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Sammanfattning 

Skogsavverkningen i Sverige utförs nästan uteslutande genom cut-to-length-metoden. 

Metoden utförs av två maskiner, en skördare och en skotare. Skotaren transporterar fällda träd 

från skogen till en lastplats för vidare transport. På grund av det ojämna underlaget utsätts 

operatören för vibrationer med hög amplitud och fordonet skadar underlaget när marktrycket 

är ojämnt fördelat mellan hjulen. 

I ett försök att minska markskador och öka komforten för operatören utvecklar Skogforsk i 

sammarbete med eXtractor en skotare med pendelarmsdämpning, där hjulen kan styras 

individuellt. Skotaren heter XT28. 

I detta projekt utvecklades och framställdes en skalmodell (1:5) av XT28 med syftet att 

möjliggöra förverkligandet och utvecklandet av ett kontrollsystem till den aktiva dämpningen 

i pendelarmarna. En skalmodell är mycket enklare att hantera när tester skall utföras. 

Dessutom är det mer kostnadseffektivt jämfört med att arbeta med fullskalemodellen. Detta 

projekts fokus kommer att ligga på pendelarmarna och som ett slutgiltigt test kommer 

funktionen av denna dämpning att testas och undersökas. 

Med undantag av några konstruktionsändringar representerar den nedskalade modellen 

skotaren XT28 väl och kan användas i utvecklandet av ett kontrollsystem. Efter utförda tester 

kan det konstateras att den nedskalade prototypen representerar den fullskaliga skotaren väl 

när det kommer till att testa funktionen av pendelarmsdämpningen. 

 

Nyckelord: Skalmodell, Skogforsk, Pendelarmsdämpning 
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Abstract 

Almost all logging in Sweden is carried out by the Cut-To-Length method. The method is 

carried out by two machines, a harvester and a forwarder. The forwarder transports the cut 

logs from the forest to a landing area for further transportation. Due to the uneven ground, the 

operators are subjected to high amplitude vibrations and the vehicle damages the ground soil 

when the pressure is unevenly distributed between the vehicles wheels. 

In an endeavor to decrease soil damage and increase the comfort for the operator, Skogforsk 

in collaboration with eXtractor is developing a pendulum arm suspended forwarder, named 

XT28. The benefit with such a forwarder is that each pendulum arm and wheel can be 

controlled individually. 

In this project a scale model (1:5) of the XT28 was developed and realized in order to enable 

implementation and development of a control system for its active pendulum arm suspension. 

A scaled model is much easier to handle and manage when tests is going to be performed. 

Additionally it is much more cost efficient than working with a full-scaled model. The focus 

point for this project will be the pendulum arm suspension and as a final test the function of 

this type of suspension will be tested and examined. 

Part from a few design changes the downscaled model is a good representation of the XT28 

and can be used in the development of a control system. After testing, it can be said that the 

downscaled prototype represents the full-scaled forwarder well when it comes to test the 

function of the pendulum arms. 
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1 INTRODUCTION 

This chapter describes the background, the purpose, the limitations and the methods used in 

the presented project. 

 

1.1 Background 

Since the end of the 20
th

 century almost all of the logging in Sweden is carried out by the CTL 

(Cut-To-Length) method [Gellerstedt, 1999]. The method is carried out by two machines; a 

harvester that fells, delimbs and bucks the trees and a forwarder (see Figure 1) that transport 

the CTL logs through the forest to a landing area where the logs are later transported for 

further processing. 

 

Figure 1. Komatsu 855.1 forwarder 

(http://www.newforwarders.com/default.aspx?id=91644) 

A typical forwarder has a crane to pick up logs and a bunk area to put them in. The 

suspension usually consists of a bogie with or without active control.  

The CTL method is considered safer for the operator since he/she are protected by the cabin. 

However, the operator tends to get neck and shoulder problems after extensive use due to the 

frequent pitch and roll movement of the cabin. The method is also considered less harmful to 

the ground [Gellerstedt, 1999] compared to full-tree logging, but there is always a strive to 

decrease ground damage even more. 

In an endeavor to solve these problems, Skogforsk, the forest research institute of Sweden, 

have built a full-scale forwarder prototype called XT28. This prototype uses hydraulic 

pendulum arm suspension for each of its six wheels. This type of suspension is common in 

harvesters (see Figure 2), but not in forwarders. 

http://www.newforwarders.com/default.aspx?id=91644
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Figure 2. Pendulum arm suspended harvester Eco Log 590D 

(http://www.unusuallocomotion.com/medias/images/38-eco-log-590d.jpg?fx=r_950_950) 

The pendulum arm suspension makes it possible to lower and raise its wheels and all 

pendulum arms are individually controlled so that the vehicle is leveled even when going over 

obstacles in rough terrain. This will result in better comfort for the operator and even less 

ground damage since the ground pressure will be distributed equally over the six wheels. 

 

1.2 Problem description 

The objective for this project is to develop and realize a physical 1:5 downscaled prototype of 

the forwarder XT28. The focus point of the downscaling will be to test the function of the 

pendulum arm suspension. This makes it possible for implementing an advance control 

system for the pendulum arm suspension in a future project. Within the scope of this project 

however, only the function of the suspension will be realized. With this as the main target the 

scaling effects of mass and inertia of the downscaled prototype is of less importance while the 

geometric dimension such as lengths, area and volume will be of most interest. In order to get 

more complying suspension behavior of the downscaled prototype the center of mass is 

something that needs to comply well with the full-scaled forwarder. 

 

1.3 Purpose 

Downscaled prototypes have been widely used in the vehicle industry with the economically 

reasons as the main motivation [Brennan, 1999]. It is a lot more cost and time efficient to use 

a downscaled prototype for testing specific features instead of a full-scaled prototype. Today, 

most of the testing in the vehicle industry during the design phase is performed by using 

simulation software and theoretical analyzes. However, there are limitations when using 

simulation models, more complex phenomenon such as instability with non-linear elements 

for example is something that needs to be analyzed by using a physical model to get accurate 

http://www.unusuallocomotion.com/medias/images/38-eco-log-590d.jpg?fx=r_950_950
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results [Rehnberg et al., 2011]. Before the simulation software made a breakthrough in the 

vehicle industry almost all testing was performed on either a full-scaled or downscaled 

prototype [Brennan, 1999]. For instance was a vehicle’s performance over rough terrain 

studied on a downscaled prototype as early as 1969 [Bekker, 1969].  

The purpose for developing a downscaled prototype in this project is to make a more cost 

efficient and manageable prototype for implementation of a control system for the pendulum 

arm suspension. This will simplify the testing of the pendulum arm suspension drastically 

compared with the full-scaled prototype. With a prototype in the above mentioned scale the 

manageability and logistics would make the handling of the testing easier and the cost would 

be drastically reduced, mainly since the prototype is designed with focus on the function of 

the pendulum arm suspension. 

 

1.4 Delimitations 
The downscaling focus will be on the function of the pendulum arm suspension and in order 

to further increase the focus of this project some delimitations has been defined. 

 No control system will be developed. The suspension and steering will work and be 

demonstrated, but not with an advance control system 

 No crane will be developed, since this does not affect the focus point  

 Only a simple illustrative bunk and cabin will be developed, this to make it look more 

like a forwarder 

 Instead of using hydraulic actuators, the downscaled prototype will be using electric 

actuators, in order to reduce complexity 

 No comprehensive modularization analysis will be performed, due to the time limit 

 

1.5 Method 
In this section the method that will be used to address the problem is going to be presented. 

First of all a comprehensive planning report will be made, to get acquainted with the area that 

will be investigated so the problem and delimitations can be clearly stated. 

When the problem is defined, a thorough frame of reference will be conducted to deepen the 

knowledge of the subjects that will be necessary for the project. With the planning report as a 

basis a requirement specification will be completed, where the needs of the end user will be 

defined and quantifiable. 

Based on the requirement specification the detailed design-phase will begin. A CAD model 

with all the final dimensions and geometry will be made, so that interfaces can be analyzed 

easily. The model will then be used to make drawings. To verify that the stresses and 

deformation of critical parts will be within reasonable limits, an Ansys simulation will be 

performed. 

Drawings of the different parts will firstly be given to the workshop at KTH and secondly 

being outsourced if time becomes an issue.  
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When the parts are manufactured and the ordered parts have been delivered, the scaled model 

will be assembled. After this the pendulum arms and steering will be tested in a simple 

fashion, to be able to verify their function. 

 

  



5 

 

 

2 FRAME OF REFERENCE 

In this chapter a summary of the existing knowledge about the XT28 and scaling approaches 

will be presented.  

 

2.1 About the XT28 
The forwarder XT28 is a new prototype developed by eXtractor and Skogforsk. In the 

summer of 2015, the XT28 will be tested outside on a test track for the first time [Skogforsk, 

2014]. The forwarder’s frame consists of three frame parts, each of them connected with a 

center joint which only enables yaw motion. Alike the competitors, the XT28 uses diesel 

motor powered hydraulic transmission to all of its six hydraulic motors driving the wheels. 

 

Figure 3. The forwarder XT28 

2.1.1 Articulated steering 

The XT28 uses articulated steering, which is commonly used in heavy vehicles usually 

operating in the agricultural, construction or forestry industry [Rehnberg et al., 2011]. To 

achieve articulated steering the frame has to be divided into at least two parts, which are 

connected by a center joint. Then by changing the angle between the two frames, steering is 

attained, see Figure 4. To be able to do this a force has to be applied between the frames; the 

XT28 uses hydraulic actuators to achieve steering. 
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Figure 4. Illustrative picture of articulated frame steering 

An advantage for large vehicles with this type of steering is that the maneuverability is much 

better then with coordinated steering [Shamah et al., 2001] and the turning radius is reduced 

compared with Ackerman steering. But the rollover stability when standing still is decreased, 

this since the center of gravity will be displaced sideways when turning [Rehnberg et al., 

2011]. 

2.1.2 Pendulum arm suspension 

The XT28 is equipped with active pendulum arm suspension, where the six wheels are 

mounted on pendulum arms. In Figure 5 a close-up on one of the pendulum arms on the XT28 

can be seen. 

 

Figure 5. Close-up of a pendulum arm 

The pendulum arm is mounted and hinged to the frame on the right side, indicated by number 

(1). At number (2) the wheel is mounted to the pendulum arm, this allows the wheel to move 

in an arc around the attachment point of the arm. This motion is then controlled by a hydraulic 

actuator (3). For the suspension of the XT28 a requirement is that a minimum ground 

clearance of 700 mm should always be maintained. 

 

1. 2. 

3. 
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2.2 Scaling 
When scaling down a model there are numerous parameters that need to be taken in to 

account. But by knowing the purpose for the downscaled model these parameters can be 

narrowed down and the effects of the downscaling can be compensated for. 

2.2.1 Scaling strategies 

There are mainly two types of scaling laws, one where the physical size of the object is 

focused. And one oriented towards the phenomenological behavior of the object [Ghosh, 

2011]. How geometric scaling works is well known and easy to understand. Jaschinski et al. 

[1999] defines in The Application of Roller Rigs to Railway Vehicle Dynamics the scaling 

factor for lengths as 

 1

0

l

l

l
    (1) 

where l1 is the length of the full-scaled and l0 is the length of the downscaled model. Similarly 

the scaling factor for time will be 

 1

0

t

t

t
   . (2) 

Based on this Jaschinski et al [1999] defines the following scaling factors: 

 2

A l    (3) 

  3

V l    (4) 

 l
v

t





   (5) 

 
2

l
a

t





   (6) 

these are the scaling factors of cross section area φA, volume φV, velocity φv and acceleration 

φa. The density is scaled in the same way 

 1

0







   (7) 

where ρ1 is the density for the full-scaled model while ρ0 is the density for the downscaled 

model. This will results in the following scaling factors 

 3

m l      (8) 

 2

I m l      (9) 

where φm is the scaling factor for mass and φI is the scaling factor for moment of inertia. What 

the effects of these equations will be could be a bit hard to grasp. So this will be concretized 

with an example. A full-scaled vehicle with the length of 6 m and a mass of 12000 kg, mostly 

made out of steel, will have the mass and length as seen in Table 1 when downscaled to 1:5 

and manufactured in aluminum. 
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Table 1. Properties of a model in a downscaling example 

Parameter Full-scaled Downscaled 

Mass 12000 kg 32 kg 

Length 6 m 1.2 m 

In this example it is easy to see how the mass of the downscaled model has been drastically 

reduced since it is dependent on both the scaling factor of density, φρ , and volume, φV. 

2.2.2 Scaling effects 

When scaling down it is common that the performances of different subsystems of a system 

scale differently [Ghosh, 2011]. This could of course lead to a different behavior of the 

downscaled model compared to the full-scaled. Changing the size of a model will also result 

in that different physical phenomena will become predominant at different scales [Ghosh, 

2011]. This has however most influence when designing microsystems, when the scaled down 

object is very small.  
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3 THE INITIAL DESIGN PROCESS 

In this chapter the initial working process is described, from requirement specification to an 

initial design of the downscaled forwarder.  

3.1 Requirement specification 
To specify what to achieve with the product, a requirement specification was made. This is a 

document that has been updated alongside with the project, when new requirements were 

found. In Table 2 the requirement specification can be seen.  

Table 2. Requirement specification 

Performance Turning angle: 1
st
 joint: 

 2
nd

 joint: 

±45° 

±25° 

 Ground clearance Min: 

Max: 

14 cm 

30 cm 

 Number of wheels: 6 

 Number of frames: 3 

 Power unit: Battery or external source 

 Type of actuators: Steering: 

Suspension: 

Driving: 

Electric linear actuator 

Electric linear actuator 

Electric DC motor 

 Lifting capacity per pendulum 

arm: 

Total weight divided by 3 

 Maximum speed: 0.2 m/s 

 Propelling force per wheel: 100 N 

Environment                         Working environment: Indoor 

Life in service Frame: >10 years 

 Actuators: >2 years 

Manufacturing Standard components: Bought off the shelf 

 Manufacturing and processing: KTH workshop 

Size Over all dimensions: Scaled 1:5 from full-scale 

prototype  

Weight Total weight:            Unloaded: 

                                    Loaded: 

40 kg 

80 kg 

Appearance Shape: As close to full scale model 

as possible, within reason 

Materials Structure: Aluminum 

 Actuators: As they come 

Testing Verify function: Control individual pendulum 

arm to verify function when 

assembled 
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3.2 Material selection 
The idea with the downscaled forwarder is to increase the manageability so testing would 

become easier and more cost efficient. Based on this the material was going to be selected. 

There are mainly three alternative when it comes to material for this kind of design, which is 

steel, aluminum and plastic.  

Since the prototype is going to be scaled down from a forwarder made out of steel, the 

material selection will affect the allowed weight of the prototype. This has to do with the ratio 

between material of the full-scaled and the material for the downscaled. The full-scaled 

forwarder’s weight is 15 000 kg, the allowed weights depending on the material can be seen 

in Table 3. 

Table 3. Allowed weight for the prototype depending on material selection 

Material Allowed weight 

Steel 120 kg 

Aluminum 40 kg 

Plastic 17 kg 

Based on this it can be said that a prototype made out of steel will not be very manageable, 

since it will be heavy. When comparing aluminum and plastic it was decided that aluminum 

would fit the application best. Aluminum is easy to process and has better mechanical 

properties, such as yield strength and stiffness compared to plastic. The Young’s modulus of 

plastic is also non-linear [Olsson, 2006], which makes it unpredictable. The yield strength for 

the aluminum that has been used is 290 MPa for the profiles and plates and 370 MPa for the 

shafts. 
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3.3 Scaling 
As a starting point for the scaling strategy, a CAD model of the full-scaled XT28 seen in 

Figure 6 was investigated. 

 

Figure 6. CAD-model of the XT28 

From this CAD model, the geometric overall dimensions were then scaled down by a factor of 

5. As mentioned before aluminum was selected as material which resulted in a mass of 40 kg 

of the prototype, and when fully loaded 80 kg. This was the mass that was sought to be 

reached as far as possible, but within reasons. Making a downscaled prototype has its 

restrictions however, that makes a “perfect” scaling difficult to achieve. Since downscaling a 

final design of a prototype is not usually the initial thought, this result in some extra 

challenges. For example when it comes to standard components, such as actuators, the 

downscaled design sometimes has to be changed to make the parts fit together. This means 

that the scaling would not be exact, but sometimes necessary.  
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3.4 Initial design 
The design process started with development of an extremely simplified design of the 

forwarder, which can be seen in Figure 7. This was done by simply scaling down all the outer 

dimensions by 5. 

 

Figure 7. Extremely simplified design of the forwarder 

The idea with this approach was to easy analyze the interfaces between the different parts and 

systems. This also indicated what dimensions some of the standard components needed to be, 

actuators for example.  

In the next stage of the design phase a more detailed model of the prototype was developed, 

but still far from the final design. The model can be seen in Figure 8. With this model more 

features were added and the position of the pendulum arm actuators could be determined. The 

actuators for the frame steering were also analyzed, and possible collision with other parts 

could be examined. 

 

Figure 8. Simplified design of the forwarder 

Developing these basic models first, made it easier to see what space all systems needed and 

how big certain components where allowed to be. At this stage all final solution for the 
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interfaces was left for the future, the focus was to get all the dimensions correct. The fact that 

the prototype was going to be manufactured was always kept in mind, but the work in this 

early stage was done with an open mind, which made the work and possible solutions less 

limited. 
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4 FINAL DESIGN 

In this chapter the final design of the down scaled forwarder will be presented. Each system 

has its own section where it will be described how it works and why the design looks like it 

does. 

4.1 Overall design 
When the initial design phase was complete and the interfaces had been examined, the final 

design of the downscaled forwarder begun. At this stage all the dimensions and interfaces 

must be determined and it must be ensured that the manufacturing will be possible. In this 

phase the design was completed down to every bolt and nut to be sure that all manufactured 

parts and standard components would fit together when assembling the prototype. In Figure 9 

the overall design of the downscaled forwarder can be seen. 

 

Figure 9. The final overall design of the downscaled forwarder 

The cabin that has been used is designed in a previous master thesis from 2012 where another 

downscaled prototype of a different forwarder was made [Vasudev and Bhandari, 2012]. 

Throughout the final design phase there has been held a close dialog with the workshop at 

KTH, to verify the manufacturability. 

 

4.2 Motors 
The XT28 is driven by six individually controlled hydraulic motors. On the scale model the 

hydraulic motors has been replaced with six DC motor, this to reduce the complexity and to 

make the model more manageable. The motors that are used come from a previous master 

thesis project where another downscaled forwarder was made [Vasudev and Bhandari, 2012]. 

But to make sure the motors meet the requirements, hand calculations was performed. The 
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motors (see APPENDIX C) and gearbox (see APPENDIX E) driven by a servo controller (see 

APPENDIX F) are able to generate a torque of 17.3 Nm which translates to a propelling force 

of 133 N for each wheel. With the forwarders total weight of 80 kg this means in theory that 

the motors are able to propel it in a 90° slope.  

 

4.3 Frames 
The base of the forwarder is its three frames; front, middle, and rear. The steering, pendulum 

arm, bunk and cabin modules are all attached to the frames. The frames outer dimensions are 

downscaled 1:5 from the XT28, but the appearance are quite different from the full scale 

model which can be seen in Figure 10. 

 

Figure 10. Design of the frame 

The change in appearance was made since it would require molding and welding to look just 

like the XT28, and with the short time at hand and with the facilities available at KTH another 

approach was taken. 

The frames are built like a skeleton which is largely composed of L-profiles that gives 

stability and defines the edges of the frames. To join these L-profiles together, pieces of 

beveled metal plate is clamped together with the profiles between threaded cuboids and bolts. 

In Figure 11 the middle frame is shown as an exploded view. 
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Figure 11. Middle frame, exploded view 

These cuboids also have threaded holes to attach the steering modules.  

On the front and rear frame there are angled L-profiles that are joined together with a piece of 

metal plate, screws and nuts. In Figure 12 the left half of the front frame is illustrated.  

 

Figure 12. Fastening of angled L-profile, front frame 

 

4.4 Steering 
To steer the vehicle and its three frames an electric linear actuator is connected in each of the 

two joints, between the two frames (see Figure 13).  
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Figure 13. Steering with one actuator in each joint 

On the XT28 each joint uses two hydraulic cylinders to accomplish the angle change, one on 

each side of the shaft. This design change, with just one actuator, was performed in order to 

simplify the design of the down scaled forwarder and also because of the narrow space inside 

the frame when imbedding the relatively big electric actuators.  

The steering module consists of various parts. The front steering is illustrated, both as an 

unexploded view and an exploded view in Figure 14, and a cross section of the shaft assembly 

in Figure 15.  

 

Figure 14. Exploded view of the frame steering 

The shaft (8) is attached to a block (9) with a screw, to lock the shaft radially and axially. The 

block is then fixed to the front frame (6) via screws. The rotational motion in the joint is 

possible with the ball bearings (3) that are fixed between the middle frame (4) and the bearing 

housing (2) with screws and nuts. The middle frame and housing is then locked to the shaft 

with a locking ring (1) on one side and on the other side a nut (11) and a washer (10). The 

linear actuator (12) is attached to the middle frame and its shaft to the front frame through a 

steel rod (7), fixed to the front frame with locking rings (5). 

Linear actuators 

12. 

1. 

2. 

3. 

6. 

4. 

7. 
8. 

10. 

11. 

5. 

9. 
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Figure 15. Cross section of the front steering shaft assembly 

As can be seen in the figure above, only the bottom bearing is locked axially, while the top 

one has an axial play on the shaft. 

To determine the force needed by the actuator, due to the ground friction from the wheels 

(assuming pure sliding), an estimate of the coefficient of friction, µ, of 0.5 was used [El-

Sherbiny Y., 2012]. To overcome the friction force, Ff, from the wheels a torque, T, was used 

as a substitute for the actuator force as can be seen in Figure 16. 

 

Figure 16. Friction from wheels when turning 

The normal force, N, from the weight of a frame was transformed into a friction force by 

multiplication with the friction coefficient, described as follows: 

L L 

Ff 

Ff 

T 
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2

f

N
F  .  (10) 

To obtain the torque, the friction force from both wheels was multiplied by the lever arm, L: 

 2 fF L T .  (11) 

A free body diagram of the frame steering actuator assembly was made, in order to find the 

least force needed for the actuator to achieve an angle change (see Figure 17). 

 

Figure 17. Parameters used in calculating the steering actuator force 

Point 1 is at the steering shaft, and also where the applied substitute torque is acting. The 

actuator is between point 2 and 3. The actuator force, Ftot, is acting on point 3 and its 

component, Fmom, overcomes the torque from the friction of the wheels with the help of the 

lever arm C. Different positions of point 2 and 3 was elaborated on, and the length a1 had 

little impact on the force since b1 had to be relatively long due to the big actuator. The major 

factor to decrease the force requirement was to increase the length C. After elaborating with 

the position the actuator both a1 and b2 was set to zero, see Figure 18. 
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Figure 18. Orientation of attachment points for steering actuator 

The above orientation was optimal when considering the minimum force needed, with the 

space given. This setup is used in both the front and back joint.  

The force needed at each angle can be seen in Figure 19. For complete calculation see 

APPENDIX A. 

 

Figure 19. Actuator force when turning when fully loaded 

On the XT28 the rear steering can achieve a ±25° angle change and the front steering a ±45°. 

The maximum force needed for the downscaled forwarder is around 1150 N at a 25° left turn 

for both front and rear steering. The downscaled model has the ability to turn its front frame 

±45° but it requires higher forces, at least when fully loaded. With the main purpose in mind, 

to enable testing of a control system for the pendulum arms, and also considering weight and 

cost, it was decided that an actuator with a capacity of 1200 N would suffice. For data about 

the actuator, see APPENDIX D. 
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4.5 Pendulum arms 
The focus point for this project has been to develop a downscaled prototype to test the 

function of the pendulum arms; the following section describes the design for these crucial 

components. The appearance of the downscaled pendulum arms is different from the full-

scaled XT28. This was done due to different reasons, but mainly because of manufacturing 

reasons since the design was going to be manufactured in the in-house workshop at KTH. The 

appearance is not of great importance, since it is the function that is the focus point of this 

project. That means that the dimensions and the angles of the attachment points is the primary 

focus rather than appearance. 

In Figure 20 the finished pendulum arm module of the downscaled forwarder can be seen. 

This system consists of 12 manufactured parts, one linear actuator, one DC motor, two ball-

bearings and bolts and nuts. In total the forwarder have six of this module. 

 

Figure 20. The pendulum arm 

This figure could be compared with Figure 5, which shows the pendulum arm of the full-

scaled forwarder. The pendulum arm system is designed so it can be assembled individual as 

one module, and then attached to the frame. This is done by using a 10 mm aluminum plate as 

a base for the system. Another reason why this solution was chosen was because of the 

position of the actuator. Since the upper attachment point for the linear actuator is located 

above the frame, the plate works as a naturally attachment point. 
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In Figure 21 an exploded view of the motor and wheel assembly can be seen. The rest of the 

parts have not been exploded and some of the screws have been left out to make it less 

cluttered. 

 

Figure 21. Exploded view of the motor and wheel assembly 

The DC motor (1) is fixed with screws directly to a circular plate (3), which is mounted to a 

cylindrical tube (2). This makes the motor aligned in the middle of the tube. The wheel (4) has 

a two-piece hub which is fastened to the wheel attachment plate (6) with bolts and nuts. The 

wheel attachment plate is then attached directly to the motor shaft and locked axially by a 

locking screw (5). The torque from the motor is then transmitted to the wheel attachment plate 

with a key. The linear actuator is attached to the part indicated by number (7) with a bolt and 

nut, allowing it to rotate. This plate is then mounted at the bottom end of the pendulum arm 

(8). On the full-scaled prototype this is just one part but to make it manufacturable at KTH’s 

facilities, it has been redesigned into two parts but with the same dimensions. 

To get the correct width between the wheels, the motors had to be mounted inside the hub of 

the wheels. After searching thoroughly, only one type of wheel was found that suited this 

application. The found wheels were thinner than they should, if downscaled according to plan. 

But it was decided that the width between the wheels was more important than the width of 

the wheel. 

 

1. 

8. 

2. 

3. 5. 

6. 

7. 

4. 



24 

 

 

The pendulum arm is allowed to rotate around a shaft which is mounted with screws directly 

to the base plate. To make the design compact and the shaft well align, the base plate was 

milled to fit well with the shaft. A cross-section of the pendulum arm shaft can be seen in 

Figure 22. 

 

Figure 22. Cross-section of the pendulum arm shaft 

Two ball bearings are used which enables the pendulum arm to rotate smooth and steady 

around the shaft. As seen in the figure above, the bearings are locked by a shoulder on the 

shaft and with a diameter change made in the pendulum arm, and finally tightened with a 

washer and a nut. 

In the top of left figure the attachment for the actuator can be seen. The attachment consists of 

four parts that are screwed together. This was done because of manufacturing reasons and to 

limit the material waste that would have been if it only were one part. An exploded view of 

the actuator attachment can be seen in Figure 23. 

 

Figure 23. Exploded view of the actuator attachment on the pendulum arm 
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The attachment is assembled as follows. The two plates connected to the actuator (1) and (3) 

are screwed on a cube (2). A distance (4) is placed between the base plate (5) and the part 

indicated by (3). The whole thing is then fastened to the base plate with screws to the threaded 

holes in the cube. 

When defining what actuator that could be suitable for the application, three conditions had to 

be fulfilled. These conditions were based on the downscaled dimensions from the XT28 and 

are: 

 Ground clearance – The distance between the frame and the ground  

 Stroke length – The length of the actuators stroke 

 Length of the actuator – The length the actuator needs to be when fully contracted 

Additionally, the force needed to be delivered by the actuator had to be determined. This was 

done with a free body analysis, which can be seen in Figure 24. 

 

Figure 24. Free body analysis of the pendulum arm 

The system with the pendulum arm can be said to consist of four links, A, B, C and D, where 

A, B and D are of constant length. To overcome the normal force, F, a substitute torque, T, in 

the pendulum arm shaft was determined to find out what the force from the actuator needed to 

be to counteract the normal force. The advantage of having pendulum arm suspension is that 

all wheels should be in contact with the ground all the time which will decrease the ground 

pressure. With this in mind the normal force should be the force of gravity for the vehicle 

divided by six, for each wheel. But as a safety measure the normal force was instead divided 

by three. This means that the actuators should be able to work even when there are only three 

wheels in the ground at the same time.  

F 

A 

B 
C 

D 

T 

ϕ 
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The dimensioning and selection of actuators was an iterative process, where a thoroughly 

market investigation was made alongside with the calculation. With this method some of the 

parameters from the studied actuators could be used in the calculations to verify that they met 

the requirements. Another criteria was that the actuators needed to be easily controlled, 

meaning they had to include a potentiometer, encoder etc.  When a series of actuators were 

found that met the requirements in terms of dimensions, the maximum force that needed to be 

delivered could be determined. This resulted in a maximum force of 236 N unloaded and 472 

N when fully loaded had to be delivered by the actuators. With this in mind the gear ratio for 

the actuators could be defined so that it complied well with the forces.  

The forces for each angle of the pendulum arm can be seen in Figure 25, where the blue curve 

indicates the forces needed when the prototype is unloaded (40 kg) and the green curve when 

it is fully loaded (80 kg). For complete calculations see APPENDIX B. 

 

Figure 25. Needed force from the linear actuators when unloaded (blue) and fully loaded (green) 

The x-axis is represented by the possible angles for the pendulum arm, which goes from 24° 

to 81° and is based on the downscaled stroke length from the XT28. This angle is indicated by 

ϕ in Figure 24. 

There is always a trade-off when selecting these kinds of components. The actuators that are 

best suited for the application and during the prevailing conditions are from Transmotec. 

These actuators can deliver the force needed and up to 500 N in thrust force and this to an 

affordable cost, for the actuators data sheet see APPENDIX D. On the downside it can be said 

that they are a bit too big (with the included potentiometer) to fit the exact geometry from the 

downscaling. To be more precise, the attachment point has been moved 40 mm vertically and 

15 mm horizontally. In Figure 26 it can be seen how the attachment point has been moved, (1) 

indicates the wanted position when scaled down and (2) the actual position. This is something 
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that needs to be taken in consideration when comparing the downscaled prototype with the 

full-scaled. 

 

Figure 26. The position change for the actuators attachment point 

Another disadvantaged with these actuators is that they are slow. With the needed reduction 

from the gearbox a speed of 15 mm/s can be achieved, which means it takes 6.67 s to reach 

the full stroke length. The hydraulic cylinders on the full-scaled prototype can reach the full 

stroke length in 1-2 s. This is something that also needs to be taken in consideration when 

comparing the two.  

Another alternative would be to use the much faster linear motors. On the other hand this 

would mean a six times increase of the price and a three times increase of the weight. Other 

problem will follow with this solution as well, since the linear motors rarely come with 

already made attachments which will resolve in more complex design solutions.  

The shaft for the pendulum arms is the part that will be exposed for the biggest loads and it is 

crucial that the shaft does not bend. So to verify that a shaft made out of aluminum could 

handle the loads, an Ansys simulation was made. A load of 300 N was applied on each of the 

surfaces where the bearings are mounted, see Figure 27. This force was determined from a 

free body analysis, using the maximum force from the actuator. In this simulation fixed 

support is applied on the front and around of the flat part of the shaft, indicated by blue, where 

it is attached to the base plate. 

1. 

2. 
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Figure 27. Loads applied on the shaft in Ansys 

The stresses from this simulation can be seen in Figure 28. The biggest stresses appear close 

to the flat part of the shaft and are about 14 MPa. This is such a small value that it will not 

affect the shaft in any significant way, comparing with the yield limit of 370 MPa for the 

material. 

 

Figure 28. Stresses from the shaft in Ansys 

An analysis of the deformation gives the same result, that it will be so small it does not have 

any big impact. The biggest deformation appears in the end point of the shaft and is 0.026 

mm. With this analysis it can be said that the shaft will be able to handle the loads. 
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4.6 The bunk 
The design of the bunk area has been simplified from XT28. This is mainly done since the 

bunk has not been the focus point for the project and does not affect the pendulum arm 

suspension. But to give the prototype a more forwarder-like appearance and to make it 

possible to have a load was two of the reasons why the bunk was designed. In Figure 29 the 

bunk area from the full-scaled forwarder and the downscaled prototype can be seen. 

  

Figure 29. The bunk from the downscaled prototype (left), the bunk from the full-scaled (right) 

In a previous master thesis from 2012 another downscaled prototype of a different forwarder 

was made [Vasudev and Bhandari, 2012]. The two forks in the bunk design come from this 

project to save some time and material. With this solution some adjustment in the design had 

to be made, since the forks were not designed to fit the downscaled prototype of the XT28. 

Two other simplifications had to be made as well. First, the length of the bunk is shorter than 

perfect 1:5-scaled from the XT28, to be precise it has been shortened 40 mm in the front of 

the bunk. This has been done since the base plate from the pendulum arm is located above the 

frame, which would make the bunk collide with the two plates on the middle frame. Another 

simplification is that the gate has been removed in the design of the downscaled forwarder. 

This since it would not be placed correct since the bunk has been shortened and it will add 

disproportionate amount of weight. 

Since the bunk extends over a joint between to frame pieces, the bunk needs to be able to 

handle an angle change between the frames. This is achieved by having a rotational joint 

attaching the bunk to the middle frame and a joint which allows translational movement 

attaching the bunk to the rear frame. In Figure 30 it can be seen how these joints works when 

the forwarder is turning, the frames are turning but the bunk is still straight. 
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Figure 30. How the bunk’s joints works when the forwarder is turning 

On the full-scaled forwarder an angle change of ±25° is possible for the rear steering joint. 

The downscaled prototype can achieve an angle change of ±30°, this is limited by the 

attachment plate from the pendulum arm which is indicated by the red circle in the figure 

above. When steering the downscaled forwarder this angle change should not be exceeded, 

since it will damage the attachment plate and the bunk.  

In Figure 31 an exploded view of the bunk’s rotational joint can be seen.  

 

Figure 31. Exploded view of the bunk’s rotational joint 

1. 

2. 

4. 

5. 
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6. 

8. 

9. 
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The frame of the bunk (3) consists of two U-profiles, making them light weight and a base for 

attaching other parts. The shaft (4) is locked to the double row ball bearing (5) with a washer 

(6) and nut (7). The bearing is then mounted on a plate (9) by the bearing house (8). The plate 

indicated by (9) is connected to the middle frame. The shaft is attached to the bunk with a 

plate (2) and to lock the shaft to the plate a screw (1) is used. This will enable the front of the 

bunk to rotate. Both of the forks have been mounted to the bunk by using cuboids with 

threaded holes and screws. It can be seen in the upper left corner of Figure 31 and Figure 32. 

An exploded view of the rear part of the bunk can be seen in Figure 32. 

 

 

Figure 32. Exploded view of the rear part of the bunk 

The design of the rear translational joint is similar to the front. The short shaft (3) is attached 

to the bunk with a plate (2) and locked to the shaft with a screw (1). In order to make the bunk 

able to move translational, the shaft is placed in a track on the bottom plate (6). To make the 

bunk slide smooth, two plastic parts (5) has been mounted with screws (4) on the bottom 

plate. These plastic parts will work as sliding bearings between the bunk and the bottom plate. 
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5 TESTING AND VALIDATION 
In this chapter the tests that have been performed are described together with the results and 

comparison between the targeted values and actual values. 

When all the parts for the downscaled forwarder was manufactured and delivered, the 

prototype was assembled. In Figure 33 the physical prototype can be seen. 

 

Figure 33. The final downscaled forwarder 

In order to test all the functions of the prototype the actuators and motors were connected to a 

controller (see Figure 34), so that the functions could be controlled manually. Each actuator 

can be controlled individually by an on-off-on flip switch and the motors speed can be 

controlled by a potentiometer. 

 

Figure 34. Handheld control 
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To validate that the scale model could perform like intended a few tests were performed. In 

Table 4 the measured values are matched with the values from the requirement specifications 

in chapter 3.1. 

Table 4. Comparison between target values and actual values 

Performance Target values Actual values 

Ground clearance min/max 14 cm/30 cm 14.5 cm/30 cm 

Turning angle front/rear ±45°/±25° ±48°/±30° 

Weight unloaded 40 kg 46 kg 

Load capacity  40 kg >72 kg 

Pendulum arm speed ≈ 2 s 7.26 s 

Speed 0.2 m/s 0.3 m/s (calculated) 

Based on this it can be said that the actual values comply well with the targeted, with the 

exception of the weight and pendulum arm speed.  

In Figure 35 the turning angle of the front and rear steering module is illustrated on the 

physical model. 

 

Figure 35. Turning angle 

It can be said that the steering actuators had no problem handling the loads. The tests were 

performed both standing still and moving, and both indoors and outside on asphalt. 

In Figure 36 the minimum and maximum ground clearance is illustrated on the physical 

model. 

30° 
48° 
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Figure 36. Minimum and maximum ground clearance 

The time it took for the actuators to get the scale model to maximum ground clearance from 

minimum ground clearance was 7.26 seconds.  

To really test the maximum load it can carry, a person with a weight of 72 kg was placed on 

the bunk area when the pendulum arms were in its lowest position. The forwarder was then 

raised to its maximum position, which turned out to be no problem. 
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6 DISCUSSION AND CONCLUSIONS 

In the below section a discussion about the results and the conclusions that was drawn during 

the Master of Science thesis will be presented. 

6.1 Discussion 
The downscaled prototype represents the full-scaled forwarder well when it comes to test the 

function of the pendulum arms. To use the prototype for further implementation of a control 

system will be much easier than doing the same on the full-scaled. Especially in terms of 

logistics and manageability, using this prototype is also a very cost efficient way to perform 

tests. 

The actuators used for the pendulum arms are slower than the ones used on the XT28 which 

delimitates the tests that can be performed on the scaled model. Therefore the model cannot 

be driving over obstacles at the speed of 0.2 m/s as it was intended, since the actuators would 

not be fast enough. With these slower actuators on the scale model, the moment of inertia will 

have very little effect. Thus it will be hard to take the moment of inertia into account when 

comparing the control system of the downscaled model with the full-scale model. But even if 

the actuators on the downscaled model were as fast as intended it would be hard to imitate the 

inertia from the full-scale model. However, test that can be performed is how the pendulum 

arms and actuators work together and how they can keep the frame leveled. What also can be 

studied is how the pendulum arms work together with the motors and the interaction between 

them. 

One of the major problems throughout this project has been the issue of scaling standard 

components. Since generally it is impossible to get the right dimensions on these components. 

There is also a constant trade-off between true scaling, price, performance, features and the 

amount of time that is possible to allocate when it comes to selecting components. In this 

project there has been one bigger change when it comes to true scaling, which is the position 

of the pendulum arm actuators. This has to do with what kinds of linear actuators that is 

available and what feature they come with. In the initial design shorter actuator was used that 

scaled perfect with 1:5. But it was discovered that there was no possibility to know the 

position of the actuator, which would make the controlling almost impossible. So it was 

decided that larger actuators with built-in potentiometer was going to be used instead. This 

means that the scaling is not perfect, but it is more important to be able to control the actuator. 

However, the design of the pendulum arm is made modular, which means that it is easy to 

remove the system and change to actuators with true scaling measurements. It is only the base 

plate for the pendulum arm that needs to be changed if this is desired. 

After testing the steering when fully loaded it became clear that the forces needed was less 

than calculated. A probable cause of this is that the contact between the wheels and the 

ground is not subject to pure sliding or that the friction coefficient is reduced due to dust or 

other contamination. 

The weight of the scale model is 46 kg, which is higher than intended. This has to do with 

different reasons, mainly because of the complexity of scaling down weight. This means that 

some of the parts have disproportionate weight when compared with the XT28. This is mainly 

a problem, ones again, when it comes to scaling down standard components. 
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6.2 Conclusions 
 

 The developed downscaled forwarder is a manageable and cost efficient prototype to 

implement and test a control system. 

 Test that can be performed with the prototype is how the pendulum arms and actuators 

work together and how they can keep the frame leveled. 

 The interaction between pendulum arms and wheel motors when going over obstacles 

and turning can also be tested. 

 There is some flexibility in the steering joints, which could be an issue when 

implementing a control system. 

 The attachment point for the actuator is less rigid than intended, which makes the 

pendulum arm move even though the actuator is not. 

 True 1:5 scaling was not achieved, due to limitations caused by standard components. 

 After testing, it can be concluded that all actuator are able to handle the load required. 

 Ground clearance and maximum turning angle of the scale model match the XT28. 
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7 RECOMMENDATIONS AND FUTURE WORK 
In this chapter, recommendations on more detailed solutions and future work that could be 

performed on the downscaled forwarder are presented.  

The objective for this project has been to develop and realize a downscaled forwarder, which 

will enable implementation of a control system for the pendulum arms. As for now, the 

function of the pendulum arms has only been tested manually. But in the future a more 

advanced active control system needs to be implemented to really evaluate if the downscaled 

prototype can work as a good representation of the XT28 – will it be able to perform tests and 

keep the frame leveled? 

After assembling the forwarder some tests were performed to see if it behaved like expected. 

Three unexpected issues were found. 

 The first issue is that the steering module is flexing in the pitch and roll direction when 

standing on just a few wheels. This is due to gaps between the shaft and the block 

supporting it and also between the block and the inner steering plates. This is the 

consequence of many parts and tolerance problems. To avoid this problem the four 

steering plates could have been made out of just two parts and the shaft could have 

been attached more firmly to the inner plates. This solution has other drawbacks 

though, such as material waste and it would result in a more complex manufacturing 

process. 

 

 The second issue is that the bunk is unstable in the roll and pitch direction. This is due 

to that the rear translational joint is not locked vertically. However, this is not of great 

importance if unloaded, but if fully loaded this could be an issue and the bunk could 

start to wobble. This could be solved by having similar plastic sliding contact 

underneath the plate with the track which will lock it vertically. 

 

 The third issue is that the attachment point of the actuators at the frame is moving 

relative to the frame when the pendulum arms are moving. This will be an issue when 

creating a control system for the forwarder. To solve this problem an approach can be 

to weld the attachment in place instead of using screws or to redesign it into one part. 

To further evaluate dynamic behaviors of the downscaled model and compare them to the 

full-scale prototype a multibody dynamics simulation needs to be performed in for example 

Adams View. This would give a better understanding in the differences between the two 

prototypes. 

In this project very little focus has been given to the wiring, which is done temporary and 

used only to test the function of the actuators and motors. When implementing a control 

system, some modifications might be needed when it is decided what electric components to 

use. The drivers controlling the motor and the batteries for example, are only placed 

temporarily in the cabin at the moment. This adds a lot of weight and makes the prototype 

front heavy. When the drivers and batteries have a permanent place the wiring can be done 

better, one alternative is to make holes for the wires on the upper side of the pendulum arm. 

This would result in less wires hanging under the frame. 
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Figure 1. http://www.newforwarders.com/default.aspx?id=91644 

Figure 2. http://www.unusuallocomotion.com/medias/images/38-eco-log-

590d.jpg?fx=r_950_950  
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APPENDIX A 
 

Steering - Matlab 
 

%% Steering 
close all; clear all; clc 

  
SA = 25; % steering angle +- [deg] 

  
a1 = 0.00; 
b1 = 0.3; 
a2 = 0.05; 
b2 = 0.0; 
m = 80/3; 
g = 9.81; 
lm = 0.39; 
my = 0.5; 

  
A = sqrt(a1^2+b1^2); 
C = sqrt(a2^2+b2^2); 

  
beta1 = atand(b1/a1); 
alpha2 = beta1; 
alpha0 = 84; 

  
Alpha = [alpha0-SA:1:alpha0+SA]; 
Angle = Alpha - 84; 
alpha1 = Alpha-alpha2; 

  
ay = A*sind(beta1); 
ax = A*cosd(beta1); 
cy = C*sind(alpha1); 
cx = C*cosd(alpha1); 
by = ay+cy; 
bx = ax-cx; 
B = sqrt(bx.^2+by.^2); 
Beta = acosd(bx./B); 
beta2 = Beta-beta1; 
phi1 = 90-alpha1; 
phi2 = 90-Beta; 
Phi = phi1+phi2; 
theta = 90-Phi; 

  
Mfri = m*g*lm*my; 
Ftot = Mfri./(C*cosd(theta)); 

  
set(gca,'fontsize', 14); 
disp(['Stroke length = ' ,num2str((max(B)-min(B))*1e3),' mm']) 
disp(['Max length = ' ,num2str(max(B)*1e3),' mm']) 
disp(['Min length = ' ,num2str(min(B)*1e3), ' mm']) 
disp(['Max F = ' ,num2str(max(Ftot)), ' N']) 

  
plot(Angle, Ftot) 
title('Load, Electric Actuator, Steering') 
xlabel('Turning Angle [deg]'); 
ylabel('Actuator Force [N]'); 
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APPENDIX B 
 

Pendulum Arm - Matlab 
   
%Force analysis in pendulum arm 

 

clear all; close all; clc; 

 
Weight = 40;        %kg 
g = 9.81; 
F = 120/106*Weight*g/3; % rear wheel at equilibrium 
A = 0.2;            %mm length of pendulum arm 
bx = 0.015;         %mm distance in x-axis between the two frame connection 

points 
by = 0.13;          %mm distance in y-axis between the two frame connection 

points 
D = 0.0775;         %mm distance between wheel and actuator on pendulum arm 
xi = [24:1:81];     %mm angle of pendulum arm 

  
ax = A*sind(xi); 
ay = A*cosd(xi); 
alpha1 = xi; 
alpha2 = 113.8 - xi; 
beta1 = 90 - alpha2; 
dx = D*sind(alpha2); 
dy = D*cosd(alpha2); 
cx = ax+dx-bx; 
cy = by-dy+ay; 
C = sqrt(cx.^2+cy.^2); 
beta2 = atand((A*cosd(xi)-D*cosd(alpha2)+by)./(A*sind(xi)+D*sind(alpha2)-

bx)); 

  
R = (ax*F)./((ax+dx).*sind(beta2)+(by-cy).*cosd(beta2)); 
R2 = (ax*2*F)./((ax+dx).*sind(beta2)+(by-cy).*cosd(beta2)); 

  
plot(xi,R, xi, R2,'LineWidth',2) 
set(gca,'FontSize',14) 
title('Load, Electric Actuator, Pendulum Arm') 
xlabel('Angle [deg]'); 
ylabel('Force [N]'); 
legend('Unloaded','Fully loaded') 

  
SL = max(C)-min(C); 
mina = min(ay)+0.13; 
maxa = max(ay)+0.13; 
difference = maxa-mina; 

  
disp(['Pendulum Arm Actuator']) 
disp([' ']) 
disp(['Stroke Length = ' num2str(SL*1000) ' mm']) 
disp(['Maximum Actuator Force = ' num2str(max(R)) ' N']) 
disp(['Maximum Actuator Force If Loaded = ' num2str(max(R2)) ' N']) 
disp(['Minimum Ground Clearance = ' num2str(mina*1000) ' mm']) 
disp(['Maximum Ground Clearance = ' num2str(maxa*1000) ' mm']) 
disp(['Difference Between The Two = ' num2str((maxa-mina)*1000) ' mm']) 
disp(['Minimum Piston Length = ' num2str(min(C)*1000) ' mm']) 
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APPENDIX C 
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APPENDIX D 
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APPENDIX E 
 

 MAXON - Planetary Gearhead GP 42 C Ø42 mm, 3 - 15 Nm, Ceramic Version 
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APPENDIX F 
 

MAXON – ESCON 50/5 

 


