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Abstract 

The work environment of a mobile crane is hazardous where accidents can cause serious injuries or death for 

workers and non-workers. Therefore, the risk for these accidents should be avoided when possible. One way to 

avoid the potential accidents is to use mobile crane simulations instead, which removes the risk. Because of this, 

simulations have been developed to train operators and plan future operations. Mobile crane simulations can also 

be used to perform research related to mobile cranes, but for the result to be applicable to real-world settings the 

simulation has to be realistic enough. Therefore, this thesis evaluated an aspect of realism which is the lifting 

capacity of a mobile crane. This was done by having an artificial neural network train on values from load charts 

of a real crane, that was then used to predict the lifting capacities based on the boom length and the load radius of 

the virtual crane. An experiment was conducted in the simulation that collected the predicted lifting capacities 

which was then compared to the lifting capacities in the load charts of a real crane. The results showed that the 

lifting capacities could be predicted with little to no deviation except for in a few cases. When conducting the 

experiment, it was found that the virtual mobile crane could not reach all load radiuses documented in the real load 

charts. The predicted lifting capacities are concluded to be realistic enough for crane-related research, but should 

be refined if the lifting capacity plays a key role in the research. Future works such as improving and generalizing 

the artificial network, and performing the evaluation with user tests are prompted.
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1. Introduction 

In several industries, heavy vehicles are used to perform specific tasks to improve productivity. A heavy vehicle 

is typically a vehicle that weighs several tonnes and is designed to perform a specific task. Examples of heavy 

vehicles are excavators, freight trucks, tractors and mobile cranes. This thesis will focus on the latter, mobile 

cranes, which are specifically used for lifting. Operating mobile cranes, and other heavy vehicles, can be a 

hazardous task. The operator always needs to be aware of one’s surroundings and the limitations of the vehicle. 

Therefore, it is important for the operator to be well trained and able to prevent possible accidents. Simulations 

have been developed for different purposes, such as training new operators and planning operations, in order to 

avoid the risk of potential accidents that comes when operating real cranes. For the experience gained from crane 

simulations to be useful in real-world settings, it is important that the virtual cranes behave as the real cranes 

would. This has prompted research that investigates the realism of simulations, with motivations that realistic 

simulations can serve the predefined purposes. Realism comes in a more than one aspect and previous works 

typically focused on one of them. Some of the mentioned works in this thesis focused on depth perception [1], 

realistic setups [2] and making virtual reality simulations that achieve some level of realism [3], [4], [5]. There is 

also research that focused on the physics of the crane [6], as the physics is one aspect that influenced how realistic 

the virtual crane behaved.  

 

In this thesis, the lifting capacity which is an aspect of realism was evaluated within a simulation. The simulation 

used was an already working simulation, which was obtained from the Unity asset store [7]. The simulation was 

used because it provided the functionality to operate a mobile crane in an environment using mouse and keyboard, 

which was needed for this thesis, and creating one from scratch would only increase the necessary work. The 

evaluation was about the behaviour of the different lifting capacities of a crane, which changes based on the boom 

length and load radius parameters. This is the aspect of realism that was specifically investigated in this study 

because different cranes can lift different amount of weights. Therefore, having a virtual crane that can lift objects 

of 500 tonnes in the simulation when the real counterpart can only lift objects up to 100 tonnes breaks the realism. 

Having the virtual crane to behave in a similar way as the real crane is required to implement a certain level of 

realism in the simulation. It is important for the virtual crane to have some realistic aspects to it, since it can be 

used for research that investigates new features and technologies for real cranes. Therefore, the experience 

obtained from the simulation becomes more applicable to the real world. 

 

The evaluation was done by conducting an experiment within the simulation, as the simulation allows the change 

of specific variables while keeping others the same. However, for the experiment to be done, the simulation needed 

to be modified first. The experiment included measuring the lifting capacities of the crane in specific states, which 

was done by using an artificial neural network (ANN) to predict the current lifting capacity in real-time. To 

evaluate the prediction from the ANN, the measured data was then compared to a load chart of a real crane. This 

gave indications on how realistic the lifting capacity values are and made it possible to determine the realism of 

the lifting capacity aspect in the simulation. Four modifications had to be implemented in order to perform the 

experiment: (1) establishing a standard measurement in meters within the simulation, (2) predicting the lifting 

capacities with an ANN, (3) visual representation of the lifting capacity parameters and (4) a logging feature to 

record the lifting capacity. With these modifications, the simulation could generate, display and save the data from 

the experiment.  
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2. Background 

This section contains relevant knowledge to the thesis and explains what a mobile crane is and what it is used for. 

Load charts are also explained to get a better understanding of what its purpose is and how to read it. A subsection 

on Unity is also relevant since the simulation used for this thesis was made in Unity. Lastly, a brief high-level 

description of ANNs to give the reader an idea what an ANN is and what it can be used for. 

 

2.1. Mobile cranes 

To explain a mobile crane, it is suitable to first briefly explain what a crane is. A crane is a type of heavy equipment 

that can be used to lift heavy objects and move them from one place to another. It is used in the transportation 

industry to load and unload cargo, in the construction industry to help in constructing buildings, bridges and more. 

Cranes come in different sizes depending on the task that needs to be performed, from bigger cranes, that are fixed 

and take a lot of time to assemble, to smaller more mobile cranes, that are easier to move around. An example of 

how different two cranes can look, see Figure 1 and Figure 2. 

 

 
Figure 1. A carry deck crane using its movability to load and 

move materials on job sites [8]. 

 
Figure 2. A tower crane which is useful when building large 

structures due to its height and lifting capabilities [8].

 

2.1.1. Crane terminology 

Below is the terminology used in the thesis, which was derived from BC Crane Safety’s crane glossary [9]. 

• Boom – A boom is the part of the crane that extends to give the crane the ability to lift a load over an 

area. 

• Boom Length – The length of the boom, measured from the Boom Hinge Pin to Main Boom Tip Sheave 

(See Figure 3). 

• Boom Angle - The angle above or below horizontal of the longitudinal axis of the boom. 

• Extension - Sections of the boom which come in various lengths and are used to increase the overall 

length of the basic boom. 

• Hoist - The part of the crane that lifts or lowers the boom. 

• Lifting Capacity – The maximum weight the crane can lift for any given load radius and boom angle 

under specified operating conditions and machine configurations. 

• Load Radius - The horizontal distance from the centreline of rotation of the crane’s upper part to the 

centre of gravity of the suspended load. 

• Carrier - The portion of the crane located below the turntable bearing. 

• Counterweight - Weight used to supplement the weight of the crane in providing stability for lifting 

loads. 

• Outrigger - An extendable supporting device used to level the crane and increase stability. 
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2.1.2. The parts of a mobile crane 

There are different types of mobile cranes, however, the one relevant for this thesis is the truck-mounted mobile 

crane as shown in Figure 3. The truck-mounted crane is split up into two main parts, the lower part (the carrier) is 

the truck part, while the upper part (the lifting component) is the crane part. The carrier looks like a truck and is 

used to transport the mobile crane. The lifting component is on top of the carrier and can be operated from a cabin 

attached to it. The lifting component can also, like in many other cranes, rotate, extend its boom and adjust the 

boom angle. In some mobile cranes, the cabin can also be moved to get a better view when operating the crane.  

 

 
Figure 3. Truck-mounted telescopic mobile crane with highlights on different parts [10]. 

 

A mobile crane with its parts highlighted can be seen in Figure 3, which might be easier to understand than 

descriptive text. The words with bold text in this section refer to a part in the figure. Starting from the bottom of 

the figure, the outriggers are used to increase the stability of the crane. The outriggers lift the crane above the 

ground so that it stands on them instead of the tires, and thus giving the crane a more solid and stable area to 

distribute the crane's load on. They are also used to level the crane when operating on uneven ground. The 

outriggers are attached to the carrier and, as already stated, the carrier enables the crane to be mobilized. 

 

The rest of the parts in Figure 3 can be considered as the lifting component. It has the operators cab attached to 

it, which is where the crane is operated from. The lifting component also has a counterweight that provides 

stability when lifting by acting as a supplement to the crane’s weight. It serves as the counterbalance to the lifting 

weight, and thus preventing the crane from tipping over. Not explicitly labelled in Figure 3 is the boom that is the 

arm used to lift objects, which itself has several parts from the boom hinge pin at its bottom to the main boom 

tip sheave at its top. The boom hoist is used to lift the base of the boom in a controlled manner. The boom can 

extend several telescopic sections. The number of sections that can be extended varies based on the crane. For 

example, the crane shown in Figure 3 can extend up to five sections. By having the ability to extend, it can reach 

objects that would otherwise be out of reach with just the base of the boom. Hanging down from the top of the 

boom is the load block, where objects are attached to before lifting them and this is where all the lifting weight 

will be. 

 

2.1.3. Load chart 

To see how much weight a crane can lift in tonnes, one can look at the load chart for the specific crane that will 

be used. The load chart will show the lifting capacity of the crane depending on the boom length and the load 

radius. The lifting capacity decreases whenever the boom length or load radius are increased, and vice versa. The 

properties of the specific crane are also considered, such as the weight of the counterweight. Load charts are 

documented with a diagram or with a table. See Figure 4 for a table version and see Figure 5 for a diagram version. 
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In the table version, the load radius can be seen in the rows. However, in the diagram version, the load radius can 

be read from the X-axis while the vertical distance can be read from the Y-axis. To see the lifting capacities in the 

table version, one must look at the columns for a specific boom length then read the value from the corresponding 

cell. This information is mixed in the diagram version, where the values of boom length and the lifting capacity 

can be found by looking at the corresponding line in the diagram. 

 

 
Figure 4. A table-version load chart that shows the crane's lifting capacities in different states. The columns indicate how long the 

boom is extended while the rows show how far the lifted object is from the centre of the crane. The lifting capacity is measured in 

tonnes [11]. 
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Figure 5. The diagram that shows the crane’s lifting capacities in different states. The X and Y-axes respectively show the horizontal 

and the vertical distance to the hook from the centre of the crane. The lines show how long the boom is extended and the values on the 

lines show the lifting capacities, measured in tonnes [11]. 

 

2.1.4. Work environment 

The environment, where mobile cranes are used, varies depending on the job. It can be at locations with a small 

number of obstacles, and at locations with a lot of obstacles that pose risks for collisions, for example, operating 

a crane in a city. Regardless of the work environment, a collision with any object could be fatal and such risks 

should be avoided. Additionally, there are other accidents that can happen, such as the crane tipping over due to 

exceeding its lifting capacity or not having a stable ground underneath it [12]. These kinds of accidents have 

happened before and can lead to civilians and operators being injured or killed due to the heavy weights involved 

in crane operations [13]. It is due to these risks and the outcomes of the accidents that the crane’s work environment 

is considered hazardous. Because of this, it is a topic in research to try to minimize the risks by using simulations 

when possible. For example, simulations can be used to train operators [3], [4], [5]. 

 

 

2.2. Unity game engine 

The Unity game engine is relevant for this thesis due to the simulation used being developed in it. This subsection 

gives a brief overview what Unity is and why it could be used for this purpose. Unity is a multi-platform game 

engine that is used to create computer games, but more generally it can be used as a graphics engine due to its 2D 

and 3D graphics capabilities. It also has features for developing virtual and augmented reality applications. Due 
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to the capabilities of Unity, it is not unusual to see it being used as a tool for research purposes as well, for example 

visualization [14] or simulation [15].  

 

Being a game engine, it provides a toolbox for manipulating the logic of the graphics. This is done by working 

within a scene with the help of the editor that Unity provides. A scene is where the user interface (UI) elements, 

objects, environments and other decorations can be placed. A new Unity project will contain a scene with only a 

directional light and a camera. After some development, the scene might turn into a level of a game. Unity also 

offers tools for managing networks, physics, scripting, animation, audio and more. Sections 2.2.1 to 2.2.3 below 

describes some parts of Unity. As it is a complex engine with many features, the parts explained are done so 

briefly. The contents below are derived from the official Unity documentation [16]. 

 

2.2.1. Unity game objects 

The most fundamental object within Unity is the GameObject. While they cannot do much by themselves, 

attaching components to them will add functionality. A GameObject will at least contain a Transform component 

which represents the object’s position and orientation. The Unity editor provides pre-constructed GameObjects 

such as primitive shapes and cameras where the components has already been added. The components attached to 

a GameObject can be modified through the editor, but also through scripting.  

 

2.2.2. Scripting 

In Unity, the scripts are written in C# and are components that need to be attached to a GameObject to have any 

effect. The script is merely a blueprint if it is not attached to a GameObject, but when the script has been attached, 

the code will take effect when the scene is played. Scripts can be used to modify components and GameObjects 

during runtime, respond to user input and trigger events. Using scripts, we can also create new components if the 

built-in components are not enough.  

 

For a script to work, it needs to connect to the internal workings of Unity. This is done by setting newly created 

classes (scripts) to inherit the MonoBehaviour class. This does not conflict with the regular inheritance that 

might be done in C#, since hierarchies between created classes can still be done as long as the parent inherits 
MonoBehaviour. The inheritance of MonoBehaviour is done automatically when creating a script from the 

editor and it must be changed if one intends to inherit from any other class, due to C# class inheritance being 

limited to one. Additionally, when creating a new script, there will be two empty methods within the class, Start 

and Update. These two methods are called from Unity itself. The Start method is called once when the scene 

starts, it is therefore a good method to do initializations. The Update method is called once every frame and is 

suitable to use when something needs to be updated constantly. Start and Update are just two of many methods 

available for use. Other methods can be used if the code needs to be executed in a certain order with input, 

animations, collision methods, etc.  

 

2.2.3. Manipulating physics 

The Rigidbody component is a necessary component for a GameObject to be affected by the physics in Unity. 

Adding a Rigidbody gives the GameObject a virtual mass which enables it to be affected by the gravity in the 

scene. By changing the values on the Rigidbody, the behaviour of the GameObject can be manipulated. For 

example, increasing its mass makes it heavier and decreasing its drag reduces its air resistance. A GameObject 

with the Rigidbody component can also be toggled as kinematic, preventing it to be affected by physics but can 

still be manipulated through matrix transformations and interact with other GameObjects. To manipulate the 

transform of a GameObject through physics, force can be added to move it, and torque can be added to rotate it 

around its own axis. Additional GameObjects can have different materials with different properties, which can 

affect how bouncy it is, how much friction it has, etc. 

 

In Unity, the physics properties of GameObjects can be managed without scripting, using the Unity editor. 

However, scripting can be used to manipulate them during play, which is needed to be able to interact with them 

with user input. As an example, if we want to move a GameObject forward, force can be applied in a certain 

direction which is nice to have if there is a vehicle that needs to be able to move. Through scripting, GameObjects 

can be programmed to be controlled as vehicles. What type of vehicle depends on which force that is being applied, 

but one could apply forces to simulate driving a car. The library of Unity makes it more trivial by having methods 

such as AddForce and AddTorque, where how much force and which direction can be specified. 
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When two GameObjects have Rigidbody components attached to them, a joint component can be attached to 

connect the two GameObjects. The most basic joint is the Fixed Joint component which attaches the GameObjects 

to each other in a way that makes them they follow the movements and rotations of each other. If one of them 

moves 5 units to the right, the other one will move as well. If any of them is unable to move 5 units, then none of 

them will move. There are several different joints to use in Unity, for example, the Spring Joint component that 

acts like an elastic material and lets the distance between the GameObjects to stretch slightly. Another example is 

the Hinge Joint component that allows the rotation on a specific axis, such as a door that rotates on its hinge. The 

most customizable joint is the Configurable Joint component, which can be configured to be used for different 

purposes and situations. 

 

2.3. Artificial neural networks 

An ANN can be described as a computational model inspired from the network of neurons in the human brain [17] 

and has found its use in a lot of real-world problems [18]. The model is made up of artificial neurons called nodes 

and artificial synapses called weights. The nodes are typically grouped into different layers: an input layer, an 

output layer, and an arbitrary number of hidden layers between them. The number of nodes within each hidden 

layer is arbitrary, but the nodes in the input and output layer are bound to the problem at hand. Each node in the 

input layer represents a parameter and increasing the number of parameters means adding more input nodes. The 

number of output nodes depends on what kind of answer is expected. For example, to classify items into three 

classes would require 3 output nodes, where each node represents a class. The weights connect the nodes between 

different layers to each other and the number of weights is therefore determined by the number of nodes. While 

complicated problems require more complex network structures, a simple structure can be seen in Figure 6 below.  

 

 
Figure 6. Simple structure of an artificial neural network. 

 

Figure 6 shows that the input is forwarded in the network through its layers. In this process, calculations are done 

with the inputs and the weights in order to have an output at the output layer. In this calculation, activation 

functions are included to determine how active a node is and how much that node will contribute to the output of 

the network. There are a lot of different activation functions to use nowadays, two text-book examples that can 

show how they generally work in ANNs are the Step function [19, pp. 86-88] and the Sigmoid function [19, pp 

95-97]. The Step function (Figure 7) will decide if a certain node is activated or not, depending on if its value is 

above a certain threshold. Nodes with a value under the threshold will not be activated and not have their value 

forwarded in the network any further, and therefore do not contribute to the output. The Sigmoid function (Figure 

8) is different in the sense that it does not determine if a node should be active or not but rather how active it should 

be. Values will be scaled to a number between 1 and 0, where a value closer to 1 represents a very active node and 

a value closer to 0 represents a barely active node. As mentioned previously, other activation functions exist but 

they often work similarly in a way that they determine if certain nodes should be activated or not and how active 

they should be. After the output has been calculated, it can be used to calculate the error, how far from the target 

the output is, in order to properly update the weights of the network. This is how the ANN learns and gets more 

accurate in its results over time. 
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Figure 7. Graph of the Step function where the threshold 

between activated or not is 0. 

 
Figure 8. Graph of the Sigmoid function which has a smooth 

transition between 0 and 1. 

 

2.3.1. The usage of ANN 

ANNs as computational models can be applied to a lot of different problems [18]. This short section briefly lists 

some cases where ANNs have been applied to solve a problem, to give the reader an idea on what ANNs can be 

used for. More information on the use cases can be found in the individual references or go to [18] for a collection 

of use cases. 

• In software development, effort is a measure to estimate how much work needs to be put into a specific 

task. This is considered a non-trivial process where an ANN can be applied to estimate the effort needed 

for tasks [20]. 

• Bank failures are a threat to the economic system and in order to prevent or lessen the negative effects, 

an ANN was used to predict bank failures by classifying banks as healthy or non-healthy [21].   

• Kidney transplantation is a surgery that patients with kidney failures can choose. An ANN was used to 

determine the chance of survival for the patients, within 5 years after a transplantation [22].  

• ANNs can be used to recognize written characters. In this case an ANN was used to recognize Gurmukhi 

characters which are used in Punjab, India [23]. 
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3. Related work 

In this section, previous work related to using crane simulations for research purposes will be mentioned and 

compared to. There is no shortage of research using simulations, and for crane simulations, it is more common to 

use them for research regarding planning crane operations or training operators. They vary in which methods used 

to develop the simulation, which details they choose to focus on and which type of crane their research is applied 

on. However, a common focus is the realism which can be approached in different ways. Additionally, a common 

motivation for cranes-related research is the safety aspect, due to the work environments of cranes being hazardous 

and vulnerable to accidents. Kan et al. [24] developed a crane simulation in Unity game engine to plan future 

operations after reviewing previous accident reports. The simulation applied certain restrictions on the virtual 

crane, for example, the operator could not lift an excessive object or operate from an unsafe distance to surrounding 

objects in order to avoid collisions. 

 

Developing and using crane simulations for research purposes has been a topic for over two decades. A research 

from 2003 aimed to create a realistic a mobile crane simulator by using a cluster of seven computers [2]. These 

computers were used as modules and were locally connected to each other to provide the simulation. The modules 

created the realistic setup that can be seen in Figure 9, which had the panels and controls that could be expected 

to be found in a real crane. It also had a motion platform to rotate and shift the operator for increased immersion. 

The user evaluations performed with the simulator indicated that the visual aspects were unrealistic due to the 

scene's colours, and there were problems with depth perception which made users unable to accurately operate the 

mobile crane. While the research focused on communication between the physical modules, the tests showed 

important factors when aiming for realism. 

 

 
Figure 9. The simulation setup used for the research in [2]. 

Another crane simulation was developed by Chi and Kang [6] to evaluate if a simulation of two cranes working 

cooperatively could be done with reasonable performance. The simulation could be used to accurately plan 

scenarios in order to find problems that might arise before physically commencing an operation. The experiment 

was focusing on the physics of the cranes, instead of focusing on a realistic physical setup. The physics were split 

up into two parts with the cabin and the boom being kinematic, objects without mass and force and are directly 

manipulated by transformations matrices. The cable and the hook were dynamic rigid bodies that are affected by 

mass and force. This approach made it possible to simulate physical behaviours, object collisions, cable sway, etc. 

The result suggested that the simulation of two cranes could be done with good performance. However, it did not 

evaluate the realism of the simulation in any aspect, but implied that the physics was realistic enough. 

 

The research conducted by Gau and Huang [2] showed that depth perception is important regarding the realism of 

the simulation, which [1] focused on. It improved the efficiency of a crane simulation used to train operators by 

using stereoscopic view, where individual images are generated for each eye, and kinaesthetic vision, simulating 

the operators head movements. It also improved the realism of the simulation and reduced the difference between 

operating a virtual crane and a real crane by providing a realistic and intuitive behaviour of the depth perception. 

The setup that was used for the simulation can be seen in Figure 10. The physics used were based on the physics 

in [6].  
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Figure 10. The simulation setup used in [1] with stereoscopic view and kinaesthetic vision [1]. 

To further improve realism, the use of virtual reality simulations has also been investigated due to the immersion 

that they can provide. One such simulation is developed by Fang et al. [3] that focused on the environment around 

a crane. In addition to realism being provided by virtual reality, it also mentions that the parts of the crane should 

behave like a real crane. The simulation was used to give the operator a way to be exposed to the possible hazards 

that could arise when operating a real crane. The simulation was also evaluated by performing case studies and 

the result showed that it has potential to improve the operators’ situational awareness and hazard identification. 

Additional examples of virtual reality simulations are a tower crane simulation [4], which can be seen in Figure 

11, and an overhead crane simulation [5] used to train new operators. While virtual reality can provide immersion, 

that immersion might be broken easier when something within the simulation does not behave as expected due to 

the additional attention to detail that the immersion can provide, compared to a non-virtual reality simulation. 

 

 
Figure 11. The VR-simulation presented in [4] with a view from the ground (left) and a view from the cabin (right) [4]. 

The previous works show that there are a lot of factors when it comes to realism and that it is difficult to discover 

those factors. They also suggest that it is challenging to implement realism and to measure it, as the research papers 

often focused on some parts of it, such as physics [6], perception [1] or immersion [4], [5]. While that is the case, 

the choice of developing tools does not seem to impact the results. [1] used a tool called SimCrane 3D+ for both 

rendering and physics, [5] used Bullets Physics Library for physics simulation and OpenAR for rendering, and [6] 

used Open dynamics engine for physics and OpenGL for rendering. None of them mentioned that their tools were 

a limitation for the research. The research conducted in this thesis shares similarities with the mentioned works, 

since it focuses on a specific part that provides realism. Instead of evaluating the immersion or the depth 

perception, our work focuses on how realistic the behaviour of the virtual crane’s lifting capacity is. The simulation 

used in this thesis was also, like [24], developed using the Unity game engine, which offers a more user-friendly 

way to modify graphics by having an editor compared to OpenGL that requires manipulation through code or 

creating an editor from scratch. Similar to SimCrane 3D+, Unity also handles both the rendering and the physics. 

Since most of the mentioned papers did not use a game engine to implement their simulations, this thesis can also 

further show how a game engine, such as Unity, is suitable for crane-related research. 
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4. Problem formulation 

The purpose of this thesis was to develop a crane simulation that could be used for research that investigates new 

technologies in mobile cranes. However, to ensure that the simulation is going to have impact on decisions 

regarding installing new equipment in real cranes, the simulation must be realistic enough. With highlight on the 

word enough, since the previous section showed that realism in a simulation is challenging to achieve. Therefore, 

just as [6] focused on the physics of a crane, [2] on a realistic setup and [1] on depth perception to achieve some 

level of realism, this thesis focuses on the behaviour of the lifting capacity of a mobile crane in order to get some 

level of realism. The realism is obtained when the lifting capacity for the virtual crane is similar to the lifting 

capacity that a real crane would have. As an example, a crane that can lift ten tonnes should not exceed its lifting 

capacity when lifting five tonnes. On the other hand, lifting a 200-tonne object with a crane that cannot lift more 

than ten tonnes should not be possible. Load charts of real cranes can be used to determine how the behaviour of 

the virtual crane should be, since they show the real crane's lifting capacity for certain parameters. It is, however, 

important that the load chart used is for the real crane that resembles the crane in the simulation since the load 

chart of different cranes can vary due to their properties. As an example, a crane that can lift up to 500-tonne 

objects and a crane that can lift up to 50-tonne objects have different values on their load charts, due to their lifting 

capabilities. Hence, the following problem formulation was reached: 

 

How can the behaviour regarding the lifting capacity of a mobile crane in a simulator become realistic enough 

for the simulator to be used for research purposes? 

 

The motivation for a simulation where the use of new technologies for mobile cranes can be researched is important 

due to the hazardous work environment that comes with operating a real mobile crane. It is a riskful environment 

where accidents can happen. Two examples of accidents can be a crane tipping over due to overloading the crane 

or a crane colliding with surrounding objects [13]. Due to the heavy weights that come with the working 

environment, these types of accidents can severely hurt civilians and operators, and in some cases, they can lead 

to death [12]. This is a good reason to avoid taking unnecessary risks when operating cranes, and the same goes 

for researching the use of new technologies. The simulation can provide the possibility to avoid having to operate 

in a hazardous environment, and therefore avoiding accidents. As an example, a topic that can be researched using 

a simulation is the use of transparent displays in a mobile crane [25], which can eventually be installed in real 

cranes. 

 

While the goal of the thesis is to have a simulation realistic enough for research purposes, where features and 

equipment can be evaluated first before installing them into physical cranes, it is important to be aware of the 

limitations. This thesis focuses on the realism of the lifting capacity, and as stated, there are more factors that 

impact the realism of a simulation. With that said, this thesis only determines the realism based on the behaviour 

of the lifting capacity.  
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5. Method 

To evaluate a simulation, an existing mobile crane simulation from the Unity Asset Store was used [7]. The 

simulation provided the necessary functionalities that would otherwise need to be implemented from scratch, such 

as operating a mobile crane model. To have something to evaluate, an experiment was conducted within the 

simulation. While being a polished simulation from the start, it still needed some modifications. An experiment fit 

well for this because in a simulation, variables can be set to specific values to serve a certain need. Two tests can 

be identical except for a change in one variable.  

 

The evaluation compared the results of the experiment with two load charts for a real crane to determine how 

realistic the lifting capacity behaves in the simulation. The specific crane model for this comparison is LTC 1050-

3.1 due to its close resemblance to the crane in the simulation. The crane model has two load charts, one displays 

the lifting capacities for when a 6.5-tonne counterweight is being used, while the other one is for using a 4.8-tonne 

counterweight. The information presented on the load charts is the load radius, boom length and lifting capacity, 

therefore, the experiment yielded information on these parameters. 

 

The experiment was conducted in the mobile crane simulation and the goal was to generate values that could be 

directly compared to a load chart. It was done by setting the crane within the simulation to the specific states shown 

in the load charts of the real crane. When the crane was in a specific state, the current values (load radius, boom 

length and lifting capacity) were saved. By saving these values, the lifting capacity can be directly compared to 

the load chart where the load radius and the boom length are the same. The scenario of an experiment looked like 

this: (1) operate the crane in lifting mode and (2) set the crane to all available states shown in the corresponding 

load chart while saving the values from each state. Setting the crane to a state that is not documented in the load 

chart would give values that could not be compared. 

 

To perform the experiment and get the necessary results, the simulation needed to be modified. The most needed 

addition to the simulation was the measurement of lifting capacities. While this measurement could theoretically 

be done in the same way that the lifting capacities in the load chart have been done with some mathematical 

formula, the measurement was instead implemented with the usage of an ANN. The reason behind this choice was 

because detailed enough information about the formula behind the load charts could not be found and ANNs are 

well suited for predicting and approximating values based on a set of given parameters [26], [27]. For this 

implementation, the ANN was trained using the values from the load charts and then predicted the lifting capacity 

based on the counterweight being used, boom length and the load radius. In addition, for the values to have the 

same meaning in the simulation as in the load charts, the units of the values must be the same. This applied to the 

boom length and the load radius as they needed to be measured in meters. The boom length was already 

implemented in the simulation, but the unit was unknown and had to be converted to meters. The load radius did 

not exist in the simulation and thus needed to be added. 

 

When the lifting capacity could be measured, the experiment could essentially be done. However, to be able to 

save the information from the experiment, a logging feature was implemented. The feature saved the values of the 

parameters within the simulation and then saved them to a file in a Comma-Separated values (CSV) format. As 

the lifting capacities in specific states were to be logged, the logging feature was manually handled by the user by 

pressing buttons on the keyboard. The specific parameters that were saved in the file are the boom length, load 

radius and the lifting capacity. The counterweight was saved by including it in the file name. Having the values 

stored in a file gives the ability to revisit the results from the experiment and load them into visualization 

applications. 
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6. Ethical and societal considerations 

There were at least two ethical considerations for this thesis. Firstly, the experiment and evaluation performed in 

this thesis required some ethical considerations. Secondly, considerations on how the results and conclusions 

might, in the long term, impact the safety aspects for mobile cranes. 

 

Since an experiment and an evaluation have been performed in order to conclude this thesis, it was important to 

think about the ethical aspects. Aspects such as making sure to redo the experiment when mistakes were done, and 

not disregarding results that could contradict the preferred conclusion. It is considered unethical to fabricate and 

distort the results because it leads to false conclusions and misleading information [28].  

 

The long-term impact this thesis can have is that, eventually, some decisions on installing new equipment in a 

mobile crane might be based on results received from research using the simulation from this thesis. While it is 

only speculation, it is still possible since the purpose of this simulation is to serve as a platform for evaluating the 

use of new features and equipment in the future. Because of this, it is also important that the conclusion made was 

in line with the actual results. It would be wrong to conclude that the lifting capacity of the crane behaves exactly 

like a real crane, when it is not. Future research might assume it works as intended due to conclusion in this thesis 

and use it, which brings the possibility of future research being inaccurate.  

 

Because of the two reasons stated above, this thesis aimed to be as transparent as possible with any results produced 

and any conclusion made.  
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7. Development of the simulation 

This section describes the work done in this thesis, but it starts by describing the initial simulation before it was 

modified for the thesis in Section 7.1. The modifications done to the simulation are then presented in Section 7.2  

while Section 7.3 describes the work done outside the simulation where python scripting was used. Before moving 

to the results, Section 7.4 describing how the experiment was set up will give all necessary details to the reader. 

 

7.1. The initial simulation 

As stated in earlier sections, the simulation is a Unity asset that can be purchased from the Unity asset store. The 

specific Unity asset can be found at [7]. When adding the asset to a new Unity project, all scripts, models, scenes 

from the asset, etc., can be used in the newly created project. One of the scenes in the asset already had a demo 

scene, where the creator of the asset already added environmental objects and the mobile crane. This scene proved 

to be completely functional and ready to use from the beginning. It was therefore used instead of creating an 

entirely new scene and adding the individual models. This was mostly due to the connections between the scripts 

and the models had already been setup, but the scene also provided what seemed necessary for the thesis. In other 

words, instead of adding the necessary parts from the asset to a newly created scene, the demo scene was used, 

where unnecessary objects could be removed.  

 

7.1.1. The mobile crane 

In the demo scene, the user can take control of three vehicles and one of them is the mobile crane used in this 

thesis. When taking control of the mobile crane, which is referred to as HTRCrane1045 in the scene, the user will 

operate it from a third-person perspective. By pressing specific buttons on the keyboard, the mobile crane can be 

driven around to position itself, then it can change from driving mode to lifting mode. In lifting mode, it cannot be 

driven anymore but it can instead perform actions such as: setting up the outriggers, move the operator cabin, 

control the boom to lift objects, etc. Additionally, the user gets an interface which presents some information such 

as the boom length and the boom angle (see the interface in the bottom left of Figure 12). 

 

 
Figure 12. Overview what the simulation looks like when operating the mobile crane. 

The crane model is built by combining several GameObjects, which in turn can also be built from several 

GameObjects. One example of this is the boom which is one of the GameObjects that creates the crane, but the 

boom is also created from its own GameObjects, for example, the telescopic sections. While there are a lot of 

parts, only a few of them have a Rigidbody component attached to them and are affected by physics. Those not 

affected by physics are instead controlled by manipulating their Transform components. The crane model has a 

Rigidbody component attached to it, this means the crane itself is affected by physics which can be felt when 
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driving it. The other crane parts that have Rigidbody components attached to them are the hook and a telescopic 

section. Their connection is done with a Joint component. The hook has a Rigidbody component because of the 

interactions it has with the objects that the crane lifts. It also adds a bit of swing movement when moving the 

boom. However, the telescopic section that the hook is attached to has a Rigidbody component for another reason. 

It is there to physically attach the hook to the crane and follow its movements. Additionally, the telescopic section 

is also kinematic which means while it can interact with the hook, it cannot be physically affected by it. Setting it 

to not be kinematic causes it, together with the hook, to fall downwards disregarding the rest of the crane. 

Removing the Rigidbody component from it will remove the attachment that connects it to the hook, which makes 

the hook fall while the telescopic section is still connected to the crane, unaffected by physics. The mentioned 

parts can be seen in Figure 13 below. 

 

 
Figure 13. The hook which is connected to the kinematic section of the boom with a joint, and interacts with the lifted object. 

 

7.1.2. The environment 

The demo scene, which Figure 14 presents an overview of,  is filled with objects and some of them can be lifted 

with the crane. If an object is to be made liftable then the GameObject needs to have a script attached to it, 

Cargo.cs, which makes it interactable with the crane. Additionally, a Rigidbody component could be added with 

a specified mass. If a Rigidbody component is not attached, the script will add it during runtime. The Rigidbody 

component has a hardcoded mass but adding it manually in the editor before running the simulation gives the 

possibility to adjust the mass. However, due to the reasons stated in Section 7.1.1, the crane is not affected by the 

mass of the cargo. The only part that is affected by it are the ropes between the hook and the object, due to a Joint 

component connecting the two. The hook will not be affected because it is connected to a kinematic GameObject. 

In other words, no matter how heavy objects are being lifted, the crane will never tip over. 

 

The environment does not subject the virtual crane to any weather or unstable ground hazards. For safety reasons, 

a real crane should operate on solid flat ground that does not add any risks for it to fall over. Therefore, the virtual 

crane is operated in those conditions in the simulation. The only thing that affects the virtual crane is its state and 

the object it is lifting. However, the load chart, which the experiment data was compared to, assumes that the wind 

speed is up to 9m/s. 

 

Hook 
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Figure 14. How the environment looks like from a top-down perspective. 

7.2. Modifying the simulation 

To perform the experiment for this thesis, the simulation had to be modified. The modifications are described in 

this subsection. The first modification was to have the mobile crane used for the experiment to be instantly 

activated when starting the simulation. In the original scene, the user had to select which vehicle to be used from 

a GUI after starting the simulation, but the functionality of the GUI was inconsistent and selecting a vehicle did 

not always work. As the experiment were only going to use one vehicle in the simulation, it made sense to have it 

activated from the start. The rest of the modifications are described in Sections 7.2.1 to 7.2.5. 

 

7.2.1. Measuring meters 

While the simulation had some indication on how a meter was defined, it did not match the load chart since the 

maximum boom length of the virtual crane did not equal the maximum boom length of the real crane. When 

looking through the code of the original simulation, the Unity coordinates were often multiplied by 3.6, which is 

a conversion rate for converting meters per second to kilometers per hour. As measuring velocity was not needed 

for the experiment, they were left untouched. The boom length measurement which, for unknown reasons, also 

had the 3.6 conversion rate. Why the conversion was used for a distance was unknown since it is a conversion rate 

for velocity. However, instead of using 3.6, a new rate was calculated based on the maximum boom length that 

the crane should be able to do, which is 36m. By multiplying Unity coordinates with this new rate, a meter unit 

suitable for the load chart was calculated. Therefore, when calculating the load radius and the boom length, the 

Unity coordinates are multiplied with the new conversion rate before getting the lifting capacity. By dividing the 

maximum boom length in Unity coordinates with the maximum boom length of the real crane in meters, the 

conversion rate was calculated to be 0.88264784. 

 

7.2.2. Lifting capacities in the simulation 

One of the most important things to implement in the simulation for this thesis is the lifting capacity. It was 

implemented in two ways. The first way was a look-up table to get the current lifting capacity. The values in the 

look-up table were directly taken from the load chart and could not display any capacities that are not available in 

the load chart. This means that the lifting capacity might not be accurate when the crane was between two states 

in the load chart. For example, the crane could have a boom length of 15m but was unable to display the 

corresponding lifting capacity because that distance is not documented in the load chart. The other implementation 

was an ANN that predicted the lifting capacities for all possible states. While the ANN was trained using the values 
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from the load chart, it could still predict the values in between based on the crane’s counterweight, boom length 

and load radius. The initial idea was to use the first implementation for an experiment but because of it being based 

on the load chart itself, the comparison to it would not be informative. Instead, it became an in-simulation reference 

for the values that the ANN predicted. Having both implementations also made it possible to get the data from the 

load chart and the ANN in the same format, through the logging feature. 

 

7.2.2.1. A lifting capacity class 

To store the lifting capacities from the load chart in the simulation during runtime, a lifting capacity class was 

made that serves as the lifting capacity look-up table. Since the values were based on the load chart, the class 

needed to have fields representing the available load radiuses, the different boom lengths, and the corresponding 

lifting capacities. The latter was represented as a matrix while the others were represented as arrays. To determine 

what the lifting capacity currently was, the indexes of the arrays were used as the table representation of a load 

chart, where both load radius index and boom length index decide the lifting capacity value. Therefore, two 

integers were set to be the active index values based on the cranes current state: CurrentRadiusIndex and 

CurrentLengthIndex. As an example, with the load chart in Figure 4, when CurrentLengthIndex was 

10 and CurrentRadiusIndex was 7, the lifting capacity would be 8 tonnes. The indexes were managed by 

the methods GetBoomLengthIndex() and GetRadiusIndex(), which both took their corresponding 

values as a parameter (boom length and load radius). The methods set the indexes to the correct value based on its 

parameter, for example, a boom length of 36 would set its index value to 10.  As for the cases where the boom 

length or the load radius were between the values on the load chart, the lifting capacity was set based on the next 

available parameters.  For example, when the boom length was 34, it would set CurrentLengthDistance to 

10 which was the same index as a boom length of 36. This behaviour was planned because setting it to 9 might 

have showed a higher capacity than it actually had, which was not a preferable behaviour for safety reasons. Figure 

15 shows an example of this behaviour with a diagram. The method that looked up the values in the lifting capacity 

matrix was GetLoadCapacityInTonnes() which took two parameters, the boom length and the load radius. 

It then used GetBoomLengthIndex() and GetRadiusIndex()  methods to look up the corresponding 

lifting capacity in the matrix.  

 

 
Figure 15. Illustration of the data structure of the lifting capacity. Numbers highlighted in red are the activated values based on the 

distances. The numbers outside the boxes are the indexes. 

 

With a class to store the capacities in, a functionality to read them from a json file was implemented. This approach 

achieved some level of customization to the lifting capacities without having to change the code as what a hard-

coded solution would require. One file could represent the 4.8-tonne load chart while another represents the 6.5-

tonne load chart. However, it required some manual work to transfer the information from a load chart to a json 

file, since the load charts (at least the ones used in this thesis) did not come in formats that the simulation could 
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directly import. Using a class called JsonUtility, Unity natively supported reading from json files, with the 

requirement that the json structure matched a specified class which could be any class with the correct fields. The 

fields in the json file were based on how the data was stored in the lifting capacity class. However, Unity did not 

support reading multidimensional arrays (a matrix) and thus the lifting capacities could not be directly loaded into 

a matrix. Therefore, it had to be loaded as an array and then have the array set the values in the matrix. Having the 

ability to read from file presented the opportunity to simulate different configurations, for example, using different 

counterweights as shown in Figure 16. 

 

 
Figure 16. The figure shows that different files can be used as different crane configurations, such as counterweight and lifting 

capacities. Theoretically, this method could be used to store information about different crane models too. 

 

7.2.2.2. ANN with Noedify 

The ANN used for predicting the lifting capacities was made using another Unity asset called Noedify which can 

be found in the Unity asset store [29]. Noedify is used to easily create an ANN by using a few methods defined by 

the asset. To create an ANN, the desired parameters needs to be set and the input data formatted. In addition to 

training the ANN, Noedify can also import models from Keras (a python ANN library [30]) exported with 

Noedifys python script that comes with the asset. Having said that, Keras was used to train a model to import to 

the simulation. However, while the export from Keras went well with Noedify, there were problems as the model 

was not imported to the simulation correctly. The reasons are unknown, but the weights kept being 0 after 

importing it, even when showing the status of success. It was not clear if something was misunderstood or if it was 

a bug in the library. This problem was solved by implementing a new method that reads the exported file, that 

contained the weights, and then used the values to set the weights in the network.  

 

There are two reasons for using Keras to train the model instead of training it directly in the Unity project. Firstly, 

Keras is a well-established ANN library that is commonly used among researchers and have optimizations to 

increase the training performance. It was also easy to learn enough to use it for this thesis. Secondly, it would not 

be suitable to have an ANN training application within the simulation. The reason was: in order to train a new 

model, one would have to use the simulation which did not make much sense. The simulation was only going to 

use the ANN to predict the lifting capacities and not continuously train it.  It made more sense to be able to train 

the model in a separate application and then import it to the project by reading a specific file, which is illustrated 

in Figure 17. 

 

 
Figure 17. Illustration on the process of exporting and importing the trained ANN model from Keras to the simulation. 
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A new class made using Noedify was created to initialize the ANN, and then import the trained model. The 

structure of the ANN is based on trial-and-error and the specific parameters were chosen because the ANN 

received a better accuracy with them compared to other parameters that were tested, such as the number of nodes 

in the hidden layer, the number of hidden layers and different activation functions. In the trial-and-error process, 

the accuracy of the ANN kept getting better when increasing the number of nodes within the hidden layer. 

However, when the hidden layer reached 100 nodes, the accuracy stopped improving. In an attempt to improve it 

further, an additional hidden layer was added but it only decreased the accuracy. Additionally, other activations 

functions were tested, such as the Sigmoid function, but using them also decreased the accuracy compared to when 

using the ELU function [31]. The structure ended up with 3 input nodes (counterweight, boom length and load 

radius), 100 nodes in the hidden layer, which used the ELU activation function, and then one output node that 

represents the calculated lifting capacity (See Figure 18). Within this newly created class, a method was created 

that took 3 parameters (counterweight, boom length and load radius), and then used them to predict the lifting 

capacity and return it.  

 

 
Figure 18. The structure of the ANN used to predict the lifting capacities based on the counterweight, boom length and load radius. 

 

7.2.3. Dynamic weight 

The mass, which decides a GameObject’s weight, can be changed during runtime when using the Unity editor. 

However, to change it in the built application, an extra functionality was implemented. Being able to change the 

mass during runtime provided the ability to change the weight of the object without having to rebuild the 

application. This was done by attaching the specific object meant to be lifted in the experiment to a script, which 

made it possible to modify the mass through the script. To modify the mass during runtime, a simple Graphical 

User Interface (GUI) element was also implemented to provide a more user-friendly way to change the weight. As 

can be seen in the top right of Figure 19, the mass could be modified by pressing the left or right buttons or by 

specifying a number in the input field, where the number was in tonnes. Implementing this feature was 

straightforward, but some additional attention was needed to filter the possible inputs. Unity made this easier 

because the input field could be set to decimal mode which already filtered non-digits characters, except for comma 

and dash. However, additional filtering was made because negative values should not be used in this case. This 

functionality was initially meant to be used in the experiment to dynamically change the weight of the object and 

get the lifting capacity feedback, but due to changes in the experiment, it was mainly used to see if the percentage 

behaved correctly when testing. 

 

7.2.4. Visual representation 

Several GUI elements were implemented in order to visualize the parameters and the current lifting capacity in 

real time. The values shown could be directly compared to the load chart to see if they behaved as expected. The 

values shown in the GUI were the boom length, load radius, current lifting capacities for both implementations 

and the load percentage which was 100% when the maximum capacity was reached. Having both lifting capacity 

implementations became helpful when adding the GUI elements because it could be used to compare the ANN 

implementation directly to the load chart, since the first implementation was based on it. Additionally, a GUI 

element that kept track of which crane state needs to be logged in the simulation was implemented as help for the 
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experiment. Every time one logged, the GUI got updated until all states had been logged. If the state could not be 

reached, it could be skipped with the press of a keyboard button. 

 

 
Figure 19. The GUI elements in the simulation. (1) is the mass modifier GUI and is currently set to 3 tonnes. (2) displays the next crane 

state to be logged for the experiment. (3) shows the current load radius and boom length with 2 decimals, for debugging purposes. (4) 

is the current percentage on how overloaded the crane is, 100% means it is overloaded. (5) displays the lifting capacity from both the 

implementations. 

 

7.2.5. Logging feature 

The logging feature was implemented to collect the necessary data from the experiment that was compared to the 

load charts. It was adjusted to fit the experiment and logged data about the boom length, load radius and the lifting 

capacity. The counterweight information was also collected by having it in the file name when saving the data to 

a file. The saved file names were unique since they were based on the date and time they were saved. Two files 

would however get the same name if they were saved during the same minute. This did not become a problem 

since the experiment could not be done under a minute. If needed a more unique id could be attached as well. 

Because the goal of the experiment was to get the values at specific states (based on the load chart), the logging 

was implemented to be manually controlled. By pressing a button on the keyboard, the current data was saved in 

the simulation which meant one could set the crane in a specific state and then save the data in that state. When all 

the intended data had been saved, another keyboard button could be pressed to store the saved data in a file. This 

would also clear the saved data in the simulation so that new measurements could be done if needed. The data in 

the saved file were stored in a CSV format, because the CSV format is simple and accessible to other applications 

for visualization. 

 

7.3. The python scripts 

Two python scripts were created to help in certain areas in this thesis. The first python script created was the script 

that trains the ANN used in the simulation. It used Keras to train the ANN and a Noedify script to export it to a 

text file so it could be imported to the simulation. The function of the first script was simple: it read a specified 

text file that contained the training data, trained the model using the provided data, and then exported the model 

to another specified text file. The parameters for the training were modifiable within the script, but for this thesis, 

it trained for 6000 iterations using the structure mentioned in Section 7.2.1.2 and an optimizer called Adam [32]. 

This process was almost fully automated, since the only manual work required was to set up the training data, 

where all combinations documented in both load charts were in (4.8-tonne and 6.5-tonne counterweight). The 

training data was formatted in a text file where each line had: “x, y, z, t”, where x, y and z were the input parameters 

(counterweight, boom length and load radius) and t was the expected output (lifting capacity in tonnes). The file 

names of the training data and the output model could be changed in the script but also specified when running it. 

 

The second python script was made to visualize the data received from the experiment in a table format. This was 

done using another python library called Plotly. It is a library with plotting functionality for creating graphs, charts 

and tables. There are other libraries such as Matplotlib, but Plotly had more examples on creating tables which 

made the library more accessible for a beginner. This script read a file (specified when running the script) generated 
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from the simulation and generated a table that presented the lifting capacities. If two files were specified when 

running the script, the table it generated would contain the differences in the lifting capacity values. This made it 

easier to see how much the lifting capacity differed in each of the cells in the table. The design of the table was 

based on the load chart for Liebherr LTC 1050-3.1, which can be found in [11, pp. 23, 29] and seen in Figure 4. 

The tables that the second script generated can be found in Section 8. 

7.4. The experiment 

This section describes how the experiment was carried out. There was not much to setup for the experiment, since 

the setup was basically the modifications needed beforehand. However, the debug information window was 

enabled because it showed the parameters of the crane’s current state (See Figure 19). When doing the experiment, 

the simulation was launched and the crane entered lifting mode with its starting state. Then the boom length and 

the load radius of the crane were changed to all the states that are documented in the load chart from Liebherr in 

[11], with some exceptions. The crane in the simulation was unable to reach all the load radiuses available in the 

load charts. Therefore, some values are missing compared to the Liebherr’s load charts. A reason for this might be 

because the crane in the simulation was not an exact replica of the real one. This did not affect the experiment 

because it could still be performed as planned, but some values were skipped which made the result to lack some 

values. For each state that the crane could reach, the parameters were saved using the logging feature. Additionally, 

the states were saved with a +0.02 tolerance on the load radius because of the cranes control sensitivity, this 

essentially means that all load radiuses were 0.00 to 0.02 more than the load radiuses documented in Liebherr’s 

load charts. When all states had been saved, the values were exported a file. This same procedure was performed 

for both configurations, for both the 4.8-tonne counterweight and the 6.5-tonne counterweight. The files were then 

used as input to the table generator and resulted in the table displayed in the next section which presents the results. 
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8. Results 

In this section, several tables generated with the python script are presented and described. All the tables have the 

same format: rows and columns that respectively represent load radiuses and boom lengths in meters and the values 

are the maximum lifting capacities in tonnes. The first two tables (Table 1 and Table 2) present lifting capacities 

from Liebherr’s load charts, the difference between them is the assumed counterweight used. The next four tables 

(Table 3 to Table 6) present the lifting capacities predicted by the ANN. In addition to the experiment results, 

Table 5 and 6 show the lifting capacity predicted directly by the ANN and not by the ANN in the simulation. 

Therefore, Table 5 and 6 are not affected by the virtual crane’s limitation of not being able to reach all documented 

load radiuses in the load charts. The intention of this was to provide a direct comparison between the ANN itself 

to Liebherr’s load charts, in addition to the comparison between the simulation and the load charts. However, this 

also means that the tables will have some identical values because the simulation also used the ANN. The deviation 

rate between the predicted lifting capacities and the target lifting capacities was also calculated in order to measure 

the accuracy of the ANN in general. 

 

 
Table 1. Table with values from Liebherr’s load chart with a counterweight of 6.5-tonne [11, pp. 23]. Rows and columns respectively 

present the load radiuses and boom lengths in meters. The values are lifting capacities in tonnes. 
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Table 2. Table with values from Liebherr’s load chart with a counterweight of 4.8-tonne [11, pp. 29]. Rows and columns respectively 

present the load radiuses and boom lengths in meters. The values are lifting capacities in tonnes. 

 

8.1. Lifting capacities from the ANN in the simulation 

Table 3 and Table 4 present the lifting capacities measured in the experiment within the simulation. Due to the 

measurements being done in the simulation, some values are missing compared to Table 1 and Table 2 as the 

virtual crane could not reach all the load radiuses documented in Liebherr’s load charts. The cells that have the 

label N/A (Not available) represents a missed value, except for load radius 33 which has been excluded from the 

tables. In addition to presenting the measured lifting capacities, Table 3 and Table 4 also show the differences 

between them and the values in Table 1 and Table 2.  

 

The measurements from the simulation with a 6.5-tonne counterweight are presented in Table 3. Each cell in the 

table holds two values, the first value is the measured lifting capacity while the other value within the brackets is 

the deviation compared to Table 1. The deviations can be either negative or positive depending on if the measured 

capacity is lower or higher than in Table 1. It is compared to Table 1 since Table 1 contains the lifting capacities 

for when the 6.5-tonne counterweight is used.  

 

Just like Table 3, Table 4 presents the lifting capacities measured in the experiment within the simulation. 

However, the difference is that the counterweight used when measuring the capacities in Table 4 was the 4.8-tonne 

counterweight, instead of the 6.5-tonne. Therefore, the capacities in Table 4 are compared to the capacities in 

Table 2, and the differences can be observed within the brackets in each cell.  
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Table 3. The lifting capacities from the simulation with a counterweight of 6.5 tonne. Rows and columns respectively present the load 

radiuses and boom lengths in meters. The values within the cells are lifting capacities (outside the brackets) and the deviation (within 

the brackets) compared to the lifting capacities in Table 1, measured in tonnes. 

 

 
Table 4. The lifting capacities from the simulation with a counterweight of 4.8-tonne.  Rows and columns respectively present the load 

radiuses and boom lengths in meters. The values within the cells are lifting capacities (outside the brackets) and the deviation (within 

the brackets) compared to the lifting capacities in Table 2, measured in tonnes. 
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8.2. Lifting capacities from the ANN outside the simulation 

While Table 3 and Table 4 shows the result of the experiment conducted within the simulation, Table 5 and Table 

6 presents lifting capacities directly predicted by the ANN by giving it all the documented parameters in Liebherr’s 

load charts. Since the simulation was using the ANN, the biggest difference is that Table 5 and Table 6 can show 

the capacities of all parameters documented in Liebherr’s load charts, since the ANN was not affected by the 

virtual crane’s limitations. Additionally, the predicted capacities are also not affected by the 0.0 to 0.2 tolerance 

on the load radius that were used when performing the experiment inside the simulation, which could cause some 

capacities to vary slightly. Since most of the values in Table 5 and Table 6 are the same as in Table 3 and Table 4, 

the tables will be similar to each other. However, Table 5 and Table 6 provides a more complete comparison 

between the predicted lifting capacities and Liebherr’s load charts, since they contains all comparable lifting 

capacities.  

 

Table 5 presents the predicted lifting capacities given that a counterweight of 6.5 tonne is used. The values were 

predicted by giving the ANN the different states documented Liebherr’s load charts. Table 5 is compared to Table 

1 because of the 6.5-tonne counterweight. The deviation rate between the predicted lifting capacities and the target 

lifting capacities can be seen in the values within the brackets in each cell.  

 

Similar to Table 5, Table 6 also shows the lifting capacities predicted by giving the ANN all the different 

parameters from Liebherr’s load charts. However, the difference is that Table 6 assumes that a 4.8-tonne 

counterweight is used and is therefore, compared to Table 2.  

 

 

 
Table 5. The lifting capacities directly predicted by the ANN without the simulation, assuming that the 6.5-tonne counterweight is 

used. Rows and columns respectively present the load radiuses and boom lengths in meters. The values within the cells are lifting 

capacities (outside the brackets) and the deviation (within the brackets) compared to the lifting capacities in Table 1, measured in 

tonnes. 
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Table 6. The lifting capacities directly predicted by the ANN without the simulation, assuming that the 4.8-tonne counterweight is 

used. Rows and columns respectively present the load radiuses and boom lengths in meters. The values within the cells are lifting 

capacities (outside the brackets) and the deviation (within the brackets) compared to the lifting capacities in Table 2, measured in 

tonnes. 

8.3. Mean deviations 

The tables presented earlier show the measured data, but they do not necessarily present the performance of the 

ANN in general. In order to measure the performance of the ANN in predicting lifting capacities, the mean of the 

deviations in Table 5 and Table 6 was calculated. The calculation was done in two ways. Firstly, as can be seen in 

Figure 20, the mean deviation for all lifting capacities in each load radius was calculated. Figure 20 presents a 

view where the deviations between the load radiuses can be compared. When observing Figure 20, it is important 

to note that each load radius has different number of cases measured, which means some load radiuses are less 

explored than others. For example, there is only one case per counterweight where the load radius is 33m, while 

there are ten cases per counterweight when the load radius is 6m. The x-axis in Figure 20 says which load radius 

it is while the y-axis shows the deviation, both negative and positive deviations. Most load radiuses deviate both 

positively and negatively, but they can also have positive or negative deviation exclusively such as 33m and 20m. 

Therefore, it can also be observed if the lifting capacities tend to deviate negatively more than positively and vice 

versa. 
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Figure 20. A diagram presenting the mean deviations for the lifting capacities in each load radius, both positive and negative. 

Therefore, it shows if the capacities deviate below or above the target capacity. The x-axis is the load radius in meters while the y-axis 

shows the mean deviation for the lifting capacity. 

Secondly, the mean deviation has been calculated for all the predicted capacities in Table 5 and Table 6, regardless 

of their parameters. This was done by using the Mean absolute error (MAE) formula, which is a common metric 

in the field of ANN to measure their accuracy in regression tasks. MAE disregards whether the deviation is 

negative or positive, and only measures how much it deviates from the target. When the formula presented in 

Equation 1 was applied to the lifting capacities in Table 5 and Table 6, the MAE was calculated to be 0.156. 

Therefore, the average deviation from the target that can be expected when predicting an arbitrary lifting capacity 

is ±0.156 tonne. It can seem as a low deviation when the targeted lifting capacity is 40 tonnes, which represents a 

0.3% deviation. However, when predicting lower capacities, such as 1 tonne and below, 0.156 tonne is all of a 

sudden more than a 10% deviation. Considering that the average target lifting capacity is 11.86 tonnes, ±0.156 

deviation mostly reflect the area with capacities around 11 tonnes in Table 5 and Table 6. By dividing the MAE 

with the average target lifting capacity, a percentage can be measured: 1.3%. The average deviation is then 1.3% 

from the targeted lifting capacity, which is more accurate since the presented tables shows that the deviations 

increases with the capacities.  

 
Equation 1. Formula to calculate the MAE. Where n is the number of predicted values, y is the predicted value and ‘y is the target 

value.  
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9. Discussion 

The presented results in the previous section show that the lifting capacity in the simulation is similar to the lifting 

capacity of the real crane with little to no deviation. However, there are some values that are above the values for 

the real crane by around one tonne which could be unacceptable, especially since it is a tonne above the real crane. 

The minor deviations that appear frequently in the tables can be acceptable as accurate enough, but it is preferred 

that they deviate negatively for safety reasons, which unfortunately is not case when observing Figure 20. 

Observing the accuracy measurement of the ANN, an average deviation of 1.3% is considered to be sufficient for 

the purpose of this thesis. However, the deviations be more or less than 1.3% due to it being an average. The results 

also present the limitations that come with not having an exact replica of the real crane within the simulation. 

While it had the most resemblance to the LTC 1050-3.1 model, it was not an exact replica of it. A clear example 

of this issue is that the number of telescopic extensions on the cranes are not the same, where the LTC 1050-3.1 

model has five extensions while the virtual crane had four. With that said, whether the realism of the lifting capacity 

is enough can be evaluated with the cranes’ differences in mind or not. Since the crane in the simulation still 

resembles a real crane, the simulation could potentially be used in crane-related research. This depends on the type 

of research to be conducted and its requirements on the simulation. With the results obtained from the experiments 

being accurate for the most part, research evaluating equipment visualizing the lifting capacity in real time could 

be possible in the simulation, for example, using transparent displays [25]. However, researching a safety-critical 

equipment that is dependent on the lifting capacity thresholds should consider if the lifting capacities could be 

more accurate. If a research is depending on the crane being an exact replica of a real crane, such as the LTC 1050-

3.1 model, then the simulation might not be suitable. If there is a specific aspect that is exactly like the real crane, 

then one could consider using the simulation. In the end, it is up to the researcher whether to use the simulation 

developed in this thesis or not. 

 

As the realism for this thesis is determined by the behaviour and accuracy of the lifting capacity, improving the 

ANN and increasing its accuracy will thus increase the realism of the simulation. Therefore, it is interesting how 

the ANN could be improved. Different models could be used to perform comparisons between them. Customizable 

parameters in the model could be further investigated, such as the learning rate, the number of hidden layers and 

nodes, weight initializations, activation functions or even different network architectures [17]. In this thesis, only 

the number of hidden layers and the nodes within them and the activation function were specified. With that said, 

Keras has default values for a lot of parameters, such as the learning rate. It is also assumed that Keras has more 

optimizations within its library as it was discovered that training the ANN in Keras resulted in better predictions 

than training it in Noedify. Also, in this thesis the ANN trained on the values from two different load charts. 

Involving more training examples could increase the accuracy of the ANN, like what has been done in [33]. 

 

It would be interesting to do a comparison between the simulation and real-time lifting capacities from a real crane, 

to be able to evaluate it more in-depth. Since this thesis only compared the simulation to the load charts, a lot of 

possible lifting capacities between the states in the load chart could not be compared with. The ANN in this thesis 

showed smooth transitions between the states when doing the experiment which is why it could potentially be used 

to further investigate the lifting capacity behaviour in more detail. It could yield a more precise comparison that 

could be further analysed. 

 

Compared to earlier works such as [1] and [2], the way the lifting capacity has been evaluated in this thesis was a 

different way to evaluate an aspect of realism. Both studies showed that it is common to perform user tests to help 

determining the realism. However, it could not be done in this thesis due to the experiment being limited to the 

comparison with the load charts. Nonetheless, it is interesting to explore the possibilities on how the realism of the 

lifting capacities can be evaluated with the help of user tests. One idea could be asking some users to perform a 

set of tasks using the crane, while having a visual representation of how loaded the crane is. This could present 

different type of results where one user might think it felt unnatural that the crane was overloaded or not in certain 

situations. This is something that could potentially be done in the simulation, given more development. 

Additionally, the simulation could be developed to allow the use of virtual reality to provide more realism as in 

[3], [4], [5]. However, there is a possibility that a virtual reality environment could have impacts on the result 

because the focus would not entirely be on lifting capacity anymore. 

 

The work done in this thesis was an additional example which shows that Unity can be used for simulation-related 

research. As the ANN in the simulation managed to predict mostly acceptable lifting capacities, it also showed 

that ANN could be applied to simulations and mobile crane-related functions. It is also worth mentioning that the 

experiments were conducted in the simulation to be able to compare it with the load charts, but it is possible to 
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bypass this and compare the ANN directly to the load charts. This can be done by giving the load chart parameters 

directly to the ANN and see what the outputs are, which was done for Table 5 and Table 6. 
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10. Conclusion 

The topic of this thesis was to investigate how the lifting capacity of a mobile crane simulation could have a 

realistic behaviour. The reason for having a realistic behaviour in a simulation is for research conducted within it 

to be applicable to the real-world. The behaviour was tried to be mimicked by using an ANN to approximate the 

lifting capacities in a mobile crane simulation in Unity. The ANN trained on two load charts for the crane model 

LTC 1050-3.1: one for 4.8-tonne counterweight and another one for 6.5-tonne counterweight. The ANN managed 

to predict the lifting capacities in the load charts with an average deviation of 1.3%. However, the simulation did 

not manage to show all lifting capacities available in Liebherr’s load charts due to differences between the real 

crane and the simulation crane. However, whether the lifting capacities are realistic enough for crane-related 

research depends on the research needs. With an average deviation of 1.3%, this thesis concluded that the lifting 

capacities predicted in the simulation are realistic enough in general to be used for crane-related research, and that 

ANN is a valid method to achieve realistic lifting capacities. Nonetheless, there are certainly cases where it would 

not be realistic enough, in research that requires the lifting capacity to be more precise. Possibilities to improve 

the precision, and therefore the realism, could be to further investigated to increase the performance of the ANN. 

Additionally, comparing the simulation lifting capacities to the lifting capacities from a real-world operating crane 

instead of load charts with limited information in them could show more precisely how accurate the ANN is. 

 

Possible future works could be investigating if ANNs can be used to evaluate other aspects of realism within 

simulations or other crane-related research. Further research on using ANN to predict lifting capacities could be 

done to see if the method can be generalized for different crane models if more parameters are given. Other 

methods could also be explored to evaluate the realism of the lifting capacity, such as conducting user tests in 

order to add more qualitative results that can be used for the evaluation. 
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