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ABSTRACT

Automotive seating is characterized by boundary conditions
which contain nonlinear contact interfaces. These interfaces
experience the vibro-impacts (slaps) and frictional slips. The
dlaps take place in contact interfaces subjected to high
amplitude vibrations, being characterized by very brief
duration, rapid diss pation of energy and large accel erations
and decel erations, respectively. Including of friction into the
contact interface modeling improves the interaction between
thedriver and the vehicle seat by making the simulation more
reglistic. The vibro-impacts and the frictiona dipscan be
devel oped simultaneoudy in a contact surface. As aresult, the
friction-induced vibrations interact with the vibrations and
waves at the interface, generating sounds and instabilities.
Identification of boundary conditions in the driver-seat system
is performed by using the concept of the interference distance
or penetration. Theinterference distance is introduced as an
optimization problem. It is shown that the optimization
problem provides robust solutions to minimum distance and
interference problems.

INTRODUCTION

The evaluation of comfort and discomfort of the driver
depends on the interaction between the seat properties, driver
characteristics, environmental conditions and the driver-seat
system, respectively. When the slip and vibro-impact
mechanisms are s multaneously developed, the picture of the
actual normal forces of the contact interface is changed as
shown by Jalali et d. [1] when investigating the micro-vibro-
impacts at boundary condition of a clamped Euler-Bernoulli
beam. The impact mechanism affects the frictional slip
mechanism when they simultaneously develop in a contact
interface. Karnopp [2] describes the friction as a function of
the relative velocity, while Meng et al. [3] introduced a
modified micro-slip model in terms of an elasto-plastic shear
layer. Comprehensive investigations of contact friction and the
vibro-impact mechanism into the contact interfaces subjected
to high amplitude vibrations have been performed by Ferri [4],
Berger [5], and Gilardi and Sharf [6], respectively.

Returning to the automotive seating subject, we know that

Page 1 of 6

the road and vehicle engines conditions are transferred into the
body through the seat. Most car seats have fore- and aft
adjustment as well as adjustable seat back inclination for
obtaining an acceptable occupant position and also to fitting as
large arange of the population as possible (Jonsson [7]). An
optimal seatback with seat pan inclination according to
(Harrison et al. [8]) is shown in Figure.1. The position of the
driver in the car is important for the driving performance.
However, the neck injuries in rear-end collisions are till an
important problem for the society. Much research effort has
been expended for understanding the impacts developing in
the contact interfaces (Emaci et . [9], Moon. and Shawand
[10] and Y ang and Begeman [11].

Figure 1. A generic seatback.

A continuous approach of the vibro-contact dynamicsis
developed in this paper by admitting an explicit relationship
between contact force and deformation. In the continuous
approach, thereis no difference between the impact and the
contact, and as a consequence, the methods of the non-impact
dynamics can be used to solve the problem. Unlike the
discrete formulation, the continuous approach of the vibro-
contact dynamics allows for use of any friction model. The
friction force can be considered as a combination of forces
that resist motion during different energies conversion
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processes (elagtic/plastic contacts viscous dissipation, fracture,
and adhesion). In addition, the identification of nonlinear
boundary conditions is performed by using the concept of the
interference distance or penetration. This concept defines the
contact force which in turn depends on the deformation at the
contact interface. Generally, the impacts between bodies are
defined by the condition of impenetrability (Kim [12]),
because the contact can be found by checking the minimum
distance between bodies. The contact point is the point where
the minimum distance is reached [6] as shown in:

min[%(pl—pzﬂpl—pz)j. 6,(p)<0.0,(p) <0, (1

where p, and p, arethe position vectors of two points on the

two bodiesand g, and g, arethe bounding surface

constraints. To define the contact force, the interference
distance can be computed as

min(-d), () <-Se, g (p)<-Te. 2)

where d istheinterferencedistance and g and e, arethe
unit vectors.

PROBLEM FORMULATION AND
SOLUTION

The back of the driver surface is modeled as adouble curved
thin shell of thickness h and the principal radii of curvature
R and R,asshownin Figure?2.

reference
configuration

deformed
configuration

1

Figure 2. Reference and deformed configurationsof the
back of the driver shdll.

Thereference surface areais denoted by Q . An inertial frame
of reference is defined by three mutually orthogona unit
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vectors i,,i,,i,. Position vector of a point of the shell can be
written as

R(él'éZ'g) = ro(élléz)"' u(él'éZ) +€E3(§1-§2) ) 3)

where & ,&, arethe material coordinates (the lines of
curvatures of the shell reference surface), { isthe materid
coordinate along the normal to the reference surface n=e,, 1,
isthe position vector of the point B, on thereference surface

of the shell where the shell has a contact boundary condition,
and u isthereference surface displacement vector. E, isa

unit vector, and E,, E, arethe axial and transverse shearing

strains develop during deformation. The unknown driver-seat
contact domain D, can be described by the Lamé curve

(gjnJr(%jn:l, n>0, (4)

where a and b aretheradii of the oval shape. The parametric
representation of (4) is

x(0) =acos”’" @, y(6) =bsin?"@. (5)

Theintegral motion equation is obtained by applying the
Hamilton principle (Bauchau and Choi [13])

I2
[ [{8u(g,~ N, =N, ,) +8E(9, - M, —M,, + F,)} dQdt = 0,
4 Q

(6)

where g,, g, arethelinear and angular momentum vectors of
the shell, N,,N, are spatia in-plane forces, F, is the contact
force, M,,M, are the bending moments. A constant normal
force P isapplied to the shell at the contact point B, . The
shell is excited by forced vibrations F(t) = f sin(wt) having
an arbitrary point excitation. The excitation frequency is
chosen to be closer to the resonant frequencies of the spine.
The nonlinear behavior can be spanned using itsfirst n
nonlinear normal modes. We suppose that each contact point
permits small deflections. For large amplitude of vibrations
the micro-slip and micro-vibro-impact develop in the contact
interface of the shell. The associated contact force constrain
F. and the sticking constraint, respectively, are given by

Fo=0.(8,8), 04(G&serle ) =0, ()

whered isthelocal indentation function

6(&1{_‘, vgzr: 4 z;C ’&10 ’&ZC’CC) 4
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And &, &, ,C_ arethe components of the position vector of a
contact point. So, the contact force F, can be explicitly
written as

F. = AS"+B&"%7, (8)

where n, p,q and constants, the coefficient A dependson the
material and the geometric properties of the bodies in contact,
and B is defined with respect to the coefficient of restitution.
Both coefficients also depend on the flexural and normal
stiffnesses of the boundary condition. In the continuous model
the damping depends on the indentation since the contact area
increases with deformation. Thefirst term in (8) represents the
contact constraint expressed as a functional between the
contact force F, at the contact point coordinates

€..1Ec,C. and their time derivatives. Therefore, the normal
contact force F, given by (7), dependson theloca
indentation & (Hunt and Crossley [14]). Next, the friction F,

at the contact point during sticking can be defined as (Stronge
[15])

F, =C8, + DS, 9)

where §, isthe tangential component of displacement at the
contact point, C isthe tangentia stiffnessand D is defined
with respect to the coefficient of restitution 0<e<1. The
energy released during restitution W, at the dynamical contact
(impact) can be cal culated as the negative work doneby F,
during the collision

W =-[F.&dt. (10)

The coefficient of restitution can be calculated from

W,
e= W 11

where W, isthe energy released during restitution and W, is
the energy absorbed during compression. The unknowns of the
problem are the contact vectors, the contact forces and the
friction forces, respectively. These unknowns are determined
by solving (6) by using the cnoidal method (Munteanu and
Donescu [16]). Thegeneral solutions of (6), denoted by S,
can bewritten in the form

S: Sin + Snonlin ! (12)

where the linear and nonlinear terms express the linear and
nonlinear superposition, respectively, of cnoidal functions
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Sin = 2§:akcn2 (o &m),

incnz(wkC:mK)
S =k (13)

nonlin n .
1+ nen*(ofm)
k=0

where 0<m, <1 arecnoida moduli, and the

quantitiesw, , o, , B, and v, are depending on ¢, and ¢, (see
Appendix). The presence of the contact with no materia
overlapping condition is detected by checking the minimum
distance between bodies. A genetic algorithm isused to solve
the constrained optimization problem (1) and (2). Figure 3
displays the contact domain D, containing several contact

points detected on the back seat at the beginning of an impact,
for high amplitude vibrations. In this figure the “ contact point”
1 was chosen for the subsequent analysis. The size of the

“contact point” depends on the mesh of the genetic algorithm.

Figure 3. The contact domain D, .

Figure 4 shows the identified contact force F, with respect to

d for the contact point 1, for four resonant frequencies of the
spine. Certain frequenciesin the range of the resonance
frequency of the human body and specialy the spine have
been proved to cause the low back pain. Theresonance
frequency of the spineisabout 4.75-6.25 Hz (Matsumoto and
Griffin [17]). Figure5 shows the variation of the contact force
F. with respect to § at the contact point 1 for the same

resonant frequencies. The variation of the friction F, with
respect to tangential component of displacement 9, at the

contact point 1 isdisplayed in Figure 6 for the same resonant
frequencies.


https://www.researchgate.net/publication/280017002_Theoretical_coefficient_of_restitution_for_planar_impact_of_rough_elasto-plastic_bodies?el=1_x_8&enrichId=rgreq-3efe3b243d93245184b42a6311836164-XXX&enrichSource=Y292ZXJQYWdlOzI3NDc0MDc1NDtBUzoyOTc3Nzk4MTQ1MTg3ODRAMTQ0ODAwNzY0ODY4Mg==
https://www.researchgate.net/publication/11057984_Non-Linear_Characteristics_in_the_Dynamic_Responses_of_Seated_Subjects_Exposed_to_Vertical_Whole-Body_Vibration?el=1_x_8&enrichId=rgreq-3efe3b243d93245184b42a6311836164-XXX&enrichSource=Y292ZXJQYWdlOzI3NDc0MDc1NDtBUzoyOTc3Nzk4MTQ1MTg3ODRAMTQ0ODAwNzY0ODY4Mg==
https://www.researchgate.net/publication/230554892_Coefficient_of_Restitution_Interpreted_as_Damping_in_Vibroimpact?el=1_x_8&enrichId=rgreq-3efe3b243d93245184b42a6311836164-XXX&enrichSource=Y292ZXJQYWdlOzI3NDc0MDc1NDtBUzoyOTc3Nzk4MTQ1MTg3ODRAMTQ0ODAwNzY0ODY4Mg==
https://www.researchgate.net/publication/267058346_Introduction_to_Soliton_Theory_Applications_to_Mechanics?el=1_x_8&enrichId=rgreq-3efe3b243d93245184b42a6311836164-XXX&enrichSource=Y292ZXJQYWdlOzI3NDc0MDc1NDtBUzoyOTc3Nzk4MTQ1MTg3ODRAMTQ0ODAwNzY0ODY4Mg==

N3[kN]

-G L L | 1 L
-8 -6 -4 =) 0 2 4
& [mm]

Figure4. Contact force F_ with respectto § in the contact
point 1.
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Figure5. Friction force F, with respect to 9, in the contact
point 1.

The optimization problem provides robust solutions to
minimum distance and interference problems. Thetime
variation of the ratio between the area of the contact domain
D, and a chosen reference contact area, during the impact is

presented in Figure 7 for the same resonant frequencies as
before. When the dlip and vibro-impact mechanisms are
simultaneoudy developed, the vibro-impact modifies the size
of the contact domain. As a consequence the driver-seat
system is subject to elastic and/or plastic deformation with
dissipation of energy. The collision between bodiesis centra
with the mass centers on the line of impact.
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Figure6. Friction force F, with respect to §, in the contact
point 1.
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Figure7. Timevariation of the contact area D,

CONCLUSIONS

The paper is concerned on the modeling of coupled vibro-
impacts and frictional dlips at the boundary condition in the
driver-seat system. Driver position had adouble risk compared
with other passenger seat positions. The contacting bodies
experience contacts and vibro-impacts a multiple points
simultaneoudy. Each contact point allows smal deformations
in normal and tangential directions at the contact interface.
Theinteraction between the human and the seat occursin a
short time and exhibits energy transfer and dissipation.
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APPENDIX

Cnoidal method (Munteanu and Donescu [16])

The general solution of the nonlinear ODE or PDE can be written in the terms of the theta function representation

d2
e(x,t):Zylog(an(nl,nz,...,nn), (A1)
where® isthe theta function defined as
& 1
0,(My My M) = z eXp(lemi ""E z M;B;M;), (A2
M & (—oo,00) i=1 ij=1

with n the number of degrees of freedom for a particular solution of the equation, and
N, =kx-ot+¢,, 1< j<N. (A3)

In (A3), k; arethe wave numbers, the , are the frequencies and the ¢, are the phases. Also we have

Mn=Kx-Qt+o,
M =[M;,M,,...M,],
K=Mk, Q=Mw,d=M¢.

The integer componentsin M are the integer indices in (A2). The matrix B can be decomposed in a diagona matrix D and an off-
diagonal matrix O,thatis B =D+ O . Further, wewrite the solution (A1) under the form

2

o(n) = 2%109 0, (1) = 8, (1) + 0, (1) - (A%)

Thefirst term 6, represents alinear superposition of cnoidal functions

0, = Zn:alcnz[(’)|t;m] ' (A5)

with

njﬁ du

———, K'(m)=
o y1-msin‘u

The second term 6, represents anonlinear superposition or interaction among cnoidal functions

2d—22Iog[1+ F(t)]: Bkcnz(zwt,m) _
dt G()” 1+vy.cn“(wt,m)

q:exp(—nK?,), K =K(m)+ K(m), m+m =1

(A6)
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