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MODELING OF ELECTROSTIMULATION CHARACTERISTICS
TO DETERMINE THE OPTIMAL AMPLITUDE OF CURRENT STIMULI

The subject of research- the process of human skeletal muscles electrical stimulation during medical therapy.
The subject of the study is a mathematical model of electrostimulation characteristics, which links the amplitude
of muscle contraction and the stimulating effect amplitude. The current work develops a mathematical model in
the form of an analytical expression to describe the muscle contraction amplitude dependence on electrical stimu-
lus amplitude. Tasks to be solved: to analyze the dependence peculiarity of muscle contraction amplitude in stim-
ulating impulse amplitude; conduct structural and parametric identification of the model; compare the results ob-
tained using practical data, evaluate the model accuracy; use the obtained model for analytical description with
the aim of a priori determination of the optimal stimulus amplitude. Methods used mathematical modeling meth-
od, methods of structural and parametric identification of models, approximation methods, parametric optimiza-
tion methods, mathematical analysis methods. Results obtained an analytical model in the form of a 5th degree
polynomial is proposed, which reflects the dependence of muscle contraction amplitude in the stimulus amplitude;
the degree of the polynomial is selected and the coefficients of the model are obtained using parametric optimiza-
tion; a model trajectory was built and the accuracy of modeling was estimated; an equation was obtained and its
possible solutions were found to determine the optimal value of the stimulus amplitude; the practical application
of the research results was substantiated. The results obtained can be used in the selection of individual effects of
electrical stimulation during one session, as well as with extrapolation during the entire rehabilitation process.
Scientific novelty: an analytical description showing the dependence of skeletal muscle contraction amplitude on
the electrical stimulus amplitude was obtained, which allows determining individual optimal parameters of elec-
tromyostimulation.
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Introduction

Muscle electrical stimulation is a therapeutic ap-
plication of an electric current to enhance the motor
activity of skeletal muscles, as well as smooth muscles
of internal organs. Electrical stimulation is a method of
physiotherapy aimed at restoring or increasing the func-
tionality of muscle and nerve tissues after damage.

For this, exponential or rectangular currents are
used in the form of single pulses or a series of pulses
with pauses between them, diadynamic, sinusoidal
modulated currents, rhythmic direct current, as well as
other currents close to biopotential parameters of stimu-
lated muscles or organs [1].

Such currents, causing motor excitement and mus-
cle contraction, reflexively enhance blood and lymph
circulation, as well as the whole complex of metabolic
and trophic processes aimed at the energy and flexibility
provision of working muscles [2, 3].

During electrical stimulation, the impulses of elec-
tric current have a sufficiently large strength and, pass-
ing through the muscle, have an stimulating effect not
only on the muscle and receptor structures of this mus-
cle, but also on the vegetative fibers located in this mus-

cle. Fig.1 in a generalized form presents a set of pro-
cesses occurring in the muscle and in the body during
electrical stimulation.

The electrical current used in electrical stimulation
to produce evoked muscle contractions is characterized
by a large number of different parameters. Therefore,
the optimal selection of parameters is a non-trivial prob-
lem. Especially considering the characteristics of each
individual patient and the individual characteristics of a
group or a specific individual muscle. The approach to
solving this problem lies in the use of electromyography
data [3-5] and mathematical modeling of the electrost-
imulation process [6].

It is known that each individual muscle fiber obeys
the Frank-Starling law "all or none" [7, 8], that is, when
the strength of stimulation is above a certain threshold
level [9], a complete contraction occurs with the maxi-
mum strength for a given fiber and an increase in the
strength of contraction with an increase in the strength
of stimulation is impossible [10, 11].

Since the muscle consists of many fibers with dif-
ferent levels of sensitivity to excitation [8], the ampli-
tude of contraction of the skeletal muscle depends on
the strength of irritation and obeys a gradual law [8, 9]:
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Fig. 1. Set of physiological reactions during
electrical stimulation

the greater the strength of the suprathreshold stimulus,
the greater the amplitude of contraction [9-11]. The
muscle does not react to subthreshold stimuli by con-
traction [12-14]. Under the action of threshold stimuli,
the contractile response is minimal [15]. As the intensity
of the stimulus increases, the muscle contraction ampli-
tude increases since an increasing number of less excit-
able muscle fibers are involved in the process of excita-
tion [16]. At maximum contraction, all muscle fibers are
involved in the process of excitation and contraction
[17, 18]. Therefore, a further increase in the stimulus
intensity is not accompanied by an increase in the con-
traction amplitude [19. 20].

Thus, to manifest a specific function of muscle tis-
sue, it is necessary that the acting stimulus has a certain
strength equal to or exceeding a known critical value,
called the threshold (Fig. 2). Stimuli that have a strength
greater than the threshold are called suprathreshold
(submaximal). When exposed to them, the magnitude of
the tissue response increases to a certain limit. All stim-
uli that give the maximum response are called optimal.
Stimuli that are larger than optimal, but elicit a smaller
response than with optimal stimulation, are called
pessimal [21].

Based on the foregoing, the following dependence
of the muscle contraction amplitude on the stimulating
impulses amplitude can be obtained (Fig. 3).

Therapeutic electrical stimulation should be ac-
companied by optimal parameters of stimulating im-
pulses for each specific patient or group of stimulated
muscles. This makes it necessary to simulate the electri-
cal stimulation curve for carrying out a priori analytical
calculations [2-4].

Thus, the aim of this work is to develop a mathe-
matical model in the form of an analytical expression to
describe the dependence of muscle contractions ampli-
tude on electrical stimuli amplitude.

Fig. 2. Stimulation modes:
1 — subthreshold; 2 — threshold; 3 — submaximal;
4 —maximal; 5 — optimal; 6 — pessimal;
7 — supermaximal; 8 — suprathreshold
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Fig. 3. Dependence of muscle

contraction amplitude on electrical
stimulation intensity

This study includes several stages: analysis of ex-
isting models; selection of a suitable mathematical de-
scription (approximating function) and determination of
its parameters by minimizing a certain error function;
obtaining an equation and its analytical solution to de-
termine the optimal amplitude of the stimulating action;
constructing a model trajectory of the modeling object
and evaluating the model accuracy.

1. Analysis of existing models

Currently, there are several models of electrical
stimulation. Thus, the model [22, 23] considers many
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biophysical processes, but it is difficult to apply it in m
practice. o’ = 2Tk [Foxi)~f (i) ®)

In [24] a generalized model of muscle activity re-
search is proposed, which is based on the synthesis of
three components: electrical circuit of muscle cell re-
placement, biomechanical model of upper limb func-
tioning, mathematical model of electromyographic sig-
nal formation, which allows reproducing the action po-
tential of a single motor unit taking individual features
of the human nervous and muscular system into ac-
count. This also allows analyzing the features of the
process of muscle activity but does not allow using it for
practical calculations.

In [25], a detailed review of the numerical models
of electrical stimulation, which require the organization
of special computational procedures, is carried out.
Such models do not make it possible to determine in
practice the optimal amplitude of stimuli for each indi-
vidual patient, based on his or her individual peculiari-
ties of electrostimulation characteristics. At the same
time, in a number of cases, it is sufficient to have an
estimated model of electrostimulation based on the
"black box" principle. An approximating analytical ex-
pression that links the stimulus amplitude and the re-
sponse amplitude can serve as such a model.

2. Research essence

The approximation problem (in its classical sense)
is a representation of arbitrary complex functions f (x)
(it may even be unknown in advance) by functions ¢ (x)
that are simpler and more convenient for use in practice
in such a way that the deviations of the resulting new
function F (x) off(x) in some domain of definition Q
were the smallest by a certain criterion, i.e. for the func-
tion f (x), it is necessary to construct a function F (x) of
the form:

F(X) =a0 @, (X) +a1p; (X) +...+an 9, (X), @)

so, to minimize the weighted root-mean-square error
o2 over some interval (a, b):

o2 = () [FOO—F 0P dx, @)

where r(x) is given non-negative weight function.

Since the function f (x) modeled in this case is
given only on a discrete set (m + 1) of points xo, X1,
X2, ..., Xm, It IS Necessary to minimize the weighted root-
mean-square error of the form

where r, are positive weights given a priori. All r,, can
be taken equal to 1.

This is easiest to do in the case when the functions
¢r(x) are polynomials of degree r, pairwise orthogonal
with weights r, on a given set of points. l.e., when

PIRACOICARIY @

(i#]).

As studies have shown [26, 27], in the considered
case, the problem is greatly simplified, and polynomial
functions of a certain degree can be used:

O(X) =anX"+anaX" ' +a1X +ao, )

where a; is some ratios; n is a polynomial degree. The
problem then reduces to determining the required de-

gree of n and determining the values a, (i =1,n+1)

Considering the smooth nature of the modeled de-
pendence, polynomials of degree from 3 to 6 were test-
ed (Fig. 4). The final choice was made for a polynomial
of degree n = 5, as it most accurately and simply dis-
plays the electrical stimulation curve (curve n 5) and has
a derivative of the fourth degree, which is important for
further theoretical calculations, i.e.

o(X) =asx’+asx* +asx}+ax’+a X +ao, (6)
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Fig. 4. To the choice of the optimal degree
of the polynomial
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To determine the unknown coefficients ao, ..., as, a
parametric optimization procedure was implemented
according to the criterion of minimizing the error func-
tion o:

G=\/§[f(xk)—cp(Xk)] (7
k=0

in the space of variable (controlled) parameters
ai(i=0,n). The dimension of the space of controlled
parameters equals to 6.

Various optimization methods use the calculation
of the values of the objective function (error function)
and/or the values of the gradients. But regardless of the
method used, any can be described by the following
iterative formula:

X = xK+ o SK, )]

where x¥, x**! is a vector of controlled parameters at
points k and k + 1; S is a direction of movement from
point x to point x**1; ¢, is a numerical coefficient of
the stroke size in the direction of S,

To find the extremum of the objective function, the
method of random directions was used. In accordance
with it, from the selected initial point x° a transition
occurs to the next point x* with a stroke ¢, >0 in a

random direction 30:[58,32,58,52,58,52}, whose

components are S?, normally distributed on the interval
[-1, 1].

The criterion for stopping the process was the ful-
fillment of the condition:

<E, 9)

where E is a vector, whose components are the admissi-
ble error levels of each controlled parameter.

As a result, the following analytical expression
was obtained for the approximating function Fp:

Fin(X) =asx®+asx*+asx®+a,x?+aiX +ao, (10)

where x is a selected current stimulus amplitude;
a=1(ag,a1,a2,a3,a4,as) isa model parameter vector.
To determine the optimal amplitude of the stimu-

lating effect, let us find the first derivative of the func-
tion:

Fm (X) = a+2a,x+3asx?+asx+5a,x*. (1)

It is known that some point x" is the extremum
point of the function Fn(X), if at this point the derivative
is equal to zero or does not exist [28]. Therefore, we

equate F,,(X) to zero, and obtain an equation of the 4th
degree

ar+t2a,X+3asx*+Hagx>+5a x =0 (12)

and solve it with respect to x to find the value of the
optimal stimulus value.

As is known (the Abel-Ruffini theorem), the fourth
degree of an algebraic equation is the highest, at which
there is an analytical solution in radicals in general form
(i.e., for any coefficients). For this, Vieta theorem, a
solution through a resolvent, a Descartes-Euler or Ferra-
ri solution [27] can be used.

Since we are only interested in real positive roots,

then we need to find only two points x;, x5 > 0.
Let us rewrite equations (12) in the form:

ax*+bx®+cx?+dx+e=0,

13
(a=0). a3
. . b
Let us introduce the notation X :y—4—. Then
a
we obtain the following incomplete equation:
y' +py’+2y+1t=0, (14)
_ 2
where p = M;
83’
y= 8a%d +b3—4abc
8a° '
(= 16ap?c+64a2bd —3p*+256a3°c
2563" '
Its solution is sought in the form

y=1,R; 4R, t+/R3. Since 8 variants of combi-
nations of signs are possible four roots are superfluous.
Only those combinations are chosen for which it turns
out to be true.

(+JR1)- (:yR2) - (+/R3) = —g.

(15)
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Obviously, in the case under consideration, the
root  will necessarily be the combination

y’ez\/Ele./R2 +.4/R3, Where Ry, Ry, Rz are cubic

equation roots

2 2
R3+ER2+L4rZ_q_:0_

16
2 16 64 (10

3. Results
Coefficients of the polynomial
(a=-0.8455;8.5158; -28.5341; 39.403; 0; 181.4599),

were determined for the found optimal value of the pol-
ynomial n = 5 degree. On this basis, a model trajectory
of electrical stimulation object was built (Fig. 5), which
is adequate to the real curve of electromyostimulation in
Fig. 3.The model accuracy was estimated using the

modulus of maximum deviation S:maxlyi—ymi|,

where y,; are response values calculated using the mod-
el, and y, are experimentally obtained data. The error

does not exceed 5%. For the considered specific curve
in Fig. 3, the situation is greatly simplified, since one of
the coefficients of equation (11) is equal to 0 and you
can immediately go to the equation of the third degree.
Its solution gives the value of the optimal stimulus am-
plitude x” = 4.438, which corresponds to the experi-
mental data.
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Fig. 5. Model object trajectory

The advantage of such modeling also lies in the
possibility of using this model with extrapolation of the
results, and such extrapolation occurs in the course of
multiple sequential procedures. Based on the results of

the previous stimulation, further behavior is predicted to
readily reach the individual threshold stimulation. How-
ever, it should be borne in mind that in this case a
change in the electrostimulation characteristic itself is
possible — an increase or decrease in the steepness of the
fronts, etc. In this case, the model should be corrected:
in the simplest case, to repeat the parametric identifica-
tion of the model, in a more complex case, to use struc-
tural identification, which may consist in changing de-
gree of the polynomial or the choice of another approx-
imating function, with further identification of parame-
ters.

Practical application of results obtained provides a
way to calculate the optimal amplitude of stimulating
effects for one session based on individual electrostimu-
lation curve, and, if interpolation is used, for several
sessions as well.

Conclusions

Dependence of muscle contraction amplitude on
the stimulating impulses amplitude has a significantly
nonlinear character and contains an extremum point. An
analytical model of electromyostimulation characteris-
tics is proposed, which describes the amplitude of mus-
cle contraction dependence on the amplitude of stimuli.
The model was obtained by approximating this depend-
ence with a polynomial of the 5th degree. The optimal
values of the polynomial coefficients are calculated,
which ensure the minimum simulation error. On this
basis, an analytical expression was obtained for calcu-
lating the optimal amplitude of electrical stimuli. A
model trajectory of the electrostimulation object was
obtained. Its comparison with the experimental electro-
myostimulation curve allows estimating the accuracy of
the model at 95 %. The value of optimal amplitude of
electric stimuli was found theoretically, which coincides
with the experimental data. The results obtained can be
used for adaptive procedures for electrical stimulation
and for the optimal choice of its parameters, as well as
for reaching the optimal mode during a number of reha-
bilitation sessions. The error is within acceptable limits
for practice, which makes it possible to use such a mod-
el in the course of engineering activities in the construc-
tion of adaptive electrical stimulation devices.

Further research in this area involves obtaining an
analytical expression to describe the dependence of the
amplitude of muscle contraction on the frequency of the
stimulating signal and evaluating the adequacy of mod-
els in the domain of external parameters.

Contribution of authors: development of a math-
ematical model and its structural and parametric identi-
fication, selection and use of software tools for model-
ing and presentation of results, assessment of model
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accuracy — Olha Yeroshenko; formulation of research
goals and objectives, analysis of existing models,
analysis of research results, formulation of conclusions
— Igor Prasol; analytical review and analysis of infor-
mation sources — Mykhailo Suknov. All authors have
read and agreed to the published version of the manu-
script.
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MOJEJIFOBAHHSA EJIEKTPOCTPIN!YJUIHIFIHOi XAPAKTEPUCTHUKHA
JJISI BUBHAYEHHS OIITUMAJIBHOI AMILIITYI CTUMYJIIB CTPYMY

0. A. Epowenko, 1. B. Ilpacon, M. I1. Cyknoe

O0'eKT DOCHTIHKEHHS — IIPOLIEC EEKTPOCTUMYVIIALII CKEJIETHUX M'SI31B JIIOAMHU I Yac IPOBEAEHHS JTIKYBaIb-
Hoi Tepamii. IIpeaMeT BUBYEHHS — MaTeMaTH4YHA MOJIEIbL €IEKTPOCTHUMYVIIAIINHOI XapaKTEPUCTUKH, sIKa IIOB'SI3YE
aMIUTITYAy CKOPOYEHHS M'A31B Ta aMIUTITYAY CTHMYVIIOIOYOro BIUIMBY. MeTa poOOTH — PO3poOKa MaTeMaTHYHOL
MOJIENIl V BHUIVIAAI aHAIITHYHOTO BMPA3y IS OMHMCY 3aJE€KHOCTI aMILIITYAH M'SI30BHX CKOPOYEHBH Bl aMILTITYIH
€JEKTPUIHUX CTUMYIIIB. 3aBIaHHA, 110 BUPIIIYIOTHCA: IPOaHaIi3yBaTH OCOOIMBICTD 3aJ€KHOCTI aMILIITYIH CKO-
pOYEHHS M'S31B BiJ aMIUTITYAH CTHUMYIIOIOYHX IMITYIBCIB;, IIPOBECTH CTPYKTYPHY Ta MapaMETPHUUHY 11eHTH(IKALIIO
MOJIENII; TIOPIBHATH OTPHMMAaHI pe3yabTaTH 13 MPaKTHYHUMM JAHUMH, OLIHHUTH TOYHICTH MOJEJI; BUKOPHCTOBYBATH
OIE€PKAaHy MOJEND UISI aHAITUYHOrO OMKCY 3 METOIO aIllplOPHOrO BHU3HAYEHHS ONTHMAJIbHOI aMIUTITYIH CTHMYIIIB.
MeToau, 110 BUKOPHUCTOBYIOTHCS: METOIN MAaTEMATHYHOIO MOJIEIIOBAHHS, METOIN CTPYKTYPHOI Ta ITapaMeTPUIHOL
imeHTrdIiKaIii MOIeed, METOAM alpoKCHUMAaIli, METOOH MapaMETPHYHOI ONTHMI3alii, METOAM MaTEMAaTHUYHOI'O
a"amizy. OTprMaHi pe3yJbTaTH: 3alIPOIOHOBAHO aHAJITUYHY MOJEIb Y BUIIISAAl IOJIHOMA 5 CTYIIEH, IO BizoOpa-
Kae 3aISKHICTh aMIUTITYIH CKOPOUYEHHsI M'SI31B Bil aMILTITyZM CTUMYIIIB; OOpaHO CTYMiHb MOJiHOMA Ta OTPHUMaHO
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Koe(hIIIEHTH MOEI IUIIXOM IIapaMETPUYHOI ONTHMI3alil; Mo0yI0BaHO MOIEILHY TPAEKTOPIIO Ta OLIHEHO TOY-
HICTh MOJEIIOBAHHS, OTPUMAHO PIBHSHHS Ta 3HAWIECHO MOKJIMBI MOro PIillIEHHS I BH3HAUYCHHS ONTHMAJILHOIO
3HAYCHHS aMIUIITYId CTUMYJIIB; OOIPYHTOBAHO MPAKTHYHE 3aCTOCYBAHHS PE3YALTATIB JOCiKeHHs. OTpHUMaHi pe-
3yALTATH MOXKYTh OYTH BHKOPHCTAHI IPH H00O0PI 1HAUBIIYyaIbHHUX BIUIUBIB €IEKTPOCTHUMYVIIALII MPOTITOM OJHOTO
CEaHCy, a TaKOK €KCTPAIOJIii MPOTIroM BChOro Ipoiecy peadimiTaiii. HaykoBa HOBM3HA: OTPHMAHO aHAJIITHY-
HUH OIMUC 3aJICKHOCTI aMIDTITYIH CKOPOYCHHS CKEJICTHUX M'S31B BiJl aMIUTITYIU CIICKTPHYHIX CTHMYJIIB, IO J03BO-
JIsi€ BU3HAYHUTH 1HAMBIAya bHI ONTUMAIIBHI TapaMeTPH €JIEKTPOMiOCTHM YISIIii.

Karo4oBi ciioBa: ckeneTHi M's31; €IEKTPOCTHUMYJISILIS, aMIUTITY/la CTUMYJIIB; aMILTITya CKOpOYEeHb, MaTeMa-
TUYHA MOJICITh; ONITHMAJIbHI MapaMeTpH.

MOJEJIMPOBAHUE BJIEKTPOCTI/IMY'JIHI_[I/IOHHOI‘/JI XAPAKTEPUCTUKH
JJIs1 OITPEJEJIEHUA OIITUMAJIBHOU AMIVIMTY Ibl CTUMYJIOB TOKA

0. A. Epowenxo, H. B. Ilpacon, M. Il. Cyknog

O0BeKT uccie0BaHus — MPOLIECC AIIEKTPOCTUMYIISILINK CKEJIETHBIX MBIIII] YeJIOBeKa IPH IIPOBEJICHUH Jieueo-
Holt Tepanuu. IIpeamer u3ydeHuss — MatemMaTudeckas MOJAEIb AEKTPOCTUMYIISIIMOHHON XapaKTEepUCTUKH, KOTOpast
CBSI3BIBAET aMIUTUTYIY COKPAIEHUS MBIIII U aMIUIUTYAY CTUMYIHpYyiomero Bo3aelicteus. Lleab paborsl — pazpa-
00TKa MaTeMaTHYECKON MOJIENH B BHIE aHAIUTHYECKOTO BBIPAXKESHUSI JUTS OMMCAHUS 3aBUCUMOCTH aMILTUTYAbI MbI-
LIEYHBIX COKPANIEHHH OT aMILIMTY/ABI JIEKTPUYECKUX CTUMYVJIOB. Pelraemble 3apaqn: npoaHaIn3upoBaTh 0COOCH-
HOCTh 3aBUCHUMOCTH aMIUIMTYAbl COKPAIIEHWsS MBI OT aMIUIUTYAbl CTUMYIHPYIOIIMX HMMITYIbCOB; IIPOBECTU
CTPYKTYPHYIO M TIAPaMETPHUYECKYIO UICHTU(DHKAIMIO MOJIENIN; CPABHUTH MOJTYUYEHHBbIE PE3YJIBTAThl C MPAKTHYECKHU-
MU JaHHBIMHU, OLEHUTh TOYHOCTh MOJIEITH; MCIIOIb30BaTh MOJIYYEHHYIO MOJENb JUIs aHAJUTUYECKOTO OMHCAHHUSA C
LEJIBI0 alIPMOPHOT'O ONPENENICHUS ONITUMAIBHON aMIUIUTYABI CTUMYIIOB. Vcmonb3yeMble MeTOAbI: METO/Ibl MaTeMa-
THUYECKOTO MOJICIIUPOBAHMS, METOIbl CTPYKTYPHOW W TapaMeTpuyecKod HIeHTU(hHUKALUKU MoJieneld, MEeTOAbl ar-
NPOKCUMAIIMH, METOIBI MapaMeTPUUECKOW ONTHMHU3ALMK, METOABI MaTeMaTH4ecKoro aHanuza. [lomyueHHbIE pe-
3yJbTAThI: NPEJIOKEHA aHAUTUYECKAs: MOJIENIb B BUJIE MOJIMHOMA 5 CTENeHH, KOTopasi 0ToOpa)kaeT 3aBUCHMOCTb
AMILTUTY/II COKPAILIEHHUS MBIIII OT aMIUTATYIBI CTUMYJIOB; BBIOPaHa CTENEHb MOJIMHOMA M MONYy4YeHbl KodhbuimeH-
ThI MOZIEJIM ITyTEM IapaMeTPHUYECKON ONTUMM3AINHU; TOCTPOSHA MOJIENIbHAS TPASeKTOPHUS U OLIEHEHA TOYHOCTh MOJIe-
JIUPOBAHMUS; IONTYUYEHO YPaBHEHHE M Hal/IEHBI BO3MOXHBIE €TI0 PEIICHUS U ONPEIeTICHHUs ONITUMAIBHOIO 3HAUEHUS
aMIUIUTYABl CTUMYJIOB; 0OOCHOBAHO MPAKTHYECKOE IPUMEHEHHE Pe3yIbTaToB HccienoBanus. [lomydyeHHble pe3yib-
TaThl MOTYT OBITh HCIIOJB30BAaHBI NPU NMOAOOPE MHIMBUIYaNbHBIX BO3ACHCTBUH AJIEKTPOCTUMYISALUHM B TEUCHHUE
OJIHOTO CeaHca, a TAKXKE ¢ IKCTpaNosILUel B TeUeHHE BCEro mpouecca peadbwinranuyd. Hayynas HoBU3HA: mony-
YEHO aHAIUTUYECKOE OMHMCAHUE 3aBUCHUMOCTH aMIUIUTY (bl COKPAIIEHHsI CKEIETHBIX MBI OT aMIIUTYAbl 3JIEKTPU-
YECKUX CTUMYJIOB, YTO MO3BOJISIET ONPENEIUTh UHIUBUIYaIbHbIE ONTHMAIbHBIE NAPAMETPhI IEKTPOMUOCTUM YIIsI-
LHUH.

KnroueBble cJI0Ba: CKENETHbIE MBIIIIBL; 3MEKTPOCTUMY/ISLNSA, aMIUIUTY[a CTUMYJIOB, aMIUIUTy[a COKpalle-
HUH, MaTeMaTHYeCKasi MOJIelb, ONTUMAJIbHbIE TTAPAMETPBI.
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