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Abstract 

 

The aim of this project was to design, construct and develop a space frame for a 

pneumatically driven vehicle for one driver through several simulations. The purpose 

of the vehicle was to compete in the ‘XI. International Aventics Pneumobile 

Competition’. This event is an opportunity for students to develop and improve their 

skills in different fields such as mechanical engineering, telemetry and electronics 

building and team working. However, this thesis topic will be focused mainly on the 

aspects of mechanical engineer based on the process of before and after the 

construction. This process was also examined through a number of races occurred 

during the competition. Specifically, the chassis that has been initially designed was 

developed through the whole process with purpose of lowering the mass while 

maintaining the strength. The study has produced two results - a real life model, 

which has participated in the competition and an improved model of the frame which 

was carried out in Autodesk Inventor and ADAMS software. Throughout the process 

the frame was remodeled and resulted with the weight loss from 48.3 kg to 31.9kg, 

while the strength was maintained. 
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1. Introduction 

1.1. Background 

1.1.1. Current situation and problem description 

There is a scarcity in fossil fuels, which is due to the use of non-renewable 

energies such as oil, gas, coil and uranium (Shaffer, 2009). It is a 

recognizable growing global demand (ibid). Hence, it is unavoidable that the 

shortage of fossil fuels will occur, sooner or later (ibid). 

The research of Shaffer (2009) has shown that there is currently a massive 

use of these energy resources being processed on Earth. Burning these fuels 

is producing an enormous amount of pollution that has visibly negative 

impacts to the air which affects the well-being of life forms (Shaffer, 2009). 

This applies to the automotive industry (Lane, 2016). Accordingly 80 to 90 

percent of the automobiles’ environmental impact comes from fuel 

consumption and emissions of air pollution (ibid). 

Even though this is seen as a rising issue of energy, it has been incorporated 

and influenced into human’s daily practices (ibid). As such, the automotive 

company – Volkswagen manipulated the results of contamination in the 

examination of exhaust gases (Lane, 2016). However, the new regulations of 

sustainability are forcing car manufacturers to introduce new, breakthrough 

technologies and innovative solutions (ibid). Currently, there is a revolution 

in automotive field (Ferràs-Hernández, Tarrats-Pons and Arimany-Serrat, 

2017). Cars are innovated into capable machines due to their newly 

developed computerized components, instead of fully mechanical as what 

they used to be (Ferràs-Hernández et al., 2017). There are ways to minimize 

air pollution caused by cars, namely lowering the mass of whole vehicle, 

aerodynamic impact, increasing efficiency of the engine and using 

sustainable materials (Shaffer, 2009). 

Geissdoerfer et al. (2017) expressed that to minimize environmental impacts 

and to improve the well-being of Earth population, it is important to 

consider different sustainability aspects, namely manufacturing, technical 

and people. A vehicle should be able to be reused, recycled, repaired and 

remanufactured based on materials and replaced with a more sustainable 

alternative of energy source (ibid). Technical aspects such as dynamic loads 

of the vehicle, simplicity when assembling and disassembling vehicles and 

so on decide the use of energy sources (ibid). Last, the comfort and safety of 

a driver of the vehicle should be ensured (ibid).  

In the light of sustainability, the company AVENTICS - one of the 

manufacturers of pneumatic components, systems, and customer-specific 

applications developed a competition with initiatives to raise environmental 
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awareness to search for “alternative energy sources and efficient use of 

natural resources” (En.pneumobil.hu, 2018). They provide products for 

such as industrial automation, commercial vehicles, food and beverage, 

railway technology, life sciences, energy, and marine technology 

(AVENTICS, 2018). The foundation of the competition is to construct a 

compressed-air driven vehicle and to use pressured air as the main source of 

energy for the vehicle’s engine (En.pneumobil.hu, 2018). The idea of the 

competition is mainly focused on using pneumatic components in a creative 

way (ibid). At the same time, it provides future engineers an opportunity to 

improve their skills, and to also use the knowledge gained during the studies 

to build a vehicle from scratch (ibid). 

This project is based on the 11
th

 edition competition called ‘XI. International 

Aventics Pneumobile Competition’ which took place in 2018 

(En.pneumobil.hu, 2018). All of the environmental and technical aspects 

mentioned were taken into consideration in order to meet the rules and 

regulation set by the juries (ibid). The vehicle will then be used to race in 

several categories to test the performance such as qualifications, long 

distance, arcade and acceleration (ibid). 

1.1.2. The focus of the project 

The main goal to achieve during the whole process was to build a vehicle 

that will be able to take part and perform to meet the requirements of speed 

and efficiency in the competition. Hence, the focus of this study is to design 

a strong and lightweight frame. 

1.1.3. Research questions 

How to obtain a strong and lightweight frame? 

 What influences the mass of the frame? 

 Does the type of frame have an impact on the studied subject? 

 What can be done to improve the strength and durability of the 

frame? 

 Can strength and lightweight be achieved in a parallel manner?  

 What are the limitations of the frame construction to achieve 

desirable result? 
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1.1.4. Rules of the competition 

Pneumobil rules require at least 6 point rolling cage (Aventics Hungary Kft., 

2017). In terms of frame material, in case of using steel, the diameter has to 

be at least 25mm with 2mm wall thick (ibid). The use of aluminum is 

allowed when the diameter is at least 32 mm and the minimum of wall 

thickness is 2 mm (ibid). This requirement is marked with red color as 

shown in Figure 1. Other requirements regarding the frame such as driver's 

shoulders position, feet protection, distance between shoulder and head 

protection are also represented graphically in Chapter 5 at Figure 1. The 

maximum dimensions of the vehicle are specified as 2500mm of the length, 

1700mm of the width and height of 90 percent of the width (ibid).  

After finishing building the vehicle, each team was required to pass several 

tests from which the most demanding are tilting and braking tests (ibid). 

Second, the completed vehicle that passed all tests was allowed to perform 

in several races, which requirements had to be applied during the 

construction (ibid).  

1.2. Aim and purpose 

The aim of this study will be to obtain the dynamic loads and displacements 

in the frame during the test in situational braking, which conditions are 

contained in Table 1 in chapter 6.3. 

The purpose of the calculations is to develop the frame and to lower the 

mass of the vehicle for the result of enhanced performance in terms of 

acceleration and braking. Therefore the study focuses on designing the 

vehicle with a strong, durable and lightweight frame. Additionally, it is also 

to maintain that the construction process is following the rules of the 

competition.  

1.3. Hypothesis and Limitations  

This study will show that used frame dimensions in built vehicle can be 

decreased with preserving the strength of the construction. Due to the strict 

rules and regulations at the ‘XI. International Aventics Pneumobile 

Competition’, aspects such as materials, dimensions and shapes are limited. 

Even though the suggestion of utilizing wood materials was made by the 

team, it was then proceeded to apply for the competition next year. Hence, 

only steel and aluminum of size mentioned in Chapter 1.1.3 can be used. In 

this study minimum thickness of the tube’s wall will be preserved, however 

different diameters of the tubes will be investigated, respectively 27 mm, 22 

mm, 18 mm and 14 millimeters. Moreover, the maximum value of the 

normal stress is limited to 150 MPa and the maximum value of the 

displacement is limited to 5 mm.  
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1.4. Reliability, validity and objectivity  

1.4.1. Reliability 

Reliability represents the measurement of consistency of a study (Bryman 

and Bell, 2015). According to Bryman and Bell (2015), the term is utilized to 

determine if a study would provide the same results when conducted by 

another scientist with a relation to quantitative research. Frequently, the term 

is a useful devise to examine if a system will operate in a specified manner in 

a particular environment for a given period of time (ibid). Its characteristics 

are relatable to the design of the system, the parts and components used and 

the environment (ibid). In this project, reliability can be upheld by using the 

same model to conduct the study and the same test conditions also the model 

has to be bare of errors. Computer software such as MSC ADAMS and 

Autodesk Inventor will be used in this study as one of the methods for 

reliability. The aspects mentioned above are needed to obtain results 

fulfilling the aim and purpose of the thesis. Data processed in simulation is 

checked and approved by the competition jury, which has years of 

experience with models similar to one used in the study. 

1.4.2. Validity 

As mentioned by Bryman and Bell (2015), validity of a piece of research 

indicates the credibility and sustainability of its results. There are different 

types of validity. However, the most related validity criterion to this project 

is the measurement validity due to its primary association to quantitative 

research (Bryman and Bell, 2015). As discussed by Bryman and Bell (2015), 

validity deals with the question of whether a concept of a study is answered 

and refined by the measurement that it requires. Hence, in order to evaluate 

the hypotheses of the project, it is important to ensure that its findings are 

reliable, despite its limitations. 

1.4.3. Objectivity  

Objectivity can be met when given assumptions are based on the real 

problem, without including any personal case (Bryman and Bell, 2015). The 

study was conducted due to assumed values occurred in Table 1. in chapter 

6.3., which  were obtained from approximated values achieved by teams 

taking part in competition in previous years and simulation results from 

ADAMS software. The study conducted on the same model might provide 

different results; for example in situation of setting different sizes of mesh in 

software. The study performed in real life can give other results, which are 

difficult to predict. 



5 

Damian Siudmiak 

1.5. Division of work  

This project was divided into several steps and aspects, namely planning, 

designing, marketing and construction. The thesis owner has contributed in 

the project as the team leader, team member and the main engineering role. 

In terms of planning, the team leader planned the individual dates that each 

task had to be completed by each team member. The team leader had to 

ensure that the team members understood the goal of each step of the 

construction. In this case, the frame of the vehicle had to be finished and 

redefined before the next tasks. In terms of design, as the only engineer 

member, the team leader had the responsibility of providing the vision of the 

frame, steering, engine, drive system and overall design of the vehicle 

through the use of software. The design of the vehicle was also contributed 

by the discussion and decision among team members, as well as by an 

experienced design student together with the suggestions of the coaches. The 

proposed changes in the design were reported directly to the team leader for 

further consideration and introduction. Other tasks such as marketing to be 

in contact with sponsors were assigned to another team member and were 

informed to the team leader. The main task of the leader was the 

construction of the vehicle. However, since there are several stages of the 

vehicle construction, specifically the frame, all team members shared their 

contribution which was under the supervision of the team leader. The 

structural analysis and interpretation of the results with the use of software 

were performed solely by the team leader. 
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2. Literature Review  

According to Fazidah, Nor Azrin and Zulkarnain (2014), when developing a 

dynamic test of a car chassis, previous findings have to be considered. To 

compare and validate results, similarities between research analysis and the 

current project in shape of the frame should be found (Fazidah et al., 2014). 

In their research, chassis is rigid in bending and torsion (ibid). The analyzed 

frames are space frames (ibid). Their studied aspects are “longitudinal 

torsion, vertical bending, lateral bending and horizontal lozengign” 

(Fazidah et al., 2014, p. 104). They assumed that torsional loads have the 

highest value (ibid). In this research, chassis is considered as a torsional 

spring (ibid). All loads included in models used in Finite Element Method 

(henceforth known as FEM) analysis including driver’s weight and gravity 

force are analyzed by the use of CATIA V5 software (ibid). Forces are 

measured due to the acts of acceleration and deceleration. The study was 

conducted using Von Mises stress and focused on the front part of the 

vehicle (ibid). The results that were obtained are “the natural frequency, 

Von Mises Stress and the translational displacement of the frames” (Fazidah 

et al., 2014, p. 106). Two different designs of the frame were used, which 

have been made of one-inch diameter steel and constructed using round 

hollow tubes (ibid). In conclusion, the researchers designed the study to 

obtain the value of the influence of using bended and non-bended parts of 

construction. The result that they achieved in both cases have shown that the 

highest loads can be noticed in area of the roll bar joints. Also, the 

maximum translational displacement occurs in the same joints (ibid). The 

final conclusion was that the non-bended frame have better properties and is 

stiffer.  

 

On the other hand, another research of the study for space frame and parts of 

a vehicle was conducted and compared to mathematical model by Zbozinek, 

Tomcik, and Kulhanek (2015). To carry out the test, specific and unique 

prototype electric car was developed and examined during a deceleration test 

(Zbozinek, Tomcik, and Kulhanek 2015). The frame that has been used was 

made of steel and welded with rectangular and circular bars (ibid). 

According to their FEM analysis, the highest values of mechanical stress in 

both dynamic and static cases, were located on the longitudinal crossbars 

(ibid). On these bars, strain gauge sensors were installed (ibid). The car 

frame was examined during the real drive test on a testing track, with the use 

of strain gauges to measure the real mechanical stress (ibid). The measured 

data was compared with assumptions and FEM analysis model (ibid). 

Significant discrepancies were recognized between computed data and real 

tests (ibid). Real loads were up to five times smaller than achieved during 

analyzing FEM model (ibid). 

 

Makhrojan et al. (2017) analyzed monocoque frame, which was built using 

steel sheets of different thicknesses. SolidWorks and Hypermesh software 

were used to design geometric model (ibid). The FEM model was done in 
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software called ANSYS (ibid). The results of the analysis showed that the 

highest value of mechanical stress is located on the floor of the monocoque 

(ibid). Makhrojan et al. (2017) concluded that the frame has to be analyzed 

with more details and with adjusted loading conditions, as well as the mass 

has to be reduced. In summary, the researchers concluded that the minimum 

and maximum stress in chassis can be noticed in the front, right side of the 

vehicle, however not exceeding the yield stress (ibid). Assumption about 

further study includes more detailed analysis and reduction of the weight 

(ibid). 

 

Bin Ab Razak, bin Hasim and bin Ngatiman (2017) conducted a study to 

improve the design of a chassis of an electric vehicle. Investigated car’s base 

is a space frame which was planned to meet the rules and regulations of 

Formula Varsity Malaysia (ibid). The chassis optimization was possible due 

to the various loading analyses (ibid). The results were analyzed and they 

concluded that the maximum displacement occurred at the front suspension 

joints (ibid). In the first attempt, the loads exceeded the yield point and the 

construction was improved by installing the support elements (ibid). 

Subsequently, sufficient strength was achieved and ergonomics was 

improved (ibid). 

 

Gobbi, Mastinu and Doniselli (1999) presented a method of optimizing a car 

chassis, however their work was consisting many different configurations. 

Various types of suspensions were analyzed in numerous driving conditions 

(ibid). Study was conducted in order to improve the acceleration, 

deceleration and handling of the vehicle (ibid). Optimization was achieved 

not only by introducing changes to the chassis, but also by the adjustment of 

the stiffness and damping of the suspension and change of the tire pressure 

(ibid). 
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3. Theory  

3.1. Frame of the vehicle 

Frame of the vehicle used alternately with chassis is a term describing part 

of the vehicle, to which all other components are fixed (Aird, 2008). In the 

automobile industry many different types, shapes and even materials are 

used to produce a vehicle’s frame (ibid). The final shape is defined by 

required mass, stiffness, budget and destination (ibid). 

3.1.1. Ladder Frame 

Ladder frame is one of the most straightforward and oldest shapes of a 

vehicle frame (Costin and Phipps, 1984). The name of this construction 

refers to its similarity to the ladder (ibid). Basically, to assemble it, only two 

symmetrical beams on the whole length of vehicle and few crossbar 

connectors are needed (ibid). Initially, it was commonly used in all types of 

automobiles. However, it is currently more popular in the production of 

trucks (ibid).  

3.1.2. Backbone Frame  

For this type of frame, construction is based on connecting front and rear 

suspension by a body length, strong, tubular bar called backbone 

(Tatratrucks.com, 2018). This bar is mostly rectangular in cross section 

(ibid). The body of the car is located on the top of this structure (ibid). This 

kind of frame used to be adapted in plenty of race cars, but due to its 

negligible side collision protection has to be joined with the body that is 

increasing this ability (ibid). 

3.1.3. X-Frame 

X-frame was developed to improve previous types like backbone, but it was 

still not providing protection while treated by side or collision impact 

(Niedermeyer, 2018). X-frame was used in American cars in half of the 

twentieth century to avoid increasing height of vehicles as a result of an 

expansion of the gears, axles and shafts in the drive systems of the car (ibid). 

3.1.4. Monocoque Frame 

One of the most common constructions of an aircraft is a semi-monocoque 

(Airframe and powerplant mechanics, 1999). The term monocoque is used to 

describe a structure where external loads are carried by a skin of space 
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structure, which can be compared to a shell of an egg (ibid). Semi-

monocoque is a combination of a monocoque, ribs and frames which are 

improving load carrying features of construction (ibid). In road vehicles 

monocoque have been used only occasionally (Groote, 2016). The first 

production car with monocoque body was McLaren F1 which was built in 

1992 with usage of carbon-fiber, what resulted with increase of carbon fiber 

usage in the automobile industry (Nye, 2000). 

3.1.5. Space Frame 

Space frame is a construction which is based on a tubular shape profiles 

forming a skeleton to which car equipment such as engine and suspension 

are fixed (Ludvigsen, 2010). For this type of chassis, panels of the body do 

not have, or have a negligible structural function (ibid). This style of 

building cars was introduced in 1930s from both airplane and architecture 

design (ibid). Space frame is a development of the ladder chassis (ibid). 

Insufficient torsional stiffness of the ladder frame caused the improvement, 

which included the usage of tubes instead of previous open channel sections 

(ibid). However, the correct design of the space frame assures that all of the 

struts are   free from bending and the only loads that are acting on them are 

either axial tension or compression (ibid). One of the most important 

advantages of this type of frame is light weight due to the utilization of any 

given element to its full content (ibid). Another significant factor is that it is 

built out of standard size and shape of prefabricated elements, which can be 

easily transported and assembled (ibid). The consequence of that is a low 

cost of production and transportation of small batches. On the other hand, 

this kind of construction limits space for the driver and access to the engine 

due to the fact that it encloses plenty of working volume (ibid). However it 

is one of the simplest constructions and is commonly used in amateur 

applications (ibid). 

3.2. A-arms 

An A-arm is a part of suspension that is in the most of the cases hinged and 

connects the chassis and the carrier of a wheel (Hillier, 1994). It is attached 

by pivots to the chassis and has a single degree of freedom (ibid). Hence, the 

radial distance of the end of the arm and the wheel is maintained (ibid). 

3.3. Frame materials 

At the present time, steel is used in all branches of industry (Jones, 2018). 

Use of steel requires consideration in its disadvantages such as corroding 

which can be solved be anti-corrosion applications, loss of properties in high 

temperature, high expansion rate and risk of buckling increasing with 

increase of the length of the structure (ibid). However, steel has advantages 
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such as high strength to weight ratio, ease of production, flexibility and 

possibility of molding in any shape without changing its properties, 

relatively low price high durability (ibid). 

Aluminium alloys are applicable in structures where light weight or 

corrosion resistance is required (Polmear, 2017). These alloys mostly have 

an elastic modulus value of 70 GPa which is about one third of steel’s 

modulus, which means that for a given load, a construction built out of 

aluminium will experience more significant deformation than the identical 

construction built out of steel (ibid). Therefore, they are more expensive 

than steel (ibid). Other disadvantages of using aluminium alloy are its lower 

fatigue resistance in comparison to steel and heat sensitivity (ibid). In case 

of aluminium use, any process including heat treating is complex due to the 

fact that aluminium melts without any visual signs (ibid). This feature makes 

welding of aluminium more complicated and harder in comparison to steel 

(ibid). 

Carbon fiber is a type of a material which is built of innumerable amount of 

fibers which size is about 5-10 micrometers, mostly built of carbon atoms 

(Hearle, 2001). Its main advantages are high strength, stiffness and chemical 

resistance and at the same time low weight and thermal expansion (ibid). 

These features are desirable for all types of sport equipment, engineering, 

military use and aviation industry (ibid). In contrast, in many cases, price is 

a deciding factor, where carbon fiber price is relatively high (Fitzer, 2011). 

Moreover, due to its rigidity its brittle (ibid). 

Steel as a material can be utilized many times, reused or recycled without 

compromising its attributes and changing characteristics when constructing 

and building (Henstock, 1986). It is one of the most recycled materials in the 

world (ibid). 

Aluminium recycling requires 5 percent of the energy required to extract it 

(Polmear, 2017). Even though the recycling process of aluminum does not 

affect its quality, the heat sensitivity excluded aluminium as a frame material 

(ibid).  

In fact, majority of race cars are built with the use of composites such as 

carbon fiber due to its strength-to-weight ratio (ibid). However, this material 

is less sustainable than steel and loses some of its features while recycled 

(Hearle, 2001). Besides that, there are other less desirable aspects such as 

complex and time consuming process of production and the requirement of 

using an oven to hold the whole element at once (ibid).  

This facts determined the use of steel to build examined construction. Type 

of steel that was used in project is SS1312-06 due to the Swedish 

Regulations for Steel Structures of BSK 99 which has a yield point at 
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235MPa and tensile strength at 360MPa together with a density of    
 

   
 

(Boverket, 2018). 

3.4. Stress and strain  

3.4.1. Stress 

Stress in mechanics is a basic term which derivation contains other 

fundamental terms - force acting on an area unit that is presented in 

megapascals (MPa) (Gordon, 2003). 

  
 

 
[

    
  

  
   ]                    

The term stress is used in expression of the loads acting in a cross-sectional 

area of a body (ibid). Stress is considered as a fundamental quantity, which 

allows it to be studied without an explicit analysis of its nature or physical 

causes (ibid). This phenomenon has to be studied as a homogenous and 

macroscopic concept, which means that the quantum effects and the 

molecule motion are ignored (ibid). This is the one of the most important 

factors while describing the construction strength and loads (ibid). 

3.4.2. Strain  

In general, strain is a term describing the response of the structure to an 

interacting stress (Bazant and Cedolin, 2010). In engineering aspects, strain 

can be defined as an elongation of the body in direction of the force 

application divided by the length of an unloaded body (ibid). The result is a 

unitless value which can vary on the length of an element (ibid). In situation 

where the stress interacting on an element is smaller than the yield stress, the 

structure of that returns to initial shape (ibid). The phenomenon is called 

elastic deformation (ibid). When the elastic limit of the element is exceeded 

and the structure is not returning to its initial shape, the phenomenon is 

called plastic deformation (ibid). 

3.5. Finite Element Method 

Finite Element Method (FEM) is a numerical method of solving engineering 

tasks and problems (Logan, 2012). Due to this method, it is possible to gain 

information in different areas of engineering such as structural analysis, heat 

transfer, fluid flow, mass transport and electromagnetic potential (ibid). 

Solution of analytical study is achieved by solving boundary value problems 
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for partial differential equations (ibid). In this method, solving the problem 

consists of dividing analyzed structure into smaller and simpler pieces (ibid). 

Mathematical model used in this method can be presented as a matrix 

equation: 

                            

Nomenclature: 

[M] - matrix of inertia forces equal to sum of the inertia forces of each 

element 

[C] - matrix of damping equal to sum of the damping of each element 

[K] - stiffness matrix equal to sum of the stiffness coefficients of each 

element 

[u"] – acceleration vector of the system 

[u'] – velocity vector of the system 

[u] – displacement vector of the system 

[F] – outer loads 

When solving mechanical problem using FEM method, the elements are 

adjacent so the result matrix is a sparse matrix (ibid). This feature causes 

simple solution to solve the problem due to limited amount of data (ibid). 
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4. Methods  

4.1. Quantitative data gathering  

As discussed by Bryman and Bell (2015), quantitative research is explained 

as a type of method to collect numerical data. It also portrays the alignment 

between the used theories and research as provable where a researcher 

positions “an objectivist conception of social reality” (Bryman and Bell, 

2015, p. 150). According to Bryman and Bell (2015), the process of this 

method is divided into several stages. Stage one requires the researchers to 

have wide and proven theories related to their study to collect relevant data 

(ibid). Stage two entails the test of specification of hypotheses to be found in 

experimental research (ibid). Next, the stage of concept development and its 

measurements of effectiveness occur. Researchers are then required to 

collect data using necessary instruments where they will use this data as 

empirical findings to process and analyze it (ibid). At the last stage, they will 

develop findings and results to conclude by writing and noting them (ibid). 

In this project, the process of determining loads in software generates data 

that has to be processed and hypothesis has to be reviewed during the tests, 

following mentioned stages. 

 

4.2. Qualitative data gathering 

During the process of determining the tension and loads, qualitative data 

gathering was used as a method for data collection. In this project, the 

method was done for two purposes. First, to communicate with the 

competition representative to find out about required materials of vehicle 

frame.  Second, tutoring sessions with two different coaches and other 

competing teams took place to make sure that during most aggravating 

cases, the safety factor of the frame will be maintained. According to 

Bryman & Bell (2011), unstructured interviews like these allow 

interviewees to discuss and express more freely about a certain subject. 

Their extensive answers help interviewers to minimize limitation in question 

boundaries, numbers and orders of questions (Bryman & Bell, 2011). As a 

result, the interviewer is able to accumulate a considerate amount of 

knowledge needed on the subject (ibid). 

4.3. Data collection  

The data in this study was collected due to the use of MSC ADAMS and 

Autodesk Inventor software. In the former program, it is possible to carry 

out the Automated Dynamic Analysis of Mechanical Systems, wherefrom 

the loads affecting the vehicle were exported to Inventor which is a 
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Computer Aided design (CAD) software (Mscsoftware.com, 2018). 

ADAMS in comparison to Inventor is complex and a highly technical 

simulation program which allows user to set numerous different parameters 

to make simulation reliable and possibly consistent with the reality (ibid). 

Autodesk allows users to create any solid objects and in case of tubing, 

various sizes and connections (Autodesk.eu, 2018). This program also 

provides the possibility of conducting a simple FEM analysis, which was 

used to calculate static loads and displacements using data obtained in MSC 

ADAMS (ibid).  

Based on the found research and tutoring sessions, vehicle construction and 

races throughout the competition, braking situation turned out to be the most 

demanding and this is the case which is examined. 

 

4.4. Numerical analysis 

Numerical analysis is a name of a process in which algorithms using 

numerical approximations are applied to solve mathematical problems 

(Leader, 2004). Application of this system is wide in engineering, especially 

in software calculating complex interactions in multi body systems (ibid). 

The purpose of using numerical analysis is to obtain approximation of a real 

solution that is efficient and moderately accurate to be considered as 

reliable. There are examples of the mentioned use in engineering such as 

computing trajectory of a spacecraft and car crash simulations, fluid flow 

and magnetic phenomena (ibid).  

Numerical analysis can be divided into direct and iterative methods (Leader, 

2004). The former method shows the result calculated in a finite number of 

steps (ibid). In practice, it can be considered as an approximation of the true 

solution (ibid). However, the iterative method shows that a solution is not 

expected to be found in a finite number of steps, but can be performed as 

long as sufficiently accurate solution is established (ibid). 

4.5. MIG/MAG welding 

Metal inert gas (henceforth known as MIG) and metal active gas (henceforth 

known as MAG) are welding processes where an electric arc acting between 

two electrodes - consumable metal wire and a welded object, heats up both 

elements and causes melting and attachment between them (Cary and 

Helzer, 2005). This process can be automatic or semi-automatic (ibid). 

During the process of welding, together with wire working as the electrode, 

a shielding gas is flowing through the welding gun (ibid). Its purpose is to 

keep the place where the electric arc is formed free from contamination in 

the air (ibid). Unlike MAG, the process of MIG welding does not demand 
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high skills or specialistic equipment besides the basic knowledge about 

proper preparation of welding pieces (ibid). 
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5. Implementation 

5.1. Rules and ergonomy 

In Figure 1 shown below, the required shape of the frame is constructed 

through the understanding of the competition rules and regulations. The 

information in the figure contains the most important requirements of the 

vehicle shape.  

 

 
Figure 1. Sketch of shape of the vehicle required from the competition 

 

The influence of qualitative research can be seen since the beginning of the 

project. One of the requirements for the documentation to be submitted was 

to provide simulation results, showing that the frame is mechanically stable. 

Hence, the construction was carried out in a way to set the center of gravity 

as low as possible to assure that and to improve the driving of the vehicle. 

To avoid unnecessary mass of vehicle, the design was conducted to assure 

the possible highest use of required elements. The example of this kind of 

solution is the seat for the driver. This part was designed to allow attachment 

for all valves, batteries and engine controllers under it, while providing a 

comfortable position for the driver. 

5.2. Design and construction process 

The process of building the chassis started from designing the vehicle in 

Autodesk Inventor due to the rules of the 'XI. International Aventics 

Pneumobile Competition'. The Chassis’ design was formulated based on the 

techniques used previously in the competition and experience of wider 
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racing community. There are several aspects to be considered during the 

design process. Besides all the rules and regulations, the height of the driver 

is one of the crucial points. In this case, the height of the driver is 157cm. 

The sketches of the first design can be seen below in Figure 2 and the first 

proposal of 3D design can be seen in Figure 3, as well as the refined 

sketches in Figure 4 and the base of the final 3D design in Figure 5. 

 
Figure 2. The first sketches of the design of the vehicle 
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Figure 3. 3D proposal of the vehicle by one of the coaches 
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Figure 4. Refined sketches of the 2D design along the construction process 
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Figure 5. The base of the final design for aluminum and steel construction  

in 3D software 

The construction of the project took place in the Linnaeus University’s 

workshop with respect to safety rules. There are several activities during the 

construction of the frame such as cutting, bending, welding, grinding, 

drilling, using a lathe and milling machine. Most of the bars were cut with 

the use of an angle grinder and pipe cutter. The length of individual tubes 

had to be adjusted through the process of welding caused by the inaccuracy 

of used cutting tools. The pipes were bent by the use of hand bending 

machine. The welding has been done with the use of MIG/MAT method. 
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This choice was caused by that there was no other possibility at the 

university. Hence, it is one of the quickest methods at the time being. The 

drilling was mainly done with the use of milling machine and hand driller.  

With the complete design of the vehicle through the process of building, 

some changes were introduced. These changes were mostly focused on 

lowering the mass of the frame and strengthening it. In this phase, more 

triangular shapes were introduced due to the test in Autodesk which results 

are shown in Figure 10, Figure 11, Figure 12 and Figure 13. The term 

triangulation used in this project means the arrangement of tubes showing 

that four pipes are forming a rectangle and diagonal pipe is reinforcing them. 

As a result of this operation, the frame is able to carry higher loads and 

bends less. 

During the competition, a previously designed suspension was executed. 

However, it was easily bended and damaged during the real life tests. Hence, 

a different type of suspension was designed after the competition. It can be 

seen in Figure 6. This version was examined in ADAMS software to obtain 

maximum values of forces affecting the vehicle during the braking situation. 

The version of the suspension that was tested in simulation was built of 

simplified A-arms. Improvement relative to the first construction contains 

shift of connections of the suspension to the nodes of the frame and 

reinforcement of the arms. At the same time, a simplification includes 

applying all forces in the place of the wheel carrier and using a single 

vertical A-arm instead of double. The construction of the first version of the 

suspension was not stable enough due to the lack of the time to conduct a 

proper simulation. Moreover, a limited budget precluded the use of another 

solution. Another factor that influenced the final shape of the assembly was 

the way of transportation to the race place. Hence, it had to be simple, easily 

mounted and removable.  

When the construction started, changes such as extra bars have been made  

to make it more comfortable and practical for the driver. All unforeseen 

issues like lack of torsional stiffness of the construction had to be solved on 

a regular basis. Minor changes in design were occurring during the whole 

construction process. The changes were focusing mainly on slightly moving 

nodes or adding single tubes to them. 
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Figure 6. Suspension that was used during simulations 

 

Beyond other conditions such as sustainability and eco- friendly design, due 

to limited resources of the team, the material used to build the vehicle was 

steel mentioned in chapter  3.3. Even though the frame was triangulated to 

the appropriately planned shape to sustain throughout the competition, the 

figures from Figure 16 to Figure 27 shows that in case of the use of the 

smaller diameters, some parts such as floor and sides of the frame had to be 

improved.  

5.3. Welding 

The welding process was a challenge for this project because there was no 

experienced member in welding in the team. Moreover, the team had to 

prepare a place to weld the frame, where immobilizing parts would be 

possible. Welding without holding individual parts due to the phenomenon 

of shrinking is causing changes in shape and unwanted moves of parts. 

Welding table was prepared for a flat surface that allow easy attachment for 

individual parts of the frame. Hence, immobilizing every part has been made 

to make welding easier and to avoid the effects of shrinkage. The table for  

welding the frame during the whole process is shown in Figure 7. The  

welding process was preceded by consultations with coaches and other 

teams, with experience in this competition. 
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Figure 7. The state of the table after welding 

5.4. Determining the stresses in the frame 

To determine the stress in the frame, there are factors such as driver, engine 

and air bottle weight, braking force and points where these loads were 

applied. While weight checking was straightforward, the braking force 

determination required more efforts. To calculate it, twisting moment on 

wheels had to be measured first. To define the moment, wire and weights 

were prepared. This value was determined by putting weights on wire on the 

radius of the wheel while vehicle’s wheels were raised to not touch the 

ground and the driver was inside the vehicle pressing the braking pedal with 

maximum force. The weights were then added until the wheel started 

spinning. The calculation given the value of the moment equal to 100 Nm. 

Hence, the value of the braking force was calculated in ADAMS software by 

inserting the results of the test. 
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6. Results 

6.1.Construction of the space frame 

One of the results of this study is to finish a full size vehicle that was able to 

race during the ‘XI. International Aventics Pneumobile Competition’. The 

effects of the study are values of normal stress and displacement in the 

frame of the vehicle. The Figure 8 below shows the front part of the frame 

during the process of construction.  

 
Figure 8. The front part of the real model frame. 

6.2.Features of completed vehicle 

The Figure 9 shows the finished vehicle during the competition. The 

finished vehicle was the base for the simulations of braking situation taken 

in order to improve the construction. The results of conducting simulation 

process in ADAMS were applied to the model in Autodesk. This vehicle 

was able to perform in all of the races which was possible due to the 

reliability of the construction. Even though the frame of the vehicle was 

strong and not easily bended, its real weight was about 50 kilograms. This 

indicated that it was heavy which influenced acceleration. 

The final frame of the vehicle that participated in the competition was 

consistent with all the rules which contained additional profiles to make it 
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stiffer and stronger. However, during the simulations with smaller 

dimensions of tubes, many new triangulating bars had to be added. The 

dimensions of the completed chassis were 2125mm long, 870mm wide, 

1086mm tall with a clearance of 71 mm from the ground. 

In terms of sustainability, the shape and size of the vehicle created an ease of 

recycling where comfort of the driver was assured. As mentioned before 

about the main driver’s height in the design process, the vehicle is now used 

by a driver with the height of 190cm. The completed vehicle also displayed 

that it is easy to be reused and remanufactured due to its shape of mostly 

straight pipes. In fact, after the competition, the vehicle was converted to a 

different engine using electric energy. 

 

 
Figure 9. The side of the finished vehicle during the competition. 

 

6.3.Triangulation of the example frame 

Due to the knowledge gained through the preparation of the literature 

review, major changes were introduced in the vehicle’s design. One of the 

most important changes was the elimination of nodes and triangulating the 

frame.  

The model of the rectangular tubular frame can be found below in figures 

from Figure 10 to Figure 13. It was modeled and simulated with the purpose 

of showing the influence of diagonal struts on lowering the values of the 
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normal stress and displacement. In this model, simulation was conducted 

with applying force of 500N in the upper left corner of the structure, while 

locking degrees of freedom in both lower corners. The dimensions of the 

structure are 500x1000mm with a supporting bar in the middle. In Figure 10, 

the maximum displacement of the construction is 0,9879mm. Figure 11 

shows the same structure after triangulation, where maximum displacement 

is 0,0212 mm, which gives about 2 percent of the initial value. The 

difference in deformation is similar on both figures due to the use of 

different scales.  

The simulations of the frame were conducted with the use of the ‘frame 

analysis’ tool in Autodesk. In this case, the information that was collected 

consisted of structural analysis. Through the process of acquiring data of the 

stress and deformation, it was proved that the triangulated frame is stronger 

than the rectangular construction. Hence, the structure was aimed to be 

triangulated as long as it will be gaining strength without noticeable gain of 

weight. 

 

 
Figure 10. Simulation of displacement in rectangular frame. 
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Figure 11. Simulation of displacement in triangulated frame. 

 

Figure 12 and Figure 13  represent the same construction that was examined 

is Figure 10 and Figure 11. However, the purpose of the simulations in the 

Figure 12 and Figure 13 is to obtain maximum normal stress. The 

rectangular model in the Figure 12 shows the maximum normal stress of  

54,32 MPa. On the other hand, Figure 13 displays maximum normal stress 

of 2,749 MPa, which is about 5 percent of the initial stress.  

 

 
Figure 12. Simulation of maximum normal stress in rectangular frame 
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Figure 13. Simulation of maximum normal stress in triangulated frame. 
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Subsequently, the simulations have portrayed the great importance of a  

correct and appropriate design. According to the obtained results,  the 

triangulation of the frame was introduced while working on this project and 

resulted in the possibility of decreasing the diameter of the used tubes. This 

process resulted in the lower mass of the vehicle and more compact 

dimensions. With that being said, smaller force is needed to move, 

accelerate, and brake the vehicle. Moreover, improved efficiency can be 

noticed when there are numerous breaking situations in a race track. 

6.4.Simulations of the influence of triangulation on the vehicle 

The result accumulated from the simulation in ADAMS software shows that 

the braking force is acting on the vehicle with a value of 410N and braking 

torque is 1.0e+05 Nmm. These values were applied in Autodesk simulation 

in place of wheel carrier. The driver’s weight was applied on the 

longitudinal bars as a distributed load where its sum was 700 N. The engine 

mass was applied as a force distributed between its holders which were 

welded to the frame and its summed value was 200 N. The mass of the air 

bottle was distributed between the bottle holders and was set as 200N in 

total. These values can be found below in Table 1. 

 

Table 1. Values set during the dynamic test. 

Breaking 

force [N] 

Center of gravity 

[mm] 

Sprung mass [kg] Wheelbase [mm] 

410 300 150 1750 

Wheel size [″] Driver’s weight [N] Bottle weight [N] Engine weight [N] 

20 700 200 200 

 

In the  static simulation in Autodesk, the wheels were constrained in Y-

direction and the whole frame was constrained in Z- direction in the center 

of gravity. Constraints and places of the applied forces can be seen on 

simplified sketches below in Figure 14 and Figure 15. Braking forces and 

moments are neglected. 
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Figure 14. Sketch of the front view of the vehicle with forces and constraints 

applied 

 

 
Figure 15. Sketch of the side view of the vehicle with the loading forces and 

constraints applied 

The results of static simulations are shown in Figure 16 to Figure 27. The 

assumed maximum allowable normal stress in the frame was set at 150 MPa. 

To maintain the stability of the vehicle frame, the maximum allowable 

displacement is 5 mm even when normal stress value will not reach the 

critical point.  

Figure 16 and Figure 17 below shows the tested construction that was used 

to participate in races during the competition. In this case, all used tubes’ 

diameter was 27 mm with 2 mm of wall thickness and mass of 

approximately 48.3 kg. The maximum normal stress calculated during the 

simulation was 141,2 MPa and the maximum displacement was 1,77 mm. 
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Due to that, the value of the stress almost reached maximum allowable. All 

models examined in following simulations were possibly triangulated to 

improve their strength.  

 

 
Figure 16. Normal stress simulation, tube diameter 27x2 mm. 

 

 
Figure 17.  Displacement simulation, tube diameter 27x2mm. 
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Figure 18 and Figure 19 below display the similar construction as Figure 16 

and Figure 17 with improvement which contains triangulation of sides of the 

frame and floor under the seat of the vehicle. The maximum normal stress 

noticed during this test is 140,4 MPa and displacement value of 1,51mm. 

 

 
Figure 18. Normal stress simulation, tube diameter 27x2mm (triangulated) 
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Figure 19. Displacement simulation, tube diameter 27x2mm (triangulated). 

Figure 20 and Figure 21 shows the frame with the decreased diameter of 

tubes. As demonstrated in the figures, the frame is built with 22x2mm tubes 

except for the rolling cage and suspension mounting which is maintained as 

27x2mm during all of the simulations. The maximum normal stress noticed 

is equal 140,1MPa and the displacement of 2,01mm. 
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Figure 20. Normal stress simulation, tube diameter 22x2mm (triangulated) 

 

 
Figure 21. Displacement simulation, tube diameter 22x2mm (triangulated). 
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The frame portrayed in Figure 22 and Figure 23 was built with 18x2mm 

bars. The maximum normal stress exceeded 150 MPa, but only in a few 

points of connection marked as red color due to the nature and limitations of 

the method. The maximum displacement in this case is 3,25mm. 

 

 
Figure 22. Normal stress simulation, tube diameter 18x2mm (triangulated) 
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Figure 23. Displacement simulation, tube diameter 18x2mm (triangulated). 

Figure 24, Figure 25, Figure 26 and Figure 27 are placed in Appendix 2 

Figure 24 and Figure 25 shows the frame built from tubes of 14x2mm where 

its substantial parts are exceeding 150MPa of normal stress. Moreover,  the 

displacement exceeded 5mm. To minimize these factors the second 

triangulation of the frame has been done. In Figure 26 and Figure 27, the 

result of the second triangulation is shown. The outcome of this re-

simulation shows the excess over 150 MPa in normal stress and also 

assumed 5 mm of displacement. 

The result from decreasing the tube diameter is the lower mass. During the 

construction, the initial mass was approximately 48,3 kilograms where only 

27x2 mm tubes were utilized. However, after the decrease, the frame was 

about 31.9 kg with the majority of tubes in the size of 18x2 mm. The normal 

stress value increased from about 140 MPa to approximately 150MPa in the 

most loaded points. Hence, the improvement of the frame includes lower 

mass and more sustainable construction was the result of lesser use of steel 

which also has an impact on the fuel consumption. Moreover, the strength of 

the new design is approximately equivalent to the strength of the first and 

heavier one. 
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7. Analysis and discussion 

From the results of the construction variants above, it is determined that the 

simplest way to achieve the aim of the study is to triangulate the structure 

and decrease the diameter of the tubes.  

There are then two arising questions circulating the focal point of the study - 

the safe value of stress and the safe value of displacement of the frame. First, 

the optimum value for the stress is about 150 MPa which compensates for 

the inaccuracy and approximation that keep the frame intact, with the safety 

factor above one. Second, the maximum value was set as 5 mm due to the 

experience gained through building the real life model. These portrayed as 

limitations beyond the competition rules during the design and construction 

process. 

To achieve the aim set in chapter 1.2, the diameter of the used tubes can be 

decreased about 30 percents and still maintains the strength needed to 

withstand all obstacles that occurred during the race and situational braking 

in the most demanding case. It indicates that strength and lightweight can be 

achieved in a parallel manner. Moreover, using space frame in this case was 

the most appropriate, due to the high usage of elements required in the rules. 

At the same time, the sustainability and environmental friendly construction 

was desirable.  

The thesis started from the process of setting the best configuration allowed 

in the competition’s rules, parallel with the real life model construction. This 

was possible due to the intensive research of frame, suspension and design. 

Moreover, qualitative data gathering had a significant influence on the 

quality of chosen material and the frame strengthening solutions. The 

analysis of the chassis that was carried out had to be as simple as possible 

due to the limited time and amount of information gained from simplified 

simulation. In terms of data collection, only braking and gravitation forces 

were considered. This allowed getting the valuable data in a short time. 

ADAMS software enabled test of the front part of the vehicle in a dynamic 

condition in the most demanding case of braking while Inventor allowed to 

convert the results into a static case. 

In conclusion, the result has satisfied the aim of the study. However, there 

are aspects to be considered for a more effective project such as a more 

refined design of suspension and a more universal vehicle. 
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8. Conclusions 

This particular project has achieved what was set out as the aim and purpose 

at the beginning. It has shown that it is possible to construct a strong and 

lightweight frame. The frame design was sufficient to be a part of the racing 

vehicle, that was built with respect to the restrictions of the competition. The 

simulations of the completed vehicle that were carried out have shown that 

the frame was oversized in meaning of the tube dimensions. The vehicle 

could be improved in terms of weight and vehicle’s performance. Based on 

numerical analysis, the smallest dimension of tubes that can be applied for 

this construction is 18x2 mm.  

In simulation of the model to obtain a precise stress prediction, it is required 

to assume the correct local and overall displacement patterns. In the 

simulated construction, the nature of inaccuracy is the influence of 

approximation of the examined areas of the structure. The prediction of the 

stress is less accurate than the prediction of the displacements. Additionally, 

the oversized values can be found. Hence, in the graphical presentation of 

the results, in particular points, values are exceeding the maximum. 

However, these points can be neglected due to the limitation of the used 

methods. Hence, not only does it influence the final value, it also provides a 

less accurate model simplification. To achieve the exact outcome, several 

tests should be conducted in real life with the help of simulations to procure 

the most loaded points.  
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Figure 24. Normal stress simulation, tubes diameter 14x2mm (triangulated) 
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Figure 25. Displacement simulation, tubes diameter 14x2mm (triangulated). 

 
Figure 26. Normal stress simulation, tubes diameter 14x2mm (double 

triangulated) 
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Figure 27. Displacement simulation, tubes diameter 14x2mm (double 

triangulated). 
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