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PRELIMINARY ANALYSIS OF INTERACTION AMONG GEARS, 

TINES AND SOIL IN A ROTARY HARROW 

 
T. Raparelli*        G. Eula*        A. Ivanov*        G. Pepe*        D. Ricauda Aimonino** 

 

* Department of Mechanical and Aerospace Engineering – Politecnico di Torino – Torino, Italy 

** Department of Agricultural, Forestry and Food Sciences – University of Torino - Torino, Italy 

 
 

ABSTRACT 

 

This study concerns the preliminary analysis of a rotary harrow. It is analysed both from a 

kinematic and a structural point of view. The analysis focuses particularly on the force 

exchanged between the tine and the soil, drawing on scientific literature relating to the subject. 

Based on this force, a structural analysis is therefore carried out on the harrow tine and there is 

an analysis of the forces acting on the rotors connected to the tines. By creating parametric 

spreadsheets, it aims to outline a future method of study which will enable various geometries 

of harrows to be analysed quickly under different work conditions. The preliminary results 

obtained are satisfactory with reference to the resistance tests of the elements analysed and 

useful for the future study of the implement. 

 

Keywords: rotary harrow; soil and rotary harrow interaction; kinematics of rotary harrow. 

 

 

1 INTRODUCTION 

This study falls within the ambit of a PRIN project (Progetti 

di ricerca di rilevante interesse nazionale- bando 2015 

“Ottimizzazione di macchine operatrici attraverso l’analisi 

del profilo di missione per un’agricoltura più efficiente” 

(durata 2017-2020) (Research projects of significant 

national interest - notification 2015 “Optimization of 

operating machinery through analysis of the mission profile 

for more efficient agriculture”) (duration 2017-2020) which 

refers to the optimization of some operating machines 

including the rotary harrow. The Authors’ experience in the 

agricultural machinery and automation sector has developed 

over the years concentrating in particular on studies of 

pesticide spraying in confined settings [1], grippers and fruit 

picking [2] and in the area of automated machinery for 

grafting tomatoes [3]. In each sector quoted here, the study 

has led to the construction and operation of innovative 

prototypes which are suitable for the associated purposes. 

 

 

Contact author: Gabriella Eula
1
 

1
Dept. of Mechanical and Aerospace Engineering 

  E-mail: gabriella.eula@polito.it 

 

There is a desire to develop new technologies to increase 

the level of efficiency of some types of agricultural 

machinery, in particular the rotary harrow, in order to 

reduce operating and maintenance costs, to make the 

machinery more efficient and reliable and to extend its life. 

The project is based on an analysis of the performance of 

the rotary harrow when applied on different types of soil 

and with different speeds of rotation and forward speed of 

the tractor. It focuses on an analysis of the forces exchanged 

between the harrow tine and the soil during tillage and on 

the level of finish of the soil which can be achieved under 

different work conditions. A harrow is an implement 

generally used in secondary tillage, in order to prepare the 

soil for sowing after ploughing or chiseling, on no-tilled soil 

in minimum tillage practices or for burying of crop residues. 

These processes are often associated with the upper layer of 

soil, without the loose soil being turned over. The work 

carried out by the harrow on the soil is very important 

because it has an influence on subsequent sowing operations 

and therefore also on creating the best growth conditions for 

the crop. This type of implement can be towed or linked to 

the tractor by the three-point hitch. Work on the soil is 

carried out by machines which can generally be divided into 

two categories: passive and active. While passive harrows 

are not equipped with bodies with their own motor (e.g. disc 

harrows, fixed teeth harrows, drag and chain harrows), 
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active machines use the tractor power take off to operate the 

movement of their working bodies to till soil, such as rotary 

harrows. Important factors when using it are its weight and 

the movement of the tines, provided by the tractor’s power 

take off (PTO) [4-5]. 

It is important to keep under control any compacting of the 

soil by the tractor so as not to increase the force required to 

break up the soil during the operation and hence place stress 

on the implement being used [6-10]. The cutting depth of 

the rotary harrow is assessed according to the conditions of 

the soil to be tilled in order to achieve the best possible 

tillage [11]. Various factors influence the achievable 

performance when tilling with the harrow. These include the 

type of soil and its composition, the level of compacting, 

the moisture content of the soil, the cutting depth during 

tilling, the forward speed of the tractor, the rotation speed 

of the tool and its geometry [12-13]. 

When studying a harrow, it is very important to assess the 

exchange of force between tool and soil, which depends on 

the type of soil and condition of use of the harrow itself. 

Naturally, all the factors involved during the process, such 

as the cutting depth, the forward speed of the tractor, the 

angular speed of the harrow rotors, its connection angle, 

soil consistency and texture as well as the quantity of soil 

which accumulates on the front of the tool, are very 

important when assessing the actions exchanged between 

the tool and the soil, therefore, in the assessment of the 

stresses placed on the tool itself. All these factors must be 

properly monitored to have a complete and accurate 

understanding of what is happening to the implement and to 

achieve the best level of finish of the soil [14]. 

This study also relates to the analysis of the forces which 

arise in the transmission chain from the tractor’s power take 

off to the tines of the rotary harrow, as well as to the study 

of the resistance of the tines during the various phases of 

work. It has drawn on formulae contained in existing written 

material which are useful in calculating the force exchanged 

between the tine and the soil [15-16]. In this way, it has 

been possible to calculate the actions affecting the harrow 

tines during operation and, from these, to detect the forces 

arising on the various components of the transmission. 

Experimental tests were carried on using a torque 

transducer in order to detect the torque transmitted on the 

tool during its working phase. 

The results shown in this paper are fully obtained from 

calculation and research done by the Authors. These are 

useful for a possible improvement in the design of a rotary 

harrow. Spreadsheets have been also produced to enable a 

fast and complete analysis of the stresses on the different 

models and geometries of a rotary harrow. The main 

sections of the paper are: 

 a kinematic analysis of the motion of the harrow tines; 

 the bending test of the gear wheel of the rotor based on 

experimental measurements of forces arising in 

transmission; 

 a survey of the real geometry of a harrow tine; 

 an analysis of the exchange of forces between the tine 

and the soil according to the specific scientific literature; 

 the bending and cutting test of the harrow tines; 

 an analysis of the stresses which arise on the rotors 

according to the force exchanged with the soil and 

determined by the scientific literature in this area. 

2 KINEMATIC ANALYSIS 

An example of the rotary harrow model examined is shown 

in Figure 1. It consists mainly of a transmission trough 

which contains the rotors that holding the harrow tines [17]. 

 
Figure 1  Example of a rotary harrow examined. 

 

The Figure 2, on the other hand, illustrates the transmission 

chain from the PTO of the tractor to the rotary harrow. 

It consists of an attachment for the PTO (0), a cardan shaft 

(1), a safety joint (2), a speed reducer (3), a series of rotors 

(4) inserted in the transmission trough (5) to which are 

connected the harrow tines (6) which are constructed with a 

special geometry to till the soil better. 

 
Figure 2  Transmission from the PTO to the harrow tines. 

 

From a kinematic point of view, the harrow tine is subject to 

a compound motion consisting of the pulling speed (the 

forward speed of the tractor) V and the relative speed 

(rotation speed of the tine around the axis of the rotor to 

which it is rigidly attached) ω. The combination of these 

two motions produces the prolate trochoid curves described 

by the tines on the soil and these curves are used to study 
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the tines cutting effect. In particular, the different paths 

developed by the tines are analysed in the present work as a 

function of V and . 

2.1 ANALYSIS OF THE TINES TRAJECTORIES 

This study also relates to the analysis of the path of the 

harrow tool during operation. The equations of the motion 

in the coordinates x,y for the point of the tine furthest from 

the axis of rotation of the rotor, in a clockwise rotation 

(<0), are: 

   tRtVx cos  (1) 

   tRy sin  (2) 

where: V forward speed (m/s), t time (s), R external tine 

radius (m),  rotor speed (rad/s), φ0 initial angular position 

of the tine (rad). When N tines are mounted on a rotor, the 

phase is changed Nn 20   with n = 1,2,…,N-1 

and for two tines on the rotor   0 . 

The Authors underline that the units of the parameters 

involved in the following figures are chosen in order to 

obtain the best visualization of the curves for the readers. 

The trajectory of the tines at various values of V and  can 

be traced by equation (1) and (2). In the following figures, 

the trajectories of two tines (red and blue) considered in the 

diagram (x,y) as the projection of points in motion, are 

illustrated. Figure 3 illustrates the trajectories of two tines at 

a forward speed of 2.5 km/h, PTO rotational speed of 540 

rpm, R=0.125 m and an overall transmission ratio of the 

gear unit, situated between the cardan shaft and the 

transmission trough where the rotors with the harrow tines 

are mounted, of 1.78. 

 
Figure 3  Trajectory of the two tines at a forward speed of 

V=2.5 km/h and rotor speed of 304 rpm. 

Figure 4 shows the tracks of the two tines which form a 

single “shaving”, or a single removal of soil. As can be seen 

in Figure 4, the layer cut on every half turn has a thickness 

not exceeding 7 cm in width. If the thickness of the tine is 

taken into account, in relation to work done by the tines, a 

good quality of tilling on an untilled soil can be expected.  

 
Figure 4  “Shaving” at a forward speed of V=2.5 km/h and 

rotor speed of 304 rpm. 

 
Figure 5  Trajectories of the two tines at the forward speed 

of V=4.85 km/h and rotor speed of 304 rpm. 

Figure 5 shows the trajectories of the tines at a forward 

speed of V=4.85 km/h. This work condition represents the 

speed limit when a separate shaving is created on every half 

turn, this shape of shaving is shown in Figure 6. 

 
Figure 6  “Shaving” at a forward speed of V=4.85 km/h and 

rotor speed of 304 rpm. 
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Figure 7  Trajectory of the two tines at a forward speed of 

V=7.5 km/h and rotor speed variable. 

If speed V increases, the maximum thickness of the shaving 

increases more or less proportionally. As can be seen from 

the Figure 5, the layer cut has a maximum thickness 

equating to 13 cm. When the speed exceeds the limit of 

4.85 km/h, the thickness of the shaving is no more uniform 

as the dimension of the clods is increasing in some areas 

while decreasing in others, as shown in Figure 7 referring to 

the speed of 7.5 km/h and rotor speed of 304 rpm. 

Figure 7 shows also the tines trajectory in the presence of a 

rotor speed of 435 rpm. This rotational speed was chosen 

according to the experimental one. In this case, it is possible 

to observe that increasing the rotor speed lead to more 

homogeneous soil clods. 

3 TEETH BENDING STRENGTH CALCULUS OF 

GEARS DRIVING THE HARROW TINE 

Figure 8 shows an example of the transmission box which 

contains the gears of the rotors that are the object of the 

study in this paragraph. On the basis of initial preliminary 

tests carried out in the field, a study of bending resistance of 

the gear wheel teeth of the harrow rotors has been 

performed according to [18-19]. The type and the 

parameters of the gear wheels in the transmission box are 

shown in Table I. 

 
Figure 8  Transmission trough of a rotary harrow. 

 

In March 2017, in collaboration with the University of 

Turin (Department of Agricultural, Forestry and Food 

Sciences), field tests were carried out. 

 

 

Table I – Geometry of the gear wheels 

Parameters Numerical value 

number of teeth z 40 

module m (mm) 6 

pressure angle  20 

pitch diameter Dp (mm) 240 

face width b (mm) 45 

 

A torque transducer was installed between the PTO and the 

cardan shaft to measure the torque absorbed by the rotary 

harrow during soil tillage. In addition, a speed sensor is 

mounted on the transmission shaft to detect and record the 

rotation speed. The tests are performed with PTO speed set 

at 540 rpm, recording the transmitted torque values for 

various soil conditions (no tilled, ploughed) and different 

tractor forward speed. Table II shows the results obtained 

from these tests. 

The type of soil on which the tests were carried out is clay 

soil with a high moisture content which is due to the spring 

rain. The trials have been carried out on two different 

conditions of soil: “no tilled” soil, that is an area of ground 

which has not been tilled for at least three months; and 

“ploughed” soil. 

In these tests, the used rotary harrow has 10 rotors and is 

characterized by a rotor diameter of 250 mm which also 

represents the maximum distance between two tines. 

Moreover, the transmission ratio between the PTO and the 

input shaft of the transmission box of the rotors is 1.24. The 

peripheral velocity of the tines is evaluated and the results 

are presented in Table II. 

From the analysis of the results of these tests it is possible to 

observe that, for the same condition of the soil 

(“ploughed”), the measured torque increases when the 

tractor forward speed increases. In particular, at the speed 

of 7.5 km/h, maximum tractor speed, the measured torque is 

equal to 1165 Nm. Moreover, similar torque values are 

required for the processing of a “no tilled” soil, but the 

tractor speed is equal to half. The torque necessary for the 

soil tillage depends on the condition of the ground and also 

on the tractor forward speed. In fact, with the increase in 

tractor speed, the impact of the tooth with the soil is greater. 

3.1 CALCULATION OF FORCES TRANSMITTED IN 

THE GEARS 

The force exchanged between the gear wheels, present 

inside the transmission trough and which transmit the 

motion to the rotors, is evaluated. For this calculation the 

experimental test characterized by the highest value of the 

exchanged torque is taken into consideration. Moreover, the 

efficiency of the speed reducer is assumed to be unitary 

while the transmission ratio is 1.24.  

The maximum value recorded of transmitted torque by the 

PTO is 1165 Nm, see Table II, this corresponds to a torque 

of 1446 Nm available at transmission trough input shaft 

(Cin). 
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Table II - Values obtained from the first experimental trials carried out 

Type of soil Forward speed 

(km/h) 

Average torque  

(Nm) 

PTO speed 

(rpm) 

Rotor speed 

(rpm) 

Peripheral speed 

(m/s) 

no tilled 2.5 962 540 435 5.7 

ploughed 7.5 1165 555 447 5.9 

ploughed 5.0 947 570 459 6.0 

 

In this work the soil is assumed perfectly homogeneous. 

Therefore, the resistive torque (Cres) due to the interaction 

of the tines with the soil is equal on all the rotors. The 

evaluation of the force exchanged between the teeth of the 

gear wheels of the rotors is necessary for the subsequent 

resistant test. 

It can be supposed that during the soil tilling the rotor 

connected to the motored rotor (rotor 5 of Figure 2) meets a 

rock or a root which stops its rotation. So all the torque is 

exchanged between the toothed wheels fixed at these two 

rotors and the gears see only one contact point. In this 

hypothesized condition the force exchanged were analysed 

in a resistance test, ensuring a conservative approach. 

Therefore, the tangential force is equal to 12052 N and the 

radial force is equal to 4386 N. This approach is meant to 

simulate an overload condition of the teeth at the rotors gear 

wheels [20]. 

3.2   BENDING RESISTANCE TEST OF THE 

TRANSMISSION TROUGH GEAR WHEELS.  

The transmission trough gears must be tested carefully 

taking many factors into consideration, both from the point 

of view of their operating conditions and of their geometry.  

In this paper the bending test of the teeth of the wheels fixed 

to harrow's rotors is carried out in accordance with [18-19]. 

For this analysis, the standard procedure requires the 

evaluation of many coefficients to evaluate a bending stress 

that takes into account all geometric and operating factors. 

These parameters are extracted from corresponding tables 

and graphs, and summarized in Table III. 

In accordance with [18-19] the calculation of the bending 

stress is carried out using this formula: 

J

BH
svt

Y

KK

bm
KKKF

1
0  (3) 

where: 

 σ bending stress (MPa); 

 Ft tangential transmitted force (N); 

 K0 coefficient of overload; 

 Kv dynamic factor; 

 KS size factor 

 m module (mm); 

 b width of the face (mm); 

 KH coefficient of load distribution; 

 KB rim-thickness factor; 

 YJ geometric factor for bending strength. 

 

The result of the calculation of this bending stress is: 

254
1

0 
J

BH
svt

Y

KK

bm
KKKF MPa  (4) 

Table III - Values of calculated Coefficients 

Coefficient Value 

K0 1.25 

KB 1.0 

Kv 1.44 

KH 1.21 

KS 1.057 

Ft (N) 12052 

YJ 0.405 

m (mm) 6 

b (mm) 45 

 

The bending stress σ value obtained must be compared with 

the allowable bending stress (fully corrected bending 

strength). This is characteristic of the material with which 

the gear wheel is constructed and depends on other 

correction parameters shown in Table IV. In accordance to 

[18-19] the allowable bending stress value is evaluated with 

this formula: 

Z

N

F

FP
all

YY

Y

S 


   (5) 

where: 

 σall allowable bending stress (MPa); 

 σFP bending strength (MPa); 

 SF factor of safety, bending; 

 YN stress cycle factor for bending stress; 

 Yθ coefficient of temperature; 

 YZ coefficient of reliability. 

The σFP bending strength is obtained through tables and 

graphs on the basis of material properties and heat treatment 

carried out on the steel of the gear wheel. In this case, the 

teeth undergo a surface hardening by carburizing and a 

tempering treatment which guarantees an HRC range of 56-

61. According to [18-19] the σFP bending strength is 380 

MPa. 

Table IV - Parameters for the calculation of SF 

Parameters Value 

σFP (MPa)  380  

 σ (MPa) 254 

YN 0.911 

Yθ 1 

YZ 0.85 
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Therefore, it is possible to calculate the safety factor from 

formula (5) 

6.1
Z

NFP
F

YY

Y
S




 (6) 

In the standard procedure the safety factor is defined as a 

coefficient which takes into consideration the characteristics 

of the material and the safety risk for a person in case of 

failure. The standard procedure also states that a universal 

reference value for SF does not exist, because it must be 

assessed on a case by case basis depending on the area of 

application. 

There are no readily available numerical values in scientific 

literature with which to compare the results achieved, in 

order to be able to evaluate the present case. 

Nevertheless, an analogous example of application in terms 

of power transmitted is cited by a manufacturer where the 

gear units comply with a minimum bending fatigue safety 

factor of 1.25 for the nominal torque transmission. In this 

example, the material (18NiCrMo5) and the heat treatment 

carried out (hardening and tempering) are very similar to 

those of the harrow gear wheels examined here. 

As the value of SF calculated is greater than the minimum 

stated by the gear unit manufacturer mentioned, the results 

achieved can be considered valid. It is therefore concluded 

that the value of SF = 1.6 may be acceptable for the 

application in question because it guarantees the durability 

and effectiveness of the transmission over time. 

4 EXPERIMENTAL SURVEY OF THE GEOMETRY OF 

A ROTARY HARROW TINE  

In order to gain an in-depth knowledge of the geometry of 

the rotary harrow tine in question, some surveys of 

dimensions have been done on an actual tine. 

The tines of a rotary harrow can be angled according to two 

types of use: 

 external angle to penetrate hard soil; 

 internal angle to limit the stones and clumps rising up; 

The geometry of the rotary harrow tine is not a simple 

vertical one. It is fairly complex and the product of long 

studies to improve the tine-soil contact and the effectiveness 

of breaking up the soil by the tine during operation. 

Looking at an actual tine of a rotary harrow some geometric 

surveys have been done which have enabled a drawing of it 

to scale in Figure 9. This drawing is important for gaining a 

detailed knowledge of the geometry of this harrow tine and 

for then proceeding with a study of the stresses which arise 

on it when the soil is tilled.  

The internal angle of the tine has been estimated from ratios 

made directly on the tine itself with an angle of 5-6°. 

The harrow tine of Figure 9, also known as a knife, is made 

of forged steel. The tool has a wear resistant coating applied 

on its surface at the height of the cutting edge consisting of 

a metallic alloy reinforced by chromium and tungsten 

carbides to preserve the tine, to increase its average life and 

to decrease significantly its deterioration during usage 

periods. 

 

 
Figure 9  Tine of a rotary harrow. 

5 CALCULATION OF THE FORCE EXCHANGED 

WITH THE SOIL 

Knowing the geometry of the tine and its material, a study 

of the stresses exchanged between the tine and the soil has 

been made. The study in particular addresses the search for 

formulae able to assess the stress arising between the tine 

and the soil during operation, depending on the 

characteristics of the soil, the speeds used, the type of 

implement and the depth of cut. 

Based on this analysis, and therefore on the stresses 

exchanged with the soil, both the load torque which arises 

on the rotors of the harrow tines and the stress that the soil 

places on the individual tine during operation, can be 

calculated [19][21-22]. 

Figure 10 shows the harrow tines in contact with the soil 

and therefore subject to a load torque. 

In order to study and calculate the actions which arise on 

the rotary harrow tines while tilling the soil (Figure 10) a 

number of useful formulae have been sought from existing 

written material [16][23-25]. 

 
Figure 10  Harrow rotor with tines and actions exchanged 

with the soil. 
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The force between the tines and the soil during tilling for a 

rotary harrow is very complex to be estimated, but a first 

order approximation can be obtained considering the model 

of interaction between tillage machines and soil introduced 

in the next paragraph. 

5.1 CALCULATION OF THE FORCE EXCHANGED 

WITH THE SOIL BASED ON THE ASAE  

The formula examined and used to calculate the action 

exchanged between the tine and the soil comes from a 

scientific research study by the ASAE for certain 

agricultural machines [23]. Based on specific parameters of 

the machine and of the soil, this study has developed a 

general mathematical model used for designing suitable 

machinery for tilling the land and for sowing. 

According to [23], the force between the implement and the 

soil has been calculated thanks to the formula: 

  TWSCSBAFD i  2
 (7) 

where: 

 D total force on the implement (N); 

 Fi a dimensionless soil texture parameter; 

 i is 1 for soils with a fine texture, 2 for soils with an 

average texture, 3 for soils with a rough texture; 

 A, B, C specific parameters of the implement; 

 S speed range (km/h); 

 W width of the implement (m); 

 T depth of cut (cm). 

This model has been used first to study a major tillage 

operation with an offset disk harrow, which at an operating 

level closely resembles the rotary harrow in question. 

In the case examined here, parameters are: 

 Fi = 1; 

 A = 254; 

 B = 13.2; 

 C = 0; 

 S = 7.5 km/h; 

 W = 2.5 m; 

 T = 15 cm. 

The numerical values shown here have been chosen on the 

basis of: 

 Fi, A, B, C for offset disk harrow [23]; 

 S = 7.5 km/h tractor speed of the test analysed; 

 W = 2.5 m, width of the rotary harrow analyzed;  

 T = 15 cm, value of working depth chosen according to 

the average range which varies from 5 cm to 15 cm for 

a rotary harrow. 

The numerical values of cutting depth and forward speed of 

the machine are a direct consequence of what is desired 

from the operation and the available power, with each 

different condition (type of ground, moisture content etc.) 

resulting in adjustments of the different parameters. 

The resulting value of the force required is D = 13238 N. 

The resistant force D for the rotary harrow was calculated 

by analogy with an offset disk harrow. D is therefore the net 

force exchanged between the harrow and the soil. Dividing 

D by the number of tines, 20 for the rotary harrow studied, 

it is found that the force which each tine exchanges with the 

soil equates to F = 662 N/tine. This theoretical value is 

compared with the equivalent one derived from the 

measured torque, by using the entire mechanics 

transmission model in paragraph 7. 

6 CALCULATION OF THE STRESSES ON THE 

ROTARY HARROW TINE  

Having calculated the force F, which any tine exchanges 

with the soil, a resistance test can be carried out. In this 

preliminary analysis the harrow tine has been modelled as a 

beam with an uniform rectangular cross section fixed at one 

end, as shown in Figure 11. This assumption is necessary as 

the real geometry of the rotary harrow tine is very complex, 

with a lots of changes in the angles of its inclination along 

its length. So it is important, in this preliminary step of the 

study, to use a simplified tine geometry to help the analysis 

of the stresses in the tine during its work in the soil, with an 

easy and reliable model for the tine geometry and with a 

basic method for the calculus. 

As can be seen in Figure 11 the analyzed beam has been 

approximated with a rectangle (red) with a width b 

corresponding to the minimum of the tine of the rotary 

harrow. The geometrical dimensions are: l=320 mm, b=50 

mm and h=15mm. A further dimensional configuration has 

been analyzed; in this case the width of the beam b
*
 has 

been assumed equal to the actual width of the tine in the 

constrained section. The geometrical dimensions are: l=320 

mm, b
*
=110 mm and h=15mm, rectangle blue in Figure 11. 

This preliminary simplified approach is done in order to 

improve the Authors knowledge on the interaction between 

tines and soil as the follow step of the research will be the 

study between different kinds of soil and the rotary harrow 

tines using a specific modelling simulation. 

The connection of the tine to the rotor is simulated using an 

ideal clamp, whereas in reality the tine is attached to the 

supporting structure by clamp bolts. 

 

 
Figure 11  Geometry of the tine and simplified geometry 

(dimensions are in mm). 

 

 
D 
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It is assumed that force F exchanged with the ground is 

applied both on the thickness of the tine and on the 

rectangular facing side, because the tine rotating during 

tilling does not always present the same side to the resistant 

action by the soil. Furthermore, since the majority of 

harrows work with a cutting depth between 50 and 150 mm, 

and assuming a maximum possible working depth of 150 

mm, force F has been set for now at 75 mm from the point 

of the fixed bar simulating a tine, that is, half the depth that 

the tine goes into the ground. 

Figure 12 shows the general outline of the fixed bracket 

loaded with force F examined here as well as diagrams of 

the bending moment and cutting respectively.  

 

 
Figure 12  Tine shown as a bracket fixed at the edge. 

 

The two configurations, A and B, differentiated according 

to the side on which force F is applied, are now analysed 

below for the red configuration (b dimension) of Figure 11. 

In both the cases the load F is considered centred on the 

surface so that it only generates bending and cutting 

stresses. Therefore the resistance test considers only the 

bending and the cutting stresses. 

Figure 13 (Configuration A) shows the first possible 

configuration where the tines are set up for cutting the 

ground with reduced force on the narrower side. In this 

configuration, the tine has a greater modulus of resistance 

Wz and, as a result, less stress is anticipated.  

In Figure 15 (Configuration B), on the other hand, the tine 

is rotated 90°. In this case, the force is applied on the bigger 

section and has a much smaller modulus of resistance Wz 

than in the previous case. Therefore, the stress is expected 

to be much greater in this configuration. 

Configuration A 

In Configuration A, knowing the section’s geometric 

dimensions, the bending resistance modulus Wz and the 

bending moment Mf, the normal effort is: 
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where T the value of the shear force calculated previously. 

 
Figure 13  First loading condition of the tine (dimensions 

are in mm). 

 

In Figure 14 it is possible to observe the normal and the 

tangential stress distributions in the constrained section of 

the beam, which is the most loaded. In this section, the 

highest stress is located at the coordinate y=b/2 [26]. 

 
Figure 14  Configuration A: stress diagram at the 

constrained section. 

 

In this point, the value of the normal and the tangential 

stresses are respectively: 
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Configuration B 

 
Figure 15  Second loading condition of the tine 

(dimensions are in mm). 

 

In analogy to the configuration A analyzed above, the most 

stressed point of the constrained section is at coordinate 

y=h/2 [26]; the value of the normal and the tangential 

stresses are respectively: 

87

12

2 3, 










 y

hb

Mh
y

f

Bx  MPa  
(12) 

041
2

3

2 2

2

, 





















h

y

hb

Th
yByx  MPa  (13) 

 
Figure 16  Configuration B: stress diagram at the 

constrained section. 

 

As Configuration B is subject to greater stress, in this 

configuration the calculation of the C.S. (safety factor) is 

carried out starting with the calculation of the σEQ according 

to the Tresca hypothesis (or Hypothesis of the maximum 

tangential strain) for steels: 
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Choosing the material 42CrMo4 the values of ultimate 

tensile strength, yield strength and modulus of elasticity are: 

ultimate tensile strength Rm = 1050 
2mmN  

yield strength Rp0.2 = 700 
2mmN  

modulus of elasticity E = 230000 
2mmN  

Then follows the calculation of safety factors: 
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reasonably high values which show good resistance of the 

material in the case being examined. 

As regards the blue configuration (b
*
 dimension) of Figure 

11, remember that now b
*
=110 mm, the same previous 

considerations apply. On the basis of the previous analysis, 

also in this case the Configuration B is the most critical. 

The main results are: 
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The goal of this further analysis is to evaluate the stress 

state in the real constrained section of tine of the rotor. As 

expected, better results have been obtained in terms of 

resistance to stresses due to the interaction between the tool 

and the soil. 

 

6.1   CREATION OF A PARAMETRIC SPREADSHEET 

To have a general tool for calculations which can be used 

with different geometries of tine, different values of force 

exchanged with the ground and with a range of materials, a 

spreadsheet has been created which can address bending 

and cutting tests of the tine in question in terms of 

geometry, loading conditions and different materials. 
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Figure 17  Extracts from the spreadsheet created for the analysis of the actions on the rotors of the transmission trough. 

 

7 ACTIONS ON ROTORS OF THE ROTARY HARROW 

In this paragraph the rotary harrow behaviour is studied 

starting from the interaction between tines and soil and 

analysing the forces among the rotors. 

After calculating the force F that the ground applies on each 

harrow’s tine (Figure 10), the overall torque Cin required for 

tilling the soil can be analysed. 

In the paragraph 5.1 the force F exchanged between each 

tine of the rotary harrow and the soil is evaluated on the 

basis of [23] through a similarity with an offset disk harrow. 

In these working conditions with forward speed V=7.5 

km/h, the force F on each tine results to be F=662 N, so that 

the torque Cin=1655 Nm is necessary for tilling the soil. 

In the same working conditions, the maximum torque value 

measured experimentally is 1165 Nm, see Table II, which 

corresponds to Cin = 1446 Nm available at rotor input shaft. 

Therefore, in these conditions, assuming the soil perfectly 

homogeneous, the interaction force between the tine and the 

soil is estimated to be F = 578 N. 

These force values are comparable to each other, so that it 

is reasonable to think that the proposed approximated 

computation, based on the scientific literature formulas for 

an offset disk harrow, is validated by comparison with 

experimental data. 

The rotary harrow model analysed is intended for a tractor 

power range of 51-140 kW. The power required by the PTO 

evaluated by experimental data is 68 kW (PTO speed of 

555 rpm), while it is equal to 77 kW if evaluated from the 

approximation with an offset disk harrow. These values are 

similar and fall in the range of a tractor power range. This 

further confirm the goodness of the proposed 

approximation. 

The study was also done designing a specific spreadsheet 

where different geometries of rotary harrow can be analysed 

calculating the forces among the rotors using the torque 

required (or imposed) as input data in this part of the 

harrow. Some parts of the spreadsheet are shown in Figure 

17. 

8 CONCLUSION 

The preliminary study presented here has been prepared 

based on kinematic considerations, on resistance tests of 

some parts of the harrow examined and on the creation of 

parametric spreadsheets suitable for use in studying 

different models of harrow in different loading conditions. 

The assessment of the force applied by the soil on the 

harrow tine is drawn from scientific literature in this area 

and it is important for the purposes of assessing this force 

according to a range of parameters such as the soil finish 

obtained, the dimensions and type of implement used, the 

depth of cut, the speed of rotor rotation and the forward 

speed of the tractor. The results obtained are satisfactory 

with reference to the resistance tests of the parts examined. 

Furthermore, the good agreement between the proposed 

approximate calculation and the experimental data confirms 

the good accuracy of this proposed approximation to 

estimate the force exchanged between the soil and the tines. 

Future analyses will enable further in-depth study of the 

rotary harrows, their geometry and performance in various 

loading conditions with different types of soil. 
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Figure 1  Simple chart. 

 

Table VII - Experimental values 

Robot Arm Velocity (rad/s) Motor Torque (Nm) 

0.123 10.123 

1.456 20.234 

2.789 30.345 

3.012 40.456 
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in the text, should be italicised. 
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