive vibration isolation method was proposed in
this paper to reduce the unwanted vibrational effects
of road roughness on passengers of an intercity bus
vehicle. To provide a more accurate simulation of real
conditions and investigate the vibrations transmitted
to the seats, a 10-DOF model of the bus vehicle was
considered. following the inclusion of the optimized
magss-spring-damper absorbers for the seats, a 13-DOF
model was developed.

Implementation of the passive absorbers under
the two passengers’ seats and the driver’s seat led to
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Figure 12. The effect of passive absorbers on the vertical
displacement of (a) the driver’s seat, (b) the passenger’s
seat P1 (middle seat), and (c) the passenger’s seat P2
(rear seat) for undamped models without absorber (- - -)
and with absorber (—) (under random excitation).

a considerable reduction in vertical vibration ampli-
tudes under harmonic excitation of road roughness.
The amount of reduction is more significant near the
natural frequencies of the vehicle where the resonance
phenomenon occurs.

Under random excitations of the road roughness,
it is shown that the vibration amplitudes and accel-
erations of the driver’s and passengers’ seats are also
decreased by the seat passive absorbers. For both cases
of the harmonic and random excitations, the reduction
values are higher in the passengers’ seats than the
driver’s seat.

According to the results, using the passive mass-
spring-damper absorbers was suggested for suppression
of vibrations in the bus vehicle. This method is
also more economically pragmatic for the public trans-
portation vehicles to enhance ride quality and comfort
and reduce the health risks associated with unwanted
vibrations. Lower costs of and efforts for designing
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Figure 13. The effect of passive absorbers on the vertical
acceleration of (a) the driver’s seat, (b) the passenger’s
seat P1 (middle seat), and (c) the passenger’s seat P2
(rear seat) for undamped models without absorber (- - -)
and with absorber (—) (under random excitation).

and embedding the passive seat absorbers were weighed
against the advantages of the semi-active and active
methods for reducing the unwanted vibrations in a
bus vehicle. However, according to the results, the
passive method was less effective for the driver’s seat
than the passengers’ seats). Although the vibration
enhancements were made using passive absorbers for
the driver’s seat, it is suggested that an active or semi-
active absorber be used due to its longer exposure
to unwanted vibrations. In future work, we hope to
enhance our modeling approach so that the mechanical
characteristics of the human body can be taken into
account. Mechanistic modeling of human body has
been explored across many fields of study [44-46] and
its detailed investigation would lead to a more solid
design of vibration absorbers.
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