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Abstract

The study analyses differences in the flow of energy for two human physical models specified in
the ISO 10068:2012 standard. For this purpose, two mathematical models of the Human—Tool system in ques-
tion were developed using the Lagrange equation of the second kind. Corresponding energy models were then
created for each mathematical model and tested by means of digital simulation in the MATLAB/simulink
environment. The study revealed a discrepancy between the models in terms of different types of power and in
the total power.
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1. Introduction

Biomechanical models of the hand and the hand—arm system are effectively used to
represent the human response to mechanical vibrations. At present, the impact of vibra-
tions can be studied based on any of the existing models, which differ in the number of
degrees of freedom, the number of component parts of the dynamic structure and
the manner in which they are connected (Fig. 1).
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Figure 1. Biomechanical models of the hand and the hand—arm system [6]
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One area that requires further research is the composition and verification of new
models which are being developed to replace previous models and better represent
the human response to mechanical vibrations. This kind of research is being conducted
all over the world, including influential contributions from Griffin [5], Reynolds [8]
and Meltzer [7].

To date, many studies into the impact of vibrations on the human body have relied on
the “Type 12” model (Fig. 1), whose dynamic parameters are specified in
the ISO 10068:1998 standard [9]. The fact that this long-favoured solution is being
abandoned confirms that choosing the right model to assess the impact of vibrations on
the human body is not an easy task. This study is an attempt at comparing power distri-
bution in two biomechanical models of the human body, which are specified in the ISO
10068:2012 standard [10] — models 1 and 2 (Annexes B and C). The criterion for as-
sessing model validity was the equality of energy phenomena occurring the dynamic
structure during operation.

2. The First Principle of Power Distribution in a Mechanical System

The First Principle of Power Distribution in a Mechanical System can be expressed
in the following way [1 —4]:
,, The net input power introduced into the mechanical system (after sub-
tracting power loss) is equal to reflected power (accumulated or stored) in
the system and output power from the system.”

A graphical interpretation of the First Principle of Power Distribution in
a Mechanical System (FPoPDiMS) is shown in Figure 2.
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Figure 2. Graphical interpretation of the First Principle of Power Distribution [1-4]
This rule has the following mathematical form [1-4]:
Pin (t) - Ploss (t) = Pref (t) + Pout (t) (1)

where:

P.(H)= Vf/in(t)-ﬁin(t) — the power of the resultant force — the drive input
power introduced to the mechanical system,
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Bois() = Poss() + f?(t) Vg (t) — power loss equal to the sum of the internal losses
in the system and the power of the forces of re-
sistance present during the operation of the system,

P(t)= [}(t).ﬁB(t)-f— §(t)-ﬁs(t) — reflected power in the mechanical system, equal to
the sum of inertial forces and the power of the
forces of elasticity,

Pout(t)za(t)-ﬁout(t) — output power equal to the power output of
a mechanical system.

3. The methodology of solving the problem — composition of energy models

To conduct a comparative assessment of the two models it was necessary to create phys-
ical models of the Human-Tool system. These models are the result of combing
the human physical models specified in the ISO 10068:2012 standard [10] with the tool
model — Fig. 3.

a)

i

Figure 3. A synthesis of the ISO 10068:2012-based human physical models and the tool
model: a) model 1 — Annex B; b) model 2 — Annex C [10]

The models in question are discrete in the sense that certain reduction points are con-
nected by means of spring and damping systems. Tables 1 and 2 present dynamic pa-
rameters for the models, as indicated in the ISO 10068:2012 standard [10]. In the dy-
namic analysis only one vibration direction was considered — the z direction, which is
the most significant in tool testing

The next step involved expressing the mathematical models of the dynamic structures
using the Lagrange equation of the second kind in the following form:

d| oE oE
| = | -—=0.4+40,+0. i=12,..,s 2
= [ aqj IR TR )
where: E —kinetic energy of the system, q; — generalized coordinates,

qj— generalized velocities, Q j— external active forces, ij— potential forces,

Qjr — dissipation forces, s — number of degrees of freedom.
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Table 1. Values of dynamic parameters for model 1 — Annex B [10]

Vibration direction

Parameter Unit
X y z
m; kg 0.5479 0.5374 1.2458
m, kg 0.0391 0.0100 0.0742
k; N/m 400 400 1000
k, N/m 0 17648 50000
C N-s/m 22.5 38.3 108.1
C2 N-s/m 202.6 75.5 142.4

Table 2. Values of dynamic parameters for model 2 — Annex C [10]

Vibration direction

Parameter Unit
X y z
m; kg 0.4129 0.7600 1.1252
m; kg 0.0736 0.0521 0.0769
m; kg 0.0163 0.0060 0.0200
my kg 0.0100 0.0028 0.0100
ki N/m 400 500 1000
k» N/m 200 100 12000
k; N/m 4000 4907 43635
ks N/m 8000 17943 174542
C N-s/m 20.0 28.1 111.5
Cy N-s/m 100 39.7 39.3
C3 N-s/m 144.6 50.7 86.8
Cyq N-s/m 79.9 14.3 121.0

For an unequivocal description generalized coordinates were adopted. For model 1
from the ISO 10068:2012 standard [10], the following generalized coordinates were used
(Fig. 3a):

j=1 =
j=2 =

q; =z7(t)
d, =2,(1)

In the case of model 2 from the ISO 10068:2012 standard [10] combined with
the tool model (Fig. 3b), the following generalized coordinates were used:

— displacement of mass my,

— displacement of mass m, and my.

j=1 = q; =2,(t) — displacement of mass my,
j=2 = q, =27,() — displacement of mass m,,
j=3 = q; = z5(t) — displacement of mass m3, my and my.

On adopting generalized coordinates, it was possible to formulate mathematical
models of the Human—Tool system. For the Human—Tool system (ISO 10068:2012 com-
bined with model 1 [10]) the mathematical model can be expressed as — Fig. 3a:
=1 mZy +(c; +¢y)z +(ky +ky)zy —cyzy —kyzy =0 3)
=2, (my +my)Zy + a2y +kyzy —Cy2) —kyzy = F(D).

The mathematical model of the synthesis of the ISO 10068:2012-based model 2 [10]
with the tool model — Fig. 3b, can be written as:
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j=1, mzZ +(c;+cy +c3)iy +(ky +ky v ky)zy — 323 —kyzy —cyZ2y —kyzy =0;
=2, MyZy +(Cy +¢4)2y +(ky +ky)zy —Cy2) —kyz) =423 —kyzy = 0; “)
J=3, (my+my +my)zZy +(c3 +cy)iy +(ky +ky)z3 —cyzy —kyzy — 2] —kyz) = F(1).
Based on differential equations of motion (3) and (4), corresponding energy models
were created for the systems in question. By applying the First Principle of Power Dis-
tribution in a Mechanical System (1) one can move from a conventional dynamic analy-
sis based on amplitudes of kinematic quantities to an energetic analysis of power distri-
bution.

The energy model for the Human—Tool system, based on the model with two reduc-
tion points from the ISO 10068:2012 standard has the form:

1=2, (my +my)z,2, +czz'§ +hy2y2y) —Cy21Zy —kyz12y = F(1)2,.
The energy model for the other Human—Tool system — Fig. 3b can be formulated as:
i=1 mzz; +(c; + ¢, +c3)z'12 + (k) +ky +k3)z 2, —

’ _C3Z3Z.1 _k3Z3ZI _022.22.1 _kzzzz.l = 0;
j=2, myZyzy + (g +¢4)25 + (ky +ky)2y2, — (6)
i=3, (m3 +my +my)z3z3 +(c3 "‘04)2.32 +(ky +ky)z325 -

—CuZyzy —kyzyZy — 3212y —kyzi25 = F(t)zZ5.
Energy models for the Human-Tool systems were implemented in
MATLAB/simulink software to calculate timelines of power of inertia, dissipation and
elasticity. The resulting data was used to compare models in terms of power distribution.

4. An energy-based comparison of biomechanical Human-Tool systems

The biomechanical systems were subjected to a sinusoidal driving force F(t) with
the amplitude of 200 N. The analysis was conducted at following frequencies: 16Hz,
30Hz, 60Hz and 90Hz, assuming the mass of the tool my to be 6kg. Simulations were
conducted for operation time ¢ equal to 300 seconds, owing to the average deviation of
the power value — below 1%. Simulations in the MATLAB/simulink software were im-
plemented using integration time steps ranging from a maximum of 0.0001 to
aminimum of 0.00001 second. The integration procedure odell3 (Adams) with
a tolerance of 0.001 was used.

Figure 4 shows the impact of the frequency of driving impulses f on the percentage
increase in the corresponding types of forces in for the model with three reduction points
compared to values obtained for the model with two reduction points. The increase be-
tween the models is given by the following formula:

P.
Ip = 3XRMS).S 1009
P xrms), 1

(7

where:
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— RMS power of inertia, dissipation and elasticity for the Human-Tool

Pyx@®m
(RMS.S system with three reduction points — power (RMS) in [W]:

e power of inertia expressed in [W]:

Lopo Lopo 1
Psn\m,f=\/?“mlzlzl]zdt+\/;“m22222]2dt+\/?H(m3+m4+mN)2323]2dt;
0

0 0

e power of dissipation expressed in [W]:

Prcss = J%j[(cﬁcﬁcs)z-;]zdw J%j[(cﬁ%)z-;rdw J%j[(w)zg]zdt;
0 0

0

e power of clasticity expressed in [W]:

1 . 1 . 1 .
Ppras = \/?J'[(kl +hy +ky)zyz Pt +\/?J'[(k2 +ky)zy2, [Pt +\/I.[[(k3 +ky)z32, P dt;
0

0 0

RMS power of inertia, dissipation and elasticity for the Human—Tool

Pyxwms.r ~
system with two reduction points — power (RMS) in [W]:

e power of inertia expressed in [W]:

0 0

t
PZINE,fz\/ j[mlzlzl dt+\/ j(m2+mN)5222]2dt;

e power of dissipation expressed in [W]:

Prios / =\/%H(c1 vz d +\/% a2
0

0

e power of elasticity expressed in [W]:

1 . Lr, .
Pypiay = \/ﬂ'[(k] +ky)z, 2 [Fdt + \/T j [kyz,2, [ dt.
0

0

713 4

Types of power:
— inertia,
g — dissipation,

— elasticity.
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Figure 4. Impact of the frequency of driving impulses f'on the increase
in different types of powers
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The comparison revealed that the contribution of the power of inertia in the human
models from the ISO 10068:2012 standard is similar. Depending on the frequency of
driving impulses, the maximum difference between the two models did not exceed 3%.
Further analysis, however, showed much higher differences. The difference in the pow-
er of dissipation ranged from 47% to 150%. In the case of the power of elasticity, differ-
ences were much higher and ranged from 304% to as much as 613%. It should be noted
that the difference between the models in terms of the power of dissipation and elasticity
grows with increasing frequency. Assuming the maximum relative error of 30%, one
cannot conclude that the results generated by the models are similar, except for the pow-
er of inertia.

Figure 5 depicts the influence of the frequency of driving impulses f on the percent-
age increase in the total power, which is the sum of the three kinds of power for
the model with three reduction points in comparison with values obtained for the model
with two reduction points, both from the ISO 10068:2012 standard. The percentage
difference is given by the formula:

P, + P + P,
I = 3INE,/ T 13108,/ T T3ELALL 10004

= (8)
Pong, s + Poros, r + Porra, f

300
s 252
= 250
g here:
g Where:
= 200 180 100% - full compliance,
g 153 >100% - overestimation of
& 150 132 value,
S <100% - underestimation
§ 100 || || of value.
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=
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Figure 5. Influence of the frequency of driving impulses f on the increase
in the total power

The results shown in Figure 5 indicate that the model with three reduction points al-
ways predicts higher total power compared to the reference model. What is more,
the compatibility between the models increases significantly with increasing frequency f.
An almost five-fold increase in accuracy can be observed for frequencies of 16 and 90
Hz, since the discrepancy between the models decreases from 152% to 32%. It is worth
noting that even assuming the maximum relative error of 30% between the models,
the corresponding results for each operating frequency of the Human—Tool system are
never similar.

5. Summary

The comparison of human physical models specified in the ISO 10068:2012 standard
revealed evident differences between them. The study showed a discrepancy between
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the models considering the criterion of model similarity: the equality of different types
of power. More importantly, the results indicated the biggest degree of similarity in
the case of power of inertia, with a difference of no more than 3%. The results were
much worse when it comes to the power of dissipation and elasticity, with difference
ranging from 47% to 150% and from 304% to 613% respectively. The resulting differ-
ences obviously contributed to the degree of discrepancy in the total power, as shown in
Fig. 5.

Moreover, the ISO 10068:2012-based model with three reduction points, shown in
Fig. 3b, will undoubtedly provide a better protection for the operator of hand tools. This
can be expected on account of a better power distribution predicted in the model, which
is likely to increase the requirements for such tools. A more reliable verification of the
models, would require energy measurements in a laboratory setting. For the time being it
can only be concluded that the models we analysed are significantly different in their
power distribution.
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