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Abstract. The design of a helical surface tillage tool made of a developable helicoid section has been
calculated using the methods of analytical and differential geometry, the theory of surfaces, the systems
of computer-generated graphics and mathematics. A helical tool in the form of a skeleton cylinder
made of bars, where there is a helical surface made of arranged sheet metal, has been developed. Such
a design prevents a helical surface from becoming clogged with soil. The suggested tool operates as a
roller and the soil can easily pass through the gaps between the bars. New helical harrow tools have
been designed and made for this experiment. An experimental harrow equipped with helical tools has
been made and used to conduct a field research. The research was aimed at determining the optimal
kinematic parameters and the pattern of field movement, which allow performing the technological
process of soil tillage with the performance indices that meet the agricultural requirements.

Keywords: Surface tillage, helical surface, developable helicoid, approach angle, flight development,
movement pattern.

1. Introduction
Concave soil-tillage disks are used to turn and pulver-
ize the soil and bury residues from the last crop [1–6].
The profile shape of cultivated soil strips and ridge
height depend on the distance between the disks, their
design parameters and the setting angles. A disk is
set in such a way that there is a certain approach
angle between the plane of blade (disk edge) position
and the direction of the unit movement. In order to
improve digging, a disk is deflected in a vertical plane
as well, thus, every disk has its own axle attachment
to frame. If a helical surface is applied, similar perfor-
mance results can be expected, but it can be attached
on a shaft similar to a huller battery.

Disk tools are widely applied for surface soil-tilling.
Designing and calculation of soil-tilling implementa-
tion have been thoroughly studied by P. Zaika [7].
The analytical model of soil-tillage concave disks has
been developed in order to determine their geometri-
cal and technological characteristics [8–12]. Certain
papers consider various aspects of the improvement of
the quality of soil tillage performed by such tools [13–
20]. The perspectives of further investigations on the
improvement of disk and other soil-tilling equipment
have been determined by the scientists [21–29].

2. Materials and methods
A developable screw surface can be made by extending
a flat ring along a shaft axis (Fig. 1a). The maximal

pitch Í is formed when rectilinear generators, along
which the bending takes place, become tangent to a
helical line on the cylinder of radius ð. This line is
called the edge of regression and has a fixed angle
of ascent ϕ. All the rectilinear generators of the
surface are inclined at this angle to the plane, which
is perpendicular to the surface axis. Other helical
surface lines have a different angle of ascent, here, it
decreases with the increase of the radius of a helical
line location.

During its movement along a helical line (the edge
of regression), a point rotates about its axis through
the angle t and, at the same time, moves along it. In
one complete revolution, that is for the angle 2π, a
point describes a circle 2πð in length on a horizontal
projection and, at the same time, moves up along the
surface axis at the distance of Í= 2πh — one surface
pitch, where h — helix parameter, Í — surface pitch
(constant values) (Fig. 1b).

Helical surface lines on cylinder developments trans-
form into right lines within one pitch — hypotenuses
of the corresponding triangles (Fig. 1b). The values
of the angle of ascent ϕ for every helical line can be
determined from them. Namely, in the case of the
edge of regression tgϕ = h/p. Hence follows:

cosϕ = p√
p2 + h2

; sinϕ = h√
p2 + h2

. (1)

The parametric equations of a developable helical
surface, which is also called a developable helicoid,
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(a) . Frontal surface view.

(b) . Reduced helical lines on cylinder developments of the
corresponding radii.

Figure 1. Graphic illustrations of a helical devel-
opable surface

can be written as:

X = p cos t− u
p√

p2 + h2
sin t;

Y = p sin t+ u
p√

p2 + h2
cos t; (2)

Z = h t+ u
h√

p2 + h2
,

where t, u — variable surface parameters, here t —
the angle of point turning about the surface axis when
moving to the follow point on a helical line, which is
located on a cylinder radius ð; u — the length of a
rectilinear generator from the flow point on a helical
line to the point on the surface
The angle ϕ (1) is the ascent angle of the edge of

regression and, at the same time, it is the inclination
angle of rectilinear surface generators. In order to
design a developable helicoid with the predetermined
helix parameter h (that is, with the pitch Í= 2πh) and
the inclination angle ϕ of its rectilinear generators,
according to (1), it is necessary to determine the
corresponding value of the radius ð of a base cylinder
where a helical line is located — the edge of regression.
The angle of ascent of all the other helical surface lines
is less than ϕ (Fig. 1a 1b).

A helical surface is traditionally described by the
equations (2) with the vertical arrangement of its axis,
as it is shown in Fig. 1a. If this shaft surface is placed
on the soil and is extended in such a way that the axis
of rotation is perpendicular to the moving direction,
the angle ϕR is the approach angle, however, its value
is not sufficient enough to deepen the surface into the
soil. It is obvious that the surface should be turned
in such a way that its axis makes a certain angle with
the direction of unit movement. If we take Y axis
for the direction of unit movement, the parametric
equations of the surface (2) are of the following form:

X =
Ç
p sin t+ u

p cos t√
p2 + h2

å
sin β+

+
Ç
h t+ u

h√
p2 + h2

å
cosβ;

Y =
Ç
p sin t+ u

p cos t√
p2 + h2

å
cosβ− (3)

−
Ç
h t+ u

h√
p2 + h2

å
sin β;

Z =p cos t− u
p sin t√
p2 + h2

.

According to the equations (3), two projections of
the shaft surface were built, Fig. 2a 2b. In this case,
the angle β is the angle between the surface axis and
the direction, which is perpendicular to the direction
V of unit movement. If β = 0, the unit rolls with
insufficient deepening of the helical surface into the
soil. If β = 90î, the deepening takes place, however,
there is no rolling. It is necessary to substantiate the
permissible value of the angle β and the design pa-
rameters of the surface in order to provide its normal
performance. It is possible to deepen such a construc-
tion into the soil as far as the shaft, meaning that the
shaft is at working surface that interacts with the soil
as well. The research shows that there is soil accu-
mulated between the shaft and the surface and such
a construction does not work. In order to avoid this
phenomenon, the depth of the helical surface deepen-
ing into the soil can be decreased by limiting it with
a cylindrical shaft of a larger diameter. Furthermore,
the cylinder should be made of bars in such a way
that it acts as a roller and the soil can easily pass
through the gaps between the bars.
Fig. 3a 3b presents the projections of the surface,

which depth of deepening into the soil is limited by
means of the increased diameter of a cylindrical shaft.
In the frontal projection, it is conditionally shown to
be solid, however, it should be made of rolled metal
with the density sufficient enough for the soil to pass
through the gaps. In the horizontal projection, the
shaft is not presented at all in order to show certain
geometrical characteristics. First of all, they include
an approach angle. In the case of a soil-tillage concave
disk, this is the angle between the blade plane and the
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(a).

(b).

Figure 2. Projections of a shaft helical surface with
the axis turned in the direction of unit movement

(a).

(b).

Figure 3. Projections of the soil-tilling helical surface
with the depth of its deepening into the soil being
decreased by means of increasing the diameter of a
limiting cylinder

direction of unit movement (if a disk is arranged in a
vertical plane without a roll angle) [4]. The cutting
edge of a helical surface is a helical line (a space curve).
A similarity between both surfaces can be found.

This is the angle that is formed by a tangent to the
cutting edge in its lowest part with the unit moving
direction. This determination is appropriate for a
concave disk, which has a roll angle, as well.

In the horizontal projection (Fig. 3a 3b), the surface
axis is presented in such a way that there are blind
spots, which is necessary in order to understand where
the upper flight is and where the lower one is. At one
of the points of the lower flight, which can be imagined

as being the contact point of the cutting edge and the
soil, the approach angle α is shown. According to the
Figure, it can be written that:

α = β + ϕR , (4)

where ϕR — the angle of ascent of a helical line
(Fig. 1a), that is, the ascent angle of the cutting edge.
According to the right-angled triangles (Fig. 1b), it
can be determined that:

tgϕR = h

R
; tgϕ = h

p
. (5)

If β = 0 (that is, the rotation axis of the helical sur-
face construction is perpendicular to the unit moving
direction), the approach angle is ϕR, according to (4).
In the case of a soil-tillage disk, the approach angle
is equal to zero under these conditions. In general,
the range of approach angle values is rather wide for
concave disks. According to the obtained relations (4),
(5), it can be determined which parameters influence
its value. However, it is worth taking into account
the other parameters presented in the frontal projec-
tion (Fig. 3a 3b): the depth of tillage à, the height
of ridges ñ, the distance between the ridges b. The
parameters b and c depend on the form of a helical
surface edge, that is, on a helical line, which is limited
by the radius R and the angle β. The depth of soil
tillage à is the difference between the radius R and
the radius r : a=R–r.

Let us consider a separate helical line — the cutting
edge of a helicoid surface with its axis being inclined
at the angle β to a direction that is perpendicular to
the unit movement (Fig. 4a 4b).
According to the right-angled triangle in the hori-

zontal projection, it can be written as:

b = H cosβ = 2πh cosβ. (6)

Thus, it is possible to determine the helix parameter
of the helicoid:

h = b

2π cosβ (7)

The radius R of the cutting edge is predetermined
and the helix parameter h is determined according to
the formula (7). These two values allow for construct-
ing a helical line. Here, it is possible to change the
angle β and the invariable distance b within certain
limits.

It is obvious that the ridge height ñ can vary within
small limits.

3. Result
Fig. 4a 4b shows a helical line built to a scale under
R = 0.25m, b = 0.2m, β = 40°. The area in the
frontal projection, which is highlighted in grey, is
illustrative of a tilled soil layer.
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(a).

(b).

Figure 4. Projections of a helical line — the helicoid
cutting edge

Let us determine the radius ð of the base cylinder
where the edge of regression is located. According to
(5) and (7), let us write:

p = hctgϕ = bctgϕ
2π cosβ . (8)

When determining the radius ð, there is a certain
freedom in choosing the ascent angle ϕ of the edge of
regression. Its value has certain limits, which will be
discussed below. This angle is equal to the angle of
inclination of the surface generators to a horizontal
plane (Fig. 1a). It is obvious that it can influence the
operating process flow. In this case, let us assume
that ϕ = 30°. Then, according to (8), taking into
account the above set design parameters, the following
can be determined: ð = 0.0721m. According to the
expression (7), a helix parameter is determined: h =
0.0416. The radius of the base cylinder ð and the
helix parameter h allow for building the surface of
a developable helicoid, according to the equations
(2). The number of flights depends on the range of
values of the variable t (one flight corresponds to the
value t = 0. . .2π), and the radius R of the cylinder,
where the surface cutting edge is located, depends
on the range of values of the variable u. In order
to determine the length u of a rectilinear surface
generator beginning from the edge of regression (u =

Figure 5. Determination of the required length u of
a rectilinear surface generator

0) to the final value of u, which corresponds to the
assumed radius R, let us apply the projections of
the surface (Fig. 5). The rectilinear generator ÀÂ
is inclined to the horizontal plane at an angle of ϕ.
Its horizontal projection can be determined from the
right-angled triangle Î1À1Â1. Taking into account
that Î1À1=ð, Î1Â1=R, we determine:

u =
√
R2 − p2. (9)

The real length u of the rectilinear generator ÀÂ is
determined taking into account its angle of inclination
ϕ to the horizontal plane (Fig. 5):

u =
√
R2 − p2

cosϕ . (10)

The expression for determining the length u of a
rectilinear generator can be written through the radius
R, the angle ϕ and the helix parameter h. Taking
into account that, according to (8), p=hctgϕ, the
expression (10) takes the following form:

u =
√
R2 sin2 ϕ− h2 cos2 ϕ

sinϕ cosϕ . (11)

For the specified values R = 0.25m, h = 0.0416 and
ϕ = 30î, it has been determined that u = 0.2745m.
Fig. 6a presents the frontal projection of one surface
flight, which was built according to the equations
(2) with the parameter u within the limits of u =
0. . .0.2745m.

The surface should be limited by the internal cylin-
der of the radius r in order to provide the required
tillage depth. The tillage depth is assumed to be
à = 0.1m. Then r = R − a = 0.15m. According
to the formula (11), let us find the values of u for a
cylinder of the radius r, that is, r is inserted instead
of R and we obtain u = 0.1519.
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(a). (b). (c). (d).

Figure 6. Frontal projection of one flight of a developable helicoid, which is built according to the equations (2)
with the given data: R = 0.25m, h = 0.0416: a) p = r = 0.072m, ϕ = 30î; b) p = 0.072m, r = 0.15m, ϕ = 30î; c)
p = r = 0.15m, ϕ = 15.5î; d) p = 0.024m, r = 0.15m, ϕ = 60î.

The necessary surface section is built according to
the equations (2) on the change of the parameter u
within the limits of u = 0.1519. . .0.2745m. Fig. 6b
presents the constructed surface flight.
According to (8), the radius ð of the base cylinder

depends on the helix parameter h and the inclination
angle of helicoid generators. As it has been mentioned
above, there is a certain freedom in choosing the angle
ϕ. If it is changed, the radius ð is changed as well.
However, it can be larger than the one of the internal
limiting cylinder of the radius r, that is, ð ≤ r. It can
be explained by the fact that there is no surface inside
the cylinder of the radius ð. Thus, the maximum
possible value of the radius ð is equal to ð = R − a,
that is, ð = r. If ð = r = 0.15m, we can determine
the following from (8): ϕ = 15.5î. This value of
the angle ϕ is the minimum one for the set radius
R and the tillage depth à. The limits of variation
of the parameter u are determined according to the
formula (11): u = 0. . .0.2075m. Fig. 6c presents
the frontal projection of one surface flight with ð =
0.15 and h = 0.0416. One more surface flight was
built with ϕ = 60î for illustrative purposes (Fig. 6d).
The parameters for this angle are the following: ð =
0.024m, u = 0.2987. . .0.4992m. Having analyzed the
surface flights with various angles of inclination of the
generators (Fig. 6b, 6c, 6d), is can be assumed that
their deepening force is different and the quality of soil
turning and its mixing with crop residues is different
as well. Similar to the disk performance, this helical
tool angle can act as a roll angle for disk implements.
Fig. 7a 7b presents a scale frontal and horizontal

projections of a helical tool for surface tillage at the
depth of à = 0.10m with the set distance between the
ridges being b = 0.2m.

The design parameters of the presented tool are the
following: the radii R = 0.25m, r = 0.15m, the helix
parameter h = 0.0416. The helicoid axis is inclined
at an angle β = 40î to the direction, which is perpen-
dicular to the unit moving direction. The approach
angle is determined according to the expression (4).
According to (5), the ascent angle ϕR of the cutting
edge is equal to ϕR = arctg(h/R) = 9.4î. Thus, the
approach angle is α = 49.4î. The assumed angle of

(a).

(b).

Figure 7. Projections of a tillage tool made of a
developable helicoid surface designed according to the
predetermined tillage depth à = 0.1m and the distance
between the ridges b = 0.2m.

inclination of the rectilinear generators is equal to
ϕ = 30î.
According to the theoretically determined design

parameters of helicoid flights (Table 1.), helical har-
row tools (Fig. 8) as well as an experimental harrow
equipped with helical tools were designed and made
(Fig. 9).

In order to determine the performance indices of
a harrow equipped with helical tools, A field test of
the experimental harrow was conducted. The inves-
tigation was aimed at determining the influence of
parameters such as the unit speed, the predetermined
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Figure 8. Overall view of the helical tool.

Figure 9. Overall view of the harrow equipped with
helical tools.

tillage depth and the movement pattern on the quality
indices of helical harrow performance.

The research programme included the evaluation of
a helical harrow performance under various moving
directions relative to the location of a row: movement
along a row, at the angle of 20° and at the angle of
40°. The indices that characterize field conditions are
presented in Table 2.
The quality indices were determined according to

the standardized procedures: Agricultural Technology.
Methods for Determining Investigation Conditions:
KND 46.16.02.08-95. State Committee of Ukraine for
Standardization and Metrology;

(1.) RD.10.4.2-89. Testing Agricultural Machinery.
Surface Tillage Machinery and Tools. Testing
Programme and Procedure. State Committee of
Ukraine for Standardization and Metrology;

(2.) KND.46.16.02.-96. Agricultural Machinery. Set
of Quality Indices;

(3.) Procedure of Investigating Process Quality In-
dices, self-developed.

The tillage depth of the tools was measured using a
purpose-made graduated metal feeler. The feeler was
deepened into the soil until it came in contact with
the foot formed by a helical surface. Then, the feeler
graduation mark was evaluated and recorded. The
obtained data were used to analyse the consistency of
tillage depth by helical tools and the deviation of the
average actual tillage depth from the predetermined
one.
The depth and the height of ridges after tilling

the soil by a harrow equipped with helical tools were
determined with the use of a two-meter rod, which
was placed on the ridges, and a ruler, which was
arranged at the furrow bottom. The obtained data
were recorded in the experiment documentation.

For each factor (unit speed, unit movement patters,
tillage depth and the height of ridges) the experiment
was conducted no fewer than 5 times in order to
avoid any error in the mean result, which was then
used for statistical experimental data processing. The
standard deviation of the results was equal to up to
5%.
Fig. 10 presents the comparison of the indicators

of deviation from the predetermined tillage depth for
three movement patterns with the set depth of 10 cm.
According to the characteristic curve (Fig. 10), if

the unit moves along a row, the largest deviations
(12.1 %) were recorded for the unit speed of 8 km/h
and the smallest deviation values were observed for
the unit speed of 10 km/h (3.8 %).
If the unit moves at an angle of 20◦ to a row, the

smallest deviations (1.2 %) were recorded for the unit
speed within the range of 12–14 km/h.
If the unit moves at an angle of 40◦ to a row, the

smallest deviations (0.5 %) were recorded for the unit
speed of 12 km/h.
It is worth mentioning that in all the cases of unit

moving direction, the values of depth deviations did
not exceed the ones stated in the agricultural require-
ments.
If the predetermined tillage depth was equal to 10

cm (Fig. 10), the unit produced better results being
under the angle of 20◦ to a row, except for the speed
range of 8 – 10 km/h. Here, it is worth mentioning
that within the unit speed range from 12 to 14 km/h,
the deviation values did not substantially vary and
were equal to about 5 %.

According to the agricultural requirements, a furrow
bottom profile after disking should not exceed 5cm.
Fig. 11 presents the comparison of furrow bottom

profile indicators for three various movement patterns
at the predetermined tillage depth of 10 cm.

After harrowing at the depth of 10 cm (Fig. 4a 4b)
within the speed range of 8 – 12 km/h, better results
were obtained in the case of movement at an angle
of 40◦ to a row, while in the case of straightforward
movement, the furrow bottom profile values exceeded
the permissible ones, according to the agricultural
requirements. However, within the speed range of 12
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Parameter Value
Design operating width, m 1.3
Tractor power requirements, h.p. from 40
Mounting on a tractor attached
Weight , kg 172
Number of helicoid flights, pcs 10
Outer helicoid diameter, mm 566
Tillage depth, cm 3 − 12
Operating speed, km/h 7 . . . 17
Transport dimensions (L × B × H) 2090 × 1430 × 1250

Table 1. Specification of a harrow equipped with helical tools.

Condition indicators Background (after corn
kernels are harvested)

Air humidity, % 82
Wind speed, m/s 0.6
Soil moisture (%) in the following layers: 0 − 5 cm 17.75

5 − 10 cm 17.14
10 − 15 cm 17.47

Field weediness before the unit passes through: pcs/m2 6.0
Stubble height, cm 31.0
Material moisture content, % 61.16
Mass of plant residues, g/m2 2864

Table 2. Test operating conditions of a harrow equipped with helical tools.

Figure 10. Tillage depth deviations under various movement patterns.

Figure 11. Furrow bottom profile under various movement patterns.

276



vol. 61 no. 1/2021 External rolling of a polygon on closed curvilinear profile

– 16 km/h, better results were produced in the case of
movement along a row, here, the agricultural require-
ments were met for all three movement patterns.

4. Conclusions
In order to till the soil to a shallow depth, disk tools
are widely used. Every disk has its own axel mounting
providing the predetermined approach and roll angles
for an effective unit performance. If a helical operat-
ing surface in the form of developable helicoid flights
is used, it is possible to provide surface tillage with
the predetermined depth and the distance between
the ridges of the tilled soil. Here, the unit design is
simplified, since only two assemblies with bearings at
their ends are necessary to provide the rotation of a
cylinder with a helical operating surface attached to
it. The analysis of the field experiment data allowed
for determining the optimal parameters of the tillage
combine speed, the tillage depth and the field move-
ment pattern, which provide the performance of the
disk soil tillage with the operation indices that meet
the agricultural requirements. Thus, in the case of
all three directions of unit movement, the values of
the deviation from the predetermined tillage depth
did not exceed the required 2.0 cm, according to the
agricultural requirements. According to the furrow
bottom profile indicator, the pattern of movement at
an angle of 40◦ to a row is considered to be better,
since the agricultural requirements were met under
all three movement speeds.
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