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Abstract
When designing an ultra energy-efficient vehicles it is extremely important to ensure the lightweight vehicle’s structure. 
The compromise between the fulfilment of functional and strength requirements can be achieved by using a spatial shell 
or frame design. The paper presents a comparison of these two concepts of the supporting structure of such a vehicle, 
at the same time analysing the pros and cons of each of them. The method of optimizing the structure of both load car-
rying structures was proposed, as well as technical, technological and functional details related to these concepts were 
analysed. For the purposes of optimization, the method of topological optimization was used, modifying the assump-
tions for each of these concepts and iteratively adapting to the specific technology of making the vehicle’s body. The 
numerical simulations were carried out for a previously selected outside vehicle’s surface, optimized in order to minimize 
the aerodynamical resistance forces.

Keywords  Energy-efficient vehicle · Car body · Composite structure · Spatial frame · Spatial shell · Optimization · Shell 
Eco-marathon

1  Introduction

In order to determine the optimal supporting structure of 
the ultralight body energy-efficient vehicle was designed 
at the Silesian University of Technology [1], and two opti-
mized solutions of load-bearing structures, often used 
in such cases, were compared. Support systems made as 
composite structures in the form of a spatial frame made 
of profiles of predetermined geometric form and a spa-
tial shell structure made in sandwich technology were 
compared. To design load-bearing structures, the same 
assumptions were adopted including:

1.	 The same external shape of the vehicle body opti-
mized in terms of reduction of aerodynamic resistance 
[2].

2.	 The same structure and completion of significant inter-
nal vehicle components ensuring very low energy con-
sumption while driving a vehicle [3].

3.	 The identical methodology of design and optimization 
of the body structure assuming the use of the topol-
ogy optimization method in the first step to determine 
the optimal form of the overall supporting structure 
and, in the second step, adjusting the geometric form 
to the limitations of the initially proposed compos-
ite fabrication technology. In addition, an iterative 
approach in determining the general geometric form 
of the support structure was used to obtain more reli-
able results.

4.	 Identical functional assumptions for both body ver-
sions.

 In the paper, the detailed methodologies for both of the 
structures were presented and described based on the 
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example of developing such a structure. Since both ver-
sions of the body were to meet the same requirements, 
the comparison of the two versions was based on three 
criteria. These criteria included the final mass of the fin-
ished solution, taking into account not only the support-
ing structure itself, but also all the elements of the body 
set, so that it would be possible to compare identical sets 
of bodies. The second criterion was the price of body pro-
duction in the set proposed for the previous criterion. The 
third criterion was an ease of adaptation to production in 
workshop conditions, using equipment available to the 
team. The final analysis included various possibilities. The 
basic assumption was the production of a bodywork for 
a prototype unit made for a vehicle intended for the Shell 
Eco-marathon race. However, additional assumptions have 
been analyzed for the future automation of the develop-
ment process of the vehicle’s structure of a similar form in 
different sizes of production series, with designed using 
Generative Modeling methods [4].

1.1 � Introduction to design optimization [5]

Design optimization concerns a process of finding the best 
possible design parameter values that satisfies project 
requirements. To do so, the problem has to be formulated 
appropriately, resulting in a set of inputs ensuring the best 
possible output. In order to use this methodology, first it is 
required to identify an objective, which has to be a quanti-
tative measure, represented by a single numeric, for exam-
ple mass. Then, the systems design variables are selected 
and design space is created by setting boundaries, within 
which the optimum value is being calculated.

The problem is solved mathematically using various 
optimization algorithms, which are tailored for different 
optimization problems. The use of the correct algorithm 
is crucial, as it determines how fast the problem will be 
solved and whether it will be solved at all. Because of that, 
the very important matter is an ability to recognize if the 
solution obtained by the algorithm is the optimum one. In 
many cases, there are mathematical expressions known as 
optimality conditions, which allow checking whether the 
current set of design variables is the optimum solution.

One of the methods used in this thesis is a size opti-
mization. In case of spatial frame design, a structure was 
defined regarding discrete variables defining a cylindrical 
tube in terms of its diameter and wall thickness. In this 
example, as an objective function mass minimization 
was selected and constraints were defined by maximal 
displacements of specific points of the system. The algo-
rithm optimized the diameter and the wall thickness of 
the tube to obtain a minimum mass. The size optimization 
method was used, following topology optimization after 

the design space was defined by the optimum topology 
results.

1.2 � Introduction to topology optimization [6]

Topology optimization is a problem, where the design 
variable is the element density of a system composed 
of voxels or pixels. Value of element density is between 
zero and one, nevertheless using filters, the values are 
forced to be exactly zero or one. Therefore, the results 
of topology optimization are either void places, where 
element density is zero or full voxels, representing ele-
ment density equal to one. The optimum topology is 
then described as the optimum distribution of elements 
within the original geometry.

Inputs of the topology optimization are design spaces 
within which design variables, loads, objectives of the 
optimization and constraints are placed. Due to the char-
acter of this method and the uncertainties resulting from 
the algorithm the values are forced to be either 0 or 1, 
thus, the results of the topology optimization should 
not be treated directly as the solution. It happens quite 
often that some parts of the solution, due to relatively 
low stresses, are entirely disconnected from each other, 
appearing to float, which is a result of the algorithm forc-
ing the values. There are tools, for example PolyNURBS in 
SolidThinking Inspire 2017, which interpret the optimiza-
tion results on their own and smooth them, nevertheless 
they are not perfect yet. Therefore it is essential for an 
engineer to analyze the results and interpret them on 
his/her own in order to create the final design.

1.3 � Pros and cons of carbon fiber reinforced 
composites technology [7]

Carbon fiber reinforced composites is a very strong and 
lightweight but expensive material to produce. Never-
theless, due to its high strength to weight ratio, it is often 
applied in aerospace, automotive and sports equipment. 
Particular manufacturing process and orthotropic prop-
erties of the material allow tailoring it exactly to fulfil the 
needs of the designer and create complicated shapes. 
Carbon fiber reinforced composites also have good cor-
rosion resistance, very low coefficient of thermal expan-
sion and high fatigue strength.

On the other hand, this material is not ideal as, due to 
orthotropic properties, it is hard to calculate product prop-
erties. It is also characterized with low impact resistance. 
Properties of the material are highly dependable on the 
manufacturing process and its quality, as composite mate-
rials are highly vulnerable to production flaws. Very spe-
cific manufacturing processes also limit possible shapes 
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of produced parts, and due to materials properties, the 
creation of a reliable joint between parts is obstructed.

Overcoming limitations which characterize this tech-
nology and making use of its advantages is a tough and 
demanding task, yet, the outcomes are worth it.

2 � Designing the load‑bearing structure 
of the vehicle in the context 
of optimization of the whole vehicle

Typically, vehicle design takes place in several stages, from 
the conceptual phase, through the initial design, to the 
technical design at each stage, there are strict, detailed 
phases of partial optimization of individual subsystems or 
the entire system. The multidisciplinary nature of issues 
that should be taken into account in designing hinders 
general optimization leading to inevitable compromises 
carried out in individual stages. Changes that occur at the 
subsequent stages of design are not constantly examined 
in terms of their impact on optimization.

Compared to cars with internal combustion engines, 
electric cars have a relatively simpler drive system, but 
in order to achieve a significant reduction in energy con-
sumption in the electric car’s drive system, additional 
systems such as energy recovery systems, additional 
mechatronic subsystems, advanced control systems are 
integrated, causing a continuous increase in the complex-
ity of currently used electric drive systems. The complexity 
of technical means affects the complexity of the vehicle’s 
mathematical model.

The problem of optimizing the entire electric energy-
efficient vehicle was the subject of earlier research and the 

subject of separate publications [1, 3], however, to present 
the context of works on the supporting structure, the main 
assumptions of the methodology for optimizing the whole 
vehicle were also presented in order to better understand 
the developmental context of the load-bearing structure.

2.1 � Model‑based design and optimisation approach

Typically, an approach based on model-based design is 
used to design complex mechatronic structures. In addi-
tion to the well-known method of model-based design, an 
intensive application of optimization methods has been 
proposed, and therefore strictly defined energy consump-
tion criteria [1] allow not only to assess at each stage of the 
electrical development of the vehicle design what effect 
the proposed current features of the project have on the 
energy consumption of the vehicle, but also to find a set 
of features and solutions optimal for specific assumptions 
and limitations [3, 8].

Usually the same Management by Objectives (MBO) 
optimization tasks (Fig. 1), as well as the formulation of 
the optimization task require recognition of the calcula-
tion field and the behavior of the numerical model, and 
thus the future object, thanks to the intensive use of 
Model Based Definition (MBD) methods. Only later, opti-
mization tasks are defined with much greater knowledge 
about the task itself and the project itself. This interactive 
methodology is sometimes called model-based design 
and optimization (MBDO)

In addition, in combination with tests on the real object 
using the inverse model and optimization methods, it 
was possible to verify the design parameters that were 

Fig. 1   Model-based optimiza-
tion diagram
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determined during the design process with an increased 
degree of uncertainty.

During the development work on electric vehicles com-
peting in a competitive electric race, a methodology for 
vehicle optimization was proposed, allowing for a signifi-
cant reduction in energy consumption. The methodology 
includes an iterative approach consisting of:

•	 development of vehicle simulation model and MBD 
environment and conducting simulations allowing 
for assessment of individual proposed solutions at the 
concept design stage,

•	 identification and construction of partial simulation 
models using various methods, e.g. through stand tests

•	 conducting simulation and optimization of MBDO at 
various stages of development of structures that help 
identify the impact of various factors on energy con-
sumption and determining the design features of the 
vehicle,

•	 development of an exact optimization simulation 
model of the vehicle in the race environment and its 
verification through vehicle testing on the road,

•	 development of a racing strategy based on the results 
of optimization,

•	 using the reverse simulation model to verify the results 
of design works and the tuning of the model.

Because the simulation model is the most important 
element of the proposed methodology, and its con-
struction must allow for the easy implementation of the 

above-mentioned activities, the model itself must meet 
additional assumptions and its overall structure is strictly 
defined. Details of the assumptions and construction of 
the model will be described below. In order to create a 
numerical model, the universal Matlab/Simulink environ-
ment was chosen, but there are no contraindications to 
the use of other such tools.

Vehicle simulation models are developed for vehicles, 
and the exact simulation model of the racetrack is ulti-
mately developed. The models have a modular design, 
making it possible to improve this model as easily as 
possible.

The main modules of the simulation model (Fig.  2) 
developed in the MATLAB/Simulink environment are as 
follows [1]:

•	 Model of external conditions, describing atmospheric 
and weather conditions while driving

•	 Track model describing geometrical form of a race track
•	 Vehicle model describing design features of the vehicle 

itself
•	 Movement resistance model describing energy phe-

nomena relating to energy consumption
•	 Strategy model allowing to define assumptions for 

driving a vehicle and activating proper subsystems of 
a vehicle

•	 movement parameters/results which is a kind of appli-
cation interface that allows you to analyze simulation 
results more easily

Fig. 2   Framework of the main simulation model for model-based design and optimization approach
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Simulations conducted with the use of a built-in model 
allow to determine the impact of individual vehicle param-
eters on energy consumption (Fig. 3). In the case of the 
body and body structure of the vehicle, the need for maxi-
mum reduction of aerodynamic drag force is in the fore-
ground. This results in increased pressure to develop the 
correct shape of the body, but also to reduce the unnec-
essary cross-section. The reduction of the weight of the 
load-bearing structure, also important, is shifting to the 
background. Because due to the very complex nature of 
the overall vehicle optimization, it was decided to separate 
the optimization and development phase of the body and 
load-bearing structure on the basis of the results obtained 
for the optimization of the vehicle’s entirety. The results 
of optimization of the whole vehicle were used as input 
data and limitations to this process. They took the form of 
the inviolable outer surface of the body, arrangement of 
subassemblies in the whole structure as well as limitations 
as to the mass of the whole and individual subassemblies. 
In addition, the restrictions in this process are the require-
ments of the race rules, functional and technical as well as 
other formal and technical requirements, e.g. ergonomic.

3 � Requirements for the solution

The development of the supporting system was a 
part of Smart Power’ ongoing project of making a new 
energy-efficient electric vehicle for Shell Eco-marathon 

UrbanConcept-class for season 2019. Therefore, the 
obtained solution had to fulfill all of the competition rules 
and regulations which can be divided into:

•	 general requirements concerning the structure, that 
cover the topic of all of the necessary subsystems, 
which must work together with the supporting systems 
and the body panels,

•	 dimensional constrains, which cover the minimal and 
maximal dimensions of the vehicle, as well as the mini-
mal size of side doors and some of the subsystems,

•	 safety regulations, that concern the driver’s environ-
ment, its separation from the surroundings of the vehi-
cle and the energy compartment inside, as well as the 
necessary strength of some of the vehicle parts,

•	 and an accessibility of the subsystems for an inspection 
from the outside [9].

 Apart from those, performance requirements can be dis-
tinguished. In the given case, as the supporting system is 
not a part of the drive train, the idea was to minimize the 
mass of the structure, thus decrease the resistant forces, at 
the same time maintaining the sufficient stiffness.

In the analyzed problem, before the designing process 
could proceed, the volumes and placements of all of the 
subsystems were identified. Due to the lack of precise data 
concerning other systems of the vehicle at this stage of the 
project, they were obtained from current team’s vehicle. 

Fig. 3   The impact of individual 
resistance forces on the total 
resistance of the vehicle
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Apart from that, the external shape, already optimized in 
a scope of aerodynamic properties, was given (Fig. 4).

4 � Loads and load cases analysis

The next step in the case of comparison of two solution 
concepts was to determine a common loading structure 
and load cases. In the given example, due to the lack of 
exact data and the early stage of the project, the load 
structure was simplified only to main forces and static situ-
ations, with dynamic one simplified to the static with the 
use of external accelerations and additional coefficients 
[10]. Those load sources can be divided into three groups:

•	 mass loads,
•	 loads concerning the safety of the vehicle,
•	 loads related to the performance and maintenance of 

the vehicle.

The mass loads consisted of all of the subsystems’ weights. 
Those forces were directed to the ground and located in 
the centers of masses of each particular subsystem. There-
fore they introduced not only concentrated forces applied 
in the mounting points of the subsystem but also moments 
in most of the cases. In the front part of the vehicle, there 

was a total number of four weight forces: the weight of the 
steering system FSS, the weight of the braking cylinder FBC 
and the weight of the acceleration pedal FA but also the 
weight of the front wheel and its suspension node FWF, 
applied on the walls at the front sides of the vehicle. Inside 
the driver’s compartment, located in the middle part of the 
vehicle, there were four sources of mass loads: the weight 
of the braking pedal FBP, the mass of steering column FSC, 
the mass of the driver’s seat FDS and the mass of the driver 
himself FDR. In the rear part of the vehicle, there were the 
weights of the rear wheels and their suspension nodes 
FWR and the weight of the motor unit FM. Further behind, 
the weights of the fuel cell FF and the hydrogen cylinder 
and the connectors FHC were applied. At the very end of 
the vehicle, the force introduced by the mass of the elec-
tronic components FE was present. The roof of the vehicle 
was also loaded on both sides by the mass of the door FD. 
The safety loads consisted of two forces required by the 
regulations of the competition, that was the testing loads 
applied to the roll bar FRB and to the harness mounting 
points FH. The operational loads were, among the others, 
forces originated from pressing of the acceleration pedal 
FAPr and the braking pedal FBPr. Moreover, the additional 
load introduced by a torque of the motor shaft MM, as well 
as the torque applied through the suspension nodes while 
braking MB, were concerned. In order to cope with addi-
tional loads occurring when driver entered the vehicle, the 
additional load from stepping on the floor FFS, applied to 
the specified area, the supporting on the steering column 
FSSup and on the handle, placed between the door hinges, 
FHSup were also considered. Additionally, the forces present 
during towing the vehicle FT, applied through the towing 
hook were also taken into consideration. As far as supports 
were concerned, they were placed either in the centers of 
the wheels, at the four selected lifting points or the roof. 
The placements of particular loads are presented in Fig. 5.

The load case analysis was based on most common 
and most probable situations that may occur during 
the competition and maintenance of the vehicle. That 

Fig. 4   The base external shape of the vehicle

Fig. 5   The placements of the 
loads
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enabled distinguishing a total number of seven types of 
load case, which are:

1.	 general case, in normal working conditions and with 
testing loads,

2.	 situation of the driver entering the vehicle,
3.	 three towing cases, in three different directions,
4.	 two torsion cases, when the vehicle is supported only 

by two diagonal wheels,
5.	 two cases of superposition of braking and taking cor-

ners situations, with additional focus on the inertia 
loads present in the structure,

6.	 lifting the vehicle during the maintenance works by 
the four lifting points,

7.	 simplified roll-over case, when the vehicle is placed on 
its roof.

Each of those situations was analyzed separately, however, 
the superposition of the results was taken into considera-
tion during further analyses and optimization procedures.

5 � Methodology of design process

Even though both solutions were meant to fulfill the same 
requirements, the design methodologies were different 
in each case. However, the initial process, which resulted 
in the base layout of the supporting structure and the 
starting optimization conditions, was common for both 
of them. Moreover, the input data, such as the require-
ments and constraints, were also identical for the designed 
objects, as it was essential in order to properly compare 
them. As the external shape was given and there were no 
possibilities for adjustments, the obtained solutions had to 
comply with it. Additionally, in both cases the loads were 
multiplied by 1.5 and the available stresses in the structure 
were divided by 1.4, which is the standard procedure used 
in the team. To obtain comparable results, in both cases 
the same materials for main supporting elements were 
used, that is carbon fiber fabric epoxy resin composite [11] 
and polyvinyl chloride (PVC), cellular foam for the core [12] 
in a sandwich structure.

The first step of optimization process, which was com-
mon for both structures, was to create the input model for 
the further numerical optimization. The process was based 
on several iterations and previous experience in order to 
obtain an optimal layout of the vehicle’s subsystems and 
their mounting points in a scope of performance and loads 
reduction [13]. Even though this stage of the develop-
ment was common for both structures, the general results 
were further adjusted for the particular design, as differ-
ent types of system enabled or required some particular 

features. After that, the further development process for 
each solution was conducted. The schemes of those pro-
cesses were shown below.

5.1 � Preliminary optimization

As both detailed methodologies presented further in 
this paper were based mostly on numerical procedures, 
in order to perform them properly, the initial state of the 
optimized object and input data had to be appropri-
ately described and presented in a qualitative form. That 
required additional analyses of qualitative data and pos-
sible general solutions that were not directly connected 
to the final shape and form of the supporting structure. 
Moreover, even the initial state of the input data could be 
optimized to some extent, which was used in order to pro-
vide better final solutions.

In the general approach, the optimization process of 
any more complex system should be divided into few 
smaller steps, in order to increase its effectives and time 
efficiency. In the case of the supporting system for the 
electric vehicle, the procedure can be divided into three 
main areas of optimization [13]. This division was shown 
in Fig. 6.

Due to the fact that, in the given case, the external 
shape had been already optimized separately in the 
scope of aerodynamic properties, its part in the overall 
optimization methodologies presented in this paper was 
neglected. Nevertheless, the other two stages were per-
formed in details. In the case of an overall, preliminary 
optimization of the system, the interactions with other 
subsystems were analyzed, while the inner structure opti-
mization processes were different for each of the solution 
types and were presented further in this paper.

The preliminary process resulted in the detailed numeri-
cal description of the problem for further numerical opti-
mization, while it was mostly a qualitative process itself. 
During this stage, all of the main subsystems of the vehi-
cle were identified, which was based on the previous 
iterations of the team’s vehicle and the changes in the 

Fig. 6   General division of optimization procedure
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regulations of the competition. Then, the whole vehi-
cle was taken into consideration as a complex system in 
order to optimize the layout of the subassemblies inside 
the body, as well as necessary cut-offs in the fuselage for 
doors, windows and hatches. The process was iterative 
and required both know-how and experience from the 
previous vehicles. Its main goal was to obtain such a struc-
ture of the subsystems that would provide both enough 
space for the driver and easy enough access to him/her. 

Moreover, the additional goal was to eliminate load con-
centration spots and reduce overall loads introduced by 
their weights. The resulting layout was presented in Fig. 7.

5.2 � Spatial shell

In case of unibody monocoque structure, several possible 
solutions, including the full monocoque and monocoque-
frame hybrid structures, were taken into consideration 
but, ultimately, the one which concerned only the mono-
coque was chosen. With the selection of the basic solution 
concept and developing the initial step of the body, the 
detailed optimization of the spatial shell based structure 
could be performed. The methodology for this stage was 
shown in Fig. 8.

The general optimization approach for the spatial shell 
supporting system was developed during development 
of several iterations of the vehicle [13, 14]. It consisted of 
two main stages:

•	 division of the structure into shaping and load-carrying 
parts,

•	 laminate inner structure optimization.

Fig. 7   The subsystem layout resulting from the preliminary optimi-
zation

Fig. 8   Diagrams of two steps of numerical optimization of spatial shell structure: structural division (left) and laminate optimization (right)
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 At first, the initial input data obtained from the prelimi-
nary stage of optimization had to be adjusted for the 
selected solution modeled in the CATIA V5 software. 
In the case of the composite shell structure, due to the 
external shape of the vehicle, additional openings for the 
hatches had to be introduced to the body. Unfortunately, 
that process additionally weakened the whole structure. 
Those were the opening for the front hatch, which were 
to provide better access for the subsystems placed in the 
front of the vehicle and two part hatch in the rear part. The 
smaller one, which was neglected in the further optimiza-
tion process, along with the front hatch, was the easy- and 
quick-to-remove inspection hatch required by the regula-
tions and the bigger one, which covered most of the rear 
part of the vehicle, was the maintenance hatch, normally 
firmly attached to the rest of the body. At this stage, their 
shape, positions and mounting technology was also quali-
tatively optimized. In addition, the final shape of the inside 
walls and formers were developed. The final input model 
of the shell based supporting system was shown in Fig. 9.

After that was done, the numerical optimization could 
take place. At first, the topology optimization was used 
in order to perform the division of the structure, which 
was the beginning step of the whole procedure. Later, the 
resulting model was optimized in the scope of the lami-
nate inner structure and those final results were reevalu-
ated manually.

5.2.1 � Structure division

Even though the topology optimization in its most basic 
and common form is not usually used in cases of shell 
structures, especially the composite ones, due to its work-
ing methods, it still can be used as one of the steps in more 
complex optimization procedures to improve the results 
and efficiency of the process [14]. Such a situation took 
place in the given example, where it was used to perform 
the division of the structure into load-carrying strops of 

material and parts of the shell, which did not transfer any 
load.

In order to do so, the surface model of the shell struc-
ture resulting from the previous step and modeled in 
CATIA was transferred into Altair HyperWorks 2017 soft-
ware, where it was transformed into a finite element analy-
sis (FEA), model, with all of the load cases, loads and mate-
rials added as well. In order to perform the time efficient 
optimization and to cope with software limitation, only a 
single layer of carbon based composite was applied to the 
structure [14]. The optimization process took into consid-
eration all of the load cases, apart from the roll-over one. 
The main goal was to achieve a minimal mass, with a total 
displacement restriction, which ensured sufficient stiff-
ness of the structure. During this stage it was important 
to set proper parameters of the optimization, especially 
the basic thickness of the shell was essential, as too thin 
would compromise the whole process, resulting in no pos-
sibility to distinguish load- and non-load carrying parts, 
whereas too thick would cause the resulting structure to 
act rather as a frame than a shell. Moreover, to prevent an 
introduction of holes, which would decrease the strength 
of the structure, the minimum thickness was set to 0.2 mm. 
Resulting element density map, with ISO value set to 0.1, 
was then exported to the CAD software, where the manual 
division procedure was conducted. During this process, it 
was important to ensure that resulting patches of shaping 
structure were as easy to manufacture and technologically 
justified as possible. The resulting divided body was pre-
sented in Fig. 10.

After the division was complete, the base form of rein-
forcements was added into the structure. Those were 
mainly based on the previous experience with such sys-
tems, which allowed the designer to predict the most 
essential spots in the structure that required strengthen-
ing. Those reinforcements were later improved and opti-
mized in the further step of the whole procedure.

Fig. 9   Results of model adjustments
Fig. 10   Results of the structure division: dark areas—load-carrying 
parts, light areas—shaping parts
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5.2.2 � Laminate optimization

The second stage of the numerical optimization was the 
inner structure of the laminate optimization, which was 
based on both shape and size optimization techniques. 
This stage consisted of three main consecutive stages, 
that is the optimization of a shape of plies of particular 
material and orientation, the optimization of thickness 
of resulting patches of material, with taking into con-
sideration their lower and upper manufacturable limits, 
and finally of the sequence of the plies in a stack [13, 14].

After remodeling the results from the previous step 
in the FEA software, once again, the loads, load cases 
and materials were added. Similarly to the topology opti-
mization step, the same cases were taken into consid-
eration, as well as the displacement restrictions, which 
were applied more precisely for different parts of the 
vehicle. For the shaping parts, the thin carbon fiber-only 
laminate was selected, with carbon fiber and PVC foam 
sandwich structure applied to the supporting ones. Dur-
ing the first step of the laminate optimization, the final 
layout of reinforcements was developed in order to cope 
with identified local lack of stiffness in the supporting 
structure. Due to the tools built in the software, it was 
possible to use the results from the previous step as an 
input for the next one. After the numerical optimization, 
the results had to be manually reevaluated to obtain a 
high quality shell and improve its manufacturability. In 
addition, as the thin carbon laminated shells do not act 
effectively under concentrated load, the additional layer 
of 10 mm thick plywood was added. Based on the previ-
ous experience, for each 10 N of the concentrated force, 
1 cm2 of plywood was applied. The resulting thickness 
map of the shell was shown in Fig. 11.

Separately from the main structure optimization 
process, all of the hatches were also optimized in a 

simplified way, with only plies and sequence optimiza-
tion performed. It was caused by their relatively small 
impact on the overall mass and very limited contribution 
to load-carrying capability of the supporting structure. 
That resulted in a time efficient process and relatively 
easy to manufacture parts.

5.3 � Spatial frame

Design and optimization processes of the second 
approach- spatial frame, were based on a methodology, 
which was developed during the authors’ previous works 
with this, as well as with similar structures [15, 16]. The 
detailed scheme for the process was shown in Fig. 12.

The first step of optimization was a determination of the 
overall optimal form of the supporting structure applying 
topology optimization. Using the obtained data, the sec-
ond step was to create a structure composed of 1D beam 
elements and 2D sandwich structures. After iterative analy-
sis of obtained results and development of the concept, 
the structure was further adjusted in second optimization 
block using size optimization tools available in Hyper-
Works 2017. 2D model of the structure was then created, 
in order to incorporate details of the structure into finite 
element method (FEM). The third step of optimization was 
optimization of sandwich structures, as details of the struc-
ture, regarding joints between tubular profiles, influenced 
the frame’s overall stiffness. Following that thicknesses of 
plies of laminates required to connect the profiles, as well 
as thickness of 3D printed acrylonitrile butadiene styrene 
(ABS) connectors were analyzed.

5.3.1 � Topology optimization

On the base of provided new fuselage skin and previ-
ously conducted identifications of subsystems placement, 

Fig. 11   Results of the unibody 
design after manual reevalua-
tion of the numerical results
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mounting points of subsystems desired in the vehicle were 
distributed in space. Then the working space, where the 
topology optimization was supposed to take place, was 
created by filling the fuselage skin. In order not to coin-
cide with subassemblies, their volumes were subtracted, 
as well as volumes identified as the maintenance area 
required to operate those subsystems. Also, areas which 
were considered as those, that would not transfer loads, 
were subtracted in order to improve the speed of further 
optimization, as they were redundant.

Topology optimization was conducted using Altair 
SolidThinking Inspire 2017. The goal of the optimization 
was to obtain maximal stiffness with just 30% of starting 
volume. After load cases were created, the program took 
all of them into consideration, creating one result, which 
according to the program suits them best.

5.3.2 � Conceptual design

Profiles selected for this application were round tubes 
made of carbon fiber reinforced plastic. The reason was 
outstanding stiffness to weight ratio and versatility of such 

profiles. Also, connections between them and other subas-
semblies could be easily realized, making them perfect for 
this application.

The process of the conceptual design was based on the 
interpretation of results obtained from topology optimi-
zation. Due to their complicated shape, simplification to 
straight profiles was not easy and therefore was treated 
as an iterative process. Conceptual designs were created 
mostly using 1D elements, which were then interpreted 
by the program as tubular profiles with given dimensions. 
2D elements were used as sandwich structures. Such an 
approach reduced the time necessary for calculations and 
thus the time required for the whole conceptual phase.

Nevertheless, such an approach incorporated uncer-
tainties into the model, as 1D elements cannot be assigned 
orthotropic properties. Also, connections between tubular 
profiles were simplified and did not cover particular solu-
tion used in this design.

Still, for the purpose of conceptual phase, it was consid-
ered sufficient to compare solutions, and the final design 
was verified using the 2D model of the whole structure 
later in the process.

Fig. 12   Diagram of the spatial frame solution creation methodology
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The first iteration, shown in Fig. 13 of the concept 
was then analyzed using FEM and appeared excessively 
stiff. Therefore it was decided to reconsider it in order to 
reduce weight and simplify the design. After a few itera-
tions, the weight of the concept was decreased while 
maintaining similar displacements of the structure. It 
was achieved by removing unnecessary bracings from 
the front, mid-section and redistribution of profiles 
behind the driver, to which wheels were connected. 
These improvements were shown in Fig. 14.

The primary goal of these changes was to reduce 
the number of joints in the structure, which were one 
of the heaviest parts of the frame due to thicker lay-
ers of laminate and 3D printed molds in them- their 
design was elaborated in sub-chapter 6.2 in this paper. 
Even though rearranging profiles behind the driver in 
the motor compartment increased number of joints, it 
allowed using thinner sandwich structure, as mounting 

points of wheels suspension were closer to the fixing 
points of sandwich structure and tubular profiles. This 
action also improved access and visibility of the motor 
compartment during maintenance.

5.3.3 � Profiles optimization

The process of profiles dimensions selection was con-
ducted using Altair HyperWorks Optistruct module size 
optimization tools. During the conducted analysis dimen-
sions obtained from the supplier’s website [17] were taken 
into consideration. Using dimensions different than those 
given as standards by the supplier would be possible, but 
it would increase the cost of the project, while one of the 
goals of this study, was to design a cost-effective solution.

Profiles optimization process consisted of 4 stages, and 
all of them were realized using Altair HyperWorks 2017 
OptiStruct tools.

Fig. 13   Initial concept of the 
spatial frame design

Fig. 14   Final concept of the 
spatial frame design
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The first step was to optimize all of the profiles dimen-
sions independently without taking into consideration 
the dimensions given by the supplier. For this case sizes 
of sandwich structures were initially assumed, the goal 
of the optimization was to minimize mass, while the dis-
placements of the structure were not supposed to surpass 
9 mm. Results of this step allowed to initially put profiles 
into three groups of the same dimensions. The reason for 
doing that was to reduce the variety of profiles used in this 
project and thus reduce the cost of the project.

The second step was to optimize dimensions of groups 
of profiles, this time taking into account dimensions given 
by the supplier, with the same goal and assumption as in 
the previous step. Profiles were distinguished into three 
groups of sizes.

With these results, the third step was conducted, which 
goal was to optimize sandwich structures as it was noticed 
that in previous steps displacements did not surpassed 
7 mm. Profiles dimensions during this step were those des-
ignated by the previous step. Sandwich structures were 
optimized freely so that results were not uniform across 
their areas. As the whole structure was supposed to be 
manufactured by students, it was desired to make the 
production process easier and therefore to have sandwich 
structures with the uniform composition on the whole 
area. To achieve that, the results were analyzed and it was 
decided that in order to overcome uncertainties which 
may occur during production, thickest values of each ply 
were chosen. Apart from that, due to constraints regarding 
available thicknesses of carbon fiber plies, their values had 
to be readjusted.

The last step of the optimization was to reduce the 
number of groups of profiles dimensions from three to 
two in order to uniform the structure and reduce costs. 
Therefore the smallest and medium-sized profiles were 
merged into one group, and the optimization was con-
ducted with the same goals and restrictions as previously. 

Sandwich structures compositions in this step had dimen-
sions obtained in the previous step- adjusted as men-
tioned above.

Due to the differences between 2D and hybrid 1D and 
2D model mentioned previously, sandwich structures were 
optimized once again to check the influence of increased 
accuracy of the model. Results of this analysis after tak-
ing into consideration previously mentioned restrictions 
regarding manufacturing and minimal ply thickness were 
the same. This model was shown in Fig. 15.

5.3.4 � Optimization of profiles connections

Following this analysis, it was important to check whether 
the 3D printed ABS mold had adequate stiffness to hold 
the tubes together during lamination. Special load case 
was analyzed, where the frame was supported on four 
points on tubular profiles. The analysis was conducted on 
a connector with a wall thickness of 1 mm. The result of 
that analysis has shown, that wall thickness of 1 mm would 
be absolutely sufficient, as stresses were far from materials 
strength and displacements were smaller than 1 mm. Nev-
ertheless, as the analyzed part was going to be 3D printed 
and that feature was not inherited into the program. It was 
decided that due to characteristics of 3D printed parts, the 
wall thickness of 2 mm would have a smaller probability 
of failure during assembly and would be easier to print.

5.3.5 � Vehicle’s body

In order to evaluate and compare these solutions, it was 
important to estimate its mass. To do that, the weight of 
all joints, fuselage, as well as connections between chassis 
and the fuselage were required.

The fuselage only had to bear aerodynamic forces 
which, due to vehicle purpose and characteristic of the 

Fig. 15   Final 2D design of the 
structure with subassemblies, 
driver’s and fuselage’s repre-
sentations
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event in which it took part were very low. Therefore it 
was assumed to be made out of sandwich structure with 
0.5 mm thick plies on the faces, as with 1 mm thick PVC 
core. Its mass was calculated by multiplying the area of the 
fuselage by its thickness and then by its material density.

The outer layer of the vehicle was decided to be split 
into three parts- front, middle and back. That allowed to 
disassemble only the part required to conduct desired 
maintenance actions. Connections between fuselage and 
chassis were realized by snap fastening using 3D printed 
pipe clamps. Each of those clamps had three rods. These 
rods had plastic plates of special shapes at their ends, to 
fit tightly to the fuselage, up to which they were bonded 
using adhesive. Such plastic plates helped to distribute 
stresses, in order not to destroy the fuselage during mon-
tage on the chassis by concentrated forces. Example of 
such suggested design was shown in Fig. 16.

6 � Methodology of comparison process

These two concepts were compared based on both quali-
tative and quantitative criteria. The qualitative ones were 
ease of manufacturing and its cost, as resources of the 
team were limited. Cost of the concepts, as it could not 
be calculated at this stage in details, was considered only 
qualitatively based on required molds, their complexity, 
commercially available ready-made products and half-
products used in the designs. Ease of manufacturing cov-
ered the possibility of creating the structure by the team 
using available tools. Moreover, the possibility of incorpo-
ration of Generative Modeling in a commercial production 
was specified. Because the vehicle itself is prototypical and 
will be produced in a unitary way, the analyzes regard-
ing the use of generative modeling concerned repetitive 
structural elements that have the potential of serial pro-
duction in a similar vehicle. Such comparisons give the 
opportunity to increase knowledge about the final costs 
of solutions in mass production.

Quantitative criteria of design comparison were based 
on concepts mass, including the body in case of spatial 
frame. As the qualitative criteria were more focused on 
the availability of the designs, they did not affect vehicle 
performance as opposed to the latter one.

7 � Results

The basic objective of the comparative research was to 
choose the optimal body structure for the ongoing project 
of building an energy-efficient UrbanConcept-class vehi-
cle for Shell Eco-marathon [9], which will be built for racing 
in 2019. In addition, it was decided to verify the applica-
bility of the methodology for an energy-efficient electric 
vehicle built as a commercial vehicle produced in series.

7.1 � Weight comparison

The most important factor which differed these two solu-
tions and influences competitive-wise was mass. In case 
of the unibody construction, the total structural mass 
reached around 30.1 kg, where most of it, that is 24.8 kg, 
was provided by the shell structure itself, with of ribs and 
formers laminated inside, 4.3 kg of hatches and around 
1 kg of plywood reinforcement. Whereas the designed 
spatial frame reached the total mass of 37.6 kg, near 25% 
more. In that case, the mass structure consisted mostly 
of 18 kg of the vehicle’s fuselage and 18.4 kg of the inner 
frame, with the additional 1.2 kg weight of connectors 
between those two elements. Nevertheless both solutions 
have actual safety factors around 2.1. The comparison of 
the mass structures was shown in the graph (Fig. 17).

7.2 � Qualitative comparison

The second important issue that was analyzed in this 
paper was a manufacturability of the concept and its esti-
mated cost.

7.2.1 � Spatial shell

The unibody structure could be divided into 4 main parts: 
outer spatial shell, inside laminate reinforcements, hatches 
and inside plywood reinforcement, each of which had to 
be manufactured separately and using different methods 
and techniques. In case of the plywood parts, the mate-
rial could be easily bought in ready-to-use state and the 
only required operation would be machining to obtain 
the desired shape. As those elements were applied only 
in locations of focused forces, they were mainly flat, which 

Fig. 16   Suggested body-to-frame connector design
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additionally reduced required time and the cost. Generally, 
those elements were the cheapest and easiest to manufac-
ture. Another type of reinforcement, the laminated ones, 
collected both small ribs and large bulkheads and form-
ers, that strengthened the shell structure. In that case, the 
cost and time needed to produce them fairly exceeded 
those related to the plywood, as the input material, that 
is laminated prepregs, was much more expensive. Even 
though the prepregs would be cut automatically to the 
desired shape, the assembling of each part had to be 
done by hand and the curing of the resin required both 
advanced equipment and a long time. The last two parts of 
the structure, that is the spatial shell itself and the hatches, 
were both the heaviest and the most difficult to produce. 
Although each ply could be cut using automatic machines, 
the assembly process would have to be done manually, 
which additionally required an expensive-to-made nega-
tive form, and big equipment to conduct the curing pro-
cess. Moreover, to increase the surface finish and the con-
nections between those two parts, the hatches should be 
manufactured first and then secured inside the form while 
creating the main body. After all of the parts of the struc-
ture had been prepared, the assembly process was done, 

with use of adhesives and laminate stripes to securely 
bound each element together. The proposed manufactur-
ing division of the main body shell was presented below 
(Fig. 18).

Due to all these issues, the spatial shell unibody solu-
tion may be very expansive in case of single element pro-
duction, as in a given case, due to the very high cost of 
forms and templates preparation. In addition, the number 
and complexity of the forms would be highly dependent 
on the base shape of the shell, as in the analyzed exam-
ple it would be necessary to prepare three negative forms 
and a one positive one. This would greatly increase the 
overall cost of the vehicle. Moreover, the manufacturing 
division of the shell might decrease its strength and intro-
duce areas where the prior-to-assembly stiffness would 
be extremely low. Nevertheless, once prepared, those can 
be used many times, which decreases the cost in case of 
series production.

The incorporation of Generative Modeling procedures 
in a commercially produced vehicles introduced few issues 
and problem. It could easily be used for the preparation of 
the initial model, that is the base shape of the vehicle and 
the layout of the subsystems, as well as for the FEM model 
preparation and selection of optimization parameters. 
However, the overall design methodology consisted of 
two stages of manual evaluation of the results, first during 
the structure division and the second during the reevalua-
tion of the final numerical results. Even though those two 
steps also could be automated, that would require very 
advanced algorithms in order to obtain structure of similar 
quality as those obtained manually.

7.2.2 � Spatial frame

Spatial frame design consisted of carbon fiber fabric epoxy 
resin tubes and carbon fiber fabric epoxy resin composite 

Fig. 17   Final masses compari-
son

Fig. 18   The manufacture division of the composite shell structure
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with PVC cellular foam core sandwich structures. Connec-
tions between profiles were realized using 3D printed ABS 
connectors used as positive molds, which were then lami-
nated together with tubular profiles. Body was connected 
to the frame using 3D printed ABS connectors. Thanks to 
that the structure can be mostly manufactured by the 
team in the workshop using available tools, which not only 
reduced the cost of the process but also had educational 
value for its members.

The manufacturing process of the chassis required 
tubes, which were commercially available to be bought 
and as in the design only straight profiles were used, they 
did not have to be specially produced by the manufac-
turer, which lowered their cost. These tubes could be cut 
to the desired length in the team’s workshop.

To form the spatial frame, these tubes were connected 
using 3D printed connectors, which limbs were fitted into 
tubes and bonded with them using adhesive. After the 
chassis assembly was finished, these connections were 
then laminated using carbon fiber fabric, using resin infu-
sion method, realized by vacuum bags applied locally on 
the joint or by shrink wrap in case of less responsible con-
nections. Lamination using prepreg could not be realized, 
due to the temperature required for the resin infusion, 
which would affect connectors printed from ABS [18]. The 
example of such connection was shown in Fig. 19.

Design of the connectors described above made 
the assembly of the spatial frame easier and cheaper. 
As opposed to this approach, currently used solutions 
were problematic due to the requirement of plenty of 
socket-design connectors of different shapes, which made 
them expensive due to the number of required molds. In 
case of a tube-to-tube design, it was required to have 
profiles to cut to specific shape with high precision. What 
made the assembly easier in chosen solution, was also that 

due to the characteristics of the connector material it was 
possible to elastically deform the connector, while parts 
were fitted together. Also, the relative position of the tubes 
and connectors was adjusted in cases when profiles were 
cut too short or too long.

Sandwich structures, depending on available 
resources, due to their geometry (flat plates with con-
stant thickness) were either produced by the commer-
cial manufacturer using prepreg carbon fiber sheets to 
obtain lowest possible weight due to low resin content 
or by the team, sacrificing their weight due to lack of 
autoclave. Sandwich structures prepared in team’s work-
shop were manufactured using available PVC sheets and 
laminated using carbon fiber fabric with vacuum resin 
infusion. These structures were then incorporated into 
the structure using clamps.

The fuselage was the most problematic part of the 
structure, as the team was not able to produce preci-
sion molds of this size on its own and therefore it was 
prepared by the commercial manufacturer. Due to the 
shape of the body, the split mold was required. Never-
theless, as in case of monocoque structure, the outer 
body had to be manufactured strictly in accordance with 
instructions, with high standards to ensure the reliability 
of the shell, in case of the spatial frame it did not play 
such an important role and its structure was simplified. 
Therefore, depending on available resources, it could be 
produced either by the commercial manufacturer from 
prepregs to minimize its weight or by the team thus 
reducing its cost and adding educational valor. It was 
manufactured by the team in two stages. In each stage 
carbon fiber fabric with vacuum resin infusion was used. 
The first stage was to create front and rear part of the 
fuselage simultaneously, and following that, to obtain a 
perfect fit, to secure those parts in the mold using non-
stick fabric and manufacture the middle part.

Fig. 19   Cut of exemplary con-
nection between profiles
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Generative modeling in this approach could be 
applied with sophisticated algorithms and restrictions. 
Nevertheless tasks of general body division and shaping 
the connectors between profiles would be demanding 
and easier conducted by the designer. Final design cre-
ated using such method would obviously require close 
inspection by an experienced person.

8 � Conclusions

Both analyzed designs had their strengths and weak-
nesses, depending on their application. The difference 
of masses of the structures was not negligible (25%), 
nevertheless selection of optimal solution had to be 
conducted individually for each application. The cost 
of the structures, without efforts of the team in case of 
singular unit production, would not vary too much from 
each other. Nevertheless, due to the possibilities of exist-
ing man power, the spatial frame was cheaper. An addi-
tional advantage of this solution was that it was easier 
to adapt and provided better access to subassemblies, 
which were constantly developed by the team. The pos-
sibility to manufacture significant part of the structure 
also had high educational value and as a result aware-
ness of its structure by the team, which helped success-
fully conduct possible repairs or adaptations.

On the other hand, when commercial serial produc-
tion was taken into consideration, monocoque structure 
was actually cheaper even though spatial frame solu-
tion requires less molds to create vehicles body, which 
makes the process easier. Also their cost was lower, as 
due to the body thickness in case of spatial frame, molds 
required less stiffness thanks to easier forming process. 
Nevertheless, manufacturing of a monocoque, as it has 
less complicated structure, can be produced quicker, 
with a smaller number of operations, reducing overall 
costs per structure with increased number of produced 
vehicles. Following that, it was also more attractive visu-
ally for the client, which was a very important feature 
for a commercial vehicle. Also, advantages of a spatial 
frame were not applied in this case, as the vehicle did 
not require any further adaptation of subassemblies, 
therefore also its access to maintenance area was less 
important.

Another thing to concern concluding this paper was 
structures’ stiffness. The authors’ main goal was applica-
tion of the designs in a competition oriented lightweight 
vehicle, driven in fairly gentle conditions. Due to such 
specification and desire to obtain the lowest possible 
weight of the vehicle, suspension system might not be 
used. In such a case it was important to damp vibra-
tions and shocks originated from the road in other way. 

Ignoring this feature might cause damage to the struc-
ture itself, but also to subassemblies, it would also make 
the vehicle uncomfortable to drive for the driver. Both of 
the presented designs allowed its displacements, maxi-
mum of 4.6 mm in case of the spatial frame design in 
torsional load case and 9.4 mm in case of the spatial shell 
and the same load case. For recently described applica-
tion they were considered acceptable, nevertheless in 
case of commercial vehicles with suspension systems, 
such values might be too high and thus negatively influ-
ence vehicle’s life and performance.
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