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Abstract:This paper presents a new concept of the manipulator of the specialized tracked vehicle, designed within the project “WND-
POIG.01.03.01-00-164/09 & UOD-DEM-1-145/011”, to be applied for conservation of the protected wetlands. The flail mower, cutting disk 
for trunks of the trees and/or new version of cutting head are to be interchangeably fitted at the end of the  manipulator. It should be more 
functional in use and more efficient in cutting and removing small trees or bushes, or shredding them on spot. The new cutting head, 
described in this paper is dedicated to remove and transport branches of bushes, as well as single small trees with a diameter up to 140 mm 
and weight up 400 kgs on 3.2 m length arm. The paper presents the results of the kinetostatics and strength analysis of the virtual model of 
the new version of the manipulator. Real model of the new manipulator will be made from the steel S355 and its mass without tools should be 
around 350 kgs. The manipulator will be tested during field tests that are planned in the summer 2015. 
 
Introduction 

 
The Industrial Institute of Agricultural Engineering (PIMR) 

has designed a new version of a manipulator intended for the 
removal of young trees from wetlands with the use of a special 
cutting head presented in Fig. 1 [4, 5]. The new manipulator is 
expected to provide greater functionality and take up much less 

space on the vehicle [1, 2]. Kinematic analyses were used to 
determine forces acting on the servos and forces present in the 
nodes. The results obtained allowed for the running of strength 
analysis with the use of finite element method. 

 
Fig. 1. The model of cutting head designed at PIMR (PIMR-BE archives) 

 

1. Description of the manipulator model 
In view of the need to reduce the mass and size of the design, 

a decision was made to use profile sheets with various thickness, 
depending on the load, instead of ready-made foundry shapes 
available in the market. The individial components were 
connected with the use of pins, and a hydraulic system was used 
as their drive mechanism.  The designed manipulator, visible in 
Fig. 2, has six degrees of freedom. The manipulator base is 

mounted on a turntable with the maximum axial load of 9 kN, 
fitted on the vehicle body and driven by a hydraulic roll servo 
with a rated torque of 1 kNm, allowing for a roll angle of 180°. 
The further part of the jib consists of three arms and a wrist 
controled by hydraulic servos. The wrist has another roll servo 
mounted, with the maximum torque of 2.48 kNm and roll angle 
of 100°.  

 
Fig. 2. A geometric model of the manipulator (PIMR-BE archives) 

1 – roll servo I, 2 – turntable, 3 – base, 4 – arm I, 5 – arm II, 6 – arm III,  
7 – wrist, 8 – roll servo II 

 
The assumed lifting capacity should equal 400 kg at the maximum reach of 3.2 m. Fig. 3 shows the working space of the designed 

manipulator.  
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Fig. 3. The working space (PIMR-BE archives) 

 

2. Kinetostatic analysis of the manipulator model  
The analysis was run in the SolidWorks environment excluding 

friction forces, and a simplified manipulator model was made as 
visible in Fig. 4. In the simulation, the variable parameter was the 
length of piston extension in servos S1, S2, S3, S4 and roll angle in 

the SO1 servo. The assumed deviation of the manipulator base off 
the axis of rotation was 10°, and the analysis was run for the full 
range of servo positions in the assumed working space. For the 
purposes of the simulation, the jib was loaded with a mass of 400 
kg. 

 
Fig. 4. The kinematic manipulator model in its collapsed position (PIMR-BR archives). 

 

Fig. 5 displays the course of forces required to extend the hydraulic cylinder piston, and Fig. 6 shows the course of torque for the SO1 
roll servo. 
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Fig. 5. The course of servo forces (PIMR-BR archives) 

 
Fig. 6. The course of torque for the SO1 roll servo (PIMR-BR archives) 

 

On the basis of the obtained force courses, appropriate sizes of 
servos were selected. During the analysis, node forces were 
determined too, which thereafter served as input data for the 
adoption of appropriate loads in the MES analysis. 
 
3. Strength analysis 

The manipulator was made of structural steel S355. In order to 
secure the right operation of the equipment and taking into account 

the nature of its work, the adopted safety factor is 1.6 (0.6 Re) [3]. It 
means that adopted permissible stress values equal approx. 220 
MPa. As the kinetostatic simulation revealed, the base and each of 
the manipulator arms were most stressed in different positions. 
Therefore, the finite element stress analysis was run separately for 
each of the analyzed components. Table 1 presents loads in specific 
nodes, as assumed on the basis of the previous analysis.  

 
Table 1. Node loads assumed on the basis of kinetostatic analysis. 

Node Direction X [1] Direction Y [N] 
Base A -55000 -55000 

B 55000 50000 
Arm I C 73000 40000 

D -73000 -35000 
Arm II E -40000 -5000 

F -42000 1000 
Arm III G -40000 4000 

H 15000 -15000 
 

After the preliminary analysis, some components of the 
structure required to be modified, for example sheet thickness in the 
arms as well as arm geometry. It was all needed in order to obtain 

an even state of stress in the jib. Figures 7 - 10 present the 
distribution of stresses reduced in keeping with the Huber-Mises-
Hencky hypothesis, in specific components of the structure. 
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Fig. 7. Distribution of von Mises stresses in the base (PIMR-BE archives)  

 
Fig. 8. Distribution of von Mises stresses in Arm I (PIMR-BE archives) 

 
Fig. 9. Distribution of von Mises stresses in Arm II (PIMR-BE archives) 
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Fig. 10. Distribution of von Mises stresses in Arm III (PIMR-BE archives) 

 

The maximum stresses generated in the simulation amount to 
approx. 225 MPa. Thanks to the application of various sheet 
thickness and a clever geometry of the jig a very even 
distribution of stresses was achieved. The maximum bend values 
for arms I, II and III amounted to 2.7, 2.7 and 8.5 mm 
respectively, which is fully acceptable taking into account the 
nature of work done by the equipment. 
4.  Conclusions 

Application of a design assistance software allowed for the 
mapping of the structure’s behaviour during its operation and for 
the selection of appropriate sizes of its hydraulic drive 
mechanisms. The final outcome of the design and analysis 
performed is a manipulator unit with six degrees of freedom, 
lifting capacity of 400 kg at the maximum reach of 3.2 m and roll 
angle of 180 degrees. The assumed mass of the unit and its 
hydraulic gear (excluding the tool) amounts to ca. 350 kg. Apart 
from cutting brushwood with the use of a cutting head, the 
manipulator may also serve the purposes of tree residue removal 
with a stump cutter or vegetation mowing with a small flail 
mower. 
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