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SUMMARY

In the paper the optimal vibration isolation systems (OVIS) have been analytically obtained for a new hand-arm
models (HAS) subjected to stochastic excitations. The models are described by its impedance, weighted by stan-
dard frequency domain curve W,(s) depicting hand-arm discomfort level. The analytical functions depicting OVIS
have been carried out in the general form for random stationary acceleration excitations, general forms of impe-
dance Z(s) of hand-arm system and selected criterion of isolation.
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OPTYMALNA WIBROIZOLACJA UKEADU REKA-RAMIE,
PRZY UWZGLEDNIENIU WRAZLIWOSCI CZEOWIEKA NA WIBRACJE

W artykule przedstawiono analityczne wyrazenia opisujqce optymalne uklady wibroizolacji (OVIS) dla nowych,
hybrydowych modeli uktadu reka-ramie (HAS) poddanych wymuszeniom przypadkowym. Modele hybrydowe zosta-
ty zbudowane na podstawie znajomosci impedancji uktadu reka-ramie Z(s) oraz podanej w normach funkcji wago-
wej W, (s) opisujqcej wrazliwos¢ czlowieka na wibracje przekazywane przez rece. Optymalizacje przeprowadzono
dla przyjetego a priori kryterium. Wyrazenia analityczne opisujqce OVIS zilustrowano przykladami numerycznymi.

Stowa kluczowe: hybrydowe modele ukiadu reka-ramie, optymalne ukiady wibroizolacji

1. INTRODUCTION

Vibrating tools in manufacturing processes, mining, and
other branches of industry where hands and finger grasp or
push vibrating objects are the principal causes of hand inju-
ries due to severe vibration and shocks. A wide range of
vibrating objects can bring about such magnitudes of acce-
leration, which jointly with the exposure time produce ob-
servable injurious effects to the hand-arm system (HAS) of
the human operator body. There are many biomechanical
models of this system gathered and compared in (Ksiazek
et al. 1995; Rakheja et al. 2002), all of which resulted from
investigation of its dynamic characteristics in particular si-
tuations. The problem of severe vibration on humans has
been described in detail in (Griffin 1990). In some papers con-
cerning the hand-arm system the usual way of theoretical
approaches to vibration isolation based on simple, passive
biomechanical models and selected, a priori known, passive
structures of isolators. Some works concerning active hu-
man body models (AHBM) and their optimal vibration isola-
tion were already published in (Ksiazek 1997, 1999; Ksiazek
and Basista 1998). In the present article a general procedure
for analytical construction of optimal vibration isolation
systems for hand-arm models including weighting function
depicting level of discomfort, is proposed, based on Wiener
— Hopf filtration theory (Gupta and Hasdorf 1981).

2. FUNDAMENTAL COMPONENTS
OF VIS - HAS SYSTEM

There are some principal factors that influence the problem
of vibration isolation of whole — body and hand-arm sys-

tems. These factors are presented in block form in Figure 1
where E represents excitation, VIS represents the vibration
isolation system, HAS represents the hand-arm system, HS
represents the human sensitivity controller, and J represents
the criterion of isolation. The block represented by J, in spite
of its virtual character, has been introduced among the phy-
sical components to underline the capital influence of the-
performance specifications on the VIS structure. Compo-
nents presented in Figure 1 have different physical charac-
ter. The HAS and HS components depend on physical
structure and way of functioning of the structure of hand-
arm-human body. The J component depends on subjective
decision of the VIS designer. The VIS, as a final result
depends on the procedure of composition of the previous
components and applied mathematical tools. The excitations
transmitted to the hands of hand-held tool operators can
have a very diverse character.

HC

Fig. 1. Factors describing the problem of the vibration isolation
of hand-arm system

* Institute of Applied Mechanics, Cracow University of Technology, Krakow, Poland
** This paper is supported by Polish Scientific Committee: PB 1255/T02/2007/32

39



Marek A. KSIAZEK

OPTIMAL HAND-ARM SYSTEM OF VIBRATION ISOLATION...

The power spectral densities of hand-tool excitations
have irregular shape and are difficult to approximate by ratio-
nal functions of the complex variable s. The HAS itself is
a very complex, active biological system and there have been
many attempts to measure its dynamical characteristics
(Bystroem ez al. 1978; Daikoku and Ishikawa 1990; Reynolds
and Keith 1977), Miwa in (Rakheja et al. 2002; Basista 2002,
2006; Basista and Ksiazek 2004). It is very difficult to build
a general model of such a system. The existing models are
mostly finite degree of freedom mechanical systems. They
are of functional character and their structure is obtained
from measurements of the mechanical impedance, apparent
mass or transmissibility functions. These models were con-
sidered as lumped parameter, passive, and minimum-phase
systems. In the majority of cases the biomechanical models
of HAS were designed on the basis of the driving-point im-
pedance (2.1) measurements.

E(s)
x(s)
where F(s), x(s),¥(s) are correspondingly Laplace trans-
forms of force and velocity applied and measured at the cho-
sen point of the hand. In hand-held tools or other vibrating
objects the vibration isolation systems are applied as inter-
nal (Basista 2006) or external (Reynolds and Jetzer 1999)
parts of the principal construction. External isolators,
whether passive or active, are built between the tool or other
vibrating object and the handle. The external devices (usual-
ly rubber mountings between the handle assembly and
the power unit) may also include provision for heating the
handle by either exhaust gases or electricity. Internal VIS are
the results of the global conception and design of a tool that
can have material, passive, or state control character. The
present state of VIS is the result of increased interest by tool
manufactures, primarily a result of pressure from tool users
and the general increase in knowledge of the injuries charac-
ter of vibrating equipment.

Z(s)= @.1)

3. SENSITIVITY OF HAND-ARM SYSTEM
TO VIBRATION

In the paper the frequency weighting curve W, defined in BS
6842, 1987b, was chosen for further calculations as a mea-
sure of hand-arm system sensitivity to vibration and plotted
in Figure 2. This curve is compatible with ISO 5349 and is
considered as the most representative characteristics for
hand transmitted vibration. It is expressed by product of two
rational functions as following

Wi (s)=H g (s) Hy(s) (3.1)
with filter transmissibility
242 02
4
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Fig. 2. The frequency weighting curve ¥,

and frequency weighting function

2
Hh (S) _ (S +271 f3) 21 Kf4 (33)
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The numerical values of the parameters in formulae (3.2),
(3.3) are given in Table 1.

Table 1

Characteristics of band-limiting filters
and frequency weightings defined in BS 6842

fi 12 f3 fa 0O )} K
[Hz] | [Hz] [Hz] [-] [-] [-]
6.3 1250 16 16 0.71 0.64 1.0

4. FORMULATION OF HAS VIBRATION
ISOLATION PROBLEM

The target of the proposed approach is to find the optimal
VIS for the hand-arm system subjected to stationary random
excitations described by their power spectral of acceleration.
The biomechanical model composed of the two masses
(m,, m,), damper (or) and spring (k) proposed by Miwa in
(Rakheja et al. 2002), shown on the left side of Figure 4, is
considered in the presented paper as the passive part of
hand-arm system (HAS). The total model of HAS was
assumed in the paper as a hybrid model described by the
product of the impedance (or apparent mass) of the passive
model and weighting curve W, described in British Stan-
dards and ISO for the hand-arm system.

The right side of Figure 3 presents schematically handle
(m) and the dynamical structure of VIS described by the
function @(s). The source of excitation is described by sta-
tionary random acceleration signal i ().

40



MECHANICS Vol. 28 No. 2 2009

VIS

Fig. 3. Schematic drawing of the HAS, handle and VIS

5. ANALYTICAL DESIGN OF VIS OF HAS

5.1. Analytical form of criterion of vibration isolation

As the criterion of synthesis of the optimal vibration iso-
lation of hand-arm system, the following expression was
assumed

_ 2 B_
J = Oy T AG§ = min G.1)
where:
i_x — variance of the relative displacement between
(
tool and handle,
62 — variance of acceleration of the handle,

X

A — Lagrange multiplier.

The mean square values 62 can be calculated as follows:

y

. 2
32 =L [, o 53, o 62

y
In (5.2) the index y denotes, respectively, x — x, and X.
H,(s) denotes respectively transfer functions between the
variables x—x,, ¥ and X. Criterion (5.1) is a particular case
of more general criterion proposed in (Ksiazek 1999). The
variances (5.2) are calculated under an assumption concern-
ing the source of vibration. It was assumed that the excita-
tion is depicted by the power spectral density (PSD) of accel-
eration denoted as Sy (s) in the formula (5.3):
4
S)'éo (S) =S0rs v, (S)Wr(_s)’ r=12 (53)
where:
r=1 — white noise acceleration excitation — WN,

r=2 — narrow band noise acceleration excitation
—NBN.

And S (s) can be expressed by its factorized functions
vV, ()W, (=s), r =1.2 of complex variable s. These two pow-
er spectral densities can be considered as two extreme cases
of excitation between harmonic (single frequency) and pure
random signals. The very first approximation of most power
spectral densities of real vibration sources can be obtained

by combining and shaping of the densities given by formu-
lae (5.4) and (5.5).

2
o
Sjéo (s)= E 54
2 2 2
Sy, (5)="2- 2o (5.5)

T (92 +52 )2 —4yzs2

Due to the great variety of existing power spectral densi-
ties, this approach allows estimation of the extreme referen-
ces for the optimum hand-arm VIS.

5.2. General procedure of design of optimum vibration
isolation system (OVIS)

As shown in Figure 3, the force F(?) is a force of contact
between a hand-arm structure and VIS. To obtain the optimal
VIS, the Wiener-Hopf theory has been applied. Let

O(s) = F(s)/ % () (56)

where X((s) and F(s) are the Laplace transforms of random
time functions ¥, (¢) and F(¢) respectively. @(s) is the func-
tion describing the optimal VIS that does not have any poles
in the right-hand side pf the s plane. The criterion of vibra-
tion isolation (5.1) can be written as

J =62 (L(s), Wy (), 0(s), W(s), ) +
’ 5.7)

+AGE (L(5), Wy, (), W(s), O(5), 1)

where:
W (s) — the frequency weighting function representing
comfort preferences of hand-arm system,
L(s) — function depicting physical properties of the
chosen model of hand.

Our aim is to find @(s) that minimizes J and that has no
poles in the right-hand side of the s plane (for stability and
realizability reasons). The method used to this end is a tech-
nique of variational calculus of variations (Gupta and Has-
dorf 1981; Ksiazek 1999). Assume that @(s) is subjected to
a small variation, so that

O(s) = @(s) +en(s) (539
Then J becomes J where
T@©)=07_, (L)W, ().00)w(s). M)+

59
FAGHL(S), Wy (), 0(s), W(s). 1)
To minimize J we calculate the following difference
&=J-J (5.10)
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and we minimize J (€) as e — 0. This will be the case if

d(@&)

=0 5.11
de |._ G1D

As the final result of the above operations we obtain

©(s) = f(5,L(s), Wy, (5), W(s), 1) >12)
5.3. Application of the procedure for vibration isolation
of the hybrid biomechanical model of the hand-arm

Let us assume that hand-arm system can be represent by
a hybrid biomechanical model described by the product
of the mechanical impedance and weighting frequency
function W,. Taking this into account the force F(s) can be
written as

Z(s)

Applying (5.13) and (5.6) the mean square values of (5.2)
can be expressed as follows

: 2
Gi_xo =1j: sZ((Egilz(s)_SZ Ss, (s)ds (5.14)
o2 =1T _S9(s) 2s)-c- (s)ds (5.15)
iz
Introducing
Cl= m (5.16)

and supposing that the spectral density can be factorized in
the way shown in (5.7) criterion reduces to

+ico 2
J@M = [ llp)6 ) -1 +
i (5.17)
st ()G ()| 1Sow(s)w(=s)ds

Executing all steps of the procedure written in paragraph
5.2. The function (5.12) can be written as follows

9ls)=——— [G(‘f)"’(s)} (518)
Dol D
where
D*(9)=[ GG+ | (519)
D ()= GG+ | (520)

We can show that

1+As* = R(s)R(-s) (521)
where
A= }\’0.5, B= 20.5 }\’0.25, C=1 (5‘22)
R(s)= As® +Bs+C
(5.23)
R(-s)= As?> —Bs+C
SO
+roy S = a4 =
D= [Z<s>W(s> 2w )]+ -
(5.24)
_ SR(s)
S Z(sW(s)
D_(s)=|: > — — — (1+7»s4):| =
Z(SW(s) Z(—s)W(-s) L (525
_ —SR(-s)
CZ(=s)W(=s)
finally
_F@s) _ZsW(s) | w(s)
%)) SREWE) [R(—s)}+ (26)

Final formula for ¢(s) depends on the forms of driving-
point impedance of the isolated object, frequency weighting
function W(s) and acceleration excitation Wy(s).

5.4. Forms of acceleration excitation

Case of white noise (WN) acceleration excitation

55, (=91 =D .,

% (S) =001 =5 (527)
1 1

)= g IIIl(_“‘;):(—s)z (528)

e | 1 _Ks+L

[R_(S):|+ [SZ(ASZ—BS+C)]+ 2 (529)

where the parameters K and L must be calculated from (5.23)
and system of algebraic equations

KA+U =0
—KB+W +LA=0

(5.30)
KC-LB=0

LC =1
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Finally, the expression for the optimum function @(s) for
WN excitation takes the form

o(s) = LOWE) { W(s) ] _
SR* ()W) R (=) ],
Z ()W (s) Ks+L

= (5.31)

B 2
S(AserBerC)i2 S
s

_ Z(S)W(s)(Ks+L)
s(As2 +Bs+C)

Case of narrow band noise (NBN) acceleration excitation

Q% —s? yc%
S; (s)=S , Sp=—" 5.32
% 22y _apd (5:32)
s+Q
S7(s”+2ys + Q%)
o (533)
—s+
(=s)"(s" =275+ Q%)
yi(s) | s+Q 1 _
- Tl 202 2 2 a
R (s)], |s"(s"+2y+Q%)(As"-Bs+C) |,
(534

_ Ms® + Ns* + Ps+Q
sz(s2 +2ys+§22)

The parameters M, N, P, O are to be calculated from the
following system of algebraic equations:

MA+V =0
—-MB+NA+2yW+T =0

MC—NB+PA+VQ? +2yT =0
(535)

NC-PB+QA+TQ? =0
PC-0B=1
0C=Q

Finally

vis) |
R (=s) ],

_ Z(s)W(s)(Ms’ +Ns° + Ps+Q)
s(As® +Bs+C)(Q+s)

o(s)

_Fr () _ Z(W(s) {
X () sRT(s)y(s)

(5.36)

6. OPTIMAL VIS

FOR SELECTED HAND-ARM MODELS

6.1. VIS — @(s) for HAS model of 1-DOF-pure mass

Z(s)=ms, W(s)=W,(s) 6.1)

Case 1: WN acceleration excitation

Z(s)W(s)(Ks+L) _
S(As2 +Bs+C)

_ meb(S) Hh(S)(KS+L)

" (As®+Bs+0)

P(s) =
62)

Case 2: NBN acceleration excitation
In this case the form of expression is the same as in case 1.
The final form of function @(s) is

Z(s)W(s)(Ms® +Ns” +Ps+Q) _
s(As? +Bs+C)(Q+s)

9(s) =
63)
_mH gy (s) Hy (s)(Ms> + Ns* + Ps + Q)
- (As® + Bs+C)(Q+s)

6.2. VIS — @(s) for HAS model of 2 DOF

In this case HAS is described by hybrid 2 DOF model shown
in Figure 4. The dynamical reaction of operator’s hands
on the handle vibration is depicted by the mechanical im-
pedance Z(s) given by the formula (6.4) and presented in
Figure 5.

mlmzsz +Oc(m1 +m2)s+k(m1 +m2):|

Z(s)= SI:

mys? +ois +k (6.4)

W(s) =Wy (s)

HAS Handle+VIS

Xo

R —

O PO g6

W,
| Weighting

]
Q
m,

m,

VA '

Fig. 4. The exemplary hybrid HAS model
with handle and VIS
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Crriving point impedance of HAS model

100

Ilagnitude[dE]

Phase[deg]

Freguency [Hz]

Fig. 5. The driving point impedance of Miwa’s HAS

The data concerning the HAS model shown together
with handle and VIS in Figure 4 are as follows: m, = 0.1 [kg],
m, = 0.8 [kg], o0 = 250 [Ns/m], k = 130-10° [N/m]. Mass of
handle was taken m = 1[kg].

Case 1: WN acceleration excitation

[m1m2s2 +ou(my +my)s +k(my +my)] 9

o(s) = >
mys” +os+k 65)
H () Hy (s)Ks +L)
(As®> +Bs+C)
Case 2: NBN acceleration excitation
2
o(s) = [mymys™ + Oc(m12+ my)s +k(my +my)] 9
mys” +os+k
(6.6)

H ;1,(s) Hy, (s)(Ms® + Ns* + Ps + Q)
X
(As® +Bs+C)(Q+5)

Final formula for ¢(s) depends on the forms of impedance
of the isolated object and weighting function W(s).

7. NUMERICAL EXAMPLE

As an numerical example the optimum vibration isolation
system has been calculated for hybrid double mass, weight-
ed hand-arm model. In this example the mass of handle was
neglected.

The following parameters of the power spectral density
for the narrow-band excitation were assumed: 6> = 1 [mzs_4],
v=01[s"],Q=6[s"]- (resonance of magnitude of W, (s))
and Q =60 [s’l] — (resonance of magnitude of Z(s)). The nume-
rical values of the parameters of (6.6) have been calculated
on the basis of these data. In Figure 6 the magnitudes and
phases of passive (Z(s)/s) and hybrid (W(s)Z(s)/s) models are
shown: 1 — magnitude and phase of hybrid model of HAS.

Figure 7 shows the magnitudes and phases of ¢(s) for narrow
band noise excitation (NBN) and two values of A and Q.
In Tables 1, 2 and 3 the numerical values of parameters of
equations (5.22), (5.30) and (5.35) have been calculated and
presented for chosen values of A and Q.

[(Z(s) 27 Whis)
e R aEban % el b il

Magnitude[dE]

Phase[ded]

HEE R R
10 10 10° 10
Freguency [Hz]

Fig. 6. The magnitudes and phases of passive (Z(s)/s)
and hybrid (W(s)Z(s)/s) models: 1 — magnitude and phase
of hybrid model of HAS, 2 — magnitude and phase of hybrid
model of HAS including mass of the handle, 3 — magnitude and
phase of passive biomechanical model of HAS, 4 — magnitude
and phase of passive biomechanical model of HAS
including mass of the handle

Table 1

Parameters 4 and B

Als'] Als] Bs]

0.0001 0.01 0.14142

10000 100 14.142
Table 2

White Noise (WN) excitation. Parameters K and L
are calculated for two values of A

Als'] K[s] L[-]

0.0001 0.1414 1,0

10000 14,14 1,0
Table 3

Narrow-Band Noise (NBN) excitation. Parameters M, N, P
and Q are calculated for pairs of parameters (2, L)

Qs AT | M[s]) Ns] Pl-] |Q[s]
6 0,0001 | 0,0147288 0,1973831 1,84852 6
6 10000 | 2,3846926 | 0,21440804 | 85,852 6
60 [ 0,0001 [ 0,00264035 | 0,01727833 | 9,48520 60
60 10000 | 0,23597768 | 0,02138626 | 849,520 60
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n
=

agnitude[dB]

Phase[deg]

10*
Frequency [Hz]

Fig. 7. Magnitudes and phases of @(s) for the hybrid model
of HAS and the narrow-band noise acceleration excitation:

1 — magnitude and phase of ¢(s) calculated for the parameters
shown in the first row of Table 3, 2 — magnitude and phase
of @(s) calculated for the parameters shown in the second row
of Table 3, 3 — magnitude and phase of @(s) calculated for the
parameters shown in the third row of Table 3, 4 — magnitude
and phase of @(s) calculated for the parameters shown in the
fourth row of Table 3, 11 — exemplary magnitude and phase
of @(s) calculated for the passive biomechanical model of HAS
(W, = 1) and parameters shown in the first row of Table 3

8. CONCLUDING REMARKS

The synthesis of an optimum vibration isolation system pre-
sented in this paper can be extended to an arbitrary vibration
isolation HAS model described by its driving-point impe-
dance and frequency weighting curve W,. The final results
will depend on structure of chosen passive HAS model and
also on the forms of the criterion and excitation. As has been
shown in Figure 7, the magnitudes of the optimal @(s) for
hybrid models are lower than the magnitude of @(s) corre-
sponding to passive model of HAS. It signifies that the force
transmitted to the hybrid model of HAS by the optimum
vibration isolation system is lower than the force transmitted
to the passive model of the HAS. The differences increase
with increasing values of the Lagrangian multiplier A. Similar
calculations can be led for more complex forms of criteria of
vibration isolation and more complex biomechanical models.
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