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Abstract: Paper presents the research of muscle nonlindmest characteristics dependence on the loadiragidn. The

nonlinear differential equation of nonlinear bigtio subsystem of muscle has been derived. Analyzventioned

expression by numerical methods it was determihedl there are three main dominant frequencies enfribquentative
characteristics of the muscle and values of thechamnplitudes of oscillations decline as the loadetibbecomes longer.
Comparison of analytical research results to erpenial ones has shown that their regularities eaglyrelated.

Keywords: muscle stiffness, nonlinear system of muscle, feetative characteristics.

Introduction In mechanical systems spring is a resilient element
while in biotronic subsystem such element is cagrgd to

Mostly consent proposition in the literature is ttha be muscle. Therefore, it is very important to amalyts
muscles with their characteristics are similargarsgs and  characteristics. Muscle is a subsystem of nonlinear
this is very important for making a stable mechahgtate biotronic system. Literature resources do not danday
when interacting with mechanical environment. Besid works where the changes of dynamic characterisiics
muscles mechanical impedance varies same as theionlinear biotronic subsystem of muscle would be
activity rate. analyzed explicitly. Therefore, it is very importato

In the nowadays scientific works research resufts oinvestigate the behavior of nonlinear biotronic stgtem
muscles stiffness are presented when investigatiity  of muscle during long-lasting load and determine th
animals muscles. And also there are presented ugariochanges of an important parameter characterizimgurhjc
techniques of muscles stiffness research [1 - 4)sd¥e  systems — frequentative characteristic.
tissues are suppressed in special devices witresoof
different magnitude and for appropriate duratiof [2
such a way researched muscle’s mechanical featrses
presented in the form of diagrams and also is defiwhat
amount of muscle’s cells is loosing at appropriatanents Research has been made on the thumb’s short abducto
of experiment [5 - 9]. Presented analytical relaglips muscle (. abductor policis brevis). Weight of this muscle
and research methodology make it possible to ddfiee m= 4,54 g, damping coefficiet= 0,001, excitation force
dependence of muscle’s stiffness on loading madeitu F(f) = 12 N, excitation timet = 10 s. Stiffness
and duration. Analyzing muscle’s dynamic charastes characteristic of the muscle was determined acogrtt
under applying not maximal, short-term loads it§rs#ss  the methods provided in publications [11, 12]
values could be considered constant and linear ndigna

M ethods

systems’ methods could be used for research. Inthdr F F2
cases non-linearity of muscle’s characteristics tmues k(t)=@=7‘uz(t) ' 1)
taken into account and numerical methods must péeap | R dt

0

for the research of them [10].
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whereF is the muscle loading,H =const), R represents where At is a discretization pitchJ; andU;.; represent
the muscle impedancé)(t) stands for muscle biosignal the muscle biosignal voltage valueR, and R; represent

voltage valuest is the loading duration. muscle impedance valudss 2, 3, ...,n, nis the number
In the source [10] it was proposed, that through thof biosignal intensity points measured.
short time loading the muscle impedance changétle | This characteristic was also compared with research

and the muscle impedance can be takeR@g =const.  of stiffness carried out by other scientists. Isviaund that

Therefore, the expression (1) has been transfoimedch ~ €ven the polynomial equation of 8th degree does not

a way describe the dependence of stiffness on time étftplic
enough therefore in further research it was appnaied in

2 the form of hyperbolic function
F F°R
km:%:T' 2 .
[U“(t)dt k(t) = ; ;
0 020544710 °+0,793353L0" -t +
1 4
However, the assumption thatR(t)=const is 0519848.0°.£— 01491690 " . 4)
incorrect, when the muscle is loaded for the loniae +o e A
and expressions (1) and (2) can not be simplifidd. 1 :
changes of the biosignal voltage and the muscledapce +0128894.0°.t*-0338788.0™-t°
are expressed graphically, the muscle stiffness (1)
approximately can be expressed as when 0<t<100s.
The experimental research accomplished by foreign
= oF 2 [14] and our native [10-13] scientists have shown
kit)=——= > N 3) approximately linear variation of muscle stiffnegtsshort
X(t) At-znj(u”l _,_Ui} timeO<t <t,(Fig. 1). Therefore muscle stiffness can be
2\ Ra R described by the expression (3) onl{ if> {, .
it} | [Mimm]
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Fig. 1. The dependence of muscle stiffness on musclerdgagdivhen muscle was loaded 1 — 12 N, 2 — 118 N ,stiffness value at
initial muscle loading moment; — initial loading moment
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As muscle loading time ist<t, (Fig. 1), muscle ot
stiffnessk(t) can be expressed: MX+ CX+ ([)k(x,t)dt =F@® . ™
k(t) =k, —at, (5) The force impulse has been simulated in two cases:
where k, - muscle stiffness, whert =0, its value 0, when t=0;
experimentally estimated;a, - value of regression F(t)=<12 N, when 0<t<Ty;
coefficient. 0, when t>Th,
Therefore muscle stiffness at time ran@g t <o will 0
be:
or (8)
k, —ast, when 0<t<t;
oA e 0 0, when t=0;
k(t) = (U2 U2 ,when t; <t <<oo; F(t) =412 sin(et), when 0<t<T,;
g [0 0, e o
i= i+1 |
or 6) where 0):%, t is variable value of timel, represents
impulse duration. Consequently, average loading afzl2
ko—apt, when 0<t<t,; N has been selected to be used in the researchetitain
2 h <t method of Runge — Kutta was used for the reseafch o
k(t) =170 » When 1, <t << nonlinear biotronic subsystem of muscle and foiva¢ion

IU 2(t)dt of expression (5).

t Muscle frequentative characteristics at variabbaling
time have been researched by using the expressjonlf(
has been noticed that if the loading time becamgédq

The following mathematical model of nonlinear muscle frequencies would move from right to leftiesi
subsystem of muscle was used for the research: (Fig. 2). In the same way, not only frequencies but also
amplitudes of oscillations decrease.
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Fig. 2. Dependence of amplitudeon the frequenciywhen timet 1 —10s,2-15s
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Analysisand results Next, curves of variations of muscle's frequencies

characteristics visually have been compared witkeson
Some of the results are presented in figures 23and collected by the experimental research and predeinte

They show that in biotronic subsystem of muscle arditerature [14] (Fig. 5). Although, in literaturenthe same
highlight defined a subharmonic of % of the main muscle as in our works has been researched. ledslg
frequency and the higher harmonic of double frequen seen that regularities of calculated variationgedfuencies
appears near the main frequency. As the load timeharacteristics (Fig. 4) are similar to ones presgrin
becomes longer the frequency of all harmonics dse® figure 5. In this way presented methodology coull b
Therefore, the research results show that the cteaistics useful for the research of muscle’'s frequentative
of muscle as a biotronic subsystem are nonlinedrtand  characteristics and stiffness values.

to change as the load time is becoming longer.

Stiffness characteristics were calculated according ol ©
expression (3) at different moments of loading @sstant \
load 12 N was kept on the muscle. Furthermore
frequencies dependencies on the time have beereddry !
using MATLAB software (Fig. 3). It is clearly sedrom “
these dependencies that values of three main define
frequencies are nonlinearly declining as the logdimes
become longer. Speaking generally this phenomemaon c
be explained by the fact that muscle’'s stiffness
characteristics in the way the muscle is loadeddnstant
weight are nonlinearly decreasing too (Fig. 4).
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Fig. 3. The dependence of oscillation frequefion the load time percent of the task cycling founded in literaturd]f
t where 1 — harmonic of the main frequency, 2 — auflonic of

¥ of the main frequency and 3 — harmonic of dofilglgeuency Conclusions

k(t), [N/mm] Having summarized the research and calculatiodtsesu
5000 the following conclusions can be made:
1. Harmonics of main three frequencies are notably
4000 defined in nonlinear system of muscle, i.e.
harmonic of the main frequency, subharmonic of
% of the main frequency and harmonic of double
3000 frequency;
2. As the load time becomes longer the frequency of
2 all harmonics and the amplitude of oscillations are
decreasing;
1 3. The characteristics of muscle as a subsystem of
1000 biotronic subsystem are nonlinear and may be
N linearized only under instantaneous loads;
0 I ——— L 4. Regularities of variations of muscle’s
0 - 150 - 300 LIS frequentatlve_charactenst]cs got by the gnglyﬂcal
method at different loading time are similar to
Fig. 4. Muscle’s stiffness dependences on loading duratioen consistent of ones collected by experimental way
Fis1) 12 N, 2) 18 N and presented in literature.
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