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Abstract

In the paper the driving point impedances and apparent masses of two active human seated
body models in posture back-off and back-on were calculated. It was shown what are
the mutual relations between the impedances and transfer functions of the seated human
body models obtained from the experimental measurements and theoretical modeling.
The influence of impedances of passive seats on total impedances and apparent masses
of human body-seat systems was numerically calculated. The graphically shown comparison
of the analytical expressions of the impedances and apparent masses of the considered models
were presented.
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Streszczenie

W artykule przedstawiono impedancje mechaniczne oraz masy wirtualne dwoch aktyw-
nych modeli czlowieka siedzego w pozycjach z oparciem i bez oparcia. Impedancje

i odpowiadajce im masy wirtualne poréwnano z catkowitymi impedancjami i masami
wirtualnymi obliczonymi dla uktadu siedzisko—cztowiek dla siedziska sztywnego i siedziska
biernego stanowtego uktad Kelvina-Voigta. Pokazano réwhnigaleznosci analityczne
pomiedzy impedancjami a funkcjami préeja rozwaanego uktadu. Wplyw struktury i pa-
rametrow siedziska na catkowitmpedancg} i masg wirtualma uktadu cztowiek—siedzisko
zostat przedstawiony za pompodpowiednich wzoréw analitycznych oraz oblitzeu-
merycznych w postaci wykreséw Bode.

Stowa kluczowemodele biomechaniczne ciala cztowigkapedancja mechanicznanasa
wirtualna uktadu cztowiek—siedzisko
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1. Introduction

At the present time the notions of impedance and apparent mass are applied very
frequently in analysis of human body vibration [3-5, 7-9, 21-23, 29]. These notions are
very useful in theoretical and experimental investigations of the dynamic properties
of human body-seat systems.

The active models of seated human operator body used in the presented paper were
obtained for the first time in [11] and then in [12, 13]. In the bibliography they were
the first active models of the seated human body for two back-off and back-on posture, with
the same external frame structure of 2DOF. The active models of the seated human body
used in the paper have been also several times shown in the different configurations and
applications in [14-16]. In the presented paper the impedances and apparent masses
of the models themselves and the impedances and apparent masses of the systems
composed of these models and some chosen structures of seats were analytically and
numerically calculated. Such approach allows easier estimation of influence of different
structures of seat systems on quality of potential suspensions.

2. Models of active human body back-off and back-on positions

2.1. Models description

The two active biomechanical models (AHBM) of the sitting human-body were
synthesized [11] from two mathematical transmissibility functions, for “back-off” and
“back-on” positions, identified on the basis of experimental data. The common structure
of the active biomechanical (“back-off’ and “back-on”) models is shown in Fig. 1.
Corresponding numerical parameters of AHBM are given after [17] in Table 1.
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Fig. 1. Positions back-off and back-on of sitting human body
Rys. 1. Pozycje cziowieka siegzgo bez oparcia i z oparciem
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Table 1
Parameters of back-off and back-on models

Model “back-off* (z=3,p=4), Model “back-on“ z=3,p =4),
parameters my +m, = 70.8 [kg] parameters| m, +m, = 70.8 [kg]

my [kg] 9.1 m, [kg] 66

ke [N/m] 11972.5557 kg [N/m] 51189.32
o [Ns/m] 3251.9783 o [Ns/m] 1704.17

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

ko [N/m] 22456.7485 ko [N/m] 63335.50
o, [Ns/m] 519.0440 o, [Ns/m] 1262.59

ki [N/m] 97323.2354 ki1 [N/m] 123251.32
kio [Ns/m] —2226.0653 ki, [Ns/m] -1781.04

ks [N/m] —1960.5176 ks [N/m] —104227.69
k4 [Ns/m] 1164.3525 k14 [Ns/m] 759.69

The control forces for back-off and back-on models are correspondingly expressed, after
[13] and [17], by the formulae (1) and (2)

Favack-oft =~ Ka Y& Yo~ Kb Y= Yo~ kif Yot Yo — kaa(V2 + Vo) 1)

Fa backor — Ko Y& W~ k&Y Y9~ Kif Yot Yo — K V2= Vo) (2)

2.2. Relations between driving point impedance and transmissibility
functions of the models

In [11-13] was shown that the general expression for the transmissibility function H1(s)
for back-off and back-on models can be presented in the form (3), svhéce

_ 98+ pd+ns+n
o A%+ dd+ gd+ds+d,

Yo

Hi(s)=H ®3)

Writing the differential equations of the models one can show that their driving point
impedance may be expressed as follows.

mH(s) +

(3 +ays+ k) Hy(s) - (o +a,) s+ (k +ky)) (4)
—( r’@§+0(25+k2)

Z(S) = FT—(S) =
Y (s) tm,

Substituting (3) into (4) we obtain

_ R _ (st 5+ ps (M +0,5+k,)
) ¥6(S) Sml( e Por dB+ ds d)(mS +aystky)

—( misray 8 B ad+ pS+nsrng+(@ +ay) S ¢ H( db+ d3+ gS+ds+dy)
(s, & H( g5+ g3+ dS+ds+dy)

®)
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The parameters; (i = 0, 1, 2, 3) and| (j = 0, 1, 2, 3, 4) in expression (5) are different
for the models back-off and back-on. For back-off model with active fef@gven by (1)
the parameters describing transmissibility function (3) take the form shown by (6) and (8).

Na= Mpt o+ Mpkyp— Mok,

N7a ki 72k 0 70 K400+ Kim+ kmp—kgm (6)
N kK kkiza Koz 2Kk 2K ot Kyflo+ak; ko,

NG = KKyt Kiko+ kgsko = 2k 46

For back-on model the active forde, takes the form shown in (2) and the
corresponding parameters describing transfer function (3) are expressed by relations (7)

and (8).
Nag= MAKya+ 0y +Kp)
B=(= kga ) kot K+ mlk—ks= ki) = (Kt a = koky
A== kgt Bl krar+ o)+ (- kir o Y ki kig k)= (kurt Ko+ kigkyg+ (1)
—(=kyat 0= kiokes
B = (= kaF K} K kyg Kyg = (Kyg+ Ko+ Kig)kys

dy = mm,
ds= (o 1+ k) my+ my(—ky,+05)
d7 kikig (ke Kimgt(a g kd(=kya+ay)+ m(-kz+k;) (8)

dT KK KikKqg (ko K)(=k gt o ) +(a 1+ kp(—kz+ky)
do= (Kot KY(=kygt Kp) + kykyq

3. Impendances of HBM-SEAT models

In this paragraph the impedances and apparent masses were calculated for whole
AHBM — SEAT models. Two cases shown in Figs. 2a and 2b were taken into account:
Fig. 2a shows active human body (AHBM) with rigid seat of nmas$-ig. 2b shows active
human body (AHBM) with passive seat, considered as vibration isolation system (VIS) [5],
composed of mass,, dampei. and spring.

3.1. Impedance of active human body models and passive models of the seat

It can be shown, that the impedance of the system composed of active human body
model (AHBM) with rigid seat of massy presented in Fig. 2a can be calculated from
the relation (9).

Zodrmy ( 3= Znod( 9 + Zm, () 9)

For the system composed of active human body model with passive seat presented
in Fig. 2b, the impedance is calculated from the relation (10)

1 _ 1 + 1
Zmod+rrb+a,c( 3 Znod+m0 ( 9 Z(x,c(s)

(10)
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or relation (11)

(S) _ Znod+m0 (9 Zu,c(s)
d+my+a, -

modrmbra.e Z'nod+m0 (9 + Zq,c(s)
where the index “mod” denotes alternatively back-off or back-on AHBM. The impedances

of considered types of passive seats are correspondingly given by the formulae (12)
and (13).

z (11)

Zy, =Mms (12)
__ggas+c)
Znael® =2 o (13)

The relation between mechanical impedance and apparent mass is expressed by the
formula (14).

a,c S,
Mpy ac(S) = Z%T() (14)
b)
ki o
a) mi T yi
% AHBM
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kz 02
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Fig. 2. The common structure of active human body models for back-off
and back-on positions

Rys. 2. Struktura aktywnych modeli ciata cztowieka dla pozycji bez oparcia i z oparciem
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3.1.1. Impedance of active human body models and passive models
of the seat for back-off position

The formula for the total impedance in case of back-off AHBM — passive vibration
isolation system takes the form

Zofftotal= NumZoffTadl / DenZoffToal (15)

where expressions of the numerator and denominator are given by (16) and (17) as follows.

Numzoff — JFotat )& ¢ ;Mfme Mk FRds M- HN— ML= MYMay)s’
+H= amH ok kB Bk g - kM- mke,—mmk, +

+ gk Opik MKH 00z MG 7 kg o2 Mo k- mngk)s
+( a9 ks mE s gk 7 mkoke Bk mkp,— mkik,+
+  pk¥, ks nik 5 ngkols Mk 5 Ny okt midat2monia s+
+2 mkd Mok anik ks ik ) 82 mikkd mklks ke -
mikk ik mkk mkks mkkt mkks mklo)s (16)

DenZoff ~ Jpta) ,mitwts g oM BT M F @Mk Hkm- ngum)s’
o ke amod amik o ke MG 5 k- mkmy—mkg o, +
+o0H O, MK ez 0ok ks mmiks— menp,— moog —moo, +
+a K o) 8o kR @ ko mika mks g ks Mk e, Mkl ,—

mk, kK o9 K 0§ ks makn 3 mkkz mle - mykido—mak, +
+ooammk Wk, kb2 on, k2 mklg mikk mkk oo cm - @y +
+comk ro0g ;o Kk sRaay oo ko) (- mkke mkk ok pp— ckym -

gknamb cik mkkoagfe okt mkks mklo—ckm, -
ao R ko o iR mk mlka & ro ke mkk gkka mkik)s +
+(- @ky oz acik ac; o kkg cloko kkt cil-ak;k) s-ckk, +
+ cklkig~ck o) (17)

3.1.2. Impedance of active human body models and passive models
of the seat for back-on position

The formula for the total impedance in case of back on AHBM — passive vibration
isolation system takes the form (18)

Zontotal= NumZonTotk/ DenZonToth (18)

where the expressions of the numerator and denominator are expressed by the formulae
(19) and (20).
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NumZoiTotal=

@ +)6 ¢ mnig  pun g D@+ gkom+ mmay)s’+
+( am;—, Mk Mk, 3 Mk mmkid g - Myt KMk, +

+ YRk oy 3 Ny b Mk gt i ko) § +(mgk, —
pkk, ngkk+ npEq o mig 3 M ok NGk Mg o+ MR+ Mok g+

+ g % mkhky mis 52 mley T gk Mg 5~ 2 mpt kgt mkg ok, -
mkis kB mikkk mkky ngkik2 mlokst mklo—migk s — ‘

mkk mkk mkks mkk+ mkk)s (19)

DenZonTota=( ,mmnfs( mma ,+ mnp ,+ mma + mm,a, -
ommk oMk M o MO (0 ko Mgkt ommy+ mykgm, +
mé 5 mkm mkny mka 5 MR ket Moo, + mmk, +

+ gk 7z @ o ky mmks mmks+ mo g+ moa; +maad, -

o Mkt gma,) fSH(o KmE MR ket O Mk— o MKygt Mk +

+ mb; 3 mkki mB F mpkokst My ko mgnkoat mgkga, -
mkki mée 3 mkok My gk My kg Mk, + mikgla, -

2 mok2 mk+ Mok mkkt+ onpt ckom+ oy, -

CMK 100 @ 0 K Brac; o ko) S+( ckm+ mkko— Mk +
clm a3 cmky mkik mkks mpkokost Mk, —akik, +

+ a0z mkk32mk K ok @ stao kot cmk;—aa kgt ok K, +

+ kg mklera B2 mkle— a; k) $+(a kot akgko+ aogk, +
aks gk ¥ ol ;- oc ko k- ckl) s ckkat ckko +ckks) (20)

4. Examples of numerical comparison of magnitudes of impedances
and apparent masses of AHBM—seat systems

In this paragraph the exemplary numerical descriptions of the AHBM-seat system were
presented. The magnitudes of the impedances and apparent masses of the AHBM-SEAT
systems were numerically calculated taking into account the values of parameters shown
in Table 1 for two cases of the seat system: 1) case of rigid seat withmnas85 kg,

2) case of passive seat composed of mass 35 kg and Kelvin-Voigt VIS with spring
of rigidity ¢ = 9950 N/m and damper with damping coefficient 260 Ns/m.

The results of numerical calculations were graphically presented in Figs. 3—6. As was
shown in these figures the impedances and apparent masses of AHBM—-SEAT system
depend on structure of the seat and its parameters. In Figs. 3 and 4, for the system with
back-off and back-on models there are big differences between impedances in function of
structure of seat. Relatively small differences are between apparent masses for the systems
without seat and with rigid seat. Influence of passive seat is very significant for back-off
and back-on models of human body.
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Magnitude of impedance of "back-off" models

15000 — T T T T T T T I
I - OO SN SNSRI N SRR SO SO SO O _conti
% i batk-off with rigid iseat g : : :
£ so00f--- N et oo o Dack O without seati |
back-off with pagsive seat

0 5 10 15 20 25 30 35 40 45 50
Magnitude of apparent mass of "back-off" models

Fig. 3. Human body model and passive seats: a) AHBM and passive rigid seat,
b) AHBM and passive Voigt-Kelvin seat

Rys. 3. Model ciata cztowieka i siedziska: a) aktywny model ciata wraz ze sztywnym siedziskiem,
b) aktywny model ciata wraz z pasywnym siedziskiem typu Kelvina-Voigta

Magnitude of impedance of "back-on" model
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Fig. 4. Magnitudes of impedances and apparent masses of back-off models with and without seat
Rys. 4. Moduty impedancji i mas pozornych modeli bez oparcia z siedziskiem i bez siedziska
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In Figs. 5 and 6 the difference between impedances and apparent masses for back-off
and back-on positions of human body are shown. For the systems with passive seat both
impedances and apparent masses are almost the same. It means that for the numerical
values of the parameters of the passive seat chosen for calculations the influence
of structure of AHBM is not so important.

Impedance of "back-off" and "back-on" models
m T T T !

v

ba:ck-on V:lith pas:sive sea:t

'

:

5000 |- Re-scm g boeeees
:

coqesssssee

Magnitude [Ns/m)

1000 1 -fc ===~ > pack=offwitr passiver seati ===~ i My frmee

I i I 1
0 5 10 15 20 25 30 35 40 45 50
Frequency [Hz]
Fig. 5. Magnitudes of impedances of back-on models with and without seat
Rys. 5. Modutly impedancji modeli z oparciem z siedziskiem i bez siedziska

Apparent mass of “back-off" and "back-on" - seat systems
T T

'
'
Peesssapessse -
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fecscccnhesscna poncene §enccse esccea R R

H ; ; 1 1
0 5 10 15 20 25 30 35 40 45 50
Frequency [Hz]

Fig. 6. Comparison of magnitudes of apparent masses of back-off and back-on models with
and without seat

Rys. 6. Poréwnanie modutdw mas pozornych modeli z oparciem i bez oparcia z siedziskiem
i bez siedziska
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In Figs. 7 and 8 the influence of the value of damping suspension coeftioienthe
the impedance and apparent mass of the AHBM-SEAT system for back-off and back-on
models was shown. This coefficient was chosen as the parameter of control of VIS
commonly used in practical applications. The values of mmgsnd spring rigidityc was
assumed invariable. Their influence has not been analyzed.

Influence of damping suspension on magnitude of impedance of "back-off - seat” models

6000 T T I I
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= 2000 e P T
0 |
15 20 25 30 35 40 45 50
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Influence of damping suspension on magnitude of apparent mass of "back-off - seat” models
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0 ! | |
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Fig. 7. Influence of the value of damping suspension coefficientthe impedance
and apparent mass of the AHBM — passive seat system for back-off model

Rys. 7. Wplyw wartéci wspotczynnika ttumienia zawieszeniana impedangji mas; pozorm,
uktadu aktywnego modelu ciata cztowieka bez oparcia i pasywnego siedziska

Influence of damping suspension on magnitude of impedance of "back-on - seat” model
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Influence of damping suspension on magnitude of apparent mass of "back-on - seat” model
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Fig. 8. Influence of the value of damping suspension coefficientthe impedance
and apparent mass of the AHBM — passive seat system for back-on model

Rys. 8. Wplyw wartéci wspoétczynnika ttumienia zawieszeniana impedaneji masg, pozorra
uktadu aktywnego modelu ciata cztowieka z oparciem i pasywnego siedziska
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5. Concluding remarks

Each position of sitting human body corresponds to separate active biomechanical
model.

It is possible to assume the same structure of the models for the positions back-off
and back-on, however analytical structures and numerical values of the parameters
of corresponding active forces (1), (2) for each of the models are different as was shown
in Table 1. Total impedance of the human body-seat systems significantly depends on
the structure and damping suspension coefficient of the seat.

As it was shown in Figs. 3—6 there are big quantitative differences between impedances
and apparent masses of the models back-off and back-on. The magnitude of impedance
of back-off model has two peaks at lower frequencies than the magnitude of impedance
of back-on model. It signifies that the back-off model is relatively softer than the back-on
one. The impedance and the apparent mass of seat itself depend on the value of damping
coefficient a. It was verified that for the band of values of damping coefficient (
= 260 — 2600 Ns/m) and the band of low frequencies (from 0 — to 4 Hz), the assumed
constant values of mass of the seat= 35 kg and its rigidityc = 9950 N/m, both
impedance and apparent mass of the AHBM—-SEAT system are the biggest for the smallest
value ofa = 260 Ns/m. In the zone of frequency over 4 Hz one can notify that for the
bigger damping coefficients there are the bigger magnitudes of the impedance and apparent
mass of the AHBM-SEAT system.
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