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Biological tissues and their artificial substitutes are composed by different fibers
and possess complex viscoelastic properties. Here the most popular 3-element
and 5-element rheological models of human soft tissues as viscoelastic bodies
are considered accounting for the time delay between the load and mechani-
cal respond of the material. The obtained data compared to the experimental
curves got on the vessel wall and heart tissues.

Keywords: active biomaterials; visoelastic fluids; rheology; mathematical
modelling.

CoutositoBa O. M., Kizimoa H. M. MlaTremaTtuyne MmoaesitoBaHHs 6ioakTuB-
HOl aprepianbHOl crimku. Biojoriumi Tkanmam Ta X IMITYyYHI 3aMiHHUKA
CKJIJIAIOTHCS 3 PI3HUX BOJIOKOH i MaIOTh CKJIAHI B SI3KO-TIPY?KHI BJIACTHBOCTI.
B poboTi posrisuyTi HaftonynsapHinm 3-eJieMeHTHI Ta 5-eJleMeHTHi peosoTivuHi
MOJeNi M'SKMX TKaHUH JIOAUHU SK B’SI3KOIPY2KHI TijIa, [0 BPAXOBYIOTH 3a-
TPUMKY Yacy MiK HaBaHTaKEHHSIM Ta MeXaHI9HUM Binrykom marepiamy. OTpu-
MaHi JaHl TOPIBHIOBAJINCH 3 €KCIIEPUMEHTAJIPHUMA KPUBUME OTPUMAHHUMH HA,
CTIHKII Cy/IUH i TKAHUHAX CEPIIH.

Kmowosi crosa: akTuBHI biomaTepian; B’ I3KONPYKHI PiIMHT; peosioris; MaTe-
MATHUYIHE MOJICTIOBAHHSI.

Couosbea E. H., Kusunosa H. H. MaTremaTu4ieckoe MmozejanpoBanue ouo-
aKTUBHOII apTepuaibHOI cTeHKU. Buosiornieckne TKAHN U UX UCKYCCTBEH-
Hble 3aMEHUTEJN COCTOAT U3 PA3HBIX BOJOKOH U XaPAKTEPUIYIOTCSH CIJIOKHBIMU
BSA3KOYIIPYTUMHE CBoO¥cTBaMu. B pabore paccMaTpuBaroTcs HanboJsee Moy Isap-
Hble 3-3JIEMEHTHBIE U H-3JIEMEHTHBIE PEOJIOTMYECKHE MOJEIN MSIIKUX TKaHen
9eJI0BEKa KaK BI3KOYIPYTUX TeJI, YIUTHIBAIOIINE 3alla3bIBAHIE BO BPEMEHU
MEXK/JIy HATrPDY3KOHl M MEXaHHIECKMM OTBeTOM Marepuasia. llojydennbre nan-
Hbl€ CPABHUBAJIUCH C SKCIEPUMEHTAIHHBIMU KPUBBIMU, [TOJIY9€HHBIMA HA CTEH-
KaX KPOBEHOCHBIX COCY/JIOB U TKAHSAX CEP/IIA.

Karouesvie cao6a: ak THBHBIE OMOMATEPUAJIBI; BA3KOYIIPYTHE XKUJIKOCTU; PEOJIO-
I'Usl; MATEeMaTHIeCKOe MOJIEJIMPOBAHUE.
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1. Introduction

Bioactive materials are biological tissues or artificial materials that can
perform a mechanical work at the expense of chemical reactions, conformational
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changes, micro- and mesostructure formation and remodeling [1|. Such materi-
als are abound in biological organisms like skeletal, smooth and cardiac muscles,
flagella and cilia in bacteria, cytoskeleton and molecular motors in the cells [2].
Recently novel artificial solid and liquid materials with complex chemical and
physical properties, reinforced by the micro- and nanofibers or other inclusi-
ons, porous materials with active reaction on the mechanical, chemical, electrical
stimuli have appeared [3]. The external signals evoke contraction of the fibers,
remodeling of the internal micro/mesostructure, produce phase transitions, fluid
flows, mass and heat redistribution and related physical phenomena [4]. During the
last years a novel concept of biological active fluids (BAF) has been elaborated
and developed [3, 5|. Initially concentrated suspensions of biological cells were
considered as active biofluids, but nowadays the artificial suspensions and emulsi-
ons of colloidal particles, fibers and other inclusions that are able to change their
shape, size or/and physical properties depending on the nature and amplitude of
the external signal have been designed and studies. BAFs are used in the microbi-
ological reactors for the chemical, pharmaceutical, energetic applications. They
are also promising compounds of modern microfluidic units, labs-on-a-chip, fuel
cells and other micro/nano technologies [3, 4, 5. For instance, in the new version
of smart Apple watch ver.4 BAF is used for visualization of information taken
from the human body via the chemical/electrical skin signaling.

The first mathematical model of the active biological material was proposed
by A.Hill in the form of a hyperbolic relationship between the tension (or load)
F in the muscle and its active velocity of contraction v:

(F+a)(v+b)=(Fy+a)b,

where Fj is the maximum isomeric tension/load in the muscle, a and b are coeffi-
cients. It describes the 1D contraction in the term of the dissipation function
approach to the active muscular work [6].

The corresponding continual equation for 1D muscular tonus of blood vessels
has been postulated in the form [7].

do Oe
— = FEe — + A 1
T18t+a +7'28t+ ) (1)
where ¢ and ¢ are stress and strain, 7, 79 are the relaxation times, A is a control

parameter.

In the biological materials the control over the stress-strain relation is provided
by local concentrations of some chemicals (Ca, NO) released by special cells.
Therefore, the rheological equation (1) with the source term A = A (Ceq, Cno, --.)
must be completed by the corresponding balance equations for the concentrations
{Cj }?:1 (8]

A simple model for the active blood vessel with changing radius
R(< o >,<p>), where < ¢ > and < o > are the averaged shear stress and
pressure in the vessel postulated in the form

R(t)=[f(R,o(t—m),p(t—72),..) (2)
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accounting for the delay in response of the corresponding stress and pressure
receptors in the vessel wall, and completed by the Poiseuille flow based equations
for the shear stress and pressure has been proposed in [9]. The solution was
sought in the form of small excitations R = Ry + R, 0 = oo +0', p = po + 7/,
{R',0",p'} = {Rq,04,p4} e where the subscripts 0 and a relate to the steady
state and amplitudes. The stability condition Re (A) < 0 led to some conditions
on the function f (R,...) and its derivatives.

The model (1) has been generalized in [10, 11] for the nonlinear viscoelastic

Kelvin-Voigt body

de do
Tga+€—F(0)+ﬁE+A(0) (3)

where F(o) is the passive law function, A (C) is the control function via the
concentration(s) of active chemical components.

In this paper a comparative study of the existing discrete rheological models
and their continual analogies with the experimental data is carried out in order
to conduct the identification of material parameters of the models on a minimal
set of experimental measurements. The loading and relaxation curves for those
models at the isometric, isotonic and oscillatory experiments have been studied in
[12, 13]. Since in the experiments with soft biological tissues the dynamical loads at
different extension rates are usually used, the corresponding mathematical models
are needed for the adequate treatment and analysis of the experimental data.

2. Rheological model without regard for the tima delay.
2.1. Three element model with one active element.

The model is represented (Fig.1 a) by two elastic spring elements correspondent
to the passive elastic behavior of the outer £ and internal Es collagen structures,
one viscous component pu, and the active element that produces immediate
mechanical response f = kie + kog proportional to the local strain ¢ and strain
rate €, ¥ = d x /dt. The model is a modified viscoelastic Zener model with
one active element. Passive Zener model is widely used for interpretation of the
experimental data obtained on single cells by atomic force microscopy or optical
tweezers [14, 15]. The rheological equation for the model is [13] :

(ko + )6+ (k1 + E2)o = Ey (Ey + k1) e+
(4)
(B (kg + p) + (B2 + k1) p) € + phot.

In the experiments with muscles a linear extension
e(t) =kt (5)

with a constant extension rate ¢ = k is applied. Then the resulting rheologi-
cal curves o (t) can be obtained from (4) after substitution (5) with the initial
conditions

o (ty) = oo (6)
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and compared to the experimental curves oy, () measured by the stress sensors.
Solution of (4)-(6) is

(7)

E
o (t) =ku+ Eikt + (00 — k) exp (—Mt> .

ko + p
When the external strain (5) is applied until the stress
o1 =0 (t1) (8)

at some t = t; is reached and then the material got released, the relaxation curve
orel (t) can be obtained from (4) at € = 0 with initial condition (8) in the form

Orel (t) = 01€xp <—E2 + ];1 (t - t1)> . (9)

For the dynamical experiments with a linear growing stress o (t) = ko + kt applied
to the viscoelastic body, the corresponding solution of (4) with initial conditions

e(to) =0, £(to) =0 (10)
1 Ek k) nuk kk
e(t):( ! 0‘5 )1 2(1 = exp(—hot)) + 244
E7 FEq (11)
(exp (—A1t) — exp (—Aat))
C3 ((Eirko — pk) pkodo + pEikks) O — o) B2 ;
where ) 5 L L 5
Alng(i A2_4B_A)’ A:( 9+ k1) p+ (k2 + ) L
’ 2 ,u]{}g
B Ey (Ey + k)

The corresponding relaxation curve for the strain can be obtained from (4) in
the similar way and has the form

Ael + €1
A1 — A9

Aog1 + €1

Erel (1) = €1 + S

exp (—Aat) — exp (—Mit), (12)
where €1 = € (t1), €1 = € (t1), t1 is the time instant when the sample got released
from the load (o = 0).

The stress relaxation curve (3) exhibits simple exponential decay with time,
while the strain relaxation demonstrates two-step dynamic with initial faster and
final slower decays that is more proper to the biological materials. For the constant
loads ¢ = 0* = const and € = €* = const the expressions (7),(9),(11),(12) give
the corresponding curves obtained in [13].

Dynamical experiments on the model (4) with a periodical load o (t) = gge™?,
where w is the frequency of the load produce the oscillations of strain in the form

e = goe’WHtY), (13)
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where eg = Aoy, A and ¥ are the amplitude and phase shift which are complex
functions of all the material parameters of the model. The expressions are not
presented here for brevity. The corresponding simpler expressions for the case
k1 =0,k = 0 are given in [13].

Viscoelastic properties and active reaction of the material lead to the phase
shift between the applied load and produced strain oscillations. As it is known
from vast experimental literature, the shift is negligible in the healthy tissues and
noticeable in the case of pathologies connected with water accumulation in the
tissues (oedema) and the active respond of the material to the applied load and
its time dependent parameters [16].

a
Fig. 1: Three element (a) and five element (b) rheological models with one active
element.

2.2. Five element model with one active element.

The more detailed five element rheological model (Fig.1b) of an active biologi-
cal material like muscles is described by the corresponding rheological equation

[13]
pkaG + ((k2 + p) E3 + (B + ki) ) 6 + Es (k1 + E2) 0 =
EVE3 (B2 + ki) e+ (E1E3 (k2 + p) + (B2 + k1) (B1 + E3) p) €+ (14)
p (B + E3) koé,

where E1, Eo, p, ki, k2 have the same meaning as in (4), and FEj3 corresponds
to passive elastic tissues which are in a series connections with the contracting
muscle fibers. This model better explains the rheological behavior of the stresses,
over trained or diseased tissues. Normal circular muscles in mammals as well as
active contracting structures in insects and mollusks also have serial inclusions of
passive tissues [16].

The isotonic, isometric and oscillatory experiments with model (7) have been
studied in [12, 13|. Let us consider the linear extension in the form (5) applied to
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(14) with the same initial conditions (6); then to solution reads

00 + A2 (UQ—C) — Fk

t)=C+ Eikt
o(t) + Lkt + N — M\

exp (—Ait) +

Eik — 69— A1 (00— C)
Ao — A\

Cy exp (—Aat),

/\12=1<Ai\/m>, A:((k2+'u)E3+(E2+kl)M)’
c2 ko
_Es(+Ep) _ (B2+ k1) (Ey + E3) E3 — E1Esk)

) ko
For the linear growing stress o (t) = ko + kt the solution of (14) with initial

conditions (10) is

k k/E 4+ \C k/Ey + M\ C
H=C+ —t+ T2 eap(—Ait) — L2 eap (— Mot 16
e(t) C'+E1 * A1 — A2 ewp (=Ait) A1 — A2 ewp(=2t),  (16)
N (ExEs (ka + 1) + (Ba + ) (Bx + E) )
+u)+ (B2 + k1) (B + E3) p
Mo=-(+V/A2—4B—A), A=-13172
b2 2< >’ p(Er + E3) ko ’
_ B B3 (Ey+ k) _ (ke +p) B3 + (B + k1) ) k + E3 (ki + Ea) ko
o (E1 + E3) ko ’ EqE3 (EQ + kl) .

The corresponding relaxation curves for the five element model can be also
written in the forms (9) and (12) accordingly. Despite the tree element model, the
five element one exhibits the two time relaxation processes for both stress and
strain relaxations that is more common for the biological tissues especially in the
pathological state [14, 15, 16].

Dynamical experiments with the model also produce a phase shift between
the applied oscillating load and the resulting oscillations of the measured strain
in the form of (13) with different more complex expressions for the amplitude A
and phase shift .

3. Rheological models with time delay.

3.1. Three element model.

The active respond of the biological tissues is determined by reactions of the
corresponding receptors or mediated by chemical reactions [16]. This response
can come with some time delay or even two times in the case of different sensors;
therefore, the active delayed response (2) can be written in the form of the control
function

f(t):]{518(7&*7'1)+k2€'(t*7'2), (17)

where 7, 79 are the delays for the strain and strain rate receptors.
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Then instead of (4) one can obtain the following rheological equation

Uo (t) + Esro (t) = E1FEse (t) +
(18)
p(Er+ E2) € (t) + p (ki€ (8 — 1) + kol (t — 72)) .
For the dynamical experiments with a linear growing stress the solution of the
resulting equation

o (El + EQ) € (t) + E1Ese (t) + pkoé (t — TQ) + pki€ (t — 7'1) =

(19)
pk + Ea (ko + kt) .
can be found in the form
k Fiko — k
—\t 1R0 1% —\t
e (t) = epe +E1t+Ef(1_e ) (20)

where €9 = ¢ (t) and the constant A is a solution of the transcendental equation
similar to [9]:

E1Ey = M\u(Ey 4 E») + phihe™™! — pko\2e? (21)

For the dynamical experiments with oscillating external load
o (t) = oge™® (18) gives the following non-uniform ODE with delay

p(Ey + E2) € (t) + E1Ese (t) + p (ki (t — 1) + koé (t — 12)) =
(22)
ooe™t (Ey + iwp)

Solution of (22) can be found as a superposition of the oscillating and non-
oscillating terms

£ (t) = Aoy (ei<wt+¢> - e“Hf) : (23)
where
4= \/(E2f1 +wufa)? +w? (ufy + Eafo)?, ¥ = atan <
f1 = E1Es — pkow?cos (wr1) + wpky sin (wTs),

w(pf1 +E2f2))
Exfi +w?nfa )’

fo = wp(E1+ E) + wpkasin (wty) + pkicos (wte), A is the solution of the
transcendental equation F1FEo — A\ (E1 + E9) = p ()\kle*/\ﬂ — )\21626*)‘72).

3.2. Five element model.
For the five element model (Fig.1b) with delay instead of (13) one can obtain
the following rheological equation

n (ElEQ + E1FE3 + E2E3) e+ E1EoFE3e+

(24)
Esp (k1€ (t —71) + koé (t — 72)) = EoE3 (ko + kt) + (B2 + Es) k
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that has the solution in the form

_ k E1Esky — pk (Eo + k1)
t) = gge ™M 4+ —t
e(t) =eoe” " + E + F2E,

(25)

where g9 = € (t) and the constant A is a solution of the transcendental equation

E\EyFEs = j(E1Ey + E1FE3 + E3F3) A+ EspkiAe™ — FEyuko A2’ (26)

For the dynamical experiments with oscillating external load the correspondi-
ng solution of (24) is similar to (23).

4. Numerical results and discussions.

Numerical computations on (7), (9),(11),(12), (15), (16) have been carried
out with following model parameters: Fy 53 = 10° — 108Pa, p =1 —10% Pa - s,
T2 =10 =50 s, k1 = 10 — 10" Pa, k3 = 10 — 100 Pa - s. The results have been
plotted in the non-dimensional form using the characteristic values o* = 10*Pa,
t* = 5 min. The load was applied at 0 < t < 10 and then relaxed at ¢t > 10.

Typical time dependencies of the measured non-dimensional stress over the
non-dimensional time o (¢) are presented in Fig.1 for the three-element (Fig.2a)
and five-element (Fig.2b) rheological models with one active element without
delay. In comparison to the isometric experiments [13] both models exhibit faster
dynamics of the stress growth due to the linear terms in (7),(15). The three-
element model has the only relaxation time A~! that is a complex combinati-
on of the model parameters. Therefore, identification of the parameters Eik
and pk can be carried out on the growing part of the o (t) curve (Fig.2a) and
only the combinations of the parameters can be determined. Then the value
A~ = (ko + p) / (B2 + k1) can be identified on the relaxing part of the same curve.
Knowing the combinations E1k and uk, the values, the parameters FEs, k1, ko can
not be separately determined. As it was shown in [13] in the case of a passi-
ve model the oscillatory experiments give an opportunity to determine all the
material parameters separately. In the case of the active material with two more
unknown material parameters ki, k2 even the dynamical experiments will not
allow determination of all the parameters. In the case of biological materials some
additional chemical treatment changing elasticity of the fibers (i.e. E1, E3 or E3)
could be useful [14, 15] .

The five-element model demonstrates two-phase relaxation with different
relaxation times )\1_1, Ay ! that correspond to the bigger and smaller positive roots
of the related quadratic equation in (15). This is an essential feature of dynami-
cal behavior of complex viscoelastic materials even without any active response
[13]. Again, in the case of one active element the identification of the material
parameters is somehow complicated, because all the parameters are introduced in
the values Afl, Ay Lin certain combinations only. The dynamical experiments give
an opportunity for complete identification only for a passive five-element material
[13].
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Fig. 2: The non—dir%ensional stress curves for the dynamical experiments (linear
load and relaxation) for the three-element (a) and five-element (b) models for
E; = 10°Pa, u = 100 Pa - s, ki = 10Pa, ky = 100 Pa - s; the curves 1-3
correspond to Ey = 10%;5 - 10°; 10Pa; the values for E3 has been computed to
get similar dynamics of the stress increase during the load period.

The influence of the time delay is illustrated by Fig.3a,b. Here the results of
experiments with load and relaxation at different load rates k=0.1;1.10 have been
computed. As it is known from biomechanics of soft tissues, the larger stresses and
elongations can be achieved at lower loading rates, both stress and strain rates
[17] . Similar dynamics is visible on the five-element models without (Fig.3a)
and with time delay (Fig.3b). When the delay is absent (passive material), the
changes from the load to relaxation are resented by sharp changes in the tangents
to the loading and relaxation curves (Fig.3a). The delay prolongs the ‘respond’
of the material after the transition from load to relaxation and the correspondent
transition is presented as a smooth line for all the strain rates applied (Fig.3b).
This smoothness is almost insignificant at short delays, and for visibility purposes
it has been taken quite large comparative to those detected in experiments with
active muscles [17].

An alternative representation of the rheological representation of the cycli-
ng loading-discharge experiments is usually presented by the stress-strain o (£) or
stress-strain rate o (€) curves [17]. The discharge curve is always located below the
corresponding load curve because of some energy dissipated during the deformati-
ons. Some sets of experimental data with aortic wall and muscles [17] have been
chosen for testing the studied 3-element and 5-element models. Due to different
amounts of elastin and collagen in the vessel wall and muscles, the o (¢) curves
exhibit high elongation at lower loads when the actin fibers participate in the
deformation, followed by smaller elongation at higher loads when the more rigid
collagen fibers participate in the deformation (Fig.4a). The differences between
the corresponding load and discharge curves in each cycle of load are small because
of the high efficiency of the muscle work and negligible energy dissipation. Based
on the experimental data, the parameters of the 3-element and 5-element models
without delay have been identified by the least square method. As it is shown
by Fig.4a, the 3-element model when being well matched to the low loads does
not correspond to the dynamics at the high loads, for both models (without or
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with delay). The 5-element model better correspond to the experimental data.
The model without delay being well matched to the low loads, underestimate the
stress, while the model with delay is overestimate it.

o
1

0.5

a
Fig. 3: The non-dimensional stress curves for the dynamical experiments for the
five-element model without (a) and with (b) delay; the material parameters are
the same as in Fig.2; the curves 1-3 correspond to k = 0.1;1; 10.

In Fig.4b the load-relaxation curves computed on the rheological parameters
identified from the experimental curves (Fig.4a) on the 5-element models are
presented. The curves 1-3 correspond to the same strain rates k=0.1,1,10, while
the solid lines depict the model without delay while the thin lines shows the
relaxation curves for the 5-element model with delay. The last model shows again
the smoother dynamics, because at the beginning of the relaxation the delay in
the active respond influences the initial part of the relaxation curves. Moreover,
the models without /with delay again slightly over/underestimate the reaction of
the active material to both load and relaxation.

& (kPa) o (kPa)

4o} 40}

30f 30F

20 201

10 10

0 0.5 1 & 0 0.5 1 £

Fig. 4: The dir?lensional experimental o (g) curves for the aortic wall (a) heart
tissues (b); the curves 1-3 correspond to the strain rates 0.1,1,10 s ~!, the symbols
& and A correspond to 3-element models without and with delay, the symbols B
and e correspond to 5-element models without/with delay.
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Similar results have been obtained for the experimental data (Table 1)
measured on the heart tissues [18] . It was shown, a five-element rheological model
better corresponds to the experimental data than the standard three-element
model [18] . The model differs from one presented in (Fig.1b) by the second vi-
scous element () instead of the active element used in our model. It means,
the 5-element model in [18] corresponds to our 5-element model without delay
and k; = 0 . The experimental data have been obtained on 10 samples of human
heart tissues and exhibit significant scatter. The identified values of the model
[18] parameters correspondent to our model are given in Table 1. The numerical
data correspond to the mean experimental values. The comparative study reveals
very good agreement between the experimental data measured on heart tissues
and our modeling results (Fig.4b).

Table 1: Averaged measurement data for the material parameters of the 5-element
rheological model [18] and our model presented in (Fig.1b); the Young modules
and viscosity are measured in M Pa and Pa - s respectively.

Experimental data Computed data

£ Eq E, Es M1 M2 Ey | Ey | Es |p1 | p2
0.1 | 0.92+] 0.31%| 0.284+| 32.2+| 1844 0.88 | 0.26 | 0.22 | 30.8 | 18.1
0.80 0.25 0.22 23.8 16.0
0.2 | 1.69+| 0.49+| 0.38+| 55.8+| 25.3+| 1.67 | 0.46 | 0.31 | 54.6 | 24.9
1.40 |0.36 | 0.27 | 38.9 19.0
0.3 | 2.50+| 0.73+| 0.58+ | 83.4+| 37.54+| 2.44 | 0.69 | 0.52 | 81.8 | 36.9
1.86 | 0.51 0.37 | 58.6 | 24.6
0.4 | 3.29+| 0.97+| 0.8t | 109.94 49.14+| 3.25 | 0.93 | 0.74 | 108.4| 48.5
2.11 0.59 | 044 |68.6 | 26.1
0.5 | 4.07+| 1.234| 1.114+| 143.94 65.04| 4.02 | 1.19 | 1.06 | 142.1| 64.3
2.25 0.71 0.54 | 94.8 31.2
0.6 | 4.89+ | 1.44+| 1.254| 165.34 77.2+| 4.83 | 1.40 | 1.21 | 163.9| 76.3
2.40 | 0.58 | 0.53 |6.76 | 3.04

5. Conclusions.

Based on different experimental data, it was shown the 5-element rheological
models better correspond to the experimental curves measured on soft viscoelastic
biological tissues during their mechanical load and relaxation. Nowadays the most
popular rheological models are 3-elemtns and 5-element passive models with 2(3)
elastic and 1(2) viscous elements accordingly. The more complex model with one
active element reacting additively on both strain and strain rate changes with two
different time delay was found perfectly corresponding to the experimental studies
on different viscoelastic samples. In the presented study the differences between
dynamical behavior of the 3 and 5-element rheological models without /with time
delay in the load/discharge experiments have been studied. It was shown, the time
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delay is essential to distinguish the realistic behavior of biological active (live)
tissues. The constitutive relations for 3-element and 5-element models without
and with delay were obtained and studied for the linear strain load experiments.
The obtained data were compared to the experimental curves measured on the
vessel wall and heart tissues. The better correspondence is detected for the 5-
element curve that exhibit two-time relaxation, and for the model with delay.
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Coutositopa O. M., Kisisioa H. M. MaremarudyHe Mmoae/ifoBaHHsa 6i0aKTUBHOI apTe-
piasmbHOT crinku. Biosioriuso akTuHi Marepiaiu - 1e 6i0J0TIYHI TKAHUHE 800 IITYYHI
MaTepiajim, siKi MOXKyTh BUKOHYBATH MEXaHIYHY pOOOTY 3a PaXyHOK XIMIUHUX peakIliif,
KOHMIpMAIIfiHUX 3MiH, (hopMyBaHHs MIKpPO - Ta ME30CTPYKTYPH Ta PEKOHCTPYKINi. Ta-
KUX MaTepiajiB 6araro y OiosoridHmX opramizMax, TaKUX AK CKEJeTHi, TJIaJaKi Ta cep-
1eBi M’s13M, JLKTYTUKHU Ta Bil B 6aKTepidx, IMUTOCKETET i MOJEKY/IIPHI MOTOPHU B KJIITH-
nax.BioJsorivni TKAHUHT Ta X MITYYHI 3aMiHHUKT CKJI/IAI0THCS 3 PI3HUX BOJIOKOH i MalOTh
CKJIQJIHI B’sI3KO-TIPY2KHI BJIACTUBOCTI. BifmoBimHiCTh MaTepiajbHUX IIAapaMeTpPiB IIPUPO-
JTHUX Ta 1HKEHEPHUX MATePiaiB MpU PI3HUX peKMMaxX HABAHTAYKEHHS Ta PETAKCAIll Mae
BasKJIMBe 3HAYEHHS I X yCHinmHOl Ta TpuBasiol poboru. [lepma maremarnana mMozmersb
aKTUBHOIO GiosioriyHoro MarepiaJy OyJia 3ampornonoBada A. XijioM y BUJIsIl IinepboJi-
YHOrO 3B’s13Ky MiXK HANIPYTO (260 HABAHTAXKEHHSIM) B M 5131 Ta HOTO aKTUBHA MIBUIKICTH
cTuCHeHHs. B po6oTi po3ryisHyTi Halomy IApHiTT 3-eJIeMeHTHI Ta H-eJIeMEeHTHI peoJtori-
9HI MOJEl M'SIKUX TKAHWH JIFOJUHU sIK B’SI3KOIPYZKHI TijIa, M0 BPAXOBYIOTh 3aTPUMKY
qacy MiK HABAHTAa’KEHHSM Ta MEXaHIYHUM BiITYKOM MaTepiasy. 3aTpuMKa 9acy CTOCYE-
ThCsl JIUIIE aKTUBHUX (2KUBKX ) 6iosoriyaux marepiasis. B pofori MojieioeTbest ak TuBHAN
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BIAI'YK $IK JIOJATKOBA JIHIHA B’sI3KO-€JIACTUYHA PEaKIlisi Ha MIBUIKICTH JedopMaril Ta
nedopmariii marepiaay. ¥ O0loJOriYHHX TKAHMHAX TAKUN BIATYK 3a0e311€9yeThCs Pi3HU-
MU JIATYUKAME 1, TAKUM YHHOM, MOJIEJTIOETHCS PI3HUMU 3aTpuMKaMu dacy. Orpumani ta
JTIOCJTiT?KEeH] PIBHSHHS JIJIsT 3-€JIEMEHTHUX Ta H-eJIeMEeHTHHUX MoJieJieit 6e3 3aTpUMKH i 3 3a-
TPUMKOIO 9acy, Ta BUBYEHI Jijis JIHIAHUX j1edopMarliiil mpu eKcrepuMenTax. BigMiHHOCTI
Mi2K MOJIEJIIMU OIUCYIOThCS B TePMiHAX HaBaHTaXKeHHs-pejakcallisi Kpusux. Orpumani
JaHl OPIBHIOBAJINCH 3 €KCIEPUMEHTAJIHPHIMI KPUBUMHA OTPUMAaHHUME Ha CTIHKIN CYIUH
i Tkannnax cepig. Kparma Binmosinmicts Oyia oTpuMaHa Iyt H-eJIEMEHTHOI KPUBOI, KA,
JIEMOHCTPYE JIBOPA30BY PEJIAKCAIIiIO, 1 JIJIT MOJEN 3 3aTPUMKOIO.

Kmowosi croea: akTuBHI GiomMaTepian; B’ I3KONPYKHI PIUHN; MATEMATHIHE MOJIETIOBA-
HHSI.

H. N. Solovyova, N. N. Kizilova. Mathematical modeling of bioactive arterial wall.
Bioactive materials are biological tissues or artificial materials that can perform a
mechanical work at the expense of chemical reactions, conformational changes, micro- and
mesostructure formation and remodeling. Such materials are abound in biological organi-
sms like skeletal, smooth and cardiac muscles, flagella and cilia in bacteria, cytoskeleton
and molecular motors in the cells. Biological tissues and their artificial substitutes are
composed by different fibers and possess complex viscoelastic properties. Correspondence
of the material parameters of natural and engineered materials at different loading regi-
mes and relaxation is essential for their successful and long time performance. The first
mathematical model of the active biological material was proposed by A.Hill in the form
of a hyperbolic relationship between the tension (or load)in the muscle and its acti-
ve velocity of contraction. Here the most popular 3-element and 5-element rheological
models of human soft tissues as viscoelastic bodies are considered accounting for the time
delay between the load and mechanical respond of the material. The time delay is only
proper to active (live) biological materials only. Here the active respond is modeled and
the additive linear viscoelastic reaction to the strain and strain rate of the material. In
the biological tissues such respond is provided by different sensors and, thus, is modeled
by distinct time delays. The constitutive relations for 3-element and 5-element models
without and with delay are obtained and studied for the linear strain applied experi-
ments. The differences between the models are described in terms the load-relaxation
curves. The obtained data compared to the experimental curves got on the vessel wall
and heart tissues. The better correspondence is detected for the 5-element curve that
exhibit two-time relaxation, and for the model with delay.

Keywords: active biomaterials; visoelastic fluids; mathematical modelling.
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