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INTRODUCTION

Tillage operation is the agricultural preparation for 
crops cultivation, and it creates favorable environments 
for crop growth by improving air permeability and drain-
age of the soil (Canarache, 1991).  Power operated tillage 
using tractors and rotavators is applied for most tillage 
operations (RDA, 2011).  The most commonly used rota-
vator is the rotary–type which uses curved knife shaped 
(C–shape, L–shape, etc) tillage blade.  Its rotavating 
depth is 100~200 mm.  The tilling pitch of the rotary–
type rotavator is short, and the traction resistance signifi-
cantly increases when the rotavating depth increases.  For 
this reason, the rotary– type rotavator is not suitable for 
deep tillage, and there is a growing need for deep tillage 
to reclaim organics in orchards, green houses, and clear-
ings as well as general arable land such as the farmland.  

Plow–type and crank–type rotavators are used for 
deep tillage works.  The plow–type rotavator uses plow 
shaped tillage blade, and crank–type rotavator uses shovel 
shaped tillage blade.  Their rotavating depths are 
300~400 mm.  The crank–type rotavator has merits of 

higher soil pulverizing and inversion ratios, and lower 
average consumed power than the plow–type rotavator 
(Kim et al., 2013(b)).  The crank–type rotavator is com-
mercially available in some European countries such as 
Italy, and it cuts the soil into an aggregated structure 
(Cellicorea, 2008) which affects crop growth by better 
air permeability and moisture content in soils (Vittal et 
al., 1983; Varsa et al., 1997; Yoo et al., 2006).

The use of the crank–type rotavator has been growing 
in Korea, but little research on this type has been con-
ducted.  Only the basic research to identify the operating 
characteristics was carried out (NIAE, 2004; Nam et al., 
2012(a); Nam et al, 2012(b); Kim et al., 2013(a); Kim et 
al., 2013(b)).  For the rotary–type rotavator, theoretical 
and experimental methodology for efficient blade design 
have been established through active research: the effect 
of blade shape on consumed power and tillage character-
istics (Salokhe et al., 1993; Choi and NahmGung, 2000; 
Chertkiattipol and Niyamapa, 2010), blade design using 
theory and analysis (Kushwaha and Zhang, 1998; Mouazen 
and Nemenyi, 1999; Abo–Elnor et al., 2004; Godwin and 
O’Dogherty, 2007; Mandal et al., 2014), etc.  However, 
there has been little research on the tillage blade design 
for the crank–type rotavator.  In order to use the crank–
type rotavator efficiently, it is necessary to optimize the 
tillage blade design according to soil conditions.  Because 
the shape and weight of the tillage blade are known to 
be the major factors which affect the economic aspect as 
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well as power and tillage characteristics of the rotavator, 
the study on the tillage blade design optimization consid-
ering the shape and weight is needed.

This study conducted tillage blade optimization using 
shape related design parameters for a crank–type rota-
vator, to minimize the weight while maintaining the same 
level of tillage performance.  Thickness and rib height of 
the tillage blade were set as design parameters, and 
changes of loading levels were considered to reflect work 
characteristics of the rotavator operating with various 
soils.  The results of this study will be used for fundamen-
tal data to design the tillage blade of crank–type rotava-
tors. 

 
MATERIALS AND METHODS

The amount of load applied to the tillage blade should 
be calculated first for the purpose of this study.  Tillage 
operation is made by interaction with the soil and tillage 
blade, and the soil has non–linear and plastic behavior.  
Thus, analytical method to derive the blade load needs 
plenty of time and the result will be inaccurate when the 
several variables are not be accurately modeled 
(Kushwaha and Zhang, 1998; Mouazen and Nemenyi, 
1999; Abo–Elnor et al., 2004; Godwin and O’Dogherty, 
2007).  On the contrary, deriving the load on tillage blade 
experimentally costs a lot for experiment setting, but it 
produces relatively accurate results.  This study measured 
actual load on the crank–type rotavator through field 
tests, and the designing optimization was carried out 
using that. 

FIELD TEST 
Rotavator, Tractor and test site (Kim et al., 2013(a))

A crank–type rotavator which having nominal rota-
vating depth of 300 mm, rated power of 45 kW, and eight 
blades was used for this study.  The field test was carried 
out with the rotavator attached to a prime mover tractor.  
The tractor is four–wheel drive having rated engine power 
of 48 kW, and rated engine speed of 2200 rpm.  The driv-
ing gears comprise of 48 stages for both forward and 
backward directions, and Power Take–Off (PTO) have 2 
gears (550 rpm at gear 1 and 733 rpm at gear 2).  The 
test site, a dried paddy field covered with weeds, was 
located in Sangwol–myeon, Nonsan–si, Chungnam prov-
ince, Korea.  Soil texture, moisture content, and soil 
strength were measured to identify physical properties 
of the test site.  The soil texture was classified using the 
USDA method, and the moisture content was measured 
at randomly selected two different locations in the test 
site using the oven method.  The soil strength was meas-
ured using a soil compaction meter (SC900, Spectrum 
Technology, E Plainfield, USA) at four different locations 
in the test site, and the measurement depths were five 
points below the surface, i.e. 0–25 cm with 5 cm inter-
vals.  The measurement results showed that the soil tex-
ture was loamy sand which was comprised of 74% sand, 
25.2% silt and 0.8% clay.  The average moisture content 
was 28.2%, and soil strength was in the range of 140 – 
2,317 kPa. 

Test conditions and results
The crank–type rotavator used for deep tillage work 

has a large maximum work load.  Working with high speed 
consumes high power which results in shut down of the 
tractor, therefore, the tillage operation should be done 
with relatively low speed.  Driving speed of the tractors 
used by domestic farmers are 1–2 km/h (driving gear L2), 
and gear 1 is mainly used for the PTO.  Thus, tillage 
work was carried on with conditions used by most farm-
ers (driving gear L2 and PTO gear 1), and torque of PTO 
shaft was measured with a torque meter attached on the 
PTO shaft (Kim et al., 2013(b)).  Tillage length was 15 m, 
and the tillage work was repeated twice under the same 
conditions.  The sampling frequency of the data collection 
device was determined by 600 Hz not to influence on the 
tractor engine speed, PTO speed, and rotational speed 
of tillage blade.  Figure 1 shows the tillage operation using 
the crank–type rotavator. 

Figure 2 provides the shape of the measured torque 
of PTO shaft.  Tillage load is the highest when the blade 
contacts with the soil surface to enter into the subsoil 
(Choi and NahmGung, 2000).  The initial contact of blade 
with the soil surface is made for a brief moment, so it 
could be considered as an impact load.  The load on 
Figure 2 represents impact load by eight blades when 
they enter into the subsoil sequentially.  Different magni-
tude of impact load occurred depending on the blade, 
and this resulted in periodic torque of PTO shaft.  The 
blade location having the maximum torque would be 
changed according to the soil and blade characteristics.  

The period of the measured torque signal was 0.53 
sec. which was longer than the rotational period of the till-
age blade (0.34 sec.) by 56%.  This difference was 
caused by friction in a mechanical connection between 
PTO shaft and tillage blade as well as the reaction force 
between the blade and the soil. 

Parameter optimization for the blade which had the 
maximum load is the most effective; therefore, the maxi-
mum measured torque was used as the representative 
value of tillage load.  Transmission mechanism comprised 
of two spur gear pairs is placed between the PTO shaft 
and the blade.  The PTO speed decreases at the first gear 

Fig. 1.  A view of tillage operation using the crank–type rotavator.
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pair, and increases at the second gear pair.  The PTO 
torque shows the reverse tendency from the PTO speed 
at each gear pair.  Table 1 shows the number of gear teeth 
for each gear pair.  When the power transmission effi-
ciency of each gear pair is assumed to be 97%, crank shaft 
torque of the blade can be calculated from equation (1) 
using the PTO shaft torque and number of gear teeth of 
each gear pair.  Average maximum PTO torque measured 
from two tillage works was 800 Nm, so the crank shaft 
torque was 2561 Nm. 

 Tc = 0.972 ×         ×     Tp   (1)

Where, Tc : crank shaft torque, Nm
      Tp : PTO shaft torque, Nm

LOAD AND STRESS OF THE TILLAGE BLADE
The load on the blade is generally concentrated in 

the lower part of the tillage blade (Shmulevich et al., 
2007).  Lower part of the crank–type rotavator’s tillage 
blade contacts with the soil surface at the very first, 
therefore, it can be assumed that all the impact loads is 
applied to the lower part the blade.  In practice, for the 
crank–type rotavator used for a long time, the paint of 
the lower part of the blades has been peeled off first 
(Figure 3).  Thus, the lower part of the blades was set as 
loading surface, and components of the single tillage blade 
system are shown on Figure 4. 

A commercial dynamic analysis program (RecurDyn, 
2012) was used to calculate the normal force added on 
the loading surface to have 2,561 Nm of the crank shaft 
torque.  The crank–type rotavator was modeled as an 
actual size, and constraints were determined considering 
the actual operating mechanism.  In addition, driving 
speed of the tractor and the rotational speed of the blade 
were reflected on the analysis.  Figure 5 shows the joint 

and loading conditions for the analysis. 
The crank–type rotavator uses eight blades which 

are classified two different types according to the width 
of the lower part (Figure 6).  Middle two blades are wider 
than the side six blades.  Height of loading surface is the 
same in all eight blades by 30 mm.  Load on the blade is 
generally proportional to the height and width of the 
blade loading surface (Kushwaha and Zhang, 1998; 

Fig. 2.   PTO torque of the crank–type rotavator during tillage 
operation.

Fig. 3.  Tillage blades used for a long time of tillage operation.

Fig. 4.  Components of a single tillage blade system.

Fig. 5.  Joint and loading conditions for the dynamic analysis.

Table 1.  Number of gear teeth for each gear pair

Gear pair Pinion Wheel

1 14 16

2 9 35

14
16

35
9
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Godwin and O’Dogherty, 2007); therefore, it can be 
assumed that 2,561 Nm of the crank shaft torque which 
calculated from the field test is occurred from the mid-
dle blades.  Thus, middle blades are selected as a nominal 
tillage blade for the parameter optimization.

From the dynamic analysis, the normal force which 
added to the loading surface of the nominal tillage blade 
was 10247 N.  A commercial finite element analysis pro-
gram (Ansys, 2013) was used to calculate equivalent 
stress generated when 10247 N of the normal force is 
applied to the blade loading surface.  The mesh size was 
5 mm, the mesh shape was hexahedron, and a fixed sup-
port was applied to the bolted joint parts (Figure 7).  
From the stress analysis result, the maximum equivalent 
stress on the nominal tillage blade was occurred on the 
upper side of the front rib, and the magnitude was 
423.6 MPa (Figure 8).  Tensile yield strength of the nom-
inal tillage blade made with S45C is 490 MPa, so the safety 
factor for the stress is 1.16. 

PARAMETER OPTIMIZATION OF TILLAGE 
BLADE
Conditions for parameter optimization 

Detailed front and side views of the nominal tillage 
blade is shown on Figure 9.  Thickness of the blade is 
8 mm, and loading surface thickness decreases from top 
(8 mm) to bottom (4 mm).  The heights of front rib and 
rear rib of the starting part are 30 mm and 16 mm, respec-
tively, and it decreases to 0 on the loading surface.  
Thickness of the front rib and rear rib is 14.2 mm. 

The factor affecting directly on the tillage load and 

Fig. 6.  Shape of tillage blades for the crank–type rotavator.

Fig. 7.  Mesh shape and constraints for the stress analysis.

Fig. 8.   Equivalent stress contour of the 
nominal tillage blade.

Fig. 9.  Detailed views of the nominal tillage blade (unit: mm).
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performance is surface area of the blade.  When the sur-
face area is changed, the blade load should be recalcu-
lated through experiment and analysis using the changed 
blade.  The heights of the front and rear ribs and thick-
ness of the blade were set as design parameters in this 
study, because they do not affect the surface area of 
blade.  In this case when the parameters are changed, the 
blade surface area does not change; as a result, load on 
the blade and tillage characteristics are not changed.  

Objective function of the parameter optimization was 
set to minimize the weight of the blade.  The optimized 
solution was obtained by changing the parameters within 
the range of ±25% from value of the nominal tillage 
blade (Figure 10 and Table 2).  Optimization for the nomi-
nal tillage blade was conducted considering two different 
cases of thickness profile: constant thickness of tillage 
blade in the length direction (type I) and inclined thick-
ness (type II) (Figure 11).  In addition, optimization to 
satisfy the objective function was carried on in two dif-

ferent cases of safety factor to consider the changes of 
tillage load depending on the soil characteristics: higher 
safety factor (1.4) on the stress than the nominal tillage 
blade and lower safety factor (1.0).  Tillage blade condi-
tions for optimization are shown in Table 3.  Case 1 rep-
resents the nominal tillage blade, and cases 2 and 3 are 
the conditions of increasing and decreasing safety factor 
from the nominal tillage blade, respectively.  Also, cases 
4 and 5 represent inclined thickness and changed safety 
factor.  When the inclined thickness was applied, the end 
of thickness (EOT) is fixed, and only the start of thick-
ness (SOT) is set as the thickness related design param-
eter. 

Optimization method and results 
A commercial program EasyDesign (IDO, 2015) was 

used for this study to solve an optimization problem.  It 
is a sequential approximate optimization tool based on 
the progressive meta–model techniques (Kim et al., 
2014).  Convergence range of the objective function to 
find optimized solution was set to 1%.  In other words, 
when the difference in the value of the objective param-
eter (blade weight) for the current condition is less than 
1% compared to the previous condition, the optimized 
solution is considered to be obtained and terminated the 
analysis.

Table 4 shows the analysis conditions to seek the 
optimized solution for case 1.  Numbers 1 to 5 represent 
the basic analysis conditions reflecting the set deviation 

Fig. 11.  Tillage blade shapes according to the thickness type.Fig. 10.  Design parameters of tillage blade. 
① start of thickness (SOT), ② front rib height (FRH),
③ rear rib height (RRH), ④ end of thickness (EOT)

Table 2.  Ranges of design parameters for the optimization

Value SOT, mm EOT, mm FRH, mm RRH, mm

Lower   6   6 27 13

Current   8   8 30 16

Upper 10 10 33 19

Table 3.  Tillage blade conditions to conduct parameter optimization

Case SOT, mm EOT, mm FRH, mm RRH, mm
Safety 

factor (S.F.)
Thickness 

type
Remarks

1 8 8 30 16   1.16 type I Nominal blade

2 8 8 30 16 1.4 type I Higher S.F.

3 8 8 30 16 1.0 type I Lower S.F.

4 8 7 (fixed) 30 16 1.4 type II Sloped thickness, higher S.F.

5 8 6 (fixed) 30 16 1.0 type II Sloped thickness, lower S.F.
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range, and numbers 6 and 7 are analysis conditions car-
ried sequentially to find the optimal solution.  Equivalent 
stress contours on the blade are shown in Figure 12.  
Stress distributions on the blade were changed based on 
the size of the design parameters.  The optimal solution 
was obtained in case 7 in which the blade thickness 

decreased and the heights of front and back ribs increased 
compared to the nominal tillage blade.  Applying this 
shape, the weight was reduced by 3.2% from 2.5 kg to 
2.42 kg under the same safety factor condition.

The optimal solutions for cases 2 –5 were calculated 
by applying the same process with case 1.  Tables 5 and 6 

Table 4.  Analysis conditions for case 1

Number SOT, mm EOT, mm FRH, mm RRH, mm Mass, kg Safety factor

1 10 10 27 19 3.01 1.49 

2 10 10 33 13 3.01 1.51 

3   6   6 33 19 2.06 0.87 

4   6   6 27 13 1.94 0.73 

5   8   8 30 16 2.51 1.16 

6   7.6   7.6 33 16.9 2.44 1.16 

7   7.5   7.5 33 17.7 2.42 1.16 

Fig. 12.  Equivalent stresses occurred at each analysis condition for case 1.
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show the sizes of the optimized design parameters and 
mass changes of the blade for the entire cases, respec-
tively.  When the safety factor decreased, the sizes of the 
design parameters and mass of the blade decreased.  On 
the contrary, when the safety factor increased, the sizes 
of the design parameters and mass of the blade increased.  
The blade having constant thickness (type I) had smaller 
mass than the one having inclined thickness (type II) 
under the same safety factor condition.  This is because 
the optimized solution for inclined thickness condition 
had small EOT, which results in the significantly increased 
SOT to satisfy the safety factor condition.  Condition for 
smallest mass of the blade was case 3 which had con-
stant thickness and low safety factor.  This case reduced 
the mass by 10%.  In some cases, depending on the size of 
the safety factor and the shape of thickness profile, the 
mass of optimized blade increased compared to the ini-
tial blade.  Therefore, it can be known that choosing 
appropriate safety factor and thickness is important in 
designing the tillage blade. 

Figure 13 provides the results of the sensitivity anal-
ysis for each design parameter.  The factor affected most 
on the maximum stress and mass of the blade was thick-

ness of the blade.  Heights of the front rib and rear rib 
showed a similar influence each other. 

SUMMARY AND CONCLUSIONS

This study was on the design parameter optimization 
for the tillage blade of the crank–type rotavator.  A crank–
type rotavator with eight blades and rated power of 45 
kW was used for this study.  Through field tests using a 
prime mover tractor, torque on the tractor PTO shaft was 
measured.  And load, stress, and mass of the blade were 
derived from a commercial program.  After setting heights 
of front and rear ribs, and thickness of the blade for the 
design parameters, the conditions to minimize mass of 
the blade were examined by changing the parameters in 
the range of ± 25% deviation from the value of the nomi-
nal blade.  Selected design parameters do not affect the 
surface area of the blade; therefore, it could be assumed 
that load on the blade and tillage characteristics are not 
changed. 

Optimization for the nominal tillage blade was con-
ducted considering two different cases of thickness pro-
file: constant thickness of tillage blade in the length direc-
tion and inclined thickness.  In addition, it was conducted 
in two different cases of safety factor to consider the 
changes of tillage load depending on the soil characteris-
tics: higher safety factor on the stress than the nominal 
tillage blade and lower safety factor. 

Stress distributions on the blade were changed based 
on the sizes of the design parameters, and it also showed 
a difference in the size of the maximum stress.  Applying 
the optimized parameters for the nominal blade, the mass 
of the blade reduced by 3.2% from 2.5 kg to 2.42 kg 
under the same safety factor condition.  Optimized param-
eters on the various conditions were also obtained.  When 
the safety factor decreased, mass of the blade decreased.  
On the contrary, when the safety factor increased, mass 
of the blade increased.  The blade having constant thick-
ness had smaller mass than the one having inclined thick-

Table 5.  Optimized solution for each case

Case SOT, mm EOT, mm FRH, mm RRH, mm Safety factor

1    7.5 7.5 33.0 17.7 1.16 

2    8.6 8.6 33.0 19.0 1.39

3    6.9 6.9 32.6 16.1 1.00

4  12.0 7.0 33.0 19.0 1.39

5    8.5 6.0 32.0 19.0 1.00

Table 6.  Mass changes for each case after the parameters optimization

Case Mass of original blade, kg Mass of optimized blade, kg Change, %

1 2.50 2.42 –3.2

2 2.50 2.71 +8.4

3 2.50 2.25 –10.0

4 2.37 2.92 +23.2

5 2.24 2.35 +4.9

Fig. 13.   Sensitivity of each design parameter against stress and 
mass of tillage blade.
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ness under the same safety factor condition.  Thus, con-
dition of constant thickness and low safety factor showed 
the biggest mass reduction effect. 

The results of the sensitivity analysis provide that the 
factor affected most on the maximum stress and mass of 
the blade was the blade thickness.  Heights of the front rib 
and rear rib showed a similar influence each other.  The 
mass of optimized blade even could be larger than the 
initial blade depending on the level of safety factor and 
blade thickness.  Therefore, determining appropriate 
safety factor and thickness of the blade is important in 
designing the tillage blade.

The process used in this study will contribute to the 
design of tillage blade in terms of minimizing the mass 
while having a similar tillage performance. 
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