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Sammanfattning 

I detta examensarbete tas ett helt nytt koncept fram för en hjullastare, för att minska maskinens 
transportsträcka under lastningscykeln. Fokus är på lastaggregatet som är den mekanism som 
utför rörelsen för skopan. Konceptet utgår ifrån de möjligheter som skapas då hjullastaren kan 
göras helt autonom. Konceptet tas fram i skala 1:10 och även en prototyp i denna skala tas fram 
som demonstrations underlag. 

Problemet löstes genom analys av nuvarande konstruktionslösningar och miljön maskinen är 
tänkt att arbeta i. Utvecklingen av konceptet togs fram genom skisser, workshops, 2D- och 3D 
simuleringar i CAD samt nödvändiga beräkningar för att erhålla funktion och stabilitet. 

Resultatet är ett helt nytt hjullastarkoncept som kan lasta över hela maskinen, så kallad overshot 
eller overhead loader. Detta utförs dessutom utan att lyfta skopan onödigt högt.  

En styrnings princip valdes till det nya hjullastarkonceptet då den styrning som används i dagens 
Volvo hjullastare inte är lämplig för det här konceptet. 

Den största skillnaden från liknande maskiner som tidigare funnits är hur lastaggregatet är valt 
att styras.  

Förutom att reducera transportsträckan och därmed energiförbrukningen så reduceras även 
energiförbrukningen genom att inte lyfta lasten onödigt högt. 
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Abstract 

A new concept for a wheel loader is developed in this thesis. It is aimed to reduce the machine's 
transport distance during the loading cycle. The focus was on the loader assembly, which is the 
mechanism that performs the motion of the bucket. The concept was based on the opportunities 
created when the wheel loader can be fully autonomous. A scaled down concept  at a scale of 
1:10 and a prototype for demonstration purposes, was developed. 

The problem was solved by analysis of existing design solutions and the environment the 
machine is supposed to work in. The development of the concept was formed by sketches, 
workshops, 2D and 3D simulations of the CAD and the necessary calculations to obtain the 
function and stability. 

The result is a whole new wheel loader concept that can load over the whole machine, called 
overshot or overloader. This is also performed without lifting the bucket unnecessarily high. 

A steering principle was selected for the new wheelloader concept since the steering used today, 
in Volvo wheel loaders, are not appropriate for this concept. 

The main difference from similar machines that previously existed is how the loader assembly is 
controlled. 

Besides reducing the transport distance and thus energy consumption. It also reduces the energy 
consumption by not lifting the load unnecessarily high.      
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Terminology 

Autonomous – Machines that is independently controlled without any operator 

Breakout force – Force required when changing the bucket angle 

Counterweight – Supplementary weight on the wheel loader to resist tipping 

Dozing – Excavating the ground 

Face – Blasted rock 

Hauling – Pulling of  heavy loads 

Loader assembly – Mechanism for transporting and lifting the bucket, consisting of  linkage and hydraulic 

cylinders 

Overshot wheel loader – A special type of  wheel loader where the bucket can be transported over the 

machine itself 

Overhead wheel loader – Same as overshot wheel loader 

Retake – Position of  the bucket that allows dumping of  material so that new material can be loaded 

Short operation cycle – When material is repeatedly collected and dumped onto a receiver 

TCO – Total cost of  ownership [$/ton] 

Turning radius – The minimum radius the machine can turn within 

Wheel base – Length between the wheel axles 

Wheel loader – Vehicle for lifting or loading material or objects, consists of  a bucket and a lift arm 

controlled by hydraulic cylinders  
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1.  Introduction 

1.1. Volvo Construction Equipment 

Volvo Construction Equipment (Volvo CE) is one of the world's leading manufacturers of 
excavators, road construction equipment and compact machines.  
They are a world leading manufacturer of articulated wheel loaders and haulers. Volvo CE has 
production facilities in ten countries and offers over 150 different product models to customers around 
the world. The company is the oldest industrial company still active in the construction machinery. It´s 
history dates back to 1832 were it all started in a machine shop in Eskilstuna, Sweden, (Volvo Group, 
2012).  

1.2. Background 

This thesis work was conducted at the department for emerging technologies at Volvo CE. The 
department looks forward, trying to anticipate customer needs and demands and conduct feasibility 
studies on different product ideas.    
Volvo Construction Equipment´s vision in the future is to develop a wheel loader that is electrically 
powered and autonomous. This would, according to Volvo CE, contribute to reduce the total cost of 
ownership (TCO) [$/ton]. The autonomy provides the opportunity to develop new machine concept, 
when the driver cabin can be eliminated. Volvo CE believes that a wheel loader can load over itself and 
dump the load behind it, in a scenario with no driver cabin. This would also affect the TCO by reduced 
loading cycle time. This thesis work has therefore been assigned by Volvo CE to investigate how such a 
wheel loader concept could be designed, see mind map in figure 1. 

  

1 Figure shows a mind map of  the background for the thesis work 



2 

1.3. Problem description 

Loading in short term cycles are today performed with the 
receiver side by side with the wheel loader in a Y-formed cycle, 
see figure 2, where the machine are turned to dump the bucket.  
 
The main problem to be solved within this thesis work is 
how to design a wheel loader that can load over itself. This 
will eliminate the Y-formed operation cycle. 

This results in several design issues that needs to be addressed:  

 Overall design of the loader assembly  

 Layout of hydraulic cylinders and there attachment 
points.  

 Bucket design, volume and attachment points  

 Stability of the new wheel loader concept 

1.4. Objectives 

The objective of  this thesis work is to develop a new wheel loader concept, with focus on the 

loader assembly. The current Volvo wheel loader L350F will serve as a reference for the 

development work. 

1.4.1.  Original objectives scaled down prototype: 

 Build a remote controlled model in 1:10 scale for verification of: 

o The movement of the bucket (operating curve)  

o The interaction between wheel loader and the receiver, to determine if there is any 

collision risk 

o Load overhead without any waste falling over the machine or outside the receiver 

o The percentage reduced loading cycle time, compared to the reference´s cycle time. The 

cycle time will be split in different moments for comparison between the current and 

the new concept.  

o Stability, when the bucket is fully loaded and in its most critical positions 

 Avoid lifting the bucket unnecessarily high, when transporting to dump position, for least 

energy consumption. 

 The prototype will be set in motion by the use of electrical linear actuators 

 Decide appropriate type of wheel steering to interact with the loader assembly  

1.4.2.  Actual objectives scaled down prototype:  

The objectives for the original scaled down prototype have been redefined, since it will not be 

completed in time for verificaion. Verification of  the concept will instead be possible through 

measurements, volume and motion analysis and collision detection in a Computer aided program, 

CAD. The scaled down prototype will be used, by Volvo CE, for demonstration purposes. 

2 Figure shows the Y-formed operation 

cycle 
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1.4.3.  Original objectives full scale: 

 Develop a full scale loader assembly concept based on the layout and design of the scaled down 

prototype. The loader assembly mounting points and the placement of the hydraulic cylinders 

will be defined.  

 

 Avoid lifting the bucket unnecessarily high, when transporting to dump position, for least 

energy consumption.  

 

 Strength analysis will be performed to evaluate if the design is adequate and has any strength 

weaknesses.  

 

 Decide appropriate type of wheel steering to interact with the loader assembly, since the 

articulated steering of today is not appropriate.  

 

 Improve the ratio between work load and machine weight, in comparison to current machine 

L350F. Because this ratio affect the efficiency and therefore the TCO. 

The current wheel loader (L350F) chassis weight without the engine and driver cabin will be 

used for analysis of the improvement.  

1.4.4.  Actual objectives full scale: 

The full scale loader assembly concept was not developed as new and stricter requirements 

were added for the scaled down prototype by Volvo CE. Some objectives needed to be 

emphasized in order to manage this thesis work in time. The full scale concept will nevertheless 

be discussed in the report and the choice of steering principle will still be applicable for the full 

scale concept. 

1.5. Delimitations 

 The scaled down prototype will be principal only to demonstrate the function of the loader 

assembly.  

 

 The wheel suspension and steering will not be developed. These components are developed by 

another thesis work and will be used for this scaled down prototype, since the main focus is the 

loader assembly.  

 

 The scaled down prototype will only demonstrate loading of sand material, for a better view of 

material flow when loading and dumping. Also less engine power is required for running in a 

pile of sand than rocks. 
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1.6. Requirements specification 

1.6.1.  Original 1:10 scaled down prototype requirement specifications 

 The scaled down prototype must be able to load a scaled down (1:10) 50 tons loading capacity 

receiver, with a height of 360 mm.  

 Dump reach on the rear end: 216 mm 

 Maximum bucket width: 400 mm 

 Maximum overall height: 800 mm 

 Ground clearance: 55 mm 

 Bucket loading capacity: 0,0077 m3 corresponding to about 15 kg sand 

 Speed: >5 km/h  

 Maximum bucket angle variation, in relation to the vertical plane, during transport from load to 

dump: ±10º 

 Bucket angles at four different locations along the path for backward dumping, see figure 3. 

 Capable of retakes if the bucket is not fully loaded 

 

 

  
3 Figure shows bucket angle requirements during transportation 

(20 Nm) 

(15 Nm) 

(35 Nm) 
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 Bucket load torque requirement at three different angles, according to figure 3:  

A. 20 Nm at -45°  

B. 35 Nm at 0°  

C. 15 Nm at +40°  

1.6.1.  Actual 1:10 scaled down prototype requirement specifications 

The last requirement in the original requirements has been changed, according to below. This was done 
to imitate the demands of the reference wheel loader and not because it would be necessary for the 
prototype.  
 
Bucket load torque requirement at three different angles:  
 

A. 20 Nm at -45°  
 

B. 35 Nm has been altered to 300 N in penetrating 

and 300 N in lifting force, as in figure 4. 

 

C. 15 Nm at +40°  
 
 

1.7. Methods 

1.7.1.  Failure Modes and Effect Analysis, FMEA 

The method aids in identifying where redundancy might be needed and in diagnosing failures after they 
have occurred. It comprises of these five steps: Identify the function affected. Identify failure modes. 
Identify the effect of failure. Identify the failure causes or errors. Identify the corrective action, 
(Ullman, 2010).  
 
An FMEA will be made on the project itself, due to the numerous of involved parties in the project. It 
will be made early in the project to enhance the preparedness for potential risks, like late deliveries into 
the project or loss of manpower for example. It will also identify the actions that should be taken if the 
risks occur. See appendix A, FMEA Project.  

1.7.2.  Literature 

Literature will be studied to retrieve information about the:  

 Different receiver models and dimensions from different suppliers in order to find out the 
difference between them and set height range and volume capacity criteria for the new wheel 
loader concept. This to ensure that the new wheel loader can interact with the receivers.  
 

 Material to be loaded by the new wheel loader concept such as density, volume, topography of 
material, size of the handled material, hardness and the effects on bucket design. The expected 
result is to have the information needed to calculate and design the wheel loader bucket with 
the right capacity and form.  

4 Figure shows the penetrating and lifting 

force 

Penetrating force 

Lifting force 
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 Different phases included in the short operating cycle and average loading cycle time. This 
information will be useful and necessary to compare and establish whether the new concept 
have less phases and shorter loading cycle time. 

 

 Different steering principle functions, advantages and disadvantages, operating conditions. 
Information will then been used to evaluate and decide on a steering principle for this project.  
 

 Current wheel loader L350F´s weight, machine weight/workload ration, dimensions, reaches, 
operation conditions, bucket SAE 2:1 standard and current bucket trajectory. The machine 
weight /workload ratio will be used to compare with the result of the new concept.  

 

 Different cost included in the TCO and the driver and energy cost percentage of total TCO. 
This information will be used to confirm if the new concept will reduce the TCO. 

1.7.3.  Benchmarking 

Benchmarking of current solutions, where the machine loads over itself, will be conducted to collect 
information about the advantages and disadvantages and whether any solutions could inspire this 
project.  

1.7.4.  Brainstorming workshop 

Brainstorming is a when a group meet to generate new ideas around a specific problem. 
By rules that remove inhibitions, people are able to think in a free manner and move into new areas of 
thought and create numerous new ideas and solutions. The group members share their ideas and then 
build on the ideas raised by others. Evaluation is only allowed when the idea generation session is over, 
(French, 1999). 
 
Brainstorming workshop will be conducted in the concept generation and several engineers from Volvo 
CE, specialized in wheel loader development, will be invited to the workshops. The expected result is 
to genereate more ideas.  

1.7.1.  Conceptual design 

The early stages in a design, when there are still major decisions to be made, are called conceptual 
design, (French, 1999). The outcome of the conceptual design stages is schemes. Concepts schemes will 
be created during concept generation to illustrate and explain the ideas and thus facilitate the 
understanding and the design process. (French, 1999). 

1.7.2.  LEGO® 

The development of the new concept will be made by the use of LEGO®. LEGO® is used as it is a 
quick way to develop concepts in 3D and see the way they function. This is as the bucket motion, 
placement for linkage and cylinders and loader assembly range easily would be viewed, modified and 
evaluated. The method will be the basis for the evaluation process.  
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1.7.3.  Kesselring method 

The Kesselring method will be used to evaluate and decide on the most appropriate steering, 
propulsion principle and wheel loader concept. It will be done by using different criteria with a weight 
factor and a graded scale. The interval for scoring and weighting the different principles will be set to 1-
5, where five is the highest score. The weight and graded score are then multiplied and the concept 
with the highest total score is ranked as the number one.  
 
It is very important to reflect on the outcome, since it is not certain that the concept with the highest 
score is the best solution. This as for example may differ very little between the ranked concept, an 
uneven balance between the grades or uncertainties in the weight factors (Johanesson, Persson, & 
Petterson, 2004). 
 
The primary reason for using this method is to evaluate the principles against each other and not 
against a reference. This is because there is now reference to evaluate against.   

1.7.4.  Calculations 

Several calculations will be carried out to establish force, momentum and the different lever arms for 
the actuators designed into the machine. Deciding on the actuator attachment points will be 
implemented through that. Calculation will be made on the selected concept to secure stability 
according to requirements.  

1.7.5.  Computer Aided Design - CAD  

CAD will be used to design the selected concept, refine and simulate the loader assembly motion and 
detect collision in between the different parts. It will also be used to find out the different weight of 
each component and the free space available to place the needed counterweight on. The cad software 
will be Pro Engineer, which will aid in the evaluation process of the final 3D concept.   

1.7.6.  A proof-of-concept prototype 

The prototype developed in this project will be a proof-of-concept prototype as focus is on the 
function of the product. It will be built to compare with the requirements and specifications set, but 
mostly for demonstration purposes, for Volvo CE at different occasions. This as solid models in CAD 
systems can often replace prototypes with less cost and time. Exact geometry, materials and 
manufacturing process are usually not imported for this kind of prototype. They are built more as a 
learning tool. Therefore they can be made of paper, wood or any suitable prototype building material, 
(Ullman, 2010). It was decided early, due to the time constrain, that the design of scaled down 
prototype will be aimed for the manufacture and assembly of laser-cut steel material, as far as it is 
possible.  
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2.  Present situation 

2.1. Wheel loader applications  

The application area for a wheel loader is much dependent on the size of the machine. Volvo´s modern 
wheel loaders are named with classification L XXX Y, where L stands for Loader; XXX is an 
approximate of the static tipping load the machine can handle and Y for the generation of machine. An 
L350F can thus handle a 35 000 kg static load and are from the F series generation.  
Wheel loaders are often divided into three different size categories, with somewhat different application 
areas. The different categories are: 
 

 The smallest wheel loaders, such as L20-L70, are often used at different locations on the same 

site for movement of material, loading and unloading of pallets and lifting of material. 

 

 Medium sized wheel loaders, such as L90-L120, are still very versatile and can cover many 

different applications, but are often set to perform fewer numbers of tasks at the site. 

 

 The large sized wheel loaders are invested in to perform specific tasks, although they remain as 

versatile as the medium sized ones. They are often used in short operating cycles, like loading 

material in a receiver or transport load a longer distance. L150-L350 is typically a large sized 

wheel loader. 

(Filla R., 2003) 

2.2. Volvo wheel loader L350F 

The Volvo Wheel loader L350F, see figure 5, is 
the biggest model in the segment, with a spade 
nose teeth and segment bucket. It has an 
operating weight between 50-56 tones and a 
steering mechanism referred to as articulated 
steering, see figure 5, described in detail in the 
theory chapter.  The articulated steering principle 
enables small turning radius, which is of great 
importance when operating in smaller working 
areas.  
 
The Volvo L350F wheel loader can be fitted with 
different bucket types and sizes and handle 
volumes between 6,2 - 12,7 m3 (Volvo CE, 2012). 
A maximum load of about 15 tones can be 
handled when loaded with rocks with a density of 
1,9 tones/m3, using the above mentioned bucket. 
This results in a machine weight/workload ration 
between 27 - 30 %. The current L350F is 
equipped with a five tonne counterweight to resist 
it from tipping forward.  
See appendix B. key dimensions, L350F.  

5 Figure shows the Volvo wheel loader L350F 

(Volvo Construction Equipment Image Gallery, 2011) 
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2.3. Short operating cycle 

Short operating cycle is the cycle when material, from a face mining site for example, is repeatedly 
collected and dumped onto a receiver. The cycle starts with the fill up of the bucket and ends when the 
wheel loader is back to the same position again, see figure 6. Complete cycle description as follows. 

 

Phase 1, Filling of bucket 

Operator runs into the face pile with a flat bucket alignment that almost scrapes the ground. The 
bucket is lifted slightly, when it has penetrated the pile a little bit. This is done to increase the pressure 
on the front wheels and increase the friction between the wheels and the ground. The bucket is then 
lifted during the whole bucket filling phase. That is done until the bucket is lifted out of the pile and the 
operator starts to reverse the 
machine.  
 
Phase 2, Reversing 
The operator starts to reverse 
and turn at the same time. The 
reversed distance is dependent 
on how fast the hydraulic can lift 
the bucket and the height of the 
bucket when it has left the pile.   

Phase 3, Deceleration 

The wheel loader can either be 
braked, before moving forward, 
or retarded by switching from 
reverse to forward gear as some 
operators do. That results in 
increased fuel consumption. 

Phase 4, Turning 

The wheel loader is turned so 
that the distance to the receiver 
is equal to the distance to the pile. 

Phase 5, Transport 

Transport against the receiver when 
the wheel loader has been turned. 
The reversing distance should be adapted so that the bucket is over the receiver edge just when the 
loader gets there.  

Phase 6, Bucket dumping 

Bucket dumping should starts slightly before the wheel dumper has reached the receiver. That is to 
have the first rocks start falling into the receiver just when the bucket gets over the receiver edge. 

Phase 7, Turning 

The operator reverses and tilts the bucket simultaneously when the bucket has been dumped. The 
bucket is then lowered as soon as the edge has been cleared.  

Phase 8, Deceleration  

The operator stops the wheel loader, in the same way, approximately at the same place as in phase 3-4.  

 

6 Figure showing a short cycle operation 
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Cycle nr

Star of 

cycle

Start filling

the bucket

Transport1

Start 

reversing

Stop at 

unloading

Stop at 

receiver

Transport 2

Start 

reversing

End of 

cycle

Bucket at 

the ground

Time [sek]

to:

Fill the 

bucket

Transport 

to

Emptying 

bucket

Transport 

from

Cycle 

time

1 11:20:11 7 23 29 38 7 16 6 9 38

2 38 47 62 68 79 9 15 6 11 41

3 79 85 100 110 121 6 15 10 11 42

4 121 131 149 155 165 10 18 6 10 44

5 165 173 189 194 205 8 16 5 11 40

6 205 213 228 237 246 8 15 9 9 41

7 247 255 270 275 286 8 15 5 11 39

8 286 293 308 312 323 7 15 4 11 37

9 323 331 349 354 362 8 18 5 8 39

10 363 372 388 394 402 9 16 6 8 39

11 402 411 427 438 448 9 16 11 10 46

12 448 455 471 482 493 7 16 11 11 45

Cycle

times

Average

SD

Sum

08

01

00:01:35

16

01

00:01:24

07

03

00:01:24

10

01

00:02:00

41

03

00:08:11

19% 39% 17% 24%Percentage of total 

cycle time

Phase 9, Turning 

The operator now turns the wheel loader against the pile and accelerates again for a new bucket filling.  

Phase 10, Starting position 

The bucket is lowered when the wheel loader is back at the starting position. 
 
When the turning occurs in phase 4 and 9 are dependent on the lift and lowering time for the hydraulic 
system. To obtain minimum cycle time the operator must use hydraulics when the wheel loader is in 
motion. 
 
(Stener & Snabb, 2008) 
 
Short operation cycle time  
Many factors affect the short cycle time: operator skill, climate conditions, how clean and flat the 
surface is at the operating area, slope of the operating area, height of material to be loaded, the position 
of the receiver and the match between the bucket and the receiver. A study by the Institute for 
Agriculture and environmental technologies, in 2002, shows that the average cycle times are about 41 
seconds, see table in table 1.  
 
 
 

 

 

 

 

 

 

 

 

 

Table 1 Loading of  pebbles to truck with trailer with a Volvo L120C (1995), operation cycles 1-6, Uppsala, 1999-08-

12. (Gellerstedt, 2002) 
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3.  Theoretical framework 

This thesis work has required basic mechanical knowledge to calculate tipping, lever arms and 
attachment points for the loader assembly. It was also used to calculate torque and forces, of the hub 
motors, needed to provide the propulsion of the scaled down prototype.  
 
Knowledge about materials and production methods has been essential to design the scaled down 
prototype for manufacturing. 
 
Knowledge regarding electricity and control technology to choose electrical components for the scaled 
down prototype, as for example numbers of batteries has been required. Knowledge about control 
technology to understand hydraulic cylinders and linear actuators basic function has been required. 
 
It has required a deeper knowledge of CAD, to design the booms and solve the layout of cylinders, as 
components had to be set in motion and analyzed, both in 2D and 3D environment. The CAD skills 
have also been essential to present the solution in form of renderings and animations. 
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4.  Theory 

4.1. Receivers 

The most common loading receivers are trucks; haulers and rigid dump trucks. Haulers are used for 
transporting construction material, excavated earth and rocks, (Komatsu, 2005). 
(Volvo Construction Equipment, 2011) 

 
The main difference between haulers and rigid dump trucks is the loading capacity. The haulers can 
today only load up to about 40 tones and the rigid trucks up to 400 tones. 
(Caterpillar, 2012).  
 
Articulated haulers are suitable at low ground pressure and on rough terrain, (Komatsu, 2005). Rigid 
dump trucks are more suitable in large surface mines and big quarry applications, where there is 
sufficient space and hard level surfaces. (Caterpillar, 2012). 
 
The developed concept, for this thesis, should be adaptable with a new articulated dump truck concept, 
Volvo X50.  
 
 

 
(Caterpillar, 2012) (Volvo CE, 2012) (Komatsu, 2005) 

 

Table 2 shows loading receivers in the same order of  magnitude as Volvo X50, which the new developed concept should be 

compatible with. 

 
 
      

  

Volvo X50 

Articulated dump 

truck concept

Caterpillar 772

Rigid dump truck

Volvo A40F

Articulated dump truck

Komatsu HD 405-7

Rigid dump truck

Loading capacity 50 000                         45 000                              39 000                            40 680                                   

Target gross

machine operating 

weight: 82 100                              69 800                            75 080                                   

Capacity– 100% 

fill factor heaped 

2:1 (SAE) volume:
31,3 24 27,3

Loading height: 3400 3500 3154 3450
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4.2. Materials to be loaded 

Face is the core operating area for the Volvo 
L350F wheel loader, see figure 7. It is the 
blasted rock masses of all sizes that are to be 
loaded by the wheel loader, (Volvo CE). The 
size of the rock masses can vary between 149 – 
1057 mm, ( Siddiqui, Shah, & Behan, 2009), 
with a density of about 1,5 – 1,9 tons/m3, 
(Volvo CE, 2009). 

What characterizes the face application are:  

 High machine utilization 

 High dump height required for the loading 

receivers, e.g. rigid trucks. 

 Rough ground conditions in form of sharp 

edges of rocks, (high cutting-damage factor 

for the tires) 

 Wheel loader used either as truck loader or 

feeding a crusher/sorter 

 Load receiver match is rather important, to 

load a truck with two or three loadings 

(Volvo CE, 2012) 

4.3. Estimating bucket capacity 

A buckets total loading capacity is the amount of material 
loaded inside the bucket and the amount piled on top of it. It 
is referred to as the heaped or rated capacity. The piles rest 
angle on top is used to determine the amount of handled 
material on top of the bucket.  
 
The Society for Automotive Engineers, SAE, has defined the 
rest angle for a wheel loader bucket in the SAE standard 
J742b; Wheel Loader Buckets; 2:1. The ratio between the 
base line and the heap height is 2:1, see figure 8.  
(CWS Industries, 2004). 
  

7 Figure showing typical face mining site 

(Volvo Construction Equipment Image Gallery, 

2011) 

 

 

8 Figure showing the piles rest angle according 

SAE standard J742b 
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4.4. Forces acting on the bucket 

A wheel loader bucket is subjected to different forces during the 
loading cycle. The forces acting on the bucket are the penetrating 
force, lifting force and the break out force, see figure 9. The 
penetrating force is achieved by the wheel loader´s transmission, 
which transmits the force through the wheels to the ground in 
order to penetrate the pile.  The lifting force is achieved by the 
hydraulic system, which is powered by a hydraulic pump, which in 
turn is driven by the engine torque. The tilting of the bucket 
requires a break out force in order to change the bucket angle.  
It is like the lifting force achieved by the means of hydraulics.  
A balance between the three forces is required for the operation 
of the wheel loader.  
  
A study of moments reviews that the lifting and penetrating force counteracts each other. As the lifting 
force creates a counter clockwise moment, the penetrating force creates the opposite. A similar 
problem is observed when it comes to the hydraulic system and the transmission as they compete for 
the engine torque. As the bucket penetrates into the pile it requires the traction force that is delivered 
by the engine torque. The hydraulic system requires at the same time, pressure from the hydraulic 
pump, which is driven by the engine torque. (Stener & Snabb, 2008) 

 

4.1. Total cost of ownership 

The TCO is a tool that supports in the supplier 
selection and evaluation decision, by including other 
costs that comes along with the ownership of the 
product, (Ellram, 1998). Wear parts, service, 
depreciation1, capital investment, fuel consumption 
and operator costs are some of the costs included in 
the TCO for an earthmoving machine. It is of great 
importance that the purchaser determines which 
costs to be considered as the most relevant or 
significant in the acquisition, ownership, use and the 
later on disposal.  
The diagram shown in table 3 indicates the costs, for 
a wheel loader, that do have an effect on the TCO. 
TCO is also affected by which application the 
machine is used for. The TCO can be summarized as 
what the cost is per ton when the machine is being 
used. (Volvo CE, 2012) 
 
 

                                                

 

 

Breakout force 

Penetrating force 
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9 Figure showing the different forces 

acting on the bucket 

Table 3 showing the costs included in the TCO for  

a Volvo wheel loader, (Volvo CE, 2012). 
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11 Figure shows the NOVE overhead loader, 

(Maskinisten, 2006) 

 

4.1. Benchmarking of overshot wheel loaders 

Overshot loaders, also known as overhead 
loaders were in point of fact already invented 
in the 1940s; See example of patents in 
appendix C, Patents overshot loaders. During this 
period the overshot loaders required an 
operator inside the machine, with the load 
passing over the operator. Therefore the 
operator was exposed to a risk and these 
overshot loaders never became particularly 
popular.  
 
From the 1970s these overshot loaders have 
virtually disappeared, (Caterpillar, 2005). In 
modern time the conditions have changed 
since the driver cabin are not necessarily 
needed. Figure 10 shows U.S patent a 
Caterpillar overshot loader, configured for 
autonomous operation. This product is not 
available on the market at present. 
(Caterpillar, 2005).  

 
NOVE overhead-loader: 
NOVE overhead-loader, as seen in figure 11, was 
developed in the 1950s by the Swedish company AB 
NORDVERK. The loading assembly was mounted 
on a MAN-tractor. The hydraulic equipment was 
consisting of a hydraulic gear pump mounted on a 
direct extension of the engine axle and three pressure 
cylinders were used. The NOVE overhead-loader 
only used one U-shape support arm for the bucket 
that was mounted on the rear wheel hubs. (NOVE, 

1950). 
Merton two-way loader: 
The British company Merton Engineering Co. 
Limited produced a range of machines that 
appear to have disappeared into history, as in 
figure 12. , (The Merton Engineering Co. Ltd) 

  

10 Figure shows a scheme of  the Caterpillar overshot wheel 

loader, U.S. patent 6.845.152 

12 Figure shows the rare overloader 

Merton DB 30, (Maskinisten, 2006) 
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Merton DB 30 overhead loader: 

The Merton DB30 overhead loader used a winch design for 
transporting the bucket, with the winch drive taken from the 
front of engine crankshaft. Merton DB 30 was based the 
Fordson Major E1A. The machine could be used for loading, but 
also for digging, dozing, hauling and lifting, see figure 13, 
(The Forestry Division, 1956).  
 

4.2. Steering principles 

The typical steering systems for mobile earthmoving equipment 
will be described, in this chapter. This includes articulated 
steering, skid steering, steering of tracked vehicles and the three 
main types of knuckle steering. 

4.2.1.  Articulated steering 

The invention of the articulated steering principle has been vital in 
the development of wheel loaders and construction machines. This 
is because it has unquestionably more maneuverability than 
conventional knuckle steering and possesses significantly better 
application and design features.  It is a design where the articulated-
frame steers around a vertical hinge between the rear and front axis, 

using one or more hydraulic cylinders, see figure14. 
 (Dudzinski, Piotr A, 1989).  

4.2.2.  Skid steering 

For skid steering the motions are controlled by using different speed of 
the wheels or tracks, by reducing or braking the wheels or tracks on 
one side of the vehicle, see figure 15. This technique often allows the 
vehicles to be very small and compact.The skid steer design provides 
the greatest maneuverability of all steering types described here. One 
disadvantage with the skid steering is that each steering correction 
creates a lateral squeezing of the surrounding earth, especially on soft 
ground. Other drawbacks is unfavorable operating conditions such as, 
bad driving performance, weak load transfer and high mechanical stress 
such as tire wear, (Dudzinski, Piotr A, 1989).  
 

4.2.3.  Steering of  tracked vehicles 

Tracked vehicles, see figure 16, have better mobility than wheeled vehicles over rough terrain. Tracks 
are less likely to get stuck in soft ground, mud or snow because of the large distribution of weight 

15 Skid steer compact 

loader, (JCB, 2009) 

13 Figure showing the Merton two-way 

loader 

14 Figure illustrating the articulated 
steering principle 
(Integrated publishing, 2008) 
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thatdecreases the ground pressure. However the handle 
characteristics for tracked vehicles compared to wheeled vehicles 
differ. Skid-steering and articulated steering is example of 
commonly used methods to accomplish steering of tracked 
vehicles. Skid-steered tracked vehicles often require significantly 
more power while turning compared to a straight-line motion. 
This is to overcome the moment of resistance caused by the 
skidding of the tracks on the ground. Braking one side of the 
tracks is often required which lead to a reduced resultant of 
forward force the vehicle can develop. With articulated tracked 
steering the resultant forward can often be maintained, since no 
adjustment of thrust of inside and outside tracks are required. 
Another problem with a tracked skid steered vehicle is the effect 
of the centrifugal force at higher speeds or when turning with a relative small radius, which should be 
taken in consideration. (Wong, 2008).  

4.2.4.  Knuckle steering 

Knuckle steering is when the steering of the vehicle is achieved by turning of the wheels, with the aid of 
a series of linkages jointed together. The knuckle steering principle consists of three main different 
design principles, as illustrated in figure 17 below. It is commonly used for machines with rigid frame. 
The knuckle steering for earthmoving equipment is characterized as single-axle steering, either as front-
wheel or rear-wheel steering, four-wheel steering and crab steering. (Dudzinski, Piotr A, 1989).  

4.2.5.  Single axle steering 
Single axle steering implies that the steering of the 
vehicle is accomplished by turning of the wheels on 
one axle only, either front or rear. The single axle 
steering principle, for earthmoving machines, allows 
for a simpler and more economical support frame 
design. It also permits good transverse stability as the 
overall center of gravity does not change when turning 
corners, very important for wheel loader equipment. 
Single axle steering does not allow correction of 
steering when the machine is at a standstill, as the 

articulated steering does. And neither does it have as 
good driving stability, as the wheel bases are relatively 
shorter to secure sufficient maneuverability. The single 
axle steering also have  poorer turning radius than 
articulated steering, as illustrated in figure 18. 
(Dudzinski, Piotr A, 1989) 

16 Figure showing tracked skid steer 

loader, (JCB, 2009) 

18 Figure showing maneuverability of  single-axle 
steered machines in comparison to articulated 
frame machines 

17 Figure shows the three different main types of  knuckle steering 
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4.2.6.  Four wheel steering 

Four-wheel steering gives better maneuverability than 
single-axle steering since all wheels are turned compared to 
single axle steering, see figure 19. The disadvantage with 
four-axle steering is that the steering unit design is 
expensive, since it is more complex. Because of that, 
earthmoving machines with four-wheel steering are rarely 
produced. (Dudzinski, Piotr A, 1989)  

4.2.7.  Crab steering 

All wheels are steered at the same direction. Crab-steering is 
most commonly used to prevent drift, for example on side 
hills. (Dudzinski, Piotr A, 1989)  
 

4.3. Linear electric actuators 

Linear electric actuators convert energy 
from a motor-driven ball or screw assembly 
to a linear motion.  See figure 20, Electric 
linear actuator´s different parts. The screw 
can be direct, belt or gear driven. Linear 
actuators are used in many areas, for 
example industrial machinery, machine 
tools, dampers and valves. They are often 
used when tight tolerances are required. 
Important specifications to consider when 
choosing linear actuators include stroke, 
maximum load force, maximum speed 
continuous power and system backlash. 
System backlash is positioning errors that 
occur when changing direction. 
 (Zhang, 2008)  

19 Figure illustrating the different 

 steering principles 

20 Figure showing the different part of  an electric linear actuator, 

(Progressive automations, 2012) 
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5.  The development process 

The previous overshot wheel loaders found in the theory chapter often used only one boom to achieve 
the transportation of the bucket. This meant that the bucket would be transported to an unnecessary 
height and then moves down again until it reaches its final position. Even the previous overshot 
loaders, which used two booms, had this problem since the booms were not individually controlled. 
This problem was taken into consideration during the concept generation phase. 
 
Early in the project a brainstorming workshop was conducted to submit ideas in addition to the 
overshot loading principle. These ideas will not be presented here since this is not the objective of the 
project. Another brainstorming workshop were conducted in the concept generation phase to generate 
as many ideas as possible on overshot solutions. Several engineers from Volvo CE were invited to the 
workshops and different overshot principles were discussed and analyzed. A lot of common and useful 
knowledge about wheel loader design, such as allowed hydraulic cylinders angles, most advantageous 
location of center of rotation for the loader assembly and other was brought up and used later on in the 
project.  
 
Concepts schemes were then created, in 
the concept generation phase to 
illustrate and explain the ideas and thus 
facilitate the understanding and the 
design process, see figure 21. Ideas 
from different schemes were combined, 
enhanced and some were removed.  
 

LEGO
®

 was then used, as it was a 

quick way to develop concepts in 3D, 
and see the way they operate and 
whether they work or not. The concepts 

were simply built in LEGO
®

 in scale 

1:43 to easily test the bucket motion, the 
loader assembly range, placement of the 
booms and cylinders. Rubber bands were used to illustrate the hydraulic cylinders. The models could 
then be used to plot each of the four bucket transportation curves. This was done to compare with a 
curve made by a one boom overshot loader that transports to an unnecessary height. The concept 
generation resulted in four different concepts.  
 
An evaluation of the steering and propulsion principle was performed just before the evaluation of the 
concepts, since the loader assembly could be affected by the steering and propulsion type. The 
evaluation was made in two steps, first to evaluate appropriate steering principle and then evaluate 
appropriate driving wheels/tracks. By dividing the evaluation into two parts, one could concentrate 
solely on the criteria for steering and get a result for it, without the influence of the driving criteria. The 
principles evaluated were the main types, single axle steering at the rear wheels, four wheels steering, 
crab steering and skid steer. Also two other possible principles was evaluated, the skids laid down drive 
and the individual steering. All principles were then evaluated according to the Kesselring method. The 
criteria and their weighting for evaluation were based on the requirements, objectives for the projects 
and feedback from several Volvo CE engineers.  

21 Figure showing some of  the generated schemes during the concept 

generation phase 
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The concept evaluation was conducted in the same 
manner as for steering and propulsion, using the 
Kesselring method. The criteria and their weighting 
for evaluation were based on the requirements and 
feedback from several Volvo CE engineers. 
 
Further development of the chosen concept was then 
engineered by the aid of 2D, see figure 22. By plotting 
in 2D and simulating the motion of the boom in the 
area of reach according to requirements, it was 
possible to establish the length, angles and location of 
joints for them. By setting the 2D scheme in motion it 
was possible to analyze actuator stroke, angles, lever 
arms and attachment points. It was even possible to 
detect any collision risks, by using reference lines or 
geometry points, which might occur and address 
them. See figure 22. 
 
The 3D model could then be developed on the basis of the downscaled dimensions of the reference, 
L350F, and the 2D design. A continuous iteration between the 2D and the 3D modeling was necessary 
throughout the whole 3D development process, as it was a more efficient way to test major design 
changes. Refinement and collision detection could then be made by simulating the operating curve for 
the bucket throughout the whole curve. 2D modeling made it possible to simulate the operating curve 
with regard to requirements and by 3D modeling verify that motion with respect to collision with other 
components. Different bucket motion curves, with X- and Y coordinates have been plotted, to control 
the loader assembly in an autonomous scenario, in the future.  
 
Multiple calculations have been conducted to ensure that risk of tilting is not present both at front and 
rear end. The different component weights were analyzed in the CAD program, by adding the material 
density, to calculate the needed counterweights. The calculations were conducted at the different critical 
positions where the lever arms where at its greatest. Free spaces for counterweights were defined where 
they would not pose a risk for collision with the loader assembly. 
  
Drawings and order documents in 2D for laser cutting were prepared for the scaled down prototype 
manufacturing.   

Reference line 

Reference point 

22 Figure showing concept development in 2D CAD 
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6.  Results 

6.1. Kesselring evaluation of steering principle: 

The result from the evaluation showed that single axle steering at the rear wheel is most appropriate for 
this application, see result in table 5. Articulated steering used at current reference wheel loader, was 
not evaluated for this concept, due to instability and poor alignment against the receiver.   
Skid steering would have been a better solution, if less account had taken to tire durability and steering 
ridges. The tire durability is an important factor since tire change is a large  running cost for the owner.  
 
Two new steering principle ideas were added as a result of the workshop. The skids laid down drive are 

a solution with regular skids, but in between these skids there are a new set of skids placed 90⁰ rotated. 
These skids can be laid down to move the machine sideways. The idea with this solution was to speed 
up the sideway transportation. But the problem was that it would take longer time to lay down the 
inner skids. 
The individual steering, which is a knuckle type of steering, is where every wheel can be turned around 
its own axis. This makes it possible for the machine to make complicated maneuvers as for example 
spin around its own axis. 

 

Table 4 showing the evaluation matrix for steering principle 

The weighting of the criterion, time vertical movement, was set high because of the importance for the 
machine to move quickly in that direction to reduce the cycle time. The clearance between front wheels 
means that there should be sufficient space between the front wheels for the loading assembly. 
The skid laid down drive got high score at stability because of the high weight this solution will have in 
the bottom of the machine. 
  

Criteria Weighting

Score Total Score Total Score Total Score Total Score Total Score Total

Time vertical 

movement (speed) 4 5 20 5 20 5 20 4 16 4 16 4 16

Time horizontal

movement (speed) 3 3 9 4 12 5 15 3 9 4 12 4 12

Turning radius 5 3 15 4 20 1 5 5 25 5 25 5 25

Stability (tipping) 5 4 20 3 15 3 15 5 25 4 20 3 15

Clearance front 

wheels 3 5 15 3 9 3 9 5 15 5 15 1 3

Terrain durability 2 3 6 3 6 3 6 3 6 3 6 2 4

Tire durability 4 4 16 3 12 3 12 2 8 2 8 3 12

Steering ridges 4 5 20 5 20 5 20 2 8 2 8 3 12

Front axel rigidity 4 5 20 4 16 4 16 5 20 5 20 2 8

Manueuvrability 2 3 6 4 8 2 4 5 10 5 10 5 10

Tractive force 3 4 12 4 12 3 9 5 15 5 15 2 6

Steering correction

at rest 1 4 4 3 3 1 1 4 4 4 4 5 5

Total score 163 153 132 161 159 128

Skids laid 

down drive Individual steering

Single axle 

steering (rear)

Four wheel

steering Crab steering Skid steering
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6.1. Kesselring evaluation of propulsion: 

The result from the evaluation, see table 6, shows that wheels are most appropriate for this application. 

 

Table 5 showing the evaluation matrix for wheel drive/tracks 

The criterion, movement speed, was weighted high since this would reduce the cycle time.  
The criterion for machine weight was also an important factor, to improve the machine 
weight/workload ratio. 
Maintenance and solution cost that would affect the cost for the final product and reduce the TCO, 
was taken in consideration in this evaluation.  

Criterias Weighting

score total score total

Movement speed 4 5 20 3 12

Stability (tipping etc,

weight incl.) 5 3 15 4 20

Terrain durability 2 3 6 4 8

Steering ridges 3 2 6 1 3

Tractive force 4 4 16 5 20

Rolling resistance 3 3 9 1 3

Weight

(lower weight = higher score) 3 3 9 1 3

Solution cost 2 4 8 2 4

Maintenance cost 3 2 6 3 9

Total score 95 82

Wheels Tracks
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6.2. Concept generation 

6.2.1.  Concept 1 - two booms  

 

 

 

 

 

 
 

Concept 1uses two booms with boom 1 angled see figure 24. The idea with using an angled boom was 
for the bucket to come closer to the machine in the loading operation, as seen in figure 23. The motion 
of boom 1 is accomplished by pulling cylinders. The following figures illustrate the transportation 
sequence of concept 1: 
 

 
1. Loading position   2. Position for retakes 

 
 
 
 
 
 
 

3-4.Transportation of bucket to the rear end, close to the machine, is accomplished by pulling boom 1 
backward and lifting boom 2. 

 
 

 
 
 
 
 

5. Transportation of bucket to the rear end. Boom 1 is pulled back more and boom 2 is lowered down. 
 

6-8. The lifting operation of the bucket is accomplished by pulling boom 1 forward again and lifting 

boom 2 at the same time, until these booms are almost parallel and about 45⁰ to the ground. 
  

 
     

  

24 Figure showing the operating curve of   

Concept 1 23 Figure shows Concept 1 

Boom 1 

Boom 2 
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6.2.2.  Concept 2 – two booms 

 

 

 

 

 

 

 
 
 

Concept 2 uses two booms, see figure 26. The main difference from concept 1 is a different angle of 
boom 1 and other boom lengths. With boom 2 being longer, more appropriate angles for the hydraulic 
cylinders, could be achieved. The stroke length at the rear end was depending on the chosen length of 
boom 1 and how long it could be pulled down against the chassis. See figure 25, for operating curve of 
concept 2. The following figures illustrate the transportation sequence of concept 2: 
 
1. Loading position              2. Position for retakes  

    
 
 
 
 
 

 
3-4. Transportation of bucket to the rear end is accomplished by pulling the first boom black in the 
pictures) backward and lifting the second boom. 

 
 
 
 
 
 
 

 
5-7. The lifting operation of the bucket is accomplished by pulling boom 1 forward again and lifting 

boom 2 at the same time, until these links are almost parallel and about 45⁰ to the ground. 
 

 
 
 
 

26 Figure shows Concept 2 

25 Figure showing the operating curve of   

Concept 2 

Boom 1 

Boom 2 
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27 Figure showing the operating curve of  

Concept 3 

6.2.3.  Concept 3 – Telescope 

 

 
 
 
 
 
 
 
 
 

 
 
 

 
 

Concept 3 uses a telescope function, see figure 28, to prevent  the bucket from moving down at the 
end of the curve, see figure 27. Depending on how long the stroke length for the telescope is, the 
bucket could be following a closer curve and reach higher in the rear end, than shown in this concept. 
The following figures illustrate the transportation sequence of concept 3: 
 
 
1. Loading position 

 
 
 
 

 

 

2. Position for retakes  
 

 

 

 

5. The lifting operation of  the bucket is accomplished by sending out the telescope 

  

28 Figure showing Concept 3 

3-4. Transportation of  bucket to the rear end, 

accomplished by pulling the boom backward 
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6.2.4.  Concept 4 – Pendulum 

 
 

 
 
 
 
 
 
 
 
 

 
 

 
 

Concept 4 uses a pendulum principle to transport the bucket, see figure 29. The principle needs the 
bucket to move in between the booms. This concept will therefore need to be wider than previous 
described concepts. Because of the variation in angle of the booms, this concept will not use hydraulic 
cylinders. The movement of the booms would be accomplished with electric motors in the rotational 
center of the booms. This concept also allows the bucket to move close to the machine, see figure 30. 
The following figures illustrate the transportation sequence of concept 4: 
 
 
1. Loading position    2. Position for retakes 

  
 
 
 
 
 
 

3. The bucket position is between the booms. 
 

 
 
 
 

 

 

5-6.The lifting operation is accomplished by lifting boom 2, until the booms form an angle about 45⁰. 
 

  

 

 

 

29 Figure showing Concept 4 

30 Figure showing the operating curve of  Concept 4 
Boom 2 

Boom 1 
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6.3. Concept evaluation 

The result of the evaluation, see table 6, shows that Concept 2 - two booms is most preferred for 
continued work. A comparison between Concept 1 and Concept 2 shows that it was a minor difference 
of the total score. This shows that these concepts are very similar. However Concept 1 had a more 
beneficial operating curve. The main problem found with Concept 1 was the pulling hydraulic 
cylinders. 

 

 

 
The criterion room for counterweight means that there should be sufficient space under the loader assembly 
in the rear end of the chassis, so that a counter weight can be placed there. The space is more 
depending on the chassis design; this is reflected in the weighting for this criterion. 
 
The operating curve, see figure 32, was evaluated in two steps. First the operating curve was analyzed how 
tight it could follow the machine chassis, to not be carried in a too wide radius and move unnecessarily 
high. This criterion was weighted high because of that it will affect the cycle time and the energy 
consumption. 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

  

Criteria Weighting

Score Total Score Total Score Total Score Total

Room for counter weight 3 3,5 10,5 4 12 5 15 4 12

Effect on total machine weight 3 5 15 5 15 4 12 4 12

Bucket backward dump angle 1 4 4 4 4 4 4 4 4

Operating curve 4 4 16 3 12 1 4 4 16

Height dicplacement at the end of the curve 3 5 15 3 9 2 6 4 12

Position of hydraulic cylinders 4 4 16 4 16 5 20 1 4

Cylinder angles 4 4 16 4 16 4 16 1 4

Pushing hydraulic cylinders 4 3 12 5 20 5 20 2 8

Transportation 1 3 3 2 2 1 1 1 1

O-bearing position 3 1 3 2 6 2 6 3 9

Center of gravity for loader assembly 4 3 12 3 12 3 12 2 8

Loader assembly width 2 3 6 3 6 3 6 1 2

Risk of breakdown 4 3 12 3 12 1 4 1 4

Total score 140,5 142 126 96

Concept 1 -

Two booms

Concept 2 -

Two booms

Concept 3 -

(Telescope)

Concept 4 -

(Pendulum)

32 Figure shows a comparison between the four concepts operating curves, measured from the 

attachment point of  the bucket. 

Table 6 Showing the Kesselring´s matrix, evaluation of  the four concepts 
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In the next step the height displacement at the en of the curve was analyzed, to evaluate the concepts capability 
to make the height displacement on the rear end of the curve.  
 
The Position of hydraulic cylinders includes evaluation of the cylinders stroke and placement. How close to 
the chassis the cylinders need to be placed effects the chassis design. Cylinders with short stroke may 
need special bearings mounted higher up on the cylinders, which should be considered. 
 
The Angels of hydraulic cylinders was evaluated to avoid cylinders being parallel with the booms. 
 
Pushing hydraulic cylinders was considered in the evaluation to avoid pulling cylinders in the loading 
operation, as they are weaker.  
 
The criterion for Transportation was considered to evaluate the 
concept ability to be transported to different workplaces. The 
concepts where the bucket could be folded up and centered to 
decrease the machine size during the transportation got a higher 
score, see figure 33. 
 
A higher score in the evaluation was also set to the concepts 
where the Center of gravity for the loader assembly always in between 
the wheel base, see figure 34. If the center of gravity for the 
loader assembly end up on the outside of the wheel axis the 
tilting risk increases drastically. Therefore this criterion was 

weighted high. The high weight of the criteria gives a variation 
of the total score which reflects the variation of having the 
center of gravity on the inside compared to the outside of the 
wheel axis. 
 
The criteria for the Loader assembly width was considered in order 
to not increase the machine width, a wider design gave a lower 
score. 
 
For the Risk of breakdown criteria, potential twisting, friction and 
bending - forces was considered. This was weighted high since a 
breakdown is a large cost if a machine becomes standstill. 
For this criterion Concept 3 and Concept 4 got a low score. 
Concept 3 had the problem with potential frictional force in the 
telescope function and for Concept 4 the problem accrued with 
potential bending forces between the booms because of the wide. 
 
 
  

33 Figure shows concept 1 with 

 a folded bucket 

34 Figure shows the center of  gravity     

for the loader assembly of  Concept 2 
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6.4. Scaled down prototype development 

The engineering work has resulted in an overshot wheel loader with a two booms that is individually 
controlled by six actuators and driven by several other components, see figure 35.  

 

35 Figure shows the different components of  the overhead loader concept 

It follows a defined operating curve from front to rear 
end and avoids lifting unnecessarily hing during 
transportation, see figure 36. The bucket design was 
made symmetrical as the machine has to dump material 
from both sides of the bucket and avoid wasting sand 
materials over itself. Controlling the movements of the 
bucket throughout the whole curve is carried out by the 
means of two booms and the actuators. The bucket 
linkage , see figure 37, was implemented as it is a 
solution that offers an advantageous lever arm length 
throughout the entire angle range, which the bucket 
would have to move within . A solution without the 
bucket linkage was trialed, but failed to deliver the lever 
arm length and thus the momentum needed.    

 

 

Actuators 

Bucket 

Steering & suspension 

Frame 

Booms Bucket linkage 

Hub motor 

Batteries 

36 Figure showing the operating curve of   

Concept 2 

Bucket linkage 

37 Figure shows bucket linkage 

Loading position 

Dumping position 
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The whole loader assembly 
has been attached to each 
other by means of nuts, bolts 
and bushings see figure 38. 
Bushings were used between 
the different components 
and the axes that they were 
mounted on to avoid friction, 
squeaking and distribute the 
forces evenly. Ball bearings 
were considered but 
abandoned due to long 

delivery time.  
 
 
Through shaft was used between the booms and through the bucket linkage to ensure stability and 
robustness as the loader assembly will be subjected to different forces and momentum during 
operation. 
 
A frame has been developed and adapted to attach and secure the loader assembly on to it.   
The frame also carries the batteries, circuit board and transmitter for the remote control of the 
machine, suspension and steering system. Free space on the frame was used to fit the counterweights 
needed to prevent the machine from tipping over. A hub motor in each wheel, which can be 
individually controlled, is installed for the propulsion of the wheel loader. This enables the machine to 
be both single axle steered and skid steered if requested.  
 
The engineering of the loader assembly, see figure 39, for 
the overshot wheel loader was from the beginning based 
on the dimensions of the current Volvo wheel loader 
L350F, but was deviated from during the concept 
development phase on one point, the width. It had to be 
widened as the decided rear wheel steering and borrowed 
wheel suspension otherwise would collide with booms 
and actuators.. 
  

Through shaft Additional link 

38 Figure showing the nuts, bolts and bushings of  the loader assembly 

39 Figure shows the complete loader assembly in 

red colour 
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6.4.1.  Booms 

The boom structure in figure 40 is made of 5 mm thick steel 

material. Boom 1 was placed as centered as possible at the machine 

for enough reach at both sides. It was displaced more to the left, 

closer to the rear end since the machine would have to reach 

further away at this end, see figure 45.  

 

Boom 1 was angled to avoid collision with the suspension at the 

rear end, at dumping position. This enables the bucket to be 

transported as close to the machine as possible.  

 

The length of boom 1 was set to reach sufficient height and range 

at the rear end.  The length of boom 2 was determined by the 

reach at the front and rear end and dumping height against the 

receiver.  

 

The center point of rotation was placed as low as possible to allow 

the bucket be transported closer to the machine and be lifted 

unnecessarily high. Another advantage achieved is a shorter lever 

arm in loading position, see figure 41, for the penetrating force, 

which results in less traction force that is delivered by the engine 

torque and thus lowers the energy consumption.  

 

 

 

             41 Figure shows the penetrating force and lever arm 

  

40 Figure shows all of  the booms in the 

loader assembly 

Penetrating force 

Lever arm 

Boom 1 
Boom 2 

Joint 1  

Joint 2  

Rear end front end Bucket 

Center of   

rotation 
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6.4.2.  Actuators 

The supplier chosen provided actuators, as in figure 42, 
with different stroke and load capacity up to 907 kg. 
Actuators with 68 kg loading capacity were used, because 
of the size of the actuators and the short useful length. See 
appendix C. Actuator product data sheet. 
The actuators length and width would take too much 
space and collide with the chassis when using larger 
actuators.  
 
The attachment for the actuators needed to be moved 
since they were too long, when retracted, see appendix E. 
Actuator attachment point.  A displaced attachment resulted 
in a large proportion of the actuators length protruded out 
at the rear. This length caused collisions between the 
actuators rear end and the chassis. To reduce this length, 
some of the used actuators had to be without an internal 
potentiometer, these actuators were 35 mm shorter. 
(Progressive automations, 2012) 
 
Deciding the sufficient number of actuators and attachment points between the boom and actuator 
were restricted by several obstacles. For example the actuator angle against boom, this was decided to 
never be less than 10⁰ , to achieve pushing force. And the varying actuator lever arm due to movement 
and stroke length. 

6.4.3.  Actuator 1 with potentiometer 

Actuator 1 were attached between boom 1 and the frame, 
see figure 43, to set boom 1 in motion 
 
 It showed that a long lever arm for the actuator would be 
needed to manage with only one actuator. This would in 
turn mean a longer stroke and longer displaced attachment 
of the actuator, which would result in the actuator colliding 
with the bucket at the front end or actuator three in 
dumping position and also dig itself into the ground. 
It was possible to achieve the torque needed within the 
restrictions mentioned, by adding a second actuator. 
 
Figure 44 shows the setup on which the calculations were 
based on to calculate the least lever arm needed when using 
two actuators. A total load of 25 kg where used. Calculation 

result showed that a minimum lever arm needed is 81 mm. 
See appendix F. Lever arm for actuator 1, for input data and 
calculation results.  

42 Figure shows a linear actuator 150 lbs  

(68 kg) 

43 Figure showing actuator 1 
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44 Figure shows the setup for lever arm calculation for actuator 1 

With the attachment points and lever arm decided, the stroke length was set to 242 mm. A 10 inch 
stroke actuator was therefore needed since this was a standard dimension provided by the supplier.  
The attachment for the actuator needed to be displaced since the 10 inch actuator was too long to fully 
retract.  See appendix E. Actuator attachment point. 

6.4.4.  Actuator 2 

Actuator 2 had to be attached between boom 1 and 2, see 
figure 45, to avoid the actuators from counteracting each 
other, which would have been the case if actuator 2 were 
attached to the frame too.  
 
The actuator sets boom 2 in motion and delivers the force 
needed to lift the bucket at the front end, attain required 
range at retake position and lift the bucket at dumping 
position. 
It was not possible to manage with only one actuator for 
boom 2 for the same reason as for actuator and would in 
this case end up colliding with the bucket at dump 
position or dig itself into the ground. 
 
It was possible to achieve the torque needed within the 
restrictions mentioned, by adding a second actuator. 
Figure 46 shows the setup on which the calculations were 
based on to calculate the least lever arm needed when 

using two actuators. A total load of 45 kg was used to calculate the least lever arm needed at a 45⁰ 
loading position. Calculation result showed that the minimum lever arm needed is 91 mm, See appendix 
G. Lever arm for actuator 2 for calculation results.  

 

mg 

Actuator 1 

Actuator 1 lever arm  

>10  

d1 = Load lever arm = 450 mm 

d2 

Attachment points 

45 Figure showing actuator 2 
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46 Figure shows setup for lever arm calculation for actuator 2  

6.4.5.  Actuator 3 

Actuator 3 was attached between boom 2 and bucket 
linkage (see figure 47) and thus controlling it´s 
movement and delivering the force needed at different 
positions. The actuator had to deliver the breakout and 
penetrating force needed to penetrate into the pile and 
lift the bucket. It also had to keep the bucket horizontal 
during the whole operating curve.  
 
Actuator 3 was restricted like the two previous actuators 
and risk for collision with the bucket, the ground and 
receiver at dump position had to be addressed. The 
actuator had to be placed on top of boom 2, at loading 
position, with the protruding length pointing up to 
eliminate all the above mentioned collision risks, see 
figure 48.  
 

Momentum calculations showed that one 
actuator would not manage the torque from the 
load, as the actuator lever arm was too small. 
Different actuator attachment points and angles 
were trialed, but failed. A large lever arm would 
collide against the ground or other parts of the 
wheel loader.  
It was decided to use two actuators, which 
meant that the wheel loader width had to be 
increased, by 50 mm. See appendix H. Bucket 
breakout force.   
 
 

mg 

Actuator 2 Actuator 2 lever arm  

d2 
F 

d1= Load lever arm = 280 mm 

45⁰ Attachment points 

47 Figure showing the both actuator 3 

48 Figure showing actuator 3 on top of  boom 2 

Protruding length 
 pointing up 
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6.4.6.  Bucket 

The bucket, see figure 49, has been designed, with a 3 mm thick 
steel material, to hold a heaped volume of 7,7 dm3 according to 
the SAE 2:1 standard. This corresponds to about 12,5 kg of sand 
or about 15 kg of rocks. The width of the bucket is 400 mm, but 
not covering the wheels as it should to avoid leaving tracks in the 
ground. This as the machine wheel based had to be widened to 
accommodate all actuators. Increasing the width would mean 
extra bucket weight and therefore less loaded material.  
 
The bucket linkage, see figure 50, has been attached to end up 
above boom 2 at dump position. This is to eliminate the risk of 
collision with the receiver as illustrated in figure 51.   
 
The construction of the bucket linkage has been impaired by 
numerous restrictions, such as required breakout force, risk for 
digging into the ground, managing all the set angle requirements 
and sufficient lever arms.  
 
The final design can handle a penetration and lift force, at 
loading position, corresponding to approximately 20 kg, see 
appendix G. Bucket breakout force.  
 
 

  

  

49 Figure showing the bucket  

50 Figure showing the bucket linkage 

Receiver  Bucket linkage  

51 Figure showing collision risk between bucket 

linkage and receiver 
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55 Figure showing the batteris 

location on the frame 

  

6.4.7.  Frame 

The frame, see figure 53, was designed to be manufactured in laser 
cut steel. The manufacturing method was available and it would be 
faster to produce than for example milling. 5 mm thick sheet metal 
was used with recessed holes in all corners, see figure 52, to 
simplify the assembly of the scaled down prototype.   

 
 
 
 
 
 
 

 
 

6.4.8.  Steering and suspension 

The steering and suspension, see figure 54, was developed in another 
project at Volvo CE for a scaled down prototype with a similar size. 
 
 
 
 
 
 
 
  
 

6.4.9.  Batteries 

It was requested that the operating time for the scaled down prototype 
should exceed 30 minutes under full load. This could be achieved, 
when using five batteries, shown in figure 55.  
See appendix L. Numbers of batteries. The battery size and weight would 
affect the scaled down prototype size and weight too much using five 
batteries, therefore the decision was made to only use 4 batteries. See 
appendix K. Battery product data sheet.  
  

53 Figure showing the frame 52 Figure showing the recessed holes in corners 

54 Figure shows the suspension 

system on the rear end 
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6.4.10.  Counterweights 

The counterweights dimensions and placement have been 
adapted and accommodated where they would not collide 
with the loader assembly, see figure 56. The calculations 
have been divided into two sets. Set 1 is when the bucket 
is at the front end, at retake position, and set 2 is at the 
rear end at dump position, see appendix I. Counterweight 
calculations. 
 
Calculations at set 1 showed that about 7,5 kg is required 
to prevent tipping forward, when a total load of 25 kg is 
applied. No counterweight was needed on set 2, according 
to calculations.  
 
 
 

 

6.4.11.  Propulsion 

Electrical hub motors were chosen for the scaled down 
prototype to achieve the propulsion of the machine, 
because Volvo CE vision was to use equivalent for a 
possible full scale product. The hub motors chosen where 
used in a similar project at Volvo CE with a scaled down 
prototype developed with similar size. These hub motors 
were in fact adapted for bicycles and gave therefore the 
torque that was required. See appendix J. Hub motor product 
data sheet. 
When using four of these hub motors, see figure 57, the 
scaled down prototype weight could be up to 60 kg. The 
estimated scaled down prototype weight is 50 kg. See 
appendix M. Propulsive force. 
  

56 Figure shows the location of       the 

counterweights 

57 Figure showing the electrical hub 

motors in each wheel 
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6.4.12.  Bolted joints 

The booms on the scaled down prototype, see figure 58, 
have been assembled by means of a bolted connection, 
consisting of bolt, washer, spacer tube, bushings and nuts, 
see figure 59. A clearance fit has been set between the 
spacer tube and bushing and an interference fit between 
the bushing and the booms to allow the booms to rotate. 

 

 

  

 
 

 

 

 

 

 

 

 
 
  

Washer 

Screw 

Washer 

Washer 

Bushing Spacer tube 

Nut 

link 

58 Figure showing the bolted joints on the loader 

assembly 

59 Figure showing the bolt joint assembly 
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6.5. Scaled down prototype final result 

The following figures showing the final result of  the new overshot wheel loader concept that was built 

for demonstration purposes.  

 

  

  

Figure showing different components prior to 

assembly 

Figure showing that the loader assembly could be 

fully assembled before it is mounted to the frame 

Figure showing new overshot wheel loader 

prototype in dump position 
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Figure showing the new overshot wheel loader prototype in loading position with all 

electronics needed for remote controlling.  

Figure showing the new overshot wheel loader prototype dumping into the new dumper 

prototype, Volvo X50. 
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Phase 1, Filling of  bucket 

Phase 2, Reversing 

Phase 3, Deceleration 

Phase 4, Turning 

Phase 5, Transport 

Phase6, Bucket dumping 

Phase 7, Turning 

Phase 8, Deceleration 

Phase 9, Turning 

Phase 10, Starting position 

Phase 1, Filling of  bucket 

Phase 2, Reversing 

Phase 3, Deceleration 

Phase 4, Bucket dumping 

Phase 5, Starting position 

6.6. The new short operating cycle 

The number of operations has been cut in half, with the new wheel loader concept, compared to a 
front wheel loader, see table 7 and 8. This is because the new wheel loader only has to move backward 
and forward, see figure 61, compared to a front wheel loader as in figure 60. 

 

 

 

 

 

 

 

 

 

 

 

 

 

61 Figure showing the new short operating cycle 60 Figure showing the old short operating cycle 

Table 8 showing the operations for a front 

wheel loader 

Table 7 showing the operations for an 

overshot wheel loader 
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The different actuator sequences during bucket transportation 

 
Actuator 1 is locked; actuator 2 
and actuator 3 perform all work. 
Actuator 2 lift the bucket and 
actuator 3 tilt the bucket, until the 

bucket is full and reach 40⁰.  

See figure A-B. 

 

 
 
 
 
Actuator 1 is unlocked and starts 
pushing the bucket to the rear end. 
See figure C-D. 

 

 

 
 
 
 
Actuator 2 starts lifting the bucket. 
Actuator 2 continues lifting the 
bucket until boom 2 is vertical.  
See figure E-F. 

 

 

 

 

 

 

 

  

Figure B Figure A 

Figure D Figure C 

Figure E Figure F 

Figure H 

Actuator 1 lifts boom 1; 
actuator 2 pushes boom 2 
forward, actuator 3 tilt the 
bucket. See figure G-H. 

Figure G 
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6.6.1.  Bucket transportation curves 

 

                        62 Figure shows the different areas of  operation for the bucket 

The curves in figure 62 illustrate the different areas of operation for the bucket.  
 

 Shown between the red curves is the area, which the bucket is capable to operate within 
  

 The inner red curve is measured to joint 2 and the outer red curve is measured to the bucket 
edge.  
The outer red curve in the figure could also represent the curve of a one boom overshot wheel 
loader, where the bucket is transported in an arcuate motion. 
 

 Illustrated between the yellow curves is the area when the bucket is transported as close to the 
machine as possible.  
 

 The inner yellow curve is measured to joint 2 and the outer yellow curve is measured to the 
bucket edge.  

 

 Analyzing the distance, in figure 48, between the upper yellow and red curve clearly 
demonstrates the unnecessary lift of the bucket, of almost two meters at the most. 

  

Joint 2 

Bucket edge 

Area of  maximum reach 

Operating area 
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216 

386  

[mm] 

63 Figure shows the reach of the new overshot wheel 
loader concept at dump position 

   

6.6.2.  Loader assembly reach 

The developed overshot wheel loader concept achieves a reach of 216 mm in horizontal and 386 mm 
in vertical direction see figure 63. It is possible to extend the horizontal reach by decending the bucket. 
  

In retake position at an angle of 40⁰, the horizontal reach, was measured to 145 mm when at a height 
of 200 mm, according to figure 64. The range can be increased both in vertical and horizontal direction, 
but at the expense of another. 

 
 

 

  

 
 
 
 
 

 
 
 
 

 

 

64 Figure shows the reach at retak position 
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7.  Discussion 

7.1. Discussion of result 

Selection and evaluation of a steering principle was a major task, which could have needed more time 
to ensure that the right choice has been made. The evaluation that was conducted was based on the 
collected information and feedback acquired in a short period of time. Could more time have given a 
different result? The outcome of the steering evaluation would have looked different if less account had 
been taken to tire durability. Skid steering would have been an alternative to the chosen steering.   
 
The evaluation of the four concepts was mainly based on criterions for a full-scale concept. This was 
made to ensure that the developed solution would also work for a full-scale concept. Could the result 
from the evaluation have been different, if the objective was to only develop a functional scaled down 
prototype?  
 
A system using three booms or more, were trialed without adding any benefits, but making the design 
unnecessarily complex.  
 
An analyze of the developed concept s showed that it would be possible to transport the bucket even 
closer to the machine than achieved, but that was restricted by the useful length of the chosen 
actuators. 
 
The overall design principle developed can be applied to a full-scale loader assembly. It might be 
necessary to replace the actuators with hydraulic cylinders. That could mean different attachment 
points, angles and greater useful length. It could even mean more powerful cylinders and thereby 
reduced number of cylinders, which is positive from a design point of view. 
 
The counterweight needed to obtain stability, for the full-scale concept, has been in mind and different 
solutions have been discussed. It could in a scenario of electrification be consisting of the batteries and 
the hub motors inside each wheel. Another possibility is to have a moving counterweight, to increase 
the lever arm and reduce the size of the counterweight. 
 
The developed overshot loader assembly concept would not be compatible to the chassis of the current 
wheel loader, L350F. This is due to articulated steering on the L350F, width of the loader assembly, 
attachment points for the cylinder, counterweight and center of rotation placement and clearance for 
the loader assembly at dump position.  
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7.2. Discussion of methods and implementation 

LEGO
®

 was a sufficient tool during the idea generation phase, it gave a quick view of how the design 

worked, its advantages and flaws. The limitations discovered with this method are the wrong 

impression of cylinder strokes and angles. LEGO
®

 is also limited in terms of lengths, angles and 

different shapes. An alternative would have been cardboard for example, but that would have been 
more time consuming. It gives the impression that the design is close to finished structure than it really 

is. Another discovery is that it is not time efficient trying to optimize the solution by means of LEGO
®

, 

but better to do that in 2D modeling.  
 
The primary reason for using the Kesselring method was to evaluate the principles against each other, 
not by using a reference. This as there was no appropriate reference to use, since the current wheel 
loader L350F, is not an overshot wheel loader.  A different evaluation method, PUGH matrix for 
example, would have been used in that case.    
 
Preparing the FMEA for the project proved to be helpful as some of the concerns in the FMEA list 
were justified and needed to be addressed. Potential risks in the list that became true were late deliveries 
from the prototype workshop. This was remedied by obtaining prioritization and replacement of 
material to speed up production. A mentor loss, due to illness, occurred early in the project and that 
was dealt with by finding an alternative mentor, having a clear view of the project and deliveries 
expected and a lot of independent work.  
 
An analysis of the brainstorming workshop showed that a few people took up more space and that this 
may have led to others not reaching out with their ideas. Perhaps using a different kind of concept 
generation method, such as brainwriting2, could have affected the outcome of the workshop. 
 
Benchmarking could sometimes have a negative effect as one could get too influenced and develop a 
solution that is too similar to the current one. This was taken especially into account when studying the 
U.S. Patent 6.846.152.B2, since that solution was perceived as satisfactorily. It was also difficult to 
benchmark the concept as no similar wheel loader could be found on the market, according to the 
collected information. The only overshot wheel loader found was from the 1940´s and 1950´s, which 
could not be compared to as they were not autonomous and electrified. Perhaps there could be other 
solutions, not discovered in this study, which could have affected the outcome of the benchmarking. 
 
Using the 2D mode in CAD proved to be a time effective way to develop and decide the layout of 
booms, actuators, attachment points and the bucket, since different ideas could be trialed and rapidly 
altered. This method should not be underestimated. It was re-used several times to try and verify major 
design changes during the project. Some of the collision risks could be detected in the 2D mode, but 
not all. A final collision risk analysis had to be conducted in 3D mode to confirm that. 
 
The decision to verify the final solution in the 3D CAD environment could be made as most of the 
requirements were dimensions, angles, volumes and weights. 

                                                

 

2 Concept generation method that forces equal participation by all as ideas are written down on paper 
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8.  Conclusion 

A scaled down overshot wheel loader concept that eliminates the Y-formed operation cycle, has been 
developed. The solution transports the bucket close to the machine without lifting it unnecessarily high. 
This is accomplished by transporting the bucket as close to the machine as possible instead of lifting it 
in an arcuate motion like the overshot wheel loaders, presented in this report, does. A system of 
individually controlled actuators has been developed, for the new wheel loader concept to obtain the 
defined operating curve. This is the main difference between the newly developed concept and other 
overshot loaders mentioned in the report. The presented solution means less energy consumption and 
thereby reduced TCO and environmental impact.  
 
The full-scale overshot wheel loader has not been developed due to new and stricter requirements that 
were added for the scaled down prototype. The full-scale concept is nevertheless discussed in the 
report and the choice of steering principle will still be applicable for the full-scale concept. 
 
The requirements for bucket range at the different positions have been achieved as well as the volume 
and angles throughout the whole bucket operating curve. This should be applicable even for the full-
scale concept, since the limitations of the hydraulic cylinders and their maximum working angles has 
been taken into consideration. All the requirements for the breakout force could not be obtained due to 
limitations in the chosen actuators. The new greater requirements, penetrating and lifting force 300 N, 
could not be achieved due to limitations in actuator force, stroke and moved down attachments, which 
would result in the actuator colliding with other parts on the machine.  
 
A rear wheel steering was decided both for the full scale and the scaled down prototype. This required 
widening of the rear end to achieve the turning radius needed and thereby becoming wider than the 
reference wheel loader, L350F. The solution, developed by another thesis, for the wheel suspension has 
been limiting with respect for clearance for the loader assembly. This has restricted the loader assembly 
in the downward motion at the rear end due to the collision risk with the wheel suspension. This has in 
turn restricted the distance the bucket can be lifted just before dumping the load.    
 
The new wheel loader concept, with counterweights, does not risk tipping according to calculation, 
when loaded according to requirements. Neither is there any risk for collision with the receiver 
according to the height and range requirements that were set. There is no risk of material spillage over 
the machine, according to analyzes made on the bucket angles during its transportation from the front 
to the back end. 
 
The new wheel loader concept achieves a shorter loading cycle time since five of ten operations are no 
longer required, which will reduce the TCO.  
 
The workload/machine weight ratio could be improved by the developed concept, since weights such 
as driver cabin and engine are eliminated. But it should be considered that the new concept probably 
would require a larger counterweight, compared to the current wheel loader (L350F).   
 
The present, Volvo engineers at the final presentation, were impressed by the results that were achieved 
within the time frame of twelve weeks. They could also see the benefits and the positive impact the 
new concept would have on the total cost of ownership and the reduced environmental impact. The 
tipping characteristics of the new concept were among the question that arose. It was called into 
question why no risk for tipping was present at dump position, without any counterweights.  
The recommendation to Volvo on that question was to verify the calculations with the built prototype. 
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Some of the engineers claimed that the steering and suspension maybe to unnecessarily complex for the 
purpose of the machine. Another benefit that could be appreciated, by the Volvo engineers, was the 
reduced number of operations that could result in a shorter operating cycle. It was questioned how 
much shorter the new operating cycle would be with the new concept. This questioned could only be 
answered througt several verification tests, which was recommended.   
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9.  Recommendations 

It is recommended that the remaining verifications, which could not be carried out by CAD, to 

be done on the prototype. 

 The tipping risks at the most critical positions with the proposed counterweights 

 Material waste during the transportation of the bucket from front to rear end 

 The percentage reduced short operating cycle according to objectives 

 The speed requirement of >5 km/h 

 The different breakout forces according to requirements 

 The chosen steering principle  

 

It is proposed that the developed scaled down overshot wheel loader concept, which originats 

from the vision of Volvo CE is made autonomous. This is to determine whether that vision can 

be achieved in reality or not. It would also give the opportunity to follow up on the TCO and 

see if and by how much it has been reduced. 

 

Remaining is also to develop a full-scale overshot wheel loader concept based on the design and 

findings in this thesis work. An analysis of attachment points, angles and number of hydraulic 

cylinders should be carried out, if the actuators were to be replaced by hydraulic cylinders. It is 

also suggested that a FEM analysis is conducted on booms and other critical parts, to guarantee 

the strength.  
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Appendix 

A. FMEA Project 

An FMEA was conducted on the project itself  to increase awareness of  potential risks. This shows the 

taken actions.  
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B. Key dimensions, L350F 

Key dimension for Volvo wheel loader, L350, which has served as a reference. 
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C. Patents overshot loaders 

Different overshot loader patents 

U.S. Pat. No. 3 203 564   U.S. Pat. No. 2 529 338 

 

 

 

 

U.S. Pat. No. 2 427 968 

 

 

 

  



 

LX 

D. Actuator product data sheet 

For the actuator used in this project. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

LXI 

E. Actuator attachment point 

Calculations of the needed displaced attachment point and actuator stroke. 
 
Actuator 1: 
Stroke length needed: 
Fully extended: 426 mm 
Fully retracted: 184 mm 

Stroke:                        
 
9,52 inches stroke is needed to accomplish the movement with the lever arms resolved. An actuator 
with 10 inch stroke waschosen. 

 

Product data PA-14P 10 inch stroke: 
Fully retracted: 15,51 in = 394 mm 
Fully extended: 25,51 in = 648 mm 
 
The actuator is too long retracted, the attachment needs to be moved. 

Moved attachment:                
 

Fully extended with the moved attachment:                
438 mm is enough since 426 mm are needed. 
 
Actuator 2: 
Stroke length needed: 
Fully extended: 316 mm 
Fully retracted: 164 mm 

Stroke:                     
 
6 inches stroke is needed to accomplish the movement with the lever arms resolved. An actuator with 6 
inch stroke waschosen. 
Product data PA-14P6 inch stroke: 
Fully retracted: 11,51 in = 292 mm 
Fully extended: 17,51 in = 445 mm 
 
The actuator is to long retracted, the attachment needs to be moved. 

Moved attachment:                
 

Fully extended with the moved attachment:                
317 mm is enough since 316 mm are needed. 
 
The 128 mm moved attachment will collide with the frame, therefore a 35 mm shorter actuator without 
integrated potentiometer was chosen. 
This result in a moved attachment of: 

             

 

 



 

LXII 

 
 
Actuator 3: 
Stroke length needed: 
Fully extended: 216 mm 
Fully retracted: 127 mm 

Stroke:216                   
 
4 inches stroke is needed to accomplish the movement with the lever arms resolved. An actuator with 4 
inch stroke was chosen. 
 
Product data PA-14P 4  inch stroke: 
Fully retracted: 9,51 in = 242 mm 
Fully extended: 13,51 in = 343 mm 
 
The actuator is to long retracted, the attachment needs to be moved. 

Moved attachment:                
 

Fully extended with the moved attachment:                
228 mm is enough since 216 mm are needed. 
 
The 115 mm moved attachment will collide with the frame, therefore a 35 mm shorter actuator without 
integrated potentiometer was chosen. 
This result in a moved attachment of: 
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F. Lever arm for actuator 1 

Calculation performed to secure sufficient lever arm for actuator 1 

 

 
  

 
Input data 
Actuator PA-14P-10-150 pressure force: 680 Newton 

Stroke = 10”  

Load = m = 25 kg 

d1= 450 mm 

g = 10 m/s2 

F = actuator pressure force = 2 x 680 = 1360 N 

 

𝑀𝐵𝑢𝑐𝑘𝑒𝑡  =  ∗ 𝑔 ∗ 𝑑1 
 

𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 1 = 𝐹 ∗ 𝑑2 
 

 𝑜 𝑒 𝑡 𝑒𝑞𝑢 𝑙 𝑏𝑟 𝑢  𝑤ℎ𝑒  𝑀𝐵𝑢𝑐𝑘𝑒𝑡  = 𝑀𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 1 
 

𝑑2 =
 ∗ 𝑔 ∗ 𝑑1

𝐹
=

25 ∗ 10 ∗ 0.45

1360
 ≫  𝑑2 = 𝟖𝟏 𝒎𝒎 

 

𝐶𝑢𝑟𝑟𝑒 𝑡 𝑑𝑒𝑠 𝑔  𝑙𝑎𝑦𝑜𝑢𝑡 𝑜𝑓𝑓𝑒𝑟𝑠 𝑎  𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑟 𝑎𝑟  𝑜𝑓 𝟗𝟕 𝒎𝒎 
 

∴ 𝑬𝒏𝒐𝒖𝒈𝒉 𝒎𝒐𝒎𝒆𝒏𝒕𝒖𝒎 𝒘𝒊𝒍𝒍 𝒃𝒆 𝒅𝒆𝒍𝒊𝒗𝒆𝒓𝒆𝒅 𝒘𝒊𝒕𝒉 𝒕𝒉𝒆 𝒄𝒉𝒐𝒔𝒆𝒏 𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓𝒔 𝒂𝒏𝒅 𝒅𝒆𝒔𝒊𝒈𝒏 𝒍𝒂𝒚𝒐𝒖𝒕 
𝒐𝒇 𝒍𝒊𝒏𝒌 𝒂𝒏𝒅 𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓 𝟏. 
 

 

mg 

Actuator 1 

Actuator lever arm  

>15° 

d1 

d2 

F 

(15 kg of  sand + 5 kg for the bucket + 5 kg for actuators and safety margin) 



 

LXIV 

G. Lever arm for actuator 2 

Calculation performed to secure sufficient lever arm for actuator 2, at loading position. 

 

 
 

 

 

 
 

 

 
 
Input data 
Actuator PA-14-6-150 pressure force: 680 Newton 

Stroke = 6”  

Load = m = 45 kg  

d1= 280 mm 

d2= ? 

g = 10 m/s2 

F = actuator pressure force = 2 x 680 = 1360 N 

 

𝑀𝐵𝑢𝑐𝑘𝑒𝑡  =  ∗ 𝑔 ∗ 𝑑1 
 

𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 2 = 𝐹 ∗ 𝑑2 
 

 𝑜 𝑒 𝑡 𝑒𝑞𝑢 𝑙 𝑏𝑟 𝑢  𝑤ℎ𝑒  𝑀𝐵𝑢𝑐𝑘𝑒𝑡  = 𝑀𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 2 
 

𝑑2 =
 ∗ 𝑔 ∗ 𝑑1

𝐹
=

45 ∗ 10 ∗ 0.28

1360
 ≫  𝑑2 = 𝟗𝟏 𝒎𝒎 

 

𝐶𝑢𝑟𝑟𝑒 𝑡 𝑑𝑒𝑠 𝑔  𝑙𝑎𝑦𝑜𝑢𝑡 𝑜𝑓𝑓𝑒𝑟𝑠 𝑎  𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑟 𝑎𝑟  𝑜𝑓 𝟏𝟐𝟖 𝒎𝒎 
 

∴ 𝑬𝒏𝒐𝒖𝒈𝒉 𝒎𝒐𝒎𝒆𝒏𝒕𝒖𝒎 𝒘𝒊𝒍𝒍 𝒃𝒆 𝒅𝒆𝒍𝒊𝒗𝒆𝒓𝒆𝒅 𝒘𝒊𝒕𝒉 𝒕𝒉𝒆 𝒄𝒉𝒐𝒔𝒆𝒏 𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓𝒔 𝒂𝒏𝒅 𝒅𝒆𝒔𝒊𝒈𝒏 𝒍𝒂𝒚𝒐𝒖𝒕 
𝒐𝒇 𝒍𝒊𝒏𝒌 𝒂𝒏𝒅 𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓 𝟐. 
 

 

mg 

Actuator 2 

Actuator lever arm  

d2 

F 

d1 

45⁰ 

(15 kg of  sand + 5 kg for the bucket + 25 kg for actuators and safety) 

)margin 
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Calculation conducted to secure sufficient lever arm for actuator 2 at just prior to dumping. 

 

 
 

 
 

 

 
Input data 
Actuator PA-14-6-150 pressure force: 680 Newton 

Stroke = 4”  

Load = m = 45 kg  

d1= 116 mm 

d2= ? 

g = 10 m/s2 

F = actuator pressure force = 2 x 680 = 1360 N 

 

𝑀𝐵𝑢𝑐𝑘𝑒𝑡  =  ∗ 𝑔 ∗ 𝑑1 
 

𝑀𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 2 = 𝐹 ∗ 𝑑2 
 

 𝑜 𝑒 𝑡 𝑒𝑞𝑢 𝑙 𝑏𝑟 𝑢  𝑤ℎ𝑒  𝑀𝐵𝑢𝑐𝑘𝑒𝑡  = 𝑀𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 2 
 

𝑑2 =
 ∗ 𝑔 ∗ 𝑑1

𝐹
=

45 ∗ 10 ∗ 0.28

1360
 ≫  𝑑2 = 𝟐𝟏 𝒎𝒎 

 

𝐶𝑢𝑟𝑟𝑒 𝑡 𝑑𝑒𝑠 𝑔  𝑙𝑎𝑦𝑜𝑢𝑡 𝑜𝑓𝑓𝑒𝑟𝑠 𝑎  𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑟 𝑎𝑟  𝑜𝑓 𝟓𝟕 𝒎𝒎 
 

∴ 𝑬𝒏𝒐𝒖𝒈𝒉 𝒎𝒐𝒎𝒆𝒏𝒕𝒖𝒎 𝒘𝒊𝒍𝒍 𝒃𝒆 𝒅𝒆𝒍𝒊𝒗𝒆𝒓𝒆𝒅 𝒘𝒊𝒕𝒉 𝒕𝒉𝒆 𝒄𝒉𝒐𝒔𝒆𝒏 𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓𝒔 𝒂𝒏𝒅 𝒅𝒆𝒔𝒊𝒈𝒏 𝒍𝒂𝒚𝒐𝒖𝒕 
𝒐𝒇 𝒍𝒊𝒏𝒌 𝒂𝒏𝒅 𝒂𝒄𝒕𝒖𝒂𝒕𝒐𝒓 𝟐. 
 

mg 
Actuator 2 

Actuator lever arm  

d2 

F 

d1 
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H. Bucket breakout force 

Bucket breakout force calculations at different angles according to requirements. 

 

Input data 

Actuator PA-14-4-150 pressure force: 680 Newton 

Stroke = 4” 

F1 = 2 x Actuator pressure force = 2 x 680 N 

d1 = 57 mm 

M1=? 

 

 

 

 
 
 
 

 

 

 

 

  

 

 

 

 

    

 
 

 
 
 

 
 

d1 

F1 

d2 

F2 

d2 = 99 mm 

M1 

Fx 

d5 

d4 F4 

M2 

M1 

M2 
d3 

F3 d3 = 62 mm 

F4 = Penetrating force = 20 kg = 196,2 N  

Fx = Lift force 

d4 = 82 mm 

d5 = 175 mm  

 

𝑀1 =  𝑑1 ∗ 𝐹1 = 0,057 ∗ 2 ∗ 680 
𝑀1 = 𝟕𝟕, 𝟓 𝑵𝒎 
 

𝐹2 =
𝑀1

𝑑2
=

𝟕𝟕, 𝟓

0,099
 

 

 

  𝐹2 = 𝟕𝟖𝟐,𝟖 𝑵 
 

𝑀2 = 𝐹3 ∗ 𝑑3 = 782,8 ∗ 0,062 

𝑀2 = 𝟒𝟖,𝟕 𝑵𝒎 
 

𝐹𝑥 =
𝑀2    𝐹4 ∗ 𝑑4 

𝑑5
  

𝐹𝑥 =
48,7    196,2 ∗ 0,082 

0,175
= 𝟏𝟖𝟔 𝑵 = 19 𝑘𝑔  

𝑀2 =  𝐹4 ∗ 𝑑4 +  𝐹𝑥 ∗ 𝑑5   
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Input data 

Actuator PA-14-4-150 pressure force: 680 Newton 

Stroke = 4” 

 

Requirement: 150 KNm at +40⁰ degrees for max roll back angle 

 

150 ∗ 103

1000 ∗ 10
= 15 𝑁  𝑓𝑜𝑟 𝑠𝑐𝑎𝑙𝑒  𝑜𝑑𝑒𝑙 

 

 
 

 
 

 

𝑑1 = 46    

𝑀1 = 15 𝑁  

𝐹1 =
𝑀1

𝑑1
=  

15

0,046
≫ 𝐹1 = 324 𝑁 

 

 

 

𝑑2 = 97    

𝑀2 = 𝐹1 ∗ 𝑑2 = 324 ∗ 0,097 ≫ 𝑀2 = 𝟑𝟏, 𝟑 𝑵𝒎 

 

𝑑3 = 37    

𝐹3 = 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑓𝑜𝑟𝑐𝑒 = 680 𝑁 

𝐴 =  𝑢 𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑠 = 2 

𝑀3 = 𝐴 ∗ 𝐹2 ∗ 𝑑3 = 2 ∗ 680 ∗ 0,037 ≫ 𝑀3 = 𝟓𝟎, 𝟓 𝑵𝒎 

∴ 𝑴𝟑  > 𝑴𝟐 

𝒍𝒆𝒗𝒆𝒓 𝒂𝒓𝒎 𝒊𝒔 𝒍𝒐𝒏𝒈 𝒆𝒏𝒐𝒖𝒈𝒉 𝒂𝒏𝒅 𝒅𝒆𝒍𝒊𝒗𝒆𝒓𝒔 𝒕𝒉𝒆 

 𝒕𝒐𝒓𝒒𝒖𝒆 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅   

 

 

 

 

 

F1 
d1 

M1 

40° 

40° 

40° 

F1 
d2 

M2 

M3 

d2 
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Input data 

Actuator PA-14-4-150 pressure force: 680 Newton 

Stroke = 4” 

 

Requirement: 200 KNm at -40⁰ degrees for max forward dump at lowest lifting arm position 

 

200 ∗ 103

1000 ∗ 10
= 20 𝑁  𝑓𝑜𝑟 𝑠𝑐𝑎𝑙𝑒  𝑜𝑑𝑒𝑙 

 

 

 

 

 

 

 

 

 

 

 

 

𝑑1 = 58,5    

𝑀1 = 20 𝑁  

𝐹1 =
𝑀1

𝑑1
=  

20

0,0585
≫ 𝐹1 = 341,9 𝑁 

 

 

 

M2 M2 

𝑑3 = 79    

𝐴 =  𝑢 𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑠 = 2 

𝑀3 = 𝐴 ∗ 𝐹3 ∗ 𝑑3 = 2 ∗ 680 ∗ 0,079 ≫ 𝑀3 = 𝟏𝟎𝟕, 𝟕 𝑵𝒎 

∴ 𝑴𝟑  > 𝑴𝟐 

𝒍𝒆𝒗𝒆𝒓 𝒂𝒓𝒎 𝒊𝒔 𝒍𝒐𝒏𝒈 𝒆𝒏𝒐𝒖𝒈𝒉 𝒂𝒏𝒅 𝒅𝒆𝒍𝒊𝒗𝒆𝒓𝒔 𝒕𝒉𝒆 

 𝒕𝒐𝒓𝒒𝒖𝒆 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒅   

 

 

 

 

F1 

d1 
M1 

𝑑2 = 90,4    

𝑀2 = 𝐹1 ∗ 𝑑2 = 341,9 ∗ 0,0904 ≫ 𝑀2 = 𝟑𝟎, 𝟗 𝑵𝒎 

 

 

d2 

F1 

M2 

F3 

d3 

M3 



 

LXIX 

I. Counterweight calculations 

Calculations conducted to establish the amount of counterweight needed at retake position, which is 
the most critical at front end. 

 

Term Component

Weight

[kg]

Lever arm

[mm]

m1 Chassis 9 178

m2 Hub Motor 4,5 430

m3 Bucket 5 305

m4 Battery 1 1,3 148

m5 Battery 2 1,3 106

m6 Load 1 20 305

m7 Load 2 23 305

1.  

 
Set 1 with a total load of 25 kg 

 

  
 

 

g = 9,81 m/s2 

 
 

𝑀1 =   3 ∗ 𝑔 ∗ 𝑑3 +   6 ∗ 𝑔 ∗ 𝑑6  
 

𝑀1 =  5 ∗ 𝑔 ∗ 0,305 +  18 ∗ 𝑔 ∗ 0,305 = 𝟕𝟒,𝟖 𝑵𝒎  
 

𝑀2 =   1 ∗ 𝑔 ∗ 𝑑1 +   2 ∗ 𝑔 ∗ 𝑑2 +   4 ∗ 𝑔 ∗ 𝑑4 + ( 5 ∗ 𝑔 ∗ 𝑑5) 
 

𝑀2 =  9 ∗ 𝑔 ∗ 0,178 +  (4,5 ∗ 𝑔 ∗ 0,43 ∗ 2) +  1,3 ∗ 𝑔 ∗ 0,148 + (1,3 ∗ 𝑔 ∗ 0,106) 
 

𝑀2 =  𝟓𝟔,𝟗 𝑵𝒎  
 

𝑴𝟏 > 𝑴𝟐 = 74,8  56,9 = 17,9 𝑁  ≫ 𝑻𝒊𝒑𝒑𝒊𝒏𝒈 𝒘𝒊𝒍𝒍 𝒐𝒄𝒄𝒖𝒓 
 

Counterweights (Wx ) and their torque contribution 

 
 

Result: A total counterweight of ~7,5 kg (C1+C3) is required to prevent tilting in set 1 when 

loaded with 25 kg 

Counterweight

(Wx)

Size

(b x h x d) 

mm

Weight

[kg]

Lever arm

[mm]

Torque contribution

[Nm]

1 55 x 55 x 120 2,8 315 8,7

2 42 x 33 x 120 1,3 371 4,7

3 110 x 46 x 120 4,7 200 9,2

4 65 x 20 x 120 1,2 263 3

5 98 x 20 x 120 1,7 323 5,4

6 100 x 59 x 50 2,3 311 7



 

LXX 
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Calculations conducted to establish the amount of  counterweight needed at dumping position. 
 

 
 

 
  

Set 2 with a total load of 25 kg 

 

 

 

 

 

 

 

 

 

 

 

𝑀1 =   3 ∗ 𝑔 ∗ 𝑑3 +   6 ∗ 𝑔 ∗ 𝑑6  
 

𝑀1 =  5 ∗ 𝑔 ∗ 0,255 +  20 ∗ 𝑔 ∗ 0,255  = 59,5 Nm 
 

𝑀2 =   1 ∗ 𝑔 ∗ 𝑑1 +   2 ∗ 𝑔 ∗ 𝑑2 +   4 ∗ 𝑔 ∗ 𝑑4 + ( 5 ∗ 𝑔 ∗ 𝑑5) 
 

𝑀2 =  9 ∗ 𝑔 ∗ 0,25 +  (4,5 ∗ 𝑔 ∗ 0,43 ∗ 2) +  1,3 ∗ 𝑔 ∗ 0,28 + (1,3 ∗ 𝑔 ∗ 0,322) 
 

𝑀2 =  𝟔𝟕,𝟕 𝑵𝒎  
 

𝑴𝟐 > 𝑴𝟏 = 67,7  59,5 = 8,2 𝑁  ≫ 𝒏𝒐 𝒕𝒊𝒍𝒕𝒊𝒏𝒈 𝒓𝒊𝒔𝒌 
 

Result:  Counterweight not needed, as there is no tilting risk 



 

LXXII 

J. Hub motor product data sheet 

Power and torque for the chosen hub motors. 

 

K. Battery product data sheet 

Voltage and weight for the chosen batteries in the project. 

Capacity: 5800mAh 

Voltage: 10S1P / 10 Cell / 37V 

Discharge: 25C Constant / 35C Burst 

Weight: 1268g (including wire, plug & case) 

Dimensions: 162x45x82mm 

Balance Plug: JST-XH 

Discharge Plug: 5.5mm Bullet  

 
(All hobby king, 1999) 
  



 

LXXIII 

L. Number of batteries 

Calculation conducted to establish the number of  batteries needed to run the scaled down prototype 

for 30 minutes. 

Hub motors power: 

Using 4 motors: 

   ∗             (at full load) 

 
Actuators power: 

       

    𝐴 (at full load) 

 

   ∗    ∗         
 
Using 6 actuators: 

   ∗          

 

                     
 
Battery power: 

       

 ∗ 𝑡        𝐴ℎ 

 

𝑡      ℎ    
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        𝐴 

 
Number of batteries x: 
 

     𝑥 ∗  ∗     
 

𝑥  
    

 ∗  
 

    

  ∗      ∗     
      

 
 
Result: 5 batteries are needed to run the scaled down prototype at full load for 30 minutes. 

 



 

LXXIV 

M. Propulsive force 

The propulsive force of  the chosen hub motors. 

Maximum torque: 

M = 15 Nm 

 

Wheel radius scaled down prototype: 

d =0,100 m 

 

𝑀  𝐹 ∗ 𝑑    
 

𝐹  
𝑀

𝑑
   

 

𝐹  
  

     
     𝑁 

 
Using four of these motors: 

𝐹     ∗       𝑁 

 
Result: This corresponds to about 60 kg during fully developed friction. 




