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RESEARCH AND DEVELOPMENT OF ROTARY BLADE FOR 

POWER TILLER UNDER DIFFERENT SOILS IN THAILAND 

 

INTRODUCTION 

 
Soil preparation is the first and most important operation in agriculture. The main 

objectives of soil preparation are, to improve the physical conditions of soil, to destroy 

weeds and to prepare a suitable seedbed (Smith, 1955). Rotary tiller is advantageous over 

the conventional implements (i.e. moldboard plow and disk plow) due to two main 

effects of the direct application of power to the soil engaging tool rotating around a 

horizontal-transverse axis. Two benefits of the direct application are (i) rotary tiller 

achieves both plowing and harrowing in a pass of machine on the field and (ii) the 

traction demanded of tractor driving wheel is reduced due to the rotary blade provide 

some forward thrust as operating (Beeny and Khoo, 1970). In Thailand, the rotary power 

tillers have been imported since 1947 (Jarimopas et al., 1999) and still be used in the field 

now. Number of two-wheel tractors has increased over the years. In 2005, 2.1 million 

two-wheel tractors were reported (Office of Agricultural Economics; OAE, 2007) and the 

number increases every year. In Thailand, the rotary tillers attached to two-wheel tractors 

were developed by Senanarong and Sngiamphongse (1994) and Niyamapa and 

Rangdaeng (1997). Tanit (1996) reported that numerous imported farm tractors were also 

used with rotary tillers. Nowadays, Thai farmers use both the imported rotary tillers and 

the locally made rotary tillers with four wheel tractors in the field. Also, Thai farmers use 

the rotary power tillers in dry land field conditions. However, the rotary blades; i.e. 

Japanese C-shaped blade, European L-shaped blade, and European C-shaped blade 

produced in Thailand were originally designed by foreign companies, which work 

ineffectively in local conditions. Consequently, these were a need to develop a rotary 

blade particularly for soil preparations in Thailand.  

 

Hendrick and Gill (1971a, 1971b, 1971c, 1974 and 1978) studied the rotary tiller 

design parameters; i.e. direction of rotation, depth of tillage, ratio of peripheral and 
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forward velocity, blade clearance angle. They presented a simple technique for 

determining the necessary apparent clearance angle for the design purpose. Sakai (1977) 

developed the design equations of the edge-curve of the Japanese C-shaped blade to 

reduce the hooking characteristics between the rotary blades and straw. Beeny and Khoo 

(1970) revealed that the shape of the tynes have great effect on specific power 

requirement. The L-shaped tynes were found to require 30% higher specific power than 

C-shaped tynes and L-shaped tynes also gave the greatest thrust on the vehicle.  Beeny 

(1973) compared the performance of 2 sets of the different blades (i.e. the ‘speed’ and 

‘power’ blades) under typical swamp rice field conditions. He found that the ‘speed’ 

blades used only 25% of power requirement lower than the ‘power’ blades. Salokhe et al. 

(1993) studied the effect of blade types (i.e. a rotor of C-shaped blade, a rotor of L-

shaped blade and a rotor of a combination of C-shaped and L-shaped blades) on the 

power requirement and puddling of a rotavator in wet clay soil. The rotor of C-shaped 

blades consumed less power than the rotor of L-shaped blade and the rotor of a 

combination of C-shaped and L-shaped blades. Thakur and Godwin (1990) studied the 

cutting of soil by a rotating wire analogous to the tip of a rotary blade over a range of 

‘fetch-ratios’ (bite length/depth ratio) with various bite length from 50 to 250 mm under 

100 mm tilling depth. The force prediction model on the basis of Mohr-Coulomb soil 

mechanics was proposed. Shibusawa (1992) proposed a qualitative model of clod 

formation for reverse-rotational tillage. The clod shapes from a simulation were 

confirmed to be fractal patterns in terms of the contour, crack curve and crack area 

distribution. Shibusawa (1993) developed a backward soil-throwing model which was 

applied to design the shape of scoop surface of the rotary blade. It indicated that the 

power requirement used for reverse-rotational tillage with the new shaped blades was 

reduced about a half compared to forward and reverse rotational tillage of conventional 

blades. Kataoka and Shibusawa (2002) found that the crack formation process of adjacent 

rotation of reverse rotary blade was disturbed by the previous rotation. And the results 

showed that the frequency of 120 Hz of the tillage resistance curve was nearly equivalent 

to the frequency which was calculated from the average value of 36 mm for the crack 

interval. Lee et al. (2003) developed a minimum tillage technique using Japanese C-

shaped blade for preparing a rice seedbed to reduce the production cost. It was concluded 
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that the four-blade rotor had the lowest torque requirement and the highest ratio of soil 

breaking. 

 

These researches show that there were very few attempts to study the influence of 

the shape of the rotary blade on the interaction between soil and a rotary blade. 

Therefore, it was necessary that investigations on the soil-blade interactions and energies 

used of the Japanese C-shaped blade, the European L-shaped blade, and the European C-

shaped blade were conducted in laboratory soil bin. The results of this study would help 

to give an insight of the influences of shapes of rotary blades for developing a suitable 

new rotary blade for seedbed preparation in Thailand.  

 
 

 

 

 

 

 

 

 

 

 



 

OBJECTIVES 

 
1.  Investigate the performances of three rotary cultivators (using commercial 

rotary blades; Japanese C-shaped blade, European L-shaped blade and European C-

shaped blade) in the field consideration on PTO power requirement/tilling width, mean 

soil clod diameter and soil inversion. 

 

2. Study on dynamic interaction between soil and the blade consideration on the 

characteristics of torque and specific tilling energy of the Japanese C-shaped blade, 

European L-shaped blade and European C-shaped blade in laboratory soil bin with two 

different soils. Moreover, the soil tilling process of these rotary blades were studied also. 

 

3. The prototype rotary blades from the conceptual designs (i.e. reduce impact 

force and specific tilling energy and simply design) were fabricated and tested in 

laboratory soil bin for studying the characteristics of torque acting on a rotor shaft and the 

specific tilling energy. 

  

4. Study the tilling reaction forces (pushing force and lifting force) of the 

prototype rotary blade and determine the virtual action point of the tilling resultant force 

acting on the blade.  

 

5. Study on the performance of rotary power tiller using prototype rotary blades 

in dry-land field. The parameters were investigated to be the shape of prototype rotary 

blades, the rotational speed of rotary shaft and the number of tilling passes.  

 



LITERATURE REVIEW 

 

Rotary tiller has become popular as a primary cultivating machine in many parts 

of the world in spite of its generally higher power requirement (Ghosh, 1967). The 

performances of rotary tillers were tested in the field at various parameters by Beeny and 

Greig, 1965; Ghosh, 1967; Beeny and Khoo, 1970; Beeny, 1973; and Bukhari et al., 

1996. As a number of the research works about design parameters, performance, soil-

blade interaction of the rotary blades were reported by Hendrick and Gill, 1971, 1974, 

1978; Sakai, 1978; Ellen, 1984; Thakur and Godwin, 1990; Shibusawa; 1992, 1993; 

Gupta and Pandey, 1996; Kataoka and Shibusawa; 2002, Lee et al., 2003. In Thailand, 

there were a few researchers who studied on a rotary tiller, i.e. Salokhe et al.; 1993, 

Salokhe and Ramalingam, 2001; Niyamapa and Rangdaeng, 1997; Phongsupasamit and 

Laophongsawat, 2004; Srithongkul and Phongsupasamit, 2005.  

 

1.  Studies on the performance of rotary cultivator in field 

  

Beeny and Greig (1965) investigated the performance of rotary cultivator 

operating under field conditions in a sandy clay loam. Their results showed that the 

lowest values of specific work requirement were obtained within a small range of 

volumes of soil worked per rotor blade cut and these volumes are dependent only on the 

combination of depth and bite length of the blade over the range of measured values. It 

was found that low specific work was associated with low power requirement. The 

specific work decreased with the decreasing rotor speed. The works at shallow depth 

required more specific work than deeper working. As operating at a short bite length, the 

ratio of the cutting surface area to the volume of soil slice was greater, it caused that the 

specific work requirement was increased.   

 

 Ghosh (1967) tested a rotary cultivator at different rotors and travel speeds when 

it was working at different depths under various soils and moisture conditions in order to 

determine its power requirement. It was concluded that the torque requirement of a rotary 
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cultivator varied directly with the forward speed and the depth of working and inversely 

with the speed of rotation as shown in equation (1).  

 

 T = (105 to 120) + (7500 to 8900) 
W
DV

    …(1) 

 

Where T: torque, lb-ft; 

 W: speed of rotation, rev/min; 

 D: depth of working, in; 

 V: forward speed of travel, mile/h 

 

 Beeny and Khoo (1970) considered two aspects of rotary tillage of wet soils, viz. 

power requirement of blades; forward thrust due to blades. Three identical shaped 

experimental blades of the European L-shaped blade, European C-shaped blade, and 

European I-shaped blade were used for this investigation. The results showed that 

changes in the curvature between the horizontal and vertical portions of the blade have 

more influence on the power requirement. And the European L-shaped blade required 

more power but gave the greatest forward thrust to the vehicle. 

 

 Beeny (1973) studied the field performance of 2 sets of rotor blades having 

different shapes, i.e. power type blade and speed type blade, under typical swamp rice 

field conditions. It indicated that the speed blades used only 75% of the horsepower 

demanded by the power blades with no observable practical differences between the 

resulting puddle seedbeds. Moreover, he recommended that the saved power could be 

utilized by an increase of 25% in working width of rotary cultivators which wider than 

the overall width of the tractor.   

 

 Salokhe et al. (1993) investigated the effect of type of rotary blades on power 

requirement of a tractor drawn rotary cultivator during puddling in Bangkok clay. ‘C’-

shaped, ‘L’-shaped and a combination of ‘C’ and ‘L’ blades called ‘C-L’ blades were 
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Figure 1 Schematics of “power” and “speed” blades. 

 

Source: Beeny (1973) 

 

used. The effect of passes was also studied. Tests were conducted at different forward 

speeds of 1.0, 1.5 and 2.0 km/h. The results showed that ‘C’-shaped blades consumed 

less power than ‘L’ and ‘C-L’ blade attachments at any forward speed and pass. The ‘L’ 

blade attachment required 33%, 24% and 14%, while the ‘C-L’ blade attachment required 

14%, 12% and 4% higher power than the ‘C’ blade attachment during the pass 1 at 1.0, 

1.5 and 2.0 km/h forward speed, respectively.  

 

 Bukhari et al. (1996) studied the effect of rear shield and forward speeds on the 

performance of rotary tiller (Howard rotavator) in sandy clay loam at soil moisture 

content 16.26% (d.b.) and dry bulk density 1.433 g/cc. The experiments were set up at 

two positions of rear shield and three forward speeds. It was found that by increasing the 

forward speed, the travel reduction increased negatively. The soil inversion of the rotary 

tiller was good. However, soil inversion was higher when the position of rear shield was 

up and at higher forward speeds. The position of rear shield and forward speeds has 

affected the soil aggregation and soil pulverization. High percentage of small soil 

aggregates were produced at lower forward speed and down position of rear shield. The 

down position of shield and lower speed produced a very fine seed bed. 

 

 Salokhe and Ramalingam (2001) studied the effects of reverse rotation of a rotary 

tiller installing new types of blades, which were designed for mounting on the reverse 

rotary tiller, on soil properties of Bangkok clay. The performance was compared with the 
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conventional C-type rotary tiller under similar conditions. Tests were conducted in wet 

land as well as in dry land at tractor forward speeds of 1.0, 1.5 and 2.0 km/h. The results 

indicated that the reverse-rotary tiller performed better than the C-type rotary tiller in 

terms of chopping and burial of weeds. The C-type rotary tiller performed slightly better 

than the reverse-rotary tiller in terms of puddling index, viscosity, falling cone 

penetration and bulk density reduction. Shear strength and cone index values were not 

significantly different for the reverse-rotary and C-type rotary tiller. In the dry land tests, 

the reverse-rotary tiller performed better than the C-type rotary tiller in terms of reduction 

of shear strength and cone index. 

 

2.  Studies conducted in laboratories 

 

 Hendrick and Gill (1971a, 1971b and 1971c) reviewed the effects of three design 

parameters of rotary tillers from a number of sources, for purpose of establishing the state 

of knowledge. Three design parameters (i.e. direction of rotation, depth of operation, and 

ratio of rotor peripheral and machine forward velocities) were discussed. They concluded 

that these parameters have a marked influence on all phases of tiller operations, 

concerning on power requirement and the final soil condition. Later, Hendrick and Gill 

(1974) presented a simple technique for determining the necessary apparent clearance 

angle. Their techniques provided the same result as Luk’yanov’s analysis, and required 

less time. And in 1978, Hendrick and Gill presented a theoretical analysis of the motion 

of a rotary tiller blade. The characteristic of the tochoidal path of rotary blade was 

analyzed by the equations of motion. The direction of motion and velocity at any point on 

the trochoidal path was determined by an instant center technique. 

 

 Ellen (1984) assessed the energy required to work the soil of rotary tillage by 

using the pendulum. Tests were carried out under laboratory conditions in 3 types of 

Dutch soil at 6 levels of moisture content. It was noted that specific energy requirement 

used for tilling process increased when moisture content increased. And the energy 

requirement was related to penetration resistance, shearing resistance and modulus of 

elasticity. 
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 Thakur and Godwin (1990) developed the force prediction model for a rotary 

powered cutting a soil slice. The model was derived from the relation between the soil 

dynamic properties and blade kinematics in order to develop a force prediction model for 

a rotary powered blade cutting a two-dimensional soil slice. The model was based upon 

the theories of Mohr-Coulomb soil mechanics and the bearing capacity of deep footings. 

The soil cutting by a rotating wire analogous to the tip of a rotary tiller blade was used to 

present a two-dimensional soil slice over a range of ‘fetch-ratios’ (bite length/depth-

ratios) in a quasi-static condition.  

 

 Gupta and Pandey (1996) evaluated the performance of four different-shape 

rotary blades, namely; archemedian spiral, logarithmic spiral, circular curvature and 

straight edge (Figure 2), in two modes of operation (down-cut and up-cut). It was found 

that the archemedian spiral gave the best performance. The specific energy requirement 

and puddling index increased while the performance index decreased with an increase in 

rotor speed for all four shapes for rotary blades. The up-cut rotary system showed 

minimum specific energy requirement with superior quality of puddling.  

 

 Lee et al. (2003) developed a minimum technique, namely the strip tillage 

characteristic of rotary tiller blades, for reducing the labor requirement to prepare a level 

rice seedbed for dry-land condition (Figure 3 shows the arrangement of Japanese C-

shaped blades on the shaft). The results showed that the rotor shaft with four Japanese C-

shaped rotary blades and two discs had the lowest torque variation and torque 

requirement and the ratio of soil breaking was 24.4%. The width of seedbed prepared by 

the rotary tiller with four blades during the down-cut process was 80 mm which was 

enough for direct seeding of rice and applying fertilizer. Though a soil-cutting disc blade 

helped produce a better seedbed furrow, the increased friction between the disc blade and 

the soil block generated a much higher torque requirement. The soil-cutting disc blade 

was not necessary for the strip tillage direct rice seeder. It was noted that a strip tillage 

technique by the power tiller blade with a down-cut process could be effectively used for 

a dryland direct rice seeder. 
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(b) Archemedian Spiral Tyne (Ta)

(d) Straight Edge Tyne (Ts)

(c) Circular Curvature Tyne (Tc)(a) Logarithmic Spiral Tyne (Tl)

All dimensions in mm

d = 45°

 
 

Figure 2 Schematic diagrams of four different shapes of rotary blade. 

 

Source: Gupta and Pandey (1996) 

   

 
 

Figure 3 Arrangement of blades on the rotor shaft: (A) two-blade rotor; (B) six-blade 

rotor; and (C) four-blade rotor with two discs.  

 

Source: Lee et al. (2003) 
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 Phongsupasamit and Laophongsawat (2004) measured the resistance force and 

moment acting on two types of rotary blades (Japanese C-shaped blade and European L-

shaped blade) in laboratory soil bin. It was observed that the pattern of resultant forces 

acting on the Japanese C-shaped blade was different from the European L-shaped blade. 

There was only one peak of resultant force curve on each cutting rotation for the Japanese 

C-shaped blade while there were double peaks of resultant force curve in the same 

occurrence for the European L-shaped blade. Later, Srithongkul and Phongsupasamit 

(2005) presented the prototype rotary blade which was designed to reduce soil resistance 

and impact force. Their experiments were conducted in laboratory soil bin under the 

condition of sandy soil.  

 

 A number of works involving a reverse-rotational-rotary tiller were studied by 

Japanese researchers. Shibusawa (1992) proposed a qualitative model of clod formation 

for reverse-rotational tillage. The clod shapes from a simulation were confirmed to be 

fractal patterns in terms of the contour, crack curve and crack area distribution. Later, 

Shibusawa (1993) developed a backward throwing model of soil on the basis of 

trochoidal motion of the blade and sliding motion of the soil over a scoop surface on the 

horizontal portion of the blade. This throwing model was applied to the design of the 

shape of the scoop surface of blade. Also, the model of blades with the new scoop surface 

were fabricated and tested in a laboratory. It showed that the cut soil along the scoop 

surface was thrown backward well over the rotor shaft during reverse rotation at depths 

greater than radius. Kataoka and Shibusawa (2002) found that the crack formation 

process of adjacent rotation of reverse rotary blade was disturbed by the previous 

rotation. And the results showed that the frequency of 120 Hz of the tillage resistance 

curve was nearly equivalent to the frequency which was calculated from the average 

value of 36 mm for the crack interval.  

 

3.  Basic theory of rotary blade 

 

3.1 Types and characteristics of rotary blades 
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 Rotary blades are divided mainly into two categories by Sakai (1999). The 

European type blade is called L-shaped blade (European L-shaped blade) or Howard type 

blade and the Japanese type blade is called C-shaped blade (Japanese C-shaped blade) as 

shown in Figure 4.  

 

 

 
 European L-shaped blade Japanese C-shaped blade 

 

Figure 4 European L-shaped blade and Japanese C-shaped blade. 

 

Source:  Sakai (1999) 

 
 The European L-shaped blade was invented in 1922 by A. C. Howard. It has 

been used for cultivating upland soil. The blade is fixed by two bolts to a disk holder 

flange on the rotor shaft. It is rather simple in shape of “uniform thickness” and easily 

manufactured. However, the original common L-shaped blade was difficult to use for 

paddy farming because weeds and plant residues were difficult to cut on soft paddy soil, 

though they would be cut easily on upland hard soil. Beeny and Khoo (1970) defined the 

complex three-dimensional shape of a rotary cultivator blade (European L-shaped blade) 

as shown in Figure 5. 

 
 The Japanese C-shaped blade was invented firstly in 1940 by Mr. Kumaichi 

Hond and Mr. Rinsaku Satoh for use under paddy field conditions (Sakai, 1999). The 

angle α  between the radius direction of the turning blade and the tangential line of its 
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edge-curve (Figure 6a) was studied afterwards to prevent grass and straw from coiling 

round a rotor shaft (Sakai, 1977) and the design theories on scoop-surface of rotary 

blades for soil throwing were also developed (Sakai 1978a and 1978b).  Three parts of 

Japanese C-shaped blade are presented as in Figure 6b. The blade is fixed by a single bolt 

to the holder. 

 

LH

t

The curvature between 
LV and LH

w

LV

 

(1) the effective vertical length Lv (depth of cut); 

(2) the effective horizontal length LH (width of 

cut); 

(3) the blade width, w; 

(4) the curvature of a section through the blade, 

R; 

(5) the clearance angle φ; 

(6) the sweep back angle α; 

(7) the thickness and sharpness of the blade, t; 

(8) the curvature between Lv and LH. 

 

Figure 5 European L-shaped blade showing design parameters. 

 

Source: Beeny and Khoo (1970) 

 
 Moreover, a number of researchers developed the rotary blades using for a 

reverse-rotary tillage. Shibusawa (1993) developed a new rotary blade. It was called 

“Sukui-zume” or “scooping blade” which could successfully do deep rotary tillage with 

reduced power requirements due to their superior backward throwing of the tilled soil 

(Figure 7a). In Thailand, Salokhe and Ramalingam (2001) studied the effect of direction 

of rotation of new type of blade with straight tine and a scoop surface at the end (Figure 

7b) on properties of Bangkok clay soil. 
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 (a) 

 
1:   Holding portion or blade stem 

2:   Straight blade portion 

3: Sidelong blade portion or tip blade 

portion 
 

(b) 
 

Figure 6  (a) Shape and action of a rotary blade, and (b) three parts of the Japanese      

C-shaped blade. 

 

Source: Sakai (1978 and 1999)  

 

 

 

 
 

 

(a) 

 
 

(b) 

 

Figure 7  (a) Scooping blade developed by Shibusawa (1993), which was placed on the 

market for reverse rotary tiller in Japan (b) Scoop type blades use for the tests 

of reverse-rotary tiller (Salokhe and Ramalingam, 2001). 

 

Source: Shibusawa (1993), Salokhe and Ramalingam (2001) 



 15

3.2 Kinematics of rotary blade 

 

 The working tools of rotary machines execute a complex motion consisting 

of relative-rotary motion around the axis of the cutter drum with a peripheral speed of vn 

and translatory with a travel velocity of vt. 

 

 Different ratios of the peripheral speed to forward speed (λ = vn / vt) give 

different trajectories of motion of the working tools (Hendrick and Gill, 1971c and 

Yatsuk et al., 1981). If the cutter drum turns at an angular velocity ω with a travel 

velocity of vt, then a point A on the edge of the cutter will move along the trochoid curve 

(Figure 8). In fact, if the center of the cutter drum (O) is taken as the origin, then the 

segment OO1 will represent the traveling path of the drum center during a time interval t 

and the distance will be equal to tvt ⋅ . At the same time, the cutter drum will rotate 

through an angle ωt and the point A will assume to be the position A1. The coordinates of 

the poin A1 are given by the equations of the trochoid: 

 

 x = tvt ⋅  + R⋅cosωt      …(2) 

 

 y = R⋅sinωt        …(3) 

 

3.3 The rotary cutting process of soil 

 

 In the rotary cutting process, the rotary blade will loosen the soil by a 

complex path. As shown in Figure 9a, two working paths of blade are acting on the soil 

in succession. These lines are describing with similar curves and they are displaced from 

each other by the distance S (tillage pitch) corresponding to feed per blade. After these 

actions, a soil block of variable cross section is obtained (Figure 9b). As a result, the 

width of the block and hence the degree of soil crumbling depend on the value of the feed 

S. The tillage pitch (S) of blade can be calculated by: 
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Figure 8  Schematic diagram to determine trajectory of motion of cutter blade. 

 

Source: Yatsuk et al. (1981). 

 

 

 
(a) 

 

 
(b) 

 

 Figure 9 (a) Schematic diagram showing block formation with rotary cutting of soil, 

and (b) Schematic diagram of soil slice showing main dimensions.  

 

Source: Yatsuk et al. (1981). 
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 S = 
zn
vt
⋅
⋅60         …(4) 

 

where; vt: travel speed (cm/s) 

 n: rotational speed of the tillage axle (rpm) 

 z: number of blades in one rotational plane, z = 1 for the Japanese C-shaped 

blade 

 

 The size of a soil slice relate to the main parameters: feed S, depth of tillage 

h, maximum thickness of the soil slice δs max (Figure 9b), and the width of the soil slice b. 

For the approximation of the soil slice, the maximum thickness δs max is used, although, 

the thickness of the soil slice δs also changes with any change in the feed S. The cross 

section area and the volume of soil slices can be approximated with acceptable accuracy 

by using equation (5) (Hendrick and Gill, 1971a, and Yatsuk et. al., 1981). 

 

Cross section area = maxsb δ⋅ ; Volume of soil  = bhS ⋅⋅  …(5) 

 

3.4 External forces acting on the rotary tiller 

 

 The magnitude and direction of the cutting force depend on the method of 

cutting, shape of the rotary blade, the type of motion and the properties of soil. It is 

generally assumed that the cutting force is equal to the tangential force Ptan, (Figure 10). 

This force creates the torque acting on the cutter drum shaft.  

 

 The force of reaction Rn due to the soil acts on the rotary blade. This force is 

equal in magnitude but opposite in direction to the cutting force (Figure 10). The force 

can be resolved into components Rx and Ry. The magnitude and direction will change 

with any change in Rn and the angle of inclination βi to the horizontal. Yatsuk et al. 

(1981) defined ideally that the force of Rn in the cutting of soil slices by European L-

shaped blade is the sum of the forces of reaction on the blade and the stem.  
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Rn = R1 + R 2 + R3 + R4,      …(6) 

 

where R1 is the force of reaction due to cutting with the stem of the cutter; 

 R2 is the force of reaction due to cutting with the blade of the cutter; 

 R3 is the force of reaction to breaking of the soil slice; 

 R4 is the force of friction due to the soil sliding over the surface of the working 

tool 

 

 
 

Figure 10 Schematic diagrams for determining components of force of reaction on 

rotary blade. 

 
Source: Yatsuk et al. (1981). 
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3.5 Torque resistance characteristic 

 

 Torque resistance acting on the rotary shaft and tillage resistance force acting 

on the rotary blade is necessary to make the loading characteristics of the external forces 

in order to use for analyzing the dynamic soil-blade interaction.  

 

 The torque resistance characteristics of European L-shaped blades were 

reported in the 1950s – 1960s (Hendrick and Gill, 1971a). Torque resistances of Japanese 

C-shaped blades were also studied in the 1950s in Japan. Actual torque curves of 

Japanese C-shaped blade was measured accurately with strain gages (cross gages) 

adhered directly to the tillage shaft, and then their torque characteristics were reported 

(cited from Sakai, 1999). Sakai and Salas (1977) presented the torque curves of the total 

tillage torque resistance acting on the tiller shaft by the regression functions.  

 

 
 

Figure 11 A curve model and total torque resistance acting on the rotary shaft 

 

Source:  Sakai (1999) 

 

3.6 The virtual point of action of the resultant force of the total tillage resistance 

force 

 

 The total tillage resistance force T3 act on the rotary blade of the rotary tiller. 

It was reported that the point of action OR of the total tillage resistance T3 at the outside 
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of the blade tip circle as shown in Figure 12 (Sakai and Salas 1977; Sakai, 1979). It was 

located at the intersection of the horizontal line of 1/3–1/2 height from the bottom of 

depth HM and 1–4% outside the circle of the blade rotation radius r3. The point OR was 

the virtual point of action of the total rotary tillage resistance. Its location height HR from 

the bottom of the tillage depth and the radius RR of the virtual point of action are 

expressed with the radius coefficient CR (1.02) and height coefficient i (0.4) as follows: 

 

  RR = 1.02 r3;  HR = 0.4HM   …(7) 

 

 The total tillage resistance force T3 is divided into a forward reaction force P3 

(thrust force) as a horizontal component force and an upward reaction force R3 (lifting 

force) as a vertical component force (Figure 12).  

 

 

 

Figure 12 The total rotary tillage resistance T3 and two component forces R3 and P3. 

 

Source: Sakai et al. (1999) 

  

4.  Two-wheel tractor with rotary tiller 

 

 The rotary tiller is a modern tillage implement attached behind a tractor and it is 

called a “rotary cultivator”. The two-wheel tractor coupled with a rotary tiller is called 

“rotary power tiller”. The rotary tiller achieves soil tillage with a cutter drum. The cutter 
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drum consists of the rotary blades installed on a rotating lateral rotor (Figure 13). The 

rotor is driven by the tractor-engine. Their rotational speed is usually in the range of 150-

400 rpm as shown in Table 1. 

 

Table 1 Rotational speed of the tillage shaft 

 

Rotational speed (rpm) Soil condition Travel speed (cm/s) 

150-200 

200-300 

300-400 

sandy or wet soft soil, puddling 

common or sticky soils 

very sticky or hard soil 

50-70 

30-50 

20-30 

 

Source: Sakai (1999) 

 

4.1 State of the study on rotary power tiller in Thailand 

 

 In Thailand, the rotary power tillers have been imported since 1947 

(Jarimopas et al., 1999) and are still used in the field. While the number of two-wheel 

tractors in the country have increased over the years. There were 2.1 million two-wheel 

tractors in 2005 (Office of Agricultural Economics; OAE, 2007) and the number tends to 

increase every year. The rotary tillers attached to two-wheel tractor with diesel engine 8.2 

kW were developed in Thailand by Senanarong and Sngiamphongse (1994). Its power 

was transmitted from the PTO shaft to the rotary tiller by V-belts. Later, Niyamapa and 

Rangdaeng (1997) developed a belt-pulley drive system to transmit power directly from 

the engine to the rotary unit since the lack of a PTO system on locally made power tiller. 

 

 

4.2 Dynamic principles of the rotary power tiller for stable tillage  

 

 The center of gravity of the whole rotary power tiller on a horizontal plane is 

advised to be located above and only a little (4-5 cm) behind the center of the drive 
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wheels so as to offer light handling to the farmer during work in paddy field. Figure 13 

shows all external forces acting on the rotary power tiller. These forces must satisfy the 

following three balancing conditions as a free body on the earth (Sakai, 1999).  

 
Figure 13 All external forces acting on a rotary power tiller. 

 

Source: Sakai (1999) 

 

 1) Vertical balance of the machines is required to be: 

 

  WT + RL2 + RL4 = RN2 + RL2+ R3 + RN4 + RL4 , or   …(8) 

 

   RN2 = WT – R3 – RN4      …(9) 

 

where; WT  :total weight of the whole machine at work (kgf) 

RL2 and RL4 :lift resistance (kgf) 

RN2 and RN4: net dynamic load reaction that is the dynamic load reaction acting on a 

wheel without the lift resistance (kgf) (the reaction force of a dynamic load 

in ASAE terminology) 

 

 2) Horizontal balance of the machine is: 
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     P3 = f2 + B2 + f4     …(10) 

 

where; B2 : frictional reaction of the lug wheels on soil surface (kgf) 

 P3 : tillage thrust force (kgf) 

 f2 and f4 : motion resistance (kgf) 

   

 3) Moment balance about the point O under the wheel axle center is 

required to be:  

 
∑ (counterclockwise moments) =  ∑(clockwise moments) 

 

WT LW sinθ + (RN2 + RL2) e2 + RL2 ε2 + A HW + P3(H – i H) + RL4(L4 + ε4)   

    = R3(L3 – LR) + (RN4 + RL4) (L4 – e4) + f4 H …(11) 

 

where; A : acceleration resistance, (kgf) 

 

    A = m(1 + eT) 
dt
dv

      …(12) 

 
 m : total machine mass (kg) 

 dv/dt : acceleration of machine as operating, cm/s2 

 eT : a correction coefficient for rotating mass in the machine to evaluate the 

equivalent mass, weight, of the machine. Takeda et al. (1993) analyzed the 

equivalent mass and its correction coefficient for the rotary power tiller 

made in Japan, and proved in an experiment that the coefficient is in the 

range of about 0.8 – 3.5 under standard tillage conditions (1 – 2 km/h travel 

speeds and about 200 rpm of tillage shaft speeds). 

 R3 : tillage lifting force (kgf) 

 

    R3 = 71620 Neη CL/(CRr3n3); or    …(13) 
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 η : power transmission efficiency of closed loop system from the engine to the 

rotary tiller axle  

 Ne : output power of the tractor engine (W) 

 CL : coefficient of the tillage lifting force; 0.7-1.0 is used as a technical 

guideline. 1.0 is used for estimating the approximate peak value of the 

tillage lifting force, while 0.7 is for the average value of this force based on 

design know-how. 

 CR : radius coefficient of the virtual point of action for the total tillage resistance 

(CR = 1.01 – 1.04). 

 r3 : rotation radius of the blades (cm) 

 n3 : rpm of rotary blades 

 

 P3 : tillage thrust force (kgf) 

 

    P3 = 71620 Neη CT/(CRr3n3)    …(14) 

 

 CT : coefficient of tillage thrust force; 1.0 – 1.4 is used as a technical guideline. 

1.4 is used for estimating the approximate peak-value of the tillage thrust 

force, while 1.0 is for the average value of this force based on design know-

how.  

 f2 and f4 : motion resistance (kgf) 

 

    f2 = μ2 RN2; 

 
    f4 = μ4 RN4 

 
μ2 and μ4 :  the motion resistance ratio 

 

 B2 : frictional reaction of the lug wheels on the soil (kgf). This force has not been 

measured individually. However, a practical value may be obtained in much 

the same way as the coefficient of friction in design as follow  
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    B2 = CB RN2 and practically CB ≈  0.8 

 
 LW : distance between the center of gravity and the wheel center (cm) 

 HW : height of the center of gravity of the machine from the field surface (cm) 

 

    HW = r2 + LW cosθ 

 

 e2 and e4 : horizontal distance between RN2 or RN4 and the wheel center (cm) 

 θ : location angle of the center of gravity from the vertical line on the wheel 

center (degree) 

  

    θ ≈ tan-1
 (H/L3)       …(15) 

 

  ∴ sinθ ≈ H/ ( 22
3 HL + )1/2      …(16) 

 
 ε2 and ε4 : horizontal distances from RL2 and RL4 to the wheel center 

 H : depth of tillage (cm) 

 iH : height of the virtual point of action 

  OR :  the center of the total tillage resistance 

 

  Since the operation of rotary power tiller on upland field, the adhesion 

between the surface of contact of soil and tire will consider to become a minor effect. So, 

the moments of the lifting resistance forces (RL2 and RL4) acting around the point O 

(Figure 13) will be negligible. Consequently, the moment balance about the point O 

under the wheel axle center in condition of dry-land field is required to be: 

 

WT⋅LW⋅ sinθ + RN2⋅ e2 + A⋅HW + P3⋅(H – i⋅H)   

    = R3⋅(L3 – LR) + RN4⋅(L4 – e4) + f4⋅H  …(17) 

 

   RN2 = WT – R3 – RN4      …(18)  
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   P3 = f2 + B2 + f4     …(19) 

 

5.  Dynamometer and force measurement 

 

 Extended octagonal ring (EOR) transducer is often used for the study of the 

resultant force acting on the rotary blade. The EOR transducer can measure two 

perpendicular force components and the moment in the plane of these two forces acting 

(Godwin, 1975). A number of researches involved in use of EOR transducer to measure 

force acting on the machine tool cutting element.  

  

 Godwin (1975) discussed the design and the related problems of development of 

an EOR transducer. When the transducer was clamped directly to the tine, it caused that 

the output from the tangential force along the surface of a transducer was not independent 

on the position of the force. This problem was solved by the insertion of two plates, 

which its length is less than the distance between ring centers. The first plate was inserted 

between the mounting and the transducer and the second one was between the transducer 

and the tine. The positions of zero-strain nodes of a transducer were changed to be 34°. 

Godwin et al. (1981) measured the magnitude of the forces on the foot and leg of a mole 

plough by an EOR transducer (Figure 14). Later, Godwin et al. (1987) used the EOR 

transducer for measuring both the horizontal and vertical components of the resultant 

force and the resulting moment to compare the magnitudes of these resultant forces 

between mole plough and model trenchless plough. They designed the EOR transducer 

with a large ring thickness and small inner radius to withstand the rapid removal of the 

mole plough from soil. As the mole plough was being removed form soil, the bending 

moments were approximately five times those in normal work.  

 

O’Dogherty (1975) used EOR transducer for measuring the forces acting on a 

sugar beet topping knife. However, the EOR transducer used was not designed rationally. 

Later, O’Dogherty (1996) presented a procedure for the design of extended octagonal  
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Figure 14 EOR transducer mounted on the leg and foot of mole plough. 

 

Source: Godwin (1981) 

 

rings in terms of geometrical parameter. He proposed the design curves used for the 

determination of an appropriate mean ring radius (r) and the calculation of ring thickness 

(t). He also stated the methods to determine appropriate ring radius and the calculation of 

the strain gauge bridge sensitivity to applied orthogonal force and moment.  

  

 Thakur and Godwin (1988) designed the EOR transducer for installing on the 

rotor flange to measure the forces and resulting moments acting on a European L-shaped 

blade (Figure 15). The strain gagues were bonded to the transducer at strain nodes, θ = 

34° and 90°. The results showed that the output was linear with high coefficient of 

determination (r2). Its showed low hysteresis and cross sensitivity.  
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Figure 15 Mounting of the EOR transducer and blade assembly on the rotor flange. 

 

Source: Thakur and Godwin (1988) 

 

Girma (1989) described the analysis and the design of EOR transducer. He used 

five transducers to measure all three octagonal forces and three moments about the 

orthogonal axes which exerted on each plough component (share point, share wing, 

landside and mould board) simultaneously. He found that strain node point was 

dependent on ratio between thickness of the ring and mean radius of transducer. He also 

developed a curve to determine the exact strain node point at different thickness-radius  

ratio. The cross sensitivity within the transducer was under 1.2% and error from 

hysteresis was less than 0.05%. 



 29

 A number of researchers used the small EOR transducer for measuring the soil 

reaction acting on the lug wheel (Wang et al., 1995; Hermawan et al., 1998a, 1998b). 

Hermawan et al. (1998a and 1998b) used the EOR transducer for connecting the wheel 

system to the carriage (Figure 16) in order to measure the lug lift and pull forces, as well 

as the moment of soil reaction on the test lug wheel. 
 

 

 

 

 

 

 

 

where; Fp  : lug pull force 

 Fl : lug lift force 

 

Figure 16 The installation of an extended octagonal ring transducer to measure the lug 

pull and lift forces and the moments acting on a movable lug wheel. 

 
Source: Hermawan et al. (1998a) 



MATERIALS AND METHODS 
 

Materials 

 

1.  Soil properties 

 

 1.1 Grain size analysis 

 

  1.1.1 Hydrometer 

  1.1.2 Mixer 

  1.1.3 Dispersing agent (Sodium hexametaphosphate) 

  1.1.4 Two graduated cylinders (1-liter capacity) 

 

 1.2 Atterberg limits (Liquid and Plastic limits) 

 

  1.2.1 Liquid limit device and grooving tool 

  1.2.2 Large glass plate for plastic limit determination 

  

 1.3 Specific gravity of soil test 

 

  1.3.1 Pycnometer (volumetric bottle) 

  1.3.2 Heat source (such as a burner or hot plate) 

   

 1.4 Dry bulk density and moisture content of soil 

 

1.4.1 Soil core sampler 

  1.4.2 Core (100 cm3) 

 

 1.5 Penetration resistance of soil 

 

  1.5.1 Cone penetrometer 
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  1.5.2 Recording paper 

 

 1.6 Soil strength parameter (cohesion and angle of internal friction) and adhesion 

parameter (adhesion and soil-metal friction angle) 

 

  1.6.1 Shear Annulus 

 

 1.7 General 

 

  1.7.1  Balance (0.1 g sensitivity) 

  1.7.2  Desiccator 

  1. 7.3  Thermometer (graduated to 0.1°C) 

  1. 7.4  Syringe 

  1. 7.5  Spatula 

  1. 7.6  Timer 

  1. 7.7  Drying oven 

 

2.  Laboratory soil bin test 

 

 2.1  Soil bin (50 cm width, 250 cm length and 60 cm depth)  

 2.2  Two electric motors, i.e. 7-kW electrical motor and 0.7-kW electrical motor 

 2.3  Cross strain gauge (KYOWA) 

  Model: KFG-5-350-D16-11 used for sensing torque acting on the rotary shaft 

  Model: KFG-5-350-C1-11 used for fixing on the EOR transducer 

 2.4 Magnetic pick up 

 2.5 Lead wire 

 2.6 Stabilizer 

 2.7 Dynamic strain amplifier (KYOWA) model: DMP-700B 

 2.8 Magnetic tape recorder model CT-90 TYPE II instrumentation tape heavy 

duty 

   2.9 Video camera 
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   2.10 Ordinary camera 

   2.11 Cassette data recorder model: TEAC R-61 

   2.12 Analyzing recorder (YOGOGAWA) model: AR1200 

 2.13 Three commercial rotary blades, i.e. Japanese C-shaped blade, European L-

shaped blade, and European C-shaped blade 

 2.14 Inverter (Siemens model: micromaster 440) 

 

3.  Field test of rotary tiller with four-wheel tractor 

 

 3.1 Magnetic pick up 

 3.2 Lead wire 

 3.3 Stabilizer 

 3.4 Dynamic strain amplifier (KYOWA) model: DMP-700B 

 3.5 Magnetic tape recorder model CT-90 TYPE II instrumentation tape heavy 

duty 

   3.6 Cassette data recorder model: TEAC R-61 

   3.7 Analyzing recorder (YOGOGAWA) model: AR1200 

 3.8 Torque transducer 

 3.9 Two four-wheel tractors, i.e. Massey Ferguson 390 and Kubota L2500 

 3.10 Rotary tillers, i.e. Kobashi KB 70, FM1601B, and the rotary tiller developed 

by Agricultural Engineering Research Institute 

 3.11 Standard testing sieves 

 3.12 Sieve shaker 

 3.13 Tray 

 3.14  Square frame sides 50 cm 

 

4.  Field test of rotary tiller with walking tractor 

 

 4.1 A two-wheel tractor with diesel engine 7.72 kW 

 4.2 14 blades of Japanese C-shaped blade (see Figure 30a) 

 4.3  14 blades of prototype rotary blade no.1 (see Figure 30b) 
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 4.4 10 blades of prototype rotary blade no.2 (see Figure 30c) 

 4.5 Square frame sides 50 cm 

 4.6 Poles and pins 

 4.7 Standard testing sieves 

 4.8 Sieve shaker 

 4.9 Plastic bags 

 4.10  Tray 
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Methods 

 

1.  Soil properties 
 

1.1 Grain size analysis 

 

 An alternative method is to use a hydrometer to measure the density of the 

suspension at a given depth as a function of time. With the standardized Bouyoucos 

hydrometer, a settling time of about 40 sec is needed at 20°C to measure the 

concentration of clay and silt (all the sand having settled through), and a time of about 8 

hr is needed to measure the clay content alone. Correction factors must be applied when 

differences in temperature (Hillel, 1980).  

 

 At the first step of the procedure is to disperse the soil sample in suspension. 

The soil particles must be separated by removal of cementing agents (such as organic 

matter, calcium carbonate, or iron oxides) and by deflocculating the clay. Removal of 

organic matter is usually achieved by oxidation with hydrogen peroxide, and calcium 

carbonate can be dissolved by a chemical dispersing agent (such as sodium 

metaphosphate).  

 

 Soil sample with 50 g (X) which was removed the organic matter was mixed 

with distilled water to form a smooth thin paste. A deflocculating agent (sodium 

hexametaphosphate) was added to the paste. Then the mixture was poured and washed 

into the cup of the mixing machine. The suspension was mixed until the soil was broken 

down into its individual particles (approximately 10 minutes). After mixing, the specimen 

was poured into a graduated cylinder and the distilled water was added to the level of 

1000-cc. The soil and water was mixed in the graduated cylinder by placing the palm of 

the hand over the open end and turning the graduated cylinder upside down and back.  

 

  After shaking a cylinder for approximately 30 sec, the hydrometer was 

inserted in the suspension, and the timer was started. Take hydrometer and thermometer 
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reading at 40 sec (a g/cc and temp40sec °C of concentration of silt, clay and dispersing 

agent) and 8 hr (b g/cc and temp8hr °C of concentration of clay and dispersing agent). 

Also hydrometer and thermometer reading of concentration of distilled water and 

dispersing agent (calgon solution) in another cylinder was taken. The calculation of soil 

texture is shown in Appendix A. The hydrometer reading was corrected at 20 °C so the 

measured value can be determined as follow: 

 

 RS = Rt + 0.36 (t - L)      …(20) 
for concentration of soil, dispersing agent and distilled water 

 

CS = Cr + 0.36 (tC - L)       …(21) 

for concentration of dispersing agent and distilled water 

   

where RS : the value of hydrometer reading in the cylinder of concentration of soil, 

dispersing agent and distilled water is needed at 20 °C. 

 Rt : the value taken by hydrometer reading in the cylinder of concentration of 

soil, dispersing agent and distilled water at temp40sec °C and temp8hr °C 

(a g/cc and b g/cc, respectively). 

 CS : the corrected value of hydrometer reading at 20 °C in concentration of 

dispersing agent and distilled water. 

  Cr : the value taken by hydrometer reading at tC °C (c g/cc). 

 t : room temperatures of concentration of soil, dispersing agent and 

distilled water at 40 sec or 8 hours. 

 L : the specific temperature for reading hydrometer accurately at 20°C. 

 tC : room temperature of calgon solution. 

 
Then Rs at 40 sec, which consist of silt, clay and dispersing agent, can be calculated. 

 

Rs at 40 sec = Rt + 0.36 (t – L) 
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  = a + 0.36 (t40 – L);  g/cm3 

 

Similarly, Rs at 8 hours, which consist of clay, and dispersing agent, can be calculated. 

 

Rs at 8 hours = Rt + 0.36 (t – L) 

  = b + 0.36 (t8 – L);  g/cm3 

 

Also, the density of dispersing agent at 20°C is calculated. 

 

 Cs = Cr + 0.50 (tc – L) 

  = c + 0.50 (tc – L);  g/cm3 

 

The percentages of sand, silt, and clay can be calculated as follow: 

 

 A = Rs at 40 sec – Cs g/cm3 

 

 B = Rs at 8 hr – Cs   g/cm3 

 

Sand (%) = ( ) 100×
−
X

AX        …(22) 

 

Silt (%) = ( ) 100×
−
X

BA        …(23) 

 

Clay (%) = 100×
X
B        …(24) 

 

1.2 Specific gravity of soil 

 

 The specific gravity of a soil is the ratio of the weight in air of a given 

volume of soil particles to the weight in air of and equal volume of distilled water at a 
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temperature of 4°C. The determination of the specific gravity of soil is shown in 

Appendix A. The specific gravity of soil (Gs) can be calculated from: 

 

 Gs = 
21 WWW

GW

s

Ts
+−

      …(25) 

 

where; GT : specific gravity of distilled water at temperature T °C; 

 Ws : dry weight of soil; 

 W1 : weight of pycnometer (500 ml at 20°C), soil, and water; 

 W2 : weight of pycnometer plus water (from calibration curve). 

 

 The calibration curve of temperature versus weight of pycnometer plus water 

is obtained briefly as follows: 

 

 1. To clean pycnometer add desired, distilled water at room temperature until 

the bottom of meniscus is at the calibration mark. 

 

 2. Carefully dry the outside of the bottle and the inside of the neck above the 

water surface. 

 

 3. Weigh the bottle plus water and measure the water temperature to 0.1°C.  

 

 4. Heat the bottle of water slightly by placing it in a warm water bath and 

repeat steps 2, each time removing enough water to bring the meniscus down to the 

calibration mark. Repeat this procedure until enough points are obtained to plot the 

calibration curve. 

  

 Specific gravity determination 

 

1. Pour a sample into a calibrated pycnometer. 
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2. Remove all of the air which is entrapped in the soil by 10 min of boiling. 

 

 3. Cool the bottle and suspension to some temperature within the range of the 

calibration curve for the bottle.  

 

 4. Add water to bring the bottom of the meniscus to the calibration mark.  

 

 5. Weigh the bottle with water and soil in it to 0.01 g. 

 

 6. After checking to be sure that the contents of the bottle are at a uniform 

temperature, record the temperature. 

 

 7. Pour the entire mixture of soil and water into a large evaporating dish of 

known weight. 

 

 8. Dry the soil in the oven, cool and weigh. The dry weight of soil grains can 

be obtained by subtracting the weight of the empty dish from the weight of the dish with 

soil in it.  

  

1.3 Soil consistency 

 

 In progressive transition from a dry state to a moist, then to a wet then 

saturated, and finally to a supersaturated state, the soil by turns undergoes a rather 

dramatic series of changes in consistency, from a hard and brittle solid, to a soft and 

friable solid, to a moldable plastic semisolid, and then to a sticky and viscous liquid. 

These transitions were modified by a Swedish soil scientist named Atterberg. These 

procedures were designed to determine the mass wetness values at which a soil 

apparently changes from on consistency state to another (Hillel, 1980). The calculation of 

liquid limit (LL) and plastic limit (PL) are shown in Appendix A. 

 

 1.3.1 Liquid limit determination 
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  1) Take about 100 g of moist soil and mix it thoroughly with distilled 

water to form a uniform paste.  

 

  2) Place a portion of the paste in the cup of the liquid limit device, 

smooth the surface off to a maximum depth of 1/2 in, and draw the grooving tool through 

the sample along the symmetrical axis of the cup, holding the tool perpendicular to the 

cup at the point of the contact.  

 

  3) Turn the crank at a rate of about two revolutions per second, and 

count the blows necessary to close the groove in the soil for a distance of 1/2 in. The 

groove should be closed by a flow of the soil and not by slippage between the soil and the 

cup.  

  4) Mix the sample in the cup and repeat steps 2 and 3 until the number 

of blows required to close the gap is substantially the same.  

 

  5) When consistent value in the range of ten to forty blows has been 

obtained, take approximately 10 g of soil from near the closed groove for a water content 

determination.  

 

  6) By altering the water content of the soil and repeating steps 2-5, 

obtain four water content determinations in the range of ten to forty blows.  

 

  7) Make a plot of water content against log of blows. Such a plot, 

known as a “flow curve” is usually approximately a straight line.  

 
 1.3.2 Plastic limit determination 

 

  1) Mix thoroughly about 15 g of the moist soil. 

 

  2) Roll the soil on a glass plate with the hand until it is 1/8 in. in 

diameter.  
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  3) Repeat step 2 until a 1/8 in. diameter thread shows signs of 

crumbling. 

 

  4) Take some of the crumbling material obtained in step 3 for a water 

content determination.  

 

  5) Repeat steps 2 – 4 to obtain three determinations which can be 

averaged to give the plastic limit.  

 

1.4 Cone index 

 

 Cone index is widely used parameter to characterize the condition of soil. 

The cone index is expressed as a force per unit base area required to push the soil cone 

penetrometer through a specified very small increment of soil. The cone index may be 

expressed as a function of depth. Average cone index values may be expressed for 

specific increments of the profiles or in complete depth-penetration relations.  

 

  The soil cone penetrometer is recommended as a measuring device to 

provide a standard uniform method of characterizing the penetration resistance of soils. 

The force required to press the 30° circular cone through the soil, expressed in 

kilopascals (ASAE S313.2). 

 

1.5 Dry bulk density of soil 

 

 For measurement of bulk density to indicate the condition of soil before  

beginning experiment, a cylindrical core sampler of 10 cm diameter and 10 cm height 

was used to collect the soil sample. After pushing core sampler into the ground, it was 

taken out with the help of a flat plate covering the bottom of the sampler. The core 

samplers were kept in a hot air oven maintaining the temperature at 105°C at 24 hours. 

After the end of 24 hours, take out the samples from the oven and cool them in a 

desiccator and weigh by a digital balance (RNAM, 1983).  
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  Dry bulk density of soil  = V
dW      …(26) 

 

where Wd : weight of oven dried soil sample, g 

 V : volume of cylindrical core sample, cm3 

 

1.6  Soil strength parameter  

 

 The calculating detail of determination of soil strength parameter (i.e. shear 

strength and adhesion parameters) is shown in Appendix A. 

 

 1.6.1 Shear strength parameters 

  

  During the measurement of draft requirement of the implement, the 

assessment of shear strength parameters of the soil is important. The values of the soil 

cohesion (c) and soil internal friction (φ) are important field characteristics which 

represent soil shear strength. Maclaurin (1987) stated that the measurement of shear 

strength parameters by shear annulus is a popular method for soil characterization. Shear 

strength parameters, i.e. cohesion and internal friction angle, were measured by the shear 

annulus. A series of loads were applied on the annulus handle and the corresponding 

torque was applied manually. The maximum shear stress was calculated using the 

following equation. 

 

 τmax = 
)(2

3
33
io

max

rr
T
−

⋅
π

       …(27) 

 

where  τmax : maximum shear stress (kPa) 

 Tmax : maximum torque reading on the scale (kN-m) 

 ro : outside radius of the shear ring (m) 

 ri : inside radius of the shear ring (m) 

 

  Normal stress was calculated using the following equation: 
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 σn = 
)rr(

W
2
i

2
o −π

       …(28) 

 

where  σn : normal stress (kPa); 

 W : vertical load applied (kN). 

 

  The shear stress and normal stress were plotted following Coulomb’s 

equation was fitted to the data to describe the soil stress at failure. 

 
   τmax =  c + σn tanφ       …(29) 

 
where  c : soil cohesion (kPa); 

 φ : soil internal friction angle (deg.). 

 

  The intercept of the plotted line with Y-axis gave the cohesion and 

inclination of the line gave the angle of internal friction. 

 

 1.6.2 Adhesion parameter 

 

  Adhesion parameters, i.e. soil adhesion and angle of soil-metal friction, 

were determined by using the same procedure adopted for determining the values of soil 

cohesion and angle of soil internal friction by the shear annulus method as described in 

section 1.6.1 except that the annulus plate had no grouser. Tests were conducted in the 

same manner as for finding cohesion and soil internal friction angle. The following 

equation was fitted to the data to achieve soil adhesion and soil-metal friction angle. 

 
   τmax =  ca + σntanφ       …(30) 

 

where  ca : soil adhesion (kPa) 

 φ : soil-metal friction angle (deg.) 
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  The intercept of the plotted line with the y-axis gave the soil adhesion 

and inclination of the line gave the angle of soil-metal friction.  

 
1.7 Soil moisture content 

 

 The experiments were conducted at lower plastic limit moisture content. The 

oven dry method was used for the determination of the soil moisture content. Twenty 

representative soil samples were collected from each blocks of the field before starting 

any of the test runs. The wet samples were taken and then oven dried at 105 °C for 24 

hours. After the specified time, the oven-dried samples were weighed. The moisture 

content was then calculated as follows: 
 

 M.C. = 100
W

)WW(

d

dw ×
−

      …(31) 

 

where M.C. : soil moisture content, dry basis (%, d.b.) 

 Ww  : wet weight of the sample (g.) 

 Wd : weight of the oven dried sample (g) 

 

2. Laboratory tests 
 

 2.1 Experimental set-up in laboratory soil bin 

 

  The investigations on the soil-blade interaction were conducted in a 

laboratory soil bin with dimensions of 250 cm (length), 50 cm (width) and 60 cm (depth) 

as shown in Figure 17. A horizontal movable carriage was installed with the experimental 

apparatuses. The experimental set up consisted of the power transmission system, a test 

rotary blade, an inverter, and a magnetic pick up. Two electric motors were installed on 

the carriage. The upper 7 kW electrical motor was used for rotational speed adjustment. 
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Figure 17 Schematic diagram of laboratory soil bin. 

 

The other 0.7 kW electrical motor was used to a driven-shaft of the carriage. Then the 

rotary blade shaft was rotated and moved horizontally simultaneously. 

 

 2.2 Study on the characteristics of torque acting on a rotary shaft and specific 

tilling energy of three original rotary blades 

 

 2.2.1 Rotary blades 

 

  Three different types of the rotary blades, i.e. Japanese C-shaped, 

European L-shaped, and European C-shaped blades (Figure 18), were used in the 

experiments for studying the characteristic of torque acting on the rotary shaft and 

specific tilling energy used in the tilling process. These rotary blades are originally 

designed by foreign companies. The Japanese C-shaped blade imported from Japan was 

made from the spring steel. Its chemical composition was 0.59% C, 1.64% Si, 0.84% Mn, 

0.01% P and 0.01% S, which is classified in JIS-SUP6. The both European blades 

produced by Thai manufacturer are made from the same grade of the spring steel. Its  
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Figure 18 Rake angle and the installation of rotary blades on rotary shaft. 

 

chemical composition was 0.61% C, 0.30% Si, 0.82% Mn, 0.04% P, and 0.03% S, which 

is classified in JIS-SUP9A. In the experiments, the rake angles (α) and the tilling radius 

were maintained constant at 75° and 21 cm, respectively. The forward speed of the 

carriage was varied by changing sprockets. The slippage of four tires of the carriage was 

negligible since two driving gears which are mounted on both the ends of the driven shaft 

of the carriage, were moved on two guide rack rails. 

 

  2.2.2 Test conditions   

 

  Table 2 shows a summary of test condition for studying the 

characteristic of the torque acting on the rotating shaft. This study was tested at a specific 

weight of soil of 9.81 kN/m3, a tilling depth of 12 cm, forward speeds of 0.034, and 0.069 

m/s, and rotational speeds of 150, 218, 278, and 348 rpm. An angle between the radial 

direction and the tangent line of the inner scoop surface (α) was maintained constant at 
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75°. To study the effect of the specific weight of soil on the torque characteristic, the 

experiments were conducted at 11.67 kN/m3 only in case of sandy loam soil, besides, 

they were also conducted at 14 cm tilling depth only in clay soil to indicate the effect of 

the tilling depth.  

 

Table 2 Operating conditions during the tests. 

 
Test conditions Japanese C-shaped blade European L-shaped  

blade 

European C-shaped 

blade 

Specific weight of soil 

(kN/m3) 

9.81 11.67 9.81 9.81 

Forward speed (m/s) 0.034 and 0.069 0.034 and 0.069 0.034 and 0.069 0.034 and 0.069 

Rotational speed (rpm) 150, 218, 278 and 

348 

150, 218, 278 and 

348 

150, 218, 278 and 

348 

150, 218, 278 and 

348 

Tilling depth (cm) 12 and 14 12 12 and 14 12 and 14 

Tilling width (cm) 4.5 4.5 13.5 12 

Soil type Sandy loam  

and clay  

Sandy loam Sandy loam  

and clay  

Sandy loam 

and clay  
Rotor radius (cm) 21 21 21 21 

Rake angle;α  (degree)  75 75 75 75 

 

 2.3 Study on the characteristics of torque acting on a rotary shaft and specific 

tilling energy of three prototype rotary blades 

 

 2.3.1 Prototype rotary blades 

 

  Although nine prototype rotary blades were designed and fabricated (Figure 

19), only three prototype rotary blades were selected for studying the characteristic of 

torque and the specific tilling energy. The three prototype rotary blades (P1, P2 and P3 

blades) were selected for testing in the soil bin, all with 210 mm radius, 65 mm tilling 

width, 85° cutting-in angle (β), 75° scoop angle (βl), and 10° clearance angle (γ ),and the 

action diagrams of three tested prototype rotary blades with 15°, 30°, and 45° lengthwise 

slice angle, respectively. Schematic diagrams of these prototype rotary blades are shown  
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Figure 19 (a) The three prototype rotary blades selected to prove the hypothesis. (b) 

Diagrammatic action of the three test prototype rotary blades. 

 

in Appendix Figure D. In primary, the carbon steel JIS-S50C was used for making the 

prototype rotary blades. Its chemical composition is 0.50% C, 0.22% Si, 0.68% Mn, 

0.02% P, and 0.01% S. 

 

  2.3.2 Test conditions 

 

   To verify the hypothesis used for the design of prototype rotary blade. 

The experimental conditions of the study on torque characteristic of the prototype rotary 

blades were set up as show in Table 3. 
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Table 3 Experimental conditions for the hypothetical verification of all prototype rotary 

blades. 

 
Prototype rotary blade Japanese C- Test conditions 

No. 1 (P1) No. 2 (P2) No. 3 (P3) shaped blade 

Specific weight of soil (kN/m3) 9.81 9.81 9.81 9.81 

Forward speed (m/s) 0.069 and 0.142 0.069 and 0.142 0.069 and 0.142 0.142 

Rotational speed (rpm) 150, 218, 278  

and 348 

150, 218, 278  

and 348 

150, 218, 278  

and 348 

150, 218, 278  

and 348 

Tilling depth (cm) 12 12 12 12  

Tilling width (cm) 6.5 6.5 6.5 4.5 

Soil type Clay Clay Clay Clay 

Rotor radius (cm) 21 21 21 21 

Lengthwise slice angle; lα (deg.)  15 30 45 - 

 

 2.4 The virtual point of resultant force acting on the prototype rotary blade 

 

  Since the external forces of tilling resistance are the factors contributing to 

the vibration and the proper balance of whole structure of operating unit. Moreover, these 

forces also affect the operator. So, the study on the characteristic of tillage resistance 

force is necessary. For this study, the extended octagonal ring was used to measure soil-

cutting forces acting on the prototype rotary blade. 

  

  2.4.1 Prototype rotary blade 

 

   After testing three prototype rotary blades in soil bin as detailed in 

section 2.3, the most suitable prototype rotary blade would be selected to determine the 

virtual point of resultant force acting on the blade.  

 

  2.4.2 Test conditions 
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   In this study, the tests were conducted in sandy loam and clay soil with 

9.81 kN/m3 average specific weight at 0.069 and 0.142 m/s forward speed and 150, 250 

and 350 rpm rotational speeds (or 3.30, 5.50 and 7.70 m/s peripheral speeds). Moreover, 

the effect on increasing moisture content of soil was also investigated. A summary of test 

conditions is shown in Table 4.  
  

 

Table 4 Experimental conditions for determination of the virtual point of resultant force 

acting on prototype rotary blade with 15° lengthwise slice angle. 

 

Test conditions The prototype rotary blade with 15° 
lengthwise slice angle 

Soil type Sandy loam Clay 

Specific weight of soil (kN/m3) 9.81 9.81 

Moisture content of soil (%, d.b.) 11.3  11.3 and 17.8  

Forward speed (m/s) 0.069 and 0.142 0.069 and 0.142 

Rotational speed (rpm) 150, 250 and 350 150, 250 and 350 

Tilling depth (cm) 12 12 

Tilling width (cm) 6.5 6.5 

Rotor radius (cm) 21 21 

 

 2.5 Soils 

 

  The initial soil conditions for the experiment are listed in Table 4. In these 

experiments, soil was prepared similar to dry-land conditions. The laboratory tests were 

carried out in a sandy loam and clay soils from Srisaket and Nakorn Pathom Provinces in 

the Northeastern part and the Central part of Thailand, respectively. The soils were sieved 

through a 2 mm wire sieve. For sandy loam soil, the tests were conducted at 11.3% (d.b.) 

which below the plastic limit (PL). In case of clay soil, the tests were conducted at both 

11.3% (d.b.) and 17.8% (d.b.) moisture content. The details of soils and their consistency 

limits are also shown in Table 5. The moist soil was stored in plastic bags at least 24 h to 

reach equilibrium and then transferred into a soil bin in layers to ensure uniform filling 
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throughout the soil bin. Later soil was compacted uniformly to get the required specific 

weight.  

 

Table 5 Soil properties in the experiments 

 
Particle size distribution (%) Consistency limits (% db) Soil type  

(USDA 

Classification) 

Sand 
(2-0.42 mm) 

Silt 
(0.42-0.002 mm)

Clay 
(< 0.002 mm)

Plastic limit Liquid limit 

Source 

Sandy Loam 

Soil 

59.83 25.14 15.03 12.89 16.01 Srisaket Province in 

Northeastem part of 

Thailand  

Clay Soil  4.88 32.18 62.94 23.2 38.7 Nakorn Pathom 

Povince in Central 

part of Thailand 

 

  2.6 Measuring method 

 

  The torque acting on the rotating shaft in the tilling process of test blades was 

sensed by two cross-strain gauges (1, 2, 3, and 4) fixed at the opposite positions on the 

rotating shaft and connected into the Wheatstone bridge configuration as shown in Figure 

20. The calibration of these sensors is shown in Appendix B. To measure the forward 

speed of the experimental set, two markers 120 cm apart (A, B) were placed 

approximately in the middle of the test run. Thus the forward speed was calculated from 

the time required for the carriage to travel the distance (120 cm) between both of the 

markers. The rotational speed of the shaft was measured by a magnetic pick up.  

 

2.7 Data processing 

 

  During the experiment, the soil reaction force (torque) was sensed by the 

strain gauged torque transducer, amplified and recorded on tape recorder (TEAC MR-

30). Simultaneously, the signals from the magnetic pick up were also recorded. Later 

these signals were analyzed at a sampling rate of 500 Hz. 
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Figure 20 Schematic of two cross-strain gauges boned on shaft surface. 

 

 2.8 Regulation of the rotational angle 

 

  The diagrams of the tilling process of the rotary blade are shown in Figure 

21. Zero degree of rotational angle (θ = 0°) means that the position of the blade tip and 

the center of rotation are in line on the vertical plane, that is position (a). The positions  

 

 
 

Figure 21 Diagrams of the tilling process and the positions of blade tip. 
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(b), (c), (d) and (e) show the rotational angles of 90°, 180°, 270° and 360° respectively. 

In this paper, the tilling process is classified into four quadrants; the first quadrant is 

range of rotational angle from 0° to 90°. The rotational angle range from 90° to 180°, 

180° to 270° and 270° to 360° were the second, the third, and the fourth quadrants 

respectively. 

 

 2.9 Calculation of tilling energy and specific tilling energy 

 

  Tilling energy means the energy per revolution of the blade. It was calculated 

by the forces acting on a rigid body. The tilling energy is produced by torque acting on 

the rotating shaft so the work done is obtained by multiplying force by length. The work 

done is obtained by integrating the initial value θ1 of the angle θ to its final value θ2 as 

shown in equation (32).  

 

 21U →   = ∫ θ
θ

θ

2

1
dM        …(32) 

 

where 2→1U   : work of all forces acting on the various particles of the body; 

 M  : a couple of moment (or torque) involving counterbalancing forces 

that produce twisting of a rotary shaft (Gere and Timoshenko, 

1993) 

 θd   : the angle expressed in radian. 

  

  The torque function in each experiment was determined and expressed in 

polynomial regression. Then it was used to calculate tilling energy used per soil cutting 

round. 

 

  The specific work was used for comparison between the performances of the 

three different types of rotary blades (Beeny, 1973). The specific tilling energy is 

calculated by using the equation (33). 
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 Specific tilling energy  = 
biteperworkedvolumeSoil

biteperenergyTilling  …(33) 

 

 2.10 Estimation of the position of throwing soil clod 

 

  The relation between the distance in a photograph and the actual distance in 

laboratory were used to estimate the position of soil clod thrown by rotary blade in actual. 

The soil clod position in a photo was determined by referring to the reference lines on a 

background screen and soil surface. Figure 22 shows the methodology of the estimating 

determination of soil clod position from a photograph. At first, a point A is defined as an 

estimated central point of soil clod on the imaginary plane. Since the distances Ae, and Af 

were directly measured, the relation between Ae, Af, and ef can be expressed as in 

equation (34).  

 

 
ef
Af

ef
Ae

+  = 1        …(34) 

 

Be′ or Bf′ are obtained by the distance ratio, as expressed in equation (35), to determine 

the position of B. 

 

 eB ′  = 
ef
Aefe ⋅′′   or fB ′  = 

ef
Affe ⋅′′   …(35) 

 

The position of B is calculated once again with the nearest reference lines gg′ and hh′ 

which were selected on soil surface. 
 

 
gh
Bh

gh
Bg

+  = 1        …(36) 

 

Similarly, C, Cg′ or Ch′ is calculated to specify the position of C. 
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Figure 22 Schematic diagram of the method to estimate the position of soil clod. 

 

gC ′  = 
gh
Bghg ⋅′′   or hC ′  = 

gh
Bhhg ⋅′′   …(37) 

 

Since the soil clod position must be located on the 4 cm square grid screen, the position 

of C is determined by the reference to lines ii′ and h′j. In this case, specially, both lines of 

ee′ and h′j are the same line. 

 

 
hi
hC

hi
Ci

′
′

+
′

 = 1        …(38) 

 

To specify the position of D on any of the chosen horizontal reference line on the screen, 

the line i′j is drawn, so its position can be specified by the distance ratio Di′ or Dj. 
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 iD ′  = 
hi

Ciji
′

⋅′   or Dj  = 
hi
hCji
′
′

⋅′   …(39)  

 

Finally, the position of soil clod is determined by the line drawn up from C pass D to E 

with its length equal to a length of AB. 

  

 2.11 Extended octagonal ring transducer 

 

  Since the extended octagonal ring transducer (EOR transducer) can 

measures simultaneously the horizontal and vertical force components and the moment of 

total resultant force in a plane of the transducer, therefore it was used for sensing the 

reaction forces acting on a prototype rotary blade (O’Dogherty, 1975, 1996; Godwin et 

al., 1981). The essential principle of an EOR transducer is that when the forces Fx and Fy 

applied to it as shown in Figure 23a. Fx and Fy are tangential and normal forces to the 

longitudinal plane of symmetry and Mxy is an applied moment in the plane of the section. 

The force Fx produces zero bending moment on both inner and outer surfaces of the ring 

of the EOR transducer on the neutral axis and the force Fy produces zero bending 

moment at the curved surface at an angle of 37° measured from its line of application (see 

the determination of the strain nodes of the EOR transducer and its calibration in 

Appendix B). The steel-type strain gauges having a resistance of 350 Ω and a gauge 

factor of 2.11 were fitted on the transducer. Figure 23b shows the arrangements of strain 

gauge for sensing Fx, Fy, and Mxy. Force Fy is measured by strain gauges at 2, 4, 5 and 7 

arranged in Wheatstone bridge. Force Fx is measured by strain gauges at 9, 10, 11 and 12 

arranged in Wheatstone bridge. And moment Mxy is measured by strain gauges at 1, 8, 3 

and 6 arranged in Wheatstone bridge. Gauges measuring tensile and compressive strain 

were arranged in opposite arms of the bridge to give the maximum output signal. A 

bridge supply voltage of 2 volts was used. 

 
  In generally, the length and width of the extended octagonal ring transducer 

was dependent on the practical requirements of mounting tillage implement. For this  
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Figure 23 (a) Diagram showing dimension of an extended octagonal ring transducer and 

strain gauge positions. (b) Diagram showing arrangement of strain gauge 

bridges for force and moment measurements. 

 

study, the transducer was decided to make the distance between the ring centers (2L) 

equal to 64 mm and the width of the transducer equal to 30 mm (Figure 23). The radius 

of the ring was chosen as equal to 11 mm. The transducer was machined from the solid 

mild steel with the tensile strength of 330 MN/m2. The Young’s modulus of material was 

equal to 200 GN/m2. 

 

 2.12 Measurement of tilling reaction force 

 



 

 

  57

  Figure 24 shows the force system acting on the extended octagonal ring 

transducer and the mounting assembly of transducer and prototype rotary blade. One side 

of an extended octagonal ring transducer was fixed directly to its mounting on a rotary 

shaft. While another side of an extended octagonal ring transducer was fastened directly 

with the casing used for holding a prototype rotary blade. Let O is a rotational center of 

the rotary shaft. The x-y coordinate system consists of x-axis in the direction of travel and 

y-axis which is perpendicular to x-axis.  

 

  Consider the center of an extended octagonal ring transducer O' and the ξ-ζ 

coordinate system. This transducer enables to measure the forces of Fξ, and Fζ, and 

moment Mo′, simultaneously. The angle between the y′-axis and the ζ-axis is defined as θ 

and the angle between the line 1OC  and the ζ-axis is 19°. The summation of forces along 

the x′-axis and the y′-axis can be determined as follows: 

 

[∑ +→=′ 0xF ]; 
 

)90cos()90sin( oo −+−⋅+′ θθ ςξ FFFx   = 0 

 

− xF ′  = )90cos()90sin( oo −⋅+−⋅ θθ ςξ FF  
 
 
  = )90sinsin  90cos(cos)90sin  cos 90 cos(sin oooo ⋅+⋅+⋅−⋅ θθθθ ςξ FF  

 

  = θθ ςξ sin cos ⋅+⋅− FF  
 

xF ′  = θθ ςξ sin cos ⋅−⋅ FF        …(40) 

  

[∑ +
′ ↑= 0yF ]; 

 

 )90sin()90cos( oo −⋅−−⋅+′ θθ ςξ FFFy  = 0 



 

 

  58

 
 

Figure 24 The diagram of forces acting on the rotary blade. 

 

 )90sin()90cos( oo −⋅−−⋅+′ θθ ςξ FFFy  = 0 

 

yF ′−  = )90sincos  90cos(sin)90sin sin 90 cos(cos oooo ⋅−⋅−⋅+⋅ θθθθ ςξ FF  

 

  = θθ ζξ  cossin ⋅+⋅ FF  

 

∴ yF ′  = θθ ζξ  cossin ⋅−⋅− FF        …(41) 

 

Then; 

  

 Fx  = xF ′  = P  (Pushing-forward force)   …(42) 
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 Fy = yF ′  = L (Lifting-up force)    …(43) 

 

Let lo is a distance between the centers of a rotary shaft and transducer. Determining the 

sum of moments around the center of a rotary shaft; 

 

[∑ = 0oM ; ]; 

 

Mo + oM ′+ )90cos()90sin( oo −⋅⋅+−⋅⋅ ′′ θθ oyox lFlF  = 0 

 

−MO = ooo 90 cos[coslF]sincoscos[sinlFM oyoxO ⋅θ⋅⋅+⋅θ−⋅θ⋅+ ′′′ 9090  

   ]90sin sin o⋅+ θ  

 

MO  = θ⋅⋅−θ⋅⋅+− ′′′ sinlFcoslFM oyoxO      …(44) 

 

Substituting for Fx′ and Fy′  into (44);  

   

MO  = )cossin(cos)sin cos( θθθθθ ζξζξ ⋅−⋅−−⋅⋅⋅−⋅+− ′ FFlFFM oo   

   θsinlo ⋅⋅  

 

  = θθθθ ξζξ
22 sinsin coscos ⋅⋅+⋅⋅⋅−⋅⋅+− ′ oooo lFlFlFM  

   θθζ sincos ⋅⋅⋅+ olF  

 

MO  = )sin(cos 22 θθξ +⋅+− ′ oo lFM     

   

∴MO = oo lFM ⋅+− ′ ξ          …(45) 

 
Calculating the location of the tilling resultant force acting on a prototype rotary blade; 



 

 

  60

[∑ = 0OM  ]  

 

MO  = )109cos()109sin( 11 °−⋅⋅+°−⋅⋅ θθ ococ DLDP  

 

1OCD  = 
)109cos()109sin( oo −⋅+−⋅ θθ LP

MO       …(46) 

 

Substituting for Mo as expressed by equation (45) into equation (46), the acting point of 

the resultant force can be determined as expressed by equation (47).  

 

1OCD∴ = 
)109cos()109sin( oo −⋅+−⋅

⋅+− ′

θθ
ξ

LP

lFM oo      …(47) 

 

Calculating the magnitude and direction of a tilling resultant force; 

 

FR  = 22 LP +         …(48) 

 

α  = ⎟
⎠
⎞

⎜
⎝
⎛−

P
Ltan 1         …(49) 

 

3. Field tests 

 

  There were two sets of field experiments. The first test was the study of the 

performances of three commercial rotary tillers which were carried out in 2005 (section 

3.1). Later in August 2007, the study of the performances of three rotary power tillers 

which were conducted in the same field to investigate the effect of the shape of prototype 

rotary blades on tilling performance, especially, mean soil clod diameter, soil inversion, 

percent of wheel slip, tilling width, and tilling depth (section 3.2).  

 

  3.1 Performance tests of three commercial rotary tillers 
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   3.1.1 The power source 

 

    A four-wheel tractor, Massey Ferguson 390, 4 cylinder diesel engine, 4 

wheel drive, with maximum power of 86 hp at rated engine speed of 2200 rpm and a 

four-wheel tractor, Kubota L2500, 3 cylinder diesel engine, 4 wheel drive, with 

maximum power of 20.1 kW (27 hp) at rated engine speed of 2800 rpm were used in this 

study. The specifications of the tractors are shown in Appendix F. A steel frame 0.90 × 

0.60 m was designed to fix on the tractor roll-over bar for setting the instrumentation. 

The portable power generator was mounted at the front of the tractor to supply 220 VAC 

power to the instrumentation. 

 

   3.1.2 The rotary tiller 

 

    Three rotary tillers, i.e. Kobashi KB-70, FM1601B, and the rotary tiller 

developed by Agricultural Engineering Research Institute (hereafter refer to as rotary 

tiller no. 1, rotary tiller no. 2, and rotary tiller no. 3 respectively), were used for testing 

(Figure 25). The specifications of rotary tillers used are shown in Table 6. The power was 

supplied to the gear box of the rotary tiller through a tractor power-take-off. From the 

gear box of rotary tiller, the power was transmitted to a rotor through a chain and 

sprocket transmission system. The rotational speed of rotary tiller as working was 180  

 

Table 6  Specifications of the rotary tillers. 

 
Rotary tiller no. 

Model 

 

 

Drive system 

Tilling width (cm) 

No. of blades 

Type of rotary blade 

Speed ratio PTO to rotor 

1 

Kobashi KB 70 

 

 

Side drive  

180 

42 

European L-shaped blade

3:1 

2 

FM1601B 

 

 

Side drive  

150 

42 

Japanese C-shaped blade

3:1  

3 

Rotary tiller developed by 

Agricultural Engineering 

Research Institute  

Side drive  

145 

42 

European C-shaped blade 

3:1 
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Figure 25 Three rotary tillers used for field test, (a) Kobashi KB-70, (b) FM 1601B, and 

(c) the rotary tiller developed by Agricultural Engineering Research Institute. 

(c) 

(b) 

(a) 
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rpm when the power-take-off speed was 540 rpm. Rotary tiller no. 1 and no. 2 were 

manufactured for mounting behind a farm tractor in category II. While a rotary tiller no. 3 

was invented to attach behind a farm tractor in category I. 

 

   3.1.3 Experimental treatments 

 

    Three operating units were used for the study of the tillage 

performance of three rotary cultivators in field: (a) Massey Ferguson 390 mounted rotary 

tiller no. 1, hereafter referred to as U1; (b) Massey Ferguson 390 mounted rotary tiller no. 

2, hereafter referred to as U2; (c) Kubota L2500 mounted rotary tiller no. 3, hereafter 

referred to as U3. However, Only U1 and U2 were analyzed statistically.  

     

    The effect of rotary tiller on the tilling performance was investigated 

by using the two different models of rotary tiller as shown in Table 7. The effect of 

forward speed on PTO power requirement/tilling width, mean soil clod diameter and soil 

inversion was evaluated by varying the tractor forward speed to 1.98, 3.01 and 5.04 km/h. 

These were achieved by adjusting the engine throttle and gear position. The effect of 

number of tilling passes (pass 1, pass 2) was also investigated. 

 

During the experiment, the following parameters were kept constant: 

 

    1) Engine speed  : 2200 (for Massey Ferguson 390)  

        : 2800 (for Kubota L2500) 

    2) PTO speed  : 540 rpm   

    3) Depth of cut  : 7 cm 

    4) Soil moisture content : 16.6 % (d.b.)  

 

    The experimental design was 2×3×2 factorial experiment in 

Randomize Complete Block Design with two operating units (U1, U2), three forward 

speeds, and two passes of tillage. Each plot size was 2.2 m × 30 m and three replications 

were used. The layout of all plots is shown in Figure 26. 
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Table 7 Experimental treatment for testing three commercial rotary cultivators 

 

Variables Treatments 

Type of rotary tiller 

 

Gear 

Tillage passes 

Number of replications 

: Kobashi KB-70, FM1601B, and Rotary tiller developed 

 by Agricultural Engineering Research Institute 

: Low1, Low2 and Low3 

: pass 1 and pass 2 

: 3 

    

   3.1.4 Test site  

 

    The study on the performance of three rotary cultivators was 

conducted at the Agricultural Engineering Department, Kasetsart University, Khampaeng 

Saen Campus, Nakhonpathom (Figure 27). The experimental site was tilled by the 

vertical disk plow and harrowing in October 2004. And the field was abandoned until the 

experimental operations were conducted in September 2005. The soil type was clay loam 

with a texture of 23.15% sand, 38.23% silt and 38.62% clay. The liquid limit (LL) of soil 

was 32.1% (d.b.) and the plastic limit (PL) was 20.7% (d.b.). The average soil moisture 

content and the specific weight in top soil at the depth 0-15 cm were 14.61 % (d.b.) and 

11.48 kN/m3, respectively. The cone index was 1.25 MPa. The cohesion and the angle of 

internal friction of soil were 19.00 kPa and 41.20°, respectively, while the soil adhesion 

and the angle of soil-metal friction were 5.14 kPa and 15.11°, respectively. 

 

   3.1.5 Measurement of torque  

 

    The PTO torque was measured by a slip ring torque transducer 

mounted on the PTO shaft (Figure 28). The signal of rotational speed of PTO shaft was 

detected by magnetic pick up. Before the actual test runs in the field, the torque 

transducer was calibrated at static load condition in the laboratory (see the calibration of 

torque transducer in Appendix B). From the Appendix Figure 13 shows the calibration  
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U1 : Massey Ferguson 390 mounted a rotary tiller no. 1 
U2 : Massey Ferguson 390 mounted a rotary tiller no. 2 
U3 : Kubota L2500 mounted a rotary tiller no.3 

V1 : Low1 
V2 : Low2 
V3 : Low3 

P1 : pass 1 
P2 : pass 2 
 

 

Figure 26  Diagram showing the lay out of the experimental plots. 
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Figure 27 The experimental site used for testing in September 2005. 
 

 

 
 

Figure 28 Installation of the torque transducer mounted on the PTO shaft. 
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curve of the torque transducer. A good linearity was observed between torque and output 

voltage with no hysteresis. 

  

   3.1.6 PTO rotational speed measurement 

 

    The PTO rotational speed was measured by a magnetic pick up 

attached to the PTO drive shaft near the torque transducer. An output voltage pulse was 

generated when a tooth iron sprocket was passed through the probe’s magnetic field, the 

flux density was modulated. For this study, the tooth iron sprocket was installed between 

the torque meter and the mating attachment connector. 

 

   3.1.7 Determination of PTO power requirement 

 

    The PTO power requirement was calculated by using the formula as 

following: 

  

P = 
00060

2
,

Tn ⋅⋅π        …(50) 

 

Where, P :  PTO power supplied to the rotor of blades (kW). 

  n :  PTO revolution speed at loading condition (rev/min). 

  T :  PTO torque required (N-m). 

 
   3.1.8 Data processing 

 

    Dynamic strain amplifier (DMP-700B) was used to amplify the torque 

signals from torque transducer. The amplified signal from the strain amplifier was 

recorded into the instrument tape (TEAC CT-90 tape II) by a cassette data recorder 

(TEAC MR-30). Simultaneously, the signal from the magnetic pick up was transferred 

directly to the cassette data recorder. After the experiment finished, both signals from the 
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instrument tape were analyzed by the analyzing recorder (AR1200) at sampling rate 500 

Hz. 

 

  3.2 Performance of rotary power tiller using prototype rotary blades in dry-land 

field 

   

   3.2.1 Rotary blades and attachment of rotary blades to the rotor shaft 

 

    Three types of rotary blades including the Japanese C-shaped blade 

(4.5 cm tilling blade width), the prototype rotary blade no. 1 (15° lengthwise slice angle, 

4.5 cm tilling blade width), and the prototype rotary blade no. 2 (15° lengthwise slice 

angle, 6.5 cm tilling blade width) were installed on the rotor shaft. Figure 29 shows the 

blade fitting of each type. 

 

    Three sets of the rotor (Figure 31a) used for the field tests were the 14-

blade rotor of the Japanese C-shaped blade as the power tiller no. 1; the 14-blade rotor of 

  

 

 

Figure 29  Blade fitting in blade holder. 
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the prototype rotary blade no. 1 as the power tiller no. 2; and the 10-blade rotor of the 

prototype rotary blade no. 2 as the power tiller no. 3. The rotor radiuses of three blade 

types were 26 cm. 
 

    The arrangements of rotary blades on the rotor shaft of power 

tillers no. 1, no. 2, and no. 3 are shown in Figure 31b.  From the rear, the rotor is 

separated in the middle by chain case. The numbers beside the blades indicate the order 

of soil cutting (Figure 31b and 31c) during the down-cut process. The spaces between 

planes of blade holders along the rotor were equally. In these experiments, the 14-blade 

rotor of Japanese C-shaped blade as a conventional rotary tiller was assigned to be the 

control treatment. In order to study the effect of shape of the straight lengthwise blade 

portion of prototype rotary blade on the performance, the tilling pattern of the 14-blade 

rotor of the prototype rotary blade no. 1 was assigned to be the same as the 14-blade rotor 

of Japanese C-shaped blade. And in order to study the effect of decreasing number of the 

prototype rotary blade no. 2, the arrangement of the prototype rotary blade no. 2 on the 

rotor shaft was assigned for testing in the field. 

 

   3.2.2 Experimental site 

  

    Three sets of power tillers were still tested of their performance in the 

experimental field at the Agricultural Engineering Department, Kasetsart University, 

Khampaeng Saen Campus, Nakhonpathom (Figure 32). The experimental site was tilled 

by the vertical disk plow and harrowing in September 2006. And the field was abandoned 

until the experimental operations were conducted in August 2007. The weeds were cut by 

a mower before doing the experiments. The soil type at the experimental site was clay  

loam, consisting of 30.43% sand, 41.73% silt and 27.84% clay. The liquid limit (LL) of 

soil was 34.5% (d.b.) and the plastic limit (PL) was 23.7% (d.b.). The average soil 

moisture content and the specific weight in top soil at the depth 0-15 cm were 16.04% 

(d.b.) and 14.81 kN/m3, respectively. The cone index was 1.14 MPa. The cohesion and 

the angle of internal friction of soil were 19.00 kPa and 40.80°, respectively, while the 

soil adhesion and the angle of soil-metal friction were 4.24 kPa and 14.91°, respectively. 
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(a) 

14 blade rotor of  

Japanese C-shaped 

blade and blade holder 

 

 

 

 

 
 

(b) 

14 blade rotor of  

prototype rotary blade 

and blade holder 

 

 

 

 

 
(c) 

10 blade rotor of  

prototype rotary blade 

and blade holder 

 

 
 

 
 

 
 

Figure 30  The rotary blade use for studying the performance of rotary power tiller. 
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 Figure 31 (a) three rotary tillers attaching behind two-wheel tractor, (b) the 

arrangements of rotary blades on the rotor shaft, and (c) diagrams of soil-

cutting patterns of three rotary tillers. 

   

3.2.3 Power source 

 

    A walking tractor with diesel engine 7.72 kW at rated engine speed of 

2200 rpm was used as a power source of a rotary tiller. Since it don’t have PTO shaft for  
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Figure 32  The experimental site in August 2007.  

 

driving the rotary tiller, the power from the engine to the rotary unit was transmitted by a 

V-belt pulley drive type developed by Niyamapa et al. (1997). The power transmission of 

the rotary power tiller was the center-drive type. 

 

   3.2.4 Experimental treatments 

 

    The effect of rotary blade shape on the performance of a rotary power 

tiller was investigated using the three different rotary blades installing on a rotor shaft. 

The experimental treatments of this study are shown in Table 8. The performance tests of 

three sets of a rotor were tested at rotational speeds of 300, 350, and 450 rpm (peripheral 

speeds of 6.60, 7.70 and 9.90 m/s at blade tip) and at pass 1 and pass 2. The tests were 

conducted only at one gear, i.e. first low, because these tested rotary power tillers could 

not operate smoothly at the second low. 

 

   3.2.5 Experimental Design 

 

    Due to this study was set up to consider mainly in the effect of the 

shape of the prototype rotary blade thus the experimental design, the split-split-plot 
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Table 8 Experimental treatments 

 

Variables Treatments 

Type of rotary blade 

 

 

 

Rotational speed at a rotary shaft (rpm) 

Number of tilling passes 

Japanese C-shaped blade (14 blades), 

prototype rotary blade no. 1 (14 blades), 

and prototype rotary blade no. 2 (10 

blades) 

300, 350 and 400 

pass 1 and pass 2 

   

design in RCBD, was used for the analysis of variance with a 2×3×3 factorial experiment 

with two replications. Treatments was two  levels of number of passes as the main-plot 

factor, three rotational speeds as the subplot factor and three rotor sets attaching behind 

two-wheel tractor as the sub-subplot factor. Each plot size was 1.4 m × 30 m and two 

replications were used. The layouts of the test plots in experimental site are shown in 

Figure 33. The dry bulk density of soil, the moisture content of soil, the cone penetration 

resistance, the cohesion and angle of internal friction of soil, and the adhesion and soil- 

metal internal friction were measured for one day prior to these experiments. The number 

of weeds within a square frame having sides 50 cm in each condition was collected 

before testing. Besides, as the power tiller was operating, the forward speed was 

recorded. After the experiment in each condition finished, three plastic bags were packed 

with 2-kg of soil each and the number of weeds exposed on soil surface was counted in 

order to determine the mean soil clod diameter and the indicator for soil inversion, 

respectively. In comparison of the performance of three rotors, the items to be measured 

and observed are tilling width, tilling depth, actual traveling speed, mean soil clod 

distribution, soil inversion, and percentage of wheel slip. 

 

  3.3 Mean soil clod diameter 

 

   In each plot, three samples of 2-kg loosened soil were collected after tilling 

experiment to determine the mean soil clod diameter. The soil was sieved into the 
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T1: 14-blade rotor of 

Japanese C-shaped 
blade 

T2: 14 blade rotor of 
prototype rotary blade 
no.1 

T3: 10-blade rotor of 
prototype rotary blade  

 no. 2 
 
N1: 300 rpm 
N2: 350 rpm 
N3: 400 rpm 
 
P1: pass1 
P2: pass 2 
 
REP I: the first replication 
REP II: the second 

replication 
 

 

Figure 33 Layout of test plots in the experimental site.  

    

fractions >50, 40-50, 35-40, 20-35, 10-20 and <10 mm in diameter. The soil retained on 

the largest aperture sieve, passed through each sieve and retained on the next sieve and 

passed through the smallest aperture sieve were weighed as shown in Table 9. After 

sieving, the mean soil clod diameter could be calculated by equation (51); (ESCAP and 

RNAM, 1983). 
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Table 9  The weight of soil retained on the sieve 

 

Size of 
aperture 

(mm) 

Diameter of soil passed the left sieve & 
retained on the next small aperture sieve 

(mm) 

Representative diameter of 
soil in the left column 

(mm) 

Weight of 
soil 
(kg) 

10 
20 
35 
40 
50 

<10 
10-20 
20-35 
35-40 
40-50 
50> 

5 
15 

27.5 
37.5 
45 
N 

A 
B 
C 
D 
E 
F 

 

 dsc  =  )NFED.C.BA(
W

+++++ 455375271551    …(51)  

 

where; dsc : mean soil clod diameter (mm); 

  W : A + B + C + D + E + F (kg); 

  N : mean of measured diameters of soil clods retained on the largest aperture 

sieve (mm). 
 

  3.4 Measurement of wheel slip 

  
   Wheel slip of the tractor (farm tractor or walking tractor) was measured by 

counting the number of wheel revolutions (10 revolution of wheel on the surface of 

experimental site) under no load (A) and load (B) conditions on traveling distance and 

using following relation ship.  

 

Percentage of wheel slip = 100×
−
A

BA      …(52) 

 

  3.5 Measurement of soil inversion 

 
   Soil inversion is quantitatively expressed as ratio of numbers of weeds on 

soil surface after operation to that before it (RNAM, 1983). 
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Figure 34  Measuring of wheel slip. 

 

Source: RNAM test codes & procedures for farm machinery (1983). 

   

     F = 
p

Ep
W

WW −
     …(53) 

 

where; F : indicator for soil inversion 

  Wp : no. of weed before operation per unit area 

  WE : no. of weed exposed on the surface per unit area after operation 

 

  3.6 Measurement of forward speed 

 

   Out side the long boundary of the test plot, two poles 20 m apart (A, B) are 

placed approximately in the middle of the test run. The typical locations of poles A and B 

are shown in Figures 26 and 33. The forward speed will be calculated from the time 

required for the machine to travel the distance (20 m) between the poles A and B.  



RESULTS AND DISCUSSION 
 

1. Investigation into the tilling performance of three commercial rotary tillers 

 

 In order to investigate into the tilling performance (especially, soil inversion, 

mean soil clod diameter, and PTO power requirement/tilling width) of the rotary tillers in 

field condition, three commercial rotary tillers were tested in dry-land field. Three rotary 

tillers were used: (a) the rotary tiller model Kobashi KB-70; hereafter refer to as the 

rotary tiller T1, (b) the rotary tiller model FM 1601B; hereafter refer to as the rotary tiller 

T2, and (c) the rotary tiller was developed by Agricultural Engineering Research 

Institute, Ministry of Agriculture and Cooperatives; hereafter refer to as the rotary tiller 

T3.  

 

 1.1  Tilling depth 

 

  For the rotary tiller T1, the tilling depths of 7.4 cm and 8.5 cm were the 

minimum and maximum, respectively, at the first pass (Table 10). The minimum and 

maximum of the tilling depths at the second pass were 7.5 cm and 8.6 cm. The mean 

depths of tillage were 8.0 cm and 8.1 cm during the first pass and the second pass, 

respectively. The tilling depth of the rotary tiller T2 varied from 7.3 cm to 9.5 cm at the 

first pass. The mean tilling depth was 8.1 cm at the first pass. For the second pass, the 

tilling depth varied from 6.9 cm to 8.9 cm and the mean was 8.0 cm. The statistical 

analysis (Appendix C) shows that the tilling depths of both rotary tillers were not 

different at 95% level of significance. For the rotary tiller T3, the tilling depth varied 

from 7.6 cm to 8.5 cm, while the mean tilling depth was 8.2 cm during the first pass. In 

condition of the second pass, the tilling depth varied from 7.5 cm to 8.6 cm and the 

average was 8.0 cm. It can be seen that the mean tilling depth for each rotary tiller was 

almost the same.  

 

 1.2 Tilling width 
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  The data of tilling widths of all rotary tillers as working are shown in Table 

11. The tilling width of the rotary tiller T1 varied from 173.3 cm to 180.7 cm in the first 

pass. During the second pass, the tilling width varied from 177.7 cm to 181.3 cm. The 

average tilling width of the rotary tiller T1 was 179.0 cm. For the rotary tiller T2, the 

tilling width varied from 143.0 cm to 149.5 cm and 142.0 cm to 149.2 cm in the first pass 

and the second pass, respectively. The average of the tilling width of the rotary tiller T2 

was 147.0 cm. In case of the rotary tiller T3, the tilling width varied from 141.0 cm to 

144.8 cm and 142.0 cm to 146.3 cm in the first pass and the second pass, respectively. 

The mean tilling width of the rotary tiller T3 was 144.5 cm. 

 
 1.3 Forward speed   

 

  For the rotary tiller T1 and the rotary tiller T2, these rotary tillers were 

attached behind the farm tractor category II (Massey Ferguson 390) while the rotary tiller 

T3 was mounted behind the farm tractor category I (Kubota L2500). The forward speeds 

as working of all rotary tillers were shown in Table 12. In the first pass of the rotary tiller 

T1, the mean forward speeds at the gear positions of Low1, Low2, and Low3 were 1.89, 

3.09, and 5.05 km/h respectively. For the second pass, the mean forward speeds at Low1, 

Low2, and Low3 were 1.94, 2.93, and 5.08 km/h respectively. In case of the rotary tiller 

T2, the mean forward speeds at Low1, Low2, and Low3 during the first pass were 2.01, 

2.93, and 4.67 km/h respectively. For the second pass at the conditions of Low1, Low2, 

and Low3, the mean forward speeds were 2.25, 2.88, and 4.90 km/h, respectively. The 

statistical analysis (Appendix C) shows that the forward speeds of both rotary tillers (T1 

and T2) at the same gear position for each tilling pass were not different at 95% level of 

significant. For the rotary tiller T3, the mean forward speeds at Low1, Low2, and Low3 

during the first pass were 1.04, 1.43, and 2.26 km/h, respectively. In the second pass, the 

mean forward speeds at Low1, Low2, and Low3 were 1.01, 1.36, and 2.23 km/h, 

respectively. 
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Table 10  The tilling depth at different gear positions and passes 

 
Tilling depth (cm) 

Kobashi KB-70 (T1) FM1601B (T2) Rotary tiller was developed 

by Agricultural Engineering 

Research Institute (T3) 

Gear 

position 

Number  

of tilling 

passes 

I II III Ave. I II III Ave. I II III Ave. 

1 pass; P1 7.9 7.9 7.7 7.8 7.7 8.2 8.5 8.1 8.5 7.9 7.6 8.0 Low1 

(L1) 2 passes; P2 8.4 8.2 7.9 8.2 8.4 8.1 6.9 7.8 7.7 7.5 8.3 7.8 

1 pass; P1 8.1 7.8 8.2 8.0 8.5 7.5 7.5 7.8 8.3 8.5 8.2 8.3 Low2 

(L2) 2 passes; P2 8.6 7.9 8.3 8.3 7.5 8.5 7.5 7.8 8.2 8.6 8.1 8.3 

1 pass; P1 8.4 8.5 7.4 8.1 7.3 9.5 8.2 8.3 8.4 8.5 7.9 8.3 Low3 

(L3) 2 passes; P2 8.0 7.7 7.5 7.7 8.6 8.9 7.9 8.5 8.2 7.5 8.4 8.0 

              
Table 11 The tilling width at different gear positions and passes 

 
Tilling width (cm) 

Kobashi KB-70 (T1) FM1601B (T2) Rotary tiller was developed

by Agricultural Engineering 

Research Institute (T3) 

Gear 

position 

Number  

of tilling 

passes 

I II III Ave. I II III Ave. I II III Ave. 

1 pass; P1 178.7 178.7 180.7 179.4 148.5 147.3 149.3 148.4 141.0 143.0 144.8 142.9Low1 

(L1) 2 passes; P2 177.7 180.0 181.3 179.7 147.8 148.0 146.8 147.5 146.1 145.3 144.4 145.3

1 pass; P1 179.7 180.3 179.3 179.8 147.2 146.2 149.5 147.6 147.0 143.8 144.2 145.0Low2 

(L2) 2 passes; P2 180.0 178.7 179.3 179.3 148.5 142.0 146.0 145.5 146.3 145.4 144.1 145.3

1 pass; P1 173.3 178.0 178.3 176.5 146.0 143.0 148.9 146.0 143.0 144.3 145.6 144.3Low3 

(L3) 2 passes; P2 180.0 178.7 179.3 179.3 147.6 144.0 149.2 146.9 142.0 145.2 146.1 144.4
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Table 12  The forward speed at different gear positions and passes 

 
Forward speed (km/h) 

Kobashi KB-70 (T1) FM1601B (T2) Rotary tiller was developed

by Agricultural Engineering 

Research Institute (T3) 

Gear 

position 

Number  

of tilling 

passes 

I II III Ave. I II III Ave. I II III Ave. 

1 pass; P1 1.85 1.87 1.95 1.89 1.96 2.00 2.06 2.01 1.02 1.02 1.09 1.04 Low1 

(L1) 2 passes; P2 1.87 1.9 2.04 1.94 2.12 2.46 2.17 2.25 0.98 0.97 1.08 1.01 

1 pass; P1 2.91 3.16 3.21 3.09 3.14 2.99 2.66 2.93 1.4 1.43 1.45 1.43 Low2 

(L2) 2 passes; P2 2.76 3.09 2.94 2.93 2.74 3.18 2.72 2.88 1.38 1.37 1.34 1.36 

1 pass; P1 4.64 5.15 5.35 5.05 4.24 4.56 5.22 4.67 2.22 2.38 2.17 2.26 Low3 

(L3) 2 passes; P2 5.57 4.53 5.13 5.08 4.7 4.73 5.26 4.90 2.16 2.27 2.26 2.23 

  
            

 1.4 Performance of the rotary tiller model Kobashi KB-70 

   

  The torque signal recorded during the test runs was in the analog form. 

Typical plots of torque signal  are shown in Figures 35. These analog signals were 

digitized by the analyzing recorder. Then the PTO power requirement/tilling width was 

calculated from those signals.  

 

  The details of PTO power requirement/tilling width consumed by all tested 

rotary tillers at different conditions are given in Table 13. The rotary tiller T1 (model 

Kobashi KB-70) consumed an average PTO power requirement/tilling width and torque 

of 8.7 kW/m and 273.1 N⋅m respectively, at 1.89 km/h forward speed (Table 13) and 542 

rpm PTO rotational speed at pass 1. The samples of PTO torque signal as operating are 

indicated in Figure 35. The PTO power requirement/tilling width increased from 8.7 to 

15.0 kW/m with the increasing forward speed from 1.89 km/h to 5.05 km/h at pass 1 

(Figure 36). At pass 2, the PTO power requirement/tilling width showed the same trend. 

During the second pass, the values of PTO power requirement/tilling width were 5.0, 6.6 

and 8.0 kW/m at forward speeds of 1.94, 2.93 and 5.08 km/h respectively. The highest   
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Table 13 The PTO power requirement/tilling width at different gear positions and 

passes. 

 

Gear 
position 

Rotary tillers: Kobashi KB-70 
(T1) 

FM1601B  
(T2) 

Rotary tiller was developed 
by Agricultural Engineering 

Research Institute (T3) 

 
Number of tilling pass: 1 pass

(P1) 
2 passes

(P2) 
1 pass 
(P1) 

2 passes
(P2) 

1 pass 
(P1) 

2 passes 
(P2) 

Forward speed (km/h) : 1.89 1.94 2.01 2.25 1.04 1.01 
 PTO power requirement/tilling width (kW/m) 
Replication I 9.0 5.0 6.3 2.8 4.5 2.1 
Replication II 8.6 5.0 6.5 2.1 5.2 2.1 
Replication III 8.4 5.0 10.2 3.2 4.8 2.7 

Low 1 
(L1) 

Average 8.7 5.0 7.7 2.7 4.8 2.3 
Forward speed (km/h) : 3.09 2.93 2.93 2.88 1.43 1.36 
 PTO power requirement/tilling width (kW/m) 
Replication I 9.6 6.4 8.9 3.8 6.5 2.9 
Replication II 10.5 6.3 8.1 3.8 7.0 2.7 
Replication III 8.5 7.1 8.1 3.2 6.2 3.4 

Low 2 
(L2) 

Average 9.5 6.6 8.4 3.6 6.5 3.0 
Forward speed (km/h) : 5.05 5.08 4.67 4.90 2.26 2.23 
 PTO power requirement/tilling width (kW/m) 
Replication I 13.7 8.0 12.7 7.1 8.3 3.6 
Replication II 14.6 7.3 11.0 5.7 8.0 3.2 
Replication III 16.8 8.8 12.1 5.5 8.1 4.2 

Low3 
(L3) 

Average 15.0 8.0 11.9 6.1 8.2 3.7 
        
 

PTO power requirement/tilling width was 15.0 kW/m at 5.05 km/h forward speed during 

the first pass. The PTO power requirement/tilling width increased with the increasing 

forward speed. The PTO torque was also affected by the forward speed. It increased with 

the increase of forward speed at the same pass. On the other hand, the PTO power 

requirement/tilling width showed the inverse relationship with the increased of number of 

passes. Because soil was naturally compacted more during the first pass than the second 

pass. It cause that the PTO power requirement/tilling width during pass 1 was higher than 

pass 2.  
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Figure 35 Sample plots of PTO torque signals as the PTO drive shaft of the farm tractor 

model Massey Ferguson 390 was mounted with the rotary tiller T1 (Kobashi 

KB-70). 
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Figure 36 (a) Mean soil clod diameter, (b) soil inversion, and (c) PTO power 

requirement/tilling width during the first and second passes at different 

forward speeds for the rotary tiller T1, T2, and T3. 
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  In order to determine mean soil clod diameter after the tillage, three samples 

of 2-kg soil for each condition were collected. The average values of mean soil clod 

diameter at 1.89, 3.09, and 5.05 km/h forward speed were 22, 26, and 35 mm respectively 

at pass 1 (Table 14). During the second pass, the average values of mean soil clod 

diameter were 19, 24, and 25 mm at 1.94, 2.93, and 5.08 km/h forward speed, 

respectively. It also showed that the mean soil clod diameter at any forward speed in pass 

2 was smaller (Figurer 36b). At the same pass as the forward speed increased, the longer 

tilling pitch was achieved thus the bigger clod size increased. The reason for the decrease 

in the average values of mean soil clod diameter in the second pass was that, at the 

second pass, the broken soil in the first pass was tilled repeatedly.  

 

Table 14 The mean soil clod diameter at different gear positions and passes. 

 

Gear 
position 

Rotary tillers: Kobashi KB-70 
(T1) 

FM1601B  
(T2) 

Rotary tiller was developed 
by Agricultural Engineering 

Research Institute (T3) 

 
Number of tilling pass: 1 pass

(P1) 
2 passes

(P2) 
1 pass 
(P1) 

2 passes
(P2) 

1 pass 
(P1) 

2 passes 
(P2) 

Forward speed (km/h) : 1.89 1.94 2.01 2.25 1.04 1.01 
 Mean soil clod diameter (mm) 
Replication I 27 25 17 17 13 11 
Replication II 19 15 19 17 13 12 
Replication III 19 16 19 17 11 12 

Low 1 
(L1) 

Average 22 19 18 17 12 12 
Forward speed (km/h) : 3.09 2.93 2.93 2.88 1.43 1.36 
 Mean soil clod diameter (mm) 
Replication I 25 25 24 19 16 12 
Replication II 27 23 23 23 16 15 
Replication III 26 23 25 22 13 12 

Low 2 
(L2) 

Average 26 24 24 21 15 13 
Forward speed (km/h) : 5.05 5.08 4.67 4.90 2.26 2.23 
 Mean soil clod diameter (mm) 
Replication I 45 28 29 21 22 14 
Replication II 26 20 25 22 17 11 
Replication III 33 26 25 23 18 13 

Low3 
(L3) 

Average 35 25 26 22 19 13 
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Figure 37 The weeds exposed on soil surface within a frame with an area of 0.25 m2 

after the tillage by the rotary tiller T1 (Kobashi KB-70). 
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  The ratio of the number of weeds exposed on soil surface after tilling to 
before tilling was to indicate the soil inversion of rotary tillers. The mean soil inversions 
at any test condition are shown in Figure 36 and Table 15. Figure 37 illustrates the weeds 
which were exposed on the soil surface after tilling by the rotary tiller model Kobashi 
KB-70. The mean soil inversion of 58.3% at 1.89 km/h forward speed at pass 1 was the 
highest then it dropped to 51.8% and 49.0% at 3.09 and 5.05 km/h forward speed after 
tilling in the pass 1 (Table 15). At the pass 2, mean soil inversions showed the same 
trend. They are 71.2%, 66.1%, and 59.9% at 1.94, 2.93, and 5.08 km/h forward speed, 
respectively (Table 15). It shows that while the percentage of soil inversion increased as 
the number of pass increased but it had the reverse relationship with forward speed 
(Figure 36c). 
 

 

Table 15  The soil inversion at different gear positions and passes. 
 

Gear 
position 

Rotary tillers: Kobashi KB-70 
(T1) 

FM1601B  
(T2) 

Rotary tiller was developed 
by Agricultural Engineering 

Research Institute (T3) 

 
Number of tilling pass: 1 pass

(P1) 
2 passes

(P2) 
1 pass 
(P1) 

2 passes
(P2) 

1 pass 
(P1) 

2 passes 
(P2) 

Forward speed (km/h) : 1.89 1.94 2.01 2.25 1.04 1.01 
 Soil inversion (%) 
Replication I 58.6 75.0 56.2 86.3 83.9 88.7 
Replication II 58.8 69.3 65.0 75.4 87.9 90.3 
Replication III 57.5 69.2 76.1 80.9 68.8 87.6 

Low 1 
(L1) 

Average 58.3 71.2 65.8 80.9 80.2 88.9 
Forward speed (km/h) : 3.09 2.93 2.93 2.88 1.43 1.36 
 Soil inversion (%) 
Replication I 47.0 55.7 77.0 83.0 79.0 79.9 
Replication II 46.7 81.2 55.0 69.3 66.9 91.0 
Replication III 61.7 61.4 47.1 58.1 72.1 83.7 

Low 2 
(L2) 

Average 51.8 66.1 59.7 70.1 72.7 84.9 
Forward speed (km/h) : 5.05 5.08 4.67 4.90 2.26 2.23 
 Soil inversion (%) 
Replication I 39.7 58.4 43.4 64.8 60.2 79.1 
Replication II 52.8 65.1 60.8 60.9 65.1 82.1 
Replication III 54.6 56.2 62.8 72.7 61.7 83.1 

Low3 
(L3) 

Average 49.0 59.9 55.7 66.1 62.3 81.4 
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  The data on wheel slip of the rotary tiller are tabulated as shown in Table 16. 
The maximum and minimum wheel slips at the pass 1 were -3.27% and -1.98% at 5.05 
and 1.89 km/h forward speed, respectively. Similarly, these values were -2.77% and          
-1.28% at 5.08 and 1.94 km/h forward speed respectively during the pass 2. It was 
observed that the rotary tiller produced a negative wheel slip which improved the traction 
of the tractor. It increased negatively as the forward speed increased. During the pass 1, 
the wheel slip was more negatively than the pass 2.  
 
Table 16  Wheel slip at different gear positions and passes. 
 

Gear 
position 

Rotary tillers: Kobashi KB-70 
(T1) 

FM1601B  
(T2) 

Rotary tiller was developed 
by Agricultural Engineering 

Research Institute (T3) 

 
Number of tilling pass: 1 pass

(P1) 
2 passes

(P2) 
1 pass 
(P1) 

2 passes
(P2) 

1 pass 
(P1) 

2 passes 
(P2) 

Forward speed (km/h) : 1.89 1.94 2.01 2.25 1.04 1.01 
 Wheel slip (%) 
Replication I -2.34 -1.09 -1.02 -0.51 -1.04 -0.81 

Replication II -1.35 -1.43 -0.87 -0.73 -1.79 -0.53 

Replication III -2.24 -1.31 -1.82 -1.17 -1.55 -0.49 

Low 1 
(L1) 

Average -1.98 -1.28 -1.24 -0.8 -1.46 -0.61 

Forward speed (km/h) : 3.09 2.93 2.93 2.88 1.43 1.36 
 Wheel slip (%) 
Replication I -2.85 -1.43 -1.24 -0.36 -1.48 -0.96 

Replication II -2.37 -1.22 -1.24 -1.31 -2.23 -1.08 

Replication III -2.84 -1.39 -1.38 -1.24 -1.87 -0.58 

Low 2 
(L2) 

Average -2.69 -1.35 -1.29 -0.97 -1.86 -0.87 

Forward speed (km/h) : 5.05 5.08 4.67 4.90 2.26 2.23 
 Wheel slip (%) 
Replication I -3.24 -2.95 -2.99 -1.09 -2.2 -1.23 

Replication II -3.14 -2.71 -2.22 -1.99 -2.36 -1.44 

Replication III -3.43 -2.64 -2.35 -1.36 -1.94 -1.12 

Low3 
(L3) 

Average -3.27 -2.77 -2.52 -1.55 -2.17 -1.26 

        
 1.5 Performance of the rotary tiller model FM 1601B 

   

  Typical plots of torque signal recorded during the test runs are shown in 

Figures 38. The data of PTO power requirement/tilling width for the rotary tiller model 



 

 

88

FM 1601B at different forward speeds and passes are presented in Table 13. The 

maximum PTO power requirement/tilling width consumed by the rotary tiller T2 was 

11.9 kW/m during the first pass at 4.67 km/h forward speed (Table 13). The mean PTO 

torque was 332.1 N⋅m. The minimum PTO power requirement/tilling width was 2.7 

kW/m at 2.25 km/h forward speed during the pass 2 and there was the average PTO 

torque of 66.7 N⋅m. The increase in the forward speed caused the PTO power 

requirement/tilling width to increase at any passes (Figure 36a). The PTO power 

requirement/tilling width at any forward speed during the first pass was higher than the 

second pass. 

 

  The results as reported in Table 14 show that the mean soil clod diameter 

was 26 mm after the first pass at 4.67 km/h forward speed and it was reduced to 22 mm 

after the second pass at the 4.90 km/h forward speed. The smallest mean soil clod 

diameter was 17 mm obtained after the pass 2 at 2.25 km/h forward speed. Figure 36b 

shows that the number of passes increased, the mean soil clod diameter decreased. It also 

shows that the mean soil clod diameter at higher forward speed during any pass was 

larger as compared to the lower forward speed. 

 

  The data relating to soil inversion at different forward speeds and number of 

tillage passes are shown in Table 15. The mean soil inversion of 65.8% at 2.01 km/h 

forward speed at pass 1 was the highest then it dropped to 59.7% and 55.7% at 2.93 and 

4.67 km/h forward speed after tilling at the same pass. After tilling at the pass 2, mean 

soil inversions showed the same trend. They were 80.9%, 70.1%, and 66.1% at 2.25, 

2.88, and 4.90 km/h forward speed, respectively. Figure 39 show the residual weed 

exposed on soil surface after the tillage at any forward speed. The percentage of soil 

inversion increased with the increasing number of passes however it had the reverse 

relationship with forward speed (Figure 36c). It show that there was the less number of 

weeds exposed on soil surface at the lower forward speed.   

 

  The percentages of wheel slip of the rotary tillers at any test condition are 

presented in Table 16. The maximum and minimum wheel slips at the pass 1 were             
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Figure 38 Sample plots of PTO torque signals as the PTO drive shaft of the farm tractor 

model Massey Ferguson 390 was mounted with the rotary tiller T2 

(FM1601B). 
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Figure 39 The weeds exposed on soil surface within a frame with an area of 0.25 m2 

after the tillage by the rotary tiller T2 (FM1601B). 



 

 

91

–3.52% and –1.24% at 4.67 and 2.01 km/h forward speed, respectively. Similarly, these 

values were –1.71% and -0.80% at 4.90 and 2.25 km/h forward speed respectively during 

the pass 2. It showed that the wheel slip still increased negatively as the forward speed 

increased. And the wheel slip during the first pass was more negatively than the second 

pass.  

 

 1.6 Performance of the rotary tiller developed by Agricultural Engineering 

Research Institute 

 

  The details of PTO power requirement/tilling width by the rotary tiller 

developed by Agricultural Engineering Research Institute (the rotary tiller T3) are shown 

in Table 13. The typical PTO torque signals during the operation at the different forward 

speeds and number of passes were presented in Figure 40. The maximum PTO power 

requirement/tilling width was 8.6 kW/m during the pass 1 at 2.26 km/h forward speed 

(Table 13). The average torque was 209.8 N⋅m at this speed. At 1.01 km/h forward speed 

during the second pass, the minimum PTO power requirement/tilling width was 2.3 

kW/m and the average PTO torque was 58.9 N⋅m. Besides, the values of PTO power 

requirement/tilling width at 1.04 and 1.43 km/h forward speed were 4.8 and 6.5 kW/m, 

respectively. For the second pass at 1.36 and 2.23 m/s forward speed, the values of PTO 

power requirement/tilling width were 3.0 and 3.7 kW/m, respectively (Table 13). It 

showed that PTO power requirement/tilling width increased due to the increase of 

forward speed. On the other hand PTO power requirement/tilling width during the second 

pass at any forward speed was less than the first pass (Figure 36).   

 

   The mean soil clod diameter as reported in Table 14 show that the mean 

soil clod diameter was 19 mm after the first pass at 2.26 km/h forward speed and it was 

reduced to 13 mm after the second pass at 2.23 km/h forward speed. Mean soil clod 

diameter at 1.04 and 1.43 km/h forward speed after the first pass were 12 and 15 mm 

respectively. After the second pass, mean soil clod diameter at 1.01 and 1.36 km/h 

forward speed were 12 and 13 mm, respectively. It showed obviously that the mean soil 

clod diameter at higher forward speed during any pass was larger as compared to the  
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Figure 40 Sample plots of PTO torque signals as the PTO drive shaft of the farm tractor 

model Kubota L2500 was mounted with the rotary tiller T3, which was 

developed by Agricultural Engineering Research Institute. 
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lower forward speed (Figure 36). Almost, mean soil clod diameter at the pass 2 of the 

same gear condition was smaller than the pass 1. 

 

  The soil inversion at different forward speeds and number of tillage passes 

are given in Table 15. The mean soil inversion of 80.2% at 1.04 km/h forward speed was 

the highest then it dropped to 72.7% and 62.3% at 1.43 and 2.26 km/h forward speed 

after tilling at the same pass. After tilling at the pass 2, mean soil inversions showed the 

same trend. They were 88.9%, 84.9%, and 81.4% at 1.01, 1.36, and 2.23 km/h forward 

speed, respectively. The weeds exposed on soil surface after tilling at any forward speed 

and pass are shown in Figure 41. It showed that the percentage of soil inversion increased 

while the number of passes increased and it had the reverse relationship with forward 

speed (Figure 36c). The higher percentage of soil inversion with the increasing forward 

speed showed that there were less number of weeds exposed on soil surface at the lower 

forward speed. 

 

  The data on wheel slip of the rotary tiller T3 are presented in Table 16. The 

maximum and minimum wheel slips during the pass 1 were -2.17% and -1.46% at 2.26 

and 1.04 km/h forward speed, respectively. Similarly, these values were -1.26% and         

-0.61% at 2.23 and 1.01 km/h forward speed respectively during the pass 2. The results 

showed that the wheel slip still increased negatively as the forward speed increased. And 

the wheel slip during the first pass was more negatively than the second pass. 

   

 

2.  Statistical comparison of the performance of the rotary tiller T1 (Kobashi KB-70) 

and the rotary tiller T2 (FM 1601B) 

 

 In order to compare the tilling performances of the rotary tiller model Kobashi 

KB-70 (T1) with the rotary tiller model FM 1601B (T2), the data about the mean soil 

clod diameter, soil inversion, and PTO power requirement/tilling width at the gear 

positions of Low1, Low2, and Low3 at pass 1 and pass 2 were analyzed statistically. 

Since the forward speeds of both rotavators at the same gear position were not different 

statistically. The mean forward speeds of 2.02, 2.96, and 4.92 km/h were referred further  

 



 

 

94

 
 

Figure 41 The weeds exposed on soil surface within a frame with an area of 0.25 m2 

after the tillage by the rotary tiller T3 which was developed by Agricultural 

Engineering Research Institute. 
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instead of the conditions of Low1, Low2, and Low3, respectively. The summary of the 

statistically analyzed data are shown in Table 17. The details about the result of the 

statistical analysis were shown in Appendix C. Table 18 shows summarized mean values 

of wheel slip, mean soil clod diameter, soil inversion and PTO power requirement/tilling 

width of rotary tillers model Kobashi KB-70 and model FM1601B. 

 

 2.1 Effect on mean soil clod diameter 

 

  The average values of mean soil clod diameter of the rotary tiller T1 and T2 

were 24.7 and 21.3 mm, respectively. It shows that the mean soil clod diameter of the 

rotary tiller T1 was bigger than the rotary tiller T2 at any condition. Although, these 

values are close to each other in size, they are different at 95% level of significance. It 

means that the rotary tiller affected to the mean soil clod diameter. Besides, the data show 

that the average values of mean soil clod diameter at 2.02, 2.96, and 4.92 km/h forward 

speed were 18.9, 23.2, and 26.8 mm, respectively, which were significantly different. It 

means that an increase in forward speed caused the mean soil clod diameter to be larger. 

Also the effect of number of passes on the average values of mean soil clod diameter was 

statistical significance.  

 

  The mean soil clod diameter after tilling by the rotary tiller model Kobashi 

KB-70 (T1) was bigger with the increasing forward speed. When forward speed 

increased from 2.02 km/h to 4.92 km/h, the mean soil clod diameter increased from 22 

mm to 35 mm and 19 mm to 25 mm at pass 1 and pass 2 respectively (Table 18). 

Similarly, for the rotary tiller model FM1601B, when forward speed was increased from 

2.02 km/h to 4.92 km/h, mean soil clod diameter at pass 1 and pass 2 increased form 18 

mm to 26 mm and 17 mm to 22 mm respectively. The results showed that mean soil clod 

diameter after pass 2 was smaller than pass 1. The smallest value of mean soil clod 

diameter which was obtained after pass 2 at 2.02 km/h forward speed was 19 mm and 17 

mm for rotary tillers model Kobashi KB-70 and model FM1601B respectively. The 

results (Table 18) show that after tilling with the rotary tiller model FM1601B, the 

smaller mean soil clod diameter was obtained comparing with the rotary tiller model  
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Table 17 Effect of the rotary tillers (T1 and T2), gear positions (L1, L2 and L3) and the 

number of tilling passes (P1 and P2) on forward speed, wheel slip, PTO power 

requirement/tilling width, soil inversion and mean soil clod diameter. 

 
 

Rotary 

Tiller 

Gear 

position 

Number  

of 

tilling pass

Forward

speed 

(km/h) 

Wheel 

slip 

(%) 

PTO power 

requirement/tilling 

width (kW/m) 

Mean soil  

clod diameter 

(mm) 

Soil 

inversion  

(%) 

Low1; L1 pass 1 (P1) 1.89 a -1.98 a 8.67a 21.9 a 58.3 b 

(2.02 km/h) pass 2 (P2) 1.94 a -1.28 b 4.99b 18.7 b 71.1 a 

 Mean 1.91 -1.63 6.83 20.3  64.7 

Low2; L2 pass 1 (P1) 3.09 a -2.69 a 9.53a 24.1 a  51.8 b 

(2.96 km/h) pass 2 (P2) 2.93 a -1.35 b 6.59b 24.0 b 66.1 a 

 Mean 3.01 -2.02 8.06 24.0 59.0 

Low3; L3 pass 1 (P1) 5.05 a -3.27 a 15.03a 34.6 a 49.0 b 

Rotary tiller; 

model: 

Kobashi KB 

70 (T1) 

(4.92 km/h) pass 2 (P2) 5.08 a -2.77 b 8.03b 24.7 b 59.9 a 

  Mean 5.06 -3.02 11.53 29.7 54.4 

Low1; L1 pass 1 (P1) 2.01 a -1.24 a 7.66a 18.4 a 65.8 b 

(2.02 km/h) pass 2 (P2) 2.25 a -0.80 b 2.70b 16.6 b 80.9 a 

 Mean 2.13 -1.02 5.18 17.5 73.3 

Low2; L2 pass 1 (P1) 2.93 a -1.29 a 8.40a 24.0 a 59.7 b 

(2.96 km/h) pass 2 (P2) 2.88 a -0.97 b 3.63b 20.9 b 70.2 a 

 Mean 2.91 -1.13 6.02 22.4 64.9 

Low3; L3 pass 1 (P1) 4.67 a -2.52 a 11.92a 26.2 a 55.7 b 

Rotary tiller; 

model: 

FM1601B 

(T2) 

(4.92 km/h) pass 2 (P2) 4.89 a -1.55 b 6.09b 21.7 b 66.1 a 

  Mean 4.78 -2.04 9.01 24.0 60.9 

  P1 mean 3.27a -2.33a 9.90a 24.9a 56.7a 

  P2 mean 3.32a -1.48b 4.98b 21.1b 69.1a 

 L1 mean  2.02 c -1.32 b 6.01 b 18.9 c 69.0 a 

 L2 mean  2.96 b -1.57 b 7.03 b 23.2 b 61.9 a 

 L3 mean  4.92 a -2.82 a 9.29 a 26.8 a 57.7 a 

T1 mean   3.33 a -2.22 a 8.81 a 24.7 a   59.4 b 

T2 mean   3.27 a -1.59 a 6.07 b 21.3 b 66.4 a 

 

Remark:  Data with the same letter in vertical indicates no significant different (p < 0.05) 
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Table 18  Summarized performances of rotary tillers model Kobashi KB-70 and model 

FM1601B 

 

Rotary  

tiller  

model 

Forward 

speed 

(km/h) 

Number 

of 

passes  

Wheel 

slip 

(%) 

Mean soil 

clod diameter 

(mm) 

Soil 

inversion 

(%) 

PTO Power 

requirement/tilling 

width (kW/m) 

pass 1 -1.98 22 58.6 8.7 
2.02 

pass 2 -1.28 19 71.2 5.0 

pass 1 -2.69 26 51.8 9.5 
2.96 

pass 2 -1.35 24 66.1 6.6 

pass 1 -3.27 35 49.0 15.0 

Kobashi 

KB-70  

(T1) 

4.92 
pass 2 -2.77 25 59.9  8.0 

pass 1 -1.24 18 65.8 8.7 
2.02 

pass 2 -0.80 17 80.9 2.7 

pass 1 -1.29 24 59.7 8.4 
2.96 

pass 2 -0.97 21 70.1 3.6 

pass 1 -2.52 26 55.7 11.9 

FM1601B 

(T2) 

4.92 
pass 2 -1.55 22 66.1 6.1 

       

Kobashi KB-70. 

 

 2.2 Effect on soil inversion 

 
   

  From the data in Table 17, the average values of soil inversion as affected by 

two rotary tillers T1 and T2 were 59.4% and 66.4% respectively, which were 

significantly different. It shows that the number of weeds exposed on soil surface after 

tilling by the rotary tiller model Kobashi KB-70 were more than the rotary tiller model 

FM 1601B.  Moreover, the average soil inversions at the different mean forward speeds 

of 2.02, 2.96 and 4.92 km/h were 69.0%, 61.9% and 57.7%, respectively. These values 

were insignificantly different. Although the results showed that the average soil inversion 
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decreased with the increase of forward speed, the effect of the forward speed and the 

number of tilling passes on the soil inversion was not found to be significant. 

 

  The percents of soil inversion of both rotary tillers at any given forward 

speed and number of tilling passes were summarized in Table 18. The percent of soil 

inversion after the tillage by rotary tiller model Kobashi KB-70 at the first pass was 

10.94-13.23% less than the rotary tiller model FM1601B. At the second pass, the percent 

of soil inversion of the rotary model Kobashi KB-70 was 5.71-11.99% less than the 

rotary tiller model FM1601B.  

  

 2.3 Effect on PTO power requirement/tilling width 

 

  The data in Table 17 show that the rotary tiller model Kobashi KB-70 (T1) 

required PTO power requirement/tilling width at all passes compared to the rotary tiller 

model FM 1601B (T2). In all conditions, the mean PTO power requirement/tilling width 

for the rotary tiller T1 and T2 were 8.81 and 6.07 kW/m respectively. They are 

significantly different. The statistical analysis shows that the mean values of PTO power 

requirement/tilling width were not significantly different at the forward speeds of 2.02 

and 2.96 km/h. While the mean PTO power requirement/tilling width at 4.92 km/h 

forward speed was statistically different from the other forward speeds. However, it 

shows that the parameters of rotary tiller and number of passes affected on the PTO 

power requirement/tilling width at 95% level of significance. The PTO power 

requirement/tilling width required for the rotary tiller T2 was lower than the rotary tiller 

T1.  

 

  For the rotary tiller Kobashi KB-70, the percent reduction of PTO power 

requirement/tilling width at 2.02, 2.96 and 4.92 km/h forward speed for the second pass 

as compared to the first pass was 42.53%, 30.53% and 46.67% respectively (Table 18). 

During the first pass at 2.02 km/h, the PTO power requirement/tilling width increased by 

9.19% and 72.41% when forward speed was changed to 2.96 km/h and 4.92 km/h 

respectively. For the second pass, it increased by 32.00% and 60% when forward speed 
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increased to 2.96 km/h and 4.92 km/h respectively. For the rotary tiller model FM1601B, 

the percent reduction of PTO power requirement/tilling width at 2.02, 2.96 and 4.92 km/h 

forward speed for the second pass as compared to the first pass was 64.93%, 57.14% and 

48.74% respectively. During the first pass at 2.02 km/h forward speed, the PTO power 

requirement/tilling width increased by 9.09% and 54.55% respectively when forward 

speed was changed to 2.96 and 4.92 km/h. For the second pass at 2.02 km/h forward 

speed, it increased by 33.33% and 125.93% when forward speed increased to 2.96 km/h 

and 4.96 km/h respectively. The PTO power requirement/tilling width of rotary tiller 

model Kobashi KB-70 at 2.02, 2.96 and 4.96 km/h forward speed during the first pass 

was 12.99%, 13.10% and 26.01% more than rotary tiller model FM1601B, respectively. 

Similarly, during the second pass at 2.02, 2.96 and 4.92 km/h forward speed, the PTO 

power requirement/tilling width of rotary tiller model Kobashi KB-70 was 85.19%, 

83.33% and 31.15% more than the rotary tiller model FM1601B, respectively.  

 

 2.4 Effect on wheel slip 

 

  The statistical analysis shows that wheel slips were not significantly different 

at the forward speeds of 2.02 and 2.96 km/h as shown in Table 17 and Appendix Table 

C4. While the wheel slip at 4.92 km/h forward speed was statistically different from the 

other forward speeds. The results as shown in Table 18 indicate that the wheel slip 

increased when the forward speed was increased. During the first pass, the wheel slip 

which was produced by rotary tiller model Kobashi KB-70 at the forward speed of 2.96 

km/h and 4.92 km/h was 35.85% and 65.15% more than at 2.02 km/h forward speed, 

respectively. For the rotary tiller model FM1601B, the wheel slip at 2.96 and 4.92 km/h 

forward speed during the first pass was 4.03% and 103.22% more than at 2.02 km/h 

forward speed, respectively. At the second pass, the wheel slip during the tillage by 

rotavator using rotary tiller model Kobashi KB-70 at 2.96 and 4.92 km/h forward speed 

was 5.47% and 116.4% more than at 2.02 km/h forward speed, respectively. For the 

rotary tiller model FM1601B, the slip at 2.96 and 4.92 km/h forward speed was 21.25% 

and 93.75% more than at 2.02 km/h forward speed, respectively. Also, the parameter of 

number of tilling passes affected on wheel slip at 95% level of significance as shown in  
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Table 17. At 2.02, 2.96 and 4.92 km/h forward speed, the wheel slip during the second 

pass for the rotary tiller model Kobashi KB-70 was 35.35%, 49.81% and 15.29% less 

than the first pass, respectively. For the rotary tiller model FM1601B, the wheel slip 

during the second pass at 2.02, 2.96 and 4.92 km/h forward speed was 35.48%, 24.81% 

and 38.49% less than the first pass, respectively. However, statistical analysis showed 

that the wheel slips among the rotary tiller model Kobashi KB-70 and model FM1601B 

were not significantly different (Table 17, Appendix Table C4). 

 

3.  Study on the characteristics of torque acting on a rotary shaft and specific tilling 

energy of three original rotary blades 

 

 The research works which were studied in the past as presented in the section of 

literature reviews showed that there were very few attempts to study the influence of the 

shape of the rotary blade on its torque characteristics. Therefore, the objectives of work in 

this section were to explain and compare the characteristics of torque acting on a rotating 

shaft mounted with the Japanese C-shaped blade, the European L-shaped blade, and the 

European C-shaped blade, and investigate the actual tilling processes, specific tilling 

energies and soil throwing patterns of individual blades. 

 

 3.1 Tilling process by the rotary blades 

 

  The down-cut tilling process of three rotary blades could be divided into four 

quadrants as shown in Figure 42. In the 1st quadrant, the no-tillage stage where the blade 

was still rotating in the uncut soil. The tilling stage was where the blade cut into the soil 

mass as shown in the 2nd quadrant. The 3rd and 4th quadrants show the soil holding and 

throwing by the blades. In these quadrants, some part of tilled soil was held on the scoop 

and another part of tilled soil was thrown in the air.  

 

  Especially in the cases of both the European L-shaped and the European C-

shaped blades, an important observation in the 3rd and 4th quadrants was that a part of 

tilled soil was thrown from the front of their scoop surface. This behavior was affected by  
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the occurrence of the soil wedge adhering on the scoop surface of the European blades as 

shown in Figure 43. The soil which was sliding from the head of the tine tip to the end of 

tip along the scoop surface was interrupted by this soil wedge. 

 

 
 

Figure 43 Soil wedges on the scoop surface of (a) the European L-shaped blade and (b) 

the European C-shaped blade. 

 

 3.2 Characteristics of tilling torque 

 

  Figure 44 shows the characteristics of torque of the three rotary blade types 

tested. These typical graphs were obtained during a single rotation of the test blades for 

both soils at 12 cm tilling depth, 150 rpm rotational speed, 0.069 m/s forward speed, and 

a 9.81 kN/m3 specific weight of soil. It was clearly observed that there was a higher 

torque acting on the rotary shaft in clay soil condition than in sandy loam soil. The 

difference of the torque characteristics between the Japanese C-shaped blade and the 

European rotary blades could also be observed clearly. 

 

  In the 1st quadrant, although the tip of blade never cut the soil, there was 

torque acting on the rotary shaft due to friction and inertia. In case of the Japanese C-

shaped blade, there was rise in torque with its approach to 90° rotation angle. As it 

approached there, the soil was slightly tilled by the curve of the straight blade portion 

before it was tilled by the tip of blade. In the 2nd quadrant which is the tilling stage, the  
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Figure 44 Characteristics of torque curve. 

 

torque increased during actual tilling process and it reduced during soil throwing and 

loosening. In the case of the Japanese C-shaped blade, the torque acting on the rotary 

shaft increased continuously until it reached the maximum value in the range from 108° 

to 125° and then it decreased. For both tested European blades, the tilling torque 

suddenly increased as the tine tip touched the soil. The maximum torque values appeared 

during 102° to 120° rotation of these blades. After the maximum torque was obtained, it 

also immediately decreased. And then the torque curves were characterized in the form of 

somewhat sinusoidal curves due to the cyclicity of the reaction force between soil and 



 104

tool which could be observed more clearly in clay soil conditions since the shear strength 

of clay soil is determined primarily by cohesive forces (Yong and Warkentin, 1975). 

Makanga et al. (1997) and Kataoka and Shibusawa (2002) explained that it was the 

phenomenon of reaction forces between soil and tillage tool relate to soil failure pattern. 

Subsequently, the tilled soil in the second quadrant was still held on the scoop surface of 

these rotary blades in the third quadrant. This soil was shattered and then thrown 

rearwards. Noticeably, in the 3rd and the 4th quadrants, the torque acting on the rotary 

shaft of both European blades was slightly higher than for the Japanese C-shaped blade. 

Due to the adhesion of soil wedge on these rotating European blades, the increasing 

inertia force acting on these rotating blades might have caused an increase in the torque. 

 

  Figure 45 shows the characteristics of torque acting on the rotary shaft at 

various forward speeds and the rotational speeds in clay soil. The results show that the 

torque in the tilling stage increased with an increase of the forward speed. The reason is 

that as the forward speed increased, the volume of soil slice cut also increased and thus 

the torque required. The characteristics of torque depended on the shape of the blades 

which induced different cutting methods. For the Japanese C-shaped blade (Figure 46a), 

almost the whole lengthwise portion was the first to start tilling the soil. Thus its torque 

rose to the maximum value before tine tip touch the soil. Evidently for both European 

blades (Figures 46b and 46c), the curvature between the lengthwise and blade portions 

(smaller compared to Japanese blade) was the first portion which began to till into the 

soil mass at the soil surface level. And it caused sudden rise in the characteristic of 

torque. Finally, the distinct-different size of the blade portions of these blades determined 

their torque characteristics in the tillage stage.  

 

 3.3 Tilling Energy and Specific tilling energy 

 

   From the torque curves, the torque functions by polynomial regression 

were used to express the relationship between torque and rotational angle of tip of blades 

as shown in Figure 47. The tilling energy per tillage round is a summation of the 

integrated torque functions. Figure 47 shows the tilling energy of blades at different  
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Figure 45  Torque obtained at 12 cm tilling depth, and 9.81 kN/m3 soil specific weight in 

clay condition for different rotary blades. 
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Figure 46 The first-tilling position of (a) the Japanese C-shaped blade, (b) the European 

L-shaped blade and (c) the European C-shaped blade. 

 

forward and rotational speeds in both soils. Although the relationship between the tilling 

energy and forward and rotational speeds did not show any trend, these results distinctly 

show the effect of soil type. Since the size of clay particles was less than 0.002 mm 

causing compact arrangement, the contact area between the soil particles in clay soil was 

more than in sandy loam soil. Therefore the used energy requirement in clay soil was 

higher than in sandy loam soil. 

 

  The specific tilling energies for all experiments are plotted in Figures 48a to 

48f. It shows tilling energy per unit volume of the soil tilled by blade in a single rotation. 

Figures 48a and 48d illustrate the effect of the specific weight of soil on the specific 

tilling energy of Japanese C-shaped blade at 12 cm tilling depth in sandy loam soil. The 

specific tilling energy of the Japanese C-shaped blade at 11.67 kN/m3 specific weight of 

soil was 2.6-11.3 % more than at 9.81 kN/m3 specific weight of soil. The effect of the  
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Figure 47 Torque functions for tilling energy calculation (a, b, and c) and tilling energy  

at 12 cm tilling depth, and 9.81 kN/m3 specific weight of soil (d, e, and f). 
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tilling depth on the specific tilling energy in clay soil can be observed from Figures 48a 

to 48f. These figures show that the specific tilling energy of the Japanese C-shaped, the 

European L-shaped, and the European C-shaped blades at 14 cm tilling depth (Figures 

48d to 48f) were 0.5-13.3%, 3.5-22.6%, and 4.3-25% more than at 12 cm tilling depth 

(Figures. 48a to 48c) respectively. The specific tilling energy of the Japanese C-shaped 

blade was higher than both European blades. The specific tilling energy for the European 

L-shaped blade was the least compared to other blades. Experiments in sandy loam soil 

indicated that the average specific tilling energy requirement of the Japanese C-shaped 

blade was about 2.0-4.0 and 1.0-1.9 times higher than the European L-shaped and 

European C-shaped blades respectively. The specific tilling energy requirement of the 

Japanese C-shaped blade was about 2.8-2.9 times and 1.4-1.6 times higher than the 

European L-shaped and the European C-shaped blades respectively. 

 

  Very few researchers have explained the influence of the shape of rotary 

blade on its torque characteristic and the specific tilling energy used in the tilling process. 

In this work, an interesting observation was noted. The shape of the rotary blade and its 

blade holding mechanism are important factors that affect its torque characteristic. 

Especially the lengthwise blade portion determined initial slope of tillage torque before it 

reached maximum. Moreover, even though tilling width of both European blades was 

wider than the Japanese C-shaped blade, the results showed that their tilling energies 

were not associated with the tilling width of the blades. It is too difficult to explain since 

the reaction forces of each test blade were affected by the complex shape of these blades. 

However, the wider tilling width of European blades might have caused cyclicity of the 

torque due to the soil volume handled by these blades. 

 

 3.4 Throwing patterns of different rotary blade shape 

 

  The soil throwing patterns of the three rotary blades can be shown in Figure 

49. The positions of some thrown soil clods were determined by the method explained 

earlier. In addition, the soil movements were observed by video replays. In case of the 

Japanese C-shaped blade, the four different throwing patterns as a function of rotational  
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Figure 49 Soil throwing pattern of rotary blades: Japanese C-shaped blade (a, b, c, and 

d), European L-shaped blade (e), and European C-shaped blade (f). 
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speed were identified. The first pattern (Figure 49a) appeared when the tested blade was 

tilling at 150 rpm rotational speed. Some part of the tilled soil was thrown into the furrow 

and remaining was thrown in the air behind and around the rotary shaft. At 218 rpm 

rotational speed, most of the soil clods cut by the test blade were thrown in the air, and 

dropped behind the rotary shaft as shown in Fig. 12b. The third and the fourth patterns 

appeared for tests at 278 and 348 rpm rotational speeds respectively. These two throwing 

patterns showed almost similar soil movements (Figures 49c and 49d). All of the soil cut 

by the rotary blade was thrown and dropped to the furrow bottom behind the rotary shaft. 

 

  For both European blades, the throwing patterns were similar, but were 

distinctly different from the throwing patterns of the Japanese C-shaped blade. Evidently, 

there were two streams of soil movement which are the upper and the lower streams as 

shown in Figures 49e, and 49f. The upper and the lower streams were the movement of 

the soil clods released around the rotary shaft from the front and the rear parts of the 

blade scoop surface respectively. The reason of the soil clods thrown from the front of the 

scoop surface was the appearance of a soil wedge on the scoop surface. It caused the soil 

clods to slide on the scoop surface from the front to the rear parts altering its trajectory of 

backward throwing. 

 

4.  Study on the characteristics of torque acting on a rotary shaft and specific tilling 

energy of three prototype rotary blades 

 

 From the results as shown in the section 3, it showed that the shape of the rotary 

blade was an important factor that influenced its torque characteristic and the specific 

tilling energy. In the tilling stage, the shape of blades has an important effect on the 

characteristic of tilling into soil mass in meaning of impact. The investigations indicated 

that the specific tilling energy of the Japanese C-shaped blade was higher than the 

European blades while the used specific tilling energy of the European L-shaped blade 

was the lowest. New rotary blades were designed rationally to reduce the impact force 

and the specific tilling energy. Then, the prototype rotary blades were fabricated and 

tested in a soil bin. 
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 4.1 The conceptual designs of the prototype rotary blade 

 

  According to the results in the laboratory as presented in previous, it 

indicated that the shape of a rotary blade is an important factor which affects the torque 

characteristics, tilling energies, and specific tilling energies, the interesting point which 

could be observed in laboratory tests was the sudden impact of the curvature between the 

lengthwise blade and the tip blade portions of both tested European rotary blades at the 

soil surface level. This phenomenon caused an immediate increase in the torque 

characteristics of both European blades. In contrast, the impact action of the Japanese C-

shaped blade at the soil surface level disappeared since its lengthwise blade portion is the 

first portion tilling in the soil mass. Furthermore and remarkably, although there is not a 

relation between the tilling energy and tilling width, an interesting point is that the 

specific tilling energies per round of tillage in both European blades are lower than in the 

Japanese C-shaped blade. The reason is that the tilling widths of these European blades 

are wider than the Japanese C-shaped blade. 

 

  From most of all studies, the conceptual designs, which were used to develop 

the prototype rotary blade for attachment behind a two-wheel tractor to prepare seedbeds 

in Thailand, are to reduce the impact force and specific tilling energy. Moreover, the new 

designed shape of a prototype rotary blade is not complicated in order to simplify the 

production process.  

 

 4.2 The hypothesis and shape considerations of the prototype rotary blade 

 

  The designed straight blade portions of the prototype rotary blades are 

assigned to be straight and the first-tilling portion in order to reduce the impact force is 

hypothesized. At the beginning of the tillage, the straight blade portion of the prototype 

rotary blade was designed to lean against the soil surface level with the lengthwise slice 

angle ( lα ) in condition of 10 cm bite length to avoid the sudden impact of the curvature 

between the lengthwise blade and tip blade portions of the prototype rotary blade at the 

soil surface level. Figure 50 shows an example of a schematic diagram of a prototype 
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rotary blade divided into three parts, i.e. holding, straight blade, and tip blade portions 

and its major dimensions. Since this prototype rotary blade was intently designed to be 

able to operate with a two-wheel tractor, like the imported Japanese C-shaped blade, its 

holding portion was designed to be similar in type to the Japanese holder type. However, 

the angle between the center line of holding portion on rotary shaft and holding portion of 

blade was about 90°. For the scoop-surface of the prototype rotary blade, Sakai’s theory 

of rotary blade proposed in 1978 (Sakai, 1978a and 1978b) was used in order to regard  

 
 

 

 
 

Figure 50 Schematic diagram of the prototype rotary blade with 15° lengthwise slice 

angle. 
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the soil-throwing performance and the frictional resistance between the scoop surface and 

the untilled soil. Consequently, its scoop surface had an arc with a 176 mm radius of 

curvature spanning 17°. The tilling width of the prototype rotary blade was designed to 

be 65 mm which is wider than the Japanese C-shaped blade to reduce the specific tilling 

energy used per round of tillage. 

 

 4.3 Tilling process of the prototype rotary blade 

 

  The preliminary research work was set up to test the hypothesis. Figures 51a 

and 51b show the three prototype rotary blades (P1, P2 and P3 tested blades) selected for 

the soil bin tests, all with 210 mm radius, 65 mm tilling width, 85° cutting-in angle (β), 

75° scoop angle (β1), and 10° clearance angle (γ), and the action diagrams of three tested 

prototype rotary blades with 15°, 30°, and 45° lengthwise slice angle, respectively. The 

research conditions were assigned to test the presumed hypothesis in Table 3. 

 

  The photographs of the tilling processes of three prototype rotary blades are 

shown in Figure 52, illustrate the soil throwing patterns of all tested prototype blades 

which are similar to these of both tested European blades. The down-cut tilling process of 

the three tested prototype rotary blades could be divided into four quadrants as shown in 

Figure 52, their tilling processes could be observed evidently. In the 1st quadrant, the no-

tillage stage where the tested blade was still rotating in the position of uncut soil was 

shown, and moreover, there were a few soil clods which were thrown around the rotating 

shaft by it scoop surface with the instantaneous velocity. The tilling stage was where the 

tested blade cut into the soil mass as shown in the 2nd quadrant. Finally, the 3rd and 4th 

quadrants show the soil holding and soil throwing behavior of the tested blade. In these 

quadrants, some part of tilled soil was held on the scoop surface and another part of tilled 

soil was thrown in the air. Furthermore, Figures 52 (P1-Q2), 52 (P2-Q2) and 52 (P3-Q2) 

show that the first-tilling portions of all prototype rotary blades are the lengthwise blade 

portions beginning to till into the soil mass, which follow the conceptual design.  
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Figure 51 (a) The three prototype rotary blades selected to prove the hypothesis.(b) 

Diagrammatic action of the three test prototype rotary blades. 
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 4.4 Characteristics of tilling torque curve 

 

  Figure 53 to 56 shows the torque characteristics of the three prototype rotary 

blades, i.e. P1, P2, and P3, and the Japanese C-shaped blade at 0.069 and 0.142 m/s 

forward speed and 12 cm tilling depth under clay soil. These torque curves are presented 

to exhibit the different torque characteristics of the Japanese C-shaped blade and all 

tested prototype rotary blades. These figures confirm that the shape of the rotary blade is 

an important factor which influences the torque characteristics of the tested rotary blades. 

The different torque characteristics and the different ranges of the tillage stage between 

the Japanese C-shaped blade and the three prototype rotary blades can be observed. The 

results at all rotational speeds showed that the rising torques ranges from 67° to 210°, 

106° to 192°, 104° to 186° and 106° to 213° rotational angle at the condition of 0.142 m/s 

forward speed for the Japanese C-shaped blade, prototype blade no. 1, prototype blade 

no. 2 and prototype blade no. 3, respectively. And, at 0.069 m/s forward speed, the rising 

torque ranges from 67° to 189°, 112° to 180°, 107° to 186° and 114° to 190° rotational 

angle for the Japanese C-shaped blade, prototype blade no. 1, prototype blade no. 2 and 

prototype blade no. 3, respectively. Although the lengthwise blade portion of the 

Japanese C-shaped blade is curved to reduce an amount of the hooking straw and grass 

(Sakai, 1997), its curved shape causes the cutting length of its lengthwise blade portion 

(
∩
ab ) to be longer than the tested prototype blades ( ,cd  ef and gh  for P1, P2 and P3 

blades, respectively) as shown in Figure 57. Consequently, the range of the tillage stage 

of the Japanese C-shaped blade is wider than the others. And the wider tillage stage of the 

Japanese C-shaped blade made it use more tilling energy and specific tilling energy per 

tillage round than all of the tested prototype blades. 
 

  The consideration of Figure 53 to 56 as compared to Figure 45 revealed that 

the torque characteristics of three prototype rotary blades at 0.069 m/s forward speed 

under the condition of clay soil were also different from both tested European blades. 

These comparisons evidently indicate that the appearance of the sudden and highly 

increased torque of both tested European blades was eliminated by the interaction of the  
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Figure 53 Torque characteristics of the Japanese C-shaped blade and the prototype 

rotary blades at rotational speed of 150 rpm under condition of clay soil at 12 

cm tilling depth. 
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Figure 54 Torque characteristics of the Japanese C-shaped blade and the prototype 

rotary blades at rotational speed of 218 rpm under condition of clay soil at 12 

cm tilling depth. 
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Figure 55 Torque characteristics of the Japanese C-shaped blade and the prototype 

rotary blades at rotational speed of 278 rpm under condition of clay soil at 12 

cm tilling depth. 
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Figure 56 Torque characteristics of the Japanese C-shaped blade and the prototype 

rotary blades at rotational speed of 348 rpm under condition of clay soil at 12 

cm tilling depth. 
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straight lengthwise blade portion which was inclined with the soil surface when tilling the 

soil mass for all cases of three tested prototype rotary blades. 

 

 4.5 Specific tilling energy 

 

  Figure 58 indicates the comparisons of the specific tilling energies of the 

three prototype rotary blades, i.e. P1, P2 and P3, with the Japanese C-shaped, the 

European L-shaped and the European C-shaped blades under the condition of clay soil. 

The experimental results exhibited the increasing specific tilling energies with an 

increase of the rotational speed and indicated that as the forward speed increased from 

0.069 to 0.142 m/s at the same condition of rotational speed, the specific tilling energies 

of all types of the tested rotary blades, i.e. Japanese C-shaped, P1, P2 and P3 blades, 

increased. The percent differences of the specific tilling energy used by these tested 

prototype blades compared with the Japanese C-shaped, the European L-shaped and the 

European C-shaped blades is shown in Table 19. The data show that the specific tilling 

energy for the P1, P2 and P3 blades decreased about 62.8-75.8%, 60.0-73.0% and 63.1-

74.2% of the specific tilling energy used for the Japanese C-shaped blade and, as the 

specific tilling energy used for the P1, P2 and P3 blades decreased about 29.5-52.0%, 

40.7-46.7% and 37.7-54.3% of the specific tilling energy used for the European C-shaped 

blade at 0.069 m/s forward speed. For the comparisons of the specific tilling energy used 

by the three prototype rotary blades with the European L-shaped blade at 0.069 m/s 

forward speeds do not show the trend. In condition of 0.142 m/s forward speed, the 

specific tilling energy use of P1, P2 and P3 blades decreased about 48.1-71.6%, 36.1-

59.0% and 43.1-66.9% compared with the used specific tilling energy of the Japanese C-

shaped blade. Consideration of the specific tilling energy per round of tillage used for the 

prototype rotary blade with 15° (P1) lengthwise slice angle compared with the prototype 

rotary blades with 30° (P2) and 45° (P3) lengthwise slice angle at 0.142 m/s forward 

speed, these results show that the specific tilling energy of the prototype rotary blade (P1) 

is less than the prototype rotary blades (P2 and P3). The used specific tilling energy of 

the prototype rotary blade (P2) is the highest when compared with the other prototype 

rotary blades (P1 and P3). 
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Figure 58 Comparisons between prototype rotary blades with Japanese C-shaped, 

European L-shaped and European C-shaped blades under clay soil for specific 

tilling energy values. 
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Table 19  Comparison of the difference of the specific tilling energy used between three 

prototype rotary blades (P1, P2 and P3) and the other test rotary blades 

(Japanese C-shaped, European L-shaped and European C-shaped blades) are 

expressed in the percentage. 

 

The percentage of the difference of the used specific tilling energy in clay soil (%) 

 Rotational 

speed 

(rpm) 

Japanese 

C-shaped 

blade 

European 

C-shaped 

blade 

European 

L-shaped  

blade 

Japanese 

C-shaped 

blade 

Prototype 

rotary 

blade with 

∝l = 15° 

(P1) 

Prototype 

rotary 

blade with 

∝l = 30° 

(P2) 

Prototype 

rotary blade 

with 

∝l = 45° 

(P3) 

  Forward speed = 0.069 m/s Forward speed = 0.142 m/s 

150 -75.8 -52.0 -2.8 -71.6 0 -30.8 -14.2* 
218 -63.2 -29.5 23.3 -64.1 0 -23.8 -16.2 

278 -62.8 -50.5 -20.4 -48.1 0 -5.0 -0.3 

Prototype 

rotary blade 

with 

∝l = 15°  348 -63.2 -43.9 -12.9 -52.2 0 -25.2 -16.0 

150 -73.0 -46.3 8.7** -59.0 44.5 0 24.0 

218 -70.6 -43.8 -1.7 -52.9 31.2 0 10.0 

278 -60.0 -46.7 -14.3 -45.4 5.2 0 4.9 

Prototype 

rotary blade 

with 

∝l = 30°  348 -61.0 -40.7 -7.9 -36.1 33.7 0 12.3 

150 -74.2 -48.8 3.8 -66.9 16.6 -19.3 0 

218 -67.5 -37.7 8.9 -57.2 19.3 -9.1 0 

278 -63.1 -50.9 -20.9 -47.9 0.3 -4.7 0 

Prototype 

rotary blade 

with 

∝l = 45°  348 -69.9 -54.3 -29.0 -43.1 19.0 -11.0 0 

      

Remark: 
 

Samples of the interpretation 
 

    

 * The specific tilling energy per a tilling round for the prototype rotary blade 

with ∝l  = 15° decrease about 14.2% compare with the prototype rotary blade 

with  ∝l  = 45° at 150 rpm rotational speed and 0.142 m/s forward speed. 

 ** The specific tilling energy per a tilling round for the prototype rotary blade 

with ∝l = 30° increase about 8.7% compare with the European L-shaped 

blade at 150 rpm rotational speed and 0.069 m/s forward speed. 
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5. Study on pushing-forward force, lifting-up force and moment around the rotor 

shaft of prototype rotary blade with 15° lengthwise slide angle 

 

  Much works of characteristics of soil reaction forces acting on the rotary 

blade (i.e. horizontal force, vertical force on rotary blade and moment around a rotary  

shaft) were reported previously in Japan, India and Union of Soviet Socialist Republics 

(USSR) (Sakai, 1977; Shibusawa and Kawamura, 1980 and 1981; Thakur and Godwin, 

1988; Yatsuk et. al., 1981). In Thailand, the research on the characteristics of resultant 

forces acting on the European L-shaped and the Japanese C-shaped blade was carried out 

in the sand bin by Phongsupasamit and Laophongsawat (2004). However, little 

information about characteristics of these forces is available. Thus, this study aims to 

clarify the characteristics of the horizontal and the vertical forces and the moment around 

a rotary shaft of prototype rotary blade with 15° lengthwise slice angle, especially in the 

tilling stage. The resultant force of soil reaction forces was determined and presented 

along with the angular position. 

 

  During the tilling process of the prototype rotary blade with 15° lengthwise slice 

angle at rotational speeds of 150, 250 and 350 rpm and forward speeds of 0.069 and 

0.142 m/s under sandy loam and clay soils at 11.3% (d.b.) soil moisture content, the 

reaction forces of horizontal force (Fx), vertical force (Fy) and moment (Mo) around the 

rotary shaft were determined from the forces of Fξ, Fζ and Mo′ which were sensed by the 

EOR transducer as detailed in Section 2.12 of Methodology chapter. Also, the 

experiments were conducted in clay soil at 16.2% (d.b.) moisture content at 0.069 m/s 

forward speed. The angle of rotation was still assigned to be zero when the blade tip was 

vertical with the axis of the rotor shaft. In the tilling stage, the horizontal force (Fx) and 

vertical force (Fy) were named the pushing-forward force (P) and the lifting-up force (L), 

respectively. Since these forces were generated as the prototype rotary blade cut through 

the soil, the results in this section were reported only in the range of 90° to 180° 

rotational angle. The calculations of these reaction forces were detailed in Appendix E. 

However, the characteristics of horizontal and vertical force at any rotational angle were 

also reported in this section.  
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 5.1 Characteristics of horizontal force (Fx), vertical force (Fy) and moment (MO) 

in the zero-cut rotation of the prototype rotary blade with 15° lengthwise slice angle 

 

   Before testing the prototype rotary blade in the soil bin which was filled with 

any soil type as explained in Section 2.4 of Methodology chapter, the experimental set 

was run at any forward and any rotational speed in an empty soil bin. These tests were 

called to be the zero-cut rotation (Thakur and Godwin, 1988). The real time variation of 

horizontal force (Fx) and vertical force (Fy) and moment (MO) in a single rotation of 

prototype rotary blade at the angular positions of blade tip at rotational speeds of 150, 

250 and 350 rpm and forward speeds of 0.069 and 0.142 m/s are presented in Figure 59. 

The zero-cut data of Fξ, Fζ and Mo′ as sensed by the EOR transducer were put into the 

equations of (45), (46) and (47) to determine horizontal force, vertical force and moment, 

respectively. During a zero-cut rotation of the prototype rotary blade, it showed evidently 

that the fluctuations of horizontal and vertical forces characterized as the wave form and 

the positive magnitude of moment around a rotor shaft were constant, which agreed with 

the characteristics of zero-cut data as recommended by Thakur and Godwin (1988). As 

shown in Figure 59, the largest negative value of horizontal forces arose behind the 

maximum of the negative vertical force at the rotational angle of about 90°. The 

horizontal force at all conditions approached zero as the blade tip was locating at the 

angular positions of about 90° and 270°. The wave forms of horizontal and vertical forces 

at 150 and 250 rpm rotational speed for both forward speeds were almost the same in 

manner and magnitude. For rotational speed of 350 rpm, there was a slight difference in 

magnitude as compared to the rotational speeds of 150 and 250 rpm. The negative values 

of horizontal force at 350 rpm rotational speed in the range of 90° to 180° rotational 

angle was larger than at 150 and 250 rpm rotational speed. In the range of 180° to 360° 

rotation angle, the magnitude of vertical force at 350 rpm rotational speed was also 

higher than at 150 and 250 rpm rotational speed. The typical example of the reaction 

forces of horizontal force (Fx), vertical force (Fy) at some angular position in a single 

zero-cut rotation at 0.142 m/s forward speed and 150 rpm rotational speed are indicated 

along the locus curve as shown in Figure 60. The magnitudes and the directions of these 

horizontal and vertical forces and the resultant forces at each angular position were also  
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Figure 59 Reaction forces of horizontal force, vertical force and moment which were 

measured as the prototype rotary blade with 15° lengthwise slice angle was 

moving along locus curves under the no-load condition.  
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Figure 60 Typical reaction forces in horizontal and vertical and the direction of resultant 

force of the prototype rotary blade with 15° lengthwise slice angle in a single 

zero-cut rotation.  
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detailed in Table 20. The angle α as shown in Figure 60 was used to indicate the 

direction of the resultant force (FR). The angles of α as formed with the horizontal in 

counterclockwise and clockwise were assigned to be positive and negative, respectively. 

The component forces Fx and Fy of the resultant force FR may be the positive or negative 

value during the tilling process. For these experiments, the Fx is a positive value when the 

direction of Fx is similar to the direction of travel. And the Fx is a negative value when 

the direction of Fx is opposite to the direction of travel. For the component force Fy, its 

actions in upward and downward are represented by positive and negative numbers, 

respectively. 

     

Table 20 Magnitude of horizontal force and vertical force at some angular position in a 

zero-cut rotation of prototype rotary blade at 0.142 m/s forward speed and 150 

rpm rotational speed. 

 

Rotational angle; 

θ (degree) 

Horizontal force;

Fx (N) 

Vertical force; 

Fy (N) 

Magnitude of 

resultant force; FR 

(N) 

Direction of 

resultant force; α

(degree) 

0 

30 

60 

90 

120 

150 

210 

240 

270 

300 

330 

360 

19.67 

30.32 

14.48 

0.022 

-12.09 

-18.03 

-29.57 

-29.06 

22.08 

19.64 

24.08 

35.35 

-8.10 

-32.69 

-48.32 

-54.66 

-39.73 

-31.40 

-32.77 

-7.39 

5.54 

15.95 

9.77 

-15.57 

19.46 

40.78 

46.14 

50.00 

37.99 

33.12 

40.37 

27.43 

20.38 

23.14 

23.77 

25.33 

-22.37 

-47.16 

-73.32 

-89.98 

73.08 

60.13 

47.94 

14.27 

14.08 

39.08 

22.08 

-23.77 
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   The results as shown in Figure 59 indicate that there was the horizontal force 

sensing by the EOR transducer at the rotation angle of 0°. In the first quadrant, the 

horizontal force increased slightly, and then it decreased until it was zero at a rotation 

angle of about 90°. After that the horizontal force continued to decrease to become a 

negative value during the second quadrant. The negative horizontal force was larger with 

further rotation of the prototype rotary blade. The largest negative value of horizontal 

force was attained at a rotational angle of about 180°. As the prototype rotary blade 

rotated further in the third quadrant, the horizontal force recovered to zero again at a 

angular position of about 266.87∼291.43°. After that the positive values of horizontal 

force appeared and then it increased while the prototype rotary blade was rotating in the 

fourth quadrant. However, it can be observed that there was a slight difference in the 

magnitude of horizontal force at 350 rpm rotational speed.  

 

   In case of the vertical force (Figure 59), the vertical force showed a negative 

value at 0° rotational angle. The negative value was largest as the blade tip of the 

prototype rotary blade was approaching the angular position of about 90°. The smaller 

negative value of vertical force was obtained with further rotation of the prototype rotary 

blade in the range of 90° to 180° rotational angle and then it became a positive value. At 

rotational speeds of 150 rpm and 250 rpm, the vertical force decreased continuously to 

become a negative value again when the blade tip was approaching to the angular 

position of 360°. For the condition of 350 rotational speed, the vertical force showed a 

positive value in the range of 180° to 360° rotational angle. It decreased slightly until it 

was almost zero as the blade tip of the prototype rotary blade was approaching to 360° 

rotational angle. 

 

   According to the results as shown in Figure 59, in order to understand clearly 

the phenomenon of the reaction forces in a zero-cut rotation, the resultant force was 

resolved into components in vertical and horizontal force along the locus curve. The 

vectors of these components at forward speed of 0.142 m/s and rotational speed of 150 

rpm were plotted along the locus as shown in Figure 60. During the zero-cut rotation, as 

the blade tip was locating at the angular position of 0°, the component Fx (horizontal 
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force) was positive. With further rotation of the prototype rotary blade in the range of 0° 

to 90°, the component Fx decreased gradually to become zero at 90° rotational angle. 

With further rotation, the horizontal force increased negatively. After having a peak value 

at the rotational angle of about 180°∼195°, it recovered to zero and then it showed a 

positive value as the blade tip of the prototype rotary blade was locating at rotational 

angle of 270°. The component Fx was larger with further rotation in the fourth quadrant 

as shown at rotational angle of 330° in Figure 60. Later, it decreased gradually as the 

blade tip of the prototype rotary blade was approaching to the angular position of 0°. For 

the vertical component Fy, the small negative value of vertical force appeared as the blade 

tip of the prototype rotary blade was rotating at an angular position of 0°. The negative 

value of the component Fy continued to increase up to be the maximum value at about 

90° rotational angle. With further rotation of the prototype blade in the third quadrant, the 

negative vertical force decreased gradually to become a positive value. After that it 

decreased to become a negative value again in the fourth quadrant 

 

   It is clear that the magnitudes of both reaction forces at any angular position 

during a zero-cut rotation were different. It means that there were the forces acting on the 

EOR transducer as the prototype rotary blade was rotating in the zero-cut rotation. Also, 

they varied depending upon the angular position. Consequently, the magnitude and 

direction of the resultant forces in a zero-cut rotation at every angular position were 

different. 

    

  5.2 Characteristics of horizontal force, vertical force and moment in the tilling 

process of the prototype rotary blade with 15° lengthwise slice angle   

 

   In order to understand more easily, the down-cut tilling process of the 

prototype rotary blade was divided into four quadrants as illustrated in Figure 61 and 62. 

These photographs was taken as the prototype rotary blade was rotating in 

counterclockwise and moving in horizontal from right to left, simultaneously. The tilling 

process of rotary blade in the range from 0° to 90° rotational angle (the first quadrant) 

was the range of uncut soil. Soil-blade interaction in this quadrant may be called the  
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no-tilling stage as illustrated in Figures 61-Q1 and 62-Q1. In the next stage, it was 

observed that the tilling stage of the prototype rotary blade which was rotating in the 

range from 90° to 180° rotational angle (the second quadrant) are shown in Figures 61-

Q2 and 62-Q2. The soil-blade dynamics in the third quadrant are shown in Figures 61-Q3 

and 62-Q3. The soil holding on the scoop surface could be observed evidently in this 

quadrant. While Figures 61-Q4 and 62-Q4 show that the soil had been thrown from the 

front and the rear parts of the scoop surface of the prototype rotary blade. Figures 61 and 

62 show that there were a few soil clods thrown around the rotating shaft from the scoop 

surface of the prototype rotary blade the same as in previous experiments in Section 4.3 

of this chapter. Thus it was confirmed that the throwing pattern of the prototype rotary 

blade was similar to both throwing patterns of the European rotary blades as reported 

previously. 

 

   5.2.1 Horizontal force  

 

    The results of horizontal force at different forward and rotational 

speeds under sandy loam and clay soils are shown in Figures 63 to 65. The horizontal 

force was positive as the rotary blade was rotating in the first quadrant; Q1 (Figures 63a, 

63d, 64a, 64d, 65a and 65d). It trended to decrease gradually. As the blade tip of the 

prototype rotary blade was approaching the rotational angle of 90°, the horizontal force 

was close to zero. In the beginning of the second quadrant (Q2), the horizontal force was 

negative and then it recovered to zero. It was positive again at a rotational angle of about 

105°∼117° when the straight blade portion of the prototype rotary blade began to cut the 

soil. The force increased further to the maximum at a rotational angle of about 

133°∼163°, and then it decreased. In the third and fourth quadrants (Q3 and Q4), it was 

observed that the horizontal force showed the similar wave form of the horizontal force 

under the condition of zero-cut rotation as shown in Figure 59a and 59d. However, the 

magnitude of the horizontal force in these quadrants was slightly different as compared to 

that of the test in a zero-cut rotation. 

 

   5.2.2 Vertical force 
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    The vertical force acting on the prototype rotary blade during the 

tilling process at forward speeds of 0.069 and 0.142 m/s and rotational speeds of 150, 250 

and 350 rpm under sandy loam and clay soils are shown in Figures 63b, 63e, 64b, 64e, 

65b and 65e. At the angular position of 0° in the conditions of 250 and 350 rpm 

rotational speed under clay soil, the vertical force was positive. It decreased to become a 

negative value with further the rotation in the first quadrant. For the case of 150 rpm 

rotational speed in clay soil, the vertical force at 0° rotational angle was negative. The 

experiments of 150 rpm rotational speed at both forward speeds in both soil conditions 

showed that the vertical force was negative while the prototype rotary blade was rotating 

in the first quadrant. With the further rotation of prototype rotary blade in the second 

quadrant, the characteristics of the vertical forces in all test conditions were similar. As 

the straight blade portion started to cut the soil, the negative vertical force began to 

recover to zero at the rotational angle of about 98°∼114°, and then it increased positively. 

These peak vertical forces were achieved at rotational angle of about 112°∼142°. After 

that the vertical force decreased to become a negative value until it recovered to zero 

again in the third quadrant. Then the vertical force in the third and fourth quadrants 

characterized as the wave form corresponding to the characteristic of wave form of 

vertical force as reported in the zero-cut rotation (Figures 59b and 59e). 

 

   5.2.3 Moment around a rotor shaft in tilling process of prototype rotary 

blade 

 

    It is clear that the characteristic of moment around a rotary shaft was 

similar to the characteristic of torque acting on the rotary shaft as reported in Section 4 of 

this chapter. Furthermore, the patterns of the moment at every condition were the same as 

those shown in Figure 63c, 63f, 64c, 64f, 65c and 65f. In these experiments, the moment 

acting around a rotor shaft was positive and constant throughout the first quadrant. In the 

second quadrant, the moment began to increase at the rotational angle of about 

116°∼136° as the straight blade portion started to cut the soil. It shows evidently that the 

moment at 150 rpm rotational speed increased earlier than those at rotational speeds of  
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Figure 63 Measured lifting-up force, pushing-forward force and moment around a 

rotary shaft of prototype rotary blade with 15° lengthwise slice angle as 

affected by forward speed in sandy loam soil. 
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Figure 64 Measured lifting-up force, pushing-forward force and moment around a 

rotary shaft of prototype rotary blade with 15° lengthwise slice angle as 

affected by forward speed in clay soil. 
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Figure 65 Measured lifting-up force, pushing-forward force and moment around a 

rotary shaft of prototype rotary blade with 15° lengthwise slice angle as 

affected by soil moisture content.  
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250 and 350 rpm. After the peak moment was achieved, the moment decreased 

immediately. In the third quadrant, the moment decreased continuously until it was 

constant in positive. After that the moment was constant throughout the third and the 

fourth quadrants. 

 

    For the tests which were conducted in sandy loam soil at 0.069 m/s 

forward speed (Figure 63c), the maximum moments around a rotary shaft at rotational 

speeds of 150, 250 and 350 rpm were 38.44, 29.08 and 25.79 N⋅m, respectively. These 

values appeared at angular positions of about 123°, 126° and 136°, respectively. At 0.142 

m/s forward speed (Figure 63f), the maximum values of moment in sandy loam at 

rotational speeds of 150, 250 and 350 rpm were about 66.24, 55.07 and 47.20 N⋅m, 

respectively. These maximum moments were achieved at rotational angle of about 118°, 

128° and 133°, respectively. In case of the tests which were conducted in clay soil at 11.3 

% (d.b.) moisture content, the peak values of moment at forward speed of 0.069 m/s and 

rotational speed of 150, 250 and 350 rpm were 75.21, 60.19 and 39.80 N⋅m, respectively 

(Figure 64c). These peak values were attained at rotational angle of about 113°, 125° and 

127°, respectively. At 0.142 m/s forward speed in clay soil (Figure 64f), the peak values 

of the moment at 150, 250 and 350 rpm were about 119.04, 85.19 and 67.58 N⋅m, 

respectively. These peak values were achieved at angles of rotation of about 116°, 125° 

and 136°, respectively. For the tests which were conducted in clay soil at 16.4% (d.b.) 

moisture content at a forward speed of 0.069 m/s (Figure 65f), the maximum moments at 

150, 250 and 350 rpm were about 91.21, 87.58 and 65.80 N⋅m, respectively. These 

maximum values appeared at angular positions of 113°, 128° and 136°, respectively. The 

results showed that the increase of peak value of moment was due to the increase of 

forward speed. On the other hand, the peak value of moment decreased with the increase 

of rotational speed. Moreover, when the soil moisture content increased from 11.3% 

(d.b.) to 16.4% (d.b.), the peak value of moment also increased.  

 

  5.3 Pushing-forward force 
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   The results of pushing-forward force at 0.069 and 0.142 m/s forward speed 

and 150, 250 and 350 rpm rotational speed under sandy loam and clay soils are shown in 

Figures 63a, 63d, 64a, 64d, 65a and 65d in the range of 90° to 180° rotational angle (see 

the calculation of pushing-forward force in Appendix E). Considering the second 

quadrant in these figures, the results show that the pushing-forward force fluctuated with 

rotational angle. From these figures, it is obvious that while the prototype rotary blade 

was cutting through the soil, the direction of pushing-forward force and the direction of 

travel of the experimental set were the same. The pushing-forward forces appeared first at 

a rotational angle of about 117°∼121° in sandy loam soil and about 101°∼109° in clay 

soil. The pushing-forward forces increased continuously with further rotation of the 

prototype rotary blade. The maximum pushing-forward forces were obtained at a 

rotational angle of about 141°∼160° in sandy loam soil and about 136°∼149° in clay soil. 

Then the pushing-forward forces decreased continuously with the increase of rotational 

angle. 

 

   For the tests which were conducted in sandy loam soil at 0.069 m/s forward 

speed (Figure 63a), the maximum values of pushing-forward forces acting on the 

prototype rotary blade at rotational speeds of 150, 250 and 350 rpm were about 137 N, 

141 N and 121 N, respectively. These maximum pushing-forward forces appeared at 

angular positions of about 143°, 141° and 154°, respectively. At 0.142 m/s forward speed 

(Figure 63d), the maximum values of pushing-forward forces at rotational speeds of 150, 

250 and 350 rpm were about 172 N, 157 N and 173 N, respectively. These maximum 

values of pushing-forward forces were achieved at rotational angle of about 161°, 144° 

and 147°, respectively. In case of the tests which were conducted in clay soil at 11.3 % 

(d.b.) moisture content and forward speed of 0.069 m/s (Figure 64a), the peak values of 

pushing-forward forces at 150, 250 and 350 rpm rotational speed were about 190 N, 160 

N and 168 N, respectively. These peak values were attained at rotational angle of about 

148°, 131° and 136°, respectively. For the tests which were conducted in clay soil at 

0.142 m/s forward speed (Figure 64d), the peak values of pushing-forward forces at 150, 

250 and 350 rpm were about 277 N, 313 N and 267 N, respectively. These peak pushing-

forward forces were achieved at angle of rotation of about 146°, 143° and 145°, 
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respectively. For the tests which were conducted in clay soil at 16.4% (d.b.) moisture 

content and forward speed of 0.069 m/s (Figure 65d), the maximum values of pushing-

forward forcse at 150, 250 and 350 rpm rotational speed were about 227 N, 227 N and 

241 N, respectively. These maximum values appeared at angular positions of 147°, 140° 

and 149°, respectively. Moreover, the results indicated that the pushing-forward force 

fluctuated drastically under clay soil as compared to smaller fluctuations which were 

obtained under sandy loam soil. Also, the pushing-forward force increased when forward 

speed increased from 0.069 to 0.142 m/s. However, the relation between pushing-forward 

force and rotational speed did not show the trend.  

 

  5.4 Lifting-up force 

 

   The results of lifting-up force at rotational speeds of 150, 250 and 350 rpm  

and forward speeds of 0.069 and 0.142 m/s in sandy loam and clay soils are shown in 

Figure 63b, 63e, 64b, 64e, 65b and 65e (see the calculation of lifting-up force in 

Appendix E). Considering the second quadrant from these figures, they show that the 

effect of forward speed, soil type and moisture content of soil on the lifting-up force was 

similar to the pushing-forward force, except for rotational speed. It was observed 

evidently that when the rotational speed of the prototype rotary blade increased, a peak 

value of lifting-up force decreased. It can be seen from these figures that the lifting-up 

force first appeared positive at rotational angles of about 111°∼130° in sandy loam soil 

and about 106°∼119° in clay soil. The lifting-up force increased sharply with further 

rotation of the prototype rotary blade and then it was maximum. The maximum values of 

lifting-up force were observed at a rotation of about 123°∼142° in sandy loam soil and 

about 113°∼132° in clay soil. After that the lifting-up force decreased until it was zero. 

Furthermore, it still showed that the cyclicity in clay soil could be observed more 

distinctively than in sandy loam soil corresponding with the results as reported in section 

3.2 of this chapter. The increase in forward speed from 0.069 to 0.142 m/s leads to an 

increase in the lifting-up force. In the clay soil condition, the lifting-up force increased 

with the increase in soil moisture content from 11.3 to 16.4 % (d.b.).  
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   For the tests which were conducted in sandy loam soil at 0.069 m/s forward 

speed (Figure 63b), the maximum values of lifting-up forces acting on the prototype 

rotary blade at rotational speeds of 150, 250 and 350 rpm were about 174 N, 124 N and 

94 N, respectively. These maximum lifting-up forces appeared at angular positions of 

about 123°, 126° and 132°, respectively. At 0.142 m/s forward speed (Figure 63e), the 

maximum values of lifting-up forces at rotational speeds of 150, 250 and 350 rpm were 

about 204 N, 150 N and 106 N, respectively. These maximum lifting-up forces were 

achieved at rotational angles of about 125°, 133° and 142°, respectively. In case of the 

tests which were conducted in clay soil at 11.3 % (d.b.) moisture content at forward speed 

of 0.069 m/s, the peak values of lifting-up force at 150, 250 and 350 rpm rotational speed 

were about 359 N, 264 N and 189 N, respectively (Figure 64b). These peak values were 

attained at rotational angle of about 113°, 128° and 127°, respectively. At 0.142 m/s 

forward speed (Figure 64e), the peak values of the lifting-up forces at 150, 250 and 350 

rpm were about 474 N, 424 N and 267 N, respectively. These peak values of the lifting-

up force were achieved at angles of rotation of about 118°, 128° and 132°, respectively. 

For the tests which were conducted in clay soil at 16.4% (d.b.) moisture content at a 

forward speed of 0.069 m/s (Figure 65e), the maximum lifting-up forces at 150, 250 and 

350 rpm were about 466 N, 394 N and 245 N, respectively. These maximum values 

appeared at angular positions of 115°, 128° and 132°, respectively.  

 

  5.5 Resultant force in the tilling stage  

 

   The results of resultant forces (FR) acting on the prototype rotary blade with 

15° lengthwise slice angle which were calculated by equation (48) at 150, 250 and 350 

rpm rotational speed and 0.069 and 0.142 m/s forward speed were presented in Figures 

66 to 68 (the determination of resultant force are shown in Appendix E). These graphs 

were obtained during a single rotation of the prototype rotary blade for each soil 

condition. The evidence shows that the characteristic of the resultant force corresponded 

to the characteristic of vertical force as reported in the previous section. Also, it was 

observed that the resultant force characteristic was similar to the characteristics of torque 

and moment acting around a rotary shaft as shown in sections 4.4 and 5.2.3 of this 
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chapter. In figures 66 to 68, although the tip of the blade never cut the soil in the range of 

0° to 90° rotational angle, there was a resultant force acting on the prototype rotary blade. 

In range of 90° to 180° rotational angle, as the prototype rotary blade began to cut the soil 

between 114° and 123° rotational angle in sandy loam soil and between 104° and 116° 

rotational angle in clay soil, the resultant force increased sharply up to the maximum and 

then it decreased. In the range of about 180° to 240° rotational angle, the resultant force 

continued to decrease until it was quite constant between in range of about 240° to 360° 

rotational angle.  

 

   According to the effect of soil type, the maximum value of the pushing-

forward and the lifting-up forces as shown in previous, the maximum values of resultant 

force in clay soil were also higher than those in sandy loam soil as shown in Table 21 and 

Figures 66 to 68. The maximum resultant force increased as forward speed was increased 

from 0.069 m/s to 0.142 m/s. On the other hand, the maximum resultant force decreased 

when the rotational speed was increased. The tests at 0.069 m/s forward speed which 

were conducted in clay soil at all rotational speeds showed that the maximum resultant 

forces at 16.4% (d.b.) soil moisture content were higher than at 11.3% (d.b.) soil moisture 

content. The data at 0.069 m/s forward speed as shown in Table 21 indicate that the 

maximum values of resultant force in clay soil at 150, 250 and 350 rpm rotational speed 

are 2.1, 2.1 and 1.6 times larger than those of the sandy loam soil, respectively. At 0.142 

m/s forward speed, the maximum of resultant force in clay soil at 150, 250 and 350 rpm 

rotational speed was higher about 2.2, 2.4 and 1.7 times, respectively, in comparison with 

sandy loam soil. In sandy loam soil, the maximum of resultant force at 150, 250 and 350 

rpm rotational speed and 0.142 m/s forward speed was 1.3, 1.3 and 1.3 times higher than 

at 0.069 m/s forward speed, respectively. In clay soil, the maximum of resultant force at 

150, 250, 350 rpm and 0.142 m/s forward speed was 1.4, 1.6 and 1.5 times higher than at 

0.069 m/s forward speed, respectively. In clay soil with 16.4% (d.b.) moisture content at 

150, 250 and 350 rpm rotational speed and 0.069 m/s forward speed, the maximum 

resultant forces are 1.3, 1.5 and 1.5 times larger than those at 11.3% (d.b.) soil moisture 

content, respectively. 
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5.6 Point of action and direction of resultant force on prototype rotary blade with 

15° lengthwise slice angle in the tilling stage 

 

 Acting point of resultant force on the prototype rotary blade can be 

determined by equations (45) and (47) as explained in section 2.12 of Methodology 

chapter. The resultant force and its direction on the prototype rotary blade in the tilling 

stage at different test conditions were presented as the vector acting on the prototype 

rotary blade at any angular position as shown in Figures 69 to 83. The distance from the 

center of the rotary shaft to the point of action of the resultant force (DOC1) was used to   
  

 

Table 21 Maximum resultant force in each test condition. 

 

Soil Type Moisture 

content 

(%, d.b.) 

Forward 

Speed 

(m/s) 

Rotational 

speed 

(rpm) 

Max. 

resultant 

force (N) 

Angular 

position 

 (deg.) 

Sandy 

loam 
11.3 0.069 

150 

250 

350 

187.30 

160.67 

143.62 

123 

132 

132 

Sandy 

loam 
11.3 0.142 

150 

250 

350 

236.63 

200.81 

190.67 

122 

136 

147 

Clay 11.3 0.069 

150 

250 

350 

367.32 

298.21 

217.43 

113 

128 

136 

Clay 11.3 0.142 

150 

250 

350 

529.46 

480.70 

322.16 

118 

128 

132 

Clay 16.4 0.069 

150 

250 

350 

480.14 

435.93 

321.81 

115 

128 

132 
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Figure 66 Resultant forces at 11.3% (d.b.) moisture content under condition of sandy 

loam soil. 
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Figure 67 Resultant forces at 11.3% (d.b.) moisture content under condition of clay soil. 
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Figure 68 Resultant forces at 16.4% (d.b.) moisture content under condition of clay soil. 

 

indicate the location of the resultant force on the prototype rotary blade. The locations of 

acting points of the resultant forces as shown in these figures show that the acting points 

of the resultant forces locate inside the circumstance of the blade locus, and these 

locations depended upon the pushing-forward and the lifting-up forces and moment 

around a rotary shaft. The definite trend of the point of action of the resultant force at any 

rotational and forward speeds could not be specified. Considering the tilling stage as 

shown in Figures 69 to 83, before the prototype rotary blade tilled the soil, the resultant 

force acting on rotary blade in a downward direction depended upon the directions of the 

horizontal and vertical forces. After the prototype rotary blade began to till the soil, the 

resultant force in an upward and forward direction was produced. The vectors of resultant 

force as shown in these figures show the reasonable changes in the magnitude and the  
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Rotational 
angle; θ 
(deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N)

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

96 -14.85 -53.53 55.5 74.5 4.82 18.8 
102 -20.02 -32.22 37.9 58.1 5.44 15.2 
107 -12.84 -16.61 21.0 52.3 3.22 16.4 
112 -13.13 -24.54 27.8 61.8 4.97 18.0 
118 10.38 117.35 117.8 84.9 18.95 17.5 
125 69.86 163.15 177.5 66.8 35.46 20.4 
128 72.50 92.15 117.2 51.8 23.48 20.0 
134 91.19 66.22 112.7 36.0 22.06 19.9 
141 106.61 27.66 110.1 14.5 20.15 20.1 
146 123.11 24.30 125.5 11.2 23.05 19.9 
153 106.47 17.54 107.9 19.4 19.78 19.2 
157 120.00 10.70 120.5 15.1 21.13 19.9 
162 101.60 -15.53 102.8 -8.7 14.64 18.3 
168 75.70 -44.04 87.6 -30.2 12.59 19.4 
173 63.28 -41.99 75.9 -33.6 10.67 18.5 
180 62.62 -33.99 71.3 -28.5 8.25 13.2 
185 51.71 -26.55 58.1 -27.2 6.22 12.6 
191 34.45 -21.78 40.76 -32.3 4.57 12.0 
201 -43.1 -19.5 47.31 24.3 3.74 11.2 
207 -25.25 -21.52 33.18 40.4 1.87 14.7 

 

 

Figure 69 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 150 rpm rotational speed under sandy loam soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

99 11.86 -69.61 70.61 -80.3 5.49 8.2 
108 -4.73 -59.84 60.03 85.5 5.28 9.0 
117 17.14 28.48 33.24 59.0 6.86 20.7 
126 71.43 123.8 142.93 60.0 29.04 20.4 
132 127 88.4 154.74 34.8 25.01 16.6 
135 107.9 66.11 126.54 31.5 24.43 19.9 
144 109.3 62.25 125.78 29.7 23.3 18.6 
153 99.45 16.65 100.83 9.5 18.51 19.2 
162 89.34 -14.63 90.53 -9.3 14.96 18.6 
171 63.75 -48.67 80.20 -37.4 9.82 17.7 
180 61.82 -67.28 91.37 -47.4 6.63 10.7 
189 36.27 -33.63 49.46 -42.8 7.25 17.6 
198 -3.88 -57.26 57.39 86.1 1.81 12.9 

 
 

Figure 70 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 250 rpm rotational speed under sandy loam soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N)

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

97 25.39 -59.32 64.53 -66.83 5.13 9.2 
105 17.15 -45.87 48.97 -69.50 5.17 13.0 
110 18.45 -50.24 53.52 -69.83 5.97 14.6 
114 14.85 -48.31 50.54 -72.91 6.42 16.9 
123 59.65 -14.08 61.29 -13.28 3.95 19.1 
127 74.79 37.11 83.49 26.39 14.66 19.6 
132 108.99 93.53 143.62 40.63 24.86 17.5 
136 118.56 75.08 140.33 32.34 26.79 19.5 
140 96.95 29.18 101.25 16.75 18.85 20.3 
145 86.66 20.32 89.01 13.20 16.79 20.3 
149 93.16 0.3 93.16 0.18 15.7 19.6 
154 107.54 -26.77 110.82 -13.98 15.65 18.4 
162 79.26 -35.34 86.78 -24.03 11.93 18.5 
171 71.57 -87.44 113.00 -50.70 11.28 19.8 
180 52.18 -62.14 81.14 -49.98 9.94 19.0 
184 33.88 -60.71 69.52 -60.84 5.52 14.5 
189 3.55 -90.27 90.34 -87.75 2.74 15.5 
198 -9.62 -74.19 74.81 82.61 1.60 11.6 
206 -31.38 -22.28 38.49 35.37 1.42 7.7 

 

Figure 71 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 350 rpm rotational speed under sandy loam soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N)

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

95 16.44 -26.81 31.45 -58.5 2.18 8.6 
101 27.01 -13.33 30.12 -26.3 0.45 5.7 
106 -5.29 78.86 79.04 -86.2 7.69 10.3 
111 78.07 292.4 302.6 75.1 61.84 20.5 
113 80.05 358.49 367.3 77.4 75.21 20.1 
118 73.77 204.22 217.1 70.1 36.69 17.1 
124 88.34 184.96 205.0 64.5 33.89 16.7 
129 138.8 187.00 232.9 53.4 48.03 20.6 
134 116.5 116.36 164.7 45.0 32.92 20.0 
141 140.8 86.04 165 31.4 28.86 17.6 
146 157.1 67.76 171.1 23.3 33.69 20.0 
152 128.1 2.92 128.1 1.3 15.76 13.8 
157 88.05 4.47 88.17 2.9 14.82 18.7 
162 121.00 59.11 134.6 26.0 27.74 20.8 
168 112.1 36.2 117.8 17.9 20.97 17.9 
173 61.98 45.13 76.67 36.1 9.32 13.9 
180 11.44 -62.79 63.83 -79.7 0.77 6.7 
185 31.87 -33.67 46.36 -46.6 5.65 16.3 
191 44.57 -74.38 86.71 -59.1 8.6 14.8 
196 26.02 -81.53 85.58 -72.3 9.15 19.3 
201 23.16 -69.79 73.53 -71.6 6.67 14.3 
206 -12.02 -47.21 48.71 -75.7 1.29 4.1 

 

Figure 72 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 150 rpm rotational speed under clay soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N)

 

Resultant 
force; FR (N)

 

Direction of 
resultant force;  

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

98 -21.88 -58.72 62.66 69.6 2.84 4.6 
107 -2.42 -49 49.06 87.2 1.16 2.4 
116 92.63 54.07 107.26 30.3 13.35 15.0 
125 117.44 215.05 245.03 61.4 39.19 16.1 
128 140.12 264.19 299.05 62.1 52.58 17.9 
134 153.53 107.06 187.17 34.9 38.41 20.9 
143 143.41 116.96 185.06 39.2 29.88 12.9 
152 141.3 140.91 199.55 44.9 21.85 11.4 
161 122.43 74.771 143.46 31.4 25.41 18.1 
170 99.512 50.502 111.59 26.9 18.96 17.8 
181 101.82 16.668 103.18 9.3 16.97 16.6 
190 43.94 -49.58 66.25 -48.5 10.18 19.6 
199 -8.99 -86.17 86.64 84.0 3.44 17.6 

 

Figure 73 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 250 rpm rotational speed under clay soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

97 5.16 -88.04 88.19 -86.6 3.6 4.1 
105 9.1 -36.31 37.43 -75.9 0.33 1.0 
110 54.47 8.37 55.11 8.7 2.54 9.6 
114 41.69 18.59 45.65 24.0 6.84 20.2 
123 47.56 65.52 80.96 54.0 16.58 20.5 
127 70.92 188.47 201.37 69.4 39.8 20.6 
136 168.38 137.55 217.42 39.2 19.31 8.9 
140 153.75 106.86 187.24 34.8 23.24 12.5 
145 126.07 31.36 19.81 13.9 23.87 19.7 
149 136.75 34.28 140.98 14.1 18.39 13.6 
154 100.51 34.96 106.42 19.2 21.56 20.4 
162 122.05 28.1 125.24 13.0 22.05 17.7 
171 84.57 5.71 84.76 3.9 15.21 18.0 
184 15.68 -66.72 68.53 -76.8 1.78 16.9 
180 28.22 -6.57 28.97 -13.1 5.38 19.1 
189 6.12 -97.62 97.81 -86.4 3.63 17.0 
198 2.62 -79.66 79.70 -88.1 3.55 13.1 
206 -26.35 -114.87 117.85 77.1 1.85 6.9 

 

Figure 74 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 350 rpm rotational speed under clay soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-
forward 

force; P (N) 

Lifting-up 
force; L (N)

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

95 13.5 -42.65 44.74 -72.4 5.92 14.3 
99 8.98 -42.46 43.40 -78.1 5.02 12.4 
104 14.35 -50.69 52.68 -74.2 5.17 11.3 
108 -16.83 -42.27 45.50 68.3 9.07 20.0 
113 -12.69 85.77 86.70 -81.6 14.85 20.1 
118 74.69 167.43 183.33 66.0 38.25 20.9 
122 57.22 176.85 185.88 72.1 31.29 17.4 
125 46.91 193.97 199.56 76.4 35.73 19.3 
131 71.16 198.63 210.99 70.3 41.04 20.9 
136 88.29 131.93 158.75 56.2 32.16 20.7 
139 106.61 124.05 163.57 49.3 33.43 20.7 
145 143.11 96.54 172.63 34.0 29.77 17.3 
148 127.22 108.86 167.44 40.6 25.81 15.6 
154 140.45 67.42 155.79 25.6 32.49 20.9 
159 164.67 26.42 166.78 9.1 26.07 16.0 
162 154.81 38.06 159.42 13.8 29.66 18.7 
168 129.82 12.41 130.41 5.5 26.49 20.4 
171 117.28 -34.39 122.22 -16.3 16.93 15.3 
176 97.82 -14.37 98.87 -8.4 19.09 19.8 
180 101.42 -26.04 104.71 -14.4 12.07 11.9 
184 61.93 -43.19 75.50 -34.9 9.52 14.5 
189 51.45 -32.05 60.62 -31.9 8.81 15.8 
194 -44.68 -50.25 67.24 48.4 5.54 17.8 
198 -58.03 -48.93 75.91 40.1 5.61 14.0 
203 -51.13 -28.05 58.32 28.7 5.13 14.2 
206 -46.82 -37.211 59.81 38.5 3.71 14.4 

 

 

 

Figure 75 Vectors of resultant force of soil reaction obtained at 0.142 m/s forward 

speed, 150 rpm rotational speed under sandy loam soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N)

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

99 28.86 -28.07 40.26 -44.2 1.76 7.6 
107 12.78 -42.79 44.66 -73.4 3.34 9.0 
120 35.53 25.58 43.78 35.8 7.11 17.8 
128 67.68 48.64 83.34 35.7 17.08 21.4 
136 143.01 100.98 175.06 35.2 22.52 13.0 
139 133.91 122.96 181.8 42.6 36.13 19.9 
147 151.3 62.04 163.53 22.3 18.78 11.7 
155 130.45 20.56 132.06 9 17.71 14.0 
163 109.30 5.79 109.5 3.0 15.03 14.2 
176 69.16 -68.06 97.03 -44.5 10.94 17.0 
184 36.52 -47.27 59.74 -52.3 7.79 19.6 
192 -31.84 -17.94 43.78 60.1 3.55 12.9 
203 -7.17 -58.68 26.21 74.1 2.02 12.4 

 

Figure 76 Vectors of resultant force of soil reaction obtained at 0.142 m/s forward 

speed, 250 rpm rotational speed under sandy loam soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

96 27.95 -64.4 70.2 -66.5 1.94 3.2 
109 38.18 -85.15 93.32 -65.8 6.3 9.3 
113 19.7 -91.46 93.56 -77.8 9.12 11.9 
117 15.52 -79.57 81.07 -79 10.88 17.0 
126 33.24 32.3 46.35 44.2 6.67 14.6 
130 125.98 12.38 126.58 5.6 12.72 14.1 
138 149.89 67.77 164.5 24.3 27.12 17.3 
142 175.13 65.51 186.98 20.5 31.84 17.9 
151 147.72 27.77 150.31 10.6 21.46 15.0 
159 129.34 -8.51 129.62 -3.8 20.09 17.1 
163 112.14 -60.19 127.28 -28.2 17.91 20.0 
172 80.02 -71.79 107.5 -41.9 9.34 13.5 
176 71.74 -86.72 112.55 -50.4 7.47 11.4 
180 45.05 -80.25 92.03 -60.7 4.32 9.6 
188 39.21 -96.62 104.27 -67.9 8.22 15.7 
197 27.66 -77.66 83.49 -68.5 7.87 16.0 
201 14.37 -82.18 83.43 -80.1 5.09 11.9 
209 -39.16 -29.77 63.33 51.8 2.39 12.1 

 

Figure 77 Vectors of resultant force of soil reaction obtained at 0.142 m/s forward 

speed, 350 rpm rotational speed under sandy loam soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-
forward 

force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N)

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

95 2.44 -41.65 41.72 -86.6 3.18 7.7 
99 -33.63 -41.46 53.39 51.0 2.09 4.5 

104 -31.44 -11.97 33.64 20.8 3.54 18.4 
108 20.04 127.13 128.7 81.0 20.85 16.4 
113 113.05 368.49 385.45 72.9 77.21 20.1 
118 156.77 474.22 499.46 71.7 98.54 20.0 
122 134.8 418.87 440.03 72.2 62.67 14.7 
125 173.08 386.18 423.20 65.9 75.42 18.2 
131 194.59 291.04 350.1 56.2 70.8 20.4 
136 217.69 173.92 278.63 38.6 57.79 20.8 
139 206.06 298.3 362.55 55.4 59.25 16.9 
145 256.6 207.84 330.21 39 57.52 17.5 
148 252 217.44 332.85 40.8 57.69 17.5 
154 244.64 118.83 271.97 25.9 49.41 18.2 
159 248.92 168.48 300.58 34.1 57.11 19.5 
162 208.97 113.11 237.61 28.4 44.97 19.2 
168 194.11 138.2 238.29 35.4 37.97 17.4 
171 147.28 75.8 165.64 27.2 31.64 20.1 
176 152.28 17.3 153.26 6.5 31.77 20.7 
180 146.44 -54.79 156.36 -20.5 26.77 18.3 
185 96.87 -35.67 103.23 -20.2 18.85 18.9 
189 93.04 -63.97 112.91 -34.5 14.97 14.7 
194 32.68 -67.34 74.85 -64.1 7.94 16.5 
198 15.46 -72.63 123.6 -82.8 6.18 16.6 
203 -20.48 -16.3 69.39 72.8 1.20 9.6 
206 -28.02 -15.21 50.18 70.2 2.29 12.4 

 

 

Figure 78 Vectors of resultant force of soil reaction obtained at 0.142 m/s forward 

speed, 150 rpm rotational speed under clay soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

98 -9.88 -48.72 49.71 78.5 2.84 5.7 
107 8.42 -11 13.85 -52.6 1.16 14.4 
128 226.12 384.19 445.8 59.5 88.54 20.0 
137 223.18 229.35 320.02 45.8 55.32 17.3 
146 281.07 127.44 308.61 24.4 52.86 17.4 
155 183.94 142.41 232.63 37.7 39.28 17.3 
167 177.89 119.22 214.14 33.8 34.9 17.4 
176 103.47 7.89 103.77 4.4 18.09 17.4 
184 52.08 -82.98 97.97 -57.9 10.47 18.1 
193 -42.83 -31.44 72.83 65.8 5.11 14.7 
202 -42.83 -29.95 56.75 66.3 3.35 11.8 

 

Figure 79 Vectors of resultant force of soil reaction obtained at 0.142 m/s forward 

speed, 250 rpm rotational speed under clay soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N)

 

Resultant 
force; FR (N)

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

97 -9.56 -59.64 60.4 80.9 5.6 9.3 
110 64.47 -8.37 65.02 -7.4 2.27 7.6 
114 111.69 38.59 118.17 19.1 12.55 15.6 
119 148.7 30.8 151.86 11.7 17.33 17.5 
127 207.92 168.47 267.61 39 45.84 17.7 
132 228.6 227 322.16 44.8 56.55 17.6 
140 243.75 166.86 295.39 34.4 57.8 19.7 
145 194.07 151.36 246.12 38 43.22 17.6 
154 234.51 174.96 292.58 36.7 48.24 16.8 
158 226.17 124.88 258.36 28.9 46.71 18.2 
162 192.05 98.1 215.66 27.1 35.39 16.6 
171 174.57 14.29 175.15 4.7 23.19 13.3 
176 125.51 -67.72 142.62 -28.4 15.34 12.7 
180 98.22 -81.25 127.47 -39.6 15.38 15.7 
189 86.12 -97.62 130.18 -48.6 13.01 13.0 
198 66.62 -87.66 91.61 73.1 9.55 10.6 
202 -44.66 -23.68 62.47 44.4 3.81 11.7 
206 -63.35 -19.87 68.06 21.4 5.16 10.7 

 

Figure 80 Vectors of resultant force of soil reaction obtained at 0.142 m/s forward 

speed, 350 rpm rotational speed under clay soil. 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N) 

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

95 10.44 -41.65 42.94 -75.9 1.54 3.6 
101 17.01 -59.21 61.60 -74.0 5.45 8.9 
106 -5.29 78.86 79.04 -86.2 7.69 10.0 
111 68.07 292.40 300.22 76.9 61.84 20.8 
115 104.29 466.34 477.86 77.4 72.54 19.0 
118 106.77 204.22 230.45 62.4 47.54 20.6 
124 121.34 290.96 315.25 67.4 49.26 16.9 
129 171.84 181.00 249.58 46.5 48.93 19.7 
134 149.53 170.36 226.68 48.7 43.34 19.1 
141 212.77 120.04 244.30 29.4 35.99 17.2 
146 207.42 161.76 263.00 38.0 42.14 16.1 
152 196.11 106.26 223.00 28.5 33.18 16.2 
157 166.05 99.53 193.6 30.9 32.52 17.0 
162 128.97 93.11 159.06 35.8 30.97 20.5 
168 100.11 60.20 116.82 31.0 20.97 19.0 
173 87.98 19.13 90.04 12.3 16.32 18.2 
180 76.44 -54.79 94.05 -35.6 9.77 12.8 
185 46.87 -35.67 58.90 -37.3 6.45 13.0 
191 49.57 -66.38 82.84 -53.2 7.67 12.5 
196 26.02 -17.53 31.37 -34.0 6.12 20.5 
201 3.16 -39.79 39.92 -85.5 2.51 14.6 
206 17.02 -17.21 24.20 -45.3 3.91 17.1 

 

 

Figure 81 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 150 rpm rotational speed under clay soil at 16.4% (d.b.) moisture 

content 
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N)

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

98 11.88 -58.72 59.89 -78.6 4.84 8.1 
107 -2.42 -43 43.07 86.8 6.16 14.7 
116 82.63 49.07 96.1 30.7 13.35 16.6 
125 177.44 295.05 344.29 59 66.19 19.3 
128 186.12 394.19 435.92 64.7 87.58 20.6 
134 223.53 107.06 247.85 25.6 44.41 19.1 
143 183.41 134.62 227.51 36.3 39.88 17.5 
152 141.3 108.57 178.19 37.5 33.85 19.3 
161 112.43 92.43 145.55 39.4 28.41 20.8 
170 99.51 58.16 115.26 30.3 21.96 20.3 
181 91.82 -48.67 103.92 -27.9 16.97 18.3 
190 24.94 -99.58 102.66 -75.9 6.62 15.8 
199 -5.99 -86.17 86.38 86 2.39 10.7 

 

Figure 82 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 250 rpm rotational speed under clay soil at 16.4% (d.b.) moisture 

content.  
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Rotational 
angle; θ 
 (deg.) 

Pushing-forward 
force; P (N) 

Lifting-up 
force; L (N) 

 

Resultant 
force; FR (N)

 

Direction of 
resultant force; 

α (deg.) 

Moment 
(N⋅m) 

 

Location of acting 
point of resultant 
force; DOC1 (cm) 

97 5.16 -48.04 48.32 -83.9 3.6 7.5 
105 16.1 -46.31 49.03 -70.8 7.74 15.8 
110 64.47 -48.37 80.60 -36.9 12.33 18.3 
114 81.69 -19.59 84.01 -13.5 9.35 18.3 
123 122.56 65.52 138.97 28.1 24.54 20.2 
127 157.92 188.47 245.89 50.0 38.84 15.8 
136 217.38 197.55 293.73 42.3 59.58 20.3 
140 213.75 156.86 265.13 36.3 52.8 20.0 
145 227.07 161.36 278.56 35.4 50.22 18.0 
149 228.75 124.28 260.33 28.5 48.31 18.6 
154 204.51 68.96 215.82 18.6 39.24 18.3 
162 142.05 48.10 149.97 18.7 29.39 19.6 
171 124.57 14.29 125.39 6.5 23.19 18.5 
180 118.22 -21.25 120.11 -10.2 21.38 18.1 
184 85.68 -56.72 102.75 -33.5 12.48 14.0 
189 66.12 -67.62 94.57 -45.6 11.01 14.5 
198 -1.62 -89.66 89.67 89.0 4.55 17.4 
206 -63.35 -94.87 114.70 56.3 1.31 6.4 

 

Figure 83 Vectors of resultant force of soil reaction obtained at 0.069 m/s forward 

speed, 350 rpm rotational speed under clay soil at 16.4% (d.b.) moisture 

content. 
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directions of the resultant forces with the blade rotation in the tilling stage corresponding 

with the results as reported in section 5.5 of this chapter. From these variations, it was 

observed that as the prototype rotary blade was approaching the range of 141° to 180° 

rotational angle, the direction of resultant force changed gradually from the upward and 

forward direction to the downward and forward direction. After the blade tip of the 

prototype rotary blade passed the angular position of 141∼180°, its direction changed 

continuously until the resultant force directed downwards and backwards. This was 

because the positive lifting-up force decreased continuously to become a negative value. 

Since the tilled soil from the second quadrant was still held on the scoop surface of the 

prototype rotary blade even though the tip blade passing the angular position of 180°. The 

mass of soil adhering on the scoop surface caused the change of the direction of lifting-up 

force as mentioned previously.  

 

   Finally, all results as presented in the section 5 of this chapter indicate that 

the resultant force of soil reaction force which was calculated from the reaction forces as 

sensed by the EOR transducer by using the equations (45) to (49) is available. Since the 

characteristics of vertical and horizontal forces and moment at zero-cut rotation agreed 

with the result as presented by Thakur and Godwin (1988), they confirm the applicability 

of the EOR transducer for accurate measurement of real time forces of soil-blade 

interaction. However, although the exactly position of acting point of the resultant force 

on the prototype rotary blade was unable to be specified, it indicated that the point of 

action of resultant force located inside the circumstance of the locus curve. This agreed 

with results of Shibusawa and Kawamura (1980 and 1981). The results showed that the 

variation of magnitude and direction of pushing-forward, lifting-up and resultant forces 

corresponded to soil-blade interaction of the prototype rotary blade in tilling stage. Also, 

the effect of soil type on the magnitude of resultant force acting on the prototype rotary 

blade with 15° lengthwise slice angle could be observed distinctively.  

 

6. Study on the performance of rotary power tiller using prototype rotary blades in 

dry-land field 

 
 



 165

 The study in this section aimed to investigate the effect of shape of prototype 

rotary blades on the performance of rotary power tiller. Due to the results of torque 

characteristic and the specific tilling energy of the prototype rotary blade with 15° 

lengthwise slice angle as reported in section 4 of this chapter showed that the specific 

tilling energy per a tillage round for the prototype blade with 15° lengthwise slice angle 

decreased about 64.6% and 40.8% in comparisons with the Japanese C-shaped and the 

European C-shaped blades, respectively and it was the least among the other two 

prototype rotary blades (the prototype rotary blades with 30° lengthwise slice angle and 

45° lengthwise slice angle). Therefore, the rotary blade prototype with 15° lengthwise 

slice angle and 6.5 cm tilling width of a blade was selected to study in the field. For this 

purpose, three sets of the rotors, i.e.14-blade rotor of the Japanese C-shaped blade (4.5 cm 

tilling width of one blade; T1), 14-blade rotor of the prototype rotary blade no. 1 (4.5 cm 

tilling width of one blade; T2), and 10-blade rotor of the prototype rotary blade no. 2 (6.5 

cm tilling width of one blade; T3) were used. The tests were conducted in the dry-land 

field of clay loam; soil moisture content of 16.04 % (d.b.) and specific weight of 14.81 

kN/m3 at different rotational speeds of 300, 350 and 400 rpm at one and two tilling 

passes.  

 

 
 

Figure 84  The operation of rotary power tiller in the field. 
 

 6.1 Forward speed 

 

  In this study, three sets of the rotors, i.e.14-blade rotor of the Japanese C-

shaped blade (4.5 cm tilling width of one blade; T1), 14-blade rotor of the prototype 
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rotary blade no. 1 (4.5 cm tilling width of one blade; T2), and 10-blade rotor of the 

prototype rotary blade no. 2 (6.5 cm tilling width of one blade; T3) were attached behind 

the same two-wheel tractor. The forward speeds as working of all rotary tillers were 

shown in Table 22. In the first pass for the power rotary tiller T1, the mean forward 

speeds at rotational speeds of 300, 350 and 400 rpm were 0.39, 0.41 and 0.43 m/s, 

respectively. For the second pass, the mean forward speeds at 300, 350 and 400 rpm 

rotational speed were 0.40, 0.47 and 0.47 m/s, respectively. In case of the power rotary 

tiller T2, the mean forward speeds at rotational speeds of 300, 350 and 400 rpm during 

the first pass were 0.38, 0.41 and 0.44 m/s, respectively. For the second pass at rotational 

speeds of 300, 350, and 400 rpm, the mean forward speeds were 0.43, 0.50 and 0.53 m/s, 

respectively. In the first pass for the rotary power tiller T3, the mean forward speeds at 

rotational speeds of 300, 350 and 400 rpm were 0.39, 0.44 and 0.51 m/s, respectively. For 

the second pass, the mean forward speeds at 300, 350 and 400 rpm rotational speed were  
 

 

Table 22  The forward speed at different rotational speeds and passes. 

 
Forward speed (m/s) 

Rotary power tiller no.1 

using 14 Japanese 

rotary C-shaped blades; 

4.5 cm tilling width of 

blade 

 (T1) 

Rotary power tiller no.2 

using 14 prototype 

rotary blades           

no.1; 4.5 cm tilling 

width of a blade  

(T2) 

Rotary power tiller no.3 

using 10 prototype 

rotary blades            

no.2; 6.5 cm tilling 

width of a blade  

(T3) 

Rotational 
speed 
 
(rpm) 

Number 
of  
tilling passes 
(pass) 

I II Ave. I II Ave. I II Ave. 

1 pass; P1 0.40 0.37 0.39 0.39 0.38 0.38 0.39 0.38 0.39 300 

(N1) 2 passes; P2 0.42 0.39 0.40 0.42 0.43 0.43 0.39 0.38 0.39 

1 pass; P1 0.39 0.42 0.41 0.45 0.36 0.41 0.42 0.45 0.44 350  

(N2) 2 passes; P2 0.46 0.47 0.47 0.45 0.54 0.50 0.41 0.46 0.43 
1 pass; P1 0.42 0.43 0.43 0.41 0.46 0.44 0.50 0.52 0.51 400 

(N3) 2 passes; P2 0.45 0.49 0.47 0.50 0.55 0.53 0.53 0.55 0.54 
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0.39, 0.43 and 0.54 m/s, respectively. The statistical analysis (Appendix C) shows that 

the forward speeds of all rotary power tillers (T1, T2 and T3) at the same rotational speed 

for each tilling pass were not different at 95% level of significant. 

 

 6.2 Tilling depth 

 

  The results of tilling depth of all rotary power tillers were shown in Table 23. 

For the rotary power tiller T1, the tilling depths of 7.7 cm and 11.5 cm were the minimum 

and maximum, respectively, at the first pass. The minimum and maximum of the tilling 

depths at the second pass were 9.0 cm and 13.2 cm. The mean depths of tillage were 8.8  

 

Table 23  The tilling depth at different rotational speeds and passes. 

 

Rotational  
speed 

Rotary tillers: Rotary power tiller 
no.1 using 14 
Japanese rotary C-
shaped  
blades; 4.5 cm 
tilling width of 
blade 
 (T1) 

Rotary power 
tiller no.2 using 
14 prototype 
rotary blades 
no.1; 4.5 cm 
tilling width of 
a blade 
 (T2) 

Rotary power 
tiller no.3 using 
10 prototype 
rotary blades 
no.1; 6.5 cm 
tilling width of a 
blade  
(T3) 

 
Number of tilling passes: Pass 1 

(P1) 
Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Forward speed (m/s): 0.39 0.40 0.38 0.43 0.39 0.39 
 Tilling depth (cm) 
Replication I 8.0 9.0 10.1 12.3 8.0 14.9 
Replication II 8.6 12.8 14.7 14.7 11.0 9.1 

300 
(N1) 

Average 8.3 10.9 12.4 13.5 9.5 12.0 
Forward speed (m/s): 0.41 0.47 0.41 0.50 0.44 0.43 
 Tilling depth (cm) 
Replication I 8.1 10.8 5.3 12.0 12.3 12.0 
Replication II 7.7 10.5 9.9 8.8 8.8 12.2 

350 
(N2) 

Average 7.9 10.6 7.6 10.4 10.6 12.1 
Forward speed (m/s): 0.43 0.47 0.44 0.53 0.51 0.54 
 Tilling depth (cm) 
Replication I 11.5 11.3 10.6 9.8 10.8 12.0 
Replication II 8.7 13.2 8.2 9.2 8.1 14.3 

400 
(N3) 

Average 10.1 12.3 9.4 9.5 9.4 13.1 
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cm and 11.3 cm during the first pass and the second pass, respectively. The tilling depth 

of the rotary power tiller T2 varied from 5.3 cm to 14.7 cm at the first pass. The mean 

tilling depth was 9.8 cm at the first pass. For the second pass the tilling depth varied from 

8.8 cm to 14.7 cm and the mean was 11.1 cm. For the rotary power tiller T3, the tilling 

depth varied from 8.0 cm to 12.3 cm, while the mean tilling depth was 9.8 cm during the 

first pass. In condition of the second pass, the tilling depth varied from 9.1 cm to 14.9 cm 

and the average was 12.4 cm. It can be seen that the mean tilling depth for each the rotary 

power tiller was almost the same. The statistical analysis (Appendix C) shows that the 

tilling depths of all rotary power tillers were not different at 95% level of significance.  

 

 6.3  Performance of the rotary power tiller equipped with a 14-blade rotor of the 

Japanese C-shaped blade (T1) 

 

  Table 24 shows the data of mean soil clod diameter at different rotational 

speeds and passes after the tillage by rotary power tiller T1. The results show that the 

rotary power tiller T1 produced clods of smaller sizes during pass 2. While the relation 

between mean soil clod diameter and rotational speeds did not show the trend. During the 

pass 1, the maximum and minimum values of mean soil clod diameter were 11.1 and 16.8 

mm, respectively. For the condition of pass 2, the minimum and maximum values of 

mean soil clod diameter were 8.1 and 15.7 mm, respectively. It was confirmed that the 

mean soil clod diameter was not affected significantly by the number of tilling passes and 

the rotational speed by the statistical analysis as shown Appendix C.  

 

  The results of soil inversion as detailed in Table 25 showed that it did not 

relate to rotational speed and tilling passes. The values of soil inversion at pass 1 and 

pass2 varied from 16.42% to 50.15% and 15.79% to 41.83%, respectively. In case of 

tilling width, although the tilling width did not relate to forward speed, it increased 

slightly during pass 2 (Table 26). The maximum tilling width in average was 66.2 cm at 

400 rpm rotational speed during pass 2. The minimum tilling width in average was 57.3 

cm at 350 rpm rotational speed during pass 1. Also, the statistical analysis as shown in  
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Table 24  The mean soil clod diameter at different rotational speeds and passes. 

 

Rotational  
speed 

Rotary tillers: Rotary power tiller 
no.1 using 14 
Japanese rotary   
C-shaped  
blades; 4.5 cm 
tilling width of 
blade 
 (T1) 

Rotary power 
tiller no.2 using 
14 prototype 
rotary blades 
no.1; 4.5 cm 
tilling width of a 
blade 
 (T2) 

Rotary power 
tiller no.3 using 
10 prototype 
rotary blades 
no.2; 6.5 cm 
tilling width of a 
blade  
(T3) 

 
Number of tilling passes: Pass 1 

(P1) 
Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Forward speed (m/s): 0.39 0.40 0.38 0.43 0.39 0.39 
 Mean soil clod diameter (mm) 
Replication I 12.2 12.8 11.9 11.5 12.3 14.1 
Replication II 16.5 12.6 20.0 14.5 23.1 24.9 

300 
(N1) 

Average 14.3 12.7 16.0 13.0 17.7 19.5 
Forward speed (m/s): 0.41 0.47 0.41 0.50 0.44 0.43 
 Mean soil clod diameter (mm) 
Replication I 14.0 15.7 18.8 9.9 9.0 16.6 
Replication II 15.3 9.6 16.2 15.7 12.3 18.3 

350 
(N2) 

Average 14.6 12.6 17.5 12.8 10.6 17.5 
Forward speed (m/s): 0.43 0.47 0.44 0.53 0.51 0.54 
 Mean soil clod diameter (mm) 
Replication I 11.1 8.1 12.3 20.0 9.3 8.5 
Replication II 16.8 11.7 15.3 14.5 11.9 14.9 

400 
(N3) 

Average 13.9 9.9 13.8 17.2 10.6 11.7 
        
 

Appendix C showed that the number of tilling passes and rotational speed did not affect 

significantly on soil inversion and tilling width. 

 

   6.4 Performance of the rotary power tiller equipped with a 14-blade rotor of the 

prototype rotary blade no. 1 (T2) 

 

  The performance of the rotary power tiller T2 on mean soil clod diameter, 

soil inversion and tilling width at different rotational speeds and passes is shown in Table 

24, 25 and 26, respectively. During pass 1, mean soil clod diameters at 300, 350 and 400 

rpm rotational speed were 16.0, 17.5 and 13.8 mm, respectively. After pass 2, the mean  
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Table 25  The soil inversion at different rotational speeds and passes. 

 

Rotational  
speed 

Rotary tillers: Rotary power tiller 
no.1 using 14 
Japanese rotary   
C-shaped  
blades; 4.5 cm 
tilling width of 
blade 
 (T1) 

Rotary power 
tiller no.2 using 
14 prototype 
rotary blades 
no.1; 4.5 cm 
tilling width of a 
blade 
 (T2) 

Rotary power 
tiller no.3 using 
10 prototype 
rotary blades 
no.2; 6.5 cm 
tilling width of a 
blade  
(T3) 

 
Number of tilling passes: Pass 1 

(P1) 
Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Forward speed (m/s): 0.39 0.40 0.38 0.43 0.39 0.39 
 Soil inversion (%) 
Replication I 22.44 15.79 36.84 39.06 13.02 15.24 
Replication II 38.91 15.93 7.14 28.64 43.30 53.08 

300 
(N1) 

Average 30.67 15.86 21.99 33.85 28.16 34.16 
Forward speed (m/s): 0.41 0.47 0.41 0.50 0.44 0.43 
 Soil inversion (%) 
Replication I 34.63 41.83 37.40 24.10 17.45 31.30 
Replication II 16.42 29.62 25.71 19.84 30.60 50.64 

350 
(N2) 

Average 25.52 35.72 31.55 21.97 24.02 40.97 
Forward speed (m/s): 0.43 0.47 0.44 0.53 0.51 0.54 
 Soil inversion (%) 
Replication I 30.19 20.22 48.48 19.67 48.48 32.96 
Replication II 50.15 34.51 18.87 44.77 15.44 21.80 

400 
(N3) 

Average 40.17 27.36 33.67 32.22 31.96 27.38 
        
 

soil clod diameters at rotational speeds of 300 and 350 rpm decreased to13.0 and 12.8 

mm, respectively, except for rotational speed of 400 rpm which the mean soil clod 

diameter increased to 17.2 mm. After tilling at different rotational speed and tilling 

passes for the rotary power tiller T2, there were the weeds exposed on soil surface as 

shown in Figure 86. After pass 1, the average percentages of soil inversion at 300, 350 

and 400 rpm were 21.99%, 31.55% and 33.67%, respectively. For the condition of pass 2, 

the average percentages of soil inversion were 33.85%, 21.97% and 32.22%, 

respectively. The statistical analysis revealed that the number of tilling passes and the 

rotational speed did not affect significantly soil inversion (Appendix C). Thus soil  
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Table 26  The tilling width at different rotational speeds and passes. 
 

Rotational  
speed 

Rotary tillers: Rotary power tiller 
no.1 using 14 
Japanese rotary   
C-shaped  
blades; 4.5 cm 
tilling width of 
blade 
 (T1) 

Rotary power 
tiller no.2 using 
14 prototype 
rotary blades 
no.1; 4.5 cm 
tilling width of a 
blade 
 (T2) 

Rotary power 
tiller no.3 using 
10 prototype 
rotary blades 
no.2; 6.5 cm 
tilling width of a 
blade  
(T3) 

 
Number of tilling passes: Pass 1 

(P1) 
Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Pass 1 
(P1) 

Pass 2 
(P2) 

Forward speed (m/s): 0.39 0.40 0.38 0.43 0.39 0.39 
 Tilling width (cm) 
Replication I 59.8 63.7 60.0 61.3 67.0 67.7 
Replication II 60.0 59.3 57.5 52.3 69.3 64.2 

300 
(N1) 

Average 59.9 61.5 58.8 56.8 68.2 65.9 
Forward speed (m/s): 0.41 0.47 0.41 0.50 0.44 0.43 
 Tilling width (cm) 
Replication I 57.7 59.7 44.3 49.7 66.0 66.3 
Replication II 57.0 60.7 57.3 54.7 67.3 67.7 

350 
(N2) 

Average 57.3 60.2 50.8 52.2 66.7 67.0 
Forward speed (m/s): 0.43 0.47 0.44 0.53 0.51 0.54 
 Tilling width (cm) 
Replication I 63.3 71.3 49.3 48.0 68.7 67.4 
Replication II 60.5 61.0 51.1 47.7 66.7 68.3 

400 
(N3) 

Average 61.9 66.2 50.2 47.8 67.7 67.9 
        
 

inversion in this study did not relate to the parameters of the number of tilling pass and 

the rotational speed. 

 

   Similarly, Statistical analysis showed that the tilling width was not affected 

significantly by the number of tilling passes and the rotational speed (Appendix C). It 

indicated that the tilling width did not relate to the parameters of rotational speed and 

number of tilling passes. The result showed that the tilling width during the first pass 

varied from 50.2 cm to 58.8 cm. While tilling width during the second pass varied from 

47.8 cm to 56.8 cm. The minimum tilling width was 47.8 cm which was obtained after 
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pass 2 at rotational speed of 400 rpm. The maximum tilling width as obtained at 300 rpm 

rotational speed during the first pass was 58.8 cm.  

 

 6.5 Performance of the rotary power tiller equipped with a 10-blade rotor of the 

prototype rotary blade no. 2 (T3) 

 

  The data of mean soil clod diameter, soil inversion, and tilling width after 

testing the rotary power tiller T3 at different rotational speeds and number of tilling 

passes show that the mean soil clod diameter during pass 1 and pass 2 varied from 10.6 

mm to 17.7 mm and 11.7 mm to 19.5 mm, respectively (Table 24). Although, the results 

of mean soil clod diameter showed that the mean soil clod diameter was smaller with the 

increasing rotational speed, the statistical analysis (Appendix C) revealed that the 

rotational speed did not affect the mean soil clod diameter at a 95% level of significance. 

It also revealed that number of tilling passes had insignificant effect on mean soil clod 

diameter.  

 

  The results of soil inversion at different rotational speeds and number of 

tilling passes are shown in Table 25. The percentages of soil inversion during pass 2 at 

rotational speeds of 300 rpm and 350 rpm were higher than pass 1. Average soil 

inversions at rotational speeds of 300 rpm and 350 rpm increased from 28.16% to 

34.16%, and 24.02 to 40.97%, respectively. However, the percentage of soil inversion 

was reduced after pass 2 at 400 rpm rotational speed. The statistical analysis by ‘F-test’ 

showed the insignificant effects of forward speed and number of tilling passes on soil 

inversion. 

 

  The tilling width of rotary power tiller T3 during pass 1 and pass 2 are 

slightly different (Table 26). During pass 1 and pass 2, average tilling width varied from 

66.7 cm to 68.2 cm, and 65.9 cm to 67.9 cm, respectively. Similarly, the statistical 

analysis as shown in Appendix C showed that the number of tilling passes and rotational 

speed did not affect significantly on tilling width during the tillage of rotary power tiller 

T3. 
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pass 1 at 300 rpm rotational speed

pass 1 at 350 rpm rotational speed

pass 1 at 400 rpm rotational speed

Power tiller no. 1: 14-blade rotor of Japanese C-shaped blade

pass 2 at 350 rpm rotational speed

pass 2 at 300 rpm rotational speed

pass 2 at 400 rpm rotational speed  
 

Figure 85 The weeds exposed on soil surface within a frame with an area of 0.25 m2 

after the tilling operations by the rotary power tiller T1. 
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pass 1 at 300 rpm rotational speed

pass 1 at 350 rpm rotational speed

pass 1 at 400 rpm rotational speed

Power tiller no. 2 :  14-blade rotor of prototype rotary blade no. 1

pass 2 at 350 rpm rotational speed

pass 2 at 300 rpm rotational speed

pass 2 at 400 rpm rotational speed  

 

Figure 86 The weeds exposed on soil surface within a frame with an area of 0.25 m2 

after the tilling operations by the rotary power tiller T2. 
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pass 1 at 300 rpm rotational speed

pass 1 at 350 rpm rotational speed

pass 1 at 400 rpm rotational speed

Power tiller no. 3 :  10-blade rotor of prototype rotary blade no. 2

pass 2 at 350 rpm rotational speed

pass 2 at 300 rpm rotational speed

pass 2 at 400 rpm rotational speed  
 

Figure 87 The weeds exposed on soil surface within a frame with an area of 0.25 m2 

after the tilling operations by the rotary power tiller T3. 
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7.  Statistical comparison of the performances of the rotary power tiller T1, rotary 

power tiller T2 and rotary power tiller T3 

 

 7.1 Effects of rotary power tiller type, rotational speed, and number of tilling 

passes on mean soil clod diameter 

 

  Average values of mean soil clod diameters resulted from the rotary power 

tillers no. 1, no. 2, and no. 3 were 13.0, 15.1, and 14.6 mm, respectively (Table 27), 

however not significantly different. Average values of mean soil clod diameter at 300, 

350, and 400 rpm rotational speed were 15.5, 14.3, and 12.8 mm, respectively. These 

values were not significantly different. Also the effect of number of tilling passes on the 

average value of mean soil clod diameter was not statistically significant. The average 

values of mean soil clod diameter at pass 1 and pass 2 were 14.4 and 14.1 mm, 

respectively. 

 

 Based on the mean soil clod diameters, the results revealed that the performances 

of the three types of rotary power tiller were similar. The comparison between the rotary 

power tillers no. 1 and no. 2 showed that the different shape of the rotary blades did not 

affect the mean soil clod diameter. The comparison between the rotary power tiller no. 3 

and power tiller no. 1 revealed that the lesser number of rotary blades did not affect on 

the mean soil clod diameter. 

  

 7.2 Effects of rotary power tiller type, rotational speed, and number of tilling 

passes on soil inversion 

 

  Figure 85 to 87 shows the presences of weeds on soil surface after the 

operations of three rotary power tillers. Soil inversion percentages as affected by three 

rotary power tillers no. 1, no. 2, and no. 3 were 29.22%, 29.21% and 31.11%, 

respectively (Table 27), which were insignificantly different. At different rotational 

speeds of 300, 350, and 400 rpm, the mean soil inversions were 27.45%, 28.96% and  
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Table 27   Effect of the rotary power tillers (T1, T2 and T3), the rotational speeds (N1, 

N2 and N3) and the number of tilling passes (P1 and P2) on forward speed, 

tilling width, tilling depth, mean soil clod diameter and soil inversion. 

 

Rotary Power 
Tiller 

Rotational 
Speed 
(rpm) 

Number of 
tilling pass

Forward 
speed 
(m/s) 

Tilling 
width 
(cm) 

Tilling 
depth 
(cm) 

Mean soil clod 
diameter  

(mm) 

Soil 
inversion 

(%) 
pass 1 (P1) 1.39 b 59.9 a 8.3   b 14.3 a 30.67 a 300 (N1) 

 pass 2 (P2) 1.46 a 61.5 a 10.9 a 12.7 a 15.86 a 

pass 1 (P1) 1.46 b 57.3 a 7.9   b 14.6 a 25.52 a 350 (N2) 

pass 2 (P2) 1.68 a 60.2 a 10.6 a 12.6 a 35.72 a 

pass 1 (P1) 1.53 b 61.9 a 10.1 b 13.9 a 40.17 a 

Rotary power tiller 

no.1 using 14 

Japanese rotary C-

shaped blades; 4.5 

cm tilling with of 

blade (T1) 
400 (N3) 

pass 2 (P2) 1.69 a 66.2 a 12.3 a 9.9   a 27.36 a 

pass 1 (P1) 1.38 b 58.8 a 12.4 b 16.0 a 21.99 a 300 (N1) 

pass 2 (P2) 1.53 a 56.8 a 13.5 a 13.0 a 33.85 a 

pass 1 (P1) 1.46 b 50.8 a 7.6   b 17.5 a 31.55 a 350 (N2) 

pass 2 (P2) 1.78 a 52.2 a 10.4 a 12.8 a 21.97 a 

pass 1 (P1) 1.57 b 50.2 a 9.4   b 13.8 a 33.67 a 

Rotary power tiller 

no.2 using 14 

prototype rotary 

blades no.1; 4.5 cm 

tilling width of a 

blade (T2) 
400 (N3) 

pass 2 (P2) 1.89 a 47.8 a 9.5   a 17.2 a 32.22 a 

pass 1 (P1) 1.39 b 68.2 a 9.5   b 17.7 a 28.16 a 300 (N1) 

pass 2 (P2) 1.39 a 65.9 a 12.0 a 19.5 a 34.16 a 

pass 1 (P1) 1.58 b 66.7 a 10.6 b 10.6 a 24.02 a 350 (N2) 

pass 2 (P2) 1.56 a 67.0 a 12.1 a 17.5 a 40.97 a 

pass 1 (P1) 1.84 b 67.7 a 9.4   b 10.6 a 31.96 a 

Rotary power tiller 

no.3 using 10 

prototype rotary 

blades no.2; 6.5 cm 

tilling width of a 

blade (T3) 
400 (N3) 

pass 2 (P2) 1.95 a 67.9 a 13.1 a 11.7 a 27.38 a 

  P1 mean 1.51 b 60.6 a 9.5 b 14.4 a 29.7 a 

  P2 mean 1.66 a 61.0 a 11.6 a 14.1 a 29.9 a 

 N1 mean  0.40 c 61.9 a 11.1 a 15.5 a 27.45 a 

 N2 mean  0.44 b 59.3 a 9.9   a 14.3 a 28.96 a 

 N3 mean  0.48 a 60.3 a 10.7 a 12.8 a 32.13 a 

T1 mean   0.43 a 61.2 b 10.0 a 13.0 a 29.22 a 

T2 mean   0.44 ab 59.1 c 10.5 a 15.1 a 29.21 a 

T3 mean   0.45 b 67.3 a 11.1 a 14.6 a 31.11 a 

C.V.  (%)   7.04 5.57 23.32 2.71 36.74 

 

Data with the same letter in vertical indicates no significant different (p < 0.05) 
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32.13%, respectively. The mean soil inversions were 29.7% and 29.9% at pass 1 and pass 

2, respectively. Although the results showed that the soil inversion increased with the 

increasing rotational speed of rotor, the effect of the rotational speed of the rotor on the 

soil inversion was found to be insignificant. Also the effect of the number of tilling 

passes on soil inversion was found to be insignificant. 

 

  The shape of prototype rotary blade of the rotary power tiller no. 2 did not 

affect on the soil inversion as comparing with the Japanese C-shaped blade of the rotary 

power tiller no. 1. Similarly, the effect of the number of prototype rotary blade of the 

rotary power tiller no. 3 with 10 blades in comparison with the rotary power tillers no. 1 

and no. 2 with 14 blades did not affect on the soil inversion.  

 

 7.3 Effects of rotary power tiller type, rotational speed, and number of tilling 

passes on tilling depth 

 

  Average tilling depths as affected by the rotary power tillers no. 1, no. 2, 

and no. 3 were 10.0, 10.5, and 11.1 cm, respectively, as shown in Table 27. The average 

tilling depths at pass 1 and pass 2 were 9.5 and 11.6 cm respectively. The statistical 

results indicated that the different rotary power tillers and the different rotational speeds 

of the rotor did not affect the tilling depth, however the number of tilling passes affected 

the tilling depth significantly. 

 

 7.4 Effects of rotary power tiller type, rotational speed, and number of tilling 

passes on forward speed  

 

  The rotary power tillers no. 1, no. 2, and no. 3 operated at the average 

forward speeds of 0.43, 0.44 and 0.45 m/s, respectively (Table 27). The forward speed 

increased with the increasing rotational speed. As the forward speed of rotary power 

tillers no. 1, no. 2, and no. 3 were not significantly different. The results indicated that the 

rotational speed and the number of tilling passes affected the forward speed significantly.       
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 7.5 Effects of rotary power tiller type, rotational speed, and number of tilling 

passes on tilling width  

 

  Average tilling widths as affected by the rotary power tillers no. 1, no. 2, 

and no. 3 were 61.2, 59.1, and 67.3 cm, respectively, as shown in Table 27. The results 

revealed that although the effects of the rotational speeds of the rotor and the number of 

tilling passes on the tilling width were found to be insignificant, the effect of the rotary 

power tiller on tilling width was found to be significant. It manifested that the different 

shape of the tested rotary blades affected the tilling width.  

 

 7.6 Discussions 

 

  Based on all results, there were no difference of mean soil clod diameters 

and soil inversion percentages as affected by the three different rotary power tillers. It 

indicated that the straight lengthwise blade portion of the prototype rotary blade no. 1 did 

not affect the tilling performance of rotary power tiller when compared to the Japanese C-

shaped blade. Similarly, the wider tip blade portion of the prototype rotary blade no. 2 did 

not decrease the tilling performance either.  

 

  The similar tilling performance of the 3 types of rotary power tillers studied 

in the experiment revealed that, firstly the prototype no. 1 and no. 2 could really be 

operated in the field. The Japanese C-shaped blade is currently widely used in Thailand, 

and also commercially produced. However, the newly designed straight blade will be 

simpler to be manufactured. Secondly, the prototype rotary blade no. 2 should be 

developed further for commercial production because the design requires a lesser number 

of blades (10 instead of 14), therefore the farm operating cost would be considerably 

reduced. 



CONCLUSION AND RECOMMENDATION 
 

Conclusion 

 

1.  Investigation into the tilling performance of three commercial rotary tillers 

 

 The main objective of this study was to investigate the performance of rotary 

cultivators using the different rotary blades. Their performances were studied when 

operated at different forward speeds and number of tilling passes. The performances of 

the rotary tillers model Kobashi KB-70 (42-blade rotor of European L-shaped blade) and 

model FM1601B (42-blade rotor of Japanese C-shaped blade) were statistically analyzed. 

The performances of the rotary tillers model Kobashi KB-70, model FM1601B and the 

rotary tiller developed by Agricultural Engineering Research Institute (42-blade rotor of 

European C-shaped blade) are concluded as follows; 

 

 1.1 Wheel slip was higher at higher forward speed while wheel slip during the 

second pass was less than during the first pass. The wheel slip which was produced by 

the rotary tiller model Kobashi KB-70 during the second pass was 15.29% to 35.35% less 

as compared to the first pass. For the rotary tiller model FM1601B, the wheel slip during 

the second pass was 24.81% to 38.49% less comparing with the first pass. While 

statistical analysis revealed that the wheel slips of both rotavators were not different at 

95% level of significance. For the rotary tiller developed by Agricultural Engineering 

Research Institute, the wheel slip during the tillage in the first pass at 1.43 and 2.26 km/h 

forward speed was 27.40% and 48.63% more than at 1.04 km/h forward speed. During 

the second pass, the wheel slip at 1.36 and 2.23 km/h forward speed was 42.62% and 

106.56% more than at 1.01 km/h. At any forward speed, the wheel slip during the second 

pass was 41.94% to 58.22% less compared to the first pass.  

 

 1.2 The comparison of PTO power requirement/tilling width between the rotary 

tillers model Kobashi KB-70 and model FM1601B showed that the effects of rotary tiller, 

number of tilling passes and forward speed were found to be significant. The PTO power 
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requirement/tilling width of the rotary tiller model Kobashi KB-70 was 12.99% to 

26.01% and 31.15% to 85.19% higher than model FM1601B at the first and the second 

pass, respectively. At the second pass, the PTO power requirement/tilling width for the 

rotary tiller model Kobashi KB-70 was 42.53%, 30.53% and 46.67% less than the first 

pass at 2.02, 2.96 and 4.92 km/h, respectively. For the rotary tiller model FM1601B, the 

PTO power requirement/tilling width at the second pass was 64.93%, 57.14% and 

48.74% less than the first pass at 2.02, 2.96 and 4.92 km/h, respectively. For the rotary 

tiller developed by Agricultural Engineering Research Institute, the PTO power 

requirement/tilling width for tilling at the first pass at 1.04 km/h forward speed was 

26.15% and 41.46% less than when compared to forward speeds of 1.43 and 2.26 km/h 

respectively. At the second pass, the PTO power requirement/tilling width at 1.01 km/h 

forward speed was 23.33% and 37.84% less than when compared to forward speeds of 

1.36 km/h and 2.23 km/h respectively. Also, the PTO power requirement/tilling width at 

the second pass was lesser by 52.08% to 54.89% comparing with the first pass. 

 

 1.3 Mean soil clod diameter was significantly influenced by parameter of rotary 

tiller, number of tilling passes and forward speed. A smaller mean soil clod diameter after 

tilling by the rotary tiller model FM1601B was obtained as compared to the rotary tiller 

model Kobashi KB-70. For both rotary tillers, mean soil clod diameter at the second pass 

was smaller than at the first pass. The bigger mean soil clod diameter was obtained at 

higher forward speed. The smallest mean soil clod diameters which were obtained after 

tilling in the second pass at 2.02 km/h forward speed were 19 mm and 17 mm for rotary 

tillers model Kobashi KB-70 and model FM1601B, respectively. Similarly, for the rotary 

tiller developed by Agricultural Engineering Research Institute, mean soil clod diameter 

increased when the forward speed was increased. And the mean soil clod diameter at the 

second pass was smaller than at the first pass. The smallest mean soil clod diameter 

which was obtained at the second pass at 1.01 km/h forward speed was 12 mm.  

 

 1.4 Soil inversion was significantly affected by the parameter of the rotary tiller 

while it was not significantly affected by the number of tilling passes and the forward 

speed. However, soil inversion of the rotary tiller model FM1601B at the first and second 
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pass was 12.29% to 15.25% and 6.05% to 13.62% higher than that of model Kobashi 

KB-70, respectively. For the rotary tiller developed by Agricultural Engineering Research 

Institute, the percentage of soil inversion decreased with the increasing forward speed; 

while the percentage of soil inversion after the first pass was lower than after the second 

pass.  

 

2. Study on the characteristics of torque acting on a rotary shaft and specific tilling 

energy of three original rotary blades 

 

 This research work aimed to study the characteristics of torque generated by the 

Japanese C-shaped blade, the European L-shaped blade, and the European C-shaped 

blade, and investigate the actual tilling processes, specific tilling energies and soil 

throwing patterns of individual blades. These original blades were tested in a laboratory 

soil bin under sandy loam and clay soil at forward speeds of 0.034 and 0.069 m/s and 

rotational speeds of 150, 218, 278 and 348 rpm. According to the results in the laboratory 

as presented in section 3 of the chapter of results and discussion, the following 

conclusions can be drawn as follow; 

 

 2.1 The torque characteristics of each rotary blade exhibited the torque variation 

relating to their tip blade positions corresponding to soil-blade interaction in the tilling 

process.  

 

 2.2 The shape of the rotary blade was an important factor that influenced its 

torque characteristic. The straight blade portion of the Japanese C-shaped blade caused 

that the increasing torque in impact characteristic disappeared. While the sudden impact 

of the curvature between the straight blade and tip blade portions of both tested European 

rotary blades at the soil surface level caused an immediate increase of torque in tilling 

stage.  

 

 2.3 The cyclicity of torque which is the phenomenon of soil-tool interaction was 

observed during the test in condition of clay soil more clearly than in sandy loam soil. 
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 2.4 The specific tilling energy of all blades increased with the rotational speed. 

Similarly, the specific tilling energy also increased with increase of the depth and soil 

specific weight. In contrast, the specific tilling energy decreased when the forward speed 

increased from 0.034 m/s to 0.069 m/s. The specific tilling energy in clay soil was more 

than in sandy loam soil.  

 

 2.5 The specific tilling energy of the Japanese C-shaped blade was higher than of 

European blades. The specific tilling energy of the European L-shaped blade was the 

least compared to other blades.  

 

 2.6 The wider tip blade portions of both European rotary blades have caused the 

decrease of specific tilling energy per a round of tillage.  

 

 2.7 The new method, which was developed for estimating the position of soil 

clod thrown by the rotary blade, could be used effectively. It indicated that the throwing 

patterns of both European rotary blades were distinctly different from the throwing 

patterns of the Japanese C-shaped blade. For the Japanese C-shaped blade, the rotational 

speed influenced its soil throwing pattern. For both European rotary blades, the tilled soil 

throwing had almost similar but different pattern from soil throwing patterns of the 

Japanese C-shaped blade. 

 

3. Study on the characteristics of torque acting on a rotary shaft and specific tilling 

energy of three prototype rotary blades 

 

 The objective of this study was to study the characteristics of torque of three 

prototype rotary blades with 15°, 30°, and 45° lengthwise slice angle, which were 

developed to reduce impact force and specific tilling energy. The study was conducted in 

a laboratory soil bin in sandy loam and clay soils at forward speeds of 0.069 and 0.142 

m/s and rotational speeds of 150, 218, 278 and 350 rpm. The following conclusions of the 

study for testing the assumptions are drawn; 
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  3.1 The new shapes of straight blade portion of prototype rotary blades were 

designed to be straight and the first-tilling portion. They were designed to lean against the 

soil surface at the beginning of the tillage with the lengthwise slice angle (i.e. 15°, 30° 

and 45°) in condition of 10 cm bite length. Moreover, the tip blade portions of these 

prototype rotary blades were designed to be 6.5 cm which is wider than the Japanese C-

shaped blade to reduce the specific tilling energy per a round of tillage.  

 

 3.2 The photographs taken during the tests showed that the straight blade 

portions with 15°, 30° and 45° lengthwise slice angle of three testing prototype rotary 

blades tilled into the soil mass at the beginning of the tilling stage, which follow the 

conceptual design.  

 

 3.3 The new design of the straight blade portion of the prototype rotary blade 

caused a shorter range of tilling stage in comparison with the Japanese C-shaped blade. 

And the tilling action at the beginning of tilling stage of the prototype rotary blades could 

really reduce the sudden and highly increased torque as appeared in both European L-

shaped and C-shaped blades. From the experiments it is confirmed that the shape of a 

rotary blade is an important factor that influences the characteristic of torque.  

 

 3.4 The tip blade portions of all tested prototype rotary blades were designed to 

be wider to follow the experimental hypothesis. It showed that, in the condition of 0.069 

m/s forward speed under clay soil, the specific tilling energies of three prototype rotary 

blades were distinctly less than the specific tilling energy of the Japanese C-shaped blade 

and the specific tilling energy of the European C-shaped blade, as their specific tilling 

energies were close to the specific tilling energy of the European L-shaped blade. 

Furthermore, the specific tilling energy used by the prototype rotary blade with 15° 

lengthwise slice angle was the least compared to other prototype rotary blades. 

 

 3.5 The specific tilling energy of all tested prototype rotary blades increased with 

the rotational speed. Also, the specific tilling energy increased when the forward speed 

increased from 0.069 m/s to 0.142 m/s.  
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4. Study on pushing-forward force, lifting-up force and moment around the rotor 

shaft of the prototype rotary blade with 15° lengthwise slide angle 

 

  This study was set up and tested in a laboratory soil bin under sandy loam and 

clay soils at forward speeds of 0.069 and 0.142 m/s and rotational speeds of 150, 250 and 

350 rpm in order to clarify the characteristics of the lifting-up and pushing-forward forces 

and the moment around a rotary shaft while the prototype rotary blade with 15° 

lengthwise slice angle was in the tilling stage. The resultant force of soil reaction forces 

was determined and presented along with the angular position. Also, the study was 

conducted in clay soil at 16.4% (d.b.) moisture content to study the effect of moisture 

content on soil-blade reactions. The conclusions of this study can be drawn as follow;  

 

 4.1 The measuring technique and analysis method which was developed 

specifically for measuring the real time reaction forces in the tilling process of the 

prototype rotary blade with 15° lengthwise slice angle was able to present the 

characteristic of two orthogonal force components.  

 

 4.2 The vertical and horizontal forces and moment at zero-cutting conditions 

characterized in wave forms which agreed with the characteristics of reaction forces in 

condition of zero-cut rotation as recommended by Thakur and Godwin (1988). 

 

 4.3. The exact position of acting point of the resultant force on the prototype 

rotary blade was unable to be specified but the point of action of resultant force in each 

angular position located inside the circumstance of the locus curve. 

 

 4.4 The actual phenomena of soil-blade interaction of the prototype rotary blade 

with 15° lengthwise slice angle in tilling stage can be presented reasonably by the 

variation of magnitude and direction of pushing-forward, lifting-up and resultant forces. 

 

 4.5 Type of soil influenced the magnitude of soil-blade reaction force acting on 

the prototype rotary blade with 15° lengthwise slice angle.  
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5. Study on the performance of rotary power tiller using prototype rotary blades in 

dry-land field 

   

  The study was intended to investigate the effect of shape of the prototype rotary 

blades on the performance of rotary power tiller. For this purpose, the 14-blade rotor of 

the prototype rotary blade with 15° lengthwise slice angle and 4.5 cm tilling width of 

blade and the 10-blade rotor of the prototype rotary blade with 15° lengthwise slice angle 

and 6.5 cm tilling width of blade were fabricated and used for the tests in a dry-land field 

of clay loam soil at rotational speeds of 300, 350 and 400 rpm and compared to the rotary 

power tiller installing the 14-blade rotor of Japanese C-shaped blade. The conclusions 

can be drawn as follow; 

 

 5.1 Soil inversion, mean soil clod diameter and tilling depth were not 

significantly influenced by set of the rotor, number of tilling passes and rotational speed. 

It showed that the tilling quality produced by the rotary power tiller no. 2 with 14-blade 

rotor of the prototype rotary blade no. 1 and the rotary power tiller no. 3 with 10-blade 

rotor of the prototype rotary blade no.2 were not different comparing with the rotary 

power tiller no.1 with 14-blade rotor of the Japanese C-shaped blade.  

 

 5.2 The new shapes of straight blade and tip blade portion of the prototype rotary 

blade no.1 were not found to be significant comparing with the Japanese C-shaped blade 

in the performance of the tilling depth, the mean soil clod diameter and the soil inversion.  

 

 5.3 The average value of tilling width of the rotary power tillers T1, T2 and T3 

were 61.2 cm, 59.1 cm and 67.3 cm, respectively. They were statistically different at 95% 

level of significance. While it was found that the tilling width of a rotary power tiller was 

not statistically affected at 95% level of significance by number of passes and rotational 

speed. 

  

 5.4 The tilling performance of rotary power tiller no. 3 with 10-blade rotor of 

prototype rotary blade no. 2 was not significant by different as compared to the tilling 
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performance of the rotary power tillers no. 1 with 14-blade rotor of Japanese C-shaped 

blade and the rotary power tiller no. 2 with 14-blade rotor of the prototype rotary blade 

no. 1 on the tilling performance. It meant that the wider tip blade portion of prototype 

rotary blade no. 2 (6.5 cm tilling width) did not decrease the performance of rotary power 

tiller.  

 

Concluding remark 

 

 In the research and development of a rotary blade for a rotary power tiller for 

different soils in Thailand, comprehension of the tilling process of a rotary tiller in actual 

condition was necessary. Thus the tractor drawn three commercial rotary tillers (i.e. the 

rotary tillers model Kobashi KB-70 using 42 blades of European L-shaped blade, the 

rotary tiller model FM1601B using 42 blades of Japanese C-shaped blade and the rotary 

tiller developed by Agricultural Engineering Research Institute using European C-shaped 

blade) were tested in a dry-land field of clay loam soil in order to investigate the 

performance of rotavator, especially in mean soil clod diameter and soil inversion. Also, 

the values of PTO power requirement/tilling width of these rotavators were evaluated. 

Although, the effect of shape of the rotary blade could not be clarified, the results 

revealed distinctively the influences of rotary tiller, forward speed and number of tilling 

passes on the PTO power requirement/tilling width, mean soil clod diameter, and soil 

inversion. The rotary tiller model Kobashi KB-70 consumed higher PTO power 

requirement/tilling width and produced bigger mean soil clod diameter than model 

FM1601B at all passes and forward speeds. However, the tillage with rotary tiller model 

FM1601B gave more percent of soil inversion in comparison with model Kobashi KB-

70. For all rotary tillers, higher forward speed at the same pass demanded more PTO 

power requirement/tilling width. The PTO power requirement/tilling width during the 

first pass was higher compared to the second pass at the same forward speed. Mean soil 

clod diameter after tilling at the first pass was larger than after the second pass, while 

bigger mean soil clod diameter was obtained when forward speed was increased.  
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 In order to understand the effect of the shape of a rotary blade on performance, 

three original rotary blades, i.e. Japanese C-shaped blade, European L-shaped blade and 

European C-shaped blade, were selected to study their torque characteristics and specific 

tilling energy in a laboratory soil bin under sandy loam and clay soils by single-shot 

technique. The study indicated that the shape of the rotary blade influenced the torque 

characteristic and the specific tilling energy. For the Japanese C-shaped blade, since its 

lengthwise curved portion tilled the soil first, the increase of tilling torque was less than 

other two blades. For both European blades, the curved portion along the length and the 

tip was the first to impact the soil mass. The impact force at the beginning of cutting 

caused the torque increased immediately. The cyclic variation in torque could be 

observed distinctively, especially, for both European blades. It was found that the specific 

tilling energy of the Japanese C-shaped blade was the highest while the specific tilling 

energy of the European L-shaped blade was the lowest. The specific tilling energies of all 

blades increased with the rotational speed. When the depth and soil specific weight 

increased, the specific tilling energy also increased. The specific tilling energy decreased 

when the forward speed increased. The specific tilling energy in clay soil were more than 

in sandy loam soil. Moreover, the soil wedge adhering on the scoop surface of both 

European blades during the tilling process caused the different soil throwing patterns in 

comparison with Japanese C-shaped blade.   

 

 According to torque characteristics and specific tilling energy requirements of 

three original rotary blades, the straight blade portions of the prototype rotary blades were 

newly designed to lean against the soil surface level with the lengthwise slice angle (∝l) 

at the beginning of the tillage in the condition of 10 cm bite length to reduce the impact 

force. The tilling width of the prototype rotary blade was designed to be 65 mm which 

was wider than the Japanese C-shaped blade in order to reduce the specific tilling energy 

used per round of tillage. Then the prototype rotary blades with 15°, 30° and 45° 

lengthwise slice angle were fabricated and also tested in a laboratory soil bin by single-

shot technique. The reduction of impact force could be observed evidently from torque 

characteristics of these prototype rotary blades compared to European L-shaped and 

European C-shaped blades. And it was observed that the new design of straight blade 
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portion of prototype rotary blade caused the shorter range of tilling stage in comparison 

with Japanese C-shaped blade. Besides, the specific tilling energy per a round of cutting 

of these prototype rotary blades was less than of Japanese C-shaped and of European C-

shaped blades. The specific tilling energy used for the prototype rotary blade with 15° 

lengthwise slice angle was minimum in comparison with other prototype rotary blades.  

 

 The soil-blade reaction forces acting on the prototype rotary blade with 15° 

lengthwise slice angle in tilling stage were studied deeply in laboratory soil bin to 

understand clearly the actual soil-blade interaction in tilling stage. The characteristic of 

pushing-forward and lifting-up forces and moment around a rotor shaft were obtained by 

using the EOR transducer. Also, the acting point of resultant force of these soil-blade 

reaction forces was determined. The pushing-forward and lifting-up forces, moment 

around a rotor shaft and resultant force increased at higher forward speed and higher soil 

moisture content. In tilling stage, the acting points of resultant force located inside the 

circumstance of the blade locus. The results showed that the variation of magnitude and 

direction of pushing-forward, lifting-up and resultant forces corresponded to soil-blade 

interaction of the prototype rotary blade in tilling stage.  

 

 In the final part of this study, in order to indicate that the rotary power tiller 

equipped with prototype rotary blades with 15° lengthwise slice angle and 6.5 cm tilling 

width of one blade could operate in the field, and in order to study the effect of the shape 

of the prototype rotary blade on the performance of a rotary power tiller. For these 

purposes, three sets of the rotors, i.e.14-blade rotor of the Japanese C-shape blade (4.5 cm 

tilling width of one blade; T1), 14-blade rotor of the prototype rotary blade no. 1 (4.5 cm 

tilling width of one blade; T2), and 10-blade rotor of the prototype rotary blade no. 2 (6.5 

cm tilling width of one blade; T3) were used for testing in the dry-land field of clay loam. 

For all rotors, the experimental results showed that there were no differences of mean soil 

clod diameters and soil inversion percentages as affected by the three different rotary 

power tillers. It indicated that the straight blade portion of the prototype rotary blade no. 

1 did not affect the tilling performance of the rotary power tiller as compared to 14-blade 

rotor of the Japanese C-shaped blade. Similarly, the wider tip blade portion of the 
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prototype rotary blade no. 2 did not decrease the tilling performance either. And it 

indicated that the new design of the prototype rotary blade with 15° lengthwise slice 

angle and 6.5 cm tilling width requires a lesser number of blades (10 instead of 14) as 

compared to the commercial Japanese C-shaped blade.  

 

Recommendation 

 

 Based on the study on the characteristics of torque and soil-reaction force, the 

following recommendations are made for further work; 

  

 1. The effect of lengthwise slice angle (∝l) on soil-reaction force, especially on 

pushing-forward and lifting-up force needs to be studied deeply more.  

 

 2. The virtual location of total resultant force of rotary blade should be studied 

further.  

 

 3. Since the prototype rotary blade was designed for 10 cm bite length thus the 

workable rotary blade on larger bite length should be developed. 

 

 4. The procedure for mass production of the prototype rotary blade should be 

developed.  

 

 5. The performance and fuel consumption of the rotary power tiller with the rotor 

of prototype blade in actual conditions of seed bed preparation should be studied to 

confirm the reduction of specific tilling energy as found in the laboratory test.  
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Appendix Table A1 Liquid and plastic limits of soil taken from Srisaket Province for 

testing in a laboratory soil bin. 

 
Source: Srisaket Province 

 Liquid limit test  Plastic limit test 

No. of blows; N 14 19 26 33 42 50 54  Sample 

1 

Sample 

2 

Can No. S1 S2 S3 S4 S5 S6 S7  S11 S1 

Wt. of can (g) 12.67 11.63 12.88 12.94 8.60 8.41 8.66  8.49 8.49 

Wt. of wet soil + can (g) 27.49 33.42 33.48 35.13 29.78 31.37 33.38  28.85 25.87 

Wt. of dry soil + can (g) 24.78 29.83 30.10 31.91 26.65 28.16 30.13  26.54 23.97 

Wt. of water (g) 2.71 3.59 3.38 3.22 3.13 3.21 3.25  2.31 1.90 

Wt of dry soil (g) 12.11 18.20 17.22 18.97 18.05 19.75 21.47  18.05 15.48 

% Water content 22.42 19.72 19.63 16.97 17.33 16.27 15.16  12.80 12.26 

 
 

 
 

Appendix Figure 1 Flow curve of soil from Srisaket Province for determining liquid 

limit. 
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Appendix Table A2 Liquid and plastic limits of soil taken from Nakorn Pathom 

Province for testing in a laboratory soil bin. 

 
Source: Nakorn Pathom Province 

 Liquid limit  Plastic limit 

No. of blows; N 16 20 28 31 41 48 53  Sample 

1 

Sample

2 

Can No. S1 S2 S3 S4 S5 S6 S7  S11 S1 

Wt. of can (g) 12.67 11.63 12.88 12.94 8.60 8.41 8.66  8.49 8.49 

Wt. of wet soil + can (g) 26.49 35.42 34.25 34.46 31.60 32.71 33.38  24.68 26.49 

Wt. of dry soil + can (g) 21.99 27.93 28.40 28.12 27.27 29.20 30.13  21.43 21.99 

Wt. of water (g) 4.50 7.49 5.85 6.34 4.33 3.51 3.25  3.25 4.50 

Wt of dry soil (g) 9.32 16.30 15.52 15.18 18.67 20.79 21.47  12.94 9.32 

% Water content 48.27 45.95 37.68 41.76 23.20 16.90 15.12  25.12 21.52 

 
 

 
 

Appendix Figure 2 Flow curve of soil from Nakorn Pathom Province for determining 

liquid limit. 
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Appendix Table A3  Liquid and plastic limits of soil from experimental field in 2005. 

 
Source: Experimental field of Agricultural Engineering Department, Kasetsart 

University, Khampaneng Saen, Nakorn Pathom in 2005 

 Liquid limit  Plastic limit 

No. of blows; N 18 22 27 32 43 47 52  Sample

1 

Sample 

2 

Can No. S1 S2 S3 S4 S5 S6 S7  S11 S1 

Wt. of can (g) 12.67 11.63 12.88 12.94 8.6 8.41 8.66  8.49 8.49 

Wt. of wet soil + can (g) 33.13 32.41 30.72 34.46 29.15 31.81 33.47  30.34 24.68 

Wt. of dry soil + can (g) 27.57 27.05 26.40 29.81 25.27 28.29 29.83  26.62 21.88 

Wt. of water (g) 5.56 5.36 4.32 4.65 3.88 3.52 3.64  3.72 2.81 

Wt of dry soil (g) 14.90 15.42 13.52 16.87 16.67 19.88 21.17  18.13 13.39 

% Water content 37.34 34.77 31.95 27.55 23.28 17.69 17.18  20.52 20.96 

 

 
 

Appendix Figure 3 Flow curve for determining liquid limit of soil sample from an 

experimental field of Agricultural Engineering Department, 

Kasetsart University, Khampaneng Saen, Nakorn Pathom in 2005. 
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Appendix Table A4 Liquid and plastic limits of soil from experimental field in 2007. 

 
Source: Experimental field of Agricultural Engineering Department, Kasetsart 

University, Khampaneng Saen, Nakorn Pathom in 2007 

 Liquid limit  Plastic limit 

No. of blows; N 15 18 23 29 37 40 46  Sample

1 

Sample 

2 

Can No. S1 S2 S3 S4 S5 S6 S7  S11 S1 

Wt. of can (g) 12.67 11.63 12.88 12.94 8.6 8.41 8.66  8.49 8.49 

Wt. of wet soil + can (g) 31.49 29.82 31.28 33.52 32.11 31.19 32.52  28.64 25.19 

Wt. of dry soil + can (g) 25.71 24.68 26.24 28.42 27.07 26.81 28.22  24.95 21.85 

Wt. of water (g) 5.78 5.14 5.04 5.10 5.04 4.38 4.30  3.69 3.34 

Wt of dry soil (g) 13.04 13.05 13.36 15.48 18.47 18.40 19.56  16.46 13.36 

% Water content 44.34 39.38 37.75 32.94 27.29 23.80 21.99  22.42 25.02 

 

 
 

Appendix Figure 4 Flow curve for determining liquid limit of soil sample from the 

experimental field of Agricultural Engineering Department, 

Kasetsart University, Khampaneng Saen, Nakorn Pathom in 2007. 
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Appendix Table A5   Grain size analysis by Bouyoucos Hydrometer. 
 

Time  L 

(° C) 

(1) 

t 

(° C) 

(2) 

Rt 

(g/liter) 

(3) 

tc 

(° C) 

(4) 

Cr 

(g/liter) 

(5) 

Rs 

(g/liter) 

(6) 

Cs 

(g/liter) 

(7) 

Sand 

(%) 

 

Silt  

(%) 

 

Clay  

(%) 

 

Soil 

type 

Experiment :   Study on the characteristics of torque and specific tilling energy of rotary blades. And study  

 on pushing-forward force, lifting-up force and moment around the rotor shaft of prototype 

 rotary blade with 15° lengthwise slide angle 

Source :   Srisaket Province in Northeastern part of Thailand 

40 sec. 20 25.5 36.7 28.6 14.0 38.68 (8) 18.3 (9) 

8 hr.  20 24.5 24.5 27.5 15.1 26.12 (10) 18.8 (11) 
59.2 26.1 14.6 

Sandy 

loam 

Source :   Nakorn Pathom Province in Central part of Thailand 

40 sec. 20 28.7 39.7 21.5 5.6 42.83 6.35 

8 hr.  20 27.4 31.0 21.4 5.6 33.66 6.3 
27.1 18.2 54.7 Clay 

Experiment :   Investigation into the tilling performance of three commercial rotary tillers in 2005 

Source :   Experimental field of Agricultural Engineering Department, Kasetsart University, 

 Khampaneng Saen, Nakorn Pathom in 2005 

40 sec. 20 28.7 38.6 21.3 5.6 41.73 6.25 

8 hr.  20 27.5 20.4 22.5 5.5 23.12 6.75 
29.04 38.23 32.73 

Clay 

loam 

Experiment :   Investigation into the performances of three rotary power tillers in 2007 

Source :   Experimental field of Agricultural Engineering Department, Kasetsart University, 

 Khampaneng Saen, Nakorn Pathom in 2007 

40 sec. 20 28.5 38.4 22.7 5.3 41.44 6.65 

8 hr.  20 22.7 22.2 25.1 6.7 23.17 9.25 
30.43 41.73 27.84 

Clay 

loam 

 

Remark: Weight of soil sample was 50 g 
 

 (6)  = [ ])1()2(36.0)3( −⋅+  
 

 (7)  = [ ])1()4(50.0)5( −⋅+  
 

 Sand (%) = [ ] 100
50

)9()8(50
×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −−
g

g  

 Silt (%) = [ ] [ ] 100
50

)11()10()9()8(
×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −−−
g
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 Clay (%) = 100
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)11()10(
×

−
g

 

 

Appendix Table A6   Calibration of pycnometer. 

 

PYCNOMETER CALIBRATION 

Determination no.  1 2 3 4 5 

Wt. Pycnometer + water (g) 666.59 665.45 665.33 664.4 663.62
Temperature (°C) 20 25 30 35 40 
 

 

 

 
 

Appendix Figure 5  Pycnometer calibration chart. 
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Appendix Table A7 Specific gravity test. 

 

SPECIFIC GRAVITY TEST 

Work: Study on the characteristics of torque and specific tilling energy of rotary 
 blades. And study on pushing-forward force, lifting-up force and moment 
 around the rotor shaft of prototype  rotary blade with 15° lengthwise slide angle 

Source: Srisaket Province in Northeastern part of Thailand (Sandy loam soil) 

Determination no.  Sample1 Sample2 Sample3 
Wt. of pyconometer + water + soil :  W2 (g) 696.43 696.01 695.81 
Temperature (°C) 28 27 28 
Wt. of pyconometer + water (from chart as shown in 
Appendix Figure A5):  W1 (g) 665.36 665.50 665.36 
Dry container no. 1 2 3 
Wt. of container + dry soil (g) 237.87 322.29 250.11 
Wt. of container (g) 188.06 272.93 201.20 
Wt. dry soil used in test 49.81 49.36 48.91 
Specific gravity of water at temp °C: GT 0.9963 0.9965 0.9963 
Specific gravity of soil sample : Gs 2.65  2.61 2.64 

Average Gs of soil sample 2.64 

Source: Nakorn Pathom Province in Central part of Thailand (Clay soil) 

Determination no.  Sample1 Sample2 Sample3 
Wt. of pyconometer + water + soil :  W2 (g) 697.02 696.44 695.87 
Temperature (°C) 26 26 27 
Wt. of pyconometer + water (from chart as shown in 
Appendix Figure A5):  W1 (g) 665.64 665.64 665.50 
Dry container no. 1 2 3 
Wt. of container + dry soil (g) 237.87 322.42 249.60 
Wt. of container (g) 188.06 272.93 201.20 
Wt. dry soil used in test 49.80 49.49 48.40 
Specific gravity of water at temp °C: GT 0.9968 0.9968 0.9968 
Specific gravity of soil sample : Gs 2.70  2.64 2.68 

Average Gs of soil sample 2.67 
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Appendix Table A7 (Continued) 

 

SPECIFIC GRAVITY TEST 
Experiment :  Investigation into the tilling performance of three commercial rotary tillers 
  in 2005 
Source :   Experimental field of Agricultural Engineering Department, Kasetsart 
  University, Khampaneng Saen, Nakorn Pathom in 2005 
Determination no.  Sample1 Sample2 Sample3 
Wt. of pyconometer + water + soil :  W2 (g) 695.81 695.22 695.78 
Temperature (°C) 29 27 26 
Wt. of pyconometer + water (from chart as shown in 
Appendix Figure A5):  W1 (g) 

665.22 665.50 665.64 

Dry container no. 1 2 3 
Wt. of container + dry soil (g) 237.62 320.61 249.83 
Wt. of container (g) 188.06 272.93 201.20 
Wt. dry soil used in test 49.56 47.68 48.63 
Specific gravity of water at temp °C: GT 0.9960 0.9965 0.9968 
Specific gravity of soil sample : Gs 2.60  2.65 2.62 
Average Gs of soil sample 2.62 
Experiment :   Investigation into the performances of three rotary power tillers in 2007 
Source :   Experimental field of Agricultural Engineering Department, Kasetsart 
 University, Khampaneng Saen, Nakorn Pathom in 2007 
Determination no.  Sample1 Sample2 Sample3 
Wt. of pyconometer + water + soil :  W2 (g) 696.28 695.44 696.66 
Temperature (°C) 25 26 28 
Wt. of pyconometer + water (from chart as shown in 
Appendix Figure A5):  W1 (g) 665.78 665.64 665.36 
Dry container no. 1 2 3 
Wt. of container + dry soil (g) 236.57 321.27 251.87 
Wt. of container (g) 188.06 272.93 201.20 
Wt. dry soil used in test 48.51 48.34 50.67 
Specific gravity of water at temp °C: GT 0.9960 0.9965 0.9968 
Specific gravity of soil sample : Gs 2.68  2.60 2.61 
Average Gs of soil sample 2.63 



 208 

Appendix Table A8 Data of normal stress and shear stress measured by shear annulus 

for adhesion of soil in experimental field of Agricultural 

Engineering Department, Kasetsart University in 2005. 

 

Compressive force  Torque  Shear stress (τ, kPa)  Normal stress

kgf kN  (kgf -cm) (kN-m)  τ 0 τ ave  (σ, kPa) 

 20 0.0020  9.56 11.11  19.52 

 25 0.0025  11.95    

 23 0.0023  10.99    
10 0.0981 

 25 0.0025  11.95    

 35 0.0034  16.73 15.53  39.03 

 35 0.0034  16.73    

 30 0.0029  14.34    
20 0.1962 

 30 0.0029  14.34    

 40 0.0039  19.12 18.52  58.55 

 40 0.0039  19.12    

 35 0.0034  16.73    
30 0.2943 

 40 0.0039  19.12    

 55 0.0054  26.29 25.69  78.07 

 50 0.0049  23.90    

 55 0.0054  26.29    
40 0.3924 

 55 0.0054  26.29    

 65 0.0064  31.07 32.86  97.58 

 70 0.0069  33.46    

 70 0.0069  33.46    
50 0.4905 

 70 0.0069  33.46    
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Appendix Table A9 Data of normal stress and shear stress measured by shear annulus 

for cohesion of soil in experimental field of Agricultural 

Engineering Department, Kasetsart University in 2005. 

 

Compressive force  Torque  Shear stress (τ, kPa)  Normal stress

kgf kN  (kgf -cm) (kN-m)  τ 0 τ ave  (σ, kPa) 

 75 0.0074  35.85 32.26  19.52 
 65 0.0064  31.07    
 60 0.0059  28.68    

10 0.0981 

 70 0.0069  33.46    
 130 0.0128  62.13 58.55  39.03 
 120 0.0118  57.35    
 100 0.0098  47.80    

20 0.1962 

 140 0.0137  66.91    
 170 0.0167  81.25 79.46  58.55 
 160 0.0157  76.47    
 175 0.0172  83.64    

30 0.2943 

 160 0.0157  76.47    
 190 0.0186  90.81 88.42  78.07 
 180 0.0177  86.03    
 170 0.0167  81.25    

40 0.3924 

 200 0.0196  95.59    
 220 0.0216  105.15 100.37  97.58 
 200 0.0186  90.81    
 220 0.0216  105.15    

50 0.4905 

 210 0.0206  100.37    
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Appendix Figure 6 Maximum shear stress of soil versus normal stress to determine 

adhesion parameters for field test in 2005. 

 

 

 
 

Appendix Figure 7 Maximum shear stress of soil versus normal stress to determine 

cohesion parameters for field test in 2005. 
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Appendix Table A10 Data of normal stress and shear stress measured by shear annulus 

for adhesion of soil in experimental field of Agricultural 

Engineering Department, Kasetsart University in 2007. 

 

Compressive force  Torque  Shear stress (τ, kPa)  Normal stress

kgf kN  (kgf -cm) (kN-m)  τ 0 τ ave  (σ, kPa) 

 20 0.0020  9.56 9.56  19.52 
 20 0.0020  9.56    
 20 0.0020  9.56    

10 0.0981 

 20 0.0020  9.56    
 35 0.0034  16.73 15.53  39.03 
 30 0.0029  14.34    
 30 0.0029  14.34    

20 0.1962 

 35 0.0034  16.73    
 30 0.0029  14.34 18.52  58.55 
 35 0.0034  16.73    
 40 0.0039  19.12    

30 0.2943 

 50 0.0049  23.90    
 50 0.0049  23.90 24.50  78.07 
 45 0.0044  21.51    
 55 0.0054  26.29    

40 0.3924 

 55 0.0054  26.29    
 65 0.0064  31.07 31.07  97.58 
 65 0.0064  31.07    
 70 0.0069  33.46    

50 0.4905 

 60 0.0059  28.68    
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Appendix Table A11 Data of normal stress and shear stress measured by shear annulus 

for cohesion of soil in experimental field of Agricultural 

Engineering Department, Kasetsart University in 2007. 

 

Compressive force  Torque  Shear stress (τ, kPa)  Normal stress

kgf kN  (kgf -cm) (kN-m)  τ 0 τ ave  (σ, kPa) 

 50 0.005  23.90 27.48  19.52 
 50 0.005  23.90    
 60 0.006  28.68    

10 0.0981 

 70 0.007  33.46    
 100 0.010  47.80 59.74  39.03 
 110 0.011  52.57    
 140 0.014  66.91    

20 0.1962 

 150 0.015  71.69    
 190 0.019  90.81 76.47  58.55 
 130 0.013  62.13    
 150 0.015  71.69    

30 0.2943 

 170 0.017  81.25    
 200 0.020  95.59 84.84  78.07 
 140 0.014  66.91    
 170 0.017  81.25    

40 0.3924 

 200 0.020  95.59    
 220 0.022  105.15 99.18  97.58 
 170 0.017  81.25    
 210 0.021  100.37    

50 0.4905 

 230 0.023  109.93    
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Appendix Figure 8 Maximum shear stress of soil versus normal stress to determine 

adhesion parameters for field test in 2007. 
 

 

 
 

Appendix Figure 9 Maximum shear stress of soil versus normal stress to determine 

cohesion parameters for field test in 2007. 



 214

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B 

Calibration of transducer 
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1.  Calibration of torque transducer fixed on the rotary shaft for laboratory test 

 

 Torque transducer which was consisted of four resistance strain gauges as 

explained in section 2.6 of material and method chapter was calibrated in static by 

applying dead loads as shown in Appendix Figure 10. These loads were applied at the 

distance of 0.178 m measured from the center of a rotary shaft. In order to determine any 

hysteresis, loads were increased by adding weights up to 40.9 kg. And then loads were 

decreased by the same magnitude until zero was reached. The data of calibration is 

shown in Appendix Table B1.  

 

 The calibration showed a high degree of linearity between the voltage of bridge 

output and the applied force with high regression fit (R2 = 0.999). Appendix Figure 11 

shows typical calibration curve for loading and unloading conditions.  

 

 
 

Appendix Figure 10 Torque transducer was calibrated by applying dead loads.  

 



 216

Appendix Table B1 Observed strain and output voltage in the calibration of torque 

transducer. 

 

Load Torque  Out put 

(N) (N-m) Voltage (V) Strain (× 10-6) 

0 0.000 0.009 1.575 

4 6.985 0.171 29.925 

8 13.969 0.393 68.775 

12 20.954 0.573 100.275 

16 27.939 0.797 139.475 

21 36.670 0.988 172.900 

23.6 41.210 1.146 200.550 

28.8 50.290 1.445 252.875 

31.2 54.481 1.563 273.525 

35.4 61.815 1.789 313.075 

40.9 71.419 2.054 359.450 

35.4 61.815 1.789 313.075 

31.2 54.481 1.568 274.400 

28.8 50.290 1.448 253.400 

23.6 41.210 1.148 200.900 

21 36.670 0.995 174.125 

16 27.939 0.800 140.000 

12 20.954 0.602 105.350 

8 13.969 0.396 69.300 

4 6.985 0.208 36.400 

0 0.000 0.005 0.875 

 

 



 217

 
 

Appendix Figure 11 Calibration curve of torque acting on a rotary shaft for laboratory 

test. 

 

2.  Calibration of slip ring torque transducer 

 

 After the slip ring torque transducer was fixed rigidly on a specific structure 

frame as shown in Appendix Figure 12, the slip ring torque transducer was calibrated in 

static. Dead loads were hanged at the end of a 0.65-m loading beam which was installed 

with the transducer. The calibrations were conducted for both loading and unloading 

conditions to determine any hysteresis.  

 

 All the calibrations showed a high degree of linearity between the output voltage 

and the applied force with high regression fit (R2 = 0.999) as shown in Appendix Figure 

13.  
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Appendix Table B2 Data of calibration of torque transducer for measuring torque 

acting on a rotary shaft in laboratory test. 

 

Load Torque  Out put 

(N) (N-m) Voltage (V) Strain (× 10-6) 

0 0.000 0.002 3.00 

4.4 28.057 0.074 111.00 

14.4 91.822 0.328 492.00 

24.4 155.587 0.585 877.50 

34.4 219.352 0.840 1260.00 

44.4 283.117 1.095 1642.50 

54.4 346.882 1.349 2023.50 

64.4 410.647 1.596 2394.00 

72.41 461.722 1.797 2695.50 

64.4 410.647 1.598 2397.00 

54.4 346.882 1.350 2025.00 

44.4 283.117 1.097 1645.50 

34.4 219.352 0.843 1264.50 

24.4 155.587 0.586 879.00 

14.4 91.822 0.330 495.00 

4.4 28.057 0.074 111.00 

0 0.000 0.002 3.00 
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Appendix Figure 12 Static calibration of a slip ring torque transducer. 

 

 
 

Appendix Figure 13 Calibration curve of torque acting on a torque transducer for 

laboratory test. 
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3.  Determination of Strain nodes 

 

 The essential principle of the Extended Octagonal Ring transducer is that it can 

measure all two orthogonal forces and moments independently (Godwin, 1975). The 

EOR transducer can measured these orthogonal forces correctly when strain gauges are 

mounted at strain nodes. Strain nodes are the positions where there is no contribution to 

the strain from the other force component. The accurate location of the strain nodes and 

subsequent positions of the strain gauges are crucial for the resulting sensitivity of the 

EOR transducer. Thus the positions for mounting strain gauge have to be considered to 

reduce the effects of cross sensitivity. The experiment for determining the positions of 

strain nodes is necessary since the dimensional size of the EOR transducer using for 

determining the acting point of resultant force on the rotary blade prototype (see Figure 

23) was different from the other EOR transducers which were reported previously. 

Therefore, the strain nodes for horizontal measurement were determined experimentally 

by mounting strain gauges at node angles (φ) of 33°, 41°, 49° and 58° (Appendix Figure 

14) close to the theoretical node for maximum strain. In the tests, two plates were 

inserted, the first between the mounting and the transducer and the second between the 

 

 
 

Appendix Figure 14 Strain nodes for mounting the strain gauges.  
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transducer and the weights. The EOR transducer was loaded statically in vertical with a 
set of weights which passed through the center of the EOR transducer. A power supply 
provided 2V DC excitation for the bridge circuit of gauges 9, 10, 11 and 12 having a 

resistance of 350Ω and gauge factor of 2.11. The dynamic strain amplifier was used to 
monitor the output signals from the bridge. The voltage-output signals from this bridge 

circuit are shown in Appendix Table B3. The test in each condition of φ was replicated 
for 5 times. The data shown in Appendix Table B3 are an average. 
 
 The results of strain node determination as shown in Appendix Figure 16 illustrate 

that The angle φ of 37° to the vertical is the strain node which the cross sensitivity was 
negligible.  
 
2.  Calibration of the EOR transducer 
 
 The base of the EOR transducer (face FG as shown in Appendix Figure 14) was 
fixed to the mounting structure on a rotor shaft and the face BC of the transducer as 
shown in Appendix Figure 14 was mounted with the blade holder, which was holding a 
prototype rotary blade, as illustrated in Appendix Figure 17a. After fixing the EOR 
transducer rigidly on the both mounting structures, the transducer was calibrated by 
applying the dead loads acting on the prototype rotary blade as shown in Appendix 
Figure 17b.  
 
 Appendix Figure 18 shows the determination of the applied forces acting on the 
EOR transducer. Let a point of O is the rotational center, and Oxy is the coordinate 
system which takes x-axis in the direction of travel and y-axis perpendicular to x-axis 

upwardly. Consider the rotational system of O′ξζ  which takes ξ-axis in the direction of 

revolution and ζ-axis perpendicular to ξ-axis, where O′ is the center of the EOR 

transducer. Fξ, Fζ, and Mξζ are calculated as follows; 
 

The law of sines was used for determine bO′: 
 

o90sin
Ob ′

 = 
o63sin

Oa ′
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Appendix Figure 15 The EOR transducer applied the vertical loaded to fine the strain 

node. 

 

 
 

Appendix Figure 16  Bridge output as a function of gauge position. 
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Appendix Table B3 Observed output signals in voltage of the horizontal-force bridge 

for the EOR transducer. 

 

Applied Load Out put signal (V) 
(kg) (kN) φ  = 33° φ  = 41° φ  = 49° φ  = 58° 
0.0 0.00 -0.000 0.000 0.000 0.000 
5.2 51.01 -0.001 0.001 0.002 0.002 
8.7 85.35 -0.002 0.002 0.004 0.005 
12.2 119.68 -0.003 0.004 0.006 0.008 
15.7 154.02 -0.003 0.004 0.008 0.010 
19.2 188.35 -0.004 0.005 0.010 0.013 
22.7 222.69 -0.005 0.007 0.012 0.016 
26.2 257.02 -0.007 0.008 0.015 0.020 
31.3 307.05 -0.009 0.010 0.018 0.025 
36.4 357.08 -0.011 0.011 0.022 0.029 
41.4 406.13 -0.013 0.012 0.025 0.032 
44.9 440.47 -0.015 0.013 0.027 0.035 
48.4 474.80 -0.016 0.014 0.030 0.038 
51.9 509.14 -0.017 0.015 0.032 0.041 
55.4 543.47 -0.018 0.016 0.034 0.044 
58.9 577.81 -0.019 0.017 0.037 0.047 
62.4 612.14 -0.021 0.018 0.039 0.050 
58.9 577.81 -0.019 0.017 0.037 0.048 
55.4 543.47 -0.018 0.017 0.032 0.046 
51.9 509.14 -0.017 0.016 0.031 0.043 
48.4 474.80 -0.016 0.015 0.029 0.039 
44.9 440.47 -0.015 0.014 0.027 0.036 
41.4 406.13 -0.014 0.014 0.025 0.033 
36.4 357.08 -0.012 0.013 0.022 0.033 
31.3 307.05 -0.010 0.010 0.019 0.029 
26.2 257.02 -0.008 0.010 0.016 0.026 
22.7 222.69 -0.006 0.009 0.013 0.022 
19.2 188.35 -0.005 0.008 0.010 0.019 
15.7 154.02 -0.004 0.006 0.008 0.017 
12.2 119.68 -0.003 0.005 0.007 0.014 
8.7 85.35 -0.002 0.004 0.005 0.011 
5.2 51.01 -0.001 0.003 0.003 0.009 
0.0 0.00 -0.000 0.001 0.001 0.004 
 



 224

 
 

Appendix Figure 17 The force calibration of the EOR transducer. 

 

 
 

Appendix Figure 18 Forces and moment acting on the EOR transducer. 
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bO′ = 
o

o

63sin
90sin165 ⋅   

 

   = 185.18  mm. 

 

   ab = 
o

o

63sin
27sin165 ⋅   

 

    = 84.07  mm. 

 

Determining a moment of F about O′; 
 

[∑ MO′ = 0]; 

 

MO′  − F⋅ cos27°⋅185.18  = 0 
 

  MO′  = 165 F      …(1) 
 

[∑Fζ = 0]; 

 Fζ  − F⋅ sin 27°  = 0 
 

  Fζ  = F⋅sin 27°     …(2) 
 

[∑Fξ = 0]; 

 Fξ  − F⋅ cos 27°  = 0 

 

Fξ  = F⋅cos 27°     …(3) 

 

All the calibrations showed a high degree of linearity between bridge output (Voltage) 

and the applied force with high regression fit (r2 = 1). Appendix Figure 19a, 19b and 19c 

show typical calibration curves of the tangential and normal forces (Fξ and Fζ, 

respectively) to the longitudinal axis of the EOR transducer. 
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Appendix Figure 19 Calibration curves of the normal force Fζ (a) and tangential forces  

Fξ (b) and the moment Mξζ (c) acting on the EOR transducer. 
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Appendix Table B4 Output signals from the EOR transducer applying loads on the 

prototype rotary blade. 

 

Applied Load  Output signal (Voltage) 
Acc. weigh

(F, N) 
F⋅ sin 27° 

(N) 
F⋅ cos 27° 

(N) 
 Fζ Fξ Mξζ 

0.00 0.00 0.00  0.000 -0.001 0 
39.24 17.81 34.96  0.095 -0.085 0.105 
78.48 35.63 69.93  0.195 -0.172 0.211 

117.72 53.44 104.89  0.291 -0.261 0.315 
156.96 71.26 139.85  0.399 -0.351 0.422 
196.20 89.07 174.82  0.505 -0.441 0.529 
235.44 106.89 209.78  0.607 -0.536 0.637 
274.29 124.52 244.39  0.713 -0.623 0.744 
313.63 142.38 279.44  0.820 -0.713 0.852 
352.28 159.93 313.88  0.928 -0.813 0.958 
391.42 177.70 348.76  1.037 -0.903 1.066 
430.46 195.43 383.55  1.148 -0.995 1.174 
469.21 213.02 418.07  1.259 -1.075 1.281 
507.86 230.57 452.51  1.389 -1.153 1.389 
547.10 248.38 487.47  1.515 -1.247 1.496 
586.27 266.16 522.37  1.639 -1.335 1.604 
630.51 286.24 561.79  1.767 -1.445 1.727 
586.27 266.16 522.37  1.623 -1.346 1.605 
547.10 248.38 487.47  1.496 -1.258 1.496 
507.86 230.57 452.51  1.372 -1.169 1.389 
469.21 213.02 418.07  1.252 -1.079 1.282 
430.46 195.43 383.55  1.135 -0.992 1.175 
391.42 177.70 348.76  1.018 -0.905 1.068 
352.28 159.93 313.88  0.902 -0.818 0.960 
313.63 142.38 279.44  0.791 -0.733 0.854 
274.29 124.52 244.39  0.683 -0.642 0.747 
235.44 106.89 209.78  0.592 -0.552 0.639 
196.20 89.07 174.82  0.482 -0.441 0.532 
156.96 71.26 139.85  0.376 -0.352 0.425 
117.72 53.44 104.89  0.264 -0.214 0.317 
78.48 35.63 69.93  0.166 -0.179 0.212 
39.24 17.81 34.96  0.077 -0.095 0.106 
0.00 0.00 0.00  0.010 -0.009 0.000 
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1.  Statistical results of the study on the performances of three rotavator in 2005  

 

Appendix Table C1 Statistical analysis of forward speed on field experiment in 2005. 

   

Class     Levels     Values 
BLK            3      1  2  3 
TILLER         2      T1  T2 
GEAR           3      Low1  Low2  Low3 
PASS           2      p1  p2 
Number of observations in data set = 36 
Dependent Variable: FORWARD SPEED 
 
Source                   DF       Sum of Squares    Mean Square Value   Pr > F 
Model                    23             54.40344167              2.36536703  33.90 0.0001 
Error                    12        0.83723333        0.06976944 
Corrected Total    35        55.24067500 
 
R-Square         C.V.     Root MSE     FSPEED Mean 
0.984844       8.002193 0.26413906            3.30083333 
 
Source                   DF Anova SS    Mean Square F Value Pr > F            
BLK                       2   0.20351667              0.10175833      1.46      0.2710 
TILLER                    1   0.02833611        0.02833611      0.41      0.5359 
BLK*TILLER             2   0.03993889       0.01996944      0.29      0.7561 
GEAR                      2   52.65855000            26.32927500    377.38      0.0001 
TILLER*GEAR          2  0.37410556              0.18705278      2.68      0.1090 
BLK*TILLER*GEAR  8   0.88697778              0.11087222      1.59      0.2263 
PASS                      1  0.02722500              0.02722500      0.39      0.5439 
TILLER*PASS            1    0.06333611              0.06333611      0.91      0.3595 
GEAR*PASS             2   0.11811667              0.05905833      0.85      0.4530 
TILLER*GEAR*PASS 2  0.00333889              0.00166944      0.02      0.9764 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                  DF  Anova SS             Mean Square    F Value  Pr > F 
TILLER           1               0.02833611             0.02833611       1.42      0.3558 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*GEAR as an error term 
Source                  DF       Anova SS             Mean Square    F Value   Pr > F 
GEAR               2              52.65855000    26.32927500     237.47   0.0001 
TILLER*GEAR   2               0.37410556          0.18705278       1.69  0.2447 
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Appendix Table C1 (Continued)  

 

Duncan's Multiple Range Test for variable: FORWARD SPEED  
 
 Alpha  =  0.05   
 df  =  2   
 MSE  =  0.019969 
 Number of Means       2 
      Critical Range    0.2027 
. 
 Duncan Grouping         Mean      N   TILLER 
  A             3.32889      18   T1 
  A 
                     A             3.27278      18   T2 
 
 Alpha  =  0.05   
 Df  =  8   
 MSE  =  0.110872 
 Number of Means       2       3 
       Critical Range    0.3135  0.3267 
 
 Duncan Grouping               Mean       N   GEAR 
  A              4.9233      12   Low3 
 
  B              2.9583      12   Low2 
 
  C              2.0208      12   Low1 
 
            Alpha  =  0.05   
 df  =  12   
 MSE  =  0.069769 
   Number of Means       2 
       Critical Range    0.1918 
 
 Duncan Grouping              Mean       N   PASS 
  A             3.32833      18   p2 
               A 
                      A             3.27333      18   p1 
  
                                                   
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C2 Statistical analysis of PTO power requirement/tilling width on field 

experiment in 2005. 

   

Class     Levels     Values 
BLK            3      1  2  3 
TILLER         2      T1  T2 
GEAR           3      Low1  Low2  Low3 
PASS           2      p1  p2 
Number of observations in data set = 36 
Dependent Variable: PTO POWER 
 

Source           DF  Sum of Squares    Mean Square  F Value      Pr > F 
Model                    23   407.03083333  17.69699275  25.85      0.0001 
Error                    12      8.21666667        0.68472222 
Corrected Total    35      415.24750000 
 
R-Square   C.V.        Root MSE              PTO Mean 
0.980213          11.11954       0.82747944            7.44166667 
 
Source                   DF Anova SS             Mean Square  F Value  Pr > F 
BLK                       2  7.54666667       3.77333333   5.51      0.0201 
TILLER                    1    67.51361111       67.51361111  98.60      0.0001 
BLK*TILLER                2     2.80222222       1.40111111  2.05      0.1719 
GEAR                      2     67.80666667        33.90333333   49.51      0.0001 
TILLER*GEAR               2  13.97555556        6.98777778   10.21      0.0626 
BLK*TILLER*GEAR    8      12.68777778         1.58597222    2.32      0.0918 
PASS                      1   217.56250000     217.56250000 317.74      0.0001 
TILLER*PASS               1      1.32250000          1.32250000       1.93      0.1898 
GEAR*PASS                 2    12.82666667       6.41333333       9.37      0.0635 
TILLER*GEAR*PASS    2     2.98666667      1.49333333       2.18      0.1556 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                  DF      Anova SS            Mean Square    F Value  Pr > F 
TILLER      1              67.51361111        67.51361111    48.19      0.0201 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*GEAR as an error term 
 
Source                   DF        Anova SS             Mean Square    F Value  Pr > F 
GEAR                2              67.80666667        33.90333333   21.38      0.0006 
TILLER*GEAR   2              13.97555556           6.98777778    4.41      0.0513 
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Appendix Table C2 (Continued)  

 

Duncan's Multiple Range Test for variable: PTO 
 
 Alpha  =  0.05   
 df  =  2   
 MSE  =  1.401111 
 Number of Means      2 
            Critical Range   1.698 
                        
 Duncan Grouping     Mean       N   TILLER 
            A            8.8111      18   T1 
 
  B             6.0722      18   T2 
 
     Alpha  =  0.05   
 df  =  8   
 MSE  =  1.585972 
 Number of Means      2       3 
          Critical Range   1.186   1.235 
 
       Duncan Grouping     Mean       N   GEAR 
             A             9.2917      12   Low3 
 
                       B             7.0250      12  Low2 
                  B 
  B             6.0083      12  Low1 
 
 Alpha  =  0.05   
 df  =  12   
 MSE  =  0.684722 
 Number of Means      2 
       Critical Range  0.6010 
 
       Duncan Grouping              Mean       N   PASS 
  A             9.9000      18   p1 
 
      B             4.9833      18   p2 
 
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C3 Statistical analysis of mean soil clod diameter on field experiment 

in 2005. 

   

Class     Levels     Values 
BLK            3      1  2  3 
TILLER         2      T1  T2 
GEAR           3      Low1  Low2  Low3 
PASS           2      p1  p2 
Number of observations in data set = 36 
Dependent Variable: CLOD 
 
Source                   DF       Sum of Squares    Mean Square Value   Pr > F 
Model                   23            1024.23083333      44.53177536   8.18     0.0003 
Error                    12             65.35666667              5.44638889 
Corrected Total   35            1089.58750000 
 
R-Square         C.V.     Root MSE     CLOD Mean 
0.940017           10.15042   2.33374996           22.99166667 
 
Source                   DF   Anova SS            Mean Square F Value Pr > F 
BLK                       2   112.22000000      56.11000000      10.30      0.0725 
TILLER                    1    100.33361111      100.33361111      18.42      0.0210 
BLK*TILLER           2   111.08222222     55.54111111      10.20      0.0026 
GEAR                      2   373.14500000     186.57250000      34.26      0.0001 
TILLER*GEAR          2   26.89388889      13.44694444       2.47      0.1265 
BLK*TILLER*GEAR  8    86.48777778       10.81097222       1.98      0.1372 
PASS                      1    128.82250000    128.82250000      23.65      0.0004 
TILLER*PASS         1   3.54694444         3.54694444       0.65      0.4354 
GEAR*PASS             2    54.17166667        27.08583333       4.97      0.0567 
TILLER*GEAR*PASS 2  27.52722222        13.76361111       2.53      0.1214 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                   DF Anova SS         Mean Square    F Value Pr > F 
TILLER                    1    100.33361111     100.33361111       1.81      0.3111 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*RPM as an error term 
 
Source                   DF Anova SS      Mean Square    F Value Pr > F 
GEAR                      2   373.14500000      186.57250000      17.26      0.0013 
TILLER*GEAR         2   26.89388889     13.44694444       1.24      0.3386  
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Appendix Table C3 (Continued)  

 

Duncan's Multiple Range Test for variable: CLOD 
 
 Alpha  =  0.05   
 df  =  2    
 MSE  =  55.54111 
 Number of Means       2 
          Critical Range    10.69 
 
 Duncan Grouping               Mean       N   TILLER 
  A              24.661      18   T1 
                    
             B              21.322      18   T2 
 
 Alpha  =  0.05   
 Df  =  8   
 MSE  =  10.81097 
 Number of Means      2      3 
         Critical Range    3.095  3.226 
 
 Duncan Grouping              Mean       N   GEAR 
  A              26.808      12   Low3 
 
                     B              23.233      12   Low2 
 
                     C              18.933      12   Low1 
 
 Alpha  =  0.05   
 df  =  12   
 MSE  =  5.446389 
       Number of Means      2 
         Critical Range   1.695 
 
 Duncan Grouping               Mean       N   PASS 
  A             24.8833      18   p1 
 
                       B             21.1000      18   p2 
                                                   
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C4 Statistical analysis of wheel slips on field experiment in 2005. 

   

Class     Levels     Values 
BLK            3      1  2  3 
TILLER         2      T1  T2 
GEAR           3      Low1  Low2  Low3 
PASS           2      p1  p2 
Number of observations in data set = 36 
Dependent Variable: WHEEL SLIP 
 
Source                   DF       Sum of Squares    Mean Square Value   Pr > F 
Model                    23         32.78045556        1.42523720 14.47  0.0001 
Error                    12        1.18163333              0.09846944 
Corrected Total   35         33.96208889 
 
R-Square         C.V.     Root MSE     SLIP Mean 
0.965207               -16.4771 0.31379841           -1.90444444 
 
Source                   DF  Anova SS    Mean Square F Value Pr > F  
BLK                       2       0.38340556       0.19170278      1.95      0.1852 
TILLER                    1      3.59734444        59734444      36.53      0.0531 
BLK*TILLER                2    1.41637222       0.70818611      7.19      0.0089 
GEAR                      2      15.37857222      7.68928611      78.09      0.0001 
TILLER*GEAR               2     0.35820556          0.17910278      1.82      0.2042 
BLK*TILLER*GEAR     8     2.50998889          0.31374861      3.19      0.0348 
PASS                      1      6.50250000         6.50250000    66.04      0.0001 
TILLER*PASS               1      0.00004444         0.00004444      0.00      0.9834 
GEAR*PASS                 2     0.52131667         0.26065833      2.65      0.1116 
TILLER*GEAR*PASS    2      2.11270556       1.05635278      10.73      0.0521 
                   
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                  DF  Anova SS             Mean Square    F Value  Pr > F 
TILLER         1               3.59734444         3.59734444       5.08      0.1529 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*GEAR as an error term 
 
Source                  DF       Anova SS             Mean Square    F Value   Pr > F 
GEAR                  2              15.37857222   7.68928611      24.51      0.0004 
TILLER*GEAR 2               0.35820556              0.17910278      0.57      0.5865        
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Appendix Table C4 (Continued)  

 

Duncan's Multiple Range Test for variable: WHEEL SLIP 
 
    Alpha  =  0.05   
 df  =  2   
 MSE  =  0.708186 
 Number of Means       2 
         Critical Range    1.207 
 
 Duncan Grouping               Mean       N   TILLER 
  A             -1.5883      18   T2 
                   A 
                     A             -2.2206      18   T1 
 
    Alpha  =  0.05   
 df  =  8   
 MSE  =  0.313749 
 Number of Means       2       3 
    Critical Range    0.5273  0.5495 
 
 Duncan Grouping               Mean       N   GEAR 
  A             -1.3233      12   Low1 
                       A 
                    A             -1.5725      12   Low2 
 
  B             -2.8175      12   Low3 
 
       Alpha  =  0.05   
 df  =  12   
 MSE  =  0.098469 
 Number of Means       2 
         Critical Range    0.2279 
 
 Duncan Grouping               Mean       N   PASS 
  A             -1.4794      18   p2 
 
                        B             -2.3294      18   p1 
              
                                       
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C5 Statistical analysis of soil inversion on field experiment in 2005. 

   

Class     Levels     Values 
BLK            3      1  2  3 
TILLER         2      T1  T2 
GEAR           3      Low1  Low2  Low3 
PASS           2      p1  p2 
Number of observations in data set = 36 
Dependent Variable: INVER 
 
Source           DF  Sum of Squares   Mean Square  F Value   Pr > F 
Model                 23         3976.47305556         172.89013285      2.89      0.0301 
Error                    12             718.36333333            59.86361111 
Corrected Total      35            4694.83638889 
 
R-Square         C.V.     Root MSE     INVER Mean 
0.846989            12.30453  7.73715782           62.88055556 
 
Source                   DF  Anova SS    Mean Square F Value Pr > F  
BLK                       2      11.36888889      5.68444444      0.09      0.9101 
TILLER                    1      440.30027778      440.30027778   7.36      0.1189 
BLK*TILLER                2 172.56222222      86.28111111    1.44      0.2748 
GEAR                      2      787.95055556        393.97527778   6.58      0.2118 
TILLER*GEAR               2    11.68722222         5.84361111       0.10      0.9077 
BLK*TILLER*GEAR     8      1150.79222222  143.84902778  2.40      0.0829 
PASS                      1    1370.23361111   1370.233611   22.89      0.0004 
TILLER*PASS               1   1.03361111           1.03361111     0.02      0.8976 
GEAR*PASS                 2     16.50388889        8.25194444      0.14      0.8726 
TILLER*GEAR*PASS    2     14.04055556         7.02027778     0.12      0.8904           
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                  DF  Anova SS             Mean Square    F Value  Pr > F 
TILLER              1             440.30027778        440.30027778   5.10      0.1524 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*GEAR as an error term 
 
Source                  DF       Anova SS             Mean Square    F Value   Pr > F 
GEAR              2             787.95055556     393.97527778  2.74      0.1241 
TILLER*GEAR   2              11.68722222        5.84361111     0.04      0.9604       
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Appendix Table C5 (Continued)  

 

Duncan's Multiple Range Test for variable: INVER 
                               
 Alpha  =  0.05   
 df  =  2   
 MSE  =  86.28111 
          Number of Means       2 
           Critical Range    13.32 
       
 Duncan Grouping               Mean       N   TILLER 
  A              66.378      18   T2 
                     A 
                   A              59.383      18   T1 
 
          Alpha  =  0.05   
 Df  =  8   
 MSE  =  143.849 
 Number of Means       2       3 
        Critical Range    11.29   11.77 
                        
  Duncan Grouping               Mean       N   GEAR 
  A              69.025      12   Low1 
                    A 
                   A              61.933      12   Low2 
                    A 
                  A              57.683      12   Low3 
 
         Alpha  =  0.05   
 df  =  12   
 MSE  =  59.86361 
 Number of Means       2 
       Critical Range    5.619 
 
      Duncan Grouping               Mean       N   PASS 
  A              69.050      18   p2 
 
                  B              56.711      18   p1 
                   
                                       
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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2. Statistical results of the study on the performances of three rotary power tillers in 

2007 

 

Appendix Table C6 Statistical analysis of soil inversion of field experiment in 2007. 

 

Class     Levels     Values 
BLK            2      1  2 
TILLER         3      T1  T2  T3 
RPM            3      n1  n2  n3 
PASS           2      p1  p2 
Number of observations in data set  =  36 
Dependent Variable: INVER 
Source                   DF       Sum of Squares    Mean Square Value     Pr > F 
Model                   26      4411.40055556    169.66925214 1.41     0.3040 
Error                     9      1081.90500000      120.21166667 
Corrected Total  35     5493.30555556 
 
R-Square         C.V.     Root MSE     INVER Mean 
0.803050        36.74436 10.96410811   29.83888889 
 
Source                   DF   Anova SS            Mean Square F Value Pr > F 
BLK         1    7.11111111         7.11111111      0.06      0.8133 
TILLER                    2     29.00722222    14.50361111 0.12      0.8878 
BLK*TILLER     2     598.75055556  299.3752778 2.49      0.1378 
RPM                       2     132.76222222      66.38111111  0.55      0.5940 
TILLER*RPM       4     203.24111111      50.81027778  0.42      0.7888 
BLK*TILLER*RPM 6     2375.42333333   395.9038889 3.29      0.0533 
PASS                      1     0.36000000       0.36000000   0.00      0.9576 
TILLER*PASS  2     213.04166667      106.5208333 0.89      0.4454 
RPM*PASS           2     222.74000000      111.37000       0.93      0.4307 
TILLER*RPM*PASS 4     628.96333333    157.240833      1.31      0.3375 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                   DF Anova SS         Mean Square    F Value Pr > F 
TILLER                    2   29.00722222    14.50361111       0.05      0.9538 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*RPM as an error term 
 
Source                   DF Anova SS      Mean Square    F Value Pr > F 
RPM                       2   32.76222222     66.38111111       0.17     0.8495 
TILLER*RPM          4   203.24111111   50.81027778       0.13     0.9665  
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Appendix Table C6 (Continued)  

 

Duncan's Multiple Range Test for variable: INVER 
 
 Alpha  =  0.05     
 df  =  2   
 MSE  =  299.3753 
 Number of Means       2       3 
 Critical Range    30.39   30.39 
 Duncan Grouping               Mean       N   TILLER 
   A              31.108      12   T3 
            A 
        A              29.208      12   T2 
    A 
        A              29.200      12   T1 
 
 Alpha  =  0.05   
 df  =  6   
 MSE  =  395.9039 
 Number of Means       2       3 
 Critical Range    19.88   20.60 
 Duncan Grouping               Mean       N   RPM 
  A              32.133      12   n3 
                   A 
             A              29.950      12  n2 
                     A 
                 A              27.433      12   n1 
 
 Alpha  =  0.05   
 Df  =  9   
 MSE  =  120.2117 
 Number of Means       2 
 Critical Range    8.268 
 Duncan Grouping        Mean       N   PASS 
  A              29.939      18   p2 
  A 
  A              29.739      18   p1 
                                                   
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C7 Statistical analysis of mean soil clod diameter of field test in 2007. 

 

Class     Levels     Values 
BLK            2      1  2 
TILLER         3      T1 T2  T3 
RPM            3      n1 n2  n3 
PASS           2      p1  p2 
Number of observations in data set = 36 
 
Dependent Variable: CLOD 
 
Source      DF     Sum of Squares   Mean Square F Value   Pr > F 
Model    26   475.54222222      18.29008547  2.48  0.0779 
Error             9        66.31000000        7.36777778 
Corrected Total   35       541.85222222 
 
R-Square    C.V.          Root MSE    CLOD Mean 
0.877623         19.07793      2.71436508 14.22777778 
 
Source       DF  Anova SS Mean Square    F Value  Pr > F 
 
BLK              1    87.11111111        87.11111111      11.82      0.0074 
TILLER                    2     26.89555556     13.44777778       1.83      0.2161 
BLK*TILLER               2   36.26888889       18.13444444       2.46      0.1404 
RPM                       2    42.72222222       21.36111111       2.90      0.1067 
TILLER*RPM               4    79.76444444     19.94111111       2.71      0.0989 
BLK*TILLER*RPM     6  86.27000000    14.37833333      1.95      0.1764 
PASS                      1   0.53777778       0.53777778       0.07      0.7931 
TILLER*PASS             2   56.46888889        28.23444444       3.83      0.0625 
RPM*PASS                  2    2.16222222      1.08111111       0.15      0.8655 
TILLER*RPM*PASS  4    57.34111111     14.33527778       1.95      0.1869 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                   DF  Anova SS         Mean Square    F Value   Pr > F 
TILLER                    2   26.89555556    13.44777778       0.74      0.5742 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*RPM as an error term 
 
Source                   DF  Anova SS            Mean Square    F Value Pr > F 
RPM                       2  42.72222222    21.36111111       1.49      0.2991 
TILLER*RPM          4   79.76444444      19.94111111       1.39      0.3424 
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Appendix Table C7 (Continued)  

 

Duncan's Multiple Range Test for variable: CLOD 
 
 Alpha  =  0.05   
 df  =  2   
 MSE  =  18.13444 
 Number of Means       2       3 
     Critical Range    7.480   7.480 
       Duncan Grouping               Mean       N   TILLER 
  A              15.050      12   T2 
             A 
                  A              14.600      12   T3 
                  A 
                A             13.033      12   T1 
 
 Alpha  =  0.05   
 df  =  6   
 MSE  =  14.37833 
        Number of Means       2       3 
          Critical Range    3.788   3.926 
 Duncan Grouping               Mean       N   RPM 
  A              15.533      12   n1 
                 A 
                    A              14.283      12   n2 
                      A 
                  A              12.867      12  n3 
 
 Alpha  =  0.05   
 df  =  9   
 MSE  =  7.367778 
 Number of Means       2 
        Critical Range    2.047 
 Duncan Grouping               Mean       N   PASS 
  A             14.3500      18   p1 
  A 
      A             14.1056      18   p2 
 
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C8 Statistical analysis of tilling width of field test in 2007. 

 

Class     Levels     Values 
BLK            2      1  2 
TILLER         3      T1  T2  T3 
RPM            3      n1  n2  n3 
PASS           2      p1  p2 
Number of observations in data set   =  36 
Dependent Variable: WIDTH  
 
Source      DF     Sum of Squares   Mean Square F Value   Pr > F 
Model                    26            1228.96388889            47.26784188  5.98     0.0042 
Error         9          71.15250000              .90583333 
Corrected Total     35            1300.11638889 
 
R-Square            C.V.                Root MSE      WIDTH Mean 
0.945272                4.566764     2.81173138    61.56944444 
 
             
Source       DF  Anova SS Mean Square    F Value  Pr > F 
 
BLK                       1 1.40027778       1.40027778       0.18      0.6837 
TILLER                    2   861.86722222   430.93361111      54.51    0.0001 
BLK*TILLER               2 8.25055556       4.12527778       0.52      0.6104 
RPM                       2   25.29555556     12.64777778       1.60      0.2544 
TILLER*RPM             4  145.62611111     36.40652778       4.61      0.0268 
BLK*TILLER*RPM    6    43.83166667      7.30527778       0.92      0.5206 
PASS                      1  95.71361111      95.71361111      12.11      0.0069 
TILLER*PASS          2   26.81722222       13.40861111     1.70      0.2371 
RPM*PASS                  2  10.20222222      5.10111111       0.65      0.5472 
TILLER*RPM*PASS   4   9.95944444       2.48986111       0.31      0.8610 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                   DF  Anova SS         Mean Square    F Value   Pr > F 
TILLER                    2  861.86722222    430.93361111     104.46  0.0095 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*RPM as an error term 
 
Source                   DF  Anova SS            Mean Square    F Value Pr > F 
RPM                       2   25.29555556      12.64777778       1.73      0.2549 
TILLER*RPM       4    145.62611111      36.40652778       4.98      0.0409               
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Appendix Table C8  (Continued)  

 

Duncan's Multiple Range Test for variable: WIDTH  
 
 Alpha  =  0.05   
 Df  =  2   
 MSE  =  4.125278 
 Number of Means       2      3 
       Critical Range    3.568  3.568 
 Duncan Grouping               Mean       N   TILLER 
  A             67.9750      12   T3 
 
                        B             60.6333      12   T1 
 
                        C             56.1000      12  T2 
  
 Alpha  =  0.05  
 Df  =  6   
 MSE  =  7.305278 
 Number of Means       2      3 
           Critical Range   2.700  2.798 
 Duncan Grouping               Mean    N   RPM 
  A              62.275      12   n1 
                 A 
                     A              62.042      12  n3 
                  A 
                       A              60.392      12   n2 
 
 Alpha  =  0.05   
 df  =  9   
 MSE  =  7.905833 
 Number of Means       2 
       Critical Range    2.120 
 Duncan Grouping               Mean       N   PASS 
  A             63.2000      18   p2 
 
                       B             59.9389      18   p1 
 
 
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C9  Statistical analysis of tilling depth of field test in 2007. 

 

Class     Levels     Values 
BLK            2      1  2 
TILLER         3      T1  T2  T3 
RPM            3      n1  n2  n3 
PASS           2      p1  p2 
Number of observations in data set  =  36 
Dependent Variable: DEPTH 
 
Source      DF     Sum of Squares   Mean Square F Value   Pr > F 
Model                    26         129.19555556       4.96905983   0.82      0.6720 
Error                     9          54.34750000         6.03861111 
Corrected Total  35            183.54305556 
 
R-Square            C.V.                Root MSE      DEPTH Mean 
0.703898                23.32320         2.45735856   10.53611111 
             
Source       DF  Anova SS Mean Square    F Value  Pr > F 
 
BLK                       1  0.08027778      0.08027778       0.01      0.9107 
TILLER                    2    7.45722222       3.72861111       0.62      0.5607 
BLK*TILLER            2   6.52388889      3.26194444       0.54      0.6004 
RPM                       2    9.32722222    4.66361111       0.77      0.4903 
TILLER*RPM               4    37.18611111       9.29652778       1.54      0.2708 
BLK*TILLER*RPM     6   18.27333333       3.04555556       0.50      0.7912 
PASS                      1   41.17361111    41.17361111       6.82      0.0282 
TILLER*PASS            2    2.93055556        1.46527778       0.24      0.7895 
RPM*PASS                  2    0.24388889        0.12194444       0.02      0.9801 
TILLER*RPM*PASS   4    5.99944444       1.49986111       0.25      0.9035 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                   DF  Anova SS         Mean Square    F Value   Pr > F 
TILLER                    2    7.45722222      3.72861111       1.14      0.4666 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*RPM as an error term 
 
Source                   DF  Anova SS            Mean Square    F Value Pr > F 
RPM                       2    9.32722222       4.66361111       1.53      0.2902 
TILLER*RPM            4    37.18611111      9.29652778       3.05      0.1077        
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Appendix Table C9  (Continued)  

 

Duncan's Multiple Range Test for variable: DEPTH  
 
 Alpha  =  0.05   
 df  =  2   
 MSE  =  3.261944 
 Number of Means      2       3 
   Critical Range   3.172   3.172 
 Duncan Grouping      Mean       N   TILLER 
  A            11.1250      12   T3 
                    A 
                       A            10.4667      12   T2 
                     A 
                  A            10.0167      12   T1 
 
 Alpha  =  0.05   
 df  =  6   
 MSE  =  3.045556 
           Number of Means       2       3 
            Critical Range    1.743   1.807 
 Duncan Grouping               Mean       N   RPM 
  A             11.1000      12   n1 
                      A 
                    A             10.6417      12   n3 
                       A 
                       A              9.8667      12   n2 
 
       Alpha  =  0.05   
 df  =  9   
 MSE  =  6.038611 
 Number of Means      2 
           Critical Range   1.853 
 Duncan Grouping       Mean       N   PASS 
  A            11.6056      18   p2 
 
                    B             9.4667      18   p1  
 
 
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix Table C10  Statistical analysis of forward speed of field test in 2007. 

 

Class     Levels     Values 
BLK            2      1  2 
TILLER         3      T1  T2  T3 
RPM            3      n1  n2  n3 
PASS           2      p1  p2 
Number of observations in data set  =  36 
Dependent Variable: FWSPEED 
 
Source      DF     Sum of Squares   Mean Square F Value   Pr > F 
Model                    26       0.09247222              0.00355662   3.71      0.0225 
Error                     9         0.00862500          0.00095833 
Corrected Total  35        0.10109722 
 
R-Square            C.V.                Root MSE      FWSPEED Mean 
0.914686                7.040117              0.03095696    0.43972222 
 
Source       DF  Anova SS Mean Square    F Value  Pr > F 
BLK                       1   0.00146944        0.00146944       1.53      0.2469 
TILLER                    2    0.00353889       0.00176944       1.85      0.2129 
BLK*TILLER        2   0.00027222         0.00013611       0.14      0.8695 
RPM                       2    0.04770556       0.02385278      24.89      0.0002 
TILLER*RPM          4     0.00997778    0.00249444       2.60     0.1074 
BLK*TILLER*RPM  6   0.00478333         0.00079722       0.83      0.5740 
PASS                      1    0.01562500       0.01562500      16.30      0.0029 
TILLER*PASS      2    0.00601667       0.00300833       3.14      0.0924 
RPM*PASS                  2   0.00215000       0.00107500       1.12      0.3673 
TILLER*RPM*PASS  4     0.00093333       0.00023333       0.24      0.9065 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER as an error term 
 
Source                   DF  Anova SS         Mean Square    F Value   Pr > F 
TILLER                    2    0.00353889       0.00176944      13.00      0.0714 
 
Tests of Hypotheses using the Anova MS for BLK*TILLER*RPM as an error term 
 
Source                   DF  Anova SS            Mean Square    F Value Pr > F 
RPM                       2  0.04770556      0.02385278      29.92      0.0008 
TILLER*RPM           4    0.00997778       0.00249444       3.13      0.1030     
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Appendix Table C10  (Continued)  

 

Duncan's Multiple Range Test for variable: FWSPEED  
 
 Alpha  =  0.05  
 df  =  2   
 MSE  =  0.000136 
       Number of Means      2        3 
         Critical Range   0.02049  0.02049 
 Duncan Grouping    Mean       N   TILLER 
   A  0.448333     12  T3 
   A 
  B        A     0.445000     12  T2 
              B 
                  B                   0.425833     12  T1 
 
 Alpha  =  0.05   
 df  =  6   
 MSE  =  0.000797 
 Number of Means      2        3 
           Critical Range   0.02821  0.02923 
 Duncan Grouping      Mean       N   RPM 
  A            0.48417      12   n3 
 
  B            0.44000      12   n2 
 
                        C            0.39500      12   n1 
 
            Alpha  =  0.05   
 df  =  9   
 MSE  =  0.000958 
 Number of Means      2 
  Critical Range   0.02334 
 Duncan Grouping    Mean       N   PASS 
  A            0.46056      18   p2 
 
  B            0.41889      18   p1 
  
 
NOTE: This test controls the type I comparisonwise error rate, not the experimentwise 

error rate Soil inversion. 
 : Means with the same letter are not significantly different. 
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Appendix D 
Blade design 
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DESIGN OF PROTOTYPE ROTARY BLADE 

  

 The prototype rotary blade was intently designed to couple with the two-wheel 

tractor, like the Japanese C-shaped blade. In the consideration of the designing process of 

vertical end shape and cross section of scoop surface of prototype rotary blade, they were 

referred to the theories of Japanese C-shaped blade as developed by Sakai (1978a and 

1978b). However, the important matter for designing prototype rotary blade was that its 

straight blade portion was designed to be straight and assigned to till the soil at first. 

Moreover, the tilling width of prototype rotary blade was designed to be 6.5 cm to reduce 

specific tilling energy per a round of tillage as explained in section 4.2 of results chapter. 

The flow chart expressing the development of a new rotary blade is shown in Appendix 

Figure 20. 

 

1.  Decision of tillage performance and specification 

 

 In fact, before the specification for designing the prototype rotary blade was 

concluded, it was readjusted reasonably by preliminary sketch on paper. Firstly, the 

straight blade portion of prototype rotary blade was designed to lean against the soil 

surface level with any lengthwise slice angle ( lα ) in condition of 10 cm bite length. The  

specifications for the designing of prototype rotary blade were shown in Appendix Table 

D1.  

 

Appendix Table D1  The specification for the designing of prototype rotary blade. 

 

Maximum bite length 

Forward speed; v 

Rotational speed; n 

Rotation radius; R 

Tilling depth; H 

10 cm 

30 cm/s (1.08 km/h) 

180 rpm  (3.96 m/s) 

21 cm 

13 cm 
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Appendix Figure 20 A flow chart for planning the design of prototype rotary blade. 

 

2.  Mechanism of holder portion 

  

 The holder portion of the prototype rotary blade was designed newly to 

correspond with its straight blade portion. However, the new designing was still classified 

to be similar in type to Japanese holder type. The new design of holder portion for the 

prototype rotary blades is shown in Appendix Figure 21 to 23. A bolt of 10 mm diameter  
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Appendix Figure 21 Schematic diagram of the prototype rotary blade with 15° 

lengthwise slice angle. 

 

was recommended to fix the rotary blade for rotary power tiller by Sakai (1978a). the 

relative length of the holding portion and location of a hold for bolt are also shown in 

Appendix Figure 21 to 23. 

  

2.  Straight blade portion 

 

 The straight blade portion of prototype rotary blades was newly designed to lean 
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Appendix Figure 22 Schematic diagram of the prototype rotary blade with 30° 

lengthwise slice angle. 

 

against the soil surface level with 15°, 30° and 45° lengthwise slice angle ( lα ) 

(Appendix Figure 21 to 23) at 10 cm bite length to avoid the sudden impact of the 

curvature between the straight blade and tip blade portions of the prototype rotary blade 

at the soil surface level.   

  

3.  Tip blade portion 

  

 The tilling widths of three prototype rotary blades (Appendix Figure 21 to 23)  
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Appendix Figure 23 Schematic diagram of the prototype rotary blade with 45° 

lengthwise slice angle. 

 

were assigned to be 6.5 cm which were wider than Japanese C-shaped blade. The wider 

tip blade portion was expected to reduce the specific tilling energy per a round of cutting 

of rotary blade. The angle γ′ corresponding to tilling width of these prototype rotary 

blades was found to be 114°.  

  

4.  Scoop angle 
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 The scoop angle (β1) as shown in Appendix Figures 21 to 23 is an 

important parameter that affects to the magnitude of force acting on tip blade portion 

during cutting into the soil. It relates to the cutting-in angle (β) and the clearance angle or 

relief angle (γ). The cutting-in angle (β) was defined as the angle between the radius 

direction and tangent of locus curve at blade tip by Sakai 1978a and 1999. The angle β is 

calculated by the equation (54). The characteristics of β are shown in Appendix Figure 

24. For the clearance angle (γ), it is obtained by the equation (55). These angles were 

pointed as the important parameters which correlate with the magnitude of cutting 

resistance. For example in case of hard and heavy soil, γ will be 3° to 4°. For the soft soil, 

the γ of 20° to 30° is recommended to give strong throwing-back and turning-over 

actions. For the designing of these prototype rotary blades, the angle γ was assigned to be 

10°.  

 
 

 β = 
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⋅⋅+−⋅⋅⋅−⋅

−⋅−
22

1

)()(60)30(
)2(30cos

ππ nRHRvnv
HRH

R
v  …(54) 

 

where H :  Tilling depth (cm) 

 R : Rotation radius of rotary blade(cm) 

 n : Rotational speed (rpm) 

 v : Forward speed (cm/s) 

 

 γ = β - β1        …(55) 

 

5.  Shape of scoop surface 

  

 The scoop surfaces of prototype rotary blade were designed by using the 

designing process (Appendix Figure 25) as presented by Sakai (1978b). Before these 

values of design factors were selected, the trail and error was used to determined the 

practical specifications. The reasonable specifications for designing the scoop surface of 

prototype rotary blade are shown in Appendix Table D2. The value l is the necessary  
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Appendix Figure 24 Typical characteristic of β. 

 

Appendix Table D2 The specification for designing the scoop surface of prototype 

rotary blade. 

 

Forward speed; v 

Rotational speed; n 

Rotation radius; R 

Maximum tilling depth; H 

Angle of the vertical section of the whole scoop 

surface to the center of rotation (see 

Appendix Figure 26); ξ 

Horizontal throwing distance of the soil slice; l 

30 cm/s (1.08 km/h) 

180 rpm  (3.96 m/s) 

21 cm 

13 cm 

17° 

 

 

25.8 cm (20.8 + 5)  
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Appendix Figure 25 A flow chart of planning design for scoop-surface vertical section. 

 

Source: Sakai (1978b) 
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Appendix Figure 26 Relative location and shape of scoop surface. 

 

Source: Sakai (1978b) 

 

moving distance of the soil clod. The value of l is calculated as follows.  

 

 lmin = ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −−+− −

R
HHRH 1cos3)2( 1π

πλ
   …(56) 

 
l = lmin + (0 to 10 cm)      …(57) 

 

where λ = 
v
n  

  

After calculating l, the following values will be calculated. 

 

vA  = 
15

)(
900

)( 2
2 HRvnvRn −⋅⋅

−+
ππ     …(58) 

 

 

v0 = γsin⋅Av        …(59) 
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v1 = 
H
gl

2
 where g  =  980  cm/sec2    …(60) 

 

 a = 
ξ

)(6 01 vvn −⋅
       …(61) 

  

 ti = 
n6

ξ         …(62) 

 

where vA : Tangential rotation speed of the bottom A0 at the soil surface at tilling 

depth H, cm/sec 

 v0 : Horizontal backward primary-speed of the soil at the soil surface at 

tilling depth 

 v1 : Necessary horizontal speed of the soil to fly the distance l, cm/sec 

 a : Necessary acceleration speed, cm/sec2 

 ti : Parameter to calculate r and θ  of polar equation (equation (62)).  
 

The parameter ti is the total passing time of the curve 
∩

CA0  against the soil surface. The 

value of ti will be divided into five to ten and substituted into the following polar 

equations, as the step h4 of Appendix Figure 27 (equation (63) and (64)). 

 

 r =  
2

2
0

2
2
1)()2()(

⎭
⎬
⎫

⎩
⎨
⎧ −+−−+− attvvHRHHR   …(63) 

 

 θ =  −
−

−+−−
+ −

HR

attvvHRH
nt

2
01 2

1)()2(
tan6  

    
HR

HRH
−

−− )2(
tan 1       …(64) 
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 Appendix Figure 27 shows an example of arc CA0  curvature obtained from 

equation (63) and (64). The values of parameters as expressed from equation (56) to (64) 

are shown in Appendix Table D3. The 2R′  as shown in Appendix Figure 27, which 

express the curvature in a simple arc CA0 , has to be estimated at the step (h5) of 

Appendix Figure 25. 

 

 
 

 

Appendix Figure 27 Calculation of scoop surface. 

 

Source: Sakai (1978b) 

 

6.  Edge of blade 

  

 The cutting edge of all prototype rotary blades were designed as a single-bevel 

edge. In this study, the bevel angle was assigned to be 35°.  
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Appendix Table D3 List of calculating parameter for designing scoop surface of 

prototype rotary blade. 

 
Tillage Condition: 

 - Rotational speed; n 

 - Forward speed; v 

 - Max. tilling depth; H 

 - lmin 

 - l 

 

180  rpm 

30  cm/s 

13 cm 

20.84 cm 

25.84 cm 

Blade shape condition: 

 - Rotation radius; R 

 - Angle of the vertical 

section of the whole 

scoop surface to the 

center of rotation; ξ 

 

21 cm 

17° 

Tangential rotation speed of the bottom A0 at the soil surface at tilling depth H; vA  
Horizontal backward primary-speed of the soil at the soil surface at tilling depth; v0 

Necessary horizontal speed of the soil to fly the distance l; v1   

Necessary acceleration speed; a 

Parameter to calculate r and θ  of polar; ti  

Remark: For the designing of scoop surface of all prototype rotary blades, the value 

of ti was divided into seventeen as shown in below. 

385.41 cm/s 

66.93 cm/s 

158.64 cm/s 

101.76 cm/s2 

0.0157 sec. 

Elapsed time (sec) r  in cm (eq. 63) θ  in degree (eq. 64) 

0.0000 

0.0009 

0.0019 

0.0028 

0.0037 

0.0046 

0.0056 

0.0065 

0.0074 

0.0083 

0.0093 

0.0102 

0.0111 

0.0120 

0.0130 

0.0139 

0.0148 

0.0157 

21.00 (r0) 

20.91 (r1°) 

20.82 (r2°) 

20.73 (r3°) 

20.63 (r4°) 

20.53 (r5°) 

20.42 (r6°) 

20.31 (r7°) 

20.19 (r8°) 

20.07 (r9°) 

19.94 (r10°) 

19.81 (r11°) 

19.68 (r12°) 

19.54 (r13°) 

19.40 (r14°) 

19.25 (r15°) 

19.10 (r16°) 

18.64 (r17°) 

0.0 ( θ0) 

1.0 ( θ1°) 

2.0 ( θ2°) 

3.0 ( θ3°) 

4.0 ( θ4°) 

5.0 ( θ5°) 

6.0 ( θ6°) 

7.0 ( θ7°) 

8.0 ( θ8°) 

9.0 ( θ9°) 

10.0 ( θ10°) 

11.0 ( θ11°) 

12.0 ( θ12°) 

13.0 ( θ13°) 

14.0 ( θ14°) 

15.0 ( θ15°) 

16.0 ( θ16°) 

17.0 ( θ17°) 
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Appendix E 

Calculation of forces acting on the prototype rotary blade 
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CALCULATION OF FORCES ACTING ON PROTOTYPE ROTARY BLADE 

 

1.  Sign conventions 

  

 For the study on the characteristics of the reaction forces (Fξ, Fζ  and Mξζ) which 

are detected by the EOR transducer, they are positive when they act on the EOR 

transducer in the directions as shown in Appendix Figure 28. These sign conventions 

correspond to the directions and magnitudes of Fξ, Fζ  and Mξζ as shown in Appendix 

Figure 18 and Appendix Table B2, respectively.  

 

 
 

Appendix Figure 28 Sign conventions for the forces detected by the EOR transducer 

and the reaction forces acting on the prototype rotary blade. 
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2.  Determination of Fx, Fy and MO at the center of rotation (point O) 

 

 The voltage signals from the EOR transducer were converted to the soil-reaction 

forces (Fξ, Fζ  and Mξζ) acting on the EOR transducer as shown in Appendix Figure 28 by 

the calibration curves (Appendix Figure 19). The typical data of these signals during the 

tilling process of the prototype rotary blade with 15°lengthwise slice angle at 150 rpm 

rotational speed and 0.142 m/s forward speed in sandy loam soil are shown in Appendix 

Table E1. The reaction forces of Fξ, Fζ  and Mξζ of soil-reaction forces are shown in 

column 5, column 6 and column 7 of Appendix Table E1, respectively.  

 

For instance, the determination of Fx, Fy, and MO at 142.9° of rotational angle will 

be presented in order to make clearly for the calculation of these reaction force. The 

directions of these reaction forces were considered comparing with the sign conventions 

as explained in section 1 of Appendix E. Then let’s consider firstly the directions of Fξ, 

Fζ  and Mξζ at angular position of 142.9°. We found that Fξ, Fζ  and Mξζ  are 170.73 N, 

19.15 N and 45.13 N⋅m, respectively. The directions of Fx and FR are negative as the 

direction of moment is positive. At point O, the free-body diagram is drawn as shown in  

 

 
 

Appendix Figure 29 Free-body diagram of force analysis at point O. 
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Appendix Table E1 The typical data of Fξ, Fζ  and Mξζ  at condition of 150 rpm 

rotational speed and 0.142 m/s forward speed in sandy loam soil. 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

0.0 0.043 0.094 0.070 18.67 21.41 4.65 

1.8 0.062 0.005 0.144 26.04 7.02 9.17 

3.5 0.091 0.181 0.118 37.29 35.47 7.58 

5.3 0.091 0.001 0.054 37.29 6.38 3.67 

7.1 0.092 0.035 0.068 37.68 11.87 4.53 

8.8 0.102 0.160 0.142 41.56 32.08 9.05 

10.6 0.109 0.081 0.074 44.27 19.31 4.89 

12.4 0.114 0.028 0.112 46.21 10.74 7.22 

14.1 0.097 0.053 0.198 39.62 14.78 12.48 

15.9 0.118 0.080 0.082 47.77 19.15 5.38 

17.6 0.150 0.047 0.010 60.18 13.81 0.98 

19.4 0.118 0.059 0.136 47.77 15.75 8.68 

21.2 0.140 0.061 0.056 56.30 16.08 3.79 

22.9 0.133 0.079 0.076 53.58 18.99 5.02 

24.7 0.084 0.126 0.212 34.58 26.58 13.33 

26.5 0.132 0.113 0.108 53.20 24.48 6.97 

28.2 0.133 0.000 0.052 53.58 6.22 3.55 

30.0 0.096 -0.060 0.168 39.23 15.91 10.64 

31.8 0.153 -0.127 0.128 61.34 26.74 8.20 

33.5 0.117 -0.108 0.086 47.38 23.67 5.63 

35.3 0.119 -0.159 0.070 48.15 31.92 4.65 

37.1 0.115 -0.260 0.064 46.60 48.24 4.28 

38.8 0.092 -0.308 0.054 37.68 56.00 3.67 

40.6 0.106 -0.266 0.124 43.11 49.21 7.95 
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Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

42.4 0.107 -0.140 0.126 43.50 28.85 8.07 

44.1 0.104 -0.147 0.036 42.33 29.98 2.57 

45.9 0.121 -0.207 0.088 48.93 39.68 5.75 

47.6 0.109 -0.139 0.112 44.27 28.68 7.22 

49.4 0.142 -0.148 0.048 57.07 30.14 3.30 

51.2 0.125 -0.179 0.028 50.48 35.15 2.08 

52.9 0.074 -0.120 0.178 30.70 25.61 11.25 

54.7 0.101 -0.068 0.144 41.17 17.21 9.17 

56.5 0.080 -0.030 0.070 33.03 11.06 4.65 

58.2 0.110 -0.020 0.114 44.66 9.45 7.34 

60.0 0.097 0.051 0.184 39.62 14.46 11.62 

61.8 0.096 0.056 0.076 39.23 15.27 5.02 

63.5 0.118 0.005 0.090 47.77 7.02 5.87 

65.3 0.136 0.051 0.178 54.75 14.46 11.25 

67.1 0.102 -0.013 0.124 41.56 8.32 7.95 

68.8 0.138 0.039 0.112 55.52 12.52 7.22 

70.6 0.104 0.020 -0.216 42.33 9.45 13.58 

72.4 0.111 0.069 -0.074 45.05 17.37 4.89 

74.1 0.130 -0.008 -0.012 52.42 7.51 1.10 

75.9 0.111 -0.107 -0.126 45.05 23.51 8.07 

77.6 0.119 -0.026 -0.110 48.15 10.42 7.09 

79.4 0.143 0.031 -0.074 57.46 11.23 4.89 

81.2 0.117 0.067 -0.084 47.38 17.05 5.51 

82.9 0.134 -0.010 -0.172 53.97 7.83 10.89 

84.7 0.134 -0.060 -0.074 53.97 15.91 4.89 
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Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

86.5 0.130 -0.039 -0.044 52.42 12.52 3.06 

88.2 0.115 -0.009 -0.206 46.60 7.67 12.96 

90.0 0.100 0.053 -0.150 40.78 14.78 9.54 

91.8 0.104 0.115 -0.054 42.33 24.81 3.67 

93.5 0.096 -0.082 -0.188 39.23 19.47 11.86 

95.3 0.104 -0.051 -0.142 42.33 14.46 9.05 

97.1 0.128 -0.008 -0.026 51.64 7.51 1.96 

98.8 0.102 -0.039 -0.192 41.56 12.52 12.11 

100.6 0.148 -0.026 -0.156 59.40 10.42 9.91 

102.4 0.131 -0.022 -0.028 52.81 9.77 2.08 

104.1 0.117 -0.104 -0.102 47.38 23.03 6.61 

105.9 0.091 -0.222 -0.062 37.29 42.10 4.16 

107.6 0.111 0.001 0.166 45.05 6.38 10.52 

109.4 0.070 0.028 0.140 29.15 10.74 8.93 

111.2 0.026 0.153 0.348 12.08 30.95 21.65 

112.9 -0.193 0.208 0.314 77.01 39.84 19.59 

114.7 -0.321 0.063 0.511 126.68 16.37 31.60 

116.5 -0.394 0.007 0.660 154.90 7.38 40.72 

118.2 -0.425 0.191 0.788 166.91 37.09 48.53 

120.0 -0.531 -0.293 0.827 208.04 -41.14 50.94 

121.8 -0.587 -0.389 0.741 229.73 -56.73 45.67 

123.5 -0.647 -0.431 0.605 252.87 -63.47 37.34 

125.3 -0.485 0.337 0.671 190.12 60.67 41.39 

127.1 -0.550 -0.001 0.734 215.37 6.10 45.24 

128.8 -0.531 0.115 0.917 208.00 24.75 56.45 
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Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

130.6 -0.515 0.341 0.869 201.90 61.26 53.47 

132.4 -0.434 0.076 0.736 170.34 18.50 45.37 

134.1 -0.421 0.007 0.572 165.30 7.35 35.34 

135.9 -0.400 0.100 0.678 157.17 22.34 41.84 

137.6 -0.401 0.105 0.680 157.41 23.14 41.96 

139.4 -0.415 0.045 0.705 163.01 13.50 43.47 

141.2 -0.419 -0.106 0.752 164.52 23.35 46.35 

142.9 -0.435 -0.080 0.732 170.73 19.15 45.13 

144.7 -0.438 -0.060 0.552 171.89 15.91 34.12 

146.5 -0.429 -0.065 0.488 168.40 16.72 30.21 

148.2 -0.425 0.048 0.588 166.85 13.97 36.32 

150.0 -0.400 0.024 0.672 157.15 10.10 41.46 

151.8 -0.392 -0.033 0.714 154.05 11.55 44.02 

153.5 -0.382 -0.096 0.692 150.17 21.73 42.68 

155.3 -0.396 0.064 0.704 155.60 16.56 43.41 

157.1 -0.402 -0.071 0.562 157.93 17.69 34.73 

158.8 -0.419 -0.191 0.508 164.52 37.09 31.43 

160.6 -0.422 -0.266 0.608 165.69 49.21 37.54 

162.4 -0.402 -0.096 0.642 157.93 21.73 39.62 

164.1 -0.376 -0.134 0.508 147.84 27.88 31.43 

165.9 -0.375 -0.072 0.540 147.46 17.85 33.39 

167.6 -0.325 -0.114 0.560 128.06 24.64 34.61 

169.4 -0.288 -0.261 0.402 113.71 48.41 24.95 

171.2 -0.270 -0.330 0.382 106.73 59.56 23.73 

172.9 -0.251 -0.137 0.530 99.36 28.36 32.77 
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Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

174.7 -0.256 -0.112 0.378 101.30 24.32 23.48 

176.5 -0.240 -0.129 0.438 95.09 27.07 27.15 

178.2 -0.253 -0.146 0.380 100.13 29.82 23.60 

180.0 -0.251 -0.166 0.246 99.36 33.05 15.41 

181.8 -0.242 -0.168 0.254 95.86 33.37 15.90 

183.5 -0.205 -0.110 0.370 81.51 24.00 22.99 

185.3 -0.157 -0.220 0.198 62.89 41.78 12.48 

187.1 -0.143 -0.156 0.190 57.46 31.43 11.99 

188.8 -0.116 -0.136 0.286 46.99 28.20 17.86 

190.6 -0.126 -0.122 0.172 50.87 25.94 10.89 

192.4 -0.121 -0.165 0.158 48.93 32.89 10.03 

194.1 -0.131 -0.219 0.262 52.81 41.62 16.39 

195.9 -0.153 -0.189 0.128 61.34 36.77 8.20 

197.6 -0.170 -0.171 0.096 67.94 33.86 6.24 

199.4 -0.121 -0.126 0.316 48.93 26.58 19.69 

201.2 -0.096 -0.155 0.196 39.23 31.27 12.35 

202.9 -0.143 0.023 0.092 57.46 9.93 5.99 

204.7 -0.145 -0.207 0.162 58.24 39.68 10.27 

206.5 -0.128 -0.138 0.208 51.64 28.52 13.09 

208.2 -0.121 -0.076 0.144 48.93 18.50 9.17 

210.0 -0.108 -0.141 0.226 43.89 29.01 14.19 

211.8 -0.121 -0.160 0.222 48.93 32.08 13.94 

213.5 -0.154 -0.054 0.086 61.73 14.94 5.63 

215.3 -0.148 -0.025 0.058 59.40 10.26 3.92 

217.1 -0.130 -0.132 0.098 52.42 27.55 6.36 

218.8 -0.129 -0.119 0.012 52.03 25.45 1.10 
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Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

220.6 -0.122 -0.078 0.014 49.32 18.82 1.23 

222.4 -0.068 -0.047 0.058 28.37 13.81 3.92 

224.1 -0.037 -0.017 0.066 16.35 8.96 4.40 

225.9 -0.034 -0.035 0.002 15.18 11.87 0.49 

227.6 -0.008 -0.041 0.082 5.10 12.84 5.38 

229.4 -0.019 -0.058 0.076 9.36 15.59 5.02 

231.2 -0.019 -0.116 0.074 9.36 24.97 4.89 

232.9 -0.009 -0.126 0.072 5.48 26.58 4.77 

234.7 -0.007 -0.043 0.038 4.71 13.17 2.69 

236.5 0.014 -0.048 0.034 7.42 13.97 2.45 

238.2 0.014 -0.022 0.072 7.42 9.77 4.77 

240.0 0.038 -0.115 0.048 16.73 24.81 3.30 

241.8 0.024 -0.007 0.016 11.30 7.35 1.35 

243.5 0.013 -0.052 0.132 7.04 14.62 8.44 

245.3 0.056 -0.053 0.030 23.72 14.78 2.20 

247.1 -0.015 -0.125 0.036 7.81 26.42 2.57 

248.8 0.008 -0.011 0.100 5.10 7.99 6.48 

250.6 -0.018 -0.105 0.054 8.98 23.19 3.67 

252.4 -0.008 -0.073 0.074 5.10 18.02 4.89 

254.1 0.007 0.025 0.076 4.71 10.26 5.02 

255.9 0.010 -0.067 0.156 5.87 17.05 9.91 

257.6 0.021 -0.013 0.074 10.14 8.32 4.89 

259.4 0.027 -0.084 0.158 12.47 19.79 10.03 

261.2 0.015 -0.018 0.140 7.81 9.13 8.93 

262.9 0.029 -0.070 0.030 13.24 17.53 2.20 
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Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

264.7 0.007 -0.105 0.042 4.71 23.19 2.94 

266.5 -0.006 -0.075 0.044 4.32 18.34 3.06 

268.2 0.003 -0.025 0.074 3.16 10.26 4.89 

270.0 -0.022 -0.037 0.102 10.53 12.20 6.61 

271.8 0.034 -0.042 0.150 15.18 13.00 9.54 

273.5 0.038 -0.020 0.002 16.73 9.45 0.49 

275.3 0.040 -0.046 0.084 17.51 13.65 5.51 

277.1 0.021 -0.020 0.080 10.14 9.45 5.26 

278.8 0.011 -0.127 0.178 6.26 26.74 11.25 

280.6 0.036 -0.055 0.056 15.96 15.11 3.79 

282.4 0.012 -0.051 0.126 6.65 14.46 8.07 

284.1 0.023 0.009 0.200 10.91 7.67 12.60 

285.9 0.012 0.051 0.002 6.65 14.46 0.49 

287.6 0.020 0.062 0.098 9.75 16.24 6.36 

289.4 0.020 0.106 0.110 9.75 23.35 7.09 

291.2 0.057 0.024 0.066 24.10 10.10 4.40 

292.9 0.005 0.013 0.148 3.93 8.32 9.42 

294.7 0.036 0.030 0.142 15.96 11.06 9.05 

296.5 0.029 0.036 0.038 13.24 12.03 2.69 

298.2 0.043 0.137 0.068 18.67 28.36 4.53 

300.0 0.024 0.027 0.142 11.30 10.58 9.05 

301.8 0.025 0.003 0.032 11.69 6.70 2.33 

303.5 0.037 0.035 0.118 16.35 11.87 7.58 

305.3 0.038 0.112 0.176 16.73 24.32 11.13 

307.1 0.043 0.113 0.056 18.67 24.48 3.79 

308.8 0.074 0.053 0.000 30.70 14.78 0.37 
 



 272

Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

310.6 0.059 0.044 0.102 24.88 13.33 6.61 

312.4 0.081 0.069 0.100 33.41 17.37 6.48 

314.1 0.093 0.105 0.014 38.07 23.19 1.23 

315.9 0.106 0.130 0.224 43.11 27.23 14.07 

317.6 0.120 0.202 0.160 48.54 38.87 10.15 

319.4 0.113 0.098 0.056 45.83 22.06 3.79 

321.2 0.150 0.074 0.058 60.18 18.18 3.92 

322.9 0.127 0.106 0.138 51.26 23.35 8.81 

324.7 0.132 0.022 0.102 53.20 9.77 6.61 

326.5 0.128 0.078 0.008 51.64 18.82 0.86 

328.2 0.117 0.082 0.148 47.38 19.47 9.42 

330.0 0.129 0.014 0.168 52.03 8.48 10.64 

331.8 0.119 0.091 0.066 48.15 20.93 4.40 

333.5 0.110 0.011 0.068 44.66 7.99 4.53 

335.3 0.067 0.065 0.112 27.98 16.72 7.22 

337.1 0.039 0.113 0.064 17.12 24.48 4.28 

338.8 0.034 0.075 0.124 15.18 18.34 7.95 

340.6 0.027 0.077 0.150 12.47 18.66 9.54 

342.4 0.015 0.003 0.100 7.81 6.70 6.48 

344.1 0.032 0.026 0.000 14.41 10.42 0.37 

345.9 0.038 0.069 0.042 16.73 17.37 2.94 

347.6 0.006 0.135 0.064 4.32 28.04 4.28 

349.4 0.007 0.022 0.082 4.71 9.77 5.38 

351.2 0.010 0.077 0.170 5.87 18.66 10.76 

352.9 0.020 0.085 0.154 9.75 19.96 9.79 
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Appendix Table E1 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Voltage 

signal of Fξ 

(V) 

Voltage 

signal of Fζ 

(V) 

Voltage 

signal of Mξζ

(V) 

Force 

Fξ 

(N) 

Force 

Fζ 

(N) 

Moment 

Mξζ 

(N⋅m) 

354.7 0.039 0.167 0.044 17.12 33.21 3.06 

356.5 0.030 0.158 0.108 13.63 31.76 6.97 

358.2 0.041 0.121 0.122 17.90 25.78 7.83 

360.0 0.042 0.026 0.034 18.28 10.42 2.45 
 

 

Appendix Figure 29. The reaction forces acting on this free-body diagram consist of 

forces of Fξ and Fζ and moment of Mξζ . The forces of Fx and Fy and the moment of MO 

can be computed as follows.  

  

∑+→ xF   =   0:  

 

  Fx = oo 9.48cos9.48sin ⋅+⋅ ζξ FF  

 

   = 170.73 × sin 48.9° + 19.15 × cos48.9°  

   

 ∴Fx = 141.25  N  →  (Pushing-forward force) 
 

∑
+
↑ yF   =   0:  

 

  Fy = oo 9.48sin9.48cos ⋅−⋅ ζξ FF  

 

   = 170.73 × cos 48.9° − 19.15 × sin48.9°  

   

 ∴Fy = 97.80  N   ↑  (Lifting-up force) 
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∑ OM   =   0: 

 

  OM  = 06157.0⋅− ξξζ FM  

 

   = 45.13 − 170.73 × 0.06157 

 

   = 34.61  N ⋅ m  

 

3.  Determination of the magnitude and direction of resultant force and its location 

 

 After the reaction forces of Fx, Fy and MO were computed, the acting point of the 

resultant force on the prototype rotary blade can be determined. According to the 

principle of coplanar forces, the distance from point O to the location of the resultant 

force FR on prototype rotary blade (DOC1 as shown in the section 2.12 of the chapter of 

material and method) can be also determined.  

 

Since the moment of FR about point O (MO) can be also defined as the summation 

of the components Mx and My. From the same example at 142.9° rotational angle in 

above, The location of the resultant force FR can be determined from the components Mx 

and My as follows (see Appendix Figure 30).  

 

  MO = Mx + My  

 

= Fx ⋅ DOC1 ⋅ sin(θ - 90°) + Fy ⋅ DOC1 ⋅ cos(θ - 90°)   

 

   = [ ])90cos()90sin(1
oo −⋅+−⋅ θθ yxOC FFD  

   

DOC1 = 
[ ])90cos()90sin( oo −⋅+− θθ yx

O

FF

M
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Appendix Figure 30 Analysis of forces for determining the acting-point of resultant 

force FR on the prototype rotary blade. 

 

Since θ  =  142.9°, Fx  =  141.25 N, Fy  =  97.80 N, and MO  =  34.61 N ⋅ m; thus  
 

DOC1 = 
[ ])909.142cos(N80.97)909.142sin(N25.141

m1
cm100mN61.34

oooo −×+−×

×⋅
 

 

 ∴ DOC1 = 20.2  cm 

  

Then the magnitude and direction of the resultant force FR can be calculated from 

its rectangular components Fx and Fy (see Appendix Figure 30).  
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Calculating the magnitude of resultant force FR; 

 

 FR = 22
yx FF +  

 

  = 22 80.9725.141 +  

 

 ∴FR = 171.80  N 

 

Calculating the direction of resultant force FR; 

 

 ∝ = tan-1
x

y

F
F

 

 

  = tan-1
25.141
80.97

 

 

 ∝ = 34.69831735° 

 

 From these results, it was obtained that the magnitude and direction of the 

resultant force FR is 171.08 N and 34.69831735°, respectively, which its components Fx 

and Fy is 141.25 N and 97.08 N, respectively. This resultant force FR acts on the position 

which line on the line of OC1. Its distance DOC1 is equal to 20.2 cm as shown in Appendix 

Figure 31.  
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Appendix Figure 31 Resultant force and its location on the prototype rotary blade at 

142.9° of rotational angle.  

 

Appendix Table E2 The typical data of Fx (pushing-forward force), Fy (lifting-up force), 

MO, FR, DOC1 and ∝ under condition of 150 rpm rotational speed 

and 0.142 m/s forward speed in sandy loam soil at the range of 

rotational angle from 90° to 180°. 

 

Rotational 

angle 

(θ; deg.) 

Pushing-

forward 

force; Fx (N) 

Lifting-up

force; 

 Fx (N) 

Moment  

around point 

O; MO (N ⋅ m)

Resultant 

force;  

FR (N) 

Direction 

of force; 

∝ (deg.) 

Distance 

DOC1 

( cm) 

90.0 -11.90 -41.71 7.03 43.38 74.08 16.85 

91.8 -23.14 -43.27 1.06 49.07 61.87 2.42 

93.5 19.79 -39.07 9.45 43.797 -63.1 25.01 

95.3 13.50 -42.65 6.44 44.736 -72.4 15.63 

97.1 4.74 -51.97 1.22 52.187 -84.8 2.39 
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Appendix Table E2 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Pushing-

forward 

force; Fx (N) 

Lifting-up

force; 

 Fx (N) 

Moment  

around point 

O; MO (N ⋅ m)

Resultant 

force;  

FR (N) 

Direction 

of force; 

∝ (deg.) 

Distance 

DOC1 

( cm) 

98.8 8.98 -42.46 5.02 43.404 -78.1 12.37 

100.6 3.53 -60.21 6.25 60.309 -86.6 10.68 

90.0 -11.90 -41.71 7.03 43.38 74.08 16.85 

91.8 -23.14 -43.27 1.06 49.07 61.87 2.42 

93.5 19.79 -39.07 9.45 43.797 -63.1 25.01 

95.3 13.50 -42.65 6.44 44.736 -72.4 15.63 

97.1 4.74 -51.97 1.22 52.187 -84.8 2.39 

98.8 8.98 -42.46 5.02 43.404 -78.1 12.37 

100.6 3.53 -60.21 6.25 60.309 -86.6 10.68 

102.4 2.00 -53.67 4.69 53.704 -87.9 9.02 

104.1 14.35 -50.69 5.17 52.677 -74.2 11.32 

105.9 33.52 -45.16 5.34 56.243 -53.4 15.58 

107.6 -16.83 -42.27 9.07 45.499 68.3 19.98 

109.4 -18.10 -55.24 10.72 58.13 71.86 18.45 

111.2 -37.33 -32.14 9.16 49.26 40.73 21.08 

112.9 -12.69 85.77 14.85 86.704 -81.6 20.06 

114.7 29.48 124.28 23.80 127.73 76.66 19.01 

116.5 52.38 145.96 31.18 155.07 70.26 20.25 

118.2 34.69 167.43 38.25 170.99 78.29 23.33 

120.0 128.17 168.95 38.13 212.07 52.82 18.12 

121.8 157.22 176.85 31.53 236.63 48.36 13.52 

123.5 179.86 188.74 21.77 260.72 46.38 8.48 

125.3 46.91 193.97 29.68 199.56 76.41 16.01 

127.1 112.37 183.83 31.98 215.45 58.56 14.92 

128.8 98.46 184.89 43.64 209.47 61.96 21.21 

130.6 71.16 198.63 41.04 211.0 70.29 20.82 
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Appendix Table E2 (Continued) 

 

Rotational 

angle 

(θ; deg.) 

Pushing-

forward 

force; Fx (N) 

Lifting-up

force; 

 Fx (N) 

Moment  

around point 

O; MO (N ⋅ m)

Resultant 

force;  

FR (N) 

Direction 

of force; 

∝ (deg.) 

Distance 

DOC1 

( cm) 

132.4 91.19 145.06 34.88 171.34 57.85 20.68 

134.1 100.89 131.14 25.17 165.46 52.43 15.31 

135.9 88.29 131.93 32.16 158.75 56.21 20.72 

137.6 91.90 129.87 32.27 159.1 54.72 20.76 

139.4 106.61 124.05 33.43 163.57 49.32 20.68 

141.2 136.54 104.71 36.22 172.07 37.48 21.05 

142.9 141.31 97.70 34.61 171.8 34.66 20.17 

144.7 143.11 96.54 23.54 172.63 34 13.64 

146.5 143.74 89.32 19.84 169.23 31.86 11.73 

148.2 127.22 108.86 26.05 167.43 40.55 15.74 

150.0 124.64 96.25 31.78 157.48 37.68 20.36 

151.8 136.47 82.40 32.30 159.41 31.12 20.29 

153.5 140.45 67.42 32.49 155.8 25.64 20.86 

155.3 144.43 68.21 30.59 159.73 25.28 19.15 

157.1 148.81 55.78 25.01 158.92 20.55 15.75 

158.8 164.67 26.42 26.07 166.78 9.115 15.98 

160.6 171.60 20.67 27.34 172.84 6.869 16.21 

162.4 154.81 38.06 29.90 159.42 13.81 18.80 

164.1 148.51 24.07 22.33 150.45 9.204 14.94 

165.9 145.70 28.89 24.31 148.53 11.21 16.39 

167.6 129.82 12.41 26.72 130.41 5.46 20.64 

169.4 122.23 -18.21 17.95 123.58 -8.47 15.36 

174.7 103.89 -7.64 17.24 104.17 -4.21 16.78 

176.5 97.82 -14.37 19.09 98.867 -8.36 19.73 

178.2 102.62 -19.61 17.44 104.48 -10.8 17.10 

180.0 101.42 -26.04 12.07 104.71 -14.4 11.90 
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Appendix F 

Specification of tractor 
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Appendix Table F1  Specification of the test tractors 

 

Massey Ferguson 390 (4WD) 
Model 

Horse power 

Gear system 

 

Power take off 

 

Brake system: 

 Foot brake 

 

 Parking brake 

 

Overall weight 

Overall height 

Overall width 

Overall length 

Wheel base 

: 390  

: 86 Hp at 2200 engine rev/min. 

: Twelve speed manual gearbox; the twelve speed gearbox 

 has twelve forward and four reverse speeds.  

: Dual clutch, pedal operated, 540 rpm at 1789 rpm engine 

 speed and 1000 rpm at 1900 rpm engine speed 

 

: Oil immersed, hydraulically operated disc brakes, operated 

 together or independently 

: Operates on both rear wheels at the same time independent 

 of the foot brakes 

: 3011 kg 

: 2640 mm 

: 1871 mm 

: 3990 mm 

: 2350  mm 

 
Kubota L2500 (4WD) 
Model 

Horse power 

Gear system 

Power take off 

Brake system 

Overall weight 

Overall height 

Overall width 

Overall length 

Wheel base 

: D 1403-AE-2 

: 27.3 Hp at 2800 engine rev/min. 

: 8 Forward speeds, 2 reverse speeds 

: SAE 1 3/8″; 540 rpm PTO speed at 2430 rpm engine speed 

: Single disk, wet type, separate left and right 

: 950 kg 

: 1935 mm 

: 1270 mm 

: 2640 mm 

: 1565  mm 

 




