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SUMMARY

In the paper the dynamic behaviour of the systems composed of active human body models (AHBM) and passive
isolation systems (VIS) subjected to sinusoidal and random excitations was discussed. The two active human body
biomechanical models (“back-off” and “back-on”) obtained several years ago by the first author of the presented
paper can be considered as active, linear, stable, lumped parameter and unidirectional dynamical systems. These
models “seated” on passive vibration isolation systems (VIS) make new, coupled dynamical models (AHBM+VIS).
In the first part of the presented paper the dynamical characteristics of the coupled, linear models (AHBM+VIS)
were thoroughly analyzed. The new maps of poles distribution of characteristic equations of the systems composed
of the coupled models show, that in some cases, these systems can be unstable. In the paper the stability areas
were numerically estimated and graphically presented for the simplest, linear vibration isolation system. In the
second part of the paper the influence of some chosen nonlinear elements injected into VIS on the amplitudes of
chosen model mass accelerations and relative displacements between them was estimated, basing on the results
obtained from the simulation approach. The simulation investigations were done for a sequence of time delay of
the VIS reactions and sinusoidal excitations. The sinusoidal excitations had variable amplitudes and the frequen-
cies corresponding to the first resonant frequency of the considered AHBM=+VIS systems. The values of the corre-
sponding amplitudes of output signals were compared. In chosen cases where the simulations were done for the
random excitations the root mean square values of the output signals were compared. The obtained results were
compared with the simplest linear VIS, graphically presented and discussed.
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DYNAMIKA UKEADU ZEOZONEGO Z AKTYWNEGO MODELU BIOMECHANICZNEGO CIALA
SIEDZACEGO CZLOWIEKA I PASYWNEGO UKLADU WIBROIZOLACJI

W pracy przeprowadzono analize numerycznq wlasnosci dynamicznych ukiadu skladajqcego sie z aktywnego mo-
delu biomechanicznego ciata siedzqcego cztowieka (AHBM) oraz pasywnego uktadu wibroizolacji (VIS) w wersji
liniowej i nieliniowej, poddanego wymuszeniom harmonicznym i przypadkowym. Rozpatrzono dwie wersje modelu
ciatla siedzqcego czltowieka. Przeprowadzono numerycznq analize stabilnosci ukladow AHBM — VIS w wersji linio-
wej. Na podstawie analizy symulacyjnej porownano wplyw wybranych nieliniowosci wchodzqcych w sktad pasyw-
nego uktadu wibroizolacji (VIS) na wartosci wybranych sil, przyspieszen i przemieszczen wzglednych ukiadu cate-

go uktadu AHBM — VIS.

1. INTRODUCTION

In most of scientific papers beginning from early sixties [2,
3, 4, 30], passing by seventies [7, 8, 11, 14, 21, 23, 24],
eighties [1, 12, 26] up to the end of nineties [20, 27, 29, 30,
32], modeling of seated human operator’s body subjected
to vibration was concentrated on passive, lumped parameter
mechanical structures developed on the basis of the results
of experiments done with human beings in leading labora-
tories mainly in the USA, England, Japan, Germany and
France. These models were built for the determined po-
sitions, functions and tasks of seated humans like heavy
truck drivers, helicopter pilots, army and building vehicles
operators.

It seems to be obvious that operator’s position is constan-
tly changed during his work. Due to the changes of work
position, tension of muscles and other variable components
the dynamic properties of the operator’s body lead to va-
rying in time and position different, constant parameters

biomechanical models. Up to now there are no universal
models of seated human body subjected to vibration excita-
tions. All existing models are functional, built for a priori
assumed target. In 1997 two theoretical, active biomechani-
cal models of seated human body in “back-on” and “back-
-off” positions were developed by [15]. They were thoro-
ughly described in [16, 17]. The other active model of se-
ated human body was developed by Lewis and Griffin in
[19]. In recent years some, physically realized dummies of
seated human body were built [5]. The biomechanical mo-
dels of seated human body are applied in estimations of
operator’s health, quality of chairs and assessment of pro-
perties of vibration isolation of different type of seats. They
are considered as suitable approach for modeling and proto-
type design of complex systems composed of human body
and seat. Such systems however have got new dynamic
characteristics containing individual features of human
body and coupled with it vibration isolation system. These
characteristics become more interesting in case when the
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human body can be represented by active dynamic system.
In general active systems are more complex than passive
ones. They are in principle non-minimum phase structures
with some zeros of their transmissibilities placed in the
right-hand plane of the complex variable s. Vibration iso-
lation of active and non-minimum phase biomechanical
models becomes more difficult than vibration isolation of
passive and minimum — phase models. The difficulties con-
cern mainly stability and physical realizability of coupled
active human body models (AHBM) seated on passive vi-
bration isolation system (VIS). In the present paper the co-
upled dynamical system composed of the active “back-on”
and “back-off” human body models seated on passive vi-
bration isolation system was presented and numerically
analyzed in Maple and simulation studies in MATLAB
environments.

2. DYNAMICAL CHARACTERISTICS
OF AHBM - VIS MODELS

2.1. General presentation and assumptions

The following two general assumptions have been made:

1) the human body can be represented by a multi-DOF,
linear, time-invariant, lumped parameter and active
biomechanical model;

2) input random excitations are considered as sinusoidal
and random accelerations, supposed to be stationary,
normal and ergodic, of the vibrating base described cor-
respondingly by their amplitudes, r.m.s values and po-
wer spectral densities.

The general scheme of the AHBM with two versions of

vibrating base considered as a source of sinusoidal or ran-
dom excitations.

2.2. Presentation of AHBM

The two active biomechanical models of the seated human-
body were synthesized in [15] for “back-off” and “back-on”
positions on the basis of experimental data presented in
[22]. The common structure of the “back-off” and “back-
on” models, seat of mass m, and VIS were shown in Figu-
re 1. The control forces for “back-off” and “back-on” mo-
dels were expressed, after [16, 17] correspondingly by the
formulae (1) and (2):

Fy =~k (4 —x)—kyp (G — %) — -
—ky3(xy +x) =Ky (G +X)
Fy =—ky1(x +x)—kip (% —x)—
(2)

—ki3(xp +x) —kya (X — %)

Table 1 lists the AHBM parameters for two versions of
human body models.

2.3. Resonance frequencies the AHMB — VIS system

Poles distribution and corresponding resonance frequencies
of “back-off” and “back-on” AHBM and coupled AHBM
— passive VIS, are listed in Table 2. The VIS was consi-
dered as the Kelvin — Voigt model joined with seat mass m,,.
The following values of the parameters of the VIS we-
re assumed for further considerations: damping coeffi-

VIS system was shown in Figure 1, where F(¢) denotes the  cient o, = 260 [Ns/m], coefficient of spring stiffness
interaction force acting between the seat of mass m, and ¢, = 9950 [N/m] and seat mass m, = 35 [kg].
™
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Fig. 1. Active Human Body Model (AHBM) and sequence of linear
and non-linear Vibration Isolation System (VIS)
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Table 1. AHBM parameters for two versions of human body models

Parameters of “Back-off” (z=3,p=4), Parameters of “Back-on” (z=3,p=4),
models m;+m,=70.8[kg] models m;+m,=70.8 [kg]
m; [kg] 9.1 m; [kg] 66
k; [N/m] 11972.5557 k; [N/m] 51189.32

o [Ns/m] 3251.9783 oy [Ns/m] 1704.17

m, [kg] 61.7 m, [kg] 4.8

k; [N/m] 22456.7485 k, [N/m] 63335.50
0 [Ns/m] 519.0440 0 [Ns/m] 1262.59
ki; [N/m] 97323.2354 ki; [N/m] 123251.32
ki, [Ns/m] -2226.0653 ki, [Ns/m] -1781.04
ki3 [N/m] -1960.5176 ki3 [N/m] -104227.69
ki4 [Ns/m] 1164.3525 k4 [Ns/m] 759.69

Table 2. Poles distribution and corresponding resonance frequencies of “back-off” and “back-on” AHBM
and coupled AHBM — passive VIS

Model I 0 Iy " I3 .

g g g
Units [Hz] [Hz] [Hz]

“Back-oft” -7,42+i8,25 11,1 -0,72+i4,74 | 4,80 - -

m;=9.1 ,m,=61.7 [kg] -7,42-i8,25 8,25 -0,72-i4,74 4,74 - -
“Back-off” +VIS -15,8+i11.8 19,7 -1,33+i4,48 4,68 -0,173+i1,54 1,55
my=35, m;=9.1 ,m,=61.7 [kg] -15,8-i11.8 11,8 -1,33-i4,48 4,48 -0,173-i1,54 1,54

“Back-on” -5,52+i26,5 27,1 -2,73+i6,14 6,72 - -

m;=66, m,=4.8 [kg] -5,52-i26,5 26,5 -2,73-i6,14 6,14 - -
“Back-on” + VIS -0,84+i21,1 | 21,117 | -14,5+i1,86 14,7 -0,201+i1,57 1,58
my=35, m;=66, m,=4.8 [kg] -0,84-i21,1 21,1 -14,5-i1,86 1,86 -0,201-i1,57 1,57

2.4. Numerical approach to problem
of stability of coupled AHBM — VIS systems

One can show that each of the components of AHBM
and VIS separately analysed, is stable. The coupled
AHBM - VIS linear system has got different dynamic cha-
racteristics than their components AHBM and VIS and
in some cases it becomes instable. In this paragraph the sta-
bility of coupled systems composed of “back-off” and
“back-on” and passive VIS models were investigated. The
stability area were numerically estimated on the basis of

Hurwitz and poles distribution criteria, in terms of dimen-
sionless damping coefficient o,/260 and mass m,, for four
values of the spring stiffness: 0.1c,,, ¢, 2¢,,, 4c,. It was
concluded, that the system composed of “back-on” AHBM
and passive VIS becomes instable for some ranges of VIS
parameters.

The stability and instability areas for such system were
numerically estimated and presented in Figure 2 in terms of
the VIS parameters m, o,,, c¢,,. Figure 2 shows big influen-
ce of parameters m, and o, and small influence of the para-
meter ¢,, on the stability of the considered system.

I
10

Oy 7260 [-]

Fig. 2. Stability study of the coupled system: “back-on”

AHBM-VIS, N — area of instability, S — area of stability
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3. DYNAMICS OF AHBM - VIS
NON-LINEAR MODELS SUBJECTED
TO SINUSOIDAL EXCITATION

3.1. Nonlinearities introduced to VIS

The real VIS is a very complicated system. It is composed
of seat and backrest cushions and a mechanical system com-
posed of springs and dampers. There are many ideas of de-
sign of suspension seat models [6, 9, 25, 28]. In principle,
such models consist of linear suspension spring, a non-line-
ar asymmetrical damper force-velocity characteristic, a li-
near stiffness force simulating the damper gas preload, the
effect of the damper geometry, a two state suspension fric-
tion force causing a constant force opposing the motion or
a force just sufficient to hold the suspension mechanism

stationary, non-linear stiffness elements for the end-stop
buffers accounting for the geometrical arrangement of the
buffers within the suspension and a rigid mass for the seat
load. As one can conclude from the above the force coupling
seated human body and suspension seat is a very complica-
ted function of relative displacement x — x;, and correspon-
ding relative velocity x—x;. For example in [10], this force
is presented as the sum of two non-linear elastic and dam-
ping forces. The piecewise elastic force is described there by
stiffness coefficient being composition of tan and fifth de-
gree polynomial function of corresponding relative displa-
cements. The damping force is described as a product of
rela-tive velocity and a non-linear damping coefficient being
fourth degree polynomial of relative displacement. Frequen-
tly, the dashpot resistance is more correctly expressed by
a term proportional to the square of the relative velocity.
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Fig. 3. Exemplary block diagram of simulation system composed of “back-on” model — linear VIS — and alternatively
implemented non-linear elements presenting: quadratic damping (R) or Coulomb damping (T) or piecewise non-linear
restoring force (F) expressed by formulae (3), (4) and (5)
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In the present paper the following non-linearities shown
in Figure 3, have been introduced into the VIS system:

— non-linear piece-wise restoring force:
F =0 for —b(x—x()b,
F =y(x—x,) for by(x—x()-b; 3)
for b= 0.02 [m], b,= 0.01 [m], y = 0, 100, 200, 300,
400, 500, 600, 700, 800, 900, 1000 [N/m] taken as the

mean values of asymmetric free travel zones and rigidi-
ties of the end-stop buffers of existing seats;

— non-linear damping force:
R =By [0 | (%) 4)

with B, =0, 50, 100, 200, 300, 400, 500, 600, 700, 800,
900, 1000 [Ns*/m?];

— non-linear Coulomb damping force:
T =P, sign(i — %g) = (2/m)B,a tan [1000 (- )] (5)
with 3, =0, 5, 10, 25, 50, 75, 100, 125, 150, 175, 200,
225, 250 [N].

3.2. Simulation studies

3.2.1. Block diagrams of the investigated systems

The simulation studies of the forced vibration of the
AHBM+VIS system were done for some chosen non-line-

Model back-off +piecewise non-linear restoring force
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Fig. 6. Influence of parameter y on accelerations:
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arities implemented in seat suspension. The system was
subjected to sequence of sinusoidal and narrow band, ran-
dom acceleration excitations, with equal r.m.s. values.

The simulation were done for both “back-off” and “back-
-on” seated human body models according to the exemplary
block diagram presented in Figure 3. The final results were
compared with the linear version of the system. In particular
cases the influence of damping on the performance of su-
spension seating has been investigating using simulation
studies and found to strongly influence predicted seat per-
formance. Simulations of suspension seat dynamic perfor-
mance therefore require the suspension damping to be
known accurately. In the presented paper the simulation in-
vestigation were limited to some general models of resto-
ring and damping forces and chosen sets of values of their
parameters. Chosen numerical results of simulation were
presented in graphical and numerical forms for: non-linear
restoring force F (for “back-off” model in Figures 4—7 and
Table 3, for “back-on” model in Figures 8—11 and Table 4),
non-linear quadratic damping force R (for “back-off” model
in Figures 12—15 and Table 5, for “back-on” model in Fi-
gures 16—19 and Table 6), non-linear coulomb force T
(for “back-off” model in Figures 20-23 and Table 7, for
“back-on” model in Figures 24 —27 and Table 8), correspon-
dingly for the sinusoidal, acceleration excitation with ampli-
tude equals to a, = 0.686 [m/s?] r.m.s. and frequency equals
to the first resonance frequency of the considered model.

Model back-off +piecewise non-linear restoring force
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Fig. 5. Restoring force F(7)
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Fig. 7. Influence of parameter y on forces:
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Table 3. Numerical results of simulation for non-linear restoring force F' (“back-off” model)

Y xby xb, xb X1 X5 X Xp-X1 X1-X Xp-X Fom Fen |[Fomt Fem| Fem+Fy | Fy

0 |4,23| 4,04 | 4,02 | 0,0446 | 0,0426 | 0,0423 | 0,01228 | 0,00904 | 0,00329 | 105,26 | 427,3 | 414,1 1053 | 0,0

1 [423] 4,04 | 4,02 | 0,0446 | 0,0426 | 0,0424 | 0,01228 | 0,00904 | 0,00329 | 105,26 | 427,3 | 414,1 1053 | 0,0
100 | 4,28 | 4,09 | 4,07 | 0,0451 | 0,0431 | 0,0428 | 0,01242 | 0,00914 | 0,00332 | 105,42 | 428,0 | 414,8 1055 | 4,2
200 | 4,32 | 4,12 | 4,11 | 0,0455 | 0,0435 | 0,0432 | 0,01253 | 0,00922 | 0,00335 | 105,39 | 427,8 | 414,8 105,7 | 8,3
300 | 4,35| 4,15 | 4,14 | 0,0459 | 0,0437 | 0,0435 | 0,01261 | 0,00929 | 0,00338 | 105,15 | 426,9 | 413,8 1059 | 12,5
400 | 4,37 | 4,17 | 4,16 | 0,0461 | 0,0440 | 0,0437 | 0,01268 | 0,00933 | 0,00339 | 104,71 | 425,0 | 412,2 106,0 | 16,6
500 | 4,38 | 4,19 | 4,17 | 0,0462 | 0,0441 | 0,0438 | 0,01272 | 0,00936 | 0,00340 | 104,08 | 422,4 | 409,6 106,1 | 20,6
600 | 4,39 | 4,19 | 4,17 | 0,0463 | 0,0442 | 0,0439 | 0,01273 | 0,00937 | 0,00341 | 103,26 | 419,1 | 406,3 106,1 | 24,5
700 | 4,38 | 4,19 | 4,17 | 0,0462 | 0,0441 | 0,0439 | 0,01272 | 0,00937 | 0,00341 | 102,28 | 415,1 | 402,4 106,1 | 28,3
800 | 4,37 | 4,18 | 4,16 | 0,0461 | 0,0440 | 0,0438 | 0,01269 | 0,00934 | 0,00340 | 101,14 | 410,7 | 397,9 106,1 | 30,0
900 | 4,36 | 4,16 | 4,14 | 0,0459 | 0,0439 | 0,0436 | 0,01265 | 0,00931 | 0,00339 | 99,96 | 405,4 | 392,9 106,1 | 35,5
1000 | 4,34 | 4,14 | 4,12 | 0,0457 | 0,0437 | 0,0434 | 0,01259 | 0,00927 | 0,00337 | 98,71 | 399,9 | 387,6 106,1 | 38,9

3.2.2. Influence of piecewise non-linear restoring force (F)

Results of simulation of “back-off” model

In Figures 4 and 5 time histories of acceleration of mass m,
and non-linear piecewise restoring force F depicted by the
formula (3) are shown for four values of y = 0, 100, 500,
1000 [N/m]. Figures 6 and 7 show correspondingly the in-
fluence of parameter y on values of accelerations of all mas-
ses and forces developed by VIS for excitation acceleration
amplitude equals to a.

Results of simulation of “back-on” model

In Figures 8 and 9 time histories of acceleration of mass m,
and non-linear piecewise restoring force F are shown for four

Model back-on + piecewise non-linear restoring force
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Fig. 8. Acceleration of mass my — X(t)
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Fig. 10. Influence of parameter y on accelerations:
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for four values of y= 0, 100, 500, 1000 [N/m]. Figures 10
and 11 show correspondingly the influence of parameter y
on values of accelerations of all masses and forces develo-
ped by VIS for excitation acceleration amplitude equals to .

3.2.3. Influence of quadratic damping force (R)

Results of simulation of “back-off” model

In Figures 12 and 13 time histories of acceleration of mass
mg and non-linear quadratic damping force R depicted by the
formula (4) are shown for four levels of acceleration excita-
tion amplitudes a,, 2a,, 4a,, 8a,. Figures 14 and 15 show
correspondingly the influence of parameter 3, on values of
accelerations of all masses and forces developed by VIS.
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Table 4. Numerical results of simulation for non-linear restoring force F (“back-on” model)

Y xb; | xb, xb X1 X5 X Xo-X1 X1-X Xo-X Fom Fon | Fomt Fem | Fen +Fy E,
0 3,17 | 4,13 | 3,47 | 0,0320 | 0,0408 | 0,0349 | 0,00879 | 0,00296 | 0,00584 | 87,2 | 347,7 336,8 87,2 0
1 3,17 | 4,13 | 3,47 | 0,0320 | 0,0408 | 0,0349 | 0,00879 | 0,00296 | 0,00584 | 87,2 | 347,7 336,8 87,2 0,0
100 | 3,20 | 4,16 | 3,50 | 0,0323 | 0,0411 | 0,0352 | 0,00887 | 0,00299 | 0,00590 | 87,2 | 347,6 336,7 87,2 | 3,40
200 | 3,22 | 4,20 | 3,53 | 0,0325 | 0,0415 | 0,0355 | 0,00893 | 0,00301 | 0,00594 | 87,1 | 347,2 336,0 87,3 6,8
300 | 3,24 | 4,23 | 3,55 | 0,0327 | 0,0417 | 0,0357 | 0,00899 | 0,00303 | 0,00598 | 86,8 | 346,2 335,1 87,3 10,1
400 | 3,26 | 4,25 | 3,57 | 0,0329 | 0,0419 | 0,0359 | 0,00903 | 0,00305 | 0,00601 | 86,4 | 344,5 333,5 87,3 13,5
500 | 3,27 | 4,27 | 3,58 | 0,0330 | 0,0420 | 0,0360 [ 0,00906 | 0,00306 | 0,00603 | 85,9 | 342,6 331,6 87,4 16,7
600 | 3,27 | 4,29 | 3,59 | 0,0331 | 0,0421 | 0,0361 | 0,00908 | 0,00306 | 0,00604 | 85,3 | 340,2 329,2 87,5 19,9
700 | 3,27 | 4,30 | 3,59 | 0,0331 | 0,0421 | 0,0361 | 0,00908 | 0,00306 | 0,00604 | 84,6 | 337,4 326,5 87,5 23,1
800 | 3,27 | 4,30 | 3,59 | 0,0330 | 0,0421 | 0,0361 | 0,00908 | 0,00306 | 0,00604 | 83,8 | 334,2 323,4 87,6 26,1
900 | 3,26 | 4,30 | 3,58 | 0,0330 | 0,0420 | 0,0360 | 0,00906 | 0,00306 | 0,00603 | 82,9 | 330,7 320,1 87,6 29,1
1000 | 3,26 | 4,29 | 3,57 | 0,0330 | 0,0419 | 0,0359 | 0,00904 | 0,00305 | 0,00601 | 82,0 | 326,9 316,5 87,7 31,9
System composed of back-off model System composed of back-off model
and VIS with quadratic damping force 500 and VIS with quadratic damping force
z
=
Iy
-500 : : :
0 1 2 3 4
t [s] tIs]
Fig. 12. Acceleration of mass my — () Fig. 13. Fj;¢ with quadratic damping force R(¢)
System composed of back-off model System composed of back-off model
and VIS with quadratic damping force and VIS with quadratic damping force
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Fig. 14. Influence of parameter 3; on accelerations: Fig. 15. Influence of parameter 3, on forces:
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Table 5. Numerical results of simulation for non-linear quadratic damping force R (‘“back-off” model)

By | xby | xb, | xb X Xp X XoX X|-X XX Fom | Fon | Fon+ Fop | Fon+Fpy | Fa
0 | 423 | 4,04 | 4,01 |0,0473|0,0452 | 0,0448 | 0,01325 | 0,00974 | 0,00356 | 105,2 | 426,6 413,6 105,2 0
50 | 3,96 | 3,78 | 3,76 |0,0454 | 0,0433 | 0,0430 | 0,01273 | 0,00936 | 0,00343 | 98,1 | 398,9 386,9 105,2 7,1
100 | 3,75 | 3,57 | 3,56 | 0,0438 | 0,0418 | 0,0415 | 0,01229 | 0,0090 [ 0,00332 | 92,8 | 376,9 365,8 105,5 12,7
200 | 3,44 | 3,26 | 3,27 [0,0411 [ 0.0393 | 0,0390 | 0,01157 | 0,00849 | 0,00313 | 84,7 | 344,6 334,0 106,0 | 21,3
300 | 3,20 | 3,03 | 3,05 {0,0390 { 0,0373 | 0,0370 | 0,01099 | 0,00806 | 0,00298 | 79,0 | 320,3 310,5 106,6 | 27,7
400 | 3,02 | 2,86 | 2,87 |0,0373 | 0,0356 | 0,0354 | 0,01052 | 0,00771 | 0,00286 | 74,1 | 301,2 292,0 106,6 | 32,5
500 | 2,87 | 2,71 | 2,74 |0,0358 | 0,0342 | 0,0340 { 0,01011 | 0,00741 | 0,00275 | 70,4 | 285,4 276,9 107,1 | 36,7
600 | 2,75 | 2,59 | 2,62 [0,0345 | 0,0330 | 0,0327 | 0,00977 | 0,00715 | 0,0026 | 67,2 | 272,6 264,3 107,3 | 40,1
700 | 2,64 | 2,48 | 2,52 [ 0,0334 | 0.0319 | 0,0317 | 0,00947 | 0,0069 | 0,00259 | 64,4 | 261,4 253,4 107,3 | 42,9
800 | 2,55 | 2,40 | 2,43 [{0.0324 | 0,0310 | 0,0307 | 0,00920 | 0,00673 | 0,00252 | 61,9 | 251,4 244,0 107,3 | 45,4
900 | 2,47 | 2,32 | 2,36 [0,0315 | 0,0301 | 0,0299 | 0,00896 | 0,00655 | 0,00246 | 59,8 | 243,0 235,6 107,4 | 47,6
1000 | 2,40 | 2,25 | 2,29 [ 0,0307 | 0,0293 | 0,0291 | 0,00874 | 0,00639 | 0,00239 | 57,9 | 235,4 228,2 107,6 | 49,7

101




Marek A. KSIAZEK, Artur JANIK

DYNAMICS OF ACTIVE BIOMECHANICAL MODELS OF SEATED HUMAN BODY

Results of simulation of “back-on” model

In Figures 16 and 17 time histories of acceleration of mass
my and non-linear piecewise restoring force F are shown for
four levels of acceleration excitation amplitudes a, 2a,
4ay, 8ay. Figures 18 and 19 show correspondingly the in-
fluence of the parameter B on values of accelerations of
all masses of the AHBM — VIS model and forces developed
by VIS.

3.2.4. Influence of Coulomb damping (7)

Results of simulation of “back-off” model

In Figures 20 and 21 time histories of acceleration of mass
my and non-linear coulomb force 7 depicted by the formu-

System composed of back-on model
and VIS with quadratic damping force

xb /]

2
t[s]

Fig. 16. Acceleration of mass myy — X(t)

System composed of back-on model
and VIS with quadratic damping force

A
in FS

[#]

[

b1, xb2, xb /]
[
in

[¥]
M

1

15 . . .
0 400 _ 600 800
B, [Nstm?]

200 1000

Fig. 18. Influence of parameter 3, on accelerations:
1-%;2-%;3-%

la (5) are shown for four levels of acceleration excitation
amplitudes a, 2a,, 4a,, 8a,. Figures 22 and 23 show corre-
spondingly the influence of the parameter 3, on values of
accelerations of all masses of the AHBM — VIS model and
forces developed by VIS.

Results of simulation of “back-on” model

In Figures 24 and 25 time histories of acceleration of mass
mg and non-linear coulomb force 7" depicted by the formula
(5) are shown for four levels of acceleration excitation am-
plitudes a,, 2a,, 4a,, 8a,. Figures 26 and 27 show corre-
spondingly the influence of the parameter 3, on values of
accelerations of masses of the AHBM — VIS model and for-
ces developed by VIS.

System composed of back-on model

400 and VIS with quadratic damping force
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Fig. 17. Fj; with quadratic damping force R(#)
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Fig. 19. Influence of parameter 3, on forces:
1_Fam; 2_ch; 3_Fam +ch; 4_Fa +FB1;5_FBI
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Table 6. Numerical results of simulation for non-linear quadratic damping force R (“back-on” model)

B1 xb; | xbs xb X1 Xo X Xo-X1 X1-X Xo-X Fom Fem | Fomt Fem | FamtFpi | Fpi

0 3,15 | 4,01 | 3,43 | 0,0320 [ 0,0408 [ 0,0349 | 0,00879 [ 0,00296 | 0,00584 | 87,1 | 347,1 336,0 87,1 0

50 | 2,99 [ 3,8 | 3,27 | 0,0304 | 0,039 | 0,0332 | 0,00835 | 0,00282 | 0,00554 | 82,7 | 330,2 319,8 87,8 5,1
100 | 2,87 | 3,66 | 3,14 | 0,0291 | 0,0370 | 0,0317 | 0,00799 | 0,00270 | 0,00530 | 79,3 | 316,2 306,3 88,6 9,3
200 | 2,67 | 3,41 | 2,93 |0,0269 | 0,0343 | 0,0294 | 0,00741 | 0,00251 | 0,00493 | 73,7 | 293,8 284,7 89,8 16,1
300 | 2,52 | 3,21 | 2,77 |0,0252]0,0322 | 0,0276 | 0,00696 | 0,00236 [ 0,00461 | 69,4 | 276,6 267,9 90,7 21,4
400 | 2,39 | 3,05 | 2,63 |0,0240]0,0305 | 0,0262 | 0,00659 | 0,00224 [ 0,00437 | 65,8 | 262,5 254,2 91,4 25,6
500 | 2,29 | 2,92 | 2,52 |0,0228 | 0,0291 | 0,0249 [ 0,00628 | 0,00214 | 0,00416 | 62,8 | 250,8 242.8 92,0 29,2
600 | 2,20 | 2,81 | 2,43 |0,0219 10,0279 | 0,0239 | 0,00602 | 0,00205 [ 0,00398 | 60,2 | 240,7 233,1 92,4 32,2
700 | 2,12 | 2,71 | 2,34 | 0,0210 ] 0,0268 | 0,0230 [ 0,00579 | 0,00197 [ 0,00383 | 58,1 | 232,0 224.,6 93,0 34,9
800 | 2,05 | 2,63 | 2,27 | 0,0203 ] 0,0259 | 0,0222 [ 0,00559 | 0,00190 [ 0,00370 | 56,1 | 224,2 217,1 93,3 37,2
900 | 1,99 | 2,55 | 2,21 | 0,0196 | 0,0250 | 0,0215 [ 0,00541 | 0,00184 [ 0,00358 | 54,3 | 217,2 210,4 93,6 39,3
1000 | 1,94 | 2,49 | 2,15 [ 0,0190 | 0,0243 | 0,0208 | 0,00524 | 0,00179 | 0,00347 | 52,7 | 211,0 204,4 93,8 41,1
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xb [m/s]

System composed of back-off model
and VIS with Coulomb damping force

Fig. 20. Acceleration of mass myy — ¥(¢)

System composed of back-off model
and VIS with Coulomb damping force

System composed of back-off model
and VIS with Coulomb damping force
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Fig. 21. Fj;¢ with Coulomb force 7(f)
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and VIS with Coulomb damping force
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Fig. 22. Influence of parameter 3, on accelerations: Fig. 23. Influence of parameter [3, on forces:
1—.56'1; 2—56'2;3—56' l—Fam; 2_F0m;3_F0€m +ch;4—Fam +FB2;5—FB2
Table 7. Numerical results of simulation for non-linear Coulomb force 7' (“back-off” model)
Ba| xb; | xby | xb X1 Xs X Xo-X1| X1-X Xo-X Fom Fem | Fomt Fem | Fom+Fp2 | Fpo
0] 4,23 4,04 4,03 |0,04464 | 0,04261 | 0,04235 | 0,01228 | 0,00904 | 0,003287 | 105,3 | 427,2 | 414,1 105,3 0
10| 3,74 | 3,61 | 3,58 | 0,03918 | 0,03742 | 0,03715 | 0,01074 | 0,00791 | 0,002859 | 91,5 | 371,6 | 360,2 101,5 | 10,0
151 3,51 | 3,40 | 3,36 | 0,03650 | 0,03487 | 0,03461 | 0,00998 | 0,007360 | 0,002654 | 84,8 | 344,2 | 333,7 99,8 15,0
20| 3,29 | 3,19 | 3,15 | 0,03387 | 0,03238 | 0,03211 | 0,00925 | 0,006820 | 0,002458 | 78,2 | 317,7 | 307,8 98,2 | 20,0
253,07 | 2,98 | 2,94 | 0,03131 | 0,02994 | 0,02968 | 0,00854 | 0,006295 | 0,002273 | 71,9 | 291,6 | 282,6 96,8 24,9
30| 2,85 | 2,78 | 2,73 | 0,02885 | 0,02759 | 0,02734 | 0,00787 | 0,005793 | 0,002101 | 65,7 | 266,6 | 258,3 95,6 29,9
352,65 2,59 | 2,54 | 0,02651 | 0,02535 | 0,02511 | 0,00724 | 0,005321 | 0,001947 | 59,9 | 242,9 | 235,3 94,8 34,8
40| 2,46 | 2,41 | 2,36 | 0,02432 | 0,02327 | 0,02304 | 0,00667 | 0,004888 | 0,001812 | 54,7 | 221,0 | 214,1 94,5 39,8
451 2,29 | 2,24 | 2,21 | 0,02233 | 0,02136 | 0,02117 | 0,00617 | 0,004508 | 0,001698 | 50,0 | 201,5 [ 195,2 94,8 | 44,8
50| 2,15 | 2,09 | 2,07 | 0,02058 | 0,01967 | 0,01951 | 0,00574 | 0,004188 | 0,001607 | 46,0 | 184,8 [ 178,9 95,7 | 49,7
System composed of back-on model System composed of back-on model
and VIS with Coulomb damping force and VIS with Coulomb damping force
" " " 400
200t
o =
E Z 9

Fig. 24. Acceleration of mass myy — ¥(¢)
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Fig. 25. Fj;¢ with Coulomb force 7(¢)
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System composed of back-on model
and VIS with Coulomb damping force
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Fig. 26. Influence of parameter 3, on accelerations:
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Fig. 27. Influence of parameter 3, on forces:
1-F, 12-F, ;3-F, +F ;4-F, +F ;5-F,

Table 8. Numerical results of simulation for non-linear Coulomb force 7' (“back-on” model)

Bo| xb; | xby | xb X1 Xp X Xp-X1 X1-X Xo-X Fom | Fem | Fomt Fom | Fom+Fp2| Fg
03,17 ] 412 | 3,46 | 0,03198 | 0,04076 | 0,03492 | 0,00879 | 0,00296 | 0,00584 | 87,2 | 347,6 | 336,8 87,2 0
10| 2,85 | 4,19 | 3,11 | 0,02799 | 0,03564 | 0,03053 | 0,00766 | 0,00258 | 0,00512 | 75,6 | 300,6 | 2914 85,6 10,0
15] 2,66 | 4,12 | 2,95 | 0,02604 | 0,03316 | 0,02840 | 0,00713 | 0,00239 | 0,00478 | 69,9 | 278,1 269,4 84,9 15,0
20 2,53 | 4,07 | 2,78 | 0,02415 | 0,03076 | 0,02632 [ 0,00661 | 0,00222 | 0,00445 | 64,3 | 256,2 | 248,1 84,2 19,9
251239 | 447 | 2,63 | 0,02232 | 0,02844 | 0,02432 | 0,00614 | 0,00207 | 0,00413 | 58,8 | 235,2 | 227,2 83,7 24,9
30| 2,28 | 4,67 | 2,61 | 0,02060 | 0,02625 | 0,02242 | 0,00574 | 0,00195 | 0,00385 | 53,9 | 215,4 | 207,7 83,8 29,9
35| 2,17 | 481 | 2,60 | 0,01901 | 0,02428 | 0,02070 | 0,00537 | 0,00184 | 0,00359 | 49,9 | 197,4 190,2 84,8 34,8
40| 2,00 | 4,66 | 2,46 | 0,01757 | 0,02246 | 0,01915 | 0,00499 | 0,00174 | 0,00332 | 46,2 | 180,6 174,9 86,0 39,8
451 1,92 | 412 | 2,18 | 0,01625 | 0,02077 | 0,01773 | 0,00461 | 0,00163 | 0,00304 | 42,6 | 165,8 160,8 87,3 44,7
50| 1,84 | 3,84 | 2,01 | 0,01513 | 0,01937 | 0,01654 | 0,00428 | 0,00160 | 0,00285 | 39,3 | 154,2 149,0 89,0 49,7
4. DYNAMICS OF AHBM - VIS ments (7y;_, Tyo_» Tyo_y1), and total forces acting on seat

NON-LINEAR MODELS SUBJECTED
TO RANDOM EXCITATION

In this part of the paper the results of the simulation analysis
of the AHBM — VIS system subjected to narrow band (NBN)
random acceleration excitation are presented. The “back-
-off” and “back-on” human body models seated on the line-
ar and non-linear vibration isolation system were subjected
to the narrow band noise acceleration excitation with r.m.s.
values equal sequentially to four levels of acceleration am-
plitude a, = 0.686 [m/s?], 2ay, 4ay, 8a,. The influence of the
non-linearities given by the formulae (3), (4), (5), installed
in the Kelvin — Voigt VIS was expressed, as the ratios of
amplitude accelerations (7,1, T,p,, T.p), relative displace-
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Fig. 28. System composed of “back-off” model and VIS
with quadratic damping force

mass, coming from model (7,op) and from VIS (7,5). The
ratios were calculated for “back-off” and “back-on” models
and listed correspondingly in Tables 9 and 10.

In Figures 28-31 the exemplary graphical illustrations of
the ratios were shown for the “back-off”” and “back-on” mo-
dels and chosen non-linear force depicted by the formula
(4). The figures show that the influence of the non-linear
quadratic damping force increases with the value of the co-
efficient 3; and the acceleration amplitude. In general, from
Tables 9 and 10 one can conclude that, for the assumed nu-
merical parameters of acceleration excitation and the
AHBM - VIS model, the most visible changes are for speci-
fied accelerations and forces for the non-linearity depicted
by the formula (4).
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Fig. 29. System composed of “back-off” model and VIS
with quadratic damping force
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Table 9. Assumed numerical parameters of acceleration excitation

By 100 500 1000
nay | Txbg Txb, Txb Txb; Txb, Txb Txb; Txb, Txb
ap |0.8643 | 0.8643 | 0.8642 | 0.6523 [ 0.6527 | 0.6523 [ 0.5492 [ 0.5499 | 0.5491
2ap | 0.7839 | 0.7840 | 0.7839 | 0.5492 | 0.5500 | 0.5491 | 0.4564 | 0.4576 | 0.4562
4ap | 0.6858 | 0.6861 | 0.6858 | 0.4564 | 0.4576 | 0.4562 | 0.3812 | 0.3831 | 0.3809
8ay [ 0.5818 | 0.5824 | 0.5817 | 0.3812 | 0.3831 | 0.3809 | 0.3259 | 0.3285 | 0.3254
B> 10 20 40
ap |[0.9644 | 0.9667 | 0.9672 | 0.9804 | 0.9816 | 0.9819 | 0.9897 | 0.9904 | 0.9905
2ap | 0.9803 |0.9816 | 0.9819 | 0.9897 | 0.9903 | 0.9905 | 0.9803 | 0.9816 | 0.9819
42y [ 0.9897 | 0.9903 | 0.9905 | 0.9947 | 0.9950 | 0.9951 | 0.9973 | 0.9975 | 0.9975
8ay [ 0.9947 |1 0.9950 | 0.9951 | 0.9973 | 0.9975 | 0.9975 | 0.9987 | 0.9987 | 0.9988
Y 100 500 1000
ap |[0.8280 | 0.8449 [ 0.8445 | 0.6410 [ 0.6527 | 0.6523 | 0.9906 | 1.0082 | 1.0082
2ap |1.0163 | 1.0163 | 1.0026 | 1.0259 | 1.0260 | 1.0258 | 1.0082 | 1.0082 | 1.0082
42y | 1.0162 | 1.0163 | 1.0160 | 1.0259 | 1.0260 | 1.0258 | 1.0082 | 1.0082 | 0.9940
8ap [ 1.0162 | 1.0163 | 1.0160 | 1.0259 | 1.0260 | 1.0258 | 1.0082 | 1.0082 | 1.0082

B, 100 500 1000

nay | Txo-x; | Txix | Txp-x | Txp-x; | Tx;-x | Txp-x | Txp-x; | Txy-x | Txp-x
ap | 0.9988 | 0.9984 | 0.9993 | 0.9972 | 0.9964 | 0.9983 | 0.9966 | 0.9956 | 0.9980
2ap | 0.9981 | 0.9976 | 0.9975 | 0.9966 | 0.9957 | 0.9980 | 0.9975 | 0.9950 | 0.9977
42y | 09974 | 0.9967 | 0.9985 | 0.9961 | 0.9951 | 0.9977 | 0.9958 | 0.9946 | 0.9975
8ap | 0.9968 | 0.9959 [ 0.9961 | 0.9958 | 0.9946 | 0.9955 | 0.9956 | 0.9944 | 0.9954
B, 10 20 40
ap | 0.9988 | 0.9878 | 0.9929 | 0.9994 | 0.9933 | 0.9961 | 0.9997 | 0.9965 | 0.9980
2ap | 0.9994 | 0.9933 [ 0.9961 | 0.9997 | 0.9965 | 0.9980 | 0.9994 | 0.9933 | 0.9961
4ay | 0.9997 | 0.9965 | 0.9980 | 0.9998 | 0.9982 | 0.9990 | 0.9999 | 0.9991 | 0.9995
8ap | 0.9999 | 0.9982 [ 0.9990 | 0.9999 | 0.9991 | 0.9995 | 1.0000 | 0.9996 | 0.9998
Y 100 500 1000
ap | 0.1389 | 0.1424 | 0.1355 | 1.0002 | 1.0003 | 1.0001 | 1.0001 | 1.0001 | 1.0001

2ay | 1.0001 | 1.0001 | 1.0001 | 1.0002 | 1.0003 | 1.0001 | 1.0001 | 1.0001 | 1.0001
4a, | 1.0001 | 1.0001 | 1.0001 | 1.0002 | 1.0003 | 1.0001 | 1.0001 | 1.0001 | 1.0001

8ap | 1.0001 | 1.0001 | 1.0001 | 1.0002 | 1.0003 | 1.0001 | 1.0001 | 1.0001 | 0.9395
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Table 9. cd
By 100 500 1000
N 3 Tvis Tnvop Tvis Tyvop Tvis Tnvop
ag 0.8642 0.8642 0.6524 0.6524 0.5495 0.5494
22 0.7839 0.7839 0.5495 0.5494 0.4569 0.4567
4 ay 0.6859 0.6858 0.4569 0.4567 0.3819 0.3816
8 ay 0.5820 0.5819 0.3820 0.3816 0.3269 0.3264
B, 10 20 40
ag 0.9642 0.9656 0.9802 0.9810 0.9896 0.9900
22 0.9801 0.9810 0.9895 0.9900 0.9801 0.9810
4 ay 0.9831 0.9900 0.9947 0.9949 0.9973 0.9974
8 ay 0.9946 0.9971 0.9973 0.9996 0.9986 1.0009
Y 100 500 1000
ag 1.0162 1.0161 1.0259 1.0259 1.0082 1.0082
22 1.0162 1.0161 1.0259 1.0259 1.0082 1.0082
4 ay 1.0162 1.0161 1.0259 1.0259 1.0082 0.9988
8 ay 1.0162 1.0161 1.0259 1.0082 0.9988 1.0127
Table 10. Assumed numerical parameters of the AHBM — VIS model
By 100 500 1000
n a, Txb; Txb, Txb Txb; Txb, Txb Txb; Txb, Txb
ag | 0.8907 | 0.8907 [ 0.8906 | 0.7000 | 0.6969 [ 0.6997 | 0.6001 | 0.5998 | 0.5995
22y [ 0.8210 | 0.8209 | 0.8209 | 0.6000 | 0.5998 | 0.5995 [ 0.5067 | 0.5063 | 0.5058
4ay [ 0.7315 | 0.7314 | 0.7155 | 0.5067 | 0.5059 | 0.5058 | 0.4292 [ 0.4287 | 0.4120
8ag [ 0.6320 | 0.6318 | 0.6316 | 0.4292 | 0.4287 | 0.3838 | 0.3714 [ 0.3708 | 0.3694
B2 10 20 40
ag 1.0225 | 1.0057 | 1.0187 | 1.0107 | 1.0024 | 1.0088 | 1.0051 | 1.0011 | 1.0042
2ay [ 1.0106 | 1.0024 | 1.0088 | 1.0051 | 1.0011 | 1.0042 | 1.0106 | 1.0024 | 1.0088
42y [ 1.0051 | 1.0010 | 1.0042 | 1.0025 | 1.0005 | 1.0020 | 1.0012 | 1.0002 | 1.0010
8ay [ 1.0025 | 1.0005 | 1.0021 | 1.0012 | 1.0003 | 1.0010 | 1.0006 | 1.0001 | 1.0005
Y 100 500 1000
ap | 0.5733 | 0.5707 | 0.5675 | 0.7591 | 0.7557 | 0.7588 [ 1.0208 | 1.0207 | 1.0204
2ay | 1.0160 | 1.0156 | 1.0152 | 1.0208 | 1.0207 | 1.0204 | 1.0064 | 1.0064 | 1.0063
42y [ 1.0160 | 1.0156 | 1.0152 | 1.0208 | 1.0207 | 1.0204 | 1.0064 | 1.0064 | 1.0064
8ag [ 1.0160 | 1.0175 | 1.0152 | 1.0208 | 1.0225 | 1.0204 | 1.0064 | 1.0082 | 1.0063
B1 100 500 1000
nay| Tx,-x; | Txy-x Txy-x | Txp-x; | Txy-x Txy-x | Txp-x; | Tx-x | Txp-x
ag | 1.0000 [ 1.0000 | 1.0000 | 1.0000 | 1.0000 | 0.9999 | 0.9999 [ 1.0000 [ 0.9999
2 ag | 1.0000 [ 1.0000 [ 0.9999 | 1.0000 | 1.0000 | 0.9999 | 1.0000 | 1.0000 [ 0.9999
4 ay | 1.0000 [ 1.0000 [ 0.9999 | 1.0000 | 1.0000 | 0.9999 | 1.0000 | 1.0000 [ 0.9999
8 ag | 1.0000 [ 1.0000 [ 0.9999 | 0.9999 | 1.0000 | 0.9998 | 0.9999 | 1.0000 [ 0.9998
B> 10 20 40
ag | 0.9999 [ 0.9997 | 1.0003 | 0.9999 | 0.9998 | 1.0001 | 0.9999 [ 0.9999 | 1.0001
2 a9 | 0.9999 [ 0.9998 [ 1.0000 | 0.9999 | 0.9999 | 1.0000 | 0.9999 | 0.9998 | 1.0000
4 ay | 1.0000 [ 0.9999 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000
8ag | 1.0000 [ 0.9999 | 1.0000 | 1.0000 | 0.9999 | 1.0000 | 1.0000 | 0.9999 | 1.0000
Y 100 500 1000
ag | 0.9999 [ 1.0000 [ 0.9999 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000 | 0.9995
2 ay| 1.0001 [ 1.0000 | 1.0000 | 1.0001 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000
4 ay | 1.0000 [ 1.0000 [ 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000
8ag | 1.0000 [ 1.0000 [ 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 [ 1.0000
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Table 10. cd

By 100 500 1000
nag Tvis Twmop Tvis Twmop Tvis Twmop

a 0.8906 0.8906 0.6999 0.6998 0.5998 0.5997
2 agp 0.8209 0.8209 0.5998 0.5997 0.5063 0.5061
4 ay 0.7314 0.7314 0.5063 0.5055 0.4285 0.4283
8 ap 0.6319 0.6310 0.4285 0.4277 0.3703 0.3695

B2 10 20 40

a 1.0229 1.0279 1.0127 1.0132 1.0053 1.0063
2 ay 1.0110 1.0132 1.0054 1.0064 1.0110 1.0132
4 ay 1.0053 1.0064 1.0026 1.0032 1.0013 1.0016
8 ap 1.0068 1.0032 1.0013 1.0016 1.0007 1.0008

Y 100 500 1000

A 1.0156 1.0155 1.0207 1.0206 1.0063 1.0063
2 agp 1.0157 1.0155 1.0207 1.0206 1.0064 1.0064
4 ay 1.0157 1.0156 1.0207 1.0206 1.0063 1.0064
8 ap 1.0156 1.0155 1.0207 1.0206 1.0098 1.0063

5. CONCLUDING REMARKS

Functional active structures of human body models, due to
changes of sitting positions, can lead to instability of the
whole AHBM+VIS system. Seat modelling should be pre-
ceded by stability analysis. In case of the “back-on” model,
as is shown in Figure 2, the biggest influence on the system
stability have the values of the damping coefficient o, and
the mass m,,. Real seats are non-linear structures. The proce-
dure of the simulation analysis is a very useful one in stu-
dies concerning the sensitivity of the vibration isolation
system to the non-linear elements. It allows for fast estima-
tion of influence of non-linearities and their parameters on
isolation criteria without application, very often unfeasible,
analytical approach. In the presented paper was shown, that
in the considered cases most interesting are the results con-
cerning the influence of the quadratic damping non-lineari-
ty and the coulomb non-linearity in case when the accelera-
tion values of the mass m, change very sharply. In case
when the power spectral density of random excitation acce-
leration has its maximum at the same frequency as in case of
sinusoidal acceleration excitation the differences between
the values of the measured amplitudes and forces depend on
the form of non-linearity. The biggest differences were ob-
served for quadratic damping.
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