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DESIGN AND DEVELOPMENT OF A FOUR-WHEELED DRIVE 
MULTIPURPOSE PRIME MOVER FOR OIL PALM PLANTATION 

MECHANIZATION  
 

By  

DARIUS EL PEBRIAN 

November 2009 
 
 
 
Chairman:   Azmi Yahya, PhD, PEng 

Faculty     :  Engineering 

 

A new completely integrated machine system for mechanizing the field operations in  

the oil palm plantation in Malaysia has been successfully designed, developed and 

evaluated. The machine system consists of a 4WD multi purpose prime mover 

associated with its machine attachments for circle spraying, blanket spraying and in-

field FFB collection-transportation operation and provisions for the other future 

machine attachments.   

 

Computations were made to predict the overall performances of the proposed 4WD 

multi purpose prime mover based on the terrain parameters obtained from the study 

on the mechanical terrain properties. Computations also were made to estimate on 

the overall hydrostatics efficiency of the prime mover, and the required hydraulic 

pressure for operating all actuators within the respective machine attachments. 

Besides, a study on machine and human performances  in oil palm cultivations in 

Malaysia has been sucessfully conducted  to identify the critical field operations or 

tasks within the nursery and field stage operations prior to establishing the design 
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concept of  the 4WD multipurpose prime mover with its respective machine 

attachments.  The greater priority was  given to the identified critical field operations 

and the identified tasks within the operation in designing and developing  the types 

of  machine attachments for the 4WD multi purpose prime mover.  The attachments 

for spraying operations and in-field FFB collection-transportation operation were 

given a greater priority to be designed and developed to complete the functionality of 

the prime mover in order to be a universal prime mover. 

 

Results from field evaluations had showed that the average effective field capacity 

for the circle spraying operation with the machine system was found to be 0.98 ha/hr 

or equal to 7.89 ha/man-day with 8 committed working hours per day or increments 

of average effective machine field capacity of 1.97 over the Serena LT16 knapsack 

sprayer.   

 

The average effective field capacity for the blanket spraying operation with the 

machine system was found to be 3.82 ha/hr or equal to 30.61 ha/man-day with 8 

committed working hours per day or increments of average effective machine field 

capacity of  1.53 times over the mini-tractor with fully mounted 10 m boom sprayer.   

 

The average machine output of in-field FFB collection-transportation operation with 

the machine system operating on gently undulating terrain was 2.620 ton/hr or equal 

to 20.965 ton/day with 8 committed working hours per day. An average machine 

output increment of 3.58% higher than average machine output of 2.526 ton/hr or 

equal to 20.213 ton/day was obtained when the machine system operating on sloping 

terrain.  
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A spraying cost increment per hectare of 24.90% or an additional cost of RM5.36/ha 

(1.53 USD/ha) was obtained in circle spraying operation with the prime mover over 

the Serena LT16 knapsack sprayer. Increasing the effective field capacity of the 

machine system to a value equal or greater than 1.33 ha/hr (i.e. 26.3% increased) or 

reducing the initial cost of the machine system to RM27,500 (USD 7714.28)  or 0.41 

times reduction would qualify the machine system to be cost effective over the 

Serena LT16 knapsack sprayer for circle spraying operation.  

 

A spraying cost reduction per hectare of 19.54% or a cost saving of RM1.54/ha (0.44 

USD/ha) was obtained in blanket spraying operation with the prime mover over the 

mini tractor with fully mounted 10 m width boom sprayer.   

 

An operating cost reduction in the range of 6.74% to 14.25% per ton or cost savings 

in the range of RM0.62/ton (0.18 USD/ton)  to RM1.31/ton (0.37 USD/ton) were 

obtained in in-field FFB collection-transportation operation with the prime mover 

over the mini tractor-trailer with grabber.  

 

In-field FFB collection-transportation operation by the prime mover with in-field 

FFB collection-transportation attachment was 63.35 times more exhausting on basis 

of the measured human energy expenditure, 1.59 times more demanding on basis of 

the measured mean increase in heart rate, and 1.16 times less dawdling on basis of 

the measured average field capacity than the operation by the mini tractor-trailer with 

grabber.  
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Circle spraying operation by the prime mover with circle spraying attachment was 

0.89 times less exhausting on basis of the measured of the human energy 

expenditure, 0.32 times less demanding on the basis of the measured mean increase 

in heart rate and 1.78 times less dawdling on the basis of the measured average field 

capacity than the operation by the Serena LT16 knapsack sprayer. 



 vii

Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 
memenuhi syarat ijazah Doktor Falsafah 

 
 

MEREKA BENTUK DAN MEMBINA SEBUAH PENGGERAK UTAMA 
PACUAN EMPAT RODA  PELBAGAI GUNA UNTUK MEKANISASI 

PERLADANGAN KELAPA SAWIT 
 

Oleh 

DARIUS EL PEBRIAN 

November 2009 

 

Pengurusi :  Ir.  Azmi Yahya, PhD  

Fakulti      :  Kejuruteraan 

 

Sebuah  sistem jentera baru dan terpadu untuk mekanisasi kerja-kerja ladang di 

perladangan kelapa sawit di Malaysia telah berjaya direka bentuk, dibina dan diuji 

kaji. Sistem jentera ini terdiri dari penggerak utama pacuan empat roda yang 

dilengkapi dengan sangkutan jentera untuk kerja-kerja semburan bulatan, semburan 

selimut, dan pengumpulan-pengangkutan buah segar kelapa sawit di ladang.   

 

Pengiraan dibuat untuk meramal prestasi  keseluruhan daripada penggerak utama 

empat roda  yang dicadangkan. Pengiraan juga dibuat untuk menganggarkan  prestasi 

keseluruhan penggerak hidrostatik dan jumlah tekanan hidraul yang diperlukan untuk 

mengendalikan semua penggerak dalam sistem hidraul untuk semua sangkutan 

jentera. Sebelum memulakan kerja-kerja mereka bentuk penggerak utama pacuan 

empat roda pelbagai guna dengan sangkutan-sangkutan  mesinnya, satu kajian 

tentang prestasi manusia dan jentera dalam penanaman kelapa sawit di Malaysia 

telah dilaksanakan untuk mengenal pasti kerja-kerja atau tugas-tugas yang kritikal 
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dan genting dalam kerja-kerja di tapak semaian dan di ladang.  Keutamaan yang 

lebih besar diberikan pada kerja-kerja atau tugas-tugas yang kritikal dan genting 

dalam kerja reka bentuk dan membina jenis sangkutan jentera yang diperlukan untuk 

penggerak utama pacuan empat roda tersebut. Sangkutan mesin untuk penyemburan 

dan pengumpulan-pengangkut tandan buah segar kelapa sawit di dalam ladang telah 

dikenalpasti untuk diberi keutamaan direka bentuk dan dibina untuk  melengkapi 

fungsi penggerak utama tersebut  sebagai sebuah penggerak utama yang universal. 

 

Keputusan-keputusan dari ujian di ladang didapati purata kecekapan ladang daripada 

penggerak utama dengan sangkutan semburan bulatan untuk kerja semburan bulatan 

ialah 0.98 ha/jam atau setara dengan 7.89 ha/hari-pekerja dengan masa kerja yang 

diwajibkan 8 jam setiap hari atau 1.97 kali ganda peningkatan berbanding purata 

kecekapan ladang dengan penyembur galas Serena LT16. 

 

Purata kecekapan ladang dari pada penggerak utama dengan sangkutan semburan 

selimut untuk kerja semburan selimut adalah 3.82 ha/jam atau setara dengan 30.61 

ha/hari-pekerja atau 1.53 ganda peningkatan berbanding purata kecekapan ladang 

dengan mini traktor 21 kW dengan 10 m lebar penyembur bertangan. 

 

Purata keluaran kerja pengumpulan-pengangkutan buah segar di ladang dengan 

sistem jentera ini ketika bekerja di atas tanah tidak rata ialah 2.620 tan/jam atau 

setara dengan 20.965 tan/hari dengan masa kerja yang diwajibkan 8 jam setiap hari. 

Sebuah purata peningkatan keluaran 3.58% lebih tinggi dibandingkan dengan 

keluaran 2.526 tan/jam atau setara dengan 20.213 tan/hari ketika jentera bekerja di 

tanah cerun. 
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Satu peningkatan kos semburan setiap hektar 24.90% atau tambahan kos RM5.36/ha 

(1.53 USD/ha) didapati dalam kerja semburan bulatan dengan penggerak utama 

berbanding dengan penyembur galas Serena LT16. Peningkatan keupayaan efektif 

ladang sistem jentera hingga sama atau besar dari 1.33 ha/jam (iaitu peningkatan 

26.30%) atau pengurangan kos awal sistem jentera hingga RM27,500 (USD 7714.28) 

(atau 0.41 ganda pengurangan) akan melayakan kos efektif sistem jentera ini 

berbanding dengan penyembur galas Serena LT16 untuk kerja semburan  bulatan. 

 

 Satu pengurangan kos setiap hektar 19.54% atau penjimatan kos RM1.54 (0.44 

USD/ha) setiap hektar diperolehi dalam kerja semburan selimut dengan penggerak 

utama berbanding dengan mini traktor 21 kW dengan 10 m lebar penyembur 

bertangan.  

 

Satu pengurangan kos dalam banjaran 6.74% hingga 14.25% setiap tan atau 

penjimatan kos dalam banjaran RM0.62/tan (0.18 USD/tan)   hingga RM1.31/tan 

(0.37 USD/tan)  diperolehi dari kerja pengumpulan-pengangkutan tandan buah segar 

di ladang dengan penggerak utama berbanding dengan mini traktor- treler dan 

pengaut buah. 

 

Kerja pengumpulan-pengangkutan tandan buah segar di ladang dengan penggerak 

utama ialah 63.35 kali ganda memenatkan berasaskan ukuran pemakaian tenaga 

manusia, 1.59 kali ganda  meletihkan berasaskan ukuran purata peningkatan 

denyutan  jantung, dan 1.16 kurang lambat berasaskan ukuran purata keupayaan 

ladang berbanding dengan mini traktor-treler dengan pengaut buah. Kerja semburan 

bulatan dengan penggerak utama ialah 0.89 kali kurang memenatkan berasaskan 
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ukuran pemakaian tenaga manusia, 0.32 kali kurang meletihkan berasaskan purata 

peningkatan denyutan jantung dan  1.78 kali kurang lambat berasaskan ukuran putara 

keupayaan di ladang berbanding dengan penyembur galas Serena LT16. 

 

 

  

 



 xi 
 

 

ACKNOWLEDGEMENTS 
 

The author wish to express the highest appreciation and deepest gratitude to 

Associate Professor Azmi Yahya, PhD, PEng, the chairman of the supervisory 

committee for his invaluable guidance, encouragement, generous assistance, patience 

and strong support throughout this study work, and also for granting him financial 

support for his research work and living allowance during the study period through 

the E-Science Fund from the Ministry of Science, Technology and Innovation of 

Malaysia.   The author is also indebted and grateful to Professor Desa Ahmad, PhD, 

PEng and Jamarei Othman, PhD, members of the supervisory committee for their 

constructive comments, guidance and contributions. 

 

The author realizes that the study could not be completed successfully without the 

valuable assistances from the staff of the Department of Biological and Agricultural 

Engineering, Faculty of Engineering, UPM.  Special thanks are addressed to all staff 

of the Department of Biological and Agricultural Engineering, UPM especially Mr. 

Mohd. Rosdhi Zamri, Mr. Abdul Hamed, Mr. Mohd. Sabri and Mr. Zainal Abidin 

Abdul Ghani whose assistance have contributed in the completion of this study.  

Special appreciations are extended to the colleagues in the Machine Design 

Laboratory, Oh Yunju, Norsyahrina, Payman, and Tajudeen, and  Dr.Aimrun 

Wayayok from the Smart Farming Technology Laboratory for their valuable 

assistance and contributions at various stages of the study.  Thanks are also extended 

to staff of Sime Darby Plantation Bhd in Banting, Labu Estate, and New Labu Estate 

for granting us the permission to conduct the field test and evaluation in their 

plantations. Thanks are also addressed to Mr. Thomas, Mr. Ah Soon from Tomsoon 



 xii 
 

 

Engineeing Sdn Bhd and Mr. Lee Wai Peng from Power Fluidtronics & Industries 

Sdn Bhd for their diverse cooperation.   

 

The author is forever indebted to his beloved family, especially his late father Yulius 

Amadin and late mother Rosma, and his elder brother Antonius Des Satria and sister 

in law Cut Dwita Ernaita and all their children Saddam, Cantika and Kelvin, aunties, 

uncles and relatives for their unending and unstinting in giving support and spirit for 

sustaining and inspiring him all the times throughout the study. 

  

Last but not least, thanks are due to all those, whom the author could not mention 

here, and who have contributed to the completion of this study through their 

physical, moral and spiritual support. 

 

 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xiii 
 

 

 
I certify that a Thesis Examination Committee has met on 17 November 2009 to 
conduct the final examination of Darius El Pebrian on his Doctor of Philosophy 
thesis entitled “Design and Development of a Four-Wheeled Drive Multipurpose 
Prime Mover for Oil Palm Plantation Mechanization” in accordance with 
Universities and University Colleges Act 1971 and the Constitution of the Universiti 
Putra Malaysia [P.U.(A)] 106] 15 March 1998. The Committee recommends that the 
candidate be awarded the relevant degree.   
 
Members of the Examination Committee are as follows: 
 
 
Wan Ishak Wan Ismail, PhD, P.Eng 
Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
 (Chairman) 
 
 
 
Rimfiel Janius, PhD 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
 
 
 
Wong Shaw Voon, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
 
 
Vilas Salokhe, PhD 
Professor 
Agricultural System and Engineering 
School of Environment, Resources and Development  
Asian Institute of Technology 
(External Examiner) 
 
 
       

_______________________ 
                            BUJANG KIM HUAT 
      Professor and Deputy Dean  
      School of Graduate Studies 
      Universiti Putra Malaysia 

                 Date:    



 xiv 
 

 

This thesis submitted to the Senate of Universiti Putra Malaysia has been accepted as 
fulfilment of the requirement for the degree of Doctor of Philosophy.  The members 
of the Supervisory Committee were as follows: 
 
Azmi Yahya, PhD, PEng 
Associate Professor 
Faculty of Engineering  
Universiti Putra Malaysia 
(Chairman)  
 
Desa Ahmad, PhD, PEng 
Professor/ Head Department of Biological and Agricultural Engineering 
Faculty of Engineering 
Universiti Putra Malaysia 
(Member) 
 
Jamarei Othman, PhD 
Senior Lecturer 
Faculty of Engineering 
Universiti Putra Malaysia 
(Member) 
 
 
 
 
 
 
 
 
 
 
 
      _______________________________ 
      HASANAH MOHD GHAZALI, PhD 
      Professor and Dean  

School of Graduate Studies 
      Universiti Putra Malaysia 
 
      Date: 17 March 2010 
 
 
 
 
 
 
 
 
 
 
 



 xv 
 

 

DECLARATION 
 
 
I hereby declare that the thesis is based on my original work except for quotations 
and citations which have been duly acknowledged.  I also declare that it has not been 
previously or concurrently submitted for any other degree at UPM or other 
institutions. 
 
        
 
           
       ____________________ 

     DARIUS EL PEBRIAN  
        

Date:  1 July 2009   
 

 

 

 



 

 
 

xvi 
 

 

TABLE OF CONTENTS 
 

 
 
DEDICATION 
ABSTRACT 
ABSTRAK 
ACKNOWLEDGEMENTS  
APPROVAL 
DECLARATION 
LIST OF TABLES  
LIST OF FIGURES 
LIST OF ABBREVIATIONS 
 

Page 
 

ii 
iii 
vii 
xi 

xiii 
xv 
xix 
xxii 

xxviii 
 

CHAPTER 
 
I 

 
 
INTRODUCTION  
1.1 Background 
1.2 Problems Identification 
1.3 Scope of Study 
1.4 Objectives 

 
 

1 
1 
4 
6 
7 

 
II 

 
LITERATURE REVIEW     
2.1  4WD versus 2WSVehicles  
2.2 4WS versus 2WS 
2.3 Human Energy in Agriculture Operation  
2.4  Human Labor and Health Hazard in  
        Oil Palm  Cultivation 
2.5  Mechanization in Oil Palm Plantation  

2.5.1 Mechanization in Field Transplanting  
                        of Oil Palm Seedling 
               2.5.2  Mechanization on Fertilizer Application 
               2.5.3  Mechanization on Crop Spraying 
               2.5.4  Mechanization in Fresh Fruit Bunches  
                         (FFB) Infield Collection and Transportation 
2.6  Multipurpose Prime Mover  
2.7  Summary 
 

 
8 
9 
10 
12 
12 
 

15 
16 
 

19 
23 
33 
 

46 
59 
 

III METHODOLOGY 
3.1  Machine and Human and Performances in Oil Palm  
       Cultivations  

3.1.1   Nursery stage operations 
3.1.2   Field stage operations 

3.2  Study on Mineral Soil Types in Inland Terrain 
             3.2.1    Characterization of Pressure-Sinkage  
                         Parameters 

3.2.2 Soil’s Shear Strength Parameters 
3.3  Engine Size Selection  
3.4  Prime Mover’s Cornering Behaviour  

62 
63 
 

65 
74 
88 
88 
 

92 
95 
103 



 

 
 

xvii 
 

 

3.5  Prime Mover Configuration  
              3.5.1   Chassis and Driving Unit 
              3.5.2   Steering System 
              3.5.3   Operator Compartment 
3.6   Hydraulic System   
3.7   Computation on Hydrostatic Drive for Prime Mover 
3.8   Design Concept of Circle Spraying Attachment 
3.9   Design Concept of Blanket Spraying Attachment 
3.10  Design Concept of FFB Infield  
         Collection-Transportation Attachment 
3.11  Hydraulic System for Machine Attachments 
3.12  Hydraulic Pressure Estimations for Machine 
         Attachments       
              3.12.1  Hydraulic Pressure Estimation for the  
                           Circle Spraying Attachment 
              3.12.2  Hydraulic Pressure Estimation for  
                           Blanket Spraying Attachment 
              3.12.3  Hydraulic Pressure Estimation for  
                          FFB   Infield Collection-Transportation    
                          Attachment 
3.13  Determining Prime Mover Static Axle  
         Weight Distributions  
3.14  Field Evaluations on the Hydrostatic Drive and  
         Driving Wheels of the Machine System 
3.15  Measuring Spraying Characteristics 
3.16 Computations on Application Rate and Spraying Time 

Duration for the Circle Spraying Operation 
3.17 Computations on Application Rate and  
        Optimum Prime Mover Speed for Blanket Spraying  
3.18 Spray Pattern Uniformity 
3.19 Field Evaluations of the Machine Systems  
           3.19.1  Field Evaluation of Prime Mover with  
                       Circle Spraying 
             3.19.2  Field Evaluation of Prime Move with  
                       Blanket Spraying  
           3.19.3  Field Evaluation of Prime Mover with 
                       FFB Infield Collection-Transportation  
3. 20 Economic Cost Analysis 

 

108 
109 
112 
113 
115 
120 
128 
132 
135 

 
140 
143 

 
143 

 
151 

 
157 

 
 

167 
 

169 
 

173 
173 

 
177 

 
180 
181 
183 

 
187 

 
190 

 
194 

 
IV 

 
 
 
 
 
 
 
 
 

RESULTS AND DISCUSSIONS 
4.1  Machine and Human Performances in Oil Palm 

Cultivation 
          4.1.1   Human Energy Expenditure,  
                     Mean Increased in Heart Rate and Field Capacity  
          4.1.2   Percentage Duration and Mean Increased in  
                     Heart Rate for Individual Task within  
                     the Operation 
          4.1.3   Estimated Annual Human Energy  
                     Expenditure for Nursery and Field Stages   

205 
205 

 
205 

 
216 

 
 

221 
 



 

 
 

xviii 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

V 
 

4.1.4   Mathematical Relationship between  
                      Human Energy Expenditure and 
                      Average Heart Rate       
4.2 General Description of the Machine System  
4.3 Machine Weight Distribution  
4.4 Hydrostatic Drive and Driving Wheels Performances  
       of Machine Systems 
4.5   Nozzle Spraying Characteristics 
4.6   Spray Pattern Uniformity  
4.7   Field Performances of Prime Mover with Circle  
        Spraying Attachment  
4.8  Field Performance of Prime Mover with Blanket  
       Spraying Attachment  
4.9  Circle and Blanket Spraying Cost Comparisons  
        with Machine System against the Commonly  
        Used Equipment 
4.10 Field Performances of Prime Mover with FFB  
         Infield Collection -Transportation Attachment  
4.11.FFB Infield Collection-Transportation  
        Cost Comparisons with Machine System  
         against Commonly Used Mini Tractor-trailer  
         with Grabber 
4.12. Mean Increased in Heart Rate and  
         Energy Expenditure of Individual Machine Operator and  
         Field Capacity of the Machine Systems 
 
SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 
Summary  
Conclusions 
Recommendations and Further Studies 
 

226 
 

  
228 
232 
233 

 
238 
240 
245 

 
251 

 
256 

 
 

259 
 

270 
 
 

 
271 

 
 
 

277 
 

277 
278 
284 

BIBLIOGRAPHY 
APPENDICES 

289 
295 

A 
           

B 
C 
D 
E 
 

F 
G 
H 
I 
 

Demography Data of the Involved Workers in Oil Palm 
Cultivations 
Apparatus for Measuring of Pressure-Sinkage Parameters 
Schematic Hydraulic Circuit of the Prime Mover 
Hydraulic System of Machine Attachments 
Schematic Diagram of Layout of Circle and Blanket Spraying 
Attachments 
General Field Layout of the Study Area 
Demography Data of Machine System Operator 
Detail Estimated Machine Systems Cost 
Machines Systems Technical Specification 
 

296 
 

298 
299 
301 
304 

 
306 
307 
308 
315 

BIODATA OF STUDENT 
LIST OF PUBLICATIONS 

319 
321 

 



 

 
 

xix 
 

 LIST OF TABLES 
 

Table 
 
 
1 
 
 
2 
 
 
3 
 
4 
 
 
5 
 
6 
 
7 
 
8 
 
9 
 
 

10 
 
 

11 
 
 

12 
 

13 
 
 
 

14 
 
 
 

15 
 
 

16 
 
 
 

 
 
 
Comparison of agricultural tractors per agricultural workers 
between Malaysia and some developed countries 
 
Value of Malaysia imports of agricultural machinery including 
tractors and parts  
 
Human energy expenditure for various agricultural operations 
 
Work classification based on human energy expenditure and 
on heart beat rate  
 
Descriptions of the various nursery  stage operations 
 
Descriptions of the various field stage operations 
 
Pertinent machine parameters  
 
Pertinent soil parameter 
 
Tire driving torques and operating speeds for the respective 
machine systems 
 
Cornering behaviour classifications for the respective 
machine systems 
 
Predicted hydrostatic drive performances at varying engine 
speed 
 
The parameters used in cost analysis of the machine system 
 
Typical total required number of machine systems and their 
respective annual total operating hours for an average size oil 
palm plantation 
 
Typical total required number of the commonly used machine 
systems and their respective annual total operating hours for 
an average size oil palm plantation 
 
The parameters used in cost analysis of the commonly used 
machine system 
 
Field capacity, mean increased in heart rate, and energy 
expenditure for individual nursery stage operations in the oil 
palm cultivation 
 

Page 
 
 
4 
 
 
4 
 
 

13 
 

14 
 
 

65 
 

75 
 

96 
 

98 
 

102 
 
 

107 
 
 

127 
 
 

195 
 

196 
 
 
 

203 
 
 
 

204 
 
 

212 
 
 
 



 

 
 

xx 
 

17 
 
 
 

18 
 
 

19 
 
 

20 
 
 

21 
 
 

22 
 
 

23 
 
 

24 
 
 

25 
 
 

26 
 
 
 

27 
 
 

28 
 
 

29 
 
 

30 
 

31 
 
 

32 
 
 

33 

Field capacity, mean increased in heart rate, and energy 
expenditure for  individual field operations in the oil palm 
cultivation 
 
Mean duration proportion and mean increased in heart  
rate for individual tasks within nursery stage operations  
 
Mean duration proportion and mean increased in heart rate for 
individual tasks within the respective field operations 
 
Estimated total annual human energy expenditure for the 
nursery stage operations in the oil palm cultivation 
 
Estimated total annual energy expenditure for the field 
operations in the oil palm   cultivation 
 
Correlation matrix for heart rate and human energy 
expenditure for nursery stage operations 
 
Correlation matrix for heart rate and human energy 
expenditure for field stage operations 
 
Static Axle Weight Distribution of Prime Mover with 
Machine Attachments 
 
Hydrostatic drive and driving wheels performances of  
prime mover 
 
Hydrostatic drive and driving wheels performances of prime 
mover   with circle spraying and FFB infield collection-
transportation attachments on gently undulating terrain  
 
Nozzles spraying characteristics of the hexagonal curved 
spray boom of the circle spraying attachment 
 
Nozzles spraying characteristics of the collapsible spray 
boom of the blanket spraying attachment 
 
Effective field capacity of machine system for circle spraying 
operation 
 
Breakdown of average time in circle spraying operation  
 
Fuel consumption of the machine system in circle spraying 
operation  
 
Spraying swath of the sprayed area by the prime mover with 
circle spraying attachment 
. 
Costs breakdown in circle spraying operation 

212 
 
 
 

219 
 
 

220 
 
 

224 
 
 

225 
 
 

227 
 
 

227 
 
 

233 
  

 
236 

 
 

237 
 

 
 

239 
 
 

239 
 
 

245 
 
 

247 
 

249 
 

 
249 

 
 
251 



 

 
 

xxi 
 

 
34 
 
 

35 
 

36 
 
 

37 
 

38 
 
 
 

39 
 
 
 

40 
 
 

41 
 
 

42 
 
 

43 
 
 

44 
 
 
 

45 
 
 
 

46 
 
 
 
 
 
 

 
Effective field capacity of machine system for blanket 
spraying 
 
Breakdown of average time in blanket spraying operation  
 
Fuel consumption of machine system in blanket  
spraying operation 

 
Costs breakdown for blanket spraying operation  
 
Comparisons on costs and effective field capacity between  
the prime mover with circle spraying attachment and  
commonly used equipment  
 
Comparisons on cost and effective field capacity between  
the prime mover with blanket spraying attachment  
and commonly used machine. 

 
Machine output for the FFB infield collection-transportation 
operation 
 
Breakdown of average time in FFB infield collection-
transportation operation  
 
Fuel consumptions of the machine system in FFB infield 
collection-transportation operation  
 
Costs breakdown for FFB infield collection-transportation 
operation 

 
Comparisons on cost and average machine output between the 
prime mover with FFB infield collection-transportation 
attachment and mini tractor-trailer with grabber  
 
Field capacity, mean increased in heart rate, human  
energy expenditure individual operation with  
individual machine attachments 
 
Comparisons on average field capacity, mean increased in 
heart rate, and human energy expenditure for the field 
operations with prime mover with machine attachments and 
the commonly used equipment 
 

 
252 
 
 
254 
 
256 
 
 
256 
 
257 
 
 
 
259 
 
 
 
260 
 
 
264 
 
 
267 
 
 
269 
 
 
270 
 
 
 
272 
 
 
 
275 
 
 
 



 

 
 

xxii 
 

LIST OF FIGURES 
 

Figure 
 
1 
 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
 
8 
 
9 
 
 

10 
 
 

11 
 
 

12 
 

13 
 

14 
 

15 
 

16 
 

17 
 

18 
 

19 
 

20 
 

21 
 

22 

 
Various Steering Configurations of Agricultural Tractors 
 
Tractor Mounted Post Hole Digger 
 
Trailed Type Transplanter for Oil Palm Seedling  
 
Fertilizer Spreader in Oil Palm Plantation 
 
Mechanical Fertilizer Spreader for Young Palms 
 
Mini Tractor Mounted Sprayer ST-101 
 
Mini Tractor Mounted Sprayer ST-102 
 
Mini Tractor Mounted Sprayer ST-103 
 
Tractor Mounted Sprayer Turbomizer P42 for Pest Control  
On Young Palms 
 
Tractor Mounted Sprayer Turbomizer P55 for Pest Control  
On Tall  Palms 
 
Mechanized Sprayer for Herbicide Spraying on Young 
Palms 
 
CT- Sprayer 
 
Spraying with Controlled Droplet Applicator (CDA) 
 
Mini Tractor-Trailer with Grabber 
 
Motorized Wheel Barrow 
 
Six-Wheel Drive WakFootMK2 
 
The Crabbie 
 
4WD with Front Picking Facility 
 
Half-Track Machine for All Weather 
 
Motor Cycle Trailer 
 
Compact Transporter 
 

Page 
 

11 
 

18 
 

19 
 

21 
 

22 
 

25 
 

26 
 

26 
 

28 
 
 

28 
 
 

30 
 
 

30 
 

32 
 

35 
 

35 
 

38 
 

40 
 

40 
 

42 
 

42 
 

43 
 

44 



 

 
 

xxiii 
 

 
23 
 

24 
 

25 
 

26 
 

27 
 

28 
 

29 
 

30 
 

31 
 

32 
 

33 
 

34 
 

35 
 

36 
 
 

37 
 

38 
 

39 
 

40 
 

41 
 

42 
 

43 
 

44 
 

45 
 

46 
 

Hovercraft 
 
Cableway System for FFB Evacuation 
 
Toolcat Utility Work Machine 5600 with Attachments 
 
Caron Transporter  with Attachments 
 
Aebi Multipurpose Transporters  
 
Prime Mover with Chemical Sprayer Attachment 
 
Prime Mover with Raised Platform 

Machine with the Fertilizer Attachment  

Nova Sylva’s Transporter 

The X-Tractor with Trailer Seedling Porter 
 
The X-Tractor Trailer with Hauling Wood Attachment 
 
The X-Tractor with Sprayer Attachment  
 
Brouwer UT700 Utility Vehicle 
 
Agribuggy Vehicles with Attachment 
 
Design Concept of   All Terrain Vehicle Prime Mover with 
Its Respective Machine Attachments 
 
The Polar S810M Heart Rate Monitor used in the study 
 
Soil Filling in Small Polybag  
 
Planting Germinated Seeds in Small Polybags  
 
Soil Filling in Large Polybag  
 
Transferring Large Polybag  
 
Soil Toping Up in Large Polybag  
 
Holing  in Large Polybag   
 
Seedlings Delivering  
 
Planting Seedlings in Large Polybag  
 
Spraying 

 
46 
 

48 
 

48 
 

48 
 

50 
 

50 
 

51 
 

54 
 

54 
 

55 
 

55 
 

57 
 

58 
 

58 
 
 

64 
 

67 
 

67 
 

69 
 

69 
 

71 
 

71 
 

73 
 

73 
 

74 
 


