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Abstract. Vehicle vibrations affect the health and comfort tbe driver and passengers
considerably. The aim of this study is to analyze éffects of vertical vehicle vibrations on the
driver. To achieve this goal, a human biodynamicdehowith 11 degrees of freedom was
incorporated into a full vehicle model and this ¢dmed human-vehicle model was subjected to
the road disturbance. After dynamic analysis of ghgposed model, root mean square (RMS)
acceleration responses of the human body parts awertain frequency range were obtained.
Physiological effects of the vibrations on the hamzdy were analyzed using the criteria
specified in International Organization for Stardization (ISO) 2631. Then, in order to observe
the effectiveness of a controller on the vibratisolation of human body, sliding mode
controller was applied to the model. Comparisothefvibration effects for the uncontrolled and
controlled cases of the human-vehicle model wasgmted. It can be concluded from the results
that sliding mode controller considerably reducdsle body vibrations compared with the
uncontrolled case and thereby improves the ridefedrsatisfactorily.

Keywords: whole body vibration, biodynamic human model, feghicle model, sliding mode
control.

1. Introduction

In everyday life, most people are exposed to vehigbrations that affect adversely the
health and hence reduce the life quality. Manyaedeers revealed that those vibrations might
cause the loss of performance on working peopl@][1, ower acceleration levels of vibrations
may cause fatigue failures of different componemmucsures of the spine [3]Moreover,
fractures of spine can also occur with strong exicibs [4]. In most of the studies in literature,
assessment of the mechanical vibration effectherhtiman body were performed according to
International Standard ISO 2631 and British Stathd&® 6841 [5-9].

Ride vibrations of a vehicle during its operatidgans from the road roughness and rotating
components of the assemblies, driveline and engimerder to decrease the effect of vehicle
vibrations on passengers and drivers, nhumerousestudhve been carried out over years [10,
11]. These studies mostly focused on the optinopatif suspension parameters [12, 13], new
seat designs [2, 4], and different control straedi5-19]. Gunston et al. compared the vibration
absorption abilities of two different types of segstems [2]. They concluded that proposed
lumped parameter seat model appears best suitie tevelopment of the overall design of a
suspension seat and lumped parameter models cish sesst manufacturers in designing new
seats, or modifying existing seats. Chen and Huamgloyed a sliding controller with fuzzy
compensation to control a lumped parameter quageiactive suspension system [20]. They
reported that the proposed control scheme signifizasuppressed the position oscillation
amplitude and acceleration of the sprung masstpraving vehicle ride comfort.

In this study, it was aimed to analyze the distugbéffect of the vehicle ride vibrations on a
driver, which is stemmed from road roughness. Thea® this goal, a biodynamic human body
model was incorporated into a full vehicle modgbphed road disturbance was the excitation to
the combined lumped parameter vehicle-human mautldgnamic analysis of this model was
carried out. Then, acceleration responses of taeedéhuman body over a frequency range were
investigated. Assessment of the acceleration regsonf the biodynamic human model was
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carried out according to the 1SO 2631. Moreoverpider to observe the effectiveness of a
controller on the vibration isolation of human bedliding mode controller (SMC), which is
widely used for nonlinear dynamic systems [21-2&]s applied to the combined human-vehicle
model. Finally, physiological effects of vehiclédxations on human body for both uncontrolled
and controlled situations were evaluated.

2. Vehicle-occupant model

The physical model of the investigated system veaméd by a full vehicle model and a
human model by considering the human body as amdignsystem as well.

2. 1 Vehicle model

In this study, the human model was incorporatea &nhon-linear full vehicle model (Fig. 1).
The body and wheel masses of the vehicle were asbsumbe rigid bodies. The model has
seven DOFs which are due to body bouwceoll s,, s, a, pitch & and vertical motion of

each wheely; (i =1, 2, 3, 4).

1 1y ez
ks = 7 il b, kﬂgz i h
Y G
kZ kZ
I v

Fig. 1. The full vehicle model

In the modelm, ms, 1, and |, stand for the unsprung masses (wheel-axle assernspiyng

mass (vehicle body), and mass moment of inertiaterroll and pitch motions of the vehicle
body, respectively. Coefficients of the linear damgp and linear springs arb;, ki, ks,
respectively angy are the road inputs to wheelsis the velocity of the vehicle in x-direction.
Distances of the suspensions to the center of ofabe vehicle body were denoted &b, ¢, d
and distances between the center of the gravitythediriver's seat by, s.. In addition,u;
represents the control force applied to suspendmmthe controlled case. Numerical values of
the vehicle parameters were given in Appendix A.

2. 2 Human model

A number of lumped parameter models have been dated for representing the
biodynamic characteristics of a human body [3, 24]these physical models, human body is
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considered as concentrated masses, which repithgedifferent body segments, interconnected
by springs and dampers. Since it is simple to aeahnd easy to validate with experiments, this
type of model has been extensively used in mangiefu4]. Liang and Chiang conducted a
study to validate the various proposed lumped-patamhuman body models by the
experimental data from published literature [4].

In this study, in order to carry out a detailedraiibn analysis of the human body parts, we
used a dynamic model with 11 DOFs and a total mf84.7 kg, proposed by Qassem et al. [3]
(Fig. 2). All springs and dampers were assumedcktlinear.

Yiz Lower Arm m;,

Upper Arm m s Head m; fy//
o T
ks %bw kiz L by
= =

Yis ? ‘ Torso mys Neck m g ‘ “ym
[ C ~
ks = L bis = biso = L b
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Yia ? ‘ Thorax m 4 ‘ Thoracic Spine my ‘ ? Yo
|
kg = L by

=T

Yis Diaphragm m
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[ —
kiz {/ J‘* b, kg i; —— bs
i Nt
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‘c vis m; ‘ ?
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(L\ B ? YVss

Fig. 2. The biodynamic model of the human b¢8ly

In the model, human body was segmented into 1lspaltman back was divided into
cervical, thoracic and lumbar spines with samengpand damping coefficients [4}. seat was
also added to the model which transmits the vdrtiehicle vibrations to the human body.
Biomechanical values of human body parts, namelysesi;, mg, ..., m7), springs kz, ks, ...,
ki7) and dampersbg, bg, ..., bi7), along with the spring and damping coefficierftseat ke, bs),
were given in Appendix A.

3. Controller design

Since sliding mode control guarantees system #tahihd it has a relative simple structure
than those based on fuzzy reasoning and neurabrief@?], we used sliding mode as controller
in this study. The sliding mode control approacheisognized as one of the most efficient tools
of robust controller design for complex, high-oredemlinear dynamic plants operating under
certainty conditions. This method changes the cbrction with the use of predefined rules
during the control process. When the system crdssiegeen stable and unstable trajectories, the
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aim of the control is to guide the states to tldirgy surface and force them to converge to zero
[21]. Therefore, in the controller design proceks, sliding surface has to be defined first, and
then the control law should be obtained in suctag &s to maintain the intended sliding motion.

Equations of motion of the combined vehicle-occupaiodel were given in state space
form, which is a convenient form for controller igs as follows:

x=f(x)+Bu Q)

where  X=[X%X..Xs] IS a Zx1 state vector and equals to

. A e . . . . . . T -
[ysea ViYoVYaVaVe Y YOV Y YV ey 1} . In our casen equals to 19.f (x) is the
vector of the state equations without control ispuB is the control force matrix for the
controlled case andi=[u, u, u; u,] is the vector of the control forces applied to the

system (Appendix B).

The sliding surface is defined as:
S={x:a(x,t)=0} (2)
and the sliding surface can be selected as:
o =G AX 3)
where Ax is the difference between the reference vatpeand the system response
AX=X, - X (4)

G includes the sliding surface slopes as:

@, 0 0 0 01 0 0 0 0
0 0 0 00000
G=/|0 0 g 0 00 O 1 0 O (5)
0 0 0 0000 0
0 00 0a0O0O0O0 1

For stability analysis, the Lyapunov function cafede v(a) has to be positive definite and
its derivative has to be negative semi-definite:

v(a)za 750 (6)

<0 (7)

By using equations (3) and (4):
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0=GXx -GX (8)

Equation (8) is separated as follows:

a=¢(t)—aa(x) 9)
where:

P(t)=Gx, (10)
c,(X)=Gx (11)

e (12)

This equation has to be equal to zero for the loagte. By using equations (1) and (12):

do(t)
dt

~G(f(x)+Buy)=0 (13)

and the equivalent controller foreg, of the limit case can be found as follows:

Ugq = (GB)l(dq)d—t(t)—G f(X)J (14)

The equivalent control is valid only on the slidisgrface. Therefore, an additional term
should be defined to pull the system to the surfaterder to achieve this, the derivative of the
Lyapunov function can be selected as:

V(e)=-6¢'T'e <0 (15)

here I' is a positive definite matrix:

r, o 0o 0 O

O -~ 0 0 O
r={o o1, 0 O (16)

0O 0 0 . o0

10 0 0 0T,
By using equation (7), along with equations (12) &Ib):
T T do

6 6=-¢Ioc 3E+FG =0 a7
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%4— F0=—d¢(t)

" " -G(f(x)+Bu)+I'¢=0 (18)

Here, using equation (14), total control input tanwritten as:
— -1
u=u,+(GB) I'e (19)

Here (GB) ™" is always equal to mass matrix for mechanicalesyst But f (x) andB are

not well-known. Thus, in this study, it was assurtieat equivalent control is the average of the
total control. For this assumption, a low-pasefittan be used. This filter can be designed as:

r0,+0,,=U (20)
where 7 is the time constant of the low pass filter. Hnahe control input can be written as:
S -1
u=u,+(GB) I'ec (22)
Elements of the control force vectomere given in Appendix B.

4. Road roughness

In this study, it was assumed that the vibrationthe vehicle was only caused by the
unevenness of the road surface. There are someatnds of longitudinal unevenness level,
which give information about the quality of diffeteroad profiles [25]. One of the most
important of them is the International Roughnestein(IRI) proposed by Sayers [26]. In this
index, road profiles are created by combining tedlom and harmonic vibrations. Longitudinal
road elevation used in this study can be expressddllows:

H()=Q-a)H,()+aH,() (22)

where H,(I) and H,(l) are the random and harmonic components of the pozfide depending

on the distancé along the track, respectively,is a proportion of the random and harmonic
components contribution to the road profile. Irsthiudy, the vehicle was assumed to travel with
a constant velocity of 20 m/s for 5 seconds. Thusroad roughness was used as disturbance to
the vehicle-driver system for a distance of 100Riy.(3). There is a time delay between the
front and rear wheel inputs which is equal ®rIf)/V. A detailed representation of the
calculation of the random and harmonic componehtth® road profile along with the road
parameters, were given in Appendix C.

N

-
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Road Roughness (f(in)
i
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Fig. 3. Profile of the road roughness
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5. Vibration exposure criteria

To define the limits of vibration exposure to humiaody, some vibration criteria were
specified in various standards such as ISO 2631B$@&841 [7-9]. In our case, evaluation of
human exposure to whole body vibration was perfdrmecording to ISO 2631 [5]. In this
standard, the experimental vibration data collectednly for sitting and standing postures of
human subjects were brought together as a setbo&tion criteria curves over the frequency
range of 0.1 and 80 Hz [1]. Curves give the vilomatievel in terms of root mean square (RMS)
acceleration, which indicate the general rangeofwset of the vibration interference and the
observed time dependency. Exposure to the vibmtwith the frequency ranging between 0.5
Hz to 80 Hz may cause fatigue, discomfort and weribealth problems, while ranging between
0.1 Hz to 0.5 Hz may result in motion sickness Bbwever, these limits were introduced as
recommendations rather than firm boundaries ingligatuantitative physiological limits for
healthy people [1].

6. Results and discussion

The effects caused by vibration in the human bddgng location depend on the vibration
frequency [8, 27]. In general, people are consilitmebe most negatively affected by the vehicle
vibrations in the frequency range of 4-10 Hz. Téason behind this phenomenon is that natural
frequencies of some of the human body parts caéngiith the vehicle vibration frequency
which leads to resonance. Kitazaki and Griffin md that the principal resonance of the
human body at about 5 Hz consisted of an entirg/ Inoolde [28]. Regular exposure to vibration
from a vehicle passing through the seat into tliveds body through pelvis can lead to damage
and back pain. Amirouche reported that the vibratigth the frequency between 1 and 15 Hz
becomes harmful, and that resonance effects otelroait 4 to 5 Hz for whole body [29].

RMS acceleration responses of the whole human lmoogel over frequency range were
given in Figs. 4a-k. In the figures, for the uncotied and controlled cases of the vehicle-
occupant model, vibrations transmitted from theicletto human body were compared with the
vibration interference criteria defined in ISO 263ccording to these criteria, exceeding the
exposure specified by the curves results in ndbieeéatigue, decreased job proficiency, and
different physiological problems [1].

The netural frequencies of the sprung and unspnoagses were 1.2 Hz and 9.5 Hz for the
vehicle, respectively. It can be observed from Higa-k) that frequency responses of the human
body segments show dominant frequencies in thesclésinity of 1.2 Hz and 9.5 Hz. This
frequency levels could be related to the sprunguarsrung masses of the vehicle.

In the uncontrolled case, it can be observed floarésults that the seat occupant exposed to
ride vibrations on a smooth road felt pelvis sympsoup to four hours; head, neck, thoracic
spine, abdomen and lumbar spine symptoms betwaentdosix hours; and upper arm, lower
arm, torso, thorax and diaphragm symptoms betwietio 42 hours. As a result, if it is exposed
to ride vibrations around 9 Hz for 6-7 hours, itpigssible that a vehicle occupant may feel a
general sense of discomfort, lower jaw symptomgjoatinal pains, need to urinate and
continuous muscle contraction.

SMC is an important robust control approach forrnbalinear dynamic systems and its one
of the major advantage is its stabilizing charasties for dynamic systems subject to large
disturbances [22]. In this study, SMC demonstraegromising performance in reducing the
vibration effects on the human model. In the cdigdocase, magnitudes of the vibrations on the
human body parts are considerably less than thésbeouncontrolled case. Unlike in the
uncontrolled case, possible head, neck, upper mwer arm, torso, thorax, thoracic spine,
diaphragm and abdomen symptoms disappeared foirdatiel duration of< 12 hours in the
controlled case. In addition, duration of the ttawé&hout being exposed to lumbar spine and
pelvis symptoms increased to nearly 6 to 12 hours.
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Fig. 4. Comparison of the vibration accelerations of thenan body parts, which were obtained
uncontrolled and controlled cases, with that oegiin ISO 2631. Comparisons were made for: a) h@ad,

neck, c) upper arm, d) lower arm, e) torso, f) #xpQg) thoracic spine, h) diaphragm, i) abdomelturjjbai
spine, k) pelvis

It needs to be remembered that the road profild usé¢his study belongs to a smooth one
and in practice vehicle drivers or passengers raag With much more disturbing road profiles.
In addition, it should be noted that only the raadighness was chosen as the excitation,
whereas there may be many other discomfort sousces, as rotating components of the engine
in vehicles. By taking the other excitation factatisng with the road roughness into account, it
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felt may be less than those recommended in thilystu

7. Conclusions

It can be concluded that if it is traveled at @& matt 72 km/h for 5-6 hours on a smooth road in
a vehicle with passive suspension system, the dfiaeds uncomfortable. In the frequency range
from 8 to 10 Hz, the seat occupant would feel neggphysiological effects such as muscle
spasms and abdominal pain. Therefore, a seat atcspauld not be exposed to vibrations more
than 5 hours under these conditions. However, aiveasuspension controller, i.e. SMC
provided the ability to reduce the vibrations cdesably. Vehicle suspension systems with
active controller would decrease the negative mygical effects of vehicle vibrations on seat

occupants and increase the ride comfort.

Appendix A. System and road parameters

Table A. System and road parameters

m; =66.50 kg k; =211180 N/m b; =2015 N-s/m
m, =66.50kg k, =211180 N/m b, =2015 N-s/m
ms =45.18kg ks =211180 N/m b; =935 N-s/m
m, =45.18Kkg k, =211180 N/m b, =935 N-s/m
ms =1108.64 kg ks; =27000 N/m bs =500 N-s/m
ms =28.00 kg ks, =27000 N/m b; =370.8 N-s/m
m, =27.23Kkg ks3 =20770 N/m bg =3581.6 N-s/m
mg =2.002 kg ks, =20770 N/m by =3581.6 N-s/n
my =4.806 kg ke =500.0 N/m by =3581.6 N -s/m
my,, =1.08Kkg k; =370.8 N/m b;; =3581.6 N-s/m
my; =5.445 kg ks =52621 N/m b, =292.3 N-s/m
m;, =5.906 kg kg =52621 N/m b1z =292.3 N-s/m
Mz =0.454 kg kio =52621 N/m by, =292.3 N-s/im
M =1.362 kg ki, =52621 N/m bis =292.3 N-s/m
My = 32.697 kg k12 =877 N/m b16 =3581.6 N-s/m
Mg = 5.47 kg k13 =877 N/m b17 =3581.6 N-s/m
my; = 5.297 kg k14 =877 N/m b159 =3581.6 N-s/m
I, =500 kis =52621 N/m s =0.785m

rz =500 k159 =877 N/m Sa =0.295m

I’; =500 kig =97542 N/m a =1.945m

X, =0 ki; =97542 N/m b =2.115m

X, =0 Ly, =27 /80 c =0.58m

Xy =0 C =0.9527x 10° d =1.16m

Xor =0 g =0.1 a, =0.8

Xy =0 Ly =2w/0.1 a, =0.8

Xy =0 I, =2.21 a; =0.8

V. =20m/s w =2

Appendix B. Vectors and matrixes

Vector of the state equations without control igp@it(x) :

£L(X) = X0, £,(X) = X1, F3(X) = X0, F4(X) = X5, T5(X) = Xy, F(X) = X5, F,(X) = Xy,
fo(X) = Xp7, F3(X) = Xpg, F10(X) = Xpg, F11(X) = Xg0, F15(X) = X3, F13(X) = Xg5, F14(X) = Xy,
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f5(X) = Xgy, T16(X) = X5, T17(X) = Xgg, T1g(X) = X5, T19(X) = Xgg
fo0(X) =

=X, (b, +b,+ by +b,) = X, (K + K gt K oK 5) —cosx  [a(b b }-b(b +b )]
1 |-sinq ) a(key +Key) —b(Kgst+ ko) |- cosk X, { d(b #b )—c(b +b )]
m +5iN(%, )| ¢(Ksy +Kes) —d (Kep+ Ko [+b X -0 X 500X 3b ) 4,

+Kgy X, + KX s+ Ko X o+ Ky X,
for(x) =
—coS (¢ X[ @° (b, +b,) +b?(by+b,) |- cosk, )sink, a’ (k gk o) +b? (K o5k o) ]
—cos, ;[ a(b, +b,)—b(b,+b,) |- cosk, X a(k sk o) —b(K 55K )]
~Cos(x, ) cosk, X,,| d(ab,—bb,)—c(ab,~bb,)]
—cos(x, )sin, ] d(aks, - bks,) —c(aks; — bkey) |
+cos(, X,,ab, + cosk, X ak,,+ cos(,®,ab + cox(,x)ak ,,
—Cos(x, X, b, — cosk, Xbk,,— cos(,¥,bb ~ cos(,x)bk ,
fo0(X) =
—coS (G X[ € (b, +b;) +d?(b,+b,) |- cosk, )sin(, Ecz(k51+k Q+d% (K gk o)
—cos(x, X[ d(b,+b,)—c(b,+b,) |- cosk, X[ d(Ke+kg)—c(k sk 5]
_ 1 ]-cosf, )cosk, | d(ab,~bb,)-c(ab,~bb,)]
@ | -cos(, )sing, ] d(aks,—bks,)—c(ak s~ bks;) ]
—cos(x, X cb,— cosk, Xck.,+ cos(;%.4db + cox(;x)dK .,
—cos(x3 X, €b,— cosK, X cko,+ cos(;%,6b + cos(;x)gk .,

() = L]0~ (Ker ko) X+ Dot K gyt ab oS
Fas(x) = +ak515|n(x) cb, cosk, X,,—ck ., Sink, Fkoy

| =

N

f ()= —0,%, = (Ksp + K o) Xg+ b X g+ K sx -ab £osK X
23 m, | +akg, sin(x, )+ db, cos, Xy, + ok o, SINK ; K oY o
f (X) i Qxla_( 53+k3)xe+bzxs+k5§( 1_bb §OS(X 2>( 9
® - m, bk53Sin(X2)—Cb3 COSé(g )(10_Ck53 Sin((a)"ksy 0!
f (X)_i 4X14 (k54+k )X +b1)(8+k52(1 bb ApOS(X?>(10
2 m, | —bkg, sin(x, )+ db, cosk, X,,+ dk o, SiNK ; ¥ K oy 4
1 kﬁ(xs—x —a-sinx,—d- sinx;) +k,(xs— X,
For () = m b, (Xoy — Xp5— - X5y COSX,— 0 - X 5y COX ) |
f (X)—i k7( ) ( 10 9)+k12(X14_X9)
° m, b7(X28 27)+b( X28)+b12(X33—X 2) ,
0 = {00 X)X X9 (XX D X X ),
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( X29)+b10(X31—X3()+b15{X 35 X 3 '

31(X) n,]l { 10(X12 Xl])+k11(X13 Xl} b 1£X 3T X 3))+b {1X 32X )}

0

fio(X) = {kg( l°)+k1°(xlfxu)+k151xn—x11}
b,
k

1
f32 = _k11 137 12_b11 32 N 3lf
(= (s X Dl X )

1

f33(x)zmli{_klz(xm_xg)"'klz(xls_x1z)_b1£X a3 X 2)3+b 1(3X a X )}1

2

1
f34(x):E{_kls(xls_xm)"'km(x16_X1Q_b 1£X 34_X 3)3+b ](AX ﬁx )}’

3

5(x)-i{—k14 Xy )+ KX X ) =b X X J+b fx mx ),

(X6

(x)= { s (X7 =)~ Kasd o X+ ol 1),}

fas bls(x3e 35) 159( 36~ 3()+b 1()( X 32 )
Ko

37(X)_rn_|_ { 16 X18 X 7)+k17(X19 Xlg bléx 37 X %—i—b {7)( 38X )}

33(X)—_{ 17(X19 XlB) 17(X38_X3)}'

7

The control force matrix8 for the controlled case:

- T
0o.oo0X & ¢ 1 4% o9 o0 00 .0
m | m,
0o.o002L 2 4 1 9 o0 00 .0
B= rnS lH lzx n"Z
0o.o0o0x -2 _¢ o o -1 o 00 )
rn5 I@ la n’E
0...00i—Bi 0 0 —iOO D
L my Ie Ia m, lax3s
Elements of the vector of the control forces ampt@the system:
_ bdu, +du, -(a+b)u,
(a+b)(c+d) '
beu, +cu, +(a+b)u,
u, = ,
2 (a+b)(c+d)
d(auy—ug)
Uy =——2 2,
* (a+b)(c+d)
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C( auy —-U, )
uy=———"—"/""""-—
4 1

(a+b)(c+d)
Uy = Uyeqy + 1M Fl[al(xlr -X )+(X20 - Xzo)]a
e(eq)"'lerz[az(xzr + X21 2])]

Uy = Oy + 1o I 5 (X —x3)+(x22 -X3) ],

U, =u

where I,,I",,I,,a,,a,,c;, are controller constants which were found by traj), x,, ,x, are
the reference values of the displacements apg, x,,,x,, are the reference values of the
velocities.

Appendix C. Road roughness

Harmonic component of the road profile is:

Hl(l):Ai 'COS( Zl /Il)’

whereAy is the amplitude of the harmonic undulation, &nd its wavelength:

A, =\2D,a7 (1),

here,Dy is the partial variances of the random compohi(i) and was expressed as follows:
D, =C(27) ™" (w—1) (L, =L, Y),

L,, and L are the wavelength range of effectively acting viewgths of the random road

unevennessC is the unevenness index andis the waviness. The value wf usually ranges
from 1.5 to 3, with the typical valug = 2.
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