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Abstract

The article presents the results of theoretical research in the field of kinematics of interaction of rotary working elements with

the soil at the moment of contact with the soil.
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1. Introduction

To study the process of interaction of the working elements of the
harrow with the soil. The founder of agricultural mechanics, Aca-
demician V.P. Goryachkin, established that achieving high quality
indicators of working parts is possible only with optimal geomet-
ric and kinematic parameters and dynamic operating mode. The
working parts of passive working parts move along a straight line,
so their soil loosening intensity is low. Active (rotary) working
parts best meet the agronomic requirements of soil loosening and
weed control. The increased interaction with the soil, and therefore
the soil loosening intensity of rotary working parts, is largely de-
termined by the type of their movement. According to our working
hypothesis, a rotary working tool, rolling along the surface of a
ridge and adjacent to it, can comb and drag weeds along the ridge,
break the connection between their root collars and the soil, and
also dump them into the inter-row space. Such functionality for
the envisaged technological process could be achieved by a rotary
harrow that conforms to the ridge profile and passively rolls on the

circumference of the lugs, the points of which describe the trajec-
tory of an ordinary cycloid.

A rotary harrow is a geometric figure made up of two truncated
cones and a cylinder, onto the surface of which fingers or scraper
bars can be welded. The geometric parameters of the rotary har-
row design are determined by the dimensions of the ridge profile,
the spacing between plant rows, the depth of the tubers, and the
parameters of the serial cultivator on which the rotary working
element is planned to be installed and adjusted. Theoretically, the
ridge profile can be taken in the form of a trapezoid, which is char-
acterized by a height h , a width b of the upper base and the width
B of the lower base, equal to the row spacing . In this case, we can
write that the harrow width, H, considering the width of the grip
of the arrow paw will be equal to: H = B — a, According to the
Research Institute of Crop Protection, the comb parameters before
leaving had the following values, given in Table 1.

Indicators

Values, cm

1. Height

12...16

2. Width at base

70

3. Width at the top

5...10

Table 1: Ridge Parameters for Potato Planting

In addition, when justifying the geometric parameters of the har-
row, it is necessary to consider:
* That the larger the diameter of the harrow along the lugs, the less

force is required to roll it;
* To achieve the effect of combing out weeds, it is necessary that
the kinematic operating mode indicator A < 1.
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1.1. Absolute Trajectory of Motion, Speed and Acceleration
Working Elements of a Rotary Harrow

The main distinguishing feature of rotary tillage machines and im-
plements is the rotational motion of their working elements. When
rotation is transmitted from the engine to the rotor via the drive-
shaft, the rotor becomes active (active rotary working elements).
If the working element is rotated by passive interaction with the
soil under the tractor's traction force, it is classified as a passive
rotary working element. The intensity of the technological oper-
ation performed by rotary working elements largely depends on
their rotational speed and the type of movement of the working
elements. In recent years, much attention has been paid to the de-
velopment and use of machines with rotary working bodies for
inter-row cultivation of row crops, which have very significant
advantages over passive working bodies. Theoretical studies of ro-
tary working elements have been carried out in sufficient detail in
[6.8]. However, to date, the patterns of formation of the trajectories
of motion and moments of forces acting on the working elements
of a rotary drum rolling with the surface of the ridge, depending on

the kinematic operating mode indicator, have not been theoretical-
ly investigated or identified:

where U is the linear speed of the harrow points,
V. - forward speed of the tractor.

The study of the patterns of change in the nature of the trajectories
of the working elements of a rotary harrow and the formation of
moments of force allows us to analyze the technological process of
the harrow. The trajectory of any point of the working elements of
a rotary harrow is a cycloid (Figure 1), which is the result of their
rotation around the axis of the harrow at a speed of U = or, (1, is the
radius of rotation of the initial points of the working elements, ®
is the angular velocity of the harrow) and translational movement
with the tractor at a speed of V.
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Figure 1: Absolute Trajectory of the Rotary Harrow's Initial Points When Rolling along the Lug Rim

The trajectory of any point lying on the harrow surface in a system
of fixed coordinates, is described in parametric form by equations:
x=Vrt+ 1;sinwt
y=tr;coswt
where t is time.
In our case, all points of the harrow surface located on the smaller
radius of the lug rim have a kinematic operating mode index A <

1 and follow a trajectory of movement in the form of a shortened
cycloid.

Theoretically, three possible harrow rolling patterns are possible:
1. Along the circumference of the cylindrical section;

2. Along the circumference of the conical section;

3. Along the circumference of the lug rim.

In the first case, all points lying on the cylindrical part of the har-
row describe a normal cycloid and the kinematic operating mode
index A = 1. All other points of the harrow lying on large radii
describe elongated cycloids and their kinematic operating mode
index 4 >1 (Figure 2).
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Figure 2: Rolling of the Harrow on the Circumference of the Cylindrical Part of the Harrow

In the second case, when the harrow rolls along the conical part, all  index 1 <I, and the points lying on the larger radius will describe
the points of the harrow lying on the smaller radius will describe a  an elongated cycloid and have kinematic operating mode indexes
shortened cycloid (elongated) and their kinematic operating mode 4 >1 (Figure 3).
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Figure 3: Rolling of the Harrow on the Circumference of the Conical Part of the Harrow

In the third case, when the harrow rolls along the rim of the lugs, index A is <I. The points lying on the larger radius describe a short-
all the points of the harrow lying on the smaller radius describe a  ened cycloid (elongated) and their kinematic operating mode in-
shortened cycloid (elongated) and their kinematic operating mode  dex A is <1 (Figure 4).

Figure 4: Rolling of the Harrow along the Circumference of the Lug Rim
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Theoretically, the third option is the most favorable and effective,
in which the points located on the smaller radius of the harrow
make shortened (elongated) cycloids and at the same time the
working elements of the harrow drag the upper surface layer of soil
forward, destroying weeds in the white thread phase. The speed
and acceleration of the harrow's scraper bars during contact with
the soil play a key role in the intensity of the soil loosening and
weed control operations performed by a rotary harrow (Figure 5).

The absolute speed of the characteristic points of the harrow scrap-
er bar is written as:

o (&) (]

Using the rule of parallelogram addition of vectors, the modulus of
the resultant is found by the formula:

Vo= V2 +V2, —2V,V, cosa;

Considering that Vo, = A Vi, and o = ot
We get I;=V V1422 — 2hcosot

where A = oR, / A is the kinematic parameter of the drum

I - absolute trajectory of the base ofthe bar
II - absolute trajectory of the toe plank

Figure 5: Trajectory and Speed of the Scraper Bar during its Contact with the Soil

The direction of the velocity vector V in space is determined by
the direction cosines.

cos (xV) = Z v =v v
dt
dy

cos (y,V) = E/V =V,/V

Absolute acceleration of a point

w= .o +(o§=032Ri

To achieve the intended technological process of pulling the top-
soil and weeds, along with the root collar, into the row spacing, the
rotary harrow must roll without slipping along the lug rim and de-
scribe a regular cycloid. In this case, all other points on the harrow
lying outside the harrow rim circumference, such as the lug points,

will describe an elongated cycloid and have a kinematic operating
mode index of A > 1, while all points lying inside the harrow rim
circumference (points on the tines and scraper bars) will describe
a shortened cycloid and have a kinematic operating mode index
of A< 1.

1.2. Study of Translational Motion Scraper Bar in the Contact
Zone with the Soil

Of practical interest is the process of interaction between the
scraper bar and the soil and its behavior in the contact zone. To do
this, we will examine the kinematics of the scraper-soil interaction
during the scraper-soil contact period. We will analyze the seg-
ment of the path from the beginning of the scraper-soil contact (the
beginning of the surface soil layer being pulled through) at point
0 to the end of the contact (the end of the surface soil layer being
pulled through) at point 6, along which weeds are combed out, the
soil crust is loosened, and the soil crust is broken down (Figure 6).
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Figure 6: To Determine the Segment SO of the Progressive Movement of the Scraper Bar or Finger in the Zone of its Contact with the

Soil

Graphical plotting of the trajectory and its analysis clearly demon-
strate that the scraper bar enters the soil at an acute angle when it
first contacts the soil, assumes a vertical position midway through
the stroke, and leaves the soil surface at an obtuse angle at the end
of the stroke. Thus, during the first half of the stroke, the scraper
picks up soil and weeds, and during the second half, it drags them
through and releases them, which greatly facilitates the process
of dragging weeds and loosening the soil. When the drum is roll-
ing, an important role is played by the trajectory of movement de-
scribed by the scraper during its contact with the soil, limited by a
certain arc (0-6) (Figure 6) and determined by the beginning of the
scraper’s entry into the ridge at point 0 and the end of its working
stroke at point 6, on the line of which weeds are combed out, the
soil crust is loosened and destroyed. Arc 0-6 of the scraper-bar
trajectory corresponds to a segment of size S_ progressive move-
ment of the harrow.Let us analyze the section of the harrow’s path
from the moment the scraper-bar begins to contact the soil (the
beginning of dragging the surface layer of soil) at point 0 and the
end of contact with the soil (the end of dragging the surface layer
of soil) at point 6.

From Figure 6 we find that at the moment of the beginning of
contact of the scraper-bar with the soil, its coordinate y takes on a
value equal to r. Therefore

cosa =r, /(r, +h) or a = ar with cos [r/(r,+h)].

Then

otBX =T — 0o = - arccos [r/(r,+h)]  or

tBx = (m-arc cos[r /(r,+h)])/®

Substituting the value of t in into the expression (3 on p. 108) and
considering that

V, = ar /A, we obtain in the coordinate system the magnitude of
the translational movement of the scraper-bar at the moment of
the beginning of contact of the scraper-bar with the soil XBx (en-
trance) :

Hvh =r, (n - ar with cos[r /(r,+h)])/ A+r sin(n-arc cos[r,/(r+h)])

(4)

At the moment of separation (exit) of the scraper-bar, the angle of
rotation

ot out = m + ar with cos [ r, /(r | +h )] or tout = (n+ar with cos[r /
(1 +h)])eo

Substituting the expressions t out and V, = or, /A in the expression

x =V t+r,sinot, we obtain the magnitude of the displacement of
point A at the moment of breaking contact with the ground (exit).
Consequently,

X . =1, (mtarc cos[r/(r+h)])/ A + r, sin (m+arc cos[r /(r,+h)]

©)

Knowing the values of the progressive movement of the scraper
bar X and X, itis easy to express the segment S, movements
of the scraper bar during the period of contact of the scraper bar
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with the soil. The results of solving the components of equations (4) and (5) are
presented in Table 2

S, =X, - X, (©)
No. | ~=r2/R 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1 rn=R'A, MM 97.5 130 162.5 | 195 227,5 | 260 292,5 |325
2 r1=r-h,Mm 47,5 80 112,5 | 145 177,5 | 210 2425 | 275
3 Y=r1/12 0,4872 | 0,6154 | 0,6923 | 0,7463 | 0,7802 | 0,8076 | 0,8291 | 0,8462
4 a = arccosy, | 60.8 52.0 46.2 41.7 38.7 36.1 34.0 322
degrees
5 @1 = m-0, grad 119.2 | 128 133.8 | 138.3 | 141.3 | 1439 | 146 147.8
6 ¢, = m+a, grad 240.8 |232.0 [226.2 |221.7 |218.7 |216.1 |214.0 |212.2

7 A= R-@; - (n/180), | 675.9 | 725.8 | 758.6 | 784.2 |801.2 |815.9 |827.8 |838.0

MM
8 Bi=r-sin @1, MM 85.1 1024 | 1173 | 129.7 | 1422 | 1532 |163.6 |173.2
9 Xex=A11tB;, MM 761 8282 8759 |9139 |943.4 |969.1 |991.4 | 1011
A=12/R 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

10 | A»= Ry - (n/180), | 1365.3 | 1315.4 | 1282.5 | 1257.0 | 1240.0 | 1225.3 | 1213.4 | 1203.2
MM
11 | Bo=r1,"sin@,, MM -85.1 |-102.4 | -117.3 | -129.7 | -142.2 | -153.2 | -163.6 | -173.2
12 | X out=A2tB;, MM 1280.2 [ 1213 | 1165.2 | 1127.3 | 1097.8 | 1072.1 | 1049.8 | 1030
13 | S=X out ~Xin, MM 519.2 | 384.8 [2893 |213.4 |1544 |103 58.4 19

Table 2: Results of Solving the Components of Equations (4) and (5) for Points with the Kinematic Operating Mode Indicator
A =r/R in the range from 0.3 to 1.0

A 0.5 0.6 0.7 0.8 0.9 1.0

I MM 162.5 195 227.5 260 292.5 325
Xin (MM) 876.3 913.4 943.7 969.4 991.7 1021.0
Xout (MM) 1165.7 1128.7 1098.3 1072.6 1050.3 1021.0
X = Xout - Xin 289.4 215.2 154.6 103.2 58.6 0

Table 3: Results of Solving Equations (4) and (5) for Kinematic Operating Mode Indicators A from 0.5 to 1.0
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Figure 7: Dependence of the Working Stroke S on the Kinematic Operating Mode Indicator 4

1.3. Study of the Speed of the Working Element in the Zone of

its Contact with the Soil Vige =Vioe 7V

Absolute speed is one of the most important performance charac-

teristics of rotary tillage machines and implements. It is equal to  Using the rule of parallelogram addition of vectors and the Pythag-

the geometric sum of the circumferential and forward speeds. orean theorem, the modulus of the resultant can be found in the
following sequence (Figure 8 a and b).

Figure 8: To Determine the Absolute Speed of the Scraper Bar: a) At the Moment of Entering the Soil; b) At the Moment of Exiting the
Soil

J Agri Horti Res, 2026 Volume 9| Issue 2| 7
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In the middle position, the absolute speed is equal to the difference between the translational speed and the peripheral speed, since they

lie on the same line and are directed in opposite directions (Figure 9).
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Figure 9: Determining the Absolute Speed of the Scraper Bar in the Middle Position

V

abe

=V

noc

-V

OKp °

Or the absolute speed in the middle position, given that it
V.., =A%V . ot =7 isequal to

OKp n

V. =V 1+ 22 +2%A*cosx , (8)

a

Results of calculation of the absolute speed of the scraper-bar V at
the moment of entry into the soil, in the middle position and at the
moment of exit from the soil with the kinematic indicator of the

operating mode A= 0,5

Substituting the calculated data from Table 3.15 into expressions
(7) and (8), we obtain

Ve :3,5”‘\/1+0,52 +2%0,5*cos148" =2,2m/c

e, =35% 140,52 +2%0,5c0s164° =19m/ ¢

o, =35% 140,52 +2%0,5%cos180° =18m/c

e, =35% 140,52 +2%0,5%c0s196° =19m/ ¢

Vo e =3,5% 140,57 —2%0,5%c0s212° =22/ c

J Agri Horti Res, 2026
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1.4. Study of Acceleration of a Working Element in its Contact Zone with the Soil
Acceleration is defined as the derivative of absolute velocity with respect to time. Acceleration at the moment of entering and exiting
the soil

a :Va'ac(f)z(Vnoc*\/1+/12+2*/1*cosa)t ) =
V ! /1* *k * Q1 {
— noc *(1+/fl’2+2*ﬂ/*cosa)t) __ w Vnoc S . ’
2% 14+ A2 +2% A *cosar V1+ A2 +2% A *cosar
)

In the middle position

a :I/va,ﬁc(t):(yvnac *\/1_'—/12 _Z*A*COSE ) =

V ! l* *V * Q1
- (1447 2% A% cosrr) = Lo ne TT (10)
2%J1+ 12 —2% L *cosx V1422 2% L *cosx

Results of calculating the acceleration of the scraper-bar a at the

moment of entering the soil, in the middle position and at the mo- 0,5*1,7*3,5*sin180° 5
ment of exiting the soil with the kinematic indicator of the operat- Ay = > == Om/c
ing mode 1=0,5. \/1+0,5 +2%0,5*cos180
Substituting the calculated data from Table 3 into expressions (9 )
and 10), we obtain: 0,5*%1,7*3,5*sin196" )
a, =— =15m/c
J14+0,52 +2%0,5*cos196°
g = 0,5*1,7*3,5*sin 148" 250/
T - 0,5%1,7*3,5%*sin 212
T 140,57 +2%0,5%cos148 a, =- =2,5m/c>
J14+0,52 —2%0,5%cos212°
0,5*1,7*3,5*sin 164"

a, = - =—1,5m/c?
J14+0,52 +2%0,5*cos164°

J Agri Horti Res, 2026 Volume 9| Issue 2| 9



Based on the results of solving the equations, the following graph-
ical dependencies of the acceleration of & the scraper-bar point on

the working stroke S, and the kinematic operating mode indicator
were obtained (Figure 11).

a =
)

&

-5 i

7
A= 2

A=08

— S
40500 600 700500~ F 777

a=r(7/

A= 7

Figure 11: Dependence of Acceleration a on the working stroke o and the kinematic operating mode indicator 1

2. Conclusion

Graph-analytical studies of a rotary harrow have shown that the
harrow's scraper bar is positioned at an acute angle when it first
contacts the soil, assumes a vertical position midway through the
stroke, and leaves the soil surface at an obtuse angle at the end
of the stroke. Thus, during the first half of the stroke, the scrap-
er bars collect soil and weeds, and during the second half, they
drag them through and release them. 2. The speed and acceler-
ation of the scraper bar in the contact zone with the soil were
calculated for the kinematic operating mode index A = 0.5 at the
beginning of contact with the soil, in the middle position and
at the moment of separation from the soil surface, respectively:

Ve =22mle, V%, =18mulc, V'®um =22mlc; Ay =

-25m/c*; a,, = 0m/c*: a,, =2,5u/c*[1-12].
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