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ABSTRACT 
 

This thesis is an initial attempt to investigate and design a prototype of an Autonomous 

Guided Vehicle (AGV) which could operate in indoor and outdoor applications. 

Currently an AGV is designed to work in application where the driving surface is clean, 

flat and solid. This takes some planning and timing before implementation. Therefore 

a suitable solution needs to be found which will make the vehicle usable in multiple 

environments without the need for clean surfaces. Firstly information is gathered about 

industrial AGV’s to know what an AGV is made of and what are the strengths or flaws 

of the current ones. After that several concepts are proposed for designing problems 

like: wheel geometry, backlash while steering, which kind of suspension, etc. The main 

problem is solved by adding a suspension, which contains a shock absorber and coil 

spring, to the vehicle. This will make the wheels keep contact to the surface, even 

when it is loose and/or uneven like sand. To be able to manoeuvre in all directions, 

there is opted for a four wheel drive and steering solution. A dynamic model of the 

vehicle is made to see how the suspension and the chassis of the vehicle will react of 

a different load and a step in the road. Technical drawings, motor and suspension 

calculations, electrical structure, risk analysis and a cost estimation are also included 

in this study. 

 

Key words: AGV. Suspension. Outdoor. Prototype. 
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1 INTRODUCTION 

1.1 INSITUTIONS 

This study is an international collaboration between two universities, UFSCar from 
Brazil and KU Leuven from Belgium. 

 UFSCar 

Universidade Federal de São Carlos, is the federal funded university in São 
Carlos, São Paolo, Brazil which was founded in 1970. It has four campuses 
with the main campus in São Carlos itself. The city is known as the National 
Capital of Technology due to its high concentrations of PhD inhabitants, 1 out 
of 5.423 inhabitants has a PhD degree. The university has around 25.000 
students and is considered the 10th best Brazilian Institution following the 
ranking prepared by Quacquarelli Symonds (QS). This thesis is made with the 
mechanical engineering department (DEMec). [2] 

KU Leuven 

The Katholieke Universiteit van Leuven, is the catholic university in Leuven, 
Belgium. It was founded 1425, which makes it one of the oldest universities in 
Europe and has up to today 13 different campuses all around Belgium. KU 
Leuven has 52.822 students enrolled for the academic year 2019-2020. This 
project is in collaboration with the Robotics, Automation and Mechatronics 
department (RAM) from the technology campus in  Ghent. [3]  

1.2 ISSUE STATEMENT 

Over the last years, robotics and artificial intelligence have reached a high 
technological level. Currently, we can see developments and applications as mobile 
robots, autonomous vehicles, massive application of industrial robots and automation, 
etc. Autonomous Mobile Robots are presented in most of technological roadmaps, as 
one of the research fields with substantial investments in the next decades. Robot 
mobility has plenty of benefits: cost reduction, repeatability improvement, sped up 
logistics, etc. Several of those benefits have great contributions for the industry. Mobile 
Robots already has a variety of conceptions: as Autonomous Guided Vehicles (AGV’s) 
is the most common.  

Traditionally, an AGV is concepted by a rigid chassis with electric motor wheels, 
following trajectories defined in advanced. They demand considerable planning for 
implementation, as the level of cleaning the floor - to guarantee adherence - and extra 
maintenance of the line track, magnets or even guide ports. 

This thesis has as goal to do research and design an autonomous and collaborative 
guided vehicle prototype, to be applied in indoor and outdoor environments and 
different types of floor. The autonomous refers the ability to transport loads without 
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any direct human interference, except safety situations. The collaborative 
characteristics is a group of qualities as: easy to use interface, safety operations, low 
weight, working together with human with a level of safety. The indoor and outdoor 
environment make the reference to the capacity of navigation inside house and also 
outside house. This possibility increases options for logistic routes even if the 
environment is aggressive, as rain, snow, sun, humidity, etc. Together with this 
characteristic, the field must be considered. In general, in a plant factory, the outside 
floor is different from inside floor. The vehicle needs to be able to transport a load of 
500 kg and has size limitations of 1,5 m long and 1 m wide.  

Figure 1 shows the design process of this thesis. First there needs to be a demand 
from the market. This is wat just was stated before, there is a need for an AGV for 
indoor and outdoor applications. So the first step of the thesis, chapter 2, is to do a 
literature review to find what is already on the market and what the possibilities are. 
Thereafter the product is defined and the initial parameters are set. The next step in 
the process is finding solutions for several problems: finding the right wheel geometry, 
calculating the needed motor and battery and looking for a suspension. This happens 
in chapter 3 and 4. 

Next in line, chapter 5, is the actual design of the vehicle. In the chapter the reasoning 
and material selection of most partial problems are explained. After that the CAD-
model is controlled by a CAE-model (chapter 6). If the structure is not strong enough 
there has to be returned to the previous step to adapt the design. If the model is ok, 
the design part is finished. 

In addition there is made an electrical structure diagram (chapter 7), safety analysis 
(chapter 8) and a cost estimation (chapter 9). 

And to finish the project, chapter 10, there is a conclusion about the project which also 
includes reflection and thing to improve 
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Figure 1: Diagram design process 
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2 LITERATURE REVIEW 

2.1 WHAT IS AN AGV? 

AGV is an abbreviation of Autonomous Guided Vehicle. It’s an vehicle that navigates 
from point A to point B without any human intervention. These AGV’s are most 
common in industrial settings such as big warehouses like Amazon [4], production 
lines, storage places, etc. But also in the agricultural sector the AGV’s are on the rise, 
to be more precise, in the precision agriculture.  

2.2 COMMERCIAL AGV’S 

When developing a new kind of AGV, it’s important to know what’s already on the 
market. In this chapter, the general structure of the commercial AGV’s will be 
discussed. This will help to point out the good points and the flaws of the AGV’s of 
today.  

2.2.1 Types of AGV [5] 

This prototype will be a unit load AGV, but there are several types of AGV with different 
purposes and applications. In this chapter the applications, advantages and the 
disadvantages of these types will be looked into to show what kind of variety is possible.  

2.2.1.1 Unit load 

Unit load AGV’s are vehicles which transport one or a few loads to a different location 
by carrying them. It’s one of the most basic types and is actually not more than a 
driving platform.  

The different kinds of unit load AGV’s are specified by how the load is transferred on 
and off the platform. This transfer can be done by a roller (Figure 2) or belt conveyor, 
a lifting platform or just a regular flat platform. This makes unit load AGV’s perfect for 
manufacturing and warehouse distribution. 

 

Figure 2: Unit load AGV with roller conveyor [6] 

The great advantage of this kind of vehicles is that you have a huge range of load 
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capacity, this capacity can extend up to 20 tons or more. A disadvantage is that there 
isn’t a high reach height.  

2.2.1.2 Towing  

A towing or tugger AGV can be compared with an train locomotive. The vehicle tows 
one or multiple wheeled carts without an driver.  

The towing capacity varies much but is limited to around 5000 kg. The ones with a 
lower towing capacity ( <2000 kg) are compact and only have an autonomous 
operation mode (Figure 3a). Vehicles with a higher capacity have mostly an 
autonomous and an manual operation mode (Figure 3b). There are also AGV’s which 
can to up to 20 Tons, these are more referred as tow tractors and will be used more 
in outdoor applications.  

 

Figure 3: (a) Low capacity towing AGV  [7], (b) high capacity towing AGV [8]. 

One of the greatest disadvantages of this kind of vehicle is the difficult autonomous 
hooking of the carts. In most applications it will be done manually. On the other hand 
are towing AGV’s quite fast with a maximum speed of around 1 m/s. But the 
combination of the human interaction and the speed limit, the safety measures are 
more difficult.  

These kind of AGV’s are mostly used to supply components to an assembly or 
production line or/and transport finished product at the end of the line. 

2.2.1.3 Forklift  

As the name suggest, a forklift AGV is an autonomous kind of forklift. The application 
are also mostly the same but with the advantage that you don’t need a driver. In this 
kind of AGV you still have different types. The automated pallet mover, the 
counterbalance forklift, the straddle forked AGV and VNA AGV (Very Narrow Aisle). 
These can all be used at different kinds of applications but the main objective stays 
the same: to load and unload goods at different heights. 

a b 
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Figure 4: Forklift AGV [9] 

The maximum load capacity is around 3000 kg for regular forklift AGV’s. The main 
advantage of a forklift is the reach of height, up to 8 meters. Lifting can be done at 0,1 
m/s and driving up to 2 m/s.  

2.3 PARTS OF AN AGV 

There are many things to consider when designing a new AGV or prototype. To keep 
everything clear and structured the vehicle will be divided in different parts. 

2.3.1 Chassis 

The chassis is a key part of an AGV, it’s literally and figuratively the backbone of the 
vehicle. It will be the main subject of this thesis, trying to design and evaluate a light, 
rigid chassis which can perform in different environments. The chassis consist of 4 
main parts: the frame, the wheel configuration, the steering and the suspension. 

2.3.1.1 Frame 

The frame will hold all the parts of the vehicle together. When deciding what kind of 
frame to choose, there are a few points to consider. First and foremost, the strength 
and rigidity of the frame. It must be able to hold the weight of the load plus the weight 
of the other parts of the AGV. But it also needs to be rigid enough so when accelerating, 
the frame isn’t shaking. Because this vehicle is a prototype, it would be a surplus if the 
frame is easy to handle so assembling and disassembling parts from the frame can 
be done quickly and without much deconstruction.  

For the frame there are 3 main options: a monobloc, a sheet metal frame and a frame 
structure with profiles.  

Monobloc 
The frame is made by machining a solid block of metal where the other pieces 
of the vehicle will be mounted on. The machining process takes quite some 
time due to programming hours and machine hours but on the other hand, it 
gives a very accurate result. The size of a monobloc frame is limited by the size 
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of the machine tool. Because of this are these monobloc solution mostly used 
on small AGV’s. An example of this is the Kiva AGV (Figure 5). 

 

Figure 5: Monobloc frame from Kiva AGV [10] 

Sheetmetal frame 

This frame type consist of different metal plates which are assembled. To give 
strength to the structure, the sheet metal gets bended. This kind of frame results 
in a very light structure with less material then a monobloc. The difficulty lies in 
to know where to bend to get a strong construction. In Figure 6 a sheet metal 
frame is shown, it’s not in an application of AGV’s but it shows the possibilities 
of a big seized sheet metal structure.  

 

Figure 6: Sheetmetal frame [11] 

Frame structure  
The most used type of frame is a structured frame with metal profiles. These 
pipes could be the regular square or rectangular profiles ( Figure 7a), but also 
a tube like an ITEM-profile ( Figure 7b). These last ones have the advantage of 
easy assembly and disassembly but are a bit more expensive in purchase.  

 

Figure 7: (a) Frame structure with square tubes [12], (b) ITEM-profiles [13] 

a b 
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Table 4 shows an overview of advantages and disadvantages of the different chassis 
types. 

Table 1: overview chassis types 

 Monobloc Sheet metal Profiles 
Easy rigidity + + - + 
Time manufacturing - - + 
Size possibilities - +  + 
Adaptability - - + 

 

2.3.1.2 Wheel configuration [14] 

The big variety of applications of AGV’s results in many possibilities for wheel 
configurations. The wheel design and geometry are the basis of the configuration. 

Wheel design: Figure 8 shows the four basic wheel types:  

a) A standard wheel which has two degrees of freedom (DOF): rotation 
around the contact point and around the whether or not motorized wheel 
axle. 

b) A castor wheel with two DOF: rotation around an offset steering joint and 
the wheel axle 

c) A Swedish wheel has three DOF: a rotation around the rollers, the 
contact point and the motorized wheel axle. 

d) A spherical wheel has multiple DOF, realization is technically difficult. 

 

 

Figure 8: Different basic wheel types [14] 

The choice of the wheel type has a big consequence on the kinematics of the 
whole AGV because of the all the wheels itself have a different kinematics. Both 
the standard and the castor wheel move in the same way, but with the big 
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difference that the castor wheel turns around the centre of the wheel with an 
offset. This causes an extra force on the chassis of the vehicle. 
The Swedish wheel has one more DOF than the previous two wheel and is 
called an omnidirectional wheel. Although it also powered on only one axle, the 
wheel can move in different directions with little friction. 
The spherical wheel can rotate around all axle therefore it’s truly an 
omnidirectional wheel.  

Wheel geometry 

Choosing the right wheel type is heavily connected to the arrangements of the 
wheels, or wheel geometry. When designing a robot these two go hand in hand. 
This choice will affect three essential characteristics: manoeuvrability, 
controllability, and stability. The big variety of environments that an AGV can 
be faced makes it impossible to have a wheel configuration where all three 
characteristics are always optimal.  

Stability: A minimum of three wheels are required to have a static stable 
vehicle, provided that the centre of mass is within the triangle which the 
contact points of the wheel make. Actually it is two wheel, but for this 
thesis this is out of the question. Adding extra wheels to the configuration 
will increase stability, but will make the structure hyperstatic. Therefore 
a suspension will need to be added for driving on uneven undergrounds. 

Manoeuvrability: The manoeuvrability has a lot to do with the rotation 
axis where the whole vehicle turn around. Omnidirectional means that it 
can move in any direction at any time on the ground, regardless of the 
orientation around its vertical axis. Examples of this are the Swedish 
wheel of a four wheel configuration with active steering and translation. 
Automotive vehicles use the Ackerman steering configuration. This 
configuration makes the vehicle turn with a diameter which is larger than 
the car. This makes short turning very difficult or it needs more 
manoeuvres, but it has a good stability in high-speed turns. 

Controllability: Controllability and manoeuvrability don’t work well 
together. As example, a Swedish wheel uses free rollers along the 
diameter of the wheel, which provide an extra slippage. This will result 
in a reduction of accuracy and an increase in complexity for controlling. 

To summarise, there are many different wheel configurations where there has to be 
found a good as possible compromise between manoeuvrability and controllability. In 
table 5 the most common wheel arrangements are listed. 
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Table 2: Wheel configurations [14] 
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Table 2: Wheel arrangements (continuation) 
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Table 2: Wheel arrangements (continuation) 

 

2.3.1.3 Suspension  

Most industrial AGV’s drive on smooth solid flat surfaces and therefore they do not 
need a suspension. The operation environment of this thesis’ AGV varies, causing the 
need for a suspension. A suspension is to allow motion between the tires and the 
chassis, with the general goal to make the ride as comfortable as possible. In the 
course of time different kind of suspensions are developed, these are examined in this 
chapter. It will also be discussed where to pay attention to when choosing or designing 
a kind of suspension. 

The most common suspensions come from the automotive sector. Leaf springs where 
used for the first spring-suspension vehicle (Figure 9a). In 1901 the first car with a 
shock absorber was made, the shock absorber added a big advantage over the leaf 
springs due to its damping. The next step in the history of car suspensions was the 
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coil springs which are easier to install, lighter and have a more travel [15]. For very 
heavy vehicles, leaf springs remain better due to the load distribution. 19 years later, 
in 1920, the torsion bar was used for a suspension system. Yet this solution is not 
used on cars anymore. Most present-day suspensions use a spring and a damper 
combined (Figure 9b). Yet there are still a lot of different solutions for a suspension, 
whether or not it is with a spring and damper. [16] 

 

Figure 9: (a) Leaf spring [17], (b) Shock absorber with coil spring 

Properties [16]  
When choosing a suspension there are a lot of factors to take into account. 
Some of the most important ones will be discusses here. 

Spring rate: the ride height of the vehicle is an important for the handling 
of the vehicle. The spring rate is how resistant the spring is during 
deflection. For a compression spring this means when a high load is 
applied, the spring will compress more when the spring rate is low. This 
relation is stated by Hooke’s Law: 

� = − 2 

Where: 

 

 

Damping: damping is the parameter which ensures comfort through 
controlling the oscillation. 

Weight transfer: this is, as the name states, the transfer of weight during 
acceleration, braking or cornering. It is most of the time calculated per 
wheel and compared with the static weight of the same wheel.  
This parameter is affected by four aspects: the height of the centre of 
gravity, distance between wheel centres, acceleration, and the mass of 
the vehicle. When braking: 

∆1 = � ∗ ℎ� ∗ ! 

F applied (axial) force [N] 
k spring rate [N/m] 
x deflection of the spring from its original state [m] 
Crr coefficient of rolling resistance [/] 
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Where: 

 

 

 
As stated before, industrial AGV mostly do not need a suspension, therefore there 
won’t be much information to find. But in the agriculture sector nevertheless, 
suspensions are needed for most of its applications. In Figure 10 the suspension of 
the Thorvald II from Saga Robotics’ is showed. It contains a gas spring, oil dampened 
shock absorber and allows trough two rotation arm travel in the vertical direction [18].  

 

Figure 10: Saga Robotics' Thorvald II AGV suspension [19] 

Another agriculture robot is the AgBott II from QUT (Figure 11). This suspension looks 
more like a rear suspension of a motorcycle with a coil spring, hydraulic shock 
absorber and a rotation arm. 

 

Figure 11: Suspension of the Agbott II [20] 

 

∆1 change of load on front wheels [N/m] 
a acceleration [m/s²] 
h height of centre of mass [m] 
bw distance between wheel centres [m] 
m mass of the vehicle [kg] 
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In the next chapter, 3. design concept, there will be gone deeper in some concepts for 
the suspension which will bring out the pros and cons of some solutions 

2.3.2 Power supply [5] 

Obviously the vehicle needs to be powered by some energy source for driving, 
steering, the sensors, etc. For this, batteries will be used. All motors that will be used 
will be DC motors, so no conversion to AC or an AC generator is needed. But there 
are still some different kind of batteries available on the market. Therefore it will be 
reviewed which has what advantages and or disadvantages.  

2.3.2.1 AGM and gel cell 

Absorbent Glass Mat (AGM) and gel cell batteries are not the same but have some 
very similar characteristics. Both fall on the category of valve regulated lead-acid 
batteries (VRLA) or also known as sealed lead-acid batteries (SLA). But in AGM and 
gel cell batteries, the electrolyte is not a fluid. In AGM it is a fiberglass mat, in gel cells 
it is in a form of paste. 

Some characteristics of these batteries: 

- Sealed and non-spillable 
- Maintenance-free 
- Discharge up to 50% 
- Low self-discharge rate 
- Very robust 
- Recharging time around 5 hours 
- Not good for opportunity charging 
- Low to no gas emissions 
- Recharge cycles at 50% DoD1: ± 1500 cycles 

2.3.2.2 Lithium-ion 

In these batteries, lithium is the material of the positive electrode (anode when 
charging). The lithium-ion battery will be compared to the AGM and gel cell batteries. 

Advantages for lithium-ion: 

- Longer cycle time, at 50% DoD: ± 5000 cycles. 
This is on average 3 times more. 

- Deeper DoD, excellent battery life at 80% 
- Higher efficiency: near 95% instead of the 80-85% from the VRLA 
- Faster charge rate: around 2 hours 

 

1 DoD is the Depth of Discharge of a battery. A DoD of 80% means that the battery is discharged for 80% of its 
capacity and will be charged after that. The DoD-rate has an impact on the cycle life of the battery, the lower rate 
the longer the life time of the battery. This is a non-linear relation. 



 

17 

- Higher energy density: this means less volume and weight for the same 
power. 

Disadvantages for lithium-ion: 

- Require electronic protection against overcharging due to instability of the 
battery.  

- Transport limitations for air transportation 
- More expensive, can be up to four times more. 

2.3.2.3 Flooded Lead-Acid 

In a lot of forklift application flooded Lead-Acid batteries (FLA, Figure 12a) are found. 
Which work on the same principle of the SLA (Figure 12b) batteries.   

 

Figure 12: (a) Flooded Lead-acid battery, (b) Sealed Lead-Acid battery 

The main advantage of the FLA batteries is that they are the cheapest batteries on the 
market. But it comes with a few disadvantages: 

- Maintenance required: refill with ionized water, check for leakage,… 
- The low DoD of 50% 
- Heavy batteries 
- Only mounting straight, due to leakage possibilities. 
- Releases gasses 

So, a lot more disadvantages than advantages, but still this type of battery is used 
often in heavy outdoor applications.  

Table 3: Overview batteries 

 AMG and gel Lithium-ion Flooded lead-acid 
Low maintenance + + - 
Depth of charge - + - 
Weight + + + - 
Gas emission + + - 
Recharge time - + - 
Transport + - - 
Price - - - + 
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2.3.3 Navigation system [5] 

AGV’s for indoor application have many different ways to navigate: laser-guided, 
magnetic, natural, magnetic spot, wire, optical and vision navigation. But, a lot of these 
navigation types are not suitable for outside environments, because of the different 
circumstances: weather situations, uneven terrain, random objects, etc.  

So, in this chapter the navigation systems that do work in outdoor systems will be 
discussed.  

2.3.3.1 Magnetic  

Magnetic navigation is in theory a very easy system. A magnetic sensor on the vehicle  
follows a magnetic tape on or in the ground. A great advantage of this system is that 
it is weather independent, the weather doesn’t have an effect on the magnetic forces. 

Nevertheless, there are some disadvantages. This makes the vehicle not fully free to 
move, it has to follow the magnetic line. If you want to make adaptations to the track, 
the magnetic line has to be moved, which in the case of outside applications is a tough 
job. In Figure 13 the preparation for laying a magnetic tape is shown. First a track has 
to be milled where the tapes lies in, then the tape and the resin is put on top. As can 
be seen, this is an outdoor application, but still not the environment which is aimed for. 
In loose earth applications, this kind of navigation will also not be possible.  

 

Figure 13: Preparation for magnetic navigation [5] 

2.3.3.2 LiDAR 

LiDAR is an acronym for Light Detection And Ranging. The system sends a laser light 
and measures the distance to a target by measuring the reflected light from the target 



 

19 

(Figure 14). The differences in feedback (timing, wavelengths, etc.) are used to make 
a digital 2D or 3D-illustration of the target.  

 

Figure 14: Scheme working LiDAR sensor [21] 

The LiDAR is commonly used with a SLAM system. SLAM stands for Simultaneous 
Localization And Mapping. It uses the data from the LiDAR sensor to create a map of 
the environment so it can later localize itself in that map. Very large open fields with 
minimal reflection points can give difficulties for the sensor, therefore a GPS can be 
added. And on the other hand, very chaotic changing environments can create 
problems for the SLAM system. 

A big advantage of this navigation technique is that the vehicle easy to install and 
relatively not too expensive. The AGV is also not restricted to tracks, they can be easily 
modified. When selecting a LiDAR sensor there are some things to take in 
consideration. 

- Resistance to ambient light. The sunlight could interfere with the sensor, 
making it unable to identify it owns laser beam. Therefore it should resist 
around 70 000 lumens. 

- Resistance to environmental noise. Raindrops could give wrong signals 
which could create navigation problems. This can be prevented by Multi-
echo technology. 

- Ingress Protection (IP). LiDAR sensor should be at least IP65 or IP67 to 
protect the sensor from dust and water. 

- Temperature operation range.  

2.3.3.3 GPS 

A GPS (Global Positioning System) will provide position and speed, even in harsh 
weather conditions. Indoor application are less suitable for this system because of bad 
or no signal situations.  
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2.3.3.4 Combination of navigation systems 

As seen before, almost no navigation system is ideal for indoor and outdoor 
applications, therefore a combinations of two or more systems can be used. A widely 
used combination for agriculture AGV’s is the LiDAR sensor with GPS, the ‘BoniRob’ 
uses this [22]. 

2.3.4 Safety system [5] 

Safety is very important in every industry, machine and environment. And it surely is 
also from the upmost importance for AGV’s. The operatorless vehicle needs to meet 
some standards, in Europe these are the EN 1525: 1997: Safety of Industrial Trucks - 
Driverless Trucks and Their Systems. America has ANSI B45.5 – 2012: Safety 
Standard for Driverless, Automatic Guided Industrial Vehicles and Automated 
Functions of Manned Industrial Vehicles. Both are very similar and define safety 
requirements relating to the elements of design, operation and maintenance of AGV’s. 

 Vehicle safety and emergency controls and devices 

Vehicle safety and emergency controls and devices are those which 

automatically and rapidly stop propulsion, stop moving components, and apply 

full braking power. To prevent contact between the load and any possible 

obstructions, AGV’s should include sensors pointing in the direction of travel 

and covering the maximum moving width and/or length provided. [5] 

Stopping distance: 

Braking systems in conjunction with the object detection system and the 

response time of the safety control system are built to cause the vehicle to stop 

prior to impact between the vehicle’s structure and other equipment, including 

its intended load or an observed obstruction in front of the moving vehicle. [5] 

 Guidance system: 

Deviation of travel from the intended path shall also require an emergency stop. 

[5] 

Safety elements can be categorized in two, active safety elements and passive safety 
elements.  

2.3.4.1 Active safety devices or sensors 

Active safety systems are systems that can change the status of the AGV. This can 
be an emergency stop, slow braking,... 

Safety laser scanner or collision avoidance system 

If safety lasers are used as the main sensing device, it should be fail-safe in its 
operation. On top of that, when sensing an object or people in its path at a 
distance that is smaller than the leading edge of the sensing field, the AGV 
should make a safety stop before any contact between the vehicle and the 
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object or people. 

The laser makes a safety fields which is divided in two safety fields, a warning 
field and a protective field. When an object or person is detected in the warning 
field, the vehicle decelerates. When this happens in the protective field, the 
vehicle stops. Both area’s together are called the safety area. 

A safety area of an AGV needs to be variable, it depends on the AGV’s speed, 
surrounding area, load of the vehicle, and floor conditions. This means that 
every point on the vehicles trajectory has its own safety area. In Figure 15 
different safety areas for high, low speed and turning are shown.  

 

Figure 15: Safety areas [5] 

 Contact bumper 

It is not obliged to cover all 360° of the AGV with a safety laser. They are mainly 
for the direction of movement. To reduce the cost contact bumper can be placed 
where only low speed contact is possible. Bumper can come in many forms and 
sizes depending on the vehicle and the object that could possible hit it. The 
principle is very simple, if the vehicle touches something/ someone, it may not 
damage the obstacle or itself. EN 1525: 1997 and ANSI B45.5 -2012 state both 
that if the speed is less than 0,3 m/s, a collision avoidance system is not needed. 

Emergency Stop Buttons 

Emergency stops are obliged on each AGV. They must be visible and easy to 
reach from every side. When activated, the vehicle enters an emergency stop 
state and all motion will be shut down. 

Safety control 

The AGV needs an element that manages these safety elements. This can be 
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done by a safety PLC or safety relays. It has one main function, ensuring that 
the vehicle stops when needed.  

2.3.4.2 Passive safety devices 

Passive safety devices do not change the state of the vehicle but are more to warn 
bystanders to prevent collisions. This can be done in different ways. 

 Warning lights 

AGV’s can have turn indicator lights in applications where a lot of people are in 
the same area of the AGV. It can also have warning lights for different statuses 
of the vehicle: driving, emergency stop, restart after stop, etc. When warning 
lights are used, they have to visible from every side of the vehicle. 

Audible warning/ Alarm signals 

As with the warning lights, the sound signals an AGV can emit can be used for 
different statues of the vehicle. A direct citation:  

Prior to initiation of the vehicles movement or remote reactivation from a 

sleep or inactive state, a warning device (on or off the vehicle)shall be 

activated, to be ether audible, visual, or a combination thereof, indicating 

the imminent movement of the vehicle under automatic control. [5] 

Signs and Symbols 

The AGV must have signs and symbols showing hazard zones. All signs must 
be in accordance with the local legislation and shall be durable. 

2.3.4.3 Exception 

The safety scanner is designed to detect objects and people and avoid collisions with 
it/them. But there is an exception stated in the standard of ANSI B56.5-2012: 

Although the vehicle braking system may be performing correctly and as 

designed, it cannot be expected to function as designed should an object 

suddenly appear in the path of the vehicle and within the designed safe 

stopping distance. Examples include, but are not limited to, an object falling 

from overhead or a pedestrian stepping into the path of a vehicle at the last 

instant. [5] 
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3 DESIGN CONCEPTS 

In this section different concepts are explained for four different designing problems. 
The concepts will be rated on several topics and in the next chapter there will be picked 
a solution for the actual prototype.  

3.1 WHEEL GEOMETRY 

In the literature review a list of different wheel geometries was shown. Out of this list 
three are picked to look closer into. The configurations with two and three wheels are 
thrown out of the equation because the high load capacity. This would result in bigger 
motors, higher power, higher current and bigger cables. Also options where the vehicle 
isn’t omnidirectional, due to a steering radius, are not suitable for this thesis’ AGV. 

3.1.1 Concept 1 

The first concept is a geometry of four identical Swedish wheels. How these wheels 
can make the AGV steer without a rotation around the wheels’ z-axis is shown Figure 
16. 

 

Figure 16: Swedish omniwheel steering [23] 

The left situation is where all four wheels are rotating in the same direction to move 
the vehicle forward. Due to the angle of the rollers, there are also axial forces, but 
because the wheels are mirrored to each other, these force cancel each other out. 
In the middle situation the diagonal pairs move in opposite direction. This time the 
radial forces are cancelled out and the axial forces make the vehicle move sideways. 
At the right the vehicle will turn around it centre point.  

This kind of wheels have a great advantage that with only four motors you have a four 
wheel drive with omnidirectional steering. But this makes the speed control much more 
important. The application of this thesis’ AGV can be in sandy conditions, which means 
very low friction with the rollers. This could easily result in slippage and as can be seen 
in the figure, this would result in a change of direction of the AGV. Therefore are these 
wheels more used in indoor application with good surface circumstances.  
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3.1.2 Concept 2 

The second concept is also a four wheel bases solution. Here the Swedish wheels are 
changed by standard wheels which can pivot around their own z-axis. All four wheels 
will also be driven. Figure 17 shows that turning the vehicle around it’s z-axis is 
possible is the diagonal pair of wheels are steered at the same angle but are driving 
in the other direction. Of course the omnidirectional movement is a great advantage, 
but this applies for all three concepts. But this configuration is better for outdoor 
applications than the previous concept due to superior friction. A disadvantage is that 
four motor angles need to be monitored and controlled for accurate steering.  

 

Figure 17: Four steering and driving wheels geometry 

3.1.3 Concept 3 

The last concept is a six wheel configuration with two driving wheels and four castor 
wheels. This will distribute the load over even more wheels, which increase also the 
stability of the vehicle. Yet the driving motors need to be more powerful because there 
are only two.  

 

Figure 18: Six wheel configuration 

The steering can be done by varying the speed and rotation of the two driving wheels. 
If they rotate in the same speed but in the opposite direction, the AGV will turn around 
its centre. In the contrary of previous two concepts, the orientation of the frame not be 
kept. Which means that driving forward will always have the same front end of the 
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frame. For some applications this can be a problem, but in general this is neglectable. 
The suspension of this concept also needs to be well configured, because if one of 
the driving wheels is not connected to the ground the vehicle will be stuck.  

3.1.4 Overview 

Table 4: Overview wheel geometry concepts 

 Swedish wheels Four wheel drive & steering Six wheels 
Easy steering - - - + 
Omnidirectional ++ ++ + 
All surfaces - ++ + 

3.2 DRIVE 

Here different concepts of how the wheels will be driven will be discussed. 

3.2.1 Concept 1: on axle 

The first concept is that the motor (probably with gearbox) will be installed on straight 
on the wheel with a flange. In this way the motor energy is transferred in the most 
efficient way, only the efficiency of the gearbox needs to be taken in to account. A 
disadvantage is that the width of the wheel module will increase because the motor 
and gearbox will come next to it.  

 

Figure 19: Drive concept, motor on axle 

3.2.2 Concept 2: drive belt 

The second concept is where the motor will transfer its energy to the wheel through a 
drive belt (Figure 20). The main advantage of this concept is that it is smaller than the 
previous concept. A disadvantage is that even though there can be used a reduction 
through different sizes of pulleys, there probably is still needed a reduction by a 
gearbox. This will decrease the efficiency of the system. Another disadvantage is that 
the tensioning of the belt will need to be checked and adapted after a while which 
increases maintenance. 
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Figure 20: Drive concept, drive belt 

3.2.3 Concept 3: mechanical chain 

The 3th and last concept is one where the drive belt from the previous concept is 
changed by a mechanical chain (Figure 21) 

 

Figure 21: Drive concept, mechanical chain 

The efficiency of a chain transmission is very high (around 98%). And, in comparison 
with the drive belt, the pre tension is less which result in less force on the axles of the 
pulleys. Also chains are better for harsh environments with high temperatures, dirt and 
moist. But they have also disadvantages, like they are more expensive and need 
lubrication. [24] 

3.2.4 Overview 

Table 5: Overview drive concepts 

 Drive belt On axle Mechanical chain 
Efficiency ++ - + 
Low maintenance + - - - 
Space needed - + + 
Price + - - - 
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3.3 BACKLASH STEERING  

For the steering a slewing gear and a regular spur gear are meshed together to create 
a speed reduction and to put the full load of the motor axis. To get a high precision 
steering, this gear mesh is crucial. When changing the direction of the motor it is the 
goal that the wheel instantly turns also, any delay will result in a non-accurate steering. 
Enter, the term backlash:  

“The maximum distance or angle through which any part of a mechanical 

system may be moved in one direction without applying appreciable force or 

motion to the next part in mechanical sequence.” (Bagard, 2003, p.1-8) [25] 

 

Figure 22: Backlash between gears [26] 

In a perfect world where gears are made on the perfect size, they will make contact 
perfect on the point where the both pitch circles R collide. There are multiple origins 
possible for backlash, yet most are due to the machining process. In Figure 22 the 
upper gear has a smaller teeth than expected, if the lower gear now turns to the right, 
it will move a distance of j (the backlash) before it touches the upper gear again. In a 
certain degree backlash is preferred because it prevents gears from jamming and it 
leaves space for lubrication. But as said before, too much backlash is detrimental for 
the accuracy of the steering.  

3.3.1 Concept 1 

The first concept for this problem is high precision gears. These gears are 
manufactured with very high standards and low tolerances. The advantage of this is 
pretty clear, low tolerance finishing results in low backlash. The disadvantage is the 
cost price, the more accurate something needs to be made, the more accurate the 
machine which makes the product needs to be and this drives the cost up. Another 
disadvantage is that the slewing gear can come from another manufacturer, if this is 
not finished with the same tolerance it will undo all the work on this gear. 
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3.3.2 Concept 2 

The second concept is changing the centre distance between the gears.  

 

Figure 23: Backlash, adjustment of centre distance [26] 

In Figure 23 two methods are shown, method a is a parallel movement and method b 
is a rotary movement. Both will result in the same process. Luckily in our application 
the steering motor will not be a big motor, which makes this a suitable solution which 
would be relatively easy to perform. Yet the slewing gear makes this a difficult option. 
The slewing gear has a positive profile shift, which results in a wider tooth width. When 
moving the centre distance closer to each other, this could result in undercutting of the 
gear. This is when the bottom of the smaller gear gets cut out by the top of the bigger 
gear.  

3.3.3 Concept 3 

The last concept is an anti-backlash gear. This is a gear that exist of two gear, which 
have the same number of teeth but can rotate from each other (Figure 24).  

 

Figure 24: Backlash, anti-backlash gear [26] 

To set the backlash to zero one gear of the anti-backlash gear is put against a tooth 
of the slewing gear, the other gear is moved to the other tooth from the same cavity. 
In this way if the motor changes direction, the gear is always connected to the slewing 
gear. A downside of this concept is that more parts are needed, thus increases the 
maintenance.  
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3.3.4 Overview 

Table 6: Overview backlash steering 

 High precision Centre distance Anti-backlash 
Easy (not complex) -  + + +  
Maintenance +  +  -  
Price - - + + + 
Risk of undercut + + - - + 

3.4 SUSPENSION 

Before going to the concept, there has to be taken in account one major item: the 
placement of the suspension. The suspension in this sketch is shown as a 
compression spring and a damper, but it doesn’t have to be these two objects which 
make the suspension. The situations are sketched in Figure 25. In situation A, the 
frame is attached to the steering module, which steers the suspension and the driving 
wheel. Situation B is the other way around, where the suspension is attached to the 
frame and only thereafter the wheel is steered.  

The advantage of situation A  is that the steering motor and the steering components 
will be damped and therefore will endure less shocks, which is good for the life cycle 
and maintenance for these components. On the downside there has to be found a way 
to transfer the steering torque trough the suspension so the wheel can turn.  

Situation B on the other hand has the advantage that there is more unsprung weight, 
so the suspension needs to damp less weight. But it comes with the logical 
disadvantages that the steering module is not damped. 

Considered the pros and cons, situation a is more preferably mainly because of the 
damper steering module. The extra weight is disadvantage that doesn’t weight trough 
as hard. 

 

Figure 25: Suspension placement sketch 
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3.4.1 Concept 1 

In the literature review some examples where already seen, under which the Thorvald 
II. A sketch is made to explain how this suspension works (Figure 26). 

 

Figure 26: Suspension: concept 1 

The steering module and the wheel are connected to the frame by 2 parallel bars. 
They are connected by hinges so that the two parts can in relation to each other. The 
red dotted line which goes diagonal between the hinges is the representation of the 
shock damper. This method is also used in some cars and is named the double 
wishbone suspension. 

This concept it can get a big vertical movement with a small movement for the shock 
damper, which means you don’t need a big shock damper. Yet this concept makes it 
that the wheels are outside of the frame and makes the vehicle wider. This is also a 
method of situation B, which means the steering unit is undamped. 

3.4.2 Concept 2 

The second concept is pretty straight forward, it is situation A as stated before and can 
be seen in Figure 25. Where the suspension is put below the steering unit. And the 
suspension contains of  one shock absorber and one compression spring. This is one 
of the most basic and common suspension in the car industry which makes it hard to 
ignore. Due to the Ackerman steering in cars, the suspension of the AGV will be 
different put it works on the same principals.   

A good advantage of this suspension is that the wheels are beneath the frame and 
don’t take extra space. On the other hand, the ride height is higher because using the 
whole length of the compression spring is not good because the limit elasticity can be 
reached [27]. This means that if, for example, a vertical height of 100 mm needs to be 
overcome, the spring needs a least more than this 100 mm as travel. The increase in 
height is detrimental for the stability of the load.
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3.4.3 Concept 3 

A disadvantage of previous two concepts is that when a load is not centred, the load 
on each wheel and suspension will be different, this will make the vehicle lean to side 
where the load is the highest. To overcome this problem an air suspension or an 
hydropneumatics suspension can be used, which are also called self-levelling 
suspensions. 

These suspension’s characteristics are shown in the figure below. When the mass of 
the load increases, the spring rate will linearly increase also. This results in a static 
deflection for each load. The increasing spring rate is obtained by compression of air 
in the chamber of the air suspension.  

 

Figure 27: Spring rate of an air suspension [27] 

The disadvantage of this kind of system is that there is a compressor needed to put 
the air on a pre-set value of pressure. 

3.4.4 Overview 

Table 7: Overview suspension concepts 

 Double wishbone Straight compr. spring Air suspension 
Easy (not complex) +  + + -  
Width -  +  +  
Damping steering - + + 
Self-levelling - - + 
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4 DESIGN 

The time of options has come to an end, in previous chapters research was done to 
have options for the prototype’s design. Now it is time to make responsible decisions 
to create the best prototype possible within the set boundaries. An important factor in 
the design is the material choice. When picking a material there are some factors that 
are taking into account: weight, strength, corrosion, price and environment of 
application. 

Table 8: Design table 

Topic Option 1 Option 2 Option 3 
Type AGV Unit Towing Forklift 
Frame Monobloc Sheet metal Profiles 
Wheel geometry Swedish wheels Four wheel drive Six wheels 
Drive On axle Drive belt Chain belt 
Backlash steering Precision gear Adapt centre distance Anti-backlash 
Suspension Double wishbone Straight compression 

spring 
Air suspension 

Power supply AMG and gel Lithium-ion Flooded lead-
acid 

Navigation system Magnetic LiDAR GPS 
 
From the start it was chosen to make a unit AGV prototype. The other types where 
addressed to get an overview, also at KU Leuven there will be a similar project but 
with a forklift AGV. For the frame there is opted for the structure with aluminium ITEM-
profiles (Figure 28). The adaptability with easy assembly possibilities tipped the scale 
in its favour. The aluminum (3.3206.72, EN AW-6082 [AlSi0,5Mg-F25] has yield 
strength of 195 N/mm² which is almost as high as regular construction steel (235 
N/mm²). But the big advantages is that aluminum weights three times less (2700 kg/m³ 
to 8050 kg/m³). Also to be more resistant to scratching and corrosion, the profiles are 
natural anodized. 

 

Figure 28: Frame 

There is designed a wheel geometry with four driving and steered wheels. The extra 
effort needed for controllability doesn’t outplay the benefits of having a full 
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omnidirectional vehicle which can operate in many environments. In the renders of the 
design the tire is pictured as a slick tire, so with no profile on it. This 3D-model fault. 
The actual tire will have the needed profile.   

The solutions for the drive, backlash of the steering and suspension come all together 
in what is called now, the suspension unit. This is a module which is used four times, 
for the four driving wheels (Figure 29). The driving motor is bolted to wheel support 
and the motor axle is attached to a wheel flange which is attached to the wheel rim. 
This was concept 1 for the driving movement. The wheel support holds the wheel, 
driving motor and the bottom of the suspension together. The support (Figure 30) is 
not a fixed set of plates, the plates have slots so the motor axle can be accurately 
aligned. The motor attach plate and secondary L make vertical alignment possible and 
the Main and secondary L horizontal alignment.  

 

Figure 29: Suspension unit 

The whole wheel support, the connection plate, slewing gear flanges, suspension 
connections are made of aluminium alloys, in particular EN AW-6082-T6 [AlSi1MgMn]. 
This alloy had great corrosion and strength characteristics, the strength comes for 
annealing and warm hardening (implied by the T6 at the end) and results in tensile 
strength of minimum 260 N/mm². It is not the ideal material for machining, but is still 
acceptable. To make an aluminium alloy more machinable, there is copper added. But, 
this makes the material much more corrosion sensitive. Because of this, the 
compromise was made to take the EN-AW 6082-T6 alloy.   

suspension 

driving motor 

steering motor 

encoder 

slewing gear 

wheel support 

driving wheel 

connection 
plate 

suspension 
connection 

lower flange 
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Figure 30: Wheel support 

The next topic is the backlash of the steering. In Figure 31b the bottom of the 
suspension unit is shown, there the solution with the anti-backlash gear is situated. 
The gears are coloured red (inner gear) and blue (outer gear) to see better the 
difference. The slewing gear itself is made of steel, therefore the anti-backlash gear is 
also made of wear resistant steel (C45). 
To explain the steering principle a little more, the steering motor drives the anti-
backlash gear, which is meshed with the slewing gear. The inner ring of the slewing 
gear is fixed to the connection plate, the outer ring to the lower flange. On this lower 
flange the suspension connection is assembled, this connection is out of the centre of 
the slewing gear. The suspension connection is linked to the wheel support through 
the suspension itself. Everything is lined out so the middle of the wheel is in line with 
the centre of the slewing gear, so the wheel turn around its z-axis. 

 

Figure 31: (a) Suspension unit, (b) bottom view mesh between slewing gear and 

anti-backlash gear, (c) anti-backlash gear 

main L 

pin connection 

Motor attach plate 

secondary L 
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backlash 
gear - 
encoder 



 

36 

The positioning of the steering wheel will be measured by an encoder. The encoder is 
a multiturn absolute encoder. This means that the encoder knows its positioning for 
more than one turn, even when the voltage supply cuts out and comes back, the 
encoder knows it current situation. To ensure the accuracy the encoder is also 
provided with an anti-backlash gear (Figure 29a). But this one is made out of ABS 
plastic, this because the encoder cannot handle great forces.  

The suspension is made on base of the principal of concept 2, where the steering unit 
is damped also. But instead of one shock absorber and compression spring, there are 
used two. This because the rotation moment has to go through the rod of the shock 
absorber, which is detrimental for its life cycle. To reduce this torsion on the rod, a 
second shock absorber is put parallel next to it. The idea came first from a mountain 
bike’s front suspension where also two shock absorbers are used, one on each side 
of the wheel. But because on one side of the wheel the driving motor is already 
installed, this was not an option. So, a new system was made where both suspensions 
are put on the same side.  

The connection plate is bolted to the frame, four times in the four outer corners of the 
frame on the lowest profiles. As a safety measure the gears will shielded to the outside 
so nobody can get hurt there. The shielding plates don’t have to endure big forces, 
therefore a lesser strong aluminium can be chosen, EN AW 5754 [AlMg3] is ideal for 
sheet metal bending and has very good corrosion characteristics . This all results in 
following vehicle (Figure 32) 

 

Figure 32: Frame with suspension unit 

Next on the agenda where the decisions of the more electrical parts. For the power 
supply Lithium-Ion batteries are chosen, mainly because of the low weight to energy 
ratio and the high dept of recharge percentage. The needed capacity is calculated in 
chapter 5.3. Although Lithium-Ion batteries are light in comparison to lead-acid 
batteries, doesn’t mean they aren’t heavy. Especially for this application where a lot of 
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energy is needed. When the battery needs to be recharged a person needs to pick the 
battery up and replace it. If the battery is located in the middle of the AGV it is bad for 
this persons back. Therefore a drawer is made so the battery can slide out of the AGV 
and person can take the battery ergonomically (Figure 33). The drawer slides are 
telescopic slides with a travel of 900 mm, the width of the AGV is 1 m. They are made 
of  EN AW-6082-T6 and can hold a load of 80 kg. It has space for two batteries, one 
24 V battery for the steering motor and control circuit components, the 48 V battery is 
for the driving motors. In front of these battery there is some available space for the 
control circuit elements. Because the drawer moves up to 950 mm, the cables need 
to be able to travel also. Therefore the cable carriers are added at both sides. The 
drawer door itself is made from an 10 mm acrylic plate (also known as plexiglass or 
PMMA) and is connected to the slides through the door connector. The door can be 
locked by a simple key lock. 

 

Figure 33: (a) Top view drawer, (b) 3D-view drawer 

Navigation is not the main goal of this thesis, this will be for the follow-up. Yet there 
has been looked into the different types and for the applications of this AGV, the best 
solution is probably a combination of LiDAR and GPS. The LiDAR is ideal for detection 
of object indoor and outdoor, and the GPS adds the advantage of location 
determination in big open fields. Because of the easy montage system of the ITEM-
profiles these can be easily installed on the preferred places. 

All sides of the frame are shielded with plexiglass plates so there can be visual control 
during testing. The safety devices are described in chapter 7. 
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5 CALCULATIONS 

In this chapter the formulas and the methodology of most calculations are described.  

5.1 DRIVING MOTOR 

The driving motor, as the name says it, is the motor which makes the AGV move. The 
vehicle is four wheel drive, so there will be needed four (equal) driving motors. In the 
department of mechanical engineering (DEMec) at UFSCar, there are brushed motor 
with a worm gearbox motors available. These motors are from the company Imobras 
and the type number is 100502112 (Attachment A.1). So, it’s important to calculate if 
this motor is powerful enough to drive this AGV.  

As stated before, the AGV must be able to operate in different environments. For the 
motor calculations there is chosen for these 4 situations: empty on concrete, loaded 
on concrete, empty on sand and loaded on sand. These for situations can be on a flat 
terrain or on a slope. Throughout the calculations the impact of the different conditions 
will be revealed. 

5.1.1 Rolling resistance 

First and foremost, the rolling resistance is calculated. This is the force resisting the 
motion when the wheel rolls on a surface.  

�+� = !′ ∗ � ∗ ���  

where: 

 

 

 

The mass of the AGV itself is estimated at 200 kg and when loaded 700 kg (500 kg 
load). Because the AGV is four wheel drive, the mass per motor is the total mass 
divided by four. It is assumed that the total weight of the AGV is evenly distributed.  An 
empty AGV has a mass of 50 kg per wheel and a loaded one, 175 kg.  

The AGV’s applications are targeted to be on earth, so the gravitational acceleration 
g is the standard 9,81 m/s². 

The coefficient of rolling resistance Crr is the force needed to push (or tow) a wheeled 
vehicle forward per unit force of weight [28]. This coefficient can be found in tables for 
different contact surfaces (ex. railroad steel wheel on steel rail). The coefficient for 
rubber on concrete is 0,001 and for rubber on sand, 0,3 [28].  

FRf rolling resistance [N], on a flat surface 
m’ mass on each driving tire [kg] 
g gravitational acceleration [m/s²] 
Crr coefficient of rolling resistance [/] 
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Crr can also be calculated with the formula: 

��� = ��*  

where: 

  
The explanation of this formula gives us more insight of what this coefficient means. 
The arm of the rolling friction bf is the horizontal distance between the centre of the 
wheel and the place where the reaction force R takes in (Figure 34). When driving the 
force in the tyre will not be distributed symmetrical. So, when a wheel is driving on 
sand, the wheel will have a greater contact surface with the sand than it would have 
when driving on concrete. The greater the deformation of the surface (wheel or road), 
the greater the distance of b. [29] 

 

Figure 34: Rolling resistance with arm of rolling friction [28] 

When driving up a slope, the resistance is higher. Therefore, to know the most 
challenging situation, this must also be included. The maximum slope γ is set on 20° 
or 36%. The formula for rolling resistance on the slope will be explained based on 
Figure 35. 

 

Figure 35: Forces on a slope with decomposed gravity force 

bf arm of the rolling friction [m] 
r radius of the wheel [m] 
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The normal force stands always perpendicular on the surface. This means it isn’t in 
the same direction of the gravity force. The normal force is now equal to m’*g*cos(γ). 
The force to move the object uphill does now not only need to overcome the friction 
force FW but also an addition force that comes from the gravity. This force is equal to 
m’*g*sin(γ). 

Now the rolling resistance force is calculated as followed: 

�+ = �1 + !′ ∗ � ∗ sinB9C = !′ ∗ � ∗ cosB9C ∗ ��� + !′ ∗ � ∗ sinB9C 
This formula can be simplified, index s is added to show that it’s the rolling resistance 
on a slope: 

�+F = mH ∗ g ∗ BsinB9C + ��� ∗ cosB9CC 
Table 9: Rolling resistance 

  

Car tires on 

concrete Car tires on sand 
 

Driving 

resistance Formula Empty Loaded Empty Loaded Unit 

Flat 
 

4,91 17,17 147,15 515,03 N 

On slope (20°) 

 

172,37 603,30 306,04 1071,13 

N 

 

5.1.2 Static power 

To check whether the motor is suitable for our application, the power required to 
overcome the rolling resistance is calculated. 

%J = �� ∗ /4  

 where:  

 

 
The speed of the vehicle is set on average walking speed, 5 km/h or 1,39 m/s [30]. On 
this speed researchers/ bystanders can follow the prototype and if necessary, avoid 
collisions by going away quick enough and or use the emergency stops. A higher 
speed would also mean a higher stopping distance. 

The efficiency of the gearbox depends on a lot of things. Which kind of gears, the gear 
ratio, accuracy in finish, etc. The efficiency is set at 80% and will be reviewed after 
calculating the reduction and choosing the gearbox. 

PS static power [W], extra index f for flat and s for slope surface  
v speed of the vehicle [m/s] 
η efficiency gearbox [/] 

�+� = !′ ∗ � ∗ ���
�+F= mH ∗ g ∗ BsinB9C+ ��� ∗ cosB9CC 
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Table 10: Static power 

  
Car tires on concrete Car tires on sand 

 
Static power Formula Empty  Loaded  Empty Loaded Unit 

Flat 

 

8,52 29,80 255,47 894,14 W 

On slope (20°) 
 

299,25 1047,39 531,31 1859,60 W 

 

5.1.3  Dynamic power 

Not only is there a power required to start the AGV, but also a power to accelerate the 
AGV to its required speed. This is the dynamic power and is calculated as followed: 

%& = !′ ∗ � ∗ /4  

where:  

  
The acceleration is limited because when the acceleration is too high, the wheels 
would slip.  

 

 where:  

 

  
When the peripheral force – the tangential force on the wheel as a result of the torque 
of the motor – is lower or equal to the friction force, the wheel doesn’t slip. The 
peripheral force is calculated by the second law of Newton. The static friction force is 
calculated with its well know formula. But there are some things to be considered.  

Because one motor takes only ¼ of the mass, m’ is used. But on the other hand, the 
AGV is four wheel drive, which means there is four times a friction force. These two 
factors eliminate each other. The static friction coefficient of rubber on sand is nowhere 
to be found, so the coefficient of Polytetrafluoroethylene (Teflon) on snow is used. This 
is guessed to be the best comparison because it has also a very low friction coefficient, 
the value is 0,15. For rubber on concrete it’s 0,9. [31]   

Now the only unknown factor in the equation is the acceleration. This means that the 
maximum acceleration before the wheel start to slip can be found.

PD dynamic power of the load [W]  
a acceleration [m/s²] 

FU peripheral force [N] 
FR static friction force [N] 
µ0 static friction coefficient [/] 

�K = ! ∗ � = �+ = 4 ∗ !H ∗ � ∗ M0 ∗ �OFB9C 

%J� = ��� ∗ /4
%JF = ��J ∗ /4
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Table 11: Maximum acceleration 

  

Car tires on 

concrete Car tires on sand  

 Formula Empty  Loaded  Empty Loaded Unit 

Maximum acceleration 

without slip  
�% = � ∗ M0 ∗ cosB9C 8,3 8,3 1,38 1,38 m/s² 

 
The maximum acceleration before the wheels start to slip when driving on loose sand 
is 1,38 m/s². This would mean that the AGV be would its maximum speed of 1,39 m/s 
in 1 s. This acceleration is considered too fast. The acceleration will be reduced to 0,7 
m/s² so the maximum speed is reached in around 2 s. In further calculations the 
reduced acceleration a will be used. 

Table 12: Dynamic power 

  
Car tires on concrete Car tires on sand 

 

 

Formula Empty Loaded Empty Loaded Unit 

Dynamic power 
%& = !′ ∗ � ∗ /4  60,76 212,67 60,76 212,67 W 

 

5.1.4 Motor choice 

The total needed power of the motor is the sum of the static and dynamic power. 

Table 13: Total power 

  

Car tires on 

concrete Car tires on sand 
 

Total power Formula Empty Loaded Empty Loaded Unit 

Flat 
 

69,28 242,48 316,23 1106,82 W 

On Slope (20°) 
 

360,02 1260,06 592,08 2072,27 W 

 

The available motor at the department is not even close to being strong enough for 
this application. The company also doesn’t provide models which come close to our 
needs. In the search for another company, ATO was found. The company has a wide 
range of industrial automation products. Which also contains high torque BLDC motors.  

The situation where most power is needed, is the situation where the AGV drives on 
a slope of sand. But this situation is not the standard. When it occurs, it will only be 
briefly. The AGV will not drive 8 hours a day uphill. That is why a motor of 1,5 kW will 
be chosen. 1 kW looks also doable for most situations, but the maximum needed 

%-� = %J� + %	
%-F = %JF + %	
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power is double, which would result in a doubling of current. 

ATO-D110BLD1500 48V is chosen. The whole datasheet is included at attachment 
A.3. But in Figure 36, the basic specifications, which are needed for the calculations, 
are shown. 

 

Figure 36: Specifications driving motor 

5.1.5 Gear ratio  

The nominal speed of the motor is 3000 rpm, this speed is probably too high to get a 
horizontal velocity of 1,39 m/s. Therefore, a reduction is needed. But with the worm 
gearbox of ATO, the rated speed of the BLCD motor is 2000 rpm. 

# = / ∗ 60Q ∗ 	� = 1.39 !F ∗ 60Q ∗ 0.3 ! = 88,42 *X! 

With a wheel with diameter Dw 0,3 m, there are only 88,42 rpm needed. Where the 
motor has 2000 rpm. 

� = #$# = 2000 *X!88,42 *X! = 22,62 

Therefore, a reduction of 22,62 is needed. This reduction is not a standard number. 
The closest gearbox ratios are 20 and 25 (Figure 37)  
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Figure 37: Gear ratios ATO worm gearbox 

Gear ratio 20 will be chosen so the AGV speed of 1,39 m/s will be reached. The 100 
rpm output speed will give the vehicle a speed v of 1,57 m/s.  

Now the gearbox is picked, the efficiency used before must be reviewed (chapter 
4.1.2). The efficiency was set on 80%, this looks to be a good estimation. The 
efficiency is not given by the producent but there are plenty of producent which do 
provide it. With a reduction of 20, the value is between 78 and 82%. Also an 
independent research of Ghent University shows that the actual efficiency of worm 
gearboxes in this range of ratio, are close to the given efficiency [32]. Therefore, the 
calculation is accurate. 

 

Figure 38: Efficiency worm gearbox [33] 

5.1.6 Torque 

The torque of the motor depends on the situation of the AGV, accelerating on a sandy 
slope will require much more torque than driving at a constant speed on a flat concrete 
surface. The heavy-duty situations can make the motor go above its rated torque. But 
this situation may not be constant, due to overheating. Therefore, the RMS torque is 
calculated.  

-�.' = Y-²[ ∗ ,[ + -\\ ∗ ,\ + -²� ∗ ,�,�
��]  

This formula considers not only the varying amounts of torque that are needed during 
operation, but also the amount of time for which each toque must be produced. The 
TRMS value is the torque that, if produced continuously, will have the same amount of 
motor heating as all the different torque situations in its duty cycle. [34] 
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Because the cycle of the AGV is not known, there will be picked one which potentially 
could be a cycle for this AGV. 

 

Figure 39: Trajectory AGV 

The trajectory (Figure 39) goes as followed: 

- 50 m driving on a flat sandy surface, loaded. 
- 10 m driving on a sandy slope (20°), loaded 
- 10 m driving on a flat sandy surface, loaded 
- 30 s stand still, unloading 
- 10 m driving on a flat sandy surface, empty 
- 10 m driving on a sandy downhill slope (20°), empty 
- 50 m driving on a flat sandy surface, empty 
- 30 s stand still, loading 

Next to the trajectory, the speed of the AGV in function of the time is important. Hereby 
the acceleration and constant speed is visible.  

/ = F,  �#^ � = /,  

With these standard formulas for linear motion, the v-t diagram (Figure 40) is created. 

 

Figure 40: v-t diagram motor cycle 
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The numbers on the graphic are points in the cycle where the situation changes. In 
Table 14 the situations and the associated duration and velocity is stated.  

Table 14: Cycle situations v-t 

Period Situation (on a sand surface) Duration (s) Time cum. (s) Velocity (m/s) 

    0 start cycle 0 0 0 

0 - 1 acceleration, loaded 2,24 2,24 0 - 1,57 

1 - 2 constant speed, loaded 29,55 31,79 1,57 

2 - 3 uphill slope, constant speed 6,37 38,16 1,57 

3 - 4 constant speed loaded 6,37 44,53 1,57 

4 - 5 deceleration 2,24 46,77 1,57 - 0 

5 - 6 stand still 30,00 76,77 0 

6 - 7 acceleration, flat, empty 2,24 79,01 0 - 1,57 

7 - 8 constant speed flat, empty 4,13 83,14 1,57 

8 - 9 constant speed downhill, empty 6,37 89,51 1,57 

9 - 10 constant speed flat, empty 29,55 119,06 1,57 

10 - 11 deceleration 2,24 121,30 0 

11 - 12 stand still 30,00 151,30 0 

 

The nominal torque of these situations are different, therefore these torques are all 
calculated (Table 15).  

Table 15: Nominal torque driving motor 

  Car tires on sand  

Nominal torque Formula Empty Loaded Unit 

Flat -�
$,� = 60 ∗ %_�2 ∗ Q ∗ #$ 1,22 4,27 Nm 

Slope -�
$,
 = 60 ∗ %_
2 ∗ Q ∗ #$ 2,54 8,88 Nm 

 
Now only the acceleration torque is needed for an empty or loaded vehicle.  

To get the moment of inertia J to calculate the dynamic torque, the law of conservation 
of energy is used. The rotational kinetic energy needs to be equal to the translational 
kinetic energy. In this formulas ω is used, this is the angular velocity. 

��
� = �����
 =>  12 ∗ � ∗ :\ =  12 ∗ ! ∗ /�² 

� = !′ ∗ /�²:²  

: = #9,55 = 100 *X!9,55 = 10,47 *�^F  

So, for the empty and loaded AGV the moment of inertia is respectively 1,13 kgm² and 
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3,93 kgm². Due to the reduction, the moment of inertia the motor needs to overcome 
is much smaller. In inertia calculations the ratio is quadrated. 

�∗ = ��\ ∗ 4 

At a gearbox efficiency of 90%, the inertia on the motor is 0,0035 kgm² for an empty 
vehicle and 0,012 kgm² for a loaded one. 

The angular acceleration α of the motor is the relation between the acceleration and 
the radius of the wheel r. 

3$ = �* ∗ � = 0,7 !F0,15 ! ∗ 20 = 93,33 *�^F²  

The acceleration torque of the motor is the product of the angular acceleration and the 
moment of inertia of the motor. 

-��� = 3$ ∗  �∗ 
Tacc for an empty AGV, 0,33 Nm and for a loaded, 1,15 Nm. 

So, for the RMS torque the torque for every situation needs to be calculated. For 
example, the first situation is accelerating on a flat sandy surface with a loaded AGV. 
This means a nominal torque of 4,27 Nm (found in Table 15) and an additional 
acceleration torque of 1,15 Nm. A total of 5,42 Nm. The torque for every situation is 
found in the next table. 

Table 16: total torque per situation 

 Situation (on sand surface) T (Nm) time (s) T²*t (Nm²s)  
acceleration, loaded 5,42 2,24 65,81  
constant speed flat, loaded 4,27 29,55 538,58  
uphill slope, constant speed 8,88 6,37 502,14  
constant speed flat, loaded 4,27 6,37 116,08  
deceleration -1,15 2,24 2,95  
stand still 0,00 30,00 0,00  
acceleration, flat, empty 1,55 2,24 5,37  
constant speed flat, empty 1,22 4,13 6,14  
constant speed downhill, empty 0,78 6,37 3,88  
constant speed flat, empty 1,22 29,55 43,97  
deceleration -0,33 2,24 0,24  
stand still 0,00 30,00 0,00  
Total   151,30 1285,15  

 
At last the TRMS is calculated by taking the square root of the total of the last column 
and dividing it by the total time. This results in a RMS torque of 2,91 Nm. This torque 
is lower than the rated torque of the motor (Figure 41, also found in attachment A.2). 
Which means that the motor will not overheat during this cycle, and this motor is 
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suitable for this application.  

 

Figure 41: Speed-Torque diagram, driving motor 

5.2 STEERING MOTOR 

The four driving wheels will all be able to steer independently. Therefore, there are 
also four steering motors needed which will need enough power to steer in difficult 
circumstances. In the previous calculations it was obtained that the loaded AGV 
driving on a sand surface is the most challenging situation for driving. Yet for steering, 
the static friction coefficient is the biggest parameter. Therefore, the steering will be 
calculated in the situation where the loaded AGV is on a concrete surface. 

5.2.1 Static friction resistance 

Turning the wheel will be opposed by the static friction resistance.  

�c = !H ∗ � ∗ M� = 175  � ∗ 9,81 !F\ ∗ 0,9 = 1545,08 d 

The needed torque to overcome this resistance force is calculated as followed: 

-c = �c ∗ ��2 = 1545,08 d ∗ 0,1 !2 = 77,25 d! 

Where bw is the width of the tire in meters.



50 

5.2.2 Static Power 

To steer, the wheels will be rotated around their z-axis’. The steering angle θ is 
displayed in Figure 42.   

 

Figure 42: Steering angle wheel, top view 

For this calculation an angle of 45° is used. This steering angle needs to be reached 
in one second. So, the average angular velocity ω will be: 

: = 5, = 0,79 *�^1 F = 0,79 *�^ Fe  

Now the needed static torque and the angular velocity are obtained, the static power 

can be calculated. 

%
 = : ∗ -c = 0,79 *�^ Fe ∗ 77,25 d! = 60,67 1 

5.2.3 Dynamic power 

Due to the small time in which the angular velocity is reached, the angular acceleration 
α will needed to be reached even faster. This time is set at 0,2 s. 

3 = :, = 0,79  *�^ Fe0,2 F = 3,93 *�^ F²e  

/� = : ∗ 	
�2 = 0,79 *�^ Fe ∗ 0,276 !2 = 0,11 !F  

Dsg is the outer diameter of the slewing gear, where the wheel turns around. This 
results in a tangential velocity vt of 0,11 m/s.  

The moment of inertia is calculated the same way as previously with the driving motor. 
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��
� = �����
 =>  12 ∗ � ∗ :\ =  12 ∗ !′ ∗ /�² 
� = !′ ∗ /�²:² = 175  � ∗ 0,11\ !F  

0,79\ *�^F = 3,33  �!² 

Now all parameters for the dynamic and acceleration power are figured out. The 
dynamic power is the product of the angular acceleration and the moment of inertia. 

%f = � ∗ 3 = 3,33  �!\ ∗ 3,93 *�^F\ = 13,09 1 

5.2.4 Motor choice 

The maximum needed power of the motor is the sum of the static and dynamic power. 

%$�( = %
 + %f = 60,67 1 + 13,087 1 = 73,76 1 

The transmission efficiency is the product of the efficiency of the slewing gear and the 
gear box. Both are set on 0,9 which makes the total efficiency 81% of 0,81.  

%� = %
4 = 43,34 10,81 = 74,91 1 

%�
� = %$�(4 = 52,69 10,81 = 91,06 1 

Again, the motors which are available at the department have not enough power. 
Therefore, there will be searched for other motors. Because it’s easy to buy all the 
motors at the same company, the catalogue of ATO will be checked again. The lowest 
power in the BLDC series is 100 W, which is ideal for this application.  

 

Figure 43: Specifications steering motor 
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5.2.5 Gear ratio 

The chosen motor has a nominal 3000 rpm, this can be converted to an angular 
velocity ωn in rad/s. 

3000 *X! = 3000 *X! ∗ 180Q  *�^!�# ∗ 160 = 314,14 *�^F  

The ratio is the factor between the motor’s angular velocity and the needed angular 
velocity on the wheel. 

� = :�: = 314,14 *�^F0,79 *�^F = 400 

This is the total ratio. Yet there is already a ratio due to the slewing gear. The slewing 
gear has 92 teeth the gear on the outer motor shaft has 19 teeth. This gives already a 
ratio isg of 4,84. Therefore, the needed gearbox ratio ig on the motor will not need to 
be 400. 

�� = ��
� = 4004,84 = 82,6 

 

Figure 44: Gear ratios steering motor 

The closest gearbox ratio available is 80 (Figure 44). This is acceptable. 

5.2.6 Torque 

The nominal needed torque of the motor can be calculated by dividing the nominal 
power by the nominal angular velocity. 

-� = %�:� = 74,91 1
314,14 *�^F = 0,24 d! 

The maximum torque occurs when accelerating (includes nominal torque), therefore 
the moment of inertia is calculated. 
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�∗ = ��\ ∗ 4 = 3,33  �!² 400\ ∗ 0,81 = 2,57 ∗ 10gh  �!² 

The gear ratio affects the angular acceleration of the motor.  

3$
�
� = 3 ∗ � = 3,93 *�^F\ ∗ 400 = 1570,68 *�^F²  

The acceleration torque of the motor is the product of the angular acceleration and the 
moment of inertia of the motor. 

-��� = 3$
�
� ∗  �∗ = 1570,68 *�^F\ ∗ 2,57 ∗ 10gh  �!\ = 0,040 d! 

-�
� = -� + -��� = 0,24 d! + 0,040 d! = 0,28 d! 

In Figure 43 is given that the nominal torque of the motor is 0,32 Nm, which is good 
enough. 

5.3 BATTERY CAPACITY 

Al the motors on the AGV will be provided from energy by a battery. Bearing in mind 
that the driving motor requires 48 V and the steering motor 24 V, there will be at least 
2 batteries needed. The capacity of a battery is expressed in Amps hour (Ah). This 
means that if a battery has a capacity of 10 Ah, the battery can provide energy for 1 
hour if the current is 10 A. 

) = � ∗ , 

To calculate the needed capacity Q, the same cycle as the calculation of the driving 
motor is used. The current I and time t per situation of the cycle are the main 
parameters that are needed. The duration of the situations is already known. The 
current can be found from the motor power. 

%�
$ = K ∗ ��
$ => ��
$ = %�
$K  

The nominal power differs at each situation. The values are previously calculated and 
can be found in Table 10. 

Another important value for comparing batteries is the stored energy. The SI unit of 
energy is J, which is Ws. For high power applications like this, the number of Joules 
would be too big of a number, therefore it is converted to kWh. Because the charge 
capacity of a battery doesn’t take the voltage in account, it can give a false implication. 
The batteries have a current limit due to overheating. So, a 10 Ah battery can most of 
the time not provide 10 A for 1 hour due to this limitation. This is where the energy 
comes in to play, because energy is power times time and takes the voltages in 
account.  

� = %�
$ ∗ , 
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In the table below the current, needed capacity and energy for each situation are 
calculated. 

Table 17: Battery capacity calculations 

MOTOR 

Distance 

(m) 

Time 

(s) Situation (all on sand) 

Power 

(W) 

Current 

(A) 

Capacity 

(Ah) 

Energy 

(kwh) 

Driving 50 31,85 Loaded, flat 894,14 18,63 0,16479 0,007910 

Steering   10,00   74,91 3,12 0,00867 0,000208 

Driving 10 6,37 Loaded, uphill sand slope 1859,60 38,74 0,06854 0,003290 

Steering   2,00   74,91 3,12 0,00173 0,000042 

Driving 10 6,37 Loaded, sand, flat 894,14 18,63 0,03296 0,001582 

Steering   4,00   74,91 3,12 0,00347 0,000083 

  0 30,00 Unload 0,00 0,00 0,00000 0,000000 

Driving 10 6,37 Empty, sand, flat 255,47 5,32 0,00942 0,000452 

Steering   4,00   30,00 1,25 0,00139 0,000033 

Driving 10 6,37 

Empty, downhill sand 

slope 200,00 4,17 0,00737 0,000354 

Steering   2,00   30,00 1,25 0,00069 0,000017 

Driving 50 31,85 Empty, sand flat 255,47 5,32 0,04708 0,002260 

Steering   10,00   30,00 1,25 0,00347 0,000083 

  0 30,00 Loading 0,00 0,00 0,00000 0,000000 

Total 

cycle time   149,17           

Total per 

cycle: 

Driving 140 89,17   4358,82 90,81 0,33 0,0158 

Total per 

cycle: 

steering   36,00   314,72 13,11 0,019 0,00047 

 
In every situation the calculation is divided by the driving motor and the steering motor. 
The time of steering is an assumption, when driving a distance of 50 m, the AGV will 
have set it direction quite well and will not have to steer constantly. But before 
unloading, the AGV will have to manoeuvre to the unloading spot. This will increase 
the time of needed steering. 

Now all parameters for 1 cycle are calculated, the calculation progresses to a full AGV 
working up to 8 hours a day. 8 hours a day are 28800 seconds. The total cycle takes 
149,17 s, which results in 193 cycles a day. The vehicle is four wheel drive, which 
makes that all calculations need to be multiplied by four. Also, the motor power, which 
is used in the calculations, is the mechanical output power. The motors have an 
efficiency of 85 %, which makes the electrical input higher. 

)�
��] = )ij� �k�]j,ij� �ljj] ∗ 193 �m�noF ∗ 4 pℎoonF ∗ 0,85 
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This results in: 

Table 18: Total capacity and energy required for batteries 

 Capacity (Ah) Energy (kwh) 

Total for driving 299,97 14,40 

Total for steering 17,65 0,42 

 

The battery for driving needs to have a capacity of 300 Ah to drive the AGV for a day 
(8 hours). The battery for the steering motor needs only 18 Ah. The driving battery 
needs a really high capacity, which on this voltage, not a lot of batteries have.  

48 V batteries are less common than 24 V or 12 V batteries for this amount of capacity. 
But 48 V are made more compact than two times 24 V batteries, this because there is 
only one casing and energy management system. Both options are looked into when 
choosing the right battery/batteries. 

The chosen battery for the driving motors is a Lithium-Ion battery 48V – 105Ah – 
5.38kWh from the company Powertech (attachment A.7).  This battery has only a third 
of the calculated capacity. So, if this cycle occurs, the battery will be needed to 
switched 2 times. Yet this calculation was made for a sand track with a steep hill. So 
probably in most applications the battery will not be as heavily loaded and will not be 
needed to charge as much. Also in the continuation of this project there should be 
looked into regenerative braking, which will recharge the battery during braking. Due 
to dimension restrictions a second parallel battery is not possible.  

For the battery which will provide energy for the steering, there will be searched for a 
bigger capacity than 15 Ah. This because the drives, PLC and sensors also will be 
connected to this battery. Therefore the Lithium-Ion Battery 24V – 50Ah – 1.28kWh – 
PowerBrick+ from the same company Powertech is chosen (attachment A.8). 

5.4 SUSPENSION 

The objective of a suspension is to make the ride as comfortable and as efficient as 
possible. Yet these two parameters conflict with each other. Finding the right 
suspension is all about compromising [27]. The AGV has different operation field, it 
will need to ride as good as possible in all the different situations.  

A vehicle’s suspension can be simplified to tree main parts. The mass of the vehicle, 
the suspension itself and the unsprung mass (Figure 45).  
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Figure 45: Schematic diagram of a vehicle’s suspension [27] 

The mass of the vehicle is the total mass which will be damped from the vibrations. 
The suspension consists out of two parts: a compression spring and a damper. 
Beneath the suspension there is still a mass which will not be damped from vibrations, 
this is called the unsprung mass. 

The AGV has a mass of 650 kg, when loaded. This means that there is an unsprung 
mass of 50 kg. Calculating the stiffness and damping will be done per wheel. So, the 
mass per wheel is 162,5 kg. The preserved value of the deflection for a loaded AGV 
is 0,05m. 

When excluding the damper, the system’s equation of motion is as followed. With k 
being the stiffness of the spring and x the deflection of the mass out of the state of 
equilibrium.  

!2q +  2 = 0 

The solution of this equation, when solving to x, is: 

2B,C = r ∗ cos B:�, − sC 

This gives a harmonic sinusoidally equation where the amplitude X and the phase 
angle θ are integral constants. And where the natural oscillation ω0 is found as 
followed.  

:� = Y  ! 

The natural frequency f0 follows from: 

�� = tu\v => �� = [\v ∗ w x$ 
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Hooke’s law states that the displacement of the spring is linearly proportional to the 
applied force.  

� = − 2 => 
x$ = �( 

Last two equations can be put together so the natural frequency is written in function 
of the displacement. The displacement x will from this point on be written as y
� because this is the static displacement.  

�� = 0,5
zy
� = 0,5z0,05 ! = 2,24 {| 

The natural frequency for the AGV with a static displacement of 0,05m is 2,24 Hz. By 
manipulating the formula for natural frequency, the stiffness of the spring can be found. 
The suspension on each wheel contains 2 shock absorbers which stand parallel of 
each other. Therefore, the spring stiffness will be divided by two.  

 = B2 ∗ Q ∗ ��C\ ∗ !2 = B2 ∗ Q ∗ 2,24 {|C\ ∗ 162,5  �2 = 16038,11 d! 

When implementing a damping in the system, the system’s equation changes.  

 2 + �2q + !2} = 0 

Where c is the damping coefficient in 
~
$ .  

When solving the system’s equation, there are again some parameters found. The 
natural oscillation ω0 stays the same as found before. A new term is the critical 

damping coefficient �� also in 
~
$ .  

�� = 2 ∗ √ ∗ ! = 2 ∗ Y32076,21 d! ∗ 162,5  � = 4566,13 dF!  

The ratio between the actual damping and the critical damping is called the damping 
ratio D. 

	 = ��� 

The behaviour of a system is in function of the damping ratio. There are 3 types of 
damping (Figure 46). 

- Overdamped D>1: After a disturbance of the system the mass return 
exponentially to the state of equilibrium after the disturbance is gone. 

- Critical damped D=1: The system will return to its original state exponentially 
but at the fastest way as possible after a disturbance of the state of equilibrium.  

- Underdamped D<1: The oscillation will decay exponential combined with an 
oscillatory portion.  
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Figure 46: Influence of different damping ratio’s [27] 

This is where the compromising kicks in. The choice of the right damping ratio is an 
estimated guess. There is not a ratio which is good for every situation. For the AGV 
there is a very big difference in weight between loaded and empty. The calculations 
until now are done with the loaded weight. This is because it is chosen that comfort 
during the loaded ride is prioritized.  

	 = �2 ∗ √ ∗ ! 

From the formula of the damping ratio there can be seen that the ratio increases if the 
mass decreases. So, imagen the calculation where made with an empty AGV, then 
the load would make the damping ratio decrease a lot. Which results in a very 
undamped system. This would mean a lot of oscillations and an unstable platform. 
Therefore, everything is calculated with load. The downside of this is the opposite, 
when driving empty, the damping will be high so there is a stiff suspension. But 
because of the lower weight, this is less important. 

The damping ratio of a regular car is mostly taken at 0,25 à 0,3 and for a sportscar 
around 1. This because traction is very important for a sportscar and for a regular can, 
comfort is prioritized [27]. For the AGV it’s important that all four wheels keep 
connected to the ground but also that load doesn’t bounce off the AGV. Therefore, a 
model of the AGV will be made in ABAQUS where the reaction of the AGV on different 
damping ratios can be monitored. Table 19 shows the different damping coefficients 
for different ratios. Because the suspension on each wheel contains two shock 
dampers, the damping coefficient is divided by two. 

Table 19: Damping coefficient for different damping ratios 

D  c (Ns/m) D  c (Ns/m) 

0,2 456,61 0,7 1598,15 

0,3 684,92 0,8 1826,45 

0,4 913,23 0,9 2054,76 

0,5 1141,53 1 2283,06 

0,6 1369,84   
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6  DYNAMIC SIMULATION 

With the dynamic simulation the answers to two questions are searched: Is the frame 
with ITEM-profiles strong enough to hold the load and endure the dynamic responses? 
And what is the best damping coefficient for the suspension? 

6.1 STRUCTURE STATIC MODEL 

The model is made in the Finite Elements Method (FEM) based programme Abaqus 
CAE. The goal in FEM is to get the most accurate result in the lowest possible time. 
This can be done by making simplifications to the model, unnecessary parts lead to 
additional calculation time.  

The frame of the vehicle is directly imported in an IGES structure from SolidWorks. In 
this way the frame can be made out of 2D-beam elements. These elements are ideal 
for elements: where the length is much greater than the width or depth, with constant 
cross-sectional properties, which must be able to transfer moments and which must 
be able to handle a load distributed across its length [35]. If a 3D-solid model was used, 
there would be result over the whole cross-section, which is certainly not necessary. 

But to get the right bending results, there still has to be added a cross-section of the 
profiles. Because the ITEM-profiles aren’t standard profiles, they have to be added in 
a different way. Abaqus has a feature ‘generalized profiles’ where you can add profiles 
by adding some parameters (Figure 47). The parameters of the ITEM-profile are found 
in the product sheet of the profile (attachment A.3). All parameters are put in SI-units.  

.  

Figure 47: Adding generalized profile in Abaqus 

Where: 

Area Cross-section 0,000467 m² 
I11 Area moment of inertia around x-axis 4,15E-08 m4 

I12 Product moment of area 0,41E-08 m4 
I22 Area moment of inertia around y-axis 4,15E-08 m4 
J Polar moment of area 8,3E-08 m4 
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E Young’s modulus 70E09 N/m² 
G Shear modulus 27E09 N/m² 7 Poisson ratio 0,33 [/] 
ρ Density 2710 kg/m² 

 
Stress is calculated in the elements, displacement in the nodes. But because a 
generalized profile is used, the program doesn’t know the geometry of the beam. This 
way it doesn’t know where to calculate the stress. Therefore calculation points need 
to be defined. The stress is always the biggest the furthest from the neutral line, this 
is why mostly the points on the edges of the profile are used. Yet, as seen on Figure 
48, these points don’t fall on the profile edge because of its geometry. But for the 
simulation still a corner point will be picked (red dot with coordinates 0,015;0,015). 

 

Figure 48: Cross-section of ITEM-profile with stress calculation points 

A ‘step’ is made in the model, this is the timestamp and sort of simulation where 
everything is put. First step is a static step from 1 second. After that the constraints 
and boundary conditions are put on the model. To simulate the connection plate of the 
suspension unit (see Figure 29), a constraint is used. The rotation centre of the wheel 
and slewing gear is used as a reference point (RP), each suspension unit has one 
(RP-1 to RP-4, Figure 49). The RP is constrained to the profiles where the connection 
plate actually is bolted to. In this way we simulate that the profiles are connected to 
the connection plate without actually having to simulate the plate. Next step is adding 
the suspension, this is done by connecting the RP’s to the ground with a spring and 
dashpot. The ground is here simulated as fixed RP’s (RP-5 to RP-8). For the simulation 
only one suspension per wheel is used. Therefore the damping ratio’s from Table 19 
in chapter 0 are doubled.  
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Figure 49: Model with constraints, spring and dashpot 

Thereafter the boundary conditions are added. The AGV has only 4 points of contact 
to the ground, the four wheels. These points (PR-5 to RP-8) can’t move up or down 
(z-direction). To keep the model static, the x and y direction are also set fixed. 

The weight of the frame and the extra components, like batteries, shielding plates, 
suspension unit (the undamped mass) is put as a concentrated force on the RP’s of 
the connection plate (RP-1 to RP-4). In this way the mass is divided equally over the 
bottom profiles of the frame. This load is -400N in the z-direction (160 kg unsprung 
mass). The spring stiffness and damping coefficient are calculated with a loaded 
vehicle, which mean the load also needs to be added. This is done by a line load all 
over the top profiles of the frame (Figure 50). The load is 500 kg ( 5000 N), and the 
length of all profiles on the top is 7 m. This results in a line load of 714,3 N.  

 

Figure 50: Load and boundary conditions 

The final part is meshing the frame. For the element type, B31: a 2-node linear beam 
in space, is chosen. Using Quadratic elements would be overkill for this application, 
where only the stress in the frame is needed. The size of the elements is set at 0,01 
m, which results in 1580 elements in total. 

With this set-up the model is just a static simulation where the stress in the frame can 
be simulated and the static displacement of the suspension. But the most important 
part of this modelling is making a dynamic model. Therefore some adaptions need to 
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be made. To see how the suspension react, a kind of situation needs to be created.  

Situation: 

- Vehicle drives over a bump of 0,05 m. 
- Load removed at the end. 

First an extra step needs to be made, an implicit dynamic step. This step will be 5 
seconds so everything can be monitored and the time increments are set on 0,005 s 
which will allow to get the values of quick oscillations.  

 

Figure 51: Sketch bump 

 In Figure 51 a sketch of the wheel with the bump is shown, dimensions are in mm. 
The time in which the wheel goes over the bump has to be known. The angle 
between the corner of the bump and where the wheel touches the ground allows this 
(α). 

3��nn ��*�no = no#�,ℎ �*� Fo�,O*��*��!�o*o#�o => 48,19°360° = n0,3 ∗ Q 

Which gives a length of 0,126 m for the arc of the sector. This distance has to be 
traveled to overcome the bump. With a speed of 1,57 m/s this will be done in 0,078 s. 
If the front wheels go over the bump, the back wheels will probably too. The wheels 
have a distance of 1,04 m between them, again with a speed of 1,57 m/s, results this 
in a time of 0,66 s between when the wheels hitting the bump.  

So, now the model has to be modified to this parameters. Instead of fully fixing the 
wheels, the z-axis will be set flexible in the boundary conditions. In Table 20 the time 
and displacement is shown. So the front wheels (RP-5 and RP-6) will starting to go up 
at 0,92 s in the dynamic step (this is 1,92 in total time, 1 s static added). 
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Table 20: Amplitudes wheels on bump 

Front wheels Back wheels 

Time 

(s)  

Displacement 

(m) 

Time 

(s) 

Displacement 

(m) 

0 0 0 0 

0,92 0 1,58 0 

1 0,05 1,66 0,05 

2,92 0,05 3,58 0,05 

3 0 3,66 0 

At last the load has to be removed. This can be done by modifying the line load in the 
dynamic step, again with using an amplitude. The load will be removed at 4,5 s in the 
dynamic step (5,5 s total time) and it is set to be done in 0,01 s. Which is very fast, but 
it will show even better the effect of the damping.  

For finding the right suspension every damping ratio from 0,1 to 1 will be run through. 
The damping coefficients for a one suspension per wheel are: 

Table 21: Damping coefficients for dynamic simulation 

D ce (Ns/m) D ce (Ns/m) 

0,1 456,613 0,6 2739,68 

0,2 913,2259 0,7 3196,29 

0,3 1369,839 0,8 3652,90 

0,4 1826,452 0,9 4109,52 

0,5 2283,065 1 4566,13 

6.2 RESULTS 

So the first objective is finding the maximum stress in the frame, to see if the 30x30 
ITEM-profiles are strong enough to hold the load in dynamic circumstances. The 
spring stiffness and damping coefficient are respectively set at: 32076,21 N/m and 
456,61 Ns/m (D=0,1). 
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Figure 52: Maximum stress in frame with D=0,1 

It is found that the maximum stress Von Mises (SVM) in the frame is 3,47E07 N/m², 
which is 34,7 N/mm². This happens at 4,01 s in the cycle, the moment that the front 
wheels hit the ground again after leaving the bump. The location of the maximum 
stress is in the middle of the lower profiles as seen in Figure 52. This makes sense 
because the outside of this profile is constrained by the connection plate and thus has 
very low stress. SVM is a multidimensional stress which is calculated by a combination 
of one dimensional normal and shear stresses. [36] If the SVM is lower than the yield 
strength, the material will not deform plastic.  The minimum yield strength of the 
profiles is 195 N/mm², but it is a dynamic load, a safety factor of four is used [37]. This 
means the stress in the profile may not exceed 48,88 N/mm² or 4.88E07 N/m.  

When applying all the loads, before any dynamic step, the maximum displacement of 
the frame is 51,96 mm (Figure 53). This maximum displacement is found on the middle 
top cross beams, here is the load the biggest and the unsupported length of the beam 
the longest. But this is not the deformation of the frame alone, the displacement of the 
spring is also included. The deformation of the spring is 50,44 mm (suspension was 
calculated at a displacement of 50 mm), this result is a maximum deformation of the 
frame of 1,52 mm.  
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Figure 53: Displacement frame in static step 

Next on the list is putting the stress and displacement on the same graph to see how 

they influence each other (Figure 54). The black line is the stress in the element where 

the maximum stress was measures (element 644), the displacement is measured in 

RP-2 (red line) and RP-4 (blue line). In this way the effect of only the spring is shown.  

 
Figure 54: Stress in frame and displacement from compression spring with D=0,1 

The first second is as stated before, just applying the load. The vehicle will get lower 

to -0,05 m and the stress will rise to 2,95E07 N/m². At 1,9 s the front wheels will hit the 
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bump and the wheels will start to go upwards, this give a small peak in the stress curve. 

The suspension will have a small amount of overshoot of 2,69 mm, detail in Figure 55, 

and it will take 0,22 s to get stabilized.    

  
Figure 55: Detail overshoot front suspension with D=0.1 

Next is the back wheels that hit the bump, the same will happen to the back wheels 
suspension. This doesn’t affect the stress curve of element 644 much because it is in 
a profile of the front side of the vehicle. At 3,9 s the front wheels of the vehicle have 
reached the end of the bump and will go down to the ground again. This is where the 
big oscillation and peak in the stress curve is seen. The peak is the maximum stress 
in the frame, as simulated in Figure 52. It takes 0,4 s until the stress is stabilized with 
the wheel back on the ground.  

At last at 5,5 s the load is removed, which makes the stress in the frame fall to only 
182 N/m². The release of load will let the coil spring expand and the frame of the 
vehicle will go up. Because of the very fast unload, the overshoot of the spring is bigger, 
2,05 mm. 

Next the different damping ratios are being applied to see which effect they have on 
the stress and the overshoot of the compression spring. In Figure 56 the stresses are 
plotted, the plot is zoomed in on where the peak stress is. With all the oscillations it is 
difficult to see what happens, but it is obvious that the peak stress for the highest 
damping ratio is higher than the peak stress of the lowest damping ratio. Even though 
the peak stress is higher, it still doesn’t exceed the maximum allowed stress.  
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Figure 56: Peak stress for different damping ratios 

To see the difference better, there is zoomed in to the centre of the oscillation, but only 
the stress for D=0,1, D=0,2,D=0,6 and D=1 are plotted (Figure 57). It can be concluded 
that a higher damping ratio results in a higher frequency of oscillation and amplitude.  

 

Figure 57: Detail oscillation with a few damping ratios 

The reaction of the compression springs differs also due to the different damping ratios 
(Figure 58). A higher damping ratio, damps the overshoot more, as expected. At a 
damping ratio of 0,1 a second overshoot is formed. This is something that will be tried 
to avoid, in Figure 59 the same can be concluded. Therefore a damping ratio of 0,2 or 
0,3 looks better. Higher ratios than this damp too much which will make the settling 
take too long and it creates bigger stress peaks as stated before.  



 

68 

 

Figure 58: Detail overshoot front wheels with different damping ratios 

 

Figure 59: Detail front wheels come down (left), detail unload (Right) 

So to conclude, the frame is strong enough for the dynamic circumstances and a 
damping ratio of 0,2 looks ideal. This makes that the damping is also not too stiff when 
the vehicle is not loaded.  
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7 SAFETY MEASURES 

In the chapter 2.3.4, there was an overview, based on EN 1525: 1997 and ANSI B45.5 
-2012, about which measures should be taken to have a safe AGV. In this chapter the 
implementation of these measures will be discussed. 

7.1 ACTIVE SAFETY DEVICES 

Before any devices are installed, any risks should be avoided before. Therefore some 
measures are made in the design of the AGV itself. The gears are shielded by plates 
so nobody can get stuck in between. Also the whole outside of the frame is shielded 
with plexiglass so everything in the frame can’t be touched of something could be stuck 
at.  

The braking on the driving wheels, which allows the vehicle to stop, is performed by 
electromagnetic brakes. They are designed that if the power supply of the motor is 
accidentally of intentionally cut off, the brakes automatically are put on.  

The safety laser scanner will be the main sensing device of the vehicle. Because the 
vehicle is omnidirectional, it should be protected on every side. Therefore four safety 
laser scanner will be used and not one safety bumper. The safety scanner should be 
placed so there is 360° of protection. A safety scanner has most of the time a scan 
angle of 275° [38]. In Figure 60 the positioning of the safety laser scanners is shown. 
The scan angle will be limited to 180° because activating an emergency stop because 
the wheels turn is by all means not wanted. These scanner have a safety zone of 3 to 
4 m and a warning zone up to 40m. The length of the safety and warning zone depends 
on the speed, underground and load of the vehicle. This means that for every 
application the zones needs to be defined in advance. In general safety scanners have 
a Performance level d (PLd, EN ISO 13849) and Safety Integrity Level 2 (SIL2, IEC 
61508). 

 

Figure 60: Positioning safety laser scanners, top view 
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There will be also four emergency stop buttons on the vehicle, they will be placed on 
the same positioning of the safety scanners, but a little higher which makes them better 
reachable. Because of this placement an emergency stop button can be reached from 
every side of the vehicle. 

On the drawer door an extra safety device is placed. This because when the vehicle 
is driving, in no circumstances the drawer should be opened. A non-contact safety 
switch is used (Figure 61), when the door is opened (when the vehicle is driving) the 
emergency safety procedure should be activated. This means that it has the same 
consequences as hitting an emergency stop button or an object in the safety zone.  

 

Figure 61: A non-contact safety switch from Pilz [39] 

7.2 PASSIVE SAFETY DEVICES 

As stated before, passive safety devices do not change the state of the vehicle, it are 
just warnings. For this prototype the passive safety devices are not installed/ placed. 
The goal of this prototype is to evaluate the working of the suspension and the 
navigation. These passive safety devices do not change anything in this. But for the 
completeness of this thesis, the elements that should be places when going on the 
market will be determined.  

Warning lights and warning sounds should be visible/hearable from all around the 
vehicle. Therefore the warning light should be placed above the vehicle.  

In indoor application warning sign should be placed around the path of the vehicle, so 
the pedestrians know they should watch out. Also loading places where the size of the 
gap less is than the safety clearance, and hazard zone should be marked, preferably 
on the floor  
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Figure 62: Hazard zone marked on the floor [40] 

7.3 EXCEPTION 

The exception that the safety braking cannot be expected to work as designed due to 
an instant change in the safety zone, can be a tricky element. Yet there can be a 
solution for people. If people would wear a RFID tag, the vehicle could sense the 
person’s presence by the tag and wouldn’t have to rely only on the laser scanner. 
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8 ELECTRICAL DIAGRAM 

In this chapter the general electrical circuit is described. The electrical part of the AGV 
is for the continuation of this project but is interesting to know what the build-up looks 
like. 

The AGV can be controlled wireless by an offboard controller, this can be for example 
a touchscreen panel. The controller will be connected through Wi-Fi from the WLAN 
access point that’s on the vehicle. When programming the vehicle, a laptop will be 
connected to the access point and the switch. The switch is able to connect network 
segments to one network and it can control which packet of information is send and 
received by which segment [41].  

The onboard controller is the brains of the vehicle. Directly on the controller connected 
are, an inclinometer/ IMU (Inertial Measurement Unit), the absolute encoders, warning 
siren and warning lights. On top the LiDAR scanner is also connected to the switch so 
it can send it’s information to the controller. The type of cables which are used for 
connection/communication depends on which connection type the controller has.   

At the bottom of the schematic the motor drives are drafted. They control the DC-
motors with speed and torque control. If sized correctly, a drive is able to control two 
motors. But if the programmer prefers one drive per motor, this is also possible. 

 

Figure 63: Electrical diagram 
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75 

9 PRICE ESTIMATION 

Price quotations are included in attachment B. Some prices are estimated because 
some parts are not chosen yet, like the safety laser scanners, control system etc. The 
estimation is made so there is an objective value to find funding for the project. The 
price is calculated in euros and Brazilian reais (Table 22).  

Conversion: dollar to euro: x0,85, euro to real: x6,6, dollar to real: x5,58 

Table 22: Price estimation 

Part Price per 
part Quantity Total price EURO REAIS 

Steering motor 
with gearbox 
and brake 

 $  660,21  4 
 $ 2.640,84   € 2.244,71   R$ 14.735,89  

Driving motor 
with gearbox 
and brake 

 $  856,53  4 
 $ 3.426,12   € 2.912,20   R$ 19.117,75  

ITEM products  € 632,87  1  € 632,87   € 632,87   R$ 4.176,94  

Slewing gear  $ 100,00  4  $ 400,00   € 340,00   R$ 2.232,00  

Drawer slider  € 135,61  2  € 271,22   € 271,22   R$ 1.790,05  

48 V battery  € 3.840,00  1  € 3.840,00   € 3.840,00   R$ 25.344,00  

24 V battery  € 1.260,00  1  € 1.260,00   € 1.260,00   R$ 8.316,00  

Cable carrier  € 16,80  2  € 33,60   € 33,60   R$ 221,76  

Encoder  € 419,00  4  € 1.676,00   € 1.676,00   R$ 11.061,60  
Compression 
spring  $ 42,77  8  $  342,16   € 290,84   R$ 1.919,52  

Wheel  € 49,00 4  € 196,00  € 196,00  R$ 1293,6  

Fasteners  € 400,00  1  € 400,00   € 400,00   R$ 2.640,00  
Aluminium 
sheets and 
solids  € 1.000,00  1  € 1.000,00   € 1.000,00   R$ 6.600,00  

Plastics  €  21,27  13,5  € 287,15   € 287,15   R$ 1.895,16  
Safety 
scanners  € 1.000,00  4  € 4.000,00   € 4.000,00   R$ 26.400,00  

Control system  € 500,00  1  € 500,00   € 500,00   R$ 3.300,00  

Total        € 13.697,44   R$ 89.109,52  
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10 CONCLUSIONS 

The objective of this thesis was to design a prototype of an autonomous guided vehicle 
which could work in indoor and outdoor environments and different surfaces types of 
floors. Current vehicles are usually for indoor of outdoor applications, not both, this is 
detrimental for its deployability.  

The start of the project was spent on searching information about already existing 
AGV’s: which components they have, what are the possibilities and which safety 
measures are needed? The literature review provided the answers and it is the solid 
base where the project is built on. Based on the literature review, different design 
concepts where evaluated. There a many solutions to one problem, and here these 
solutions where rated on different aspects. Next these concepts where made into an 
actual design. Although the concepts where rated, it was difficult to choose the right 
one. There are always negative points for a certain aspect, so it was all about 
compromise to choose the best solution as possible.  

The driving and steering motors where calculated on the toughest outdoor 
environment (sandy surface with a slope of 20°). Based on these calculations the 
BLDC motors where chosen and the batteries, which provide the motors from energy, 
were calculated. The main solution for overcoming the problems with the outdoor 
environment, is a suspension. This suspension consist of two compression springs 
and shock absorbers per wheel. The spring stiffness is calculated on the basis of a 
basic diagram of the vehicle.  

To see if the frame of the AGV is strong enough and to see how the suspension react 
to disturbance a dynamic model of the vehicle is made. The dynamic model is solved 
with finite element method in the program Abaqus and the disturbance is simulated by 
a bump of 0,5 m. Out of the simulations could be concluded that the frame was strong 
enough and a damping ratio of 0,2 is ideal for the loaded vehicle.  

At last the electrical diagram, safety measures and price estimation where made and 
described. These chapter give already some extra information and insight for the 
continuation project.  

The goal of this thesis is achieved, there is a design of a prototype which meets the 
initial parameters. Yet, there is still some work for the whole project to have a 
completely working AGV that is ready for the market. In continuations project(s) the 
prototype will needed to be build. Also the electrical part will be realized, this includes: 
controlling the motors, navigation, emergency safety procedure, battery management, 
etc. The calculations showed that a lot of energy is needed to power the motors, 
therefore it is advised that in the continuation project there will be looked into to 
regenerative breaking. With this process the battery can recharge during braking, it 
will allow the vehicle to drive more hours with the same battery. At last the vehicle will 
needed to be tested in different environments, including safety and navigation tests. If 
the tests are positive, a new AGV will be on the market. 
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A.1 

APPENDIX A – List of drawings 
 

Number Name Size Type 

  3D-assembly A3 3D-Assembly 

0.0 Assembly A0 Assembly 

0.1 Assembly A-A A0 Assembly 

0.2 Assembly B-B A0 Assembly 

  Suspension unit-3D A2 3D-Assembly 

1 Suspension unit-3D A0 Assembly 

1.1 Connection plate slewing gear A2 Part 

1.2 Anti-backlash gear A3 Assembly 

1.2.3 Inner gear A3 Part 

1.2.4 Outer gear A3 Part 

1.6 Anti-backlash gear - encoder A3 Assembly 

1.6.3 Inner gear - encoder A3 Part 

1.6.4 Outer gear - encoder A3 Part 

1.7 Lower flange slewing gear A3 Part 

1.9 Damper connection A3 Part 

1.10 Upper flange slewing gear A3 Part 

1.14 Motor attach plate A3 Part 

1.18 Secondary L A3 Part 

1.30 Main L A3 Part 

1.31 Pin connection A3 Part 

1.38 Wheel flange A3 Part 

1.39 Big washer A3 Part 

1.45 End cap driving motor A3 Part 

1.47 Driving motor axle A3 Part 

2 Shielding plate - left A3 Part 

3 Frame A2 Assembly 

4 Side plexi plate A3 Part 

6 Shielding plate  A3 Part 

7 Shielding plate center A2 Part 

9 Top plate A3 Part 

14 Short plexi plate A3 Part 

22 Connection cable carrier A2 Part 

24 Drawer door A2 Part 

31 Door connector A2 Part 

28 Slider support A2 Part 

39 Drawer support A3 Part 

41 Extra plate A3 Part 

43 Drawer bottom A2 Welding assembly 

43a Bottom plate A2 Part 

43b Corner battery A3 Part 

45 Moveable corner battery A3 Part 

48 Long plexi plate A3 Part 



 

A.2 

ATTACHMENT A – Datasheets 

ATTACHMENT A.1 – IMOBRAS BRUSHED DC-MOTOR 

  

 

ATTACHMENT A.2 – STEERING MOTOR WITH GEARBOX 
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A.4 

ATTACHMENT A.3 – Driving motor with gearbox 
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ATTACHMENT A.4 – item profiles  

 

 

 

 

  



 

A.6 

ATTACHMENT A.5 – Slewing gear 

 

 

  



 

A.7 

ATTACHMENT A.6 – Drawer slider 

 

 

 



 

A.8 

ATTACHMENT A.7 – 48 V battery 

 

  

 



 

A.9 

ATTACHMENT A.8 – 24 V battery 

 

  

 



 

A.10 

ATTACHMENT A.9 – Cable carrier 

 

 

 

  



 

A.11 

ATTACHMENT A.10 – Encoder 

 

  

   

 

 

 



 

A.12 

ATTTACHMENT A.11 – Damper 

 

  

 

 

 

 

  



 

A.13 

ATTACHMENT A.12 – WHEEL 

 

 

  



 

A.14 

ATTACHMENT B – Prices 

ATTACHMENT B.1 – Steering motor 

 

 

ATTACHMENT B.2 – Driving motor 

 

 

 

 

 



 

A.15 

ATTACHMENT B.3 – ITEM products 

 



 

A.16 

ATTACHMENT B.4 – Slewing gear 

 

ATTACHMENT B.5 – Drawer slider 

 

 



 

A.17 

ATTACHMENT B.6 – 48 V Battery 

 

ATTACHMENT B.7 – 24 V Battery 

 

 



 

A.18 

ATTACHMENT B.8 – Cable carrier 

 

ATTACHMENT B.9 – Encoder 

 

ATTACHMENT B.9 – COMPRESSION SPRING 

 

 



 

A.19 

ATTACHMENT B.10 – Wheel 

 


