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The dynamic simulation model of apples contact interaction

The mathematical model of apples shock interaction with each other and with working surfaces of technologi-
cal equipment during their gathering, transportation and technological processing has been presented. In
the model using the Hertz theory, strain and other running parameters of bodies shock interaction have
been determined. To set changes to these parameters in time has been a peculiarity of the model, which
allows simulate the process in the mode of the calculated experiment. The graphic change dependences
of time contact forces, as well as examples of apples kinematics changes at initial angular and tangential
velocities have been given.

Keywords: shock, contact interaction, apple, Hertz contact strain, mathematical model, calculated experi-
ment, recovery coefficient.

Introduction

One of the most important requirements for apples is to ensure a long shelf life without losing conditional
qualities. For this purpose, during their harvesting and processing, damages and excessive shock loads must
be avoided because that may violate the integrity and structure of apples pulp. Therefore, when preparing the
apple handling process and designing the appropriate technological equipment, it is necessary to follow the
requirements that will ensure safe modes of harvesting, transportation and processing of apples for storage.
According to the results of well-known researches [1-5] and everyday practical experience, depending on the
varieties of apples, they have different dimensional, physical and technical characteristics. Since, as a rule, apples
of smaller sizes are used mainly for the manufacture of juices, then in storage are laid mainly apples of larger sizes
with a diameter of 60—80 mm. Such apples, due to their greater weight, receive greater dynamic damage during
transportation. In the shock theory, the assumption of fruits momentary impact, where the main parameters
of interaction correspond to the law of saving the amount of movement, have been assumed. This assumption
leads to a significant simplification of the interaction calculation model and it is inadmissible for the simulation
of objects interaction in time and the simultaneous interaction of several fruits, their movement in the flow
(container), etc., where the assumption of the momentality of the contact is meaningless. In studies [6-17], it
has been shown that with a small impact load for simulation of shock interaction one can use a rheological
model of an elastic body, and to determine the force of impact - the Hertz formula. However, the Hertz formula
makes it impossible to establish the time for elastic contact of bodies and changes in contact forces, magnitude,
and speed of convergence over time. Also, kinematics of bodies, mainly apples, at the time of and after contact,
when they have initial angular or tangential velocities, have not been investigated.

Material and method

Long-term storage of apples is ensured by following high requirements that prevent their damage, that is, not
exceeding the allowable contact strain when they interact with the technological surfaces and with each other.
One of the most suitable ways of solving problems of apples contact interaction with each other and working
surfaces is to construct a model based on the elastic contact interaction of apples on impact. This model has
a real physical content at low kinetic energies of fruits. According to Hertz contact problem, the connection
between the force of contact interaction Pjo, the radius of the contact platform aio, and the magnitude of the
close convergence of the spheres (apples) u1a are as follows [5, 7, 8, 10]:
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where Ry and R, — radii of the spheres, ¢; and go — constants characterizing elastic properties of interaction
bodies and are determined through the Lame constants A; and p;, or, relayively, Poisson coefficients v; and
shear modules p; = G; and Jung (elasticity) E;.
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In accordance, the force of contact interaction P;s of apples between each other or apple with platform of
magnitude of hard convergence u;2 connected by dependence

Py= ——12 (3)

where k15 — a parameter that takes into account the elastic properties of the contact body in the Hertz contact
problem; K; and K5 — the average curvature of the surfaces of the interaction bodies at the point of contact
(for curved surfaces with a minus sign). For an apple in the form of a sphere in radius R; average curvature of
the surface (the sphere) K; = R;, in case of an apple impact with a flat platform, the average curvature of such
is Kj =0.

The model parameter of two bodies interaction ki takes into account the mechanical properties of the

interaction bodies,
4 [(1—p3 143
ki = — P T . 4
12= 5 / ( By + B (4)

Consider the impact interaction of apples with spherical form radius R, with a hard flat platform. Implicit in
the Cartesian coordinate system Oxyz apple platform surface, the center of its gravity has running coordinates
Clzo(t); yo(t); z0(t)] , is described by the dependence [11],

fs(z,y,2,t) = [(x — 20(1))* + (y — 5o (1)) + (2 — 20(1))* — R{]™ = 0. (5)

The potential of a geometric field, which is described by a function (5) at an arbitrary point A(xA;ya;z4)
will be equal to the distance to the surface of the fruit (p. F) at time ¢,. pa = fs(xa,ya,24,t) = lap(t).

Accordingly, the surface of the platform describe the normal plane equation that describes a similar field.
For the case of a stationary platform

fp(z,y,x,) =cosa-x+cosfB-y+cosy-z—d=0, (6)

where «, 3, and v — directional angles of the platform normali vector; d — the distance from the platform to
the coordinates beginning.

At the point of contact of the apple with the plane F(zg; yg; zg) both functions (5) and (6) takes the value
fs(ze,yr, 28,t) = fp(zE,yE, z8) = 0, but normali to the surface of the apple fig and sufaces of the platform
np will be ng = —np.

Here ng = gradfs; np = gradfp = cosa -1 +cos B3 -j + cosvy - k.

So, the force vector of impact interaction Np, which influences on an apple from the side of the platform
will be Np = —pgl = P - np.

The apple movement speed at any given time ¢ will be determined by the vector

The value of the hard convergence of an apple by radius R; with platform, which is described by the
dependence (5), at the point of contact will be

u12(t) = R1 — fri(zo, Yo, To,) = R1 —d+ cosa - xg + cos B - yo + cosy - zg = 0. (8)

In general case i is such apple by weight m; can contact with other apples or work surfaces and have j
contact points FEjj. On the selected movable i apple in general influence such forces as: earthly gravity Gi;
inertia — m;a;, directed opposite to the acceleration vector a; = dvs/dt; normal and tangential forces P;; and

Fij in each Fj; — contact zone from interaction with j body. Accordingly, moments also influence into an apple
Mp;; and Mp;; from forces P;; and Fj; , the moments of twisting from the rotating motion of the fruit at the
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point of contact Tij and inertial moments of forces. At the same time, equation of equilibrium of all forces,
applied to the apple it is expedient to put in a fixed, basic coordinate system Ozyz, and equation of equilibrium
of forces moments — in its own coordinate system of the apple, O"z"y" 2" the center of which O” located in
the center of the apple Clx(t);yo(¢); 20(t)], and the axes are tightly bound with the body of the apple [6-8, 11]

M=

k k
ST (Py + Fy) — maa; + Gy = 05 (7 +05) x (P + Fy) + > 1) — L) =0, (9)
j=1 j=1 j=1
where Pij and PZ/]\ — vectors of normal forces of elastic interaction on the Hertz model are given in the general
and proper coordinate systems; Fij and Flg — the corresponding vectors of tangential forces; 7;; and F{\j — the

corresponding radii-vectors of ij zone; gf\j:Fijui /(4a;;G;) — the tangential displacement of contact platform

from force Fi/}, [ 6,7]; Es) — vector amount of forces moments.
— I\ — —

In the coordinate system of a moving body LY = o ¢ ([w) x K§]), where K¢y — apple kinetic moment.
The twisting moments form a small fate of power factors, that act on a particle (less than 2-3 %), that’s why
they are not taken into account in the simplified model. Friction forces have been determined by Amonton-
Coulomb law Fi; = pAv/;;/|Av/;|, where i — the coefficient of dry friction, 7/;; — speed of the point on the
apple surface relative to the platform Fj; in contact zone.

The transition from the coordinate system Oxzyz to O”z"y”z" have been conducted in a homogeneous
base (;(,(.¢ and own apple (;'(/*¢/'¢ coordinate systems, where ¢ = (" — a scale multiplier [11, 12]. For the
objects of unchanging volume ¢ = ¢”* = 1. The relation between coordinate systems Oxyz and O"z"y” 2" with

homogeneous coordinates will be the following
T=C/CG y=G/CG 2=C/G =/ v =00 =/

The matrix record of the transition from its own coordinate system of the apple to the base will look like [12]:

air aiz oz Zo(t)

|21 va2 (23 yo(t) A A
M(R) = az1 azx asz zo(t) M(R?) = ML) M(R), (10
0 0 0 1

where «;; — guiding cosines between the axes of the base and their own coordinate systems; M (R) = |zyz1|T —
a matrix that specifies the coordinates of an arbitrary point of the body in the general coordinate system Oxyz
and corresponds to the vector r(t) = x(t)i + y(t)j + z(t)k; M(R") = |2"y"2"1|T — matrix corresponding to
the vector r(t) = 2 (t)i +y"(t)j + 2" (¢)k and specifies the coordinates of the same point in its own coordinate
system of the object O™z y" 2" ro(t) = zo(t)i + yo(t)j + z0(t)k — radius vector that connects the beginning
of the base coordinate system with the start of its own aperture coordinate system, which coincides with its
gravity center; II,, and IL,, — matrices of linear displacements and turns of its own coordinate system O”z"\y" 2"
in general Ozyz:

Similarly, the matrices of the inverse transform from the inertial coordinate system to the own coordinate
system of the object jave been written.

In an expanded form, the system of equations (9) takes the form:

k
AU _ -
i—1 elj

} ~ L =o0.

Here the first equation of the system (11) is written in the base (fixed) coordinate system, and the second
- in the own (moving) coordinate system of the apple.

The indicated dependences are the basis for constructing an imitation model for the interaction of apples
with each other and with technological surfaces. In the model, the description of bodies interaction has been given
by the normal equations of their surfaces, whose potential geometric fields determined their mutual placement
in space, their convergence and availability of contact points. In case of contact, the interval At was set for the

HADE;

;Pij {(TZAJ +07) % [gmd(fi/\) N7

eij
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procedure of numerical differentiation. Step by step the amount of hard convergence u15 and contact forces Pij
and Fij, that occur at such convergence and moments from these forces have been determined. The next step
was to determine the linear and angular accelerations from the forces found and the new values of the velocities
and displacements of each body (apple) interaction and their linear and angular velocities, which defined new
coordinates of the bodies through the period of time At and new levels of hard convergence u;; and contact
forces Pij and Fij.

In order to take into account energy losses in determining the contact interaction forces, equation (3) was
represented as [6, 7]

k@074 ke + (1 — ko)th(—Aduy; /dt)]
WK + Ks ’
where k. — coefficient, which depends on the coefficient of recovery at impact, k. = 0.8 — 0.95; A — parameter

of the model smoothing the load curve at the point of maximum force value Pj3, A > 10; Parameters of the
model k. and ) are specified experimentally from the condition while providing a given recovery factor e.

P12

(12)

Results

The constructed model allowed to conduct a computational experiment and set the time for contact
interaction ¢; and running forces of contact interaction, depending on the physical and mechanical characteristics
of the interaction bodies, as well as kinematics of bodies (apples) during contact interaction, depending on the
initial conditions.

The study of the shock interaction of one apple with a hard platform has a significant practical value,
because it is one of the most common case of fruits bruising. Implementation of the models for different initial
conditions is presented in Figure 1-5.

In particular, in Figure 1 it has been shown a graph of time variation of shock contact interaction P = Pjq
for an apple with a diameter of 80 mm, the modulus shift of which is y; = G; = 1.1 M Pa, Poisson’s coefficient
vy = 0.18 with a rigid steel surface (Go = 8.1 x 10'° Pa, v, = 0.28) for cases where the initial apple speed at the
moment of contact varies from vy = 0.2 m/s till vy = 1.4 m/s. In this case, the force of interaction increased
from Py, = 11.5 N at the time of interaction tgo = 0.0088 s, till 97.0 N at t1 4 = 0.0055 s.
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Figure 1. The change of the running force of the apple interaction contact (G; =1 M Pa, v; = 0.18)
with steel platform (Gg = 8.1 x 10'° Pa, 15 = 0.28) at different initial velocities of interaction
v € [0.2;0.4;0.6;0.8;1.0;1.2; 1.4;] m/s

From the graph, it is clear that with the increase of the initial rate of contact, the force of impact interaction
significantly increases with a slight decrease in contact interaction time.

Figure 2 shows a graph of changes in the time of the force of impact contact interaction P = Pj5 for an
apple of the same physical and mechanical characteristics for different diameters (6;8 and 10 mm) with a steel
platform at initial contact speeds vy = 0.5 m/s (bottom graph) and vy = 1.0 m/s.

The analysis of Figure 2 shows that with increased apple size, the force and time of the contact interaction
increases, and at the lower collision rates, the interaction time is greater. Figure 3 shows the graphical dependences
of the time variation of the impact contact interaction force 1o with a steel platform for apples of different
hardness, that is, different values of the displacement module, at the initial collision speed vg = 1.0 m/s.
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Figure 2. The change of the running force of the apple interaction contact
(D = 80 mm, vy = 0.18) with different diameters D € [60; 80; 100] mm with a steel platform
(G2 = 8.1 x 10'° Pa, vy = 0.28) at interaction speed v = 0.5 m/s and vy = 1.0 m/s
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Figure 3. The change of the running force of the apple interaction contact at
(D = 80 mm,v; = 0.18) of different hardness G; € [0.6;0.8;1.0;1.2;1.4;1.6] M Pa
with a steel platform (G2 = 8.1 x 10° Pa, vy = 0.28) at a speed collision vy = 1.0 m/s

From the graphs it has been seen that for harder apples, the impact forces are larger with less contact time
interaction.

Figure 4 shows the interaction of apples with platforms of different materials.
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Figure 4. The change of the running force of the apple interaction contact
(D =80 mm,G1 =1 MPa,v; =0.18) with an platform with different values of the shift modulus
Gy € [1-10%1-10%5-10%1-10%5-10%1-107;1 - 108]

It follows from the graphs (Fig. 4) that the impact strength can be significantly reduced only when the
platform is made of a material for which the shift modulus (or the Young module) is smaller or at least equal
to the apple displacement modulus. The shiftness platform change in the rate Go > 1 -10% practically does
not affect on the change in the force of impact Pis. So, the replacement of the steel platform on the wooden
(Go = 4-10° Pa) practically does not reduce the forces of contact interaction.

In the case of falling packets with apples placed in several layers into the platform, the most injured are
apples placed in the lower layer, which are in contact with the rigid bottom and perceive loading from the upper
layers.
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Figure 5 shows graphs of force time variation of apples contact interaction in the presence of upper layers.
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Figure 5. The change of the running force of the lower layers the apple interaction
contact (D =80 mm, Gy =1 MPa,v; = 0.18) in a container with a plastic platform
(G2 =1 x 10° Pa,vy = 0.3) with the placement of apples in 1, 2 and 3 layers with the
speed of interaction with the container to the platform vy = 0.25 m/s and vy = 0.5 m/s

o

The approximation of dependencies of force impact change in time for a case of contact interaction with
sufficient accuracy for practical use, it is advisable to make dependencies of the

¢ € te —t e(l—7)/7
Pi’t :Pi'mx ) 13
()= Fijma (T'tk) [tk(l—T)} (13)

where e— the shape coefficient of the curve, for elastic impact € ~ 2, for visco-elastic and elastic-plastic bodies
€ < 1.5; t - a time of contact interaction; 7 — the asymmetry parameters of the curve interaction, 7 = tp max/t,
for a symmetric curve 7 = 0.5. The bigger values of the coefficient € are taken for greater speeds of collision and
normal impact without a tangential component.

If the mass element j significantly greater than mass element ¢, m; > m; so, in accordance with the law
of conservation of momentum, element with mass m; on impact it changes the magnitude and direction of
movement (reflected from the surface of the platform) and therefore the ratio is the following

123
mivo(l+e) = / Pyjdt = kp Pij maxti, (14)
0

where e— recovery coefficient at impact, for apples e = 0.25 — 0.35; kp - the parameter determining the shape
effect of the curve on the magnitude of the force impulse.

The shape of the curve varies a liitle bit from the physical and mechanical characteristics of the apple and
to a small extent depends on the speed of impact. For critical speed of apples collision with a hard platform
kp = 0.53 — 0.54.

Firthermore, taking into account (14) the dependence (13) takes the form

Pij(t):mwo(He)( t )E[tktk—t T(H)/T. (15)

kptk T~tk (1—’7’)

Since dependence (15) describes the change in the force of contact interaction at a given contact time t,
which is easy to install experimentally, so it has a significant practical value.

The developed model also allows to simulate a change in the kinematic parameters of apples when they
are transported on technological surfaces, taking into account their initial linear and angular displacements. In
Figure 6 and 7 the kinematics of the transition from slipping to rolling the apples on a steel platform at different
initial values of linear and angular velocities (without impact) has been shown.
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Figure 6. The change of apples linear speed (D = 80 mm, Gy =1 M Pa,v; = 0.18)
on steelsurface (Gy = 8.1 x 10'° Pa, vy = 0.28) in the transition from slipping to rolling
at an initialspeed v, = 0 and different angular velocities w, = 5;10; 15; 20571
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Figure 7. The change of apples linear speed (D = 80 mm,G; = 1 M Pa,v; = 0.18) on steel surface
(G2 = 8.1 x 10" Pa,vy = 0.28) in the transition from slipping to rolling at an initial speed w, = 0 and
different angular velocities v,, € 0.25;0.5;0.75; 1.0 m/s

As follows from the figures, the transition from slipping to rolling of apples having an initial only linear or
angular velocity occurs over a short period of time (less than 0.1s).

Conclusions

The deduced dependencies are the basis of the simulation mathematical model, which allows to determine
not only the parameters of contact interaction of apples between themselves or with technological surfaces, but
also to simulate in the mode of the computational experiment the processes of transportation of apples, their
movement during processing under the conditions of interaction with several objects simultaneously. According
to the results of the study, it was found that the contact time of the apples between themselves and in hard
containers does not exceed 0.001 s. It is grater for apples of larger size, of soft varieties and with layered apples
placed in the container. To significantly reduce the force of contact interaction and increase the contact time
(more than 0.01 s), it is necessary that the modulus of the elasticity of the platform was one-two times less than
the modulus of apples elasticity. With the increase in the collision rate of apples with the platform or among
themselves, the contact interaction strength increases significantly with a slight decrease in contact time. The
critical values of the force of the impact contact interaction, in which the structure of the flesh of the apples for
the solid varieties has not disturbed, is Pyax = 80 , for soft — 35 — 40 .

References

1 Roudot A.-C.G. Modelling the Response of Apples to Loads / A.-C.G. Roudot, F. Duprat, C. Wenian //
Journal of Agricultural Engineering Research. —1991. — 48(4). — 2497259.

2 Crenanosa E.I'. Peosornueckue coiictBa sibI0K npu pa3indHbix cBoiicrBax ux obpaborku / E.I. Crena-
HoBa, B.A. Ilpuuko // Useectust By3os. Ilnmesast Texnonorus. — 1999 . — Ne5 — 6. — C.72.

3 Yuwana Y. Prediction of Apple Bruising Based on the Instantaneous Impact Shear Stress and Energy
Absorbed / Y. Yuwana, F. Duprat // International Agrophysics. — 1998. — 12. — 1337140.

Cepusi «Maremaruka». Ne 4(96)/2019 105



R. Rogatynskyi, R. Hevko et al.

=~

Rybczynski R. Mechanical. Resistance of Apple in Different Place of Fruit. / R. Rybczynski, B. Dobrzanski
// International Agrophysics. — 1994. — 9(3). — 4557459.

5 Grotte M. Young’s modulus, poisson’s ratio, and lame’s coefficients of golden delicious apple. / M. Grotte,
F. Duprat, E. Piétri & D. Loonis // International Journal of Food Properties. — 2002. — 5(2). — P. 333~
349. DOI: 10.1081/JFP-120005789.

6 Porarunckuit P.M. CumoBoe B3ammometicrBue KOpeHEOYIBOOIIONUB ¢ PAOOYNMU OPraHAME ITHEKOBBIX

ouncrureneii / P.M. Porarunckuit // Bectn. Ham. arpap. yu-ta. — M.: HAY, 1997. — T. 1. — C. 98-103.

7 Porarumckuit P.M. Momeap KOHTAKTHOrO B3aMMOJEHCTBUS YACTHUILI I'Py3a ¢ PAOOYNME HOBEPXHOCTSIMMA
cesbekoxossiicrBennbix Mamus / P.M. Porarunckuit u np. // Bectn. XapbKoB. roc. TeXH. yH-Ta CEJIbCKO-
ro xozsitcTBa «MexaHuzarms ce/bCKOXO3IHCTBEHHOTO MMPOU3BOJICTBAY. — XapbkoB, 2003. — Bum. 21. —

C. 222-228.
I'ynka B.B. Mozenmn KOHTaKTHOIO B3aNMOIEHCTBUS YaCTHI] TEXHOJOTMYECKON CPeJIbI ¢ PAOOYNMHU IIOBEPX-

Hocrsimu gerasiedt Mamme / B.B. T'yuka, A.P. Porarunckast // Hayd. samerku: MexBy3. ¢6. (110 Hampas-
gennto «VHxKenepHast Mexanukas ). — Boin. 11. — Jlyuk: Uza-so JIT'TY, 2002. — C. 114-120.

oo

NeJ

TMuxk A.U. JIunamudeckasi MOJENb B3aUMOJIEHCTBUS YACTUIL CBIIIYYero Tpy3a MexKy coboii u ¢ pabounmu
nosepxuocramu Marmus / AU Tluk, A.B. dyaun, A.P. Porarunckas // Becra. XapbKoB. 10C. TEXH. YH-Ta
CeJIbCKOI0 XO03sicTBa. MexaHu3arms ceJbCKOX03ANCTBEHHOIO IPON3BOICTBA. — XapbkoB, 2004. — Boim.

24. — C. 120-127.

10 Hanaor D.A.H. Contact mechanics of fractal surfaces by spline assisted discretisation / D.A.H. Hanaor,
Y. Gan, I. Einav // International Journal of Solids and Structures. —2015. — 59. — P. 121-131. DOI:10.
1016/j.ijsolstr.2015.01.021.

11 Poraruncbkuit P.M. MojemoBanHsT IpOTIeciB B3a€MO/Iil IITHEKOBUX POOOUNX OPraHiB i3 KOpeHeOy 15001110~
namu / P.M. Poraruncokuii // Bicauk Haniomanbroro arpapuoro ymisepcurery. — Kues: HAY, 1997. —
T. 1. — C. 103-108.

12 IMewnen II. Maremaruka u CAIIP: [B 2-x ku.] Ku. 1. / II. IITenen, M. Kocuap, 1. Tapgan u. ap.; nep. ¢
dp. — M.: Mup, 1988. — 204 c.

13 Tesko P.B. Hanpasiienus coBepiieHcTBoBanust cBeKj10ybopounoit rexuuku caukus / P.B. Tesko, I.T. Tka-
qenko, C.B. Cununit, B.M. Bysrakos, P.M. Poratunckuit, O.B. [TaBesruak. — JIynk: JITTY, 1999. — 168 c.

14 Hevko R.B. Determination of interaction parameters and grain material flow motion on screw conveyor
elastic section surface / R.B. Hevko, S.Z. Zalutskyi, Y.B. Hladyo, I.G. Tkachenko, O.L. Lyashuk,
O.M. Pavlova, B.V. Pohrishchuk, O.M. Trokhaniak, N.V. Dobizha // INMATEH: Agricultural engineering.
Bucharest, Romania. — 2019. — Vol. 57. — No. 1. — P. 123-134.

15 Hevko R.B. The influence of bluk material flow on technical and economical performance of a screw
conveyor / R.B. Hevko, V.M. Baranovsky, O.L. Lyashuk, B.V. Pohrishchuk, Y.P. Gumeniuk, O.M. Klendii,
N.V. Dobizha // INMATEH: Agricultural engineering. Bucharest, Romania. — 2018. — Vol. 56. — No. 3.
— P. 175-184.

16 Lyashuk O.L. Modelling of the vertical screw conveyer loading / O.L. Lyashuk, O.R. Rogatynska,
D.L. Serilko // INMATEH: Agricultural engineering. Bucharest, Romania. — 2015. — Vol. 45. — No. 1.
— P. 87-94.

17 Lyashuk O.L. Mathematical model of bending vibrations of a horizontal feeder-mixer along the flow of
grain mixture / O.L. Lyashuk, M.B. Sokil, V.M. Klendiy, O.P. Skyba, O.L. Tretiakov, L.M. Slobodian et
al. // INMATEH: Agricultural engineering. Bucharest, Romania. — 2018. — Vol. 55. — No. 2. — P. 35-44.

P.Porarsinckuii, P.I'eBko, FO.Huxkepyii, O./Imurpos, P.Posym
AJMaHBIH ©3apa >KaHacybl dPEKEeTIHIiH,
JAMHAMUKAJIBIK UMUATAIASIBIK MOJIEJIl

Anmanapabig 6ip-6ipiMeH, COHIa-aK, TEXHOJIOTUSIIIBIK *KabIbIKTaP/IbIH KYMBIC 6HeTTEPIMEH OJIap/Ibl XKUHAY,
TACBIMAJIJAY >KOHE TEXHOJIOTUSIBIK, OHJEY Ke3iHJIeri COKKBIMEH e3apa 9cepJsieCyiHiH MaTeMaTUKAJbIK MO-
e/l YChIHBLTFAH. ['epir TeOpusiChIH Maii1ajana OTBIPBIT MOJE/Ibe KEPHEYIl, COHIAN-aK, TeHEeHIH COKKBLIBIK,
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ocepiHiH 6acKa J1a aFbIMIAFbl TapaMeTPJIepiH aHbIKTal bl Moeb IiH epeKImesIiri yakbIT mapaMeTpIepiHiy
e3repyin opHATy OOJIBII TaOBLIA LI, OYJI €CEelTe/INeH IKCIIEPUMEHT PEXKMMIHJIE ITPOIECTI MOJE/IbIEeyre MyM-
KiHgiK 6epesi. CoHbIMEH KaTap, 6acTalKbl OYPBINITHIK YK9HEe TAHTEHIIUSIBIK, KBIIIAMIBIK, KE3IHIET aiMa
KWHEMATHUKACBIHBIH ©3repy MbICAIAPhl KEJITipiareH.

Kiam cesdep: cOKKBI, ©3apa H6aillaHbICy 9peKeTi, aaMma, ['epiriy Tyificiesi kepHeyi, MaTeMaTHKaJIbIK, MOJIEb,
€CEIITEJIETIH IKCIIEPUMEHT, KAJIIBIHA KEeJTIPy KO3 uImenTi.

P.Porarwiackuii, P.I'eBko, FO.Hukepyit, O.Imurpos, P.Posym

JAuHaMndyecKasg MMUTAIIMOHHAS MOJEJb
KOHTAKTHOT'O B3aMMOJIeicTBUA sI0JI0K

IIpencraBiena maremaTuyeckasi MOZENIb YAAPHOIO B3aUMOJIENCTBHs 100K MexK 1y coboii, a Takxke ¢ pabo-
YUMU TTOBEPXHOCTSIMY TEXHOJOTMIECKOTO 000PYA0BaHNS IPU UX YOOPKE, TPAHCIIOPTUPOBKE W TEXHOJIOTHYe-
cKoit obpaborke. B Monmenn ¢ ncnoss3oBannem teopun l'epiia ompenessroTcst HAIPSI2KEHNs, & TAKXKe JIpyrue
TeKyIIHe IIapaMeTphbl yaapHoro B3auMojieiicteus Test. OCOBEHHOCTh MOJIENIN €CTh YCTAHOBJIEHUE U3MEHEHUN
mapaMeTpoB BO BPEMEHH, YTO MO3BOJISIET MOIEIUPOBATH MPOIECC B PEXKUME HMCUMC/ISEMOrO IKCIEPUMEH-
ta. [IpuBenensl rpadudeckue 3aBUCUMOCTH U3MEHEHUsI KOHTAKTHBIX CHJI BO BPEMEHU, & TAK¥Ke IIPUMEPbI
M3MEHEeHHUs] KHHEMATHUKN sI0JI0OK IIPY HAYAJIbHBIX YIVIOBBIX M TAHME€HIUAJIBHBIX CKOPOCTSIX.

Karouesvie caosa: ymap, KOHTAKTHOE B3aMMOJIENCTBIE, s10JI0KO, KOHTAKTHBIE HAIpsxKeHns [epria, maTema-
THUYECKAsT MOJIE/Ib, NCUUCIISIEMbI SKCIEPUMEHT, KOI(DMUIMEHT BOCCTAHOBJIEHMSI.
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