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The main aim of this study is to present an energy comparison of two human physical models
taking into account hand-arm vibrations, which are based on the power distribution in their
dynamic structure. The method used in the study takes advantage of a close relationship
between the dynamics of the systems and energy-related phenomena that occur within them.
The energy comparison of the two human physical models required construction of energy
models of a Human-Tool system and finding their solutions. For this purpose, programs have
been developed using the MATLAB/simulink software to simulate power distribution in the
systems. The simulation revealed a discrepancy between the two models in terms of three
types of powers and globally in the system as a whole.
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1. Introduction

Research on the impact of vibrations on the human body is carried out in many research centers
around the world. Many studies in this area have contributed to the expansion of knowledge
about the impact of vibrations on the human body, in particular studies by Griffin (1990),
Reynolds and Soedel (1972), Meltzer (1981) and many others (Adewusi et al., 2012). One of the
basic problems, which has frequently been addressed, is the construction of a suitable human
biomechanical model.

At present, several models are used for analysis which differ, first of all, in terms of the
number of components and the way in which they are connected. In addition to the already
existing systems, new models are being created to replace the previous ones and to better reflect
the human response to mechanical vibrations. Choosing the right model is, therefore, becoming
increasingly difficult. Consequently, this study attempted to compare two latest human physical
models that have been used in recent studies. A measure of model adequacy should reflect to
what extent a given model correctly represents energy phenomena which occur in the dynamic
structure and in the entire system during its operation.

The main aim of this study is to assess the adequacy of four conditional variants of the human
physical model for hand-arm vibrations presented in Dong et al. (2007). The new physical model
has been verified by comparing its energy inputs with the values obtained by means of a model
with three points of reduction, which is specified in ISO 10068 (ISO 10068:1998). The two
human physical models have been tested with respect to the power distribution in the dynamic
structure and the test results served as the basis for a comparative assessment of the investigated
biomechanical systems.

Assessment of the human physical models for hand-arm vibrations in terms of energy inputs
involved solving a set of differential equations of motion constituting the mathematical model,
which are derived from Lagrange’s equations of the second kind expressed as
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where: E is the kinetic energy of the system, g; — generalized coordinates, ¢; — generalized
velocity, (); — active external forces, Q;p — potential forces, ()jr — non-potential forces dependent
on the power of dissipation, s — number of degrees of freedom.

In the models in question, it is necessary to assume generalized coordinates to clearly describe
the displacement. The following generalized coordinates have been adopted in the model with
three points of reduction specified in the ISO 10068 standard (Fig. 2a):

j=1=q =2(t) - displacement of the point of reduction Arm-Shoulder (mass m;),

j=2=qy=2(t) — displacement of the point of reduction Forearm-Elbow
(mass ma),

j=3=q3=23(t) — displacement of the point of reduction Tool-Hand (mass ms
and my).

In the combined physical model of the human and the tool (Fig. 2b), the following generalized
coordinates have been assumed:

j=1=q =2() - displacement of the Upper Arm-Shoulder point of reduction
(mass my),

Jj=2=q2=29(t) — displacement of the Palm-Wrist-Forearm point of reduction
(mass ma),

j=3=¢q3=23(t) — displacement of the Fingers point of reduction (mass mg),

j=4=q4=2(t) - displacement of the sum of masses ms, m4 and my.

The differential equations of motion have been solved using a simulation program developed
in the MATLAB/simulink environment. The use of an Elementary Processor of Energy Flow
and Power Distribution (EPEFPD) made it possible to determine the power distribution in
the biomechanical system, in particular changes in momentary values of the power of inertia,
loss and elasticity. Individual powers of structural forces have been added to calculate the total
power and determine the order of energy inputs introduced into the biological structure under
the human physical models analyzed in the study.

2. Theoretical basis — 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 (Dobry, 1998, 2001, 2004, 2012):

“The net input power introduced into the mechanical system (after subtracting the
power of dissipation) is equal to the reflected power (accumulated or stored) in the
system and the output power generated by the system.”

This rule can be expressed in the following mathematical form (Dobry, 1998, 2001, 2004, 2012)
Pi (t) - Plos(t) = Pref(t) + Pout(t) (2.1)

where:
— power of the resultant force — the drive input power introduced into the mechanical system
(power input)

Pin(t) = Win(t) - vin(t) (22)
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— power of dissipation equal to the sum of internal losses in the system and the power of inertia
in the system

Plos(t) = Pintlos(t) + R(t) : VR(t) (2'3)

— reflected power in the mechanical system equal to the sum of the power of inertia and the
power of elasticity

Pres(t) = B(t) - vis(t) + S(t) - vs(t) (2.4)
— output power equal to the output power of a mechanical system
Pout(t) = O(t) : Vout(t) (25)

The First Principle of Power Distribution in a Mechanical System (FPPDMS) can be represented
graphically, as shown in Fig. 1.

MECHANICAL SYSTEM,
SUBSYSTEM, ELEMENT,
POINT OF REDUCTION

l)in(t) - pIos(t) = Prel(t) + Pout(t)

Poul(t) >
l)in (t) Pref(t)
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Fig. 1. A graphical representation of the First Principle of Power Distribution in Mechanical System
(FPPDMS) and the universal model of power distribution in mechanical systems, their subsystems,
elements and in points of reduction (Dobry, 1998, 2001, 2004, 2012)

3. Methods of solving the problem

Figure 2b shows the physical model which combines the new model of the human body proposed
by Dong et al. (2007) with the model of the tool. The results obtained by means of the new model
to analyze vibrations acting on the human body through the upper limbs (hand-arm vibrations)
are compared with those generated by the model with three points of reduction (nine-degrees of
freedom), specified in ISO 10068 (ISO 10068:1998). That model is then combined with the tool,
as shown in Fig. 2a.

The two combined models are discrete in the sense that their corresponding points of re-
duction are connected by means of elastic and damping systems which model the elastic and
damping properties of the human body.

Mathematical models of the dynamic structures are derived using equation (1.1), assuming,
for the sake of simplicity, only one main direction of vibration — along the z axis. The mathe-
matical model of the Human-Tool system constructed on the basis of the human model with
three points of reduction specified in the ISO 10068 standard (ISO 10068:1998) (Fig. 2a), has
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Fig. 2. Physical models of the Human-Tool system: (a) the model specified in ISO 10068 (ISO
10068:1998) combined with the model of the tool, (b) the new human physical model proposed by Dong
et al. (2007) combined with the model of the tool

the form
j=1 miz1 + (Cl + 62)21 + (kl + kg)zl — 929 — kozg =0
j=2 moZo + (CQ + 63)22 + (kg + k3)22 — 921 — koz1 — 323 — k3zz =0 (3.1)

ji=3 (ms3 +mp)Zs + csis + kszs — c329 — kzzg = F(t)
The mathematical model of the second combined human-tool model (Fig. 2b) can be written
as

j=1 miZ1 + (c1 +c2)21 + (k1 + k2)z1 — cado — kozo =0

Jj=2 maZs + (c2 + 3+ ca)ia + (ko + ks + ka)zo — ca21 — kaz1 — 323
— kgzg — c42q4 — kyzy =0

j=3 msZs + (cs + c5)2s + (ks + ks)z3 — c32o — kszo — c524 — k524 =0

j=4 (my+ms +mp)Zs+ (g + ¢5)24 + (kg + ks)z4 — c429 — kyzo
— 523 — kszg = F(t)

(3.2)

Differential equations of motion (3.1) and (3.2) are the basis of constructing energy models for
the systems in question. After applying the First Principle of Power Distribution in a Mechanical
System (2.1), it is possible to switch from the conventional dynamic analysis of amplitudes to
the energy analysis of power distribution.

Equations (2.2)-(2.5) are used to construct an energy model of the Human-Tool system based
on the model specified in the ISO 10068 standard (3.1). In this case, the energy model has the
following form

j =1 mizZ121 + (Cl + 62)2% + (k‘l + ]{52)212"1 — 9392 — kQZQZ"l =0
j =2 MoZozy + (02 + 63)23 + (k‘g + ]{53)222"2 — 9129 — ]{52212"2 — 63232"2 (3 3)
— k32322 =0 ’

j=3 (m3 + mN)2323 + 0323 + kgz3Z3 — c329%3 — k3zoiy = F(t)z:’?,
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Thus, the corresponding energy model of the Human-Tool system based on the new human
physical model (3.2) can be written thus

j =1 mlfz'l,él + (01 + 62)2:’% + (kl + kg)zl,él — 622:’22:’1 — ngQZl =0
Jj=2 MioZate 4 (Co 4¢3+ c4)35 + (ko + k3 + ka) 2080 — cot159 — koz1 50

— 63232"2 - knggé’Q - 642422 - ]{54242"2 =0

J=3  maZsis+ (c5+c5)i5 + (ks + ks)asis — caiods — kgzois — csials (3.4)
- k52423 =0
j=4 (mg +ms + mN)é4Z4 + (04 + 05)2':2 + (k‘4 + k‘5)Z4Z4 — C4Z9%4

- ]{542’22"4 - 652324 - ]{552324 = F(t)Z4

The energy models of the two Human-Tool systems have been implemented in the
MATLAB/simulink environment to determine changes in momentary values of the power of
inertia, loss and elasticity. The simulation results have been used to assess the models in terms
of energy flows in the system. They also demonstrated differences between the new human model
(Dong et al., 2007) and the currently used model specified in the ISO 10068:1998 standard.

4. Energy comparison of biomechanical Human-Tool systems with studied
human models

Energy analysis has been carried out for a sinusoidal driving force F'(t) with an amplitude
of 200N at different frequencies f in Hz. The analysis has been conducted for four frequency
values: 16 Hz, 30 Hz, 60 Hz and 90 Hz, assuming the mass of the tool my to be 6kg. In each
case, the simulation time ¢ has been set to 300 seconds to allow an acceptable average deviation
of power values (less than 3%) for each of the models. Simulations in the MATLAB /simulink
software have been implemented using integration time steps ranging from a maximum of 0.001
to a minimum of 0.0001 second. The integration procedure odell3 (Adams) with a tolerance
of 0.001 has been used. Values of dynamic parameters used in the simulations have been set
according to specifications in the ISO 10068 (ISO 10068:1998) standard and in Dong et al.
(2007). The simulation has been performed assuming different values of forces exerted by the
human operator on the tool (Table 1).

Table 1. Variants of forces in the new human physical model by Dong et al. (2007)

| The force of | Variant I (V1) | Variant II (V2) | Variant III (V3) | Variant IV (V4) |

grip F, [N] 50 15 30 50
pushing F, [N] - 35 15 50

In the case of the new human physical model, four sets of dynamic parameters are available
(Table 2), which correspond to four different conditions of the human interaction with the handle
of the tool. Each variant corresponds to a different value of the grip force of the hand F, and
the pushing force exerted on the handle F), (Table 1).

Table 3 shows values of the dynamic parameters for the model specified in the ISO 10068
standard (ISO 10068:1998). The dynamic analysis of this model takes into account, as alre-
ady mentioned, only the main direction of hand-arm vibrations, namely parameters for the z
direction.

Figure 3 shows the effect of frequency of the driving impulses f on the percentage increase
in the contribution of the three types of power in the new model compared to values obtained
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Table 2. Values of the dynamic parameters of the new human physical model for different
conditions of the human interaction with the handle of the tool (Dong et al., 2007)

| Parameter | Unit | Variant I (V1) | Variant II (V2) | Variant III (V3) | Variant IV (V4) |

my kg 5.854 6.099 6.505 5.863
ma kg 1.324 0.850 0.977 1.248
m3 kg 0.083 0.084 0.080 0.083
my kg 0.025 0.029 0.031 0.029
ms kg 0.013 0.011 0.012 0.013
kq N/m 13740 17270 18830 16900
ko N/m 2460 2420 1020 1700
ks N/m 6790 3450 4030 4040
ky N/m 26190 38680 48930 52490
ks N/m 157120 56150 96310 143920
1 N-s/m 107.07 152.87 163.76 169.7
c2 N-s/m 97.80 159.20 158.94 140.53
c3 N-s/m 39.03 25.26 28.97 35.47
c4 N-s/m 81.79 86.53 101.31 114.83
Cs N-s/m 127.98 74.73 99.87 124.59

Table 3. Values of the dynamic parameters of the human physical model specified in the ISO
10068 standard (ISO 10068:1998)

Parameter | Unit The direction of hand-arm vibration
x | Y | z
my kg 3.0952 3.2462 2.9023
mo kg 0.486 0.3565 0.6623
ms kg 0.0267 0.0086 0.0299
k1 N/m 1565 6415 2495
ko N/m 132 300 299400
ks N/m 4368 27090 5335
c N-s/m 9.10 30.78 30.30
Co N-s/m 18.93 51.75 380.6
c3 N-s/m 207.5 68 227.5

for the ISO 10068-based model with three-point reduction. The percentage increase between the
models is given by the formula

s
Ip — “DONGEMS).J 600 (4.1)

Piso®ms), f
where Phonag(rms), s 18 the effective value of the power of inertia, loss or elasticity in the entire
Human-Tool system obtained under the new model at specific frequency — power (RMS) in [W]:
— power of inertia expressed in [W]

t t t
1 1 1
- /[mlélél]Q dt + Z /[mQZQZQ 2 dt + Z / m3z3z3 2 dt
0

PponG INE,f = .
0 0

(4.2)

~ | =

t
/ my + ms + my)z424)% di
0
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— power of loss expressed in [W]

t t
1 ) 1 .
Pooxcros = |7 [ller+ )@ di+ |5 [leates e3P

t
0 0 (4.3)
1 ; 1 ;
+ Z/[(CB, T es) 222 di + Z/[(C4 + )22 dt
0 0
— power of elasticity expressed in [W]
1 ; 1 ;
Ppone ELA,f = i /[(fﬁ + ko)z121)? dt + n /[(kz + k3 + k) z220)? dt
0 0 (4.4)

+

| =
| =

[tk + kayzazaiz e+ |5 [0+ ks)zaza2
0 0

Prsorus), s 1s the effective value of the power of inertia, loss or elasticity in the entire Human-
-Tool system obtained under the ISO 10068-based model at specific frequency-power (RMS)
in [W]:

— power of inertia expressed in [W]

PisoNg,f =

| =
| =
| =

t t t
/[m12121]2 dt + /[77”@2222]2 dt + /[(mg + mN):?fgé’gP dt (4.5)
0 0 0

— power of loss expressed in [W]

t
1

t
. 1
Pisovos.f = |5 /[(61 + c2) 232 dt + f/ o+ c3)23)2 dt +
0 0

| =

¢
/c;;z 12 dt (4.6)
0

— power of elasticity expressed in [W]

PisogLa,f =

| =
| =

| =

/[(kl + k‘z)zlé’l]Q dt + /[(k‘g + k‘g)ZQZQP dt + /[k3Z3733]2 dt (4.7)
0 0 0

The results presented in Fig. 3 indicate that the new model (Dong et al., 2007) with four
degrees of freedom is not comparable to the model specified in the ISO 10068 standard. The
biggest increments in the power of elasticity can be observed in variant I and IV, where, depen-
ding on the frequency, the inconsistency between the models ranges from 66% up to as much as
519%. In variant ITI, the difference between the models decreases, ranging from 34% to 373%.
The highest degree of correspondence is exhibited in variant I, where the increase in the power
of elasticity ranges from 1% to 222%.

The situation is much better in the case of the contribution of other types of power. The
difference between the models in terms of the power of dissipation ranges from 12% to 132%,
whereas in the case of the power of inertia — from 0.03% to 20%. Assuming the relative error of
30% between the models, it can be assumed that the results obtained for variant IT are correct,
but only at an operational frequency of 16 Hz and 90 Hz. Under more stringent compatibility
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Fig. 3. The influence of frequency f on the percentage increase in three types of power for the new
model for different values of the grip force F, and push force F), in relation to the model specified in
ISO 10068: (a) variant I, (b) variant II, (c¢) variant III, (d) variant IV

criteria (the relative error of, say, 10%) none of the conditional variants of the tested model
could be used at the operational frequencies of the Human-Tool system.

Figure 4 shows the influence of the frequency of driving impulses f on the percentage increase
in total power, which is the sum of the three types of power in the new model relative to the
values obtained for the reference model specified in the ISO 10068 standard (ISO 10068:1998).
The above relationship can be expressed by the formula

Ie = Pooxcine,s + PoonGgLos,s + PDONGELA,f 100% (4.8)
PisoNg,r + Pisoros,f + PISOELA, 7

The comparison reveals that the highest degree of compliance between the new model and
the model specified in the ISO 10068 standard, regardless of the frequency f, can be observed
for variant II.

In addition, for each conditional variant, the largest difference could be observed at the
frequency f = 30Hz. The cause of such increments is the frequency f, which is similar to
resonant frequencies of the subsystems (Table 4). The greatest degree of similarity (the smallest
difference) has been recorded for the highest frequency (f = 90 Hz), where the increase between
the models ranged from 4% to 21%.

Assuming the relative error of 25%, it can be concluded that for each conditional variant
the values obtained with the new model (Dong et al., 2007) are true, but only at the frequency
f = 90Hz. It is worth noting that the second conditional variant can also be used for research
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Fig. 4. The influence of frequency f on the percentage increase in total power for the new model in
relation to the model specified in ISO 10068 (ISO 10068:1998)

purposes, assuming the same level of the relative error. The results for this variant are similar to
those specified in the standard, but not in all operational frequencies of the system Human-Tool
(the highest discrepancy at the frequency 30 Hz).

Table 4. Resonant frequencies of the human models at each point of reduction

Model used
The new (tested) model ISO 10068 model
Variant | j=1]j=2[j=3]|j=4] j=1 ] j=2 | j=3
Resonant frequency of subsystem [Hz]
I 8.37 | 26.04 | 223.7 | 27.73
II 9.04 | 36.44 | 134.1 | 19.94
111 8.79 | 37.41 | 178.2 | 24.67
v 8.96 | 34.38 | 212.5 | 28.70

51.33 107.96 4.73

Figure 5 presents a comparison of the percentage share of the energy input at individual
points of reduction on the basis of the amount of power which is the sum of three types of
power, at different frequencies f. It can be expressed in the following equation

PiNgm®Ms),; T Pros®wms),j + PELARMS),j

L =
> 5=1 PINe®MS),; T 251 PLosrMs),; + 2-5=1 PELARMS),j

-100% (4.9)

where PiNgRrMS),j» PLos@®Ms),; and Peparms),j — power of inertia, loss and elasticity, respecti-
vely, at the point of reduction obtained with a particular model and its conditional variant at a
specific frequency-power (RMS) in [W].

In order to compare the energy inputs at various points of reduction in both models, a
theoretical value has been introduced, which is equal to the sum of powers at the points of
reduction corresponding to the same part of the operator’s hand in the model. The values of
power at the third point of reduction (z3) have been added to these obtained at the fourth
point of reduction (z4) with the new model (Dong et al., 2007). The resulting sum of power at
the theoretical point has been compared with a corresponding value obtained with the model
specified in the ISO 10068 standard (ISO 10068:1998).

The results shown in Fig. 5 indicate that the four sets of dynamic parameters corresponding
to different conditional variants of the hand interacting with the handle of the tool proposed
by the authors in Dong et al. (2007) do not affect the order of energy inputs at the points of
reduction, but they do have an impact on energy input values at individual points of reduction.
Based on the percentage share of the energy input at individual points of reduction, it is possible
to establish the order of energy input exerted on the biological structure in the new human
physical model in terms of the sum of the three kinds of power.

The order of energy inputs in the new physical human model is independent of the frequency f
and is as follows: first, the theoretical point (z3+24) — 67%-99%, second, Palm-Wrist-Forearm (z2)
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Fig. 5. The percentage change of the energy input at points of reduction in terms of the sum of three
types of power for both models and their conditional variants at different frequencies: (a) f = 16 Hz,
(b) f =30Hz, (¢) f =60Hz, (d) f =90Hz

~ 1%-30% and third, Upper Arm-Shoulder (z1) — 0.02%-4%. In the model specified in the ISO
10068:1998 standard, the order of energy inputs at individual points of reduction depends on
the frequency f. At f = 16 Hz the highest energy input is recorded at the reduction point
of Shoulder-Arm (z1) — 40%, this is followed by Forearm-Elbow (z2) — 34% and finally Tool-
Hand (z3) — 26%. At higher frequencies the highest energy input is observed at the reduction
point of Tool-Hand, which is, just like in the case of the new physical human model, the point
nearest the tool. What is different, however, is the order of points — Fig. 5b and 5c. The same
order of energy input values at individual points of reduction with the tested model has been
observed only at f = 90Hz. At this frequency, the energy input at the points of reduction
decreased the more points have been removed from the tool, in the following manner: 91% at
the point Tool-Hand (z3), over 5% at Forearm-Elbow (z2) and less than 4% at Arm-Shoulder (z7).

5. Conclusions

The comparison of energy inputs revealed that the models in questions are not comparable to
each other in terms of the power of elasticity and loss, since the levels of these powers in the
models differ. The energy analysis shows a higher degree of similarity between the models in
terms of the percentage share of total power in comparison with their individual components,
that is the three types of power. Based on the results of power distribution, it is possible to
formulate four conditional variants of the new human physical model in terms of their similarity
to the reference system, i.e. the model specified in ISO 10068:1998 (Table 5).

Developing the new model in further research and assuming the relative error of 25%, it can
be assumed that the values obtained for each conditional variant are correct, but only at the
frequency f = 90Hz. It is worth noting that the second conditional variant can also be used
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Table 5. The relative error between the models (in terms of total power — Fig. 4)

New (tested) Frequency

model 16Hz | 30Hz | 60Hz | 90 Hz
Variant 11 2% 4% | 14% 2%
Variant IIT 22% | 8% | 31% | 12%
Variant 1 43% | 101% | 36% | 16%
Variant IV 40% | 104% | 45% | 20%

for research purposes, keeping in mind its high level of discrepancy at the frequency 30 Hz in
comparison with the model specified in ISO 10068:1998.

The topic requires further research. The analysis presented in the study can be extended to
include other characteristics of driving impulses, for example the real impulse of pulsed forces
occurring during work with hitting impact tools. Further studies should also be conducted for a
wider range of frequency f in order to examine the similarity of the models at higher frequencies,
i.e. above 90 Hz.

In order to confirm the adequacy of the models, they should be verified by energy measure-
ments in a laboratory. Such verification could be performed at the Laboratory of Dynamics and
Ergonomics of the Human-Technical Object-Environment Metasystem at Poznan University of
Technology. The research in this area will be continued.
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