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To advance on automotive lightweighting and sustainability, different design strategies can be
followed, such as material substitution, functionality integration, structural design optimization
and design for novel production processes. In the presented ab initio re-design use case of a truck
door, all these strategies are combined to realize substantial weight reduction in combination with
improved life cycle assessment. The traditional steel sheet body is hereby replaced with a short-
fiber reinforced PE shell structure designed for a novel robomoulding process, and supported by
a steel beam structure as an insert in the same production process. This contribution focuses on
the various adopted strategies for structural design optimization throughout the design process,
from the early conceptual design up to the detailed design and the validation stage. In early
design stage, a simplified quasi-2D model is established to optimize the placement of a beam
structure under static and vibrational load cases. In this process, a few hundred automatically
generated and evaluated beam structures have been considered within an in-house design software
tool. In the subsequent, detailed design stage, further FE-based optimization of the structural
part is performed starting from a (3D) CAD design for additional lightweighting while retaining
structural requirements. In this step, a commercial design optimization tool is adopted. The result
is an optimized design with integrated functionalities, a mass reduction of at least 10 % and a
corresponding reduction in CO2eq emissions. The optimized design will be realized as a physical
prototype.

©2021 by the authors. Published by the Resource Efficient Vehicles Conference.
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1. Introduction

Climate change and transportation costs make legislation and OEMs strive for weight reduction
and improved ecological impact of vehicles [1] [2] [3]. Two technological barriers typically hinder the
step towards improvement in these areas: a more complicated design process when shifting to more
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advanced materials and production processes, and an increased cost. Efforts like these demonstrate the
capabilities of new design tools, whereas increased costs are mitigated by integrating and extending
functionalities.

This work focuses on the re-design of a truck door. Not only a weight decrease is achieved, but it
is combined with an improved ecological impact. The two-stage design process is explained, where
a novel tool is used for early design decisions and a typical CAD/CAE process is used for detailed
design. Finally, a life cycle assessment (LCA) compares the current door with the new door design.

2. Current design of a truck door

As a reference, a truck cabin door has been chosen from a truck manufacturer located in the
Interreg Euregio Meuse-Rhine. The current design of this door was introduced in 2012. The door
itself went into production in 2013. Since then, more than 370.000 trucks with this reference door
have been sold worldwide. The cabin design at the time was considered aerodynamic and modern
with a spacious interior [4] [5].

As a first step in the investigation of the current design, a thorough analysis was performed to
obtain an indication of the physical properties of the reference door. The door has been dismantled,
with all parts being weighed and measured in terms of dimensions. Furthermore from all parts, mate-
rial, production method and service treatments have been investigated. The reference door is divided
into four sub-assemblies: the sheet metal frame, the interior panel, the window elevator system and
the door under-spoiler. The reference door is mainly composed of steel, ABS, polyester, tempered
glass, rubber and bitumen as materials. Table 1 shows the weight breakdown. The door has an overall
weight of 59,5 kg.

Table 1: Weight of the current truck door, split by material type

Material Est. weight [kg]

Steel 24,1

Plastics (ABS, polyester) 11,8

Tempered glass 16,0

Miscellaneous (rubber, bitumen, etc.) 7,6

Total 59,5

A second step is the analysis of current functionalities and possible improvements towards im-
proving the human machine interaction (HMI). The reference door is attached to the cabin via two
hinge points, a lock and a door asset. In terms of functionalities, the reference door is equipped
with a mechanical door handle and lock, an electrical operated mechanically window and electrically
operated exterior mirrors.

3. Conceptual design

In a first step towards a new design, the first design change is to replace the steel panels by plastic
panels. The idea is that this material change results in less weight. On the other hand, the imminent
stiffness reduction needs to be compensated by a reinforcing structure. Therefore, the lower part of
the door (below the waistline) is approximated by a plate structure, reinforced with beams. Based on a
design methodology for computational design synthesis, the optimal position of these reinforcements
is computed. Details of the design methodology are explained in [6]. An optimisation is set up to
achieve a maximum stiffness for the loadcases of table 2. The design variables of the optimisation
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problem are the possible start and end locations for the beams, as shown by the dots in Fig. 1 (left),
and the number of beams. The cross section shape for the steel beams in this conceptual study is a
solid square beam of 15x15 mm. Fig. 1 (right) shows the optimal conceptual design. This conceptual
design is subsequently detailed in terms of material thicknesses in section 4.

Table 2: Loadcases (coordinate system according to Fig. 1 (left))

Loadcase Constraints Load dir & mag Load location

Static-1 Door open -Z 1000 N handle

Static-2 Cabin tilted & door open -Y 1000/
√
2 N

& -Z 1000/
√
2 N

handle

Static-3 Door locked -Y 300 N handle

Static-4 Door locked & touching
cabin on circumference

+Y 750 N distributed

Modal Touching cabin on
circumference

n/a n/a

Figure 1: Conceptual design: possible reinforcement beam locations (left) and resulting design (right)

4. Detailed design and optimization

This section explains the steps and approximations to evolve from the conceptual design, through
a detailed design (consisting of a CAD model and an FE model) to an FE-based optimization.

4.1 From conceptual design to detailed design

Based on the beam positions identified during the conceptual design, Fig. 2 shows the detailed
3D CAD drawing as conceived by an industrial designer and engineer. It consists of solid parts for
the outer panel, the glass, the beams and the plastic inner panel. This drawing is converted into an FE
model, where all parts are meshed using a 2D quad-based mesh. The steel beams are modelled with
a hollow, square section which is compatible with a traditional extrusion process. Standard material
properties were used for steel, glass and plastic (PE).
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Figure 2: Design drawings of the reference and concept doors (left) and detailed CAD design (right)

4.2 Incorporation of new materials and production techniques

The inner part of the door consists of a plastic robomoulded structure. The material is a met-
allocene PE based material [7] with a skin-foam-skin construction, each skin having a thickness of
3 mm. Since no detailed material model exists, the material was approximated in the FE model by a
standard PE material, which is sufficient for this design study. However, the density was adapted such
that it depends on the thickness of the structure. The skin weight is 1200 kg/m3, whereas the foam
weight is 120 kg/m3. Eq. 1 represents the material density ρ in kg/m3 related to the thicknesses t of
the skins and foam, as to obtain the correct panel weight.

ρ = (1200 ∗ tskins + 120 ∗ tfoam)/(tskins + tfoam) (1)

All shell meshes represent plate-like structures, except the mesh of the inner part, which encloses a
volume. Consequently, the shell mesh is offset relative to the CAD surface by half the thickness. To
accomodate for thicknesses that can be modified by the optimization of section 4.3, the shell offset of
this part depends on the shell thickness.

4.3 Optimization

For the optimization of the design, the two most stringent loadcases were used: Static-2 & Modal
from table 2. Table 3 shows the setup of the optimization problem. The Design Space Exploration
module of the Simcenter 3D software [8] modifies the design variables in the corresponding FE model
in order to find designs that fulfil the objective and constraints. The total mass of the truck door
was used as an objective, whereas the CO2eq was calculated in post-processing based on the mass
breakdown per material and on the LCA of section 5. Results show that these two attributes are
heavily correlated, so the optimization result is not affected by choosing mass or CO2eq as objective.

Figure 3 shows the optimization results. The baseline design, based on the detailed design of
section 4.1, is in red. The optimal design is in green. The dotted line represents the Pareto front.
Relaxing the deformation constraint above 5 mm results in the purple design. The green and purple
design exhibit a mass reduction of respectively 10 % and 12 % compared to the reference design.
In terms of material breakdown (table 4, in comparison to table 1), the main material has shifted
from steel to glass, and the relative presence of plastic has increased. The strength was verified by
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comparing calculated stresses with their corresponding material yield stress, resulting in safety factors
of at least 1,5. Other feasible designs easily reach the eigenfrequency constraint and are on or close
to the Pareto front, which is a trade-off between stiffness on one hand and mass/CO2eq on the other
hand. Mass and CO2eq are strongly correlated, so conclusions in that respect are interchangeable.

The green and purple design contain beams that are on the lower limit of the allowed thickness
range. Designs where these beams are omitted, were checked but are not feasible in terms of stiffness,
which highlights the value of the conceptual design phase of section 3.

Table 3: Setup of the optimization problem

Design variable Constraint Objective

Top beam thickness 1 - 27 mm

Tria beam thicknesses 1 - 6 mm

Plastic thickness 6 - 23 mm

Static-2 deformation <5 mm

First eigenfrequency >50 Hz

Mass minimize

Figure 3: Feasible designs in the CO2eq-disp design space (left) and sorted by CO2eq (right)

Table 4: Weight of the redesigned truck door, split by material type

Material Est. weight [kg]

Steel 4,1

Plastic (PE-based) 21,1

Tempered glass 26,9

Total 52,1

5. Life cycle assessment

To have a better understanding of the environmental impact of the door, a complete life cycle
assessment (LCA) has been performed for the reference door. This LCA was done following the
ISO 14040 [9] and ISO 14044 [10] standards and the ILCD recommendations [11]. The functional
unit is a single door and the system boundaries only included raw materials, production and shaping.
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Due to lack of data, the transport of the raw materials to the production site has not been included in
this study. Nevertheless, some sensitivity analyses have been performed and show their small con-
tribution on the overall impact. This study is done using the Environmental footprint method v1,
focusing on the following impact categories: climate change, photochemical ozone formation, im-
pact on human health (HH), respiratory inorganic effects, resource use, energy carriers, and mineral
and metals. These indicators have been selected according to the goal of the study and after a de-
tailed analysis of the results (including normalization and an EndPoint method). The data described
in section 2 have been used for the inventory. The study is performed in Simapro using the ecoin-
vent v3.6 [12] database for background data. For the finishing process of painting, the data from
Bianco et al [13] have been used and adapted to Simapro.

To support the optimization of section 4.3, table 5 shows the CO2eq contributions per kg of
material. In the absence of data, the contribution for robomoulding is assumed similar to injection
moulding.

Table 5: Climate change contribution by material type

Material CO2-eq [kg] per kg of material

Steel (extruded) 3,60

Plastic (PE-based) (injection moulded) 2,99

Tempered glass 1,89

The detailed results for the complete door are presented in figure 4. Regarding climate change, the
door construction leads to the emission of 159,5 kg CO2-eq, mostly related to the door frame, with a
contribution of 74,8 kg CO2-eq. The contributions of the three other parts (main panel, window, and
spoiler) are between 26 and 31 kg CO2-eq. Looking at the materials, most of the impact comes from
the steel (56,7 kg CO2-eq), followed by the plastics (45,5 kg CO2-eq), the paint (34 kg CO2-eq) and
finally the glass (19,8 kg CO2-eq). The parts contribution and its main material are accurate. The large
contribution of the painting process can be seen, ranging from 10 % of the impact in the respiratory
inorganics effects category to 20 % in climate change and energy use. The large contribution of the
steel components is clear, with a total contribution from 20 % in energy use to 70 % in resources use.
The differences in share between impact categories for the different steel materials is related to the
different types of steel and to the different production processes, especially the large contribution of
the spoiler part in resources is linked to its galvanization. The glass and ABS contributions are also
non-negligible.

This analysis shows that a reduction of weight of the steel components would be the most pertinent
path to reduce the environmental impact of the door production, which is in line with the optimization
results of section 4.3. This reduction could also have a positive contribution on the use phase (out-of-
scope of this study) by reducing the weight to transport. The large contribution of the finishing step
(galvanization and painting) is also underlined.
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Figure 4: Results using Environmental footprint method v1 for a single truck door, conventional
production: detailed analysis

6. Conclusion

This work showed the redesign of a truck door, based on material substitution (mainly steel by
PE), functionality integration (HMI and optimised viewing angles), structural design optimization (in
a conceptual design phase as well as a detailed design phase), design for novel production processes
(robomoulding), while taken into account the environmental consequences (life cycle analysis). We
have shown how design and optimisation methodologies can incorporate data for new materials and
production processes. By keeping a close eye on the material breakdown, also a comparison in terms
of environmental effects was made. Two proposed redesigns are able to achieve a weight reduction
of at least 10 % and a reduction in CO2-eq of at least 4 %.

More extensive research on this topic might include an optimisation of the beam cross sections,
the inclusion of crash loadcases, a complete LCA on the redesigned door, investigating the use of
thinner glass and testing a physical prototype.
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